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E D I T O R I A L

Uses of Artificial Intelligence in Nonpharmacological
Rheumatology Care: What We Know, What We Need to
Learn, and What Its Limitations Are

Travis Haber, Rana S. Hinman, and Mark Merolli

Artificial intelligence (AI) broadly refers to intelligent systems—

whether human-like or rational—that can process information from

the environment to make decisions and work autonomously toward

defined goals.1 Rules-based AIs operate on predefined rules (eg,

if/then logic), designed to make decisions like human experts. These

AIs are among the earliest adopted in health care. In contrast,

machine learning, and its more advanced subtype, deep learning,

can perform classification and predictive modeling of data, without

requiring researchers to specify rules in advance.2 Building on these

capabilities, research is now focusing on the clinical applications of

these AI methods, notably for analyzing health imaging to diagnose

health conditions (such as magnetic resonance imaging to diagnose

rheumatoid arthritis) and predicting a patient’s prognosis and treat-

ment response bymodeling laboratory and electronicmedical record

data (eg, risk of progression to arthroplasty).2–4 More recently, deep

learning has been used to develop large language models (LLMs),

which are being increasingly evaluated to assess whether they can

effectively diagnose rheumatologic conditions and provide treatment

recommendations aligned with clinical guidelines (eg, ChatGPT by

OpenAI).2,5 These rapidly advancing AI models may have the poten-

tial to deliver health advice and support rheumatology care at scale.6

Taken together, integrating AI into interventions could usher in an era

of truly personalized “precision” medicine—in which AI integrates

and analyses multiple sources of data (eg, clinical laboratory and

omics data) to predict which treatments are most likely to benefit a

given patient.3,4

In light of this rapidly changing field, Shah et al conducted a

scoping review of AI-supported interventions for the nonpharma-

cological management of rheumatic diseases, featured in this

issue of Arthritis Care & Research.7 This review of 15 studies

found that most were focused on osteoarthritis (OA) care

(n = 11, 73%), with most aiming to educate participants about

the condition and provide guidance on exercise management

(n = 10, 67%). Rules-based systems were the most common type

of AI integrated into interventions. Most studies were composed

of pilot/feasibility or developmental/protocol papers (n = 10,

67%). Few fully powered randomized controlled trials (RCTs) were

identified (n = 4, 27%), and, excluding abstracts, none evaluated

the effects of interventions supported by deep learning (including

LLMs) on clinical outcomes. Overall, this timely review highlights

a growing but still nascent evidence base for the use of AI in non-

pharmacological care for rheumatologic conditions. Expanding

on these results, we highlight (1) AI uses in nonpharmacological

rheumatology care that show early promise, (2) key limitations

and challenges of AI in nonpharmacological rheumatology care,

and (3) a future outlook for integrating AI into rheumatology care.

Figure 1 summarizes these key themes. Ethics approval was not

required for this editorial.

AI uses in nonpharmacological rheumatology care
that show early promise

Rules-based digital systems (decision support).
Interventions using rules-based systems are currently the only

type of AI evaluated in peer-reviewed RCTs for their effects on

clinical outcomes. Findings from three RCTs and one pilot RCT pro-

vide preliminary evidence that digital interventions using AI to person-

alize nonpharmacological care may improve physical activity and

some outcomes, such as pain and physical function.8–10 Although

these early findings are promising, the effects of these interventions

on clinical outcomes have been inconsistent across trials. Further-

more, only one study has assessed the long-term impact of an AI-

supported intervention, finding no difference in pain, function, or

quality of life.10 Further RCTs are therefore needed to determine
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Figure 1. Uses of artificial intelligence in rheumatology care. AI, artificial intelligence.
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whether rules-based AI-supported interventions meaningfully
improve clinical outcomes and whether these effects are sustained
long term. With the increasing research focus on digital interventions
for rheumatology care, such as in OA,11 integrating rules-based AI
into such interventions may help transform these strategies from a
“one-size-fits-all” approach to more tailored care for patients.
Research is also needed to determine how these interventions can
be implemented at scale to diverse patient populations with varying
digital literacy and preferences for digital care.12

Chatbots and conversational agents. LLMs, such as
ChatGPT, can enable complex, interactive communication
between users and systems, sometimes through agent-based
interfaces.13 Two studies have evaluated whether LLMs can reli-
ably and accurately recommend rheumatologic care to patients
(primarily for OA).14,15 The reliability and usefulness of information
provided by ChatGPT (version unspecified) varied by condition—
for example, it was most reliable for OA and most useful for anky-
losing spondylitis.15 Furthermore, ChatGPT (version not reported)
and Bard (now Gemini [Google]) differed in their concordance with
recommendations in clinical guidelines.14 These findings are sim-
ilar to a study in low back pain that also found that ChatGPT 3.5,
Bing, Bard (Gemini), and ChatGPT 4.0 performed modestly in
terms of accuracy (about 56% accurate) and had limitations with
reliability.16 Collectively, emerging evidence suggests that publicly
available LLMs can provide somewhat accurate treatment recom-
mendations for rheumatologic conditions. However, further work
is needed to improve the accuracy and reliability of LLMs in deliv-
ering rheumatologic treatment advice.

The general public is increasingly using AI to seek health
information through engagement with LLMs.17 A survey in the
United States and Puerto Rico (n = 2,406) found that approxi-
mately 20% of participants used ChatGPT to seek health informa-
tion, and most used the information to guide their health
behaviors (such as seeking a referral or changing medications).17

Future RCTs are needed to evaluate whether these LLMs provide
accurate and reliable information, are safe, and positively influ-
ence health behaviors.18 Consumer preference should also guide
future research. Patients appear to prefer human-like chatbots
(eg, digital avatars capable of simulating empathy) over machine-
like conversational agents.18 Lastly, future research should evalu-
ate how best to integrate chatbots and conversational agents into
clinical care, which could include hybrid interventions (combining
them with clinician-delivered care) or stepped interventions
(in which the AI intervention is delivered first, with an intervention
from a clinician only provided for participants who need it).

Key limitations and challenges of AI in
nonpharmacological rheumatology care

Although AI is likely to shape health care in the coming
decade, it is not without important limitations and challenges.

Key concerns surrounding AI include the potential to breach
patient privacy, as well as the risk that AI may perpetuate systemic
biases contained in training datasets against traditionally margin-
alized groups of people.4,19,20 Increasing reliance on AI for health
care could therefore widen existing health disparities, particularly if
efforts are not made to ensure equitable access to AI, as well as to
train AI models that can provide culturally appropriate care.21 Other
concerns relate to the accuracy of the information that AI provides.
For example, LLMs are typically trained on data from the internet,
such as blogs, news articles, websites, books, scientific articles,
and guidelines, which makes them susceptible to providing
nonevidence-based recommendations for care.16 These models
are also prone to confabulate (hallucinate) treatment advice (ie, rec-
ommendations not contained within the training set).14,22

Another key concern relating to AI is the so-called “black-
box” problem. Broadly, this problem refers to the fact that it is
not always clear how AI makes a recommendation (eg, algo-
rithms, inputs, and outputs are not always known to the
user).4,22,23 This means that AI can be opaque and difficult to rep-
licate across different populations and contexts. Although numer-
ous guidelines, such as the Developmental and Exploratory
Clinical Investigations of Decision Support Systems Driven by Arti-
ficial Intelligence (DECIDE-AI) guidelines,24 have been developed
to improve the quality of reporting of AI studies, the use of such
guidelines remains infrequent. Opaqueness may also mean that
a researcher or clinician cannot describe to a patient how the clin-
ical decision was arrived at.23 Can that patient, then, truly provide
informed consent? Relatedly, the degree to which patients can
opt in and out of AI is relatively straightforward in the research set-
ting, but it may be less so in a situation in which an AI-supported
intervention is scaled and embedded in routine health care
decision-making.23 Another challenge is the rapid advancement
of AI. For example, ChatGPT (OpenAI) releases a new model
annually or more frequently, which potentially outpaces the ability
of researchers to rigorously evaluate the most current models
available to the public. As such, innovative research approaches
will be required to keep pace with advances in AI over the coming
years.

A future outlook for integrating AI into
rheumatology care

There are various ways in which AI may advance health care
in the future. AI could help streamline continuity of care by auto-
mating referrals to health professionals and services, along with
performing risk stratification and patient support between clinician
visits.6,25–27 It could also automate workflows and health care
services to alleviate the strain faced by global, resource-
constrained health systems, for example, by automating clinical
notes and prescribing medications.25 AI is poised to enable per-
sonalized care (potentially around the clock) that is often lacking
in health care. In cancer and cardiovascular diseases, AI systems
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are already being developed to integrate information from clini-
cians’ assessments, wearable devices (eg, sleep, metabolic
markers, physical activity), and omics data, such as radiomics,
proteomics, genomics, and metabolomics.26,28 Such systems, if
adapted to rheumatology care, could assist in diagnosing condi-
tions (eg, analyzing medical imaging), predicting prognosis (eg,
risk of progression to arthroplasty), planning and recommending
treatments, performing follow-ups, and supporting long-term
adherence to management.3,4,26,28 Incredibly, AI may soon
enable the testing of a treatment on a patient’s hypothetical digital
twin to see how they might respond to a given treatment.2,26

Importantly, if developed and implemented ethically and thought-
fully, AI could help democratize person-centered care at scale,
particularly for patients who traditionally experience barriers to
in-person, supervised care, such as those with limited financial
resources or who live remotely.21

Conclusions

In summary, as highlighted by the scoping review by Shah
et al (2025),7 research evaluating the effectiveness of AI-
supported interventions has mostly focused on rules-based sys-
tems to personalize digital care. Although early evidence suggests
that these AI applications may improve some outcomes, future
research is needed to explore the broader applications of AI in
rheumatologic care, such as whether AI can effectively support
positive behavioral changes and provide personalized
patient care.
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C L I N I C O P A T HO LOG I C C ON F E R EN C E

A Conundrum in Coexistence

Manush Sondhi and Samina Hayat

CASE PRESENTATION

Chief symptoms

The patient, a 52-year-old man, presented to his primary

care physician with a history of persistent nasal congestion and

rhinorrhea, which had been ongoing for several years but had

recently worsened, significantly affecting his daily activities.

History of the present illness

The patient reported that his nasal congestion, along with a

thick yellow-green nasal discharge, postnasal drip, and persistent

cough, had gradually worsened over the past few months. He

also experienced intermittent headaches localized to the frontal

region. He denied having any fever, shortness of breath, wheez-

ing, chest tightness, dental pain, ear problems, drooling, mouth

sores, nosebleeds, or sore throat during this period.

Past medical history

His medical history includes hypertension, asthma, and cor-

onary artery disease, for which he underwent coronary artery

bypass grafting and is currently on ticagrelor therapy. He also

has a history of ischemic stroke, which occurred a few years

ago, likely secondary to atherosclerotic disease in the setting of

longstanding hypertension and coronary artery disease. He has

since made a full recovery.

Social and family history

His social and family history was unremarkable, with no sig-

nificant exposures, habits, or familial predispositions.

Allergy history

The patient has a history of well-controlled asthma, which

was diagnosed in adulthood and is currently managed with albu-

terol and inhaled glucocorticoids. Based on the history provided,

the severity of asthma appears to be intermittent, as symptoms

occur occasionally without persistent or consistent patterns that

would suggest a more severe classification. He was diagnosed

with a hypersensitivity to aspirin in childhood, which provoked

chest tightness and shortness of breath upon exposure.

Review of systems

The patient denies weight loss, fatigue, fever, rash, skin

changes, dryness, redness, vision changes, joint pain or swelling,

sicca symptoms, parotid or submandibular swelling, chest pain,

palpitations, cough, shortness of breath, abdominal pain, nausea,

vomiting, diarrhea, muscle weakness, neuropathy, headache,

dizziness, easy bruising, depression, or anxiety.

Physical examination

On examination, his vital signs were stable: his blood pres-

sure was 120/80 mm Hg, his heart rate was 86 beats per minute,

his respiratory rate was 17 breaths per minute, his temperature

was 36.3�C, and his oxygen saturation was 98% on room air.

His body mass index was calculated as 29.32.
The head, eyes, ears, nose, and throat examination revealed

no visible deformities or trauma to the head. The conjunctivae

were clear without scleral icterus, and tympanic membranes were

clear bilaterally, showing no erythema or bulging. The nasal pas-

sages displayed visible congestion and probable nasal polyps,

with erythematous and swollen mucosa but no purulent dis-

charge. There was tenderness on palpation over the frontal and

maxillary sinuses bilaterally. The pharynx appeared mildly ery-

thematous without exudate, and the tonsils were not enlarged.

Lacrimal, parotid, and submandibular gland examinations were
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performed, and results were normal, with no evidence of enlarge-
ment, tenderness, or nodularity.

Lung auscultation was unremarkable, with clear breath
sounds and no wheezing, rhonchi, or rales. The cardiovascular
examination showed a regular rhythm with normal S1 and S2
sounds and no murmurs, rubs, or gallops. His skin was warm
and dry, without erythema or rash. The abdomen was nondis-
tended, with normal bowel sounds and no tenderness. Peripheral
pulses were strong and 2+ bilaterally, and he had a full range of
motion in all extremities without deformities or limitations. Neuro-
logically, he was alert and oriented, with intact cranial nerves, sen-
sory perception, and coordination, and his mood, thought
processes, judgment, and insight were appropriate.

Laboratory evaluation

The patient’s laboratory results showed a hemoglobin level
of 15.7 g/dL (reference 12–16 g/dL) and a hematocrit level of
48.1% (reference 36%–48%). The white blood cell count was
9,500/μL (3,900–12,700/μL), with a neutrophil percentage of
64.4% (reference 38%–73%), a lymphocyte percentage
of 15.4%, a monocyte percentage of 11.3% (reference 4%–

15%), and a basophil percentage of 0.6% (reference 0%–1.9%).
Marked eosinophilia was noted, with an eosinophil count of
1,300/μL (reference 30–350/μL) and an absolute eosinophil count
(AEC) of 12,400/μL (reference 0–500/μL). The platelet count was
210,000/μL (150,000–400,000/μL), and the complete metabolic
panel was unremarkable.

The patient was referred to allergy and immunology due to an
elevated eosinophil count. The workup revealed markedly ele-
vated IgE levels at 1,470 IU/mL (reference <100 IU/mL). The result
of an allergic bronchopulmonary aspergillosis (ABPA) panel was
negative. Tryptase levels were measured to rule out mast cell dis-
orders and were found to be elevated at 33.4 ng/mL (reference
<11.5 ng/mL). Results of serologic tests for parasitic infections,
including Toxocara and Strongyloides, along with a stool analysis
and fungal-specific serologic tests, were all negative.

The patient’s autoimmune and serologic panel was negative
for antinuclear antibodies, perinuclear and cytoplasmic antineu-
trophil cytoplasmic antibodies (ANCAs), myeloperoxidase anti-
bodies, and glomerular basement membrane antibodies.
Complement levels were within normal limits (C3 level at
77 mg/dL, C4 level at 14 mg/dL), and celiac testing was negative
for antigliadin antibodies (IgG level at 9 U and IgA level at 2 U, both
within reference range). All relevant infections, including syphilis,
helminthic infections, tuberculosis, and hepatitis C virus, were
thoroughly evaluated and tested, with negative results.

CLINICAL COURSE

The patient was initially referred to otorhinolaryngology,
where a nasal endoscopy revealed persistent nasal polyposis,

classified as grade 4. A computed tomography (CT) scan of the
sinuses demonstrated severe pansinusitis, with dense material
noted in the right maxillary and sphenoid sinuses. The scan also
showed near-complete opacification of the maxillary sinuses, eth-
moid air cells, sphenoid, and frontal sinuses, consistent with
chronic and extensive inflammatory sinus disease (Figure 1). A
CT scan of the chest revealed diffuse patchy small airway disease
and areas of atelectasis. Although complete functional endo-
scopic sinus surgery was initially recommended, the patient
chose conservative management and was started on antihista-
mines, nasal saline rinses, and decongestants to alleviate
symptoms.

The patient was referred to allergy and immunology for fur-
ther evaluation. Spirometry revealed mild airway obstruction, con-
sistent with the patient’s history of asthma. Given the elevated IgE
levels and findings on spirometry, allergen immunotherapy was
suggested as a long-term management option; however, the
patient declined. As a result, symptomatic treatment with antihis-
tamines, topical decongestants, and nasal saline rinses was con-
tinued to address nasal and airway inflammation and improve
respiratory symptoms.

The patient was also referred to hematology/oncology to
investigate the eosinophilia. Flow cytometry of the peripheral

Figure 1. Sinus computed tomography scan revealing severe pan-
sinusitis with dense material in the right maxillary and sphenoidal
sinuses, along with severe mucosal disease and opacification of the
maxillary sinuses, ethmoid cells, sphenoid sinus, and frontal sinus.
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blood showed no markers of acute leukemia or non-Hodgkin lym-
phoma, and no evidence of clonal expansion was found, largely
excluding malignant causes. A bone marrow biopsy confirmed a
reactive, nonclonal process with 70% trilineage hematopoiesis,
indicating normal bone marrow function without signs of dyspla-
sia or infiltration. Cytogenetic and molecular testing, including
the JAK2 V617F mutation (to exclude myeloproliferative neo-
plasms), FIP1L1-PDGFRA (to rule out rare causes of hypereosi-
nophilic syndrome), PDGFRB fusion transcripts (to assess for
chronic eosinophilic leukemia), and BCR-ABL (to rule out the
eosinophilic variant of chronic myelogenous leukemia), all
returned negative results. In the absence of malignancy,
hydroxyurea therapy was initiated at 1,000 mg daily to manage
the eosinophilia for presumed idiopathic hypereosinophilic syn-
drome (IHES).

After he was lost to follow-up for almost two years, the
patient returned to his primary care physician with new symp-
toms, including intermittent dull lower abdominal pain radiating
to the lower back, which started a few months prior and wors-
ened over a few days, along with intermittent diarrhea. There were
no episodes of melena or hematochezia. The patient also
reported worsening sinus-related symptoms that were not
relieved by medications. A CT scan of the abdomen and pelvis
with contrast revealed a periaortic lesion abutting the inferior vena
cava, consistent with a large retroperitoneal lymph node, as well
as retroperitoneal mesenteric lymphadenopathy with fat stranding
(Figure 2). These findings prompted a referral to rheumatology for
further evaluation.

Given the progression of sinus-related symptoms, the
patient was referred to an ear, nose, and throat (ENT) specialist
again, and this time, he ultimately agreed to undergo sinus

surgery. Biopsy specimens taken from the polyps confirmed
acute and chronic lymphoplasmacytic inflammation with storiform
fibrosis, along with the presence of eosinophils and more than
10 IgG4 cells per high-power field, with an IgG4+/IgG+ cell
ratio >40%.

Subsequent Ig panel results showed a markedly elevated
total IgG level at 4,180 mg/dL (650–1,600 mg/dL), whereas IgA
and IgM levels were within normal limits. An IgG subclass analysis
revealed normal levels of IgG1, IgG2, and IgG3 and a markedly
elevated IgG4 level at 2,413 mg/dL (4–86 mg/dL).

Following this diagnosis, the patient was started on a short
course of prednisone, beginning at 40 mg, which was tapered
rapidly. Two 1-g intravenous rituximab infusions, separated by
two weeks, were initiated alongside it, with a plan to repeat the
course every six months. Hydroxyurea was discontinued.
The patient reported improvement in symptoms, including
abdominal pain and sinus symptoms, following rituximab infu-
sions. CT findings showed a reduction in retroperitoneal lymph-
adenopathy, and IgG4 levels decreased, indicating a positive
response to therapy.

CASE SUMMARY

The patient, a 52-year-old man with a history of asthma,
aspirin hypersensitivity, coronary artery disease, and ischemic
strokes, presented with chronic nasal congestion, rhinorrhea,
and cough for several years. The initial workup revealed eosino-
philia with an eosinophil count of 1,300/μL and an AEC of
12,400/μL, along with elevated IgE levels. The patient was
referred to ENT, where endoscopy showed grade 4 nasal polypo-
sis, and CT demonstrated severe pansinusitis. Despite recom-
mendations for complete functional endoscopic sinus surgery,
he opted for conservative management with antihistamines, nasal
rinses, and decongestants. Allergy and hematology evaluations
were inconclusive, leading to a diagnosis of presumed IHES.

The patient was lost to follow-up and returned two years later
with worsening sinusitis and new abdominal complaints. A CT
scan of the abdomen and pelvis with contrast revealed retroperi-
toneal mesenteric lymphadenopathy with fat stranding, leading
to a rheumatology referral; however, the antibody workup was
negative. He was referred back to ENT, where he agreed to pro-
ceed with sinus surgery. Nasal biopsy findings from polyps
showed acute and chronic lymphoplasmacytic inflammation with
storiform fibrosis, eosinophils, and >10 IgG4 cells per high-power
field, with an IgG4+/IgG+ ratio >40% suggestive of IgG4-related
disease (IgG4-RD). No other common manifestations of
IgG4-RD, such as salivary gland enlargement, autoimmune pan-
creatitis, orbital disease, or periaortitis/aortitis, were noted in this
case. Treatment included a rapid prednisone taper and initiation
of rituximab, with notable symptom improvement reported after
four months.

Figure 2. Computed tomography scan of the abdomen/pelvis with
contrast showing a periaortic lesion abutting the IVC, consistent with
a large retroperitoneal lymph node, along with retroperitoneal mesen-
teric lymphadenopathy and fat stranding.
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DIFFERENTIAL DIAGNOSIS

In this case, the differential diagnoses were initially broad due

to the complex presentation and progressive nature of the

patient’s symptoms. A wide range of conditions can mimic

IgG4-RD and should be considered. Infectious causes such as

tuberculosis, Mycobacterium avium complex, HIV, and syphilis

can lead to retroperitoneal or mesenteric lymphadenopathy with

fat stranding, often mimicking IgG4-RD.1–4 However, our patient

lacks systemic signs of infection and has no known risk factors,

such as immunosuppression, animal exposure, or travel history.

Also, imaging did not reveal necrotic or suppurative lymph nodes

typical of some infections, and there was no histologic evidence of

caseating granulomas, organisms, or infectious infiltrates on

biopsy. Sarcoidosis is less likely given the absence of noncaseat-

ing granulomas and the lack of pulmonary or hilar lymph node

involvement; although it remains a clinical mimicker of many con-

ditions, current findings do not support the diagnosis.5 Sjögren

disease and lupus can have overlapping features with IgG4-RD

but lack the characteristic biopsy findings.6 Multicentric Castle-

man disease can present with lymphadenopathy and elevated

IgG4 levels, but our patient lacks systemic inflammatory features

or constitutional symptoms typically seen in it.4

Allergic fungal sinusitis is commonly associated with chronic
rhinosinusitis and nasal polyposis, presenting with eosinophilia
and elevated IgE levels.7 However, negative fungal-specific sero-
logic test results and the absence of typical ABPA markers made
allergic fungal sinusitis unlikely.

Given the patient’s elevated eosinophil count, chronic nasal
congestion, and eosinophilic sinus disease, hypereosinophilic
pneumonia was considered in the differential diagnosis, but the
absence of pulmonary infiltrates and characteristic respiratory
symptoms made it less likely.8 Parasitic infections often present
with an elevated eosinophil count, particularly during systemic
migration phases. The patient was screened with specific para-
sitic serologic tests (Toxocara, Strongyloides) and a stool analy-
sis, the results of which were negative, excluding parasitic
etiology.9,10

Mastocytosis is characterized by elevated tryptase levels,
which are key markers for systemic mast cell activation. Mastocy-
tosis typically presents with skin lesions, gastrointestinal symp-
toms, and recurrent anaphylaxis-like episodes.11 Although the
tryptase level was elevated in this case, there were no associated
systemic symptoms or skin manifestations. The bone marrow
biopsy did not show signs of mast cell proliferation or aggregates,
and no clonal markers of mastocytosis were identified.

Although hematologic malignancies, such as leukemia and
lymphoma, are common causes of hypereosinophilia with sys-
temic involvement, the workup including peripheral blood flow
cytometry, bone marrow biopsy, and molecular testing for BCR-
ABL, FIP1L1-PDGFRA, PDGFRB, and JAK2 V617F mutations
was negative, effectively ruling out malignancy.12 The elevated

eosinophil count initially suggested HES, a group of disorders
characterized by persistent eosinophilia and associated organ
damage.13 However, further hematologic evaluation confirmed a
reactive, nonclonal process with no systemic involvement beyond
the sinuses.

Eosinophilic granulomatosis with polyangiitis (EGPA), char-
acterized by severe, persistent, and often worsening asthma,
peripheral eosinophilia, and features of systemic vasculitis, includ-
ing mononeuritis multiplex, pulmonary infiltrates, and potential
cardiac or renal involvement, was initially suspected.14 Although
ANCA positivity is seen in approximately 30% to 35% of patients
with EGPA, with myeloperoxidase–ANCA being the most com-
mon, it is not universally present.15 In this case, the result of ANCA
testing was negative, and there was no evidence of systemic vas-
culitis or organ involvement typically associated with EGPA, such
as renal or cardiac involvement. Biopsy findings did not show
the granulomas typically seen in EGPA, ruling out this diagnosis.

Although rare, drug-induced hypereosinophilia could be
linked to ticagrelor, which may exacerbate conditions like IHES.16

The patient’s history of aspirin-exacerbated respiratory disease
(AERD) could contribute to worsening respiratory symptoms,
including sinus and asthma-related complaints. No direct link
between ticagrelor and eosinophilia or sinusitis has been estab-
lished, but medications should always be considered when
symptoms evolve.

Rare differential diagnoses such as primary immunodefi-
ciencies, including DOCK8 deficiency and hyper-IgE syndrome,
should also be considered. DOCK8 deficiency, characterized by
recurrent skin and viral infections, food allergies, and eczema-like
changes, and hyper-IgE syndrome, marked by very high IgE
levels, recurrent skin abscesses, pneumonia leading to bronchi-
ectasis, and distinctive facial or skeletal features, were ruled out
in this patient because he did not exhibit the typical signs of
either.17

DISCUSSION

IgG4-RD is a systemic fibroinflammatory condition charac-
terized by tissue infiltration with IgG4-positive plasma cells, stori-
form fibrosis, and often obliterative phlebitis. It can affect multiple
organs, including the pancreas, bile ducts, salivary glands, and
kidneys, presenting with mass-forming lesions and elevated
serum IgG4 levels.18 In the sinuses, it is recognized as a scleros-
ing condition, often associated with bone destruction and nasal
septal damage.19 The pathogenesis involves an autoimmune
mechanism with CD4+ T cells and B cells playing a central role.20

AERD is a chronic inflammatory condition characterized by a
clinical triad: asthma, chronic rhinosinusitis with nasal polyposis,
and hypersensitivity to cyclooxygenase 1 inhibitors, such
as aspirin and other nonsteroidal anti-inflammatory drugs. Diag-
nosis is often clinical, confirmed by an aspirin challenge, and
treatment includes aspirin desensitization, leukotriene modifiers,
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glucocorticoids, and biologics.21–23 The coexistence of both con-
ditions is a rare but recognized clinical phenomenon, previously
described only once in the literature in a nonsmoking 61-year-
old man with a history of nonsteroidal anti-inflammatory drug sen-
sitivity who presented with a one-year history of left eye proptosis
and chronic nasal symptoms and was ultimately diagnosed with
concurrent AERD and IgG4-related sinusitis.24

Nasal polyp involvement in IgG4-RD is not typically a primary
manifestation but is recognized in a subset of patients, often pre-
senting as chronic rhinosinusitis with significant IgG4-positive
plasma cell infiltration. Several studies have documented sinona-
sal involvement in IgG4-RD. For example, Ueno et al reported five
cases of IgG4-RD with nasal mucosa and sinus involvement, in
which patients initially presented with symptoms resembling aller-
gic rhinitis or chronic sinusitis.25 Also, Suzuki et al found that
56.5% of their patients with IgG4-RD exhibited significant
IgG4-positive plasma cell infiltration in the nasal mucosa, empha-
sizing that nasal involvement is a notable feature in some patients
with IgG4-RD.26

Type 2 inflammation is a shared immunopathologic feature
between AERD and IgG4-RD. Both conditions are character-
ized by elevated levels of type 2 cytokines, such as
interleukin-5 (IL-5) and IL-13, which drive eosinophilic inflam-
mation and IgG4 production. In AERD, type 2 inflammation is
marked by increased levels of IL-5 and IL-13, contributing to
eosinophilic infiltration and severe nasal polyposis.27,28 Addi-
tionally, IL-33 plays a significant role in amplifying type
2 immune responses in AERD, further promoting eosinophilic
inflammation and mast cell activation.29,30 Similarly, IgG4-RD
involves a Th2-dominant immune response, with elevated
IL-4, IL-10, and IL-13 levels, leading to tissue infiltration by
IgG4-positive plasma cells and fibrosis.31,32 The presence of
IL-33 in IgG4-RD also suggests a shared pathway with AERD,
as IL-33 can activate M2 macrophages and promote Th2
responses.32,33 Buchheit et al found elevated levels of IgG4 in
nasal polyp tissue from patients with AERD, whereas Engelhart
et al demonstrated a significant association between AERD
and elevated serum IgG4 levels, both supporting the link
between these conditions.34,35 Although there is evidence of
overlap and coexistence between AERD and IgG4-RD, there
is no current evidence to suggest that AERD is an early sign
of IgG4-RD or that AERD evolves into IgG4-RD.

The comprehensive management strategy, spanning mul-
tiple specialties and tailored to evolving symptoms, under-
scores the complexity of treating IgG4-RD with multisystem
involvement. Early intervention can halt disease progression,
prevent organ damage, and alleviate chronic inflammation,
making it essential to recognize IgG4-RD in patients with per-
sistent eosinophilia and AERD features. This is crucial for
appropriate management, as treatment strategies may need
to address both the respiratory and systemic inflammatory
components of the diseases.

FINAL DIAGNOSIS

Chronic rhinosinusitis with nasal polyps, complicated by
asthma and aspirin intolerance (longstanding AERD or Samter’s
triad), coexisting with IgG4-related disease, as confirmed by sub-
sequent nasal biopsy and laboratory results.
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Trends in Dermatopolymyositis Mortality, 1999–2022:
A Nationwide Population-Based Study, United States

Elizabeth Matz and Ram R. Singh

Objective. We evaluated trends in dermatopolymyositis (DPM) mortality relative to all-cause mortality in the
United States from 1999 to 2022.

Methods. We used the Centers for Disease Control and Prevention’s databases (Multiple Causes of Death for
1999–2020 and Provisional Mortality Statistics for 2021 and 2022) to obtain death counts for DPM and non-DPM (all
causes other than DPM). We calculated age-standardized mortality rates (ASMRs) for both groups and computed the
ratio of DPM-ASMR to non–DPM-ASMR for each of the 24 years. We performed joinpoint regression analysis to esti-
mate annual percent change (APC) in DPM-ASMRs and non–DPM-ASMRs and in the DPM-ASMR to non–DPM-ASMR
ratios overall and by sex, age, and race and ethnicity.

Results. There were 12,882 DPM and 63,549,485 non-DPM deaths during 1999–2022. Mortality decreased at a
higher APC (−3.8% [95% confidence interval (CI) −4.3% to −3.4%]) for DPM than for non-DPM (−1.2% [95% CI
−1.5% to −0.9%]) until the start of the COVID-19 pandemic, when it increased for both at similar APCs. Consequently,
the ratios of DPM-ASMRs to non–DPM-ASMRs decreased over these 24 years in all subgroups. The DPM-ASMR to
non–DPM-ASMR ratios were higher in females than males and in younger individuals (≤64 years) than those aged
≥65 years. The odds of premature death were higher for DPM than for non-DPM. Individuals of non-Hispanic Black,
Hispanic, and non-Hispanic other race and ethnicity had higher DPM-ASMR to non–DPM-ASMR ratios than White
individuals.

Conclusion. DPM mortality decreased at a higher rate than all-cause mortality until the pandemic, when it propor-
tionately increased for both DPM and all causes. Females, younger individuals, and individuals of Black, Hispanic, and
non-Hispanic other race and ethnicity had higher DPM mortality relative to all-cause mortality. Findings highlight the
need for improved screening, earlier intervention, and targeted efforts to address racial and ethnic disparities in DPM
outcomes.

INTRODUCTION

Dermatopolymyositis (DPM) comprises chronic autoimmune

inflammatory diseases that involve the muscles, skin, lungs,

esophagus, heart, joints, and other organs.1–4 DPM can lead to

premature death due to active disease manifestations, including

muscle weakness, lung and heart disease, adverse effects from

treatment (including infections), and cancers.5,6 The five-year

mortality rates for DPM were as high as 23% to 73% before the

introduction of glucocorticoids for its treatment.6 Survival for

DPM has improved since then, but initial treatment with high-dose

glucocorticoids was also associated with lower survival7 from

1997 to 2003. DPM outcomes have improved further with the

fine-tuning of glucocorticoids and other immunosuppressive reg-

imens, early recognition of high-risk disease features, and

increasing use of intravenous Ig.8,9 Assessing the impact of these

advances on DPMmortality burden at the population level will fur-

ther help improve DPM outcomes.
In a Michigan cohort of 160 patients, male sex and race and

ethnicity other than White race were associated with lower sur-

vival.7 However, mortality was not influenced by sex or race and

ethnicity in a retrospective analysis of 831 patients with DPM from

2006 through 2014 at the Johns Hopkins Myositis Center.10

Although the cohort-based studies provide useful information,
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they may not represent the burden of disease at the population

level.
Population-based data on DPM mortality are scarce in the

United States. An early study of 1,986 DPM deaths from 1968
through 1978 revealed a higher age-adjusted mortality rate in race
and ethnicity other than White females than in White females and
both race and ethnicity other than White and White males.11

Another study12 retrieved DPM death counts from the US national
mortality database from 1981 to 2020, but the association of
DPM mortality with age and race and ethnicity was not explored.
A recent population-based study of dermatomyositis in Olmsted
County reported nine deaths from 1995 to 2019, giving the stan-
dardized mortality ratio of 2.0 (95% confidence interval [CI] 0.9–
3.7).13 However, a small sample size, particularly of individuals of
Native American, Asian, Black, Hispanic, and Pacific Islander race
and ethnicity or of male sex, may have limited its utility in assess-
ing DPM burden in the US population.11,13

Here, we analyzed all recorded deaths in the United States
from 1999 through 2022 to evaluate temporal trends in DPMmor-
tality overall and by sex, age, and race and ethnicity. To evaluate
DPM mortality in the context of changes in general population
mortality, we calculated the ratios of age-standardized mortality
rates (ASMRs) for DPM to ASMRs for all causes other than DPM
(non-DPM).

METHODS

Data source. Annual mortality data were obtained using the
Centers for Disease Control and Prevention’s (CDC’s) Wide-
ranging Online Data for Epidemiologic Research (WONDER) data-
bases.14 Death counts for DPM were retrieved from the Multiple

Causes of Death (MCD) 1999–2020 database using International

Classification of Diseases, Tenth Revision codes (Supplemental
Table S1). Data for 2021 and 2022 were retrieved from MCD Pro-
visional Mortality Statistics 2018–2022 and merged with the
1999–2020 data. Average population data were obtained from
the US Census Bureau.

ASMR. Age-specific crude mortality rates for DPM and non-
DPM were calculated as the number of deaths in each year
divided by the number of persons in the US general population
in that same year. The US population from the year 2000 was
used to calculate ASMR per million, with 95% CIs,15 overall as
well as separately for males and females, for each of the four racial
and ethnic groups, and for three age groups (≤44, 45–64, and
≥65 years) for each year from 1999 through 2022. Racial and eth-
nic groups included Hispanic, non-Hispanic Black, non-Hispanic
White, and non-Hispanic other (Asian, Pacific Islander, American
Indian, or Alaska Native). We then computed the ratios of DPM-
ASMR to non–DPM-ASMR for each year from 1999 through
2022 overall and separately for each sex, age, and racial and eth-
nic subgroup. We also conducted a post hoc analysis comparing
odds of premature death in DPM with two other autoimmune dis-
eases: systemic lupus erythematosus (SLE) and systemic sclero-
sis (SSc).

Statistical analysis. The joinpoint regression model was
used to evaluate mortality trends overall and by sex, age, and race
and ethnicity. Joinpoint regression identifies changes in trend
data by fitting a set of joinpoints—the calendar years at which
the change in the slope (of ASMR or ratio) is statistically
significant—over the entire period. The model then computes
the slope (year-to-year percentage change in annual ASMR or
ratio) and the 95% CI over each linear trend segment between
adjacent joinpoints.16,17

The joinpoint regression model assumes that its regression
mean function is piecewise linear and that the linear segments
are continuously connected at the joinpoints. The program
allows one of three options for handling heteroscedastic errors:
constant variance (homoscedasticity), SE, or Poisson variance.
The program uses one of two methods for model fitting: the grid
search method or the Hudson method. The grid search method
identifies a discrete number of locations for testing for changes in
slope, and the Hudson method allows for continuous model fit-
ting. For this study, we provided the SE and used the grid search
method.

The Joinpoint Regression Program (version 4.2.0.2; National
Cancer Institute) uses a permutation test to find the optimal num-
ber of joinpoints. For greater consistency in the permutation test
P values, the Joinpoint Regression Program runs at least 4,499
permutations to select the optimal number of linear segments to
fit the model. Because fitting all 4,499! (factorial) possible permu-
tations would be computationally intensive, the program uses a

SIGNIFICANCE & INNOVATIONS
• Using the largest dermatopolymyositis (DPM) death

counts (12,882) to date, this study reports decreas-
ing DPM mortality across the United States over
the last quarter-century.

• This is the first study to assess DPM mortality in the
context of all-cause mortality, reporting that DPM
mortality decreased at a higher rate than all-cause
mortality over a quarter-century.

• This is the first population-based study to compare
DPM mortality before and during the COVID-19
pandemic, and it shows that the increase in DPM
mortality during the pandemic was proportionate
to the increase in all-cause mortality.

• Females, younger individuals, and individuals of
non-Hispanic Black, Hispanic, and non-Hispanic
other race and ethnicity had higher DPM mortality
relative to all-cause mortality, and the odds of pre-
mature death were higher for DPM than for all
other causes of death.
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Monte Carlo simulation to conduct significance tests on a sample
of the 4,499! permutations, which are adjusted using the Bonfer-
roni correction to reduce the likelihood of false positive results.18

The study is exempt from ethics committee approval requirement.

RESULTS

From 1999 through 2022, DPM was recorded as the underly-
ing or a contributing cause of death in 12,882 decedents. Females
(64.7%), non-Hispanic Black individuals (17.4%), and those in the
45 to 64 years age group (28.0%) were overrepresented among
DPM decedents relative to their representation among non-DPM
(all causes other than DPM) decedents (Table 1).

Trends in mortality: DPM versus non-DPM (all
cause), 1999–2022. Mortality rates decreased for both DPM
and non-DPM from 1999 through 2022 but at a higher pace for
DPM (annual percent change [APC] −3.8 [95% CI −4.3 to −3.4])
than for non-DPM (APC −1.2 [95% CI −1.5 to −0.9]) until the start
of the COVID-19 pandemic (Figure 1). The cumulative percent
change over the entire 24-year period was −46.8% for DPM but
only −4.8% for non-DPM (Supplemental Table S2). During the pan-
demic, mortality rates significantly increased for both DPM and
non-DPM at a similar APC. Consequently, the ratio of DPM to
non-DPM mortality rates continuously decreased throughout the
24-year period. This suggests that there was no disproportionate
increase in DPM-specific mortality during the COVID-19 pandemic.

Trends in mortality by sex, age, and race and
ethnicity: DPM versus non-DPM, 1999–2022. Females had
higher DPM mortality rates than males; the converse was true

for non-DPM mortality rates, which were higher for males
(Figure 2). There were no significant differences in the cumulative
percent changes for both DPM and non-DPM deaths by sex
(Supplemental Table S2).

Similar mortality trends were observed at different age
groups for DPM and non-DPM, with the highest ASMRs in the
≥65 years age group for both DPM and non-DPM (Figure 3).
However, the ratio of DPM-ASMRs to non–DPM-ASMRs was
higher in the 45 to 64 and ≤44 years age groups than in those
aged ≥65 years, suggesting a disproportionately higher mortality
rate at younger age groups for DPM than for non-DPM. The odds
of premature death (<65 years) from DPM were significantly
increased compared with non-DPM (odds ratio [OR] 1.6; 95%
CI 1.5–1.6), which were less than in SSc (OR 1.9; 95% CI 1.9–
2.0) and SLE (OR 4.3; 95% CI 4.2–4.4) (Table 2).

The cumulative decreases in DPM mortality rates were also
less in younger age groups than in older age groups
(Supplemental Table S2). Notably, there was a cumulative
increase of 21.1% in non–DPM-ASMRs for the ≤44 years age
group, suggesting a higher premature all-cause mortality rate in
2022 than in 1999.

Mortality rates in non-Hispanic Black persons were higher
than those in other racial and ethnic groups for both DPM and
non-DPM causes (Figure 4). The ratio of DPM-ASMRs to non–
DPM-ASMRs was higher in individuals of non-Hispanic Black, His-
panic, and non-Hispanic other race and ethnicity than in non-
Hispanic White individuals. The 24-year cumulative decrease in
DPM mortality rates was more than 50% for non-Hispanic Black
and non-Hispanic White persons but only 8.7% for non-Hispanic
Asian, Pacific Islander, American Indian, and Alaska Native individ-
uals and 34.5% for Hispanic individuals (Supplemental Table S2).

Table 1. Demographic characteristics, 1999–2022*

Characteristics

DPM deathsa Non-DPM deathsa Average populationb

No. % No. % No. %

Total 12,882 63,549,485 7,410,144,137
Sex
Female 8,339 64.7 31,504,793 49.6 3,764,021,810 50.8
Male 4,543 35.3 32,042,977 50.4 3,646,122,327 49.2

Age
≤44 y 1,024 8.0 4,837,629 7.6 4,508,987,499 60.8
45–64 y 3,610 28.0 12,049,566 19.0 1,860,984,067 25.1
≥65 y 8,248 64.0 46,657,324 73.4 1,040,172,571 14.0
Not stated 0 0 4,966 0.0 – –

Race and ethnicity
NH White 8,903 69.1 49,961,434 78.6 4,787,848,120 64.6
NH Black 2,240 17.4 7,585,215 11.9 947,648,882 12.8
Hispanic 1,128 8.8 4,028,734 6.3 1,139,927,382 15.4
NH A/PI/AN/AI 591 4.6 1,764,980 2.8 456,491,367 6.2
Not stated 20 0.2 209,122 0.3 78,228,386 1.1

* A, Asian; AI, American Indian; AN, Alaska Native; Black, Black or African American; DPM, dermatopolymyositis; His-
panic, Hispanic or Latino; NH, non-Hispanic; non-DPM, all-cause deaths other than DPM; PI, Pacific Islander.
a Number (percentage) of deaths from all 50 states and the District of Columbia as of September 14, 2023, in all cat-
egories except for total and sex in non-DPM (63,547,770 as of September 7, 2023).
b Mean annual population (percentage) derived from US Census Bureau files.
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DISCUSSION

Analysis of all recorded deaths attributed to DPM in the
United States from 1999 through 2022 revealed that mortality
rates have decreased at a higher pace for DPM than for all-cause
(non-DPM) deaths. There were significant differences between

DPM and all-cause mortality by sex, age, and race and ethnicity.
DPM was associated with higher odds of premature death com-
pared to all-cause deaths. During the pandemic, mortality rates
increased for both DPM and all causes at similar APCs; thus, the
ratios of DPM to all-cause mortality rates continuously decreased
throughout the 24-year period in all sex, age, and racial and ethnic
groups, suggesting no disproportionate increase in DPM-
associated mortality during the pandemic.

A few population-based studies have examined the changes
in DPM mortality over time. An early study11 reported increased
DPM mortality rates in the United States from 1968 to 1978. A
1999–2014 study19 of 303 DPM deaths from British Columbia,
Canada, revealed a 2.4- to 5.5-fold increased risk of DPM death
from 1997 to 2005 compared to a 2.0- to 4.1-fold increased risk
of DPM death from 2006 to 2014. A 1999–2014
United Kingdom study of 114 DPM deaths did not report a signif-
icant improvement in excess mortality risk in DPM in recent years
(2007–2014 vs 1999–2006).20 However, we report that the mor-
tality rates decreased at higher annual percent rates for DPM than
for all-cause deaths from 1999 through 2018 in the US
population.

The improving DPM mortality rate over the last two decades
is likely attributable to a combination of factors (Figure 1, bottom
panel),2,3,8,21 including: (1) the 2003 European Neuromuscular
Centre criteria, which updated the Bohan and Peter criteria by
adding more muscle pathology details as well as incorporating
amyopathic dermatomyositis22; (2) the increasing awareness

Figure 1. Legend on next page.

Figure 1. Trends in mortality rates for DPM and non-DPM causes
and ratio of DPM to non-DPM mortality rates, 1999–2022. Results
are expressed as the ASMR per million persons for DPM (top panel)
and non-DPM (middle panel) and the ratio of DPM to non-DPM mor-
tality rates (lower panel). Data are displayed per calendar year of
death, with lines fitted on the basis of joinpoint trend analysis. The
annual number of deaths ranged from 428 to 664 for DPM and from
2,391,374 to 3,464,216 for non-DPM. The APC for each trend is pre-
sented as stack bars below each panel. Each stack is segmented at
the year in which the change in slope is statistically significant and is
aligned with the trend line. Numbers in each stack denote the APC
(95% confidence interval). The red-shaded stacks indicate an
increasing trend, and the green-shaded stacks represent a decreas-
ing trend. *P < 0.05 for slope change. (Bottom panel) DPM-ASMR is
shown in relation to major therapeutic developments (Rx), advances
in evaluation (Eval) of DPM, and the COVID-19 pandemic. ACR,
American College of Rheumatology; APC, annual percent change;
ASMR age-standardized mortality rate; Aza, azathioprine; B&P cri-
teria, Bohan and Peter classification criteria; COSBL, T cell costimula-
tion blockade; Csa, cyclosporine A; CSM, core set measures; DPM,
dermatopolymyositis; ENMC, European Neuromuscular Centre;
GCs, glucocorticoids; IVIG, intravenous Ig; IVIG-FDA, IVIG treatment
approved by the Food and Drug Administration; JAKi, JAK inhibitors;
Mmf, mycophenolate mofetil; MRI, magnetic resonance imaging;
MSA, myositis-specific autoantibodies; Mtx, methotrexate; non-
DPM, all-cause deaths other than DPM; Rx, therapeutic advances;
Tac, tacrolimus.
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and earlier recognition of interstitial lung disease as a manifesta-
tion of DPM23,24; (3) the recognition of myositis-specific antibod-
ies as valuable tools in diagnosing and understanding DPM25;
(4) the increased availability and reliability of myositis antibody
testing, including the development of multiplex assays for test-
ing25; (5) the development of DPM core set measures26 and the
2017 EULAR/American College of Rheumatology criteria42; (6)

earlier use of disease-modifying antirheumatic drugs, for example,
methotrexate, azathioprine, and mycophenolate mofetil, with a
more rapid tapering of glucocorticoids21; (7) increasing use of
intravenous Ig9,27; (8) introduction of rituximab and the calcineurin
inhibitors tacrolimus and cyclosporine A21,28–31; and (9) use of
JAK inhibitors and costimulation blockers in patients refractory
to current treatments.21,32 Better management of comorbidities

Figure 2. Trends in mortality rates for DPM and non-DPM and in the ratio of DPMmortality rates to non-DPMmortality rates by sex, 1999–2022.
Results are expressed as the ASMR per million persons for DPM (left panel) and non-DPM (middle panel) and the ratio of DPM to non-DPM mor-
tality rates (right panel). Data are displayed per calendar year of death, with lines fitted on the basis of joinpoint trend analysis. The annual number of
DPM deaths ranged from 277 to 445 for females and from 151 to 240 for males. The APC for each trend for each subpopulation is presented as
stack bars below each panel. Each stack is segmented at the year in which the change in slope is statistically significant and is aligned with the
trend line. Numbers in each stack denote the APC (95% confidence interval). The red-shaded stacks indicate an increasing trend, unshaded
stacks represent a nonsignificant trend, and the green-shaded stacks represent a decreasing trend. *P < 0.05 for slope change. APC, annual per-
cent change; ASMR, age-standardized mortality rate; DPM, dermatopolymyositis; non-DPM, all-cause deaths other than DPM. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25609/abstract.

Figure 3. Trends in mortality rates for DPM and non-DPM and in the ratio of DPMmortality rates to non-DPMmortality rates by age, 1999–2022.
Results are expressed as the ASMR per million persons for DPM (left panel) and non-DPM (middle panel) and the ratio of DPM to non-DPM mor-
tality rates (right panel). Data are displayed per calendar year of death, with lines fitted on the basis of joinpoint trend analysis. The annual number of
DPM deaths ranged from 33 to 57 for those aged ≤44 years, from 112 to 183 among those aged 45 to 64 years, and from 275 to 447 among
those aged ≥65 years. The APC for each trend for each subpopulation is presented as stack bars below each panel. Each stack is segmented
at the year in which the change in slope is statistically significant and is aligned with the trend line. Numbers in each stack denote the APC (95%
confidence interval). The red-shaded stacks indicate an increasing trend, unshaded stacks represent a nonsignificant trend, and the green-shaded
stacks represent a decreasing trend. *P < 0.05 for slope change. APC, annual percent change; ASMR, age-standardized mortality rate; DPM, der-
matopolymyositis; non-DPM, all-cause deaths other than DPM. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25609/abstract.
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including ischemic heart disease and malignancy, which are com-
mon causes of death in DPM,5,6 could also have contributed to
the decreasing DPM mortality rate. The decreasing mortality rate
is not likely due to decreasing prevalence, as a recent estimate
from Olmsted County suggested a relatively higher prevalence of
dermatomyositis (13 per 100,000) than previous prevalence
estimates,13 which ranged from 1.2 to 9.2 per 100,000.

Mortality was not influenced by sex in the Johns Hopkins
Myositis cohort,10 whereas an association between male sex
and lower survival was reported in the Michigan cohort.7 Consis-
tent with the known higher prevalence of DPM in females,33

DPM mortality rates were consistently 1.6-fold higher in females

than males: 2.9 versus 1.8 (1999) and 1.6 versus 1.0 (2022),
respectively (Supplemental Table S2). Because DPM is two to
three times more prevalent in females than males, with an
adjusted OR of 2.52 (95% CI 1.08–3.99),33 and mortality rates
were only 1.6-fold higher in females, it is likely that males would
have a higher case fatality rate than females when adjusted for
prevalence.

We also found that DPM mortality rates were higher in non-
Hispanic Black individuals than in non-Hispanic White individuals
throughout the 24-year period. In Hispanic individuals and those
of non-Hispanic other race and ethnicity (Asian, Pacific Islander,
American Indian, Alaska Native), DPM mortality rates were not

Table 2. Odds of premature death, 1999–2022*

Age, y
DPM,
n (%)

Non-DPM,
n (%)

ORa

(95% CI)
SSc,
n (%)

Non-SSc,
n (%)

ORa

(95% CI)
SLE,
n (%)

Non-SLE,
n (%)

ORa

(95% CI)

<65 4,634

(36.0)

16,887,195
(26.6)

1.6b

(1.5–1.6)
17,654
(41.0)

16,885,593
(26.6)

1.9b

(1.9–2.0)
32,009
(60.8)

16,884,595
(26.6)

4.3b

(4.2–4.4)

≥65 8,248
(64.0)

46,657,324
(73.4)

1 (ref) 25,392
(59.0)

46,655,625
(73.4)

1 (ref) 20,659
(39.2)

46,656,511
(73.4)

1 (ref)

* CI, confidence interval; DPM, dermatopolymyositis; non-DPM, all causes other than DPM; OR, odds ratio; ref, reference; SLE, systemic lupus
erythematosus; SSc, systemic sclerosis.
a Odds of premature death (≤65 y) from DPM, SSc, or SLE relative to all-cause (non-DPM, non-SSc, or non-SLE, respectively) deaths.
b P < 0.0001.

Figure 4. Trends in mortality rates for DPM and non-DPM and in the ratio of DPM mortality rates to non-DPMmortality rates by race and ethnic-
ity, 1999–2022. Results are expressed as the ASMR per million persons for DPM (left panel) and non-DPM (middle panel) and the ratio of DPM to
non-DPM mortality rates (right panel). Data are displayed per calendar year of death, with lines fitted on the basis of joinpoint trend analysis. The
annual number of DPM deaths ranged from 270 to 491 for NH White individuals, from 61 to 116 for NH Black individuals, from 33 to 76 for His-
panic individuals, and from 14 to 46 for NH A/PI/AI/AN individuals. The APC for each trend for each subpopulation is presented as stack bars
below each panel. Each stack is segmented at the year in which the change in slope is statistically significant and is aligned with the trend line.
Numbers in each stack denote the APC (95% confidence interval). The red-shaded stacks indicate an increasing trend, unshaded stacks repre-
sent a nonsignificant trend, and the green-shaded stacks represent a decreasing trend. *P < 0.05 for slope change. Stack bars are not shown
for NH A/PI/AI/AN under DPM and ratio trendline curves because the annual death counts were low in this group. A, Asian; AI, American Indian;
AN, Alaska Native; APC, annual percent change; ASMR, age-standardized mortality rate; Black, Black or African American; DPM, dermatopoly-
myositis; Hispanic, Hispanic or Latino; NH, non-Hispanic; non-DPM, all-cause deaths other than DPM; PI, Pacific Islander. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25609/abstract.
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different relative to non-Hispanic White persons in 1999. How-
ever, Black and White individuals had a more than 50% cumula-
tive decrease in DPM mortality rates over the 24-year period,
whereas those of non-Hispanic other race and ethnicity had only
an 8.7% cumulative decrease. Thus, DPM mortality rates were
significantly higher in all individuals of non-Hispanic Black, His-
panic, and non-Hispanic other race and ethnicity relative to non-
Hispanic White individuals in 2022. Previous studies have
reported either no influence of race and ethnicity on DPM mortal-
ity10 or an association of race and ethnicity other than White race
with lower survival from DPM.7 Poorer clinical outcomes have also
been reported in Black and minority non-Black children with der-
matomyositis compared with White children.34 Multiple factors
likely contribute to these disparities. For example, diagnostic
delay of DPM, which has been linked to the lack of access to spe-
cialists, has extensive impacts on quality of life with this disease.35

Significantly prolonged time to diagnosis and treatment of derma-
tomyositis occurs in all other races when compared with White
patients, suggesting a lack of dermatology education of race
and ethnicity other than White skin in DPM detection.36 Another
study reported that negative beliefs about biologic therapies were
significantly more prevalent (60%) in patients of other ethnicities
compared to the White cohort (35%),37 which could have contrib-
uted to higher mortality in individuals of other races and ethnicities
compared to non-Hispanic White individuals with DPM. Further
studies are needed to understand reasons underlying racial and
ethnic disparities in DPM mortality.

We found the highest mortality rates in those aged ≥65 years
for both DPM and all-cause deaths, which is consistent with a
previous report that increased age at diagnosis was associated
with lower survival.7 However, we found that the ratio of DPM to
all-cause mortality rates was higher in the 45 to 64 years and
≤44 years age groups than in those aged ≥65 years, suggesting
higher premature mortality for DPM than for all-cause deaths.
Consistently, the OR for premature death (≤64 years) was signifi-
cantly higher for DPM relative to all-cause deaths. Studies are
underway to identify causes of premature death in DPM. Our pre-
liminary analysis suggests that myositis and interstitial lung dis-
ease were more commonly recorded as the underlying causes
of death in DPM at younger ages than ≥65 years.

Notably, the all-cause (non-DPM) mortality rate was not sub-
stantially lower in 2022 than in 1999. In fact, the all-cause mortality
rate at younger ages (≤44 years) has steeply increased by 4.7%
each year since 2014, with a cumulative increase of 21.1% over
24 years. This worrisome increase in premature mortality in the
general population has been attributed to increases in firearm-
related deaths and drug overdose and poisoning among children
and adolescents.38

About half of US rheumatologists in 2020 believed that
patients with autoimmune and rheumatic diseases were at a
higher risk for COVID-19, and as a result, there was a decreased
use of biologics to treat these conditions during the pandemic,39

which could have increased DPM mortality. However, we found
that the overall DPM mortality increase during the pandemic was
proportionate to the increase in all-cause mortality rates. We fur-
ther calculated mortality rates during pandemic years as com-
pared to three preceding prepandemic years for DPM, other
autoimmune diseases with the risk of immune suppression and
infection including myasthenia gravis and multiple sclerosis,
and diseases with little or no concern for immune suppression
(including muscular dystrophy and thyroid gland disorders). As
shown in Supplemental Table S3, mortality rates increased by
15% during the pandemic for DPM as compared to 28% for
myasthenia gravis, 20% for multiple sclerosis, 7% for muscular
dystrophy, and 29% for thyroid gland disorders. Consistently, a
retrospective analysis of the TriNetX database between January
2020 and August 2021 showed that individuals with dermatomy-
ositis with COVID-19 had a lower risk of death in comparison to
the general population with COVID-19.40 Finally, the proportions
of deaths attributed to COVID-19 as the underlying cause of
death during the pandemic were different in three autoimmune
disorders, ranging from 8% in multiple sclerosis to 10% in DPM
and 14% in myasthenia gravis (Supplemental Table S4).

Limitations of the study using mortality databases include the
lack of individualized data on clinical, laboratory, and treatment
variables, as well as difficulty in ascertaining the accuracy of the
physicians’ coding on death certificates.14,15,41 However, mis-
classification of an autoimmune disease (ie, recording an autoim-
mune disease as the cause of death on death certificates for
decedents who did not have that autoimmune disease) is unlikely
to have influenced our inferences in a substantial way.15 Unlike
administrative health care databases, where possible and proba-
ble diagnoses are often recorded, death certificates usually have
the most proximate illness recorded as the cause of death. Con-
sequently, DPM is unlikely to be recorded as a cause of death
for decedents who did not have DPM. However, DPM may be
underrecorded as the cause of death in some proportions of
patients whose proximate causes of death were cancer, infection,
and ischemic heart disease,5,6 as suggested by a previous study
that showed that DPM was recorded as the underlying (primary)
cause of death in only about half of all DPM deaths and as a
contributing cause of death in the other half.12 Therefore, we
used the MCD database to capture all DPM deaths across
the United States in our study. A previous study showed that the
survival rates were similar for dermatomyositis and polymyositis.7

Hence, we analyzed all DPM deaths together instead of sepa-
rately analyzing mortality for individual DPM subsets, which might
differ. Finally, inclusion of data from 2020 to 2022 allowed us to
assess the impact of the COVID-19 pandemic on DPM mortality.
However, data for the years 2021 and 2022 were retrieved from
the Provisional Mortality Statistics database, which may undergo
minor updates when finalized.

Nevertheless, our study provides an unbiased assessment of
population-based burden of annual DPM mortality using a large
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sample size. Such mortality statistics from national datasets serve
as important indicators of the disease-specific burden at the pop-
ulation level, with implications for health policy planning and
resource allocation. Use of direct age standardization to calculate
annual mortality rates and use of joinpoint regression as a compu-
tational approach to identify long-term mortality trends are other
strengths of our approach. Finally, computation of the ratio of
DPM to all-cause (non-DPM) mortality to assess DPM mortality
in the context of overall changes in mortality in the general popula-
tion is another unique strength of this study.

In conclusion, we report a steady decrease in DPM mortality
relative to all-cause mortality over the last two decades. It is also
encouraging that there was no disproportionate increase in
DPM-specific mortality during the COVID-19 pandemic. How-
ever, significantly higher odds of premature death from DPM are
concerning, highlighting the need to identify its causes, improve
screening to facilitate early diagnosis, and earlier intervention.
Studies are needed to determine if more aggressive screening
and treatments at early stages of active myositis and interstitial
lung disease will reduce the risk of premature death in DPM. A
persistently higher DPM mortality rate in non-Hispanic Black indi-
viduals also warrants targeted efforts to identify high-risk subpop-
ulations and evaluate socioenvironmental and biologic
determinants of adverse DPM outcomes in these populations.
Finally, large-scale, population-based, prospective studies are
needed to verify differences in DPMmortality by race and ethnicity
and age and understand causes underlying such differences,
which, along with targeted public health resource allocations,
may reduce disparities in DPM outcomes.
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Development of a Personalized Visualization and Analysis
Tool to Improve Clinical Care in Complex Multisystem
Diseases With Application to Scleroderma

Ji Soo Kim,1 John Scott,1 Lauren Fisher,1 Lauren N. Smith,2 Willie Stewart,1 Adrianne Woods,1 Rob Smithwright,1

Diane Koher,1 Parastoo Aslanbeik,1 Aalok B. Shah,1 Brad Tibbils,1 Samantha I. Pitts,1 Ayse P. Gurses,1 Yushi Yang,1

Ana-Maria Orbai,1 Antony Rosen,1 Laura K. Hummers,1 Scott L. Zeger,1 and Ami A. Shah1

Objective. In complex diseases, it is challenging to assess a patient’s disease state, trajectory, treatment
exposures, and risk of multiple outcomes simultaneously, efficiently, and at the point of care.

Methods. We developed an interactive patient-level data visualization and analysis tool (VAT) that automates
illustration of the trajectory of a patient with scleroderma across multiple organs and illustrates this relative to a
reference population, including patient subgroups who share risk factors with the index patient, to improve estimation
of disease state. We conducted VAT usability testing with patients and clinicians. We then embedded results from
internally cross-validated, Bayesian multivariate mixedmodels that calculate an individual’s risk of critical events, using
baseline risk factors, patient-level information in past trajectories in multiple dimensions, and known outcomes from
the entire population and relevant subgroups.

Results. The web-based application aggregates complex, longitudinal data to illustrate patient-, subgroup-, and
population-level health trajectories across multiple organ systems. Patients (n = 7) exposed to the VAT reported
increased knowledge about their disease and confidence in medical decision-making. Rheumatologists (n = 4) were
able to access 8.6 times more data in 81.5% of the time using two-thirds fewer clicks using the VAT compared with
an electronic medical record system. Statistical modeling was successfully embedded in the VAT, enabling real-time
estimation of a patient’s risks of multiple complications.

Conclusion. Systematic analysis and visualization of individual- and population-level data in a complex disease
has potential to improve medical decision-making and warrants further study. Individualized risk estimation dissemi-
nated at the point of care may enable targeted screening and early intervention in high-risk patients.

INTRODUCTION

In the clinic, physicians taking care of patients with complex

rheumatic diseases use cognitive skills to integrate information

across multiple parameters and organ systems, factoring in a

patient’s prior trajectory and baseline risk factors, to make esti-

mates about a patient’s health state, risk for complications, and

need for high-risk therapies. A key component of this mental

process is that it is informed by a physician’s prior experiences

caring for patients with a similar expression of disease and there-

fore is not generalizable across providers—particularly in rare dis-

eases or diseases with high clinical variability. Aggregating

complex, longitudinal data requires a tremendous time invest-

ment on the part of the treating provider who has access to histor-

ical and current data only for the patient at hand. It is also

challenging to clearly explain this information to patients during
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routine clinical visits to facilitate shared decision-making. In this

study, we sought to develop methods to address these chal-

lenges using a prototypic multisystem rheumatic disease,

systemic sclerosis (scleroderma).
Scleroderma is a complex disease with high variability in

clinical phenotype, longitudinal trajectory, treatment response,
and mortality. Scleroderma can affect multiple organ systems,
and most organ-specific complications occur in �15% of
patients.1,2 Several clinically available measures, such as autoan-
tibody type and cutaneous subtype, may be useful to subgroup
and risk-stratify patients. However, these population-level risk
factors are not easily translatable to clinical practice at the patient
level to inform targeted screening or early intervention.3–5 For
example, patients with African ancestry, diffuse scleroderma, or
anti–topoisomerase-1 antibodies have a higher risk of clinically
significant interstitial lung disease (ILD).6 However, for an individ-
ual patient, it remains unknown how this risk is modified by the
presence of multiple risk factors, is affected by her own pulmo-
nary function trajectory early in the disease, or changes with
involvement of other organ systems.

To address these challenges, we designed a visualization
and analysis tool (VAT) to effectively communicate a patient’s
trends across multiple organ systems. We developed interactive
filters that enable a provider to compare an individual patient to a
subgroup of patients who share relevant clinical and biologic

characteristics. We then implemented this prototype in a web-
based application (called Patient Insight) that can be viewed
within different electronic medical record (EMR) systems to bring
the tool within clinicians’ workflow and enable future dissemina-
tion.7 We conducted a study to evaluate effectiveness and usabil-
ity of Patient Insight for patients and clinicians. Lastly, using
Bayesian multivariate hierarchical models and a cross-validated
sequential prediction (CVSP) algorithm, we compute and display
real-time personalized risk estimates for major complications, har-
nessing knowledge from a patient’s prior trajectory and known
outcomes from patients with similar subgroup characteristics.8

In this article, we present these design and implementation
methods. Although the initial development has focused on sclero-
derma, we anticipate these methods, employing clinical, compu-
tational, and engineering skills, will have broad applicability
across complex, multisystem diseases and health systems.

METHODS

Development of the VAT. A key objective of a VAT is to
make quantitative the qualitative steps that clinicians currently
use to evaluate their prior experience and knowledge when reach-
ing a clinical decision for an individual patient. Supplemental
Figure 1 describes a pipeline and series of clinical, statistical, and
engineering methods that were used to develop the VAT
and embed it within the clinical workflow. Expert clinicians
selected clinical parameters, calculations, and interactive features
to be displayed. Based on this initial sketch, statisticians devel-
oped a flexible prototype R Shiny App that visualizes patient-
and population-level longitudinal data, enabling quick iterations
and revisions.9,10 After clinician approval, the Johns Hopkins
Medicine (JHM) Technology Innovation Center implemented R
Shiny App features into a web-based application that could be
viewed within the EMR, which for our institution is Epic. This step
met two objectives: (1) to generate a version of the tool physicians
can use directly to test its clinical value and (2) to enable future dis-
semination of the tool across health systems and EMR platforms.
The web-based version, referred to as Patient Insight, can be
updated outside of the EMR, allowing for rapid improvements to
incorporate feedback.

Data sources. This study used clinical data from patients
who consented to participate in the Johns Hopkins Scleroderma
Center Research Registry, a dynamic-entry, prospective longitu-
dinal cohort. Data from registry participants are ingested into
the JHM Precision Medicine Analytics Platform (PMAP)
(Supplemental Figure 2), in which multiple data sources are har-
monized. JHM’s Epic EMR captures all transactions comprising
clinical care: clinical visits, laboratory measurements, prescrip-
tions, imaging, and procedures. We use real-time Epic data from
PMAP as input to our VAT.

SIGNIFICANCE & INNOVATIONS
• In complex, multisystem diseases like scleroderma,

there is often significant heterogeneity in patients’
clinical manifestations, disease course, and risk of
complications. There is a major unmet need to
develop tools that aggregate patient-level, longitudi-
nal data and enable continuous learning across
populations of patients to improve individualized
decision-making.

• We developed an interactive patient-level data visu-
alization and analysis tool that automates illustra-
tion of the trajectory of a patient with scleroderma
across multiple organs relative to a reference popu-
lation and calculates real-time estimates of critical
events.

• Patients exposed to historical data in the tool
reported increased knowledge about their disease
and felt better equipped to participate in shared
decision-making. Rheumatologists accessed >8
times more data in �80% of the time compared
with the standard electronic medical record and
reported higher levels of confidence in their medi-
cal decision-making.

• This tool represents a shift in health informatics
from a clinician having access to the current
patient’s data only to contextualizing that patient’s
data with the experience of a selected subset of
prior patients.
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Individualized clinical data visualization and
comparison to user-defined subgroups. Patient Insight
illustrates a patient’s aggregate clinical phenotype in a snapshot
view; for scleroderma, this includes cutaneous subtype (ie, diffuse
versus limited),11 disease manifestations, onset dates, and auto-
antibody status. Longitudinal data are illustrated across multiple
organ systems (eg, cutaneous, cardiac, pulmonary, gastrointesti-
nal, renal, peripheral vasculature, and musculoskeletal), including
patient-reported outcomes and laboratory data. Longitudinal
immunosuppressive medication exposure is shown to assess
whether drug exposure alters trajectory in these parameters. Rel-
evant comorbid conditions, such as coronary artery disease, dia-
betes, hypertension, and cancer, are captured.

We defined critical events by either having longitudinal obser-
vations exceed or fall below prespecified thresholds or having a
discrete event occur at a particular date. These events were plot-
ted on a single time scale starting from scleroderma onset.12

Details regarding chosen variables are provided in the Supple-
mental Materials.

The tool illustrates the 10th, 50th, and 90th percentiles for
the entire scleroderma population as a reference group. By plot-
ting individuals’ trajectories on top of these reference lines, we
can visualize a patient’s disease course compared with others.
Moreover, we programmed filters to compare a patient’s trajec-
tory to a user-specified subgroup based on demographic, clinical,
and biologic characteristics. This allows clinicians to easily moni-
tor a patient’s disease course relative to a group of similar patients
based upon known risk factors, such as age, race, sex, cutane-
ous subtype, and autoantibody status.

Testing effectiveness and usability of Patient
Insight.We conducted two studies to assess patients and rheu-
matologists’ perspectives of using Patient Insight. We sought to
gain early feedback on the functionalities of visualizing historical
clinical data and comparing individuals’ trajectory to a user-
defined subgroup. Of note, this component of the study did not
include incorporation of personalized predictions of the future
risk of critical events, which is described further below. This
study was approved by the JHM Institutional Review Board
(IRB000252437). Survey questions are in the Supplemental
Materials.

Patient perspectives. We recruited seven patients with
scleroderma who had at least one year of clinical data and were
able to participate in study visits over Zoom during the COVID-
19 pandemic. Before exposure to Patient Insight, patients com-
pleted a survey to capture their understanding of their disease
and its trajectory. Then, patients were introduced to their own
data in Patient Insight and shown how providers would navigate
the tool and share data during a clinical visit. Organ-specific
trends were illustrated relative to a population of >4,000 patients
with scleroderma and relative to the subgroup of patients who

shared key characteristics. Trends were explained to patients in
relation to immunosuppressive therapy exposures when applica-
ble. We conducted semistructured interviews (see Supplemental
Materials) to evaluate patients’ impressions when the tool was
part of the communication process. The same survey questions
were administered after the interview to assess if the tool changed
participants’ understanding of their scleroderma.

Interviews were audio-recorded and transcribed verbatim.
Two investigators developed an initial coding structure and identi-
fied general themes based on the interview guide and first three
interviews.13,14 The coding structure was enriched in breadth and
depth based on subsequent interviews and emergent themes.
After achieving thematic saturation with the fifth interview, we con-
ducted two additional interviews to ensure no additional themes
were identified. Participant comments were coded and analyzed
for sentiment to summarize themes and illustrate key findings.

Provider perspectives. To assess rheumatologists’ per-
spectives, Patient Insight was compared with standard of care
using Epic. Testing was performed in the context of four real
patient cases. Two cases each were selected to reflect common
issues arising in clinic: (1) whether immunosuppression needs to
be initiated or changed to treat one or more organ systems and
(2) whether additional, potentially invasive testing is needed to
assess for complications. For each scenario, academic rheuma-
tologists who regularly see patients with scleroderma were asked
to assess, as if they were reviewing data for a clinic visit, one case
using Epic and one case using Patient Insight in randomized
order. Task duration, number of clicks, and data points reviewed
were recorded for each task and analyzed using a paired t-test.

Rheumatologists filled out an additional questionnaire to
assess: whether Patient Insight helped them understand a
patient’s health state and trajectory; whether it would help them
explain health state and trajectory to patients; and whether they
gained any new insight into a patient’s disease by seeing data
visually. Throughout, a human-factors engineer solicited feed-
back to understand potential areas for improvement, clarity of
data elements, and user perception of task ease or difficulty. Par-
ticipants were asked to elaborate on whether Patient Insight
would change their clinical practice, specifically (1) the time
required to prepare for seeing a patient, (2) if they would plan to
review the tool with patients when discussing their clinical impres-
sion, and (3) which parameters they would most likely share with
patients. Following each interview, rheumatologists were emailed
a System Usability Scale (SUS) to objectively measure their satis-
faction with Patient Insight.15,16 SUS scores range from 0 (worst)
to 100 (best), with 68 considered the threshold of acceptable
usability.

Estimation of individuals’ health trajectories and
prediction of future risk of critical events. A patient’s esti-
mated disease trajectories foretell the risk of having extreme
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values in the near future. By fully using information in multiple
longitudinal measures, we can maximize the precision of
estimates of patient-specific and population trajectories. We
modeled the longitudinal latent health state using a Bayesian mul-
tivariate linear mixed-effects model17,18 for cardiopulmonary
parameters (percent predicted forced vital capacity [pFVC], per-
cent predicted diffusing capacity for carbon monoxide [pDLCO],
left ventricular ejection fraction [LVEF], and right ventricular
systolic pressure [RVSP]). Details of the model are in the Supple-
mental Materials. Using model estimates, we calculate and dis-
play disease trajectories for each patient for pFVC, RVSP, and
EF, which are important surrogates for key outcomes (ILD, pul-
monary hypertension [PH], and cardiomyopathy).

Observations falling below or rising above a clinically set
threshold are useful surrogates for critical events that will likely
require immediate medical attention sometimes followed by more
invasive and higher risk interventions. To predict critical events,
we projected each individual’s trajectory into the future and then
calculated the probability the person will cross the following
boundaries: LVEF < 50% and LVEF < 35% (cardiomyopathy),
RVSP ≥ 45 mmHg and RVSP ≥ 50 mmHg (PH), and pFVC ≤

70% and pFVC ≤ 60% (ILD) in the next 6, 12, 18, and 24 months.
We refer to the estimation of these event probabilities using our
methodology as CVSP.8,19 The CVSP algorithm sequentially pro-
duces the risks of events as additional data are observed in real-
time for a patient. The predictions are made without refitting the
model to incorporate new observations for a patient using a
cross-validation method, yielding computational efficiency. We
previously showed CVSP increases in precision as more data
are observed for a given patient and that, even with no observa-
tions for an individual’s measure, yields predictions with consider-
able precision compared with other methods, including random
forest classification and logistic regression.8,19

We added the cross-validated statistical models that gener-
ate patient-specific risk estimates of critical events to the proto-
type VAT. The feature is now being added to Patient Insight for
external validation and calibration.

RESULTS

This study used clinical data of >4,000 patients with sclero-
derma. Details regarding cohort characteristics are provided in
the Supplemental Materials. Figure 1 is a snapshot of Patient
Insight currently used by physicians in the clinic to effectively
assess patients’ past and current health status. A full view of the
tool is provided in Supplemental Figure 3. In a single-page view,
the VAT displays an individual patient’s longitudinal immunosup-
pression exposures, critical events, trajectory across multiple
organ systems, disability index, and comorbidities. Users can
select organ systems or variables of interest to only view selected
data if desired.

Trajectory relative to a reference population. An
important feature of the VAT is presenting an individual patient’s
data relative to others with the same disease and specifically
those who share key demographic, clinical, and biologic charac-
teristics. Filters can be deployed to compare an individual patient
to others who share risk factors that associate with disease sever-
ity in population studies, such as race and cutaneous and autoan-
tibody type. Figure 2 demonstrates the use of this feature. In
Figure 2A, the FVC trajectory of a White woman who developed
diffuse scleroderma with anti–Scl-70 antibodies at age 40 years
is shown relative to the entire population of patients with sclero-
derma. In Figure 2B, her same trajectory is shown relative to other
patients with similar demographic and clinical characteristics.
After 10 years of disease, her pulmonary function has been poorer
than the average patient with scleroderma but is typical of that
expected for patients with the same race, disease subtype, and
autoantibody type. The ability to interactively change the refer-
ence population provides insight into how individual and combi-
nations of risk factors may modify a patient’s likely trajectory and
outcome; this approach furthers development of a continuous
learning health system.

Results from patient and provider surveys and
interviews. Patient perspectives. Among seven patients, four
were women and six had diffuse scleroderma, and 51 years was
the median age. Self-reported race and education level are pro-
vided in Supplemental Tables 1 and 2. Patients reported an
increased understanding of their disease and potential prognosis
after being exposed to Patient Insight (Supplemental Table 3).
Figure 3 shows three main themes identified from the interviews
with representative quotes. Many patients expressed that visual-
izing their data relative to similar patients increased their knowl-
edge about their own disease. They shared that the tool
improved recall of past symptoms and relayed clinically relevant
patterns that were otherwise difficult to describe. They reported
that Patient Insight would allow them to participate in their own
medical care more actively, both in the context of clinical care
and everyday modifiable behaviors. Some patients mentioned
that the tool could help them make the most out of short appoint-
ments and increase the efficiency of medical visits. In summary,
being exposed to Patient Insight satisfied patients’ curiosity about
their disease state and enabled them to feel empowered dealing
with their scleroderma.

Provider perspectives. Four rheumatologists participated in
the study. They were in rheumatology practice (including fellow-
ship) for 5 to 46 years, with 6 to 8 years of experience using Epic.
Two described their comfort level with technology as “somewhat
comfortable” and two as “very comfortable.”

The streamlining and display of historical patient data in
Patient Insight resulted in more efficient examination of clinical
cases (Supplemental Table 4). On average, providers accessed
8.6 times more data (t = −8.74; P < 0.001) in 81.5% of the time
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Figure 1. Patient Insight tool for scleroderma. This web application illustrates an individual patient’s demographic and clinical disease manifes-
tations and trajectory across multiple organ systems. A partial view with selected organ systems is shown in the figure. A complete view of the tool
with all organ systems (cardiac, pulmonary, cutaneous, gastrointestinal, renal, peripheral vascular, and muscle) is shown in Supplemental Figure 3.
The severity of disease state is indicated by red (severe) and pink (mild) regions for left ventricular ejection fraction and RVSP. Users can view values
for each point by hovering over the points in the graphs. DLCO, diffusing capacity for carbon monoxide; EF, ejection fraction; FVC, forced vital
capacity; GLI, Global Lung Function Initiative; ILD, interstitial lung disease; mmf, mycophenolate mofetil; mRSS, modified Rodnan skin score;
po, by mouth; RP, Raynaud phenomenon; RVSP, right ventricular systolic pressure; Rx, prescription; TFR, tendon friction rubs.
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(t = 1.76; P = 0.123), using 66.7% fewer clicks (t = 4.17; P =
0.004). During interviews (Figure 3), the rheumatologists reported
that Patient Insight helped them assess patients’ disease better,
with increased efficiency and greater confidence in decision-
making. They expressed appreciation for having patient data in
one place, highlighting the anticipated time-savings and express-
ing excitement to share the tool with patients who value having
their data presented clearly and concisely. The rheumatologists
noted that they gained new insights into a patient’s disease and
were better able to refine diagnoses using Patient Insight. Those
who recommended a change in testing or treatment reported

higher levels of confidence in their decision when using Patient
Insight versus Epic alone. Providers perceived usability of
Patient Insight as “excellent” (SUS scores: mean 81.3 ± 7.5),
expressing that the tool was easy to use, and they would like to
use it frequently (Supplemental Table 5).

Estimating a patient’s risk of critical events. Although
visualizing a patient’s historical trajectory offers tremendous value,
our goal is to improve prediction of future events to make better
medical decisions. We developed a prototype that enables us to
estimate and visualize each patient’s disease trajectory with the

Figure 2. Lung trajectories for an individual patient with interactive filters for the reference population. (A) Lung trajectories of a patient and tenth,
median, and ninetieth percentiles reference lines of the overall scleroderma population. (B) Lung trajectories of the same patient and tenth, median,
and ninetieth percentiles reference lines of selected subpopulation. On the top panel (A), this patient’s trajectory is compared with that of the overall
scleroderma center cohort. On the bottom panel (B), that same patient’s trajectory is compared with a reference population that is similar to the
patient (onset age of 30 to 50 years, diffuse type, and Scl-70–antibody positive). These data illustrate how the reference population changes the
interpretation and one’s perspective. When comparing this patient to the overall scleroderma population, we observe that her percent predicted
FVC trajectory declines from the ninetieth percentile to the tenth over 20 years of follow up, dropping rapidly below the fiftieth percentile line after
10 years. Relative to other similar patients, however, we see that her percent predicted FVC trajectory is better than that typically expected for
the first 10 years of follow up and around the median afterwards. DLCO, diffusing capacity for carbon monoxide; FVC, forced vital capacity.
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95% prediction interval for pFVC, EF, and RVSP by jointly model-
ing multiple measures (Figure 4). The estimated risks of the three
outcomes, each with two severity levels, in the next six months
are displayed. We project the estimated trajectory forward and
calculate the risks of the future events, shown by the shaded
regions in the graphs and tables. The patient in Figure 4 is at high
risk of progressive ILD (42% risk for pFVC ≤ 70%), cardiomyopa-
thy (24% for LVEF < 50%; 8% for LVEF < 35%), and PH (29% for
RVSP > 50 mmHg; 39% for RVSP ≥ 45 mmHg), suggesting more
intensive screening and monitoring is warranted. The predictive
analytics are now being incorporated into Patient Insight to test
its value in clinical settings.

An individual’s estimated health trajectory and risks of critical
events are calculated by harnessing information in baseline char-
acteristics (age of scleroderma onset, sex, race, and cutaneous
and autoantibody type) and longitudinal cardiopulmonary bio-
markers (pFVC, pDLCO, LVEF, and RVSP). In Figure 5, we display
how using baseline characteristics and subsequently longitudinal
biomarkers changes precision in predicted values. When no
patient-level information is available, our best estimate for pFVC
one year from current visit for pFVC < 70% for very early disease
(first 18 months) is depicted in Figure 5A. Probabilities of an indi-
vidual having a clinically meaningful restrictive ventilatory defect
suggestive of ILD is depicted by the areas under the curve.

Because no individual-level information is available, the predicted
probabilities are derived from the cohort mean, and we observe
a widely spread-out bell-shaped curve, reflecting high uncertainty
in the predicted value.

We then incorporate an individual’s demographic and clinical
characteristics to obtain subgroup-specific ILD risk. The esti-
mated risks of ILD for two selected subgroups are shown in
Figure 5B: (1) Black women with diffuse scleroderma and anti–
Scl-70 (top) and (2) White men with limited scleroderma and anti-
centromere (bottom). The first subgroup has a higher ILD risk
compared with the population-level estimates in Figure 5A. The
second subgroup has a lower projected ILD risk.

Individualized estimated ILD risks for two patients with very
early disease from each of the subgroups are shown in
Figure 5C. The top plot shows patient-specific estimated ILD
risk in the next year of an individual patient from the first sub-
group. The bottom plot shows ILD risk of a patient from the sec-
ond subgroup. Having pFVC observations >70% lowered the
estimated patient-specific ILD risks compared with subgroup-
specific risks for both patients. For the patient in the top plot,
the estimated risk of pFVC ≤ 70% decreased from 66% to
15%. For the patient in the bottom plot, this decreased from
15% to 3%. Although the pFVC observations of the two patients
are similar with upward trend, the patient in the top plot has a

Figure 3. Themes identified from rheumatologist and patient interviews with representative quotes. Rheumatologists reported gaining new
insights into a patient’s disease, increased efficiency, and greater confidence in decision-making by using the Patient Insight tool. Patients felt that
using the tool increased knowledge, improved recall of their past symptoms, and instilled greater confidence in dealing with their disease. EF, ejec-
tion fraction; GI, gastrointestinal; JH, Johns Hopkins. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25613/abstract.
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higher estimated ILD risk compared with the patient in the
bottom plot given her baseline characteristics. This illus-
trates that the estimated trajectories harness information
not only from each patient’s pFVC observations but also
from subgroup-specific characteristics and other longitudi-
nal biomarkers (eg, pDLCO). Incorporating patient-specific
information results in increased precision of the predicted
values shown by narrower bell-shaped curves compared
with Figure 5B.

Although the risks of critical events are calculated based on
prespecified thresholds, risk estimates using different cutoffs can
be readily calculated from our model. For instance, we can esti-
mate an individual’s risk of a 5% or 10% decline in pFVC, which
could be useful for patients who have higher baseline pFVC or to

identify patients who warrant more intensive monitoring, early
therapeutic intervention, or consideration for clinical trial enroll-
ment (Supplemental Figure 4).

Harnessing information across measures is particularly useful
when some measures have fewer observations compared with
others. In our case, patients generally have fewer observations for
cardiac measures (EF and RVSP) and richer data for the pulmonary
measures (pFVC and pDLCO). When there are only sparse data
observed for a measure or a patient, we borrow strength from other
correlated measures and from the entire cohort to produce more
precise estimates for a given parameter.8 In Figure 6, we demon-
strate how the model generates accurate risk estimates for PH
using information not only in RVSP trajectory but also in pDLCO, a
richer measure. Two patients with similar clinical and demographic

Figure 4. Predictive modeling incorporated in prototype R Shiny App. The figures illustrate an individual patient’s trajectory in pFVC, EF, and
RVSP over time with the estimated risk of crossing high-risk thresholds in these parameters within the next six months. The degree of uncertainty
around these estimates is illustrated in the distribution of potential values projected forward at time 0 (the time of the current visit) and the estimated
risks of crossing certain thresholds is shown in the tables on the right (denoted with lighter and darker shades of green and pink). The time of pro-
jection can be changed by the end user to illustrate predicted estimates at 6, 12, 18, or 24 months in the future. EF, ejection fraction; GI, gastro-
intestinal; HAQ, health assessment questionnaire; pFVC, percent predicted forced vital capacity; RP, Raynaud phenomenon; RVSP, right
ventricular systolic pressure; TFR, tendon friction rubs.
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characteristics are depicted in Figure 6A and 6B, respectively. Both
patients are White women with a similar age, skin subtype, and
autoantibody status. Both have similar RVSP trajectories up until
the time of the current visit, but the estimated risk of PH in the
next two years for the patient in Figure 6A is much lower than
the patient in Figure 6B. The patient in Figure 6A has an esti-
mated risk of 14% for RVSP ≥ 45 mmHg, whereas the patient
in Figure 6B has an estimated risk of 38%. This difference is
driven by the patients’ pDLCO trajectories. Compared with a
similar reference group, the pDLCO trajectory of the patient in
Figure 6A is relatively stable across time, fluctuating close to
the fiftieth percentile line. However, the pDLCO trajectory in
Figure 6B gradually declines over time and falls below the tenth
percentile line for the reference group. Indeed, the patient in
Figure 6B was subsequently confirmed to have PH by right heart
catheterization. This demonstrates how the VAT maximally uses
available data to aid a clinician’s decision-making.

DISCUSSION

In complex, multisystem diseases like scleroderma, there is
often significant heterogeneity in patients’ clinical manifestations,
disease course, and risk of complications. Clinicians try to incor-
porate knowledge from a patient’s prior trajectory, the interplay
across organ systems, and experiences from caring for other sim-
ilar patients to make an informed estimate of a patient’s likely dis-
ease course and need for high-risk therapies. In rare or complex
diseases with high clinical variability, many providers have insuffi-
cient experience to make informed decisions. Further, the chal-
lenges of information gathering and processing are substantial,
and decision-making may be particularly prone to cognitive
biases, such as availability, base rate neglect, and commission
biases.20 There is a major unmet need to develop tools that
(1) aggregate patient-level, multisystem data in a format that is
easy for clinicians to access, (2) harness knowledge and known

Figure 5. Risks of interstitial lung disease in the overall scleroderma population, within distinct subgroups, and for two individual patients. This
series of plots show a gradual reduction in uncertainty for interstitial lung disease prediction as more information is introduced (left to right) for
two separate scenarios (top and bottom row). Interstitial lung disease risks are indicated by the shaded regions and percentages. (A) shows
expected pFVC distribution for a random patient with scleroderma without any baseline information or follow-up data. The top plot in (B) shows
the expected pFVC distribution for a random patient in a selected subgroup: Black women who developed diffuse scleroderma with anti–Scl-70
antibodies. The top plot in (C) shows the interstitial lung disease risk predictions of a patient who has same baseline characteristics with her
observed pFVC measurements. In contrast, the bottom plot in (B) shows the expected pFVC distribution for a random patient in a different sub-
group: White men who developed limited scleroderma with anticentromere antibodies. The bottom plot in (C) shows the interstitial lung disease
risk of a patient who has the same baseline characteristics with his own pFVC observations. Uncertainty in prediction, represented by the width
of bell-shaped prediction distributions, decreases when baseline information and subgroup characteristics are known and further decreases sub-
stantially when an individual patient’s pFVC observations are used. pFVC, percent predicted forced vital capacity.
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outcomes from other patients who share key characteristics, and
(3) compute and display personalized risk estimates to improve
decision-making.21

This study has several strengths. The novel patient-level VAT
shows one patient’s trajectory across multiple organs in the con-
text of a clinician-selected, biologically relevant patient subset.
The tool also provides precise individualized trajectory and future
risk estimates by simultaneously modeling data in multiple organ
systems, harnessing data within a patient, across organ systems,
and across similar patients. This tool represents a shift in health
informatics from a clinician having access to the current patient’s
data only to contextualizing that patient’s data with the experi-
ence of a selected subset of prior patients. In our scleroderma
example, we confirmed that visualizing historical data in Patient
Insight can increase providers’ efficiency and enable them to see

new trends and patterns in a patient’s disease. We also found
that the tool improves patients’ understanding of their disease.
The absence of a cure or common scleroderma trajectory under-
mined many patients’ sense of certainty and control, which was
mitigated by Patient Insight.

Limitations of this study include its small sample size, and we
are expanding the study to include more rheumatologist and
patient participants to test the value of embedded personalized
risk estimates to aid in decision-making. It will be important to
determine whether the tool enhances a physician’s judgment
across a range of provider experience levels and whether the tool
is interpretable by patients with varying degrees of health literacy.
We internally validated the individualized prediction model before
embedding it in the prototype, and the predictions’ value and
usability will be tested after embedding it in the EMR. Further work

Figure 6. RVSP and pDLCO trajectories and estimated risks of pulmonary hypertension of two individual patients. The tables in figures (A) and
(B) show estimated risks of crossing high-risk thresholds for PH in the next two years for two patients. Both patients are White women with diffuse
cutaneous scleroderma, negative for anti–Scl-70, anti–RNA polymerase III, and anticentromere. Onset ages are 51 and 55 years for patients in
(A) and (B), respectively. The reference lines for pDLCO trajectories are created using a reference population similar to the patients (White woman,
onset age of 40 to 60 years, diffuse type, and Scl-70, RNA polymerase III, anticentromere antibody negative). Smooth curves (green dotted lines)
created using each patient’s pDLCO observations only are shown with their 95% confidence intervals to illustrate the two patients’ pDLCO trends
over time. pDLCO, percent predicted diffusing capacity for carbon monoxide; RVSP, right ventricular systolic pressure.
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is needed to externally validate and calibrate the prediction tools
in diverse populations for them to be embedded in EMR systems
for wide clinical use.

Development of the VAT required collective effort of clini-
cians, statisticians, software engineers, user design experts, and
human-factors engineers. Developing decision support tools,
particularly those that embed predictive analytics, involves serial
testing and improvement. We anticipate that the precision of
these prediction models can be further improved by harnessing
multicenter longitudinal data, adding other outcomes (eg, modi-
fied Rodnan skin score trajectory, severe gastrointestinal disease,
renal crisis, and myopathy), and incorporating newly discovered
molecular or imaging biomarkers. Important goals include model-
ing the effect of competing medication choices on a patient’s
likely trajectory and embedding decision support based on pre-
dicted probabilities of critical events into the VAT. We envision that
sharing this tool with patients during clinical visits will allow
patients to better understand their disease and the rationale for
whether invasive testing or high-risk medications are needed.
Such a tool may improve medication adherence and shared
decision-making and reduce decisional regret for patients.

Personalized medicine strategies that harness and integrate
knowledge within and across individuals have great potential to
improve risk estimation and tailored decision-making in complex
diseases. Developing methods to bring new predictive models
into clinical settings is critical to demonstrate the value of these
tools, foster the creation of a continuous learning health system,
and enable future dissemination. The VAT used in this study
allows flexible parameterization and can be applied to display clin-
ical data and model health trajectories for other complex diseases
and from other data sources. We anticipate this framework will
provide a foundation that can be scaled and generalized for multi-
ple clinical applications and disease states.
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Late-Onset Scleroderma Renal Crisis
Does Occur—A Multicenter Study

Swati Mehta,1 Sumbal Wajid,1 Isam Albaba,2 Virginia Steen,3 Robyn T. Domsic-Degazio,4 Alex Luta,3

Paul J. Feustel,5 Loay Salman,1 and Lee Shapiro1

Objective. Scleroderma renal crisis (SRC) is historically described to occur within the first five years of systemic
sclerosis (SSc) diagnosis. However, it has been observed to occur beyond five years. In this analysis, we aim to
describe the prevalence, clinical features, and outcomes of late-onset SRC and compare them with early-onset SRC.

Methods. This retrospective observational study included patients diagnosed with SRC between 1995 and 2018 at
three university-affiliated hospitals. Late-onset SRC was defined as SRC occurring five years after SSc diagnosis. After
obtaining institutional review board approval, data including demographics, SRC onset, clinical characteristics, labora-
tory data, and outcomes were extracted. Continuous data were expressed as mean/median and categorical data as
frequencies/percentages. Differences were analyzed via Pearson’s chi-square test.

Results. A total of 223 patients with SRC were identified, with 169 (75.8%) classified as early onset and 54 (24.2%)
as late onset. The late-onset group had a mean SRC onset of 12.2 years after SSc diagnosis. Male predominance was
observed in the late-onset compared with the early-onset group (59% vs 9%). Steroid exposure was more common in
late vs early group (56% vs 29%). There was no evidence of difference in autoantibodies profile and outcomes between
early- and late-onset groups.

Conclusion. Late-onset SRC was seen in up to 25% of patients with SRC, with a mean of 12 years after SSc diag-
nosis. Our findings reveal comparable clinical characteristics and outcomes between early- and late-onset SRC,
underlying the importance of recognizing SRC regardless of disease duration to optimize outcomes.

INTRODUCTION

Systemic sclerosis (SSc) or scleroderma is an autoimmune

connective tissue disease that is characterized by vasculopathy

and fibrosis. It is divided into two main subtypes based on the

extent and distribution of skin and organ involvement: limited

cutaneous systemic sclerosis, which predominantly affects the

skin of the face, hands, and fingers, and diffuse cutaneous sys-

temic sclerosis, which is characterized by more widespread skin

involvement and an early onset of internal organ manifestations.1

Scleroderma renal crisis (SRC) is a life-threatening complication

of SSc characterized by malignant hypertension and acute kidney

injury (AKI).2 SRC occurs in about 10% of patients with sclero-

derma.3 It is more common in the diffuse group, with 20% to

25% of patients in this group developing the complication, com-

pared with only 1% in the limited group.4 SRC is associated with

high morbidity and mortality. With the advent of angiotensin-

converting enzyme (ACE) inhibitors, mortality has decreased.5

Nevertheless, the one-year outcomes for patients with SRC are

still concerning, with over 30% experiencing mortality and 25%

remaining dependent on dialysis.6

The Scleroderma Clinical Trial Consortium identified five

domains to develop a classification criteria for SRC: blood pres-

sure, AKI, microangiopathic hemolytic anemia and thrombocyto-

penia, target organ dysfunction, and renal histopathology.7

Some of the risk factors associated with the development

of SRC include the presence of anti-RNA polymerase III

antibodies,8 the presence of diffuse skin involvement, and ante-

cedent glucocorticoid exposure.9 Classically, about 80% of SRC

occurs within the first five years of diagnosis of SSc.10,11 How-

ever, SRC does occur later in the course of the disease (ie,

>5 years of disease).12–14 The characteristics of this late SRC
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onset population have never been studied. Our objective was to

describe the prevalence, clinical features, and outcomes of late-

onset SRC and compare those with early-onset SRC.

METHODS

Study design and settings. We conducted a retrospec-
tive observational study across three university-affiliated hospi-
tals: Albany Medical Center, Georgetown University Hospital,
and the University of Pittsburgh. Approval of the study was
obtained from the institutional review board at each medical
center.

Study population. All adult patients diagnosed with SRC
who met the preliminary classification criteria7 between 1995
and 2018 across the three medical centers were included. The
classification criteria incorporated the following: an acute rise in
blood pressure, AKI, microangiopathic hemolytic anemia and
thrombocytopenia, target organ dysfunction (such as hyperten-
sive retinopathy, hypertensive encephalopathy, acute heart fail-
ure, and acute pericarditis), and renal biopsy findings indicative
of SRC.

Case identification was performed using pertinent diagnostic
codes and chart review at Albany Medical Center and George-
town University. The following International Classification of Dis-

eases, Ninth Revision and Tenth Revision (ICD-9 and ICD-10)
codes were used for the identification of SRC cases: the codes
used for scleroderma were ICD-9 M710.1 and ICD-10 M34.9/
M34.89, which were used in combination with the codes for AKI,
ICD 9 584.9/593 and ICD-10 N17/N19. The University of Pitts-
burgh used their cohort database with SRC cases.

Group classification. SRC was categorized into two
groups based on the timing of its onset relative to SSc diagnosis.
The groupswere early onset (SRC occurring within the first 5 years
of SSc diagnosis) and late onset (SRC occurring more than
5 years after SSc diagnosis).

Clinical variables assessed. The clinical features of the
late-onset and early-onset SRC groups were compared to evalu-
ate differences in demographics (age, race, gender), the type and
duration of scleroderma, autoantibody profile, comorbid condi-
tions, organ system involvement, and outcomes. The comorbidi-
ties analyzed included hypertension, Type II diabetes mellitus,
chronic kidney disease, heart failure, chronic obstructive pulmo-
nary disease, smoking, overlap syndrome, and exposure to ste-
roids, tacrolimus, and cyclosporine. The overlap syndromes
considered were systemic lupus erythematosus, rheumatoid
arthritis, dermatomyositis/polymyositis, and Sjögren disease.
Organ involvement was assessed across several systems, includ-
ing the skin, lungs, heart, and gastrointestinal (GI) tract. Skin man-
ifestations included sclerodactyly, finger lesions (ulcerations or
scars), and telangiectasias. GI involvement was characterized by
oropharyngeal dysphagia, gastroparesis, gastroesophageal
reflux disease, gastric antral vascular ectasia, small intestinal bac-
terial overgrowth, and primary biliary cholangitis. Pulmonary
involvement was defined by interstitial lung disease and pulmo-
nary arterial hypertension, whereas cardiac involvement included
heart failure, conduction abnormalities, and pericardial involve-
ment. Outcomes evaluated included the need for hemodialysis
(HD) at diagnosis and at one year, as well as mortality rates at
one and five years.

Statistical analysis. Continuous data are presented as
mean ± SD. Differences between two groups were evaluated
using the t-test for normally distributed data or the Mann–Whitney
U test for skewed data. Categorical data are presented as fre-
quencies and percentages. Associations between categorical
variables were assessed using Pearson’s chi-square test, and
results were reported with odds ratio (OR) and 95% confidence
intervals (CI). The analyses consisted of univariable associations
between clinical variables and timing of SRC, comparing early-
and late-onset groups. Statistical analyses were performed using
Minitab (version 19) and R (version 4.3.0), with a significance level
set at P < 0.05.

For the variables having frequency of zero or 100%, ORs
were not determined because of quasi-complete separation and
failure to fit the logistic model. Missing data were not imputed,
and analyses were conducted using all available data.

RESULTS

Time to SRC onset. A total of 223 patients with SRC were
identified: 169 (75.8%) were classified with early-onset SRC and

SIGNIFICANCE & INNOVATIONS
• This is the first study, to our knowledge, to system-

atically characterize the clinical profile of patients
with late-onset scleroderma renal crisis (SRC) (SRC
occurring beyond five years of systemic sclerosis
[SSc] diagnosis) and compare themwith early-onset
SRC (SRC occurring within five years of SSc diagno-
sis). The findings fill the gaps in the understanding
of SRC presentation across the disease duration.

• Up to 25% of patients developed SRC late in our
patient population, with a mean onset of 12 years
after the initial diagnosis of SSc. These findings
emphasize the need for continued vigilance for
SRC regardless of the disease duration to improve
timely diagnosis and outcomes.

• Exposure to steroids was significantly associated
with late-onset SRC, reinforcing the importance of
cautious steroid use. Clinicians should maintain a
high index of suspicion and closely monitor for SRC
in patients receiving steroids, regardless of disease
duration.
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54 (24.2%) with late-onset SRC. The average time from diagnosis
of SSc to the time of SRC in early-onset SRC was 0.44 (SD =
1.03) of a year. This included 29 patients who had renal crisis at
the time of diagnosis of scleroderma. Patients in the late-onset
group had significantly longer disease duration with the mean
time from diagnosis of SSc to onset of SRC being 12.2 (SD =
6.5) years (Table 1). Figure 1 illustrates the distribution of time to
SRC onset in the late-onset group, revealing that nearly half of
the patients in this group (48%) developed SRC more than
10 years after their SSc diagnosis, with five patients who ended
up developing it more than 20 years after SSc diagnosis.

Baseline characteristics. There was no evidence of dif-
ference in age and race between the two groups. However, a sig-
nificant male predominance was observed in the late-onset SRC
group compared with the early-onset group (59% vs 9%) with
13.9 higher odds (95% CI 6.6–29.4) of developing late-onset
SRC in men compared with women (Tables 1 and 2). There was
no evidence of difference between the two groups regarding

scleroderma phenotype, with more than 80% of both groups hav-
ing diffuse scleroderma (Tables 1 and 2).

Underlying hypertension was more prevalent in the early-
onset group (11%) compared with the late-onset group (2%).
However, this was consistent with the frequency of essential
hypertension. Similarly, malignancy was more frequently seen in
the early-onset group, although there was no evidence of differ-
ence. Steroid exposure was more common in the late-onset
SRC group (56%) compared with the early-onset group (29%),
with the odds of developing late-onset SRC being 3.1 times in
patients exposed to steroids compared with patients without ste-
roid exposure (95% CI 1.0–9.6) (Tables 1 and 2).

Autoantibody profile. Autoantibody profiles did not show
any difference between early- and late-onset SRC. A total of 56%
and 62% of the patients had RNA polymerase III antibodies in the
early- and late-onset group, respectively (Table 3).

Clinical presentation. Most of the patients (89%) were
hypertensive at the time of diagnosis of SRC. There was no

Table 1. Demographics, comorbidities, risk factors, and clinical characteristics of the participants*

Clinical features Missing data
Early-onset group,

N = 169
Late-onset group,

N = 54

Onset of SRC from diagnosis of SSc, mean ± SD, y – 0.44 ± 1.03 12.2 ± 6.5
Age at SRC, mean ± SD, y – 52.2 ± 14.7 54.9 ± 11.6
SBP, mean ± SD, mm Hg – 175 ± 33.9 176 ± 35.3
DBP, mean ± SD, mm Hg – 100.6 ± 19 101 ± 18.6
Males, n/N (%) – 16/169 (9) 32/54 (59)
Race, n/N (%) 1/223 (0.4)
White – 134/168 (80) 66/54 (85)
Black – 26/168 (15) 5/54 (9)
Others – 8/168 (5) 3/54 (6)

Comorbidities, n/N (%)
Hypertension – 18/169 (11) 1/54 (2)
Diabetes mellitus – 10/169 (6) 1/54 (2)
Obesity 67/223 (30) 4/112 (3.5) 0/44 (0)
Malignancy – 30/169 (18) 4/54 (7.4)
Smoking 5/223 (2.2) 71/165 (43) 29/53 (55)
COPD 2/223 (0.9) 2/168 (1.2) 2/53 (3.8)
Overlap syndrome – 16/169 (9.5) 9/54 (16.6)
Steroid exposure 142/223 (63.7) 19/65 (29) 9/16 (56)

Scleroderma phenotype, n/N (%) 4/223 (1.8)
Limited cutaneous – 31/166 (18.7) 7/53 (13.2)
Diffuse cutaneous – 134/166 (80.7) 46/53 (86.8)
Sine – 1/166 (0.6) 0/53 (0.0)

Organ involvement, n/N (%)
Skin – 168/169 (99) 54/54 (100)
Raynaud phenomenon 9/223 (4) 141/164 (86) 46/50 (92)

Gastrointestinal, n/N (%) 128/223 (57) 74/86 (86) 21/24 (87.5)
Pulmonary, n/N (%)
ILD 13/223 (5.8) 59/160 (37) 20/50 (40)
PAH – 33/169 (20) 10/54 (19)

Cardiac, n/N (%)
Heart failure 143/223 (64) 23/61 (38) 14/19 (14)
Pericardial 30/223 (13.5) 63/146 (43) 27/47 (57)

* Overlap syndrome includes: scleroderma with Sjögren disease, polymyositis, lupus, and rheumatoid arthritis.
COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; ILD, interstitial lung disease; PAH, pul-
monary arterial hypertension; SBP, systolic blood pressure; SRC, scleroderma renal crisis; SSc, systemic sclerosis.
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difference in the level of the first mean blood pressure (BP) at the
time of SRC between the two groups. The mean ± SD systolic
BP at the onset of SRC was 175 ± 33.9 mm Hg (95% CI 169.9–

180.3) for the early-onset group and 176 ± 35.3 mm Hg (95% CI
166.6–186.1) for the late-onset group. The mean ± SD diastolic
BP at SRC onset was 100.6 ± 19 mm Hg (95% CI 97.6–103.5)
and 101 ± 18.6 mm Hg (95% CI 95.9– 106.1) for the early- and
late-onset groups, respectively. A total of 18 patients had normo-
tensive SRC, defined as a BP of 120/80 mm Hg or lower at the
time of SRC, with 14 in the early-onset group and 4 in the late-
onset group.

There was no difference in the frequency of organ involve-
ment between the two groups except heart failure, which was
more common in the early-onset group (38%) compared with
the late-onset group (14%), with the OR of 0.2 (95% CI 1.5–
14.5) for developing heart failure in late-onset group (Tables 1
and 2).

Treatment and outcomes. All patients were treated with
ACE inhibitors. There were no differences in renal outcomes
between the two groups. The need for HD at the time of SRC
diagnosis was 46% in both groups. Of the 77 patients requiring
HD at diagnosis in the early-onset group, 39% continued to need
it at one year. In comparison, 56% of patients in the late-onset
group (14 of 25) still required HD after one year. Long-term out-
comes, as indicated by one- and five-year overall mortality rates,
did not differ significantly between the groups (Table 4) with more
than half of the patients no longer alive at five years.

DISCUSSION

Classically, SRC is thought to occur early in the course of
SSc with about 80% of SRC occurring within the first four years
of onset of SSc symptoms.10,15,16 In our study of 223 patients
with SRC, late-onset SRC accounted for approximately 25% of

Figure 1. Histogram showing distribution of time from diagnosis of SSc to SRC in late-onset group. SRC, scleroderma renal crisis, SSc, sys-
temic sclerosis.

Table 2. ORs for clinical variables*

Clinical variables
Missing data,
N = 223a OR 95% CI

Sex, n (%)
Reference: female – 13.9 6.6–29.4

Race 1 (0.4)
Reference: White –

Black – 0.5 0.2–1.5
Others – 1.1 0.3–4.3

Comorbidities, n (%)
Hypertension – 0.2 0.02–1.2
Diabetes mellitus – 0.3 0.04–2.4
Obesitya 67 (30) – –

Malignancy – 0.4 0.12–1.1
Smoking 5 (2.2) 1.6 0.9–3.0
COPD 2 (0.9) 3.3 0.4–23.7
Overlap syndrome – 1.9 0.8–4.6
Steroid exposure 142 (63.7) 3.1 1.0–9.6

Scleroderma phenotype, n (%) 4 (1.8)
Reference: diffuse –

Limited scleroderma – 0.7 0.3–1.6
Organ involvement –

Skina – – –

Raynaud phenomenon 9 (4) 1.9 0.6–5.7
Gastrointestinal, n (%) 128 (57) 1.1 0.3–4.4
Pulmonary, n (%)
ILD 13 (5.8) 1.1 0.6–2.2
PAH – 0.9 0.4–2.1

Cardiac, n (%)
Heart failure 143 (64) 0.2 1.5–14.5
Pericardial 30 (13.5) 1.8 0.9–3.5

* CI, confidence interval; COPD, chronic obstructive pulmonary dis-
ease; ILD, interstitial lung disease; OR, odds ratio; PAH, pulmonary
arterial hypertension.
a Because of a frequency of an event being zero or 100%, ORs were
not determined because of quasi-complete separation and failure
to fit the logistic model.
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cases, which is similar to the earlier studies that reported 20%
of renal crises occurring four years after the onset of SSc symp-
toms. However, in our study, it may actually be a bit higher
because we defined late onset as five years after the diagnosis
of SSc, whereas other studies have used the onset of SSc
symptoms, which is typically 6 to 12 months before the diag-
nosis is made. Thus, our frequency may be even higher if we
had chosen four years from the first symptom onset. This
emphasizes that there still are a significant number of patients
with SRC who develop this complication long after the onset
of symptoms. In fact, in the late-onset group, approximately
half of the cohort developed it more than 10 years after the
diagnosis of SSc. Thus, it is critical for patients and providers
to continue to consider the potential of the development of
SRC well into the course of the disease and not just early in
the disease (Figure 1).

Our most striking finding is the high rate (56%) of recent ste-
roid exposure in the late-onset SRC group. Although we did not
have complete data on the dosage of steroids received, this is
an important finding. It is possible that both patients and physi-
cians in this group were less vigilant in avoiding steroids, assum-
ing that the patients were not at an increased risk for SRC. This
underscores the importance of vigilant steroid use in all patients
with SSc, including those in the later stages of the disease.

The recent 2023 EULAR recommendations on systemic sclerosis
management suggest monitoring patients with SSc for SRC
when they are prescribed steroids.17 Our findings provide further
face validity and support for this recommendation.

The late-onset group in our study had a surprisingly pro-
longed mean time of 12 years from diagnosis of SSc to the diag-
nosis of SRC. Although we did not collect data on the clinical
activity of the SSc itself before the onset of SRC, anecdotally, sev-
eral of the authors remember that some of these patients with
SRC developed SRC in the setting of recurrent or persistent activ-
ity of the scleroderma. This may be linked to late flares of sclero-
derma, a phenomenon that has not been extensively studied.
Such flares of the disease in the skin, muscle, joints, or lungs
could have led to steroid exposure, which in turn may have
increased the risk of developing SRC.18 In one study, 6% of
scleroderma patients had a skin flare of their diffuse cutaneous
SSc in a mean of 10 years after having experienced significant
improvement in their skin.19 In 3 of these 39 patients, SRC also
occurred in the patients with skin flare. These skin flares were fre-
quently in the setting of patients who had discontinued their
immunosuppressive agents. This reduction in immunosuppres-
sive therapy could have triggered skin flares as in the aforemen-
tioned study or perhaps renal flares in some of our patients. This
hypothesis warrants further investigation; however, because of

Table 3. Serologies in early- and late-onset SRC*

Serology
Early-onset group,

n/N available (%), N = 169
Late-onset group,

n/N available (%), N = 54 OR CIs

Antinuclear antibodya 130/131 (99) 44/44 (100) – –

Anti-RNA polymerase III antibody 102/163 (62.5) 27/48 (56) 0.8 0.4–1.5
Anticentromere antibodya 3/167 (2) 0/51 (0) – –

Anti-topoisomerase I antibody 28/161 (17) 13/54 (24) 1.5 0.7–3.2
Anti-U1RNP antibody 5/160 (3) 3/47 (6) 2.1 0.5–9.2
Anti-U3RNP antibodya 8/147 (5) 0/43 (0) – –

Anti-dsDN 2/150 (1) 0/47 (0) – –

Anti-Smith 2/146 (1) 1/47 (2) 1.6 0.1–17.7
Anti-Th/to 3/138 (2) 2/42 (5) 2.3 0.4–13.9
Anti-PMScl 9/143 (6) 3/44 (7) 1.1 0.3–4.2
Anti-Ro (SSA) 10/155 (6) 4/47 (9) 1.4 0.4–4.5
Anti-La (SSB) 7/154 (5) 3/47 (6) 1.4 0.4–5.8

* CIs, confidence intervals; dsDNA, double stranded deoxyribonucleic acid; OR, odds ratio; PMScl, polymyositis/
scleroderma, SRC, scleroderma renal crisis.
a Because of a frequency of an event being zero or 100%, ORs were not determined because of quasi-complete sep-
aration and failure to fit the logistic model.

Table 4. Outcomes in early- and late-onset SRC*

Patient outcomes Missing data Early-onset group, N = 169 Late-onset group, N = 54 P valuea

HD, n/N (%)
At diagnosis – 77/169 (46) 25/54 (46) 1.0
At 1 year – 30/169 (18) 14/54 (26) 0.24

Overall mortality, n/N (%)
At 1 year 40/223 (18) 28/140 (20) 12/43 (28) 0.27
At 5 years 48/223 (21.5) 70/133 (53) 25/42 (66) 0.43

* HD, hemodialysis; SRC, scleroderma renal crisis.
a P values sourced through chi-square test.
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the retrospective nature of our study, relevant data on this aspect
are unavailable.

Interestingly, although there was female predominance in the
early-onset group that is consistent with the published data,20,21

there were significantly more men in the late-onset group. There
were no differences in the race or the frequency of anti-RNA poly-
merase III positivity in the two groups. Impressively, anti-RNA
polymerase III was the predominant antibody in 62% and 56%
of patients in our early-onset and late-onset SRC groups, respec-
tively. Although a French study22 reported a lower prevalence of
anti-RNA polymerase III, detecting it in only 27% of patients with
SRC, our findings did not reflect this trend. Instead, our results
aligned more closely with those of Penn et al from England,15

who also reported a higher prevalence of this antibody in patients
with SRC.

SRC was more commonly seen in the diffuse SSc pheno-
type, both in the early-onset and late-onset groups. Although
31 patients in the early group had limited cutaneous scleroderma,
only 3 of them had anti-centromere antibody. Many of these
patients had early-stage SSc and likely had not yet developed dif-
fuse cutaneous disease because of the very early duration of their
disease.

Early-onset patients with SRCmore frequently had hyperten-
sion, which can also be seen before and during renal crisis.
Severe hypertension was present at the time of SRC in almost
90% of patients, which is typical of what has been seen previ-
ously. Although some studies have shown significant increases
in previous hypertension in patients with SRC,23 the frequency of
hypertension before SRC in our patients was consistent with what
is seen for essential hypertension. Hypertension may be a risk fac-
tor for SRC, particularly in Black patients, as the Gordon et al
study was from Walter Reed National Military Medical Center in
Bethesda, Maryland and included a high frequency of Black
patients.23 The majority of our population, however, was White.

Although malignancy was more frequently observed in the
early-onset group, the difference between the two groups was
not statistically significant. Nevertheless, there are sporadic case
reports describing the occurrence of SRC in individuals with
underlying malignancies.24 This phenomenon has been attributed
to a temporal association between the development of anti-RNA
polymerase III antibodies and tumor antigen expression.25 Given
that anti-RNA polymerase III antibodies are strongly associated
with an increased risk of SRC, this immunologic link may help
explain the higher frequency of malignancy observed in patients
who develop SRC. There was no clinically significant difference
between the early- and late-onset groups in terms of other
comorbidities and clinical characteristics. The frequency of organ
involvement was comparable between the two groups, with the
exception of heart failure at the time of SRC presentation, which
was significantly more common in the early-onset group
(OR 4.6). Although the odds were lower in the late-onset group
at 0.2, this finding may be limited by missing data. These results

are consistent with findings from the American Journal of Emer-

gency Medicine, which reported that SRC was associated with a
significantly increased incidence of new-onset heart failure, with
an OR of 4.3 (95% CI 2.6–6.7).26

The requirement for HD at the time of renal crisis was similar
in both early- and late-onset groups, with almost half of them
requiring dialysis. By one year, the overall mortality was also not
any different. Otherwise, the clinical, demographic, and renal cri-
sis manifestation were not significantly different in the late-onset
SRC compared with early-onset SRC.

Other studies on renal crises have not specifically focused on
late-onset renal crises, although many have included cases with
late-onset. In the large series by Penn et al,15 the mean disease
duration was only 7.5 months, but they documented cases
with onset as late as 16 years. Additionally, a few case reports
have described late-onset SRC occurring beyond five years of
disease onset.12–14 These cases often involved steroid expo-
sure, post-renal transplant patients, the use of calcineurin
inhibitors, or overlap syndromes with lupus. Our much larger
series of renal crisis cases suggests that, although diffuse
cutaneous scleroderma and RNA polymerase III antibodies
remain prominent risk factors, patients should continue to be
closely monitored for late-onset renal crisis, particularly those
who have been exposed to steroids.

Our study has several strengths, including a relatively large
sample size for a relatively rare disease. Furthermore, the results
of the study can be generalized to the general population with
SSc, given the multicenter nature of the study. The major limita-
tions of this study include its retrospective design, in which cases
were identified through database searches and chart reviews. As
a result, there were significant missing data in both groups, which
may have impacted our findings. Notably, data on the dosing and
timing of steroid exposure before the onset of renal crisis, as well
as information on previous treatment with ACE inhibitors/ARBs,
were incomplete.
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Global and Regional Temporal Changes in Cross-Country
Inequalities of Site-Specific Osteoarthritis
Burden, 1990 to 2021

Haowei Chen,1 Lei Si,2 David J. Hunter,3 Lei Zhang,4 Zhe-Sheng Chen,5 Xiaomeng Wang,1 Vicky Duong,6

Zhounan Zhou,1 Peihua Cao,1 Han Cen,1 Su’an Tang,1 Tianyu Chen,7 Houjun Xue,8 Zhaohua Zhu,3

and Changhai Ding9

Objective. This study examined the global and regional temporal changes in cross-country inequalities of site-
specific osteoarthritis (OA) burden from 1990 to 2021.

Methods. Age-standardized years lived with disability rates (ASYRs) for site-specific OA across 204 countries and
territories were obtained from the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2021. The slope
index of inequality (SII) and the concentration index (CCI) were calculated to quantify the absolute and relative cross-
country inequalities. Average annual percent change (AAPC) was used to assess the temporal changes.

Results. From 1990 to 2021, the ASYR of OA increased regardless of the joint affected globally. The SII of total OA
exhibited an improving cross-country inequality among higher sociodemographic index (SDI) countries and territories,
decreasing from 77.26 (95% confidence interval [CI] 69.32–85.20) to 69.85 (95% CI 60.67–79.02). Similarly, the CCI of
total OA decreased from 0.0815 (95% CI 0.0732–0.0897) to 0.0622 (95% CI 0.0551–0.0693). However, most regions
exhibited worsening cross-country inequalities among higher SDI countries and territories. Central sub-Saharan Africa
showed the largest worsening inequality in SII (AAPC 4.55, 95% CI 2.83–6.29), whereas east Asia showed the largest
worsening inequality in CCI (AAPC 1.96, 95%CI 1.48–2.43). Hand OA showed consistently improving absolute and rel-
ative cross-country inequalities among higher SDI countries and territories, whereas other OA showed consistently
worsening inequalities.

Conclusion. The cross-country inequalities of OA burden have persisted and even worsened in some regions over
the past decades. Targeted prevention and management strategies according to geographic location and affected
joint are pivotal to reduce the growing OA burden and achieve equity in health outcomes.

INTRODUCTION

Osteoarthritis (OA) is the most prevalent form of arthritis and
a major cause of adult chronic pain and long-term disability.1,2 It
affected 595 million people worldwide in 2020, constituting
7.6% of the global population.3 Notably, the prevalence of OA
was higher in women than men and increased substantially with
age.3 As a major condition of substantial health care spending,

OA accounted for the eighth highest amount of health care
spending of $80.0 billion in the US in 2016.4 Due to the increasing
life expectancy and aging populations, the burden of OA is
expected to impose a greater personal and societal toll in the fore-
seeable future.5–7 However, OA is generally neglected, and the
development of its treatment has not made comparable progress
with other chronic diseases.8 Up to now, there is no nonsurgical
intervention that can prevent, halt, or even delay OA progression.
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The Food and Drug Administration labeling OA as a “serious dis-
ease with an unmet medical need” in 20189 and the World Health

Organization (WHO) designating 2021 through 2030 to be the

decade of healthy aging,10 emphasizing life expectancy and qual-

ity of life, all provide opportunities to focus on OA in the context of

global health.
The extent to which OA affects the population’s health varies

across regions and the joints involved. Age-standardized preva-
lence of OA in 2020 was highest in high-income North America
(8.63%) and high-income Asia Pacific (8.43%) and lowest in
southeast Asia (5.68%) and eastern sub-Saharan Africa
(5.82%).3 Differences in OA burden across regions might be
caused by genetic, metabolic, and behavioral factors and different
screening capabilities.11–13 The knee is the most frequently
affected joint, followed by the hand and the hip.5 OA in different
joints has been shown to have a distinct effect on overall health
and have different pathologic mechanisms.1,5 Taken together, a
comprehensive assessment of the burden, trends, and inequal-
ities in the distribution of site-specific OA across regions is essen-
tial for timely reorientation and enhancement of future strategies,
such as adjusting the allocation of health care resources and plac-
ing more emphasis on prevention and management strate-
gies of OA.

Past evidence has demonstrated income-related disparities
in the uptake of first-line interventions for OA,14 and patients with
OA from socially disadvantaged backgrounds may not even be
reached by a comparable self-management program.15 Although
previous studies have explored the burden of OA, most of them
focused on the global level or a specific country, with less empha-
sis on cross-country inequalities at both the global and regional

levels.3,16 Additionally, most of them are limited to examining total
OA or only one joint site.17,18 To date, there remains a lack of
comprehensive analysis investigating global and regional cross-
country inequalities in the burden of site-specific OA from 1990
to 2021. The Global Burden of Diseases, Injuries, and Risk Fac-
tors Study (GBD) 2021 provided the latest estimates of a series
of epidemiologic quantities of interest to quantify human health,
with years lived with disability (YLDs) generally considered the
best available measure of nonfatal health loss, offering an oppor-
tunity to understand the regional differences in site-specific OA
burden.19 We therefore undertook this study using GBD 2021 to
quantify the cross-country inequalities in YLDs of site-specific
OA with the temporal changes at global and regional levels from
1990 to 2021.

MATERIALS AND METHODS

Overview. GBD 2021 provided a comprehensive evalua-
tion of health loss for 371 diseases and injuries using data
extracted from vital registration systems, verbal autopsies, cen-
suses, household surveys, disease-specific registries, health ser-
vice contact data, and other sources.19 The risk of bias for each
data source was assessed and corrected by standardized
statistical estimation using a Bayesian meta-regression tool
(DisMod-MR 2.1). Detailed methods have been described exten-
sively elsewhere.19 This study followed the Guidelines for Accu-
rate and Transparent Health Estimates Reporting (GATHER;
Supplementary GATHER Statement).

Data source and disease definitions. GBD defined the
OA reference case as symptomatic OA radiologically confirmed
as Kellgren-Lawrence grade 2–4. The International Statistical
Classification of Diseases and Related Health Problems (ICD)
codes mapped to site-specific OA (knee, hand, hip, and other
joints except for the spine) are listed in the Supplementary
Appendix Methods. The age-standardized YLDs rates (ASYRs)
for site-specific OA by sex across 21 GBD regions and 204 coun-
tries and territories were extracted. Because no death was attrib-
uted to OA in GBD, we used the measure of nonfatal burden,
YLDs, to capture the impact on functional health and quality of
life. YLDs were calculated by multiplying prevalence by the corre-
sponding disability weight, reflecting the severity of the disability
associated with the health state.19 Then, comorbidity-adjusted
YLDs were generated by simulating the distribution of all condi-
tions and health states in the GBD cause hierarchy at the severity
level and for each location-year, assuming independence.
Country-level ASYR was adjusted for the country’s population
age structure by weighting disease burden in each age category
to fit a standard population, thereby allowing for comparisons
across populations with different age structures.19 Final esti-
mates represented the mean estimate across 500 draws, and
95% uncertainty intervals represented the 2.5th and 97.5th

SIGNIFICANCE & INNOVATIONS
• This study firstly quantified the global and regional

temporal changes in absolute and relative cross-
country inequalities of site-specific osteoarthritis
(OA) burden over a 32-year period from 1990
to 2021.

• Despite the decline in the global cross-country
inequality of OA burden, increasing cross-country
inequalities were revealed in most regions from
1990 to 2021, with higher burden concentrated
among countries with higher sociodemographic
index (SDI) rankings.

• Hand OA consistently showed improving absolute
and relative cross-country inequalities among
higher SDI countries, whereas hip OA and other OA
exhibited consistently worsening absolute
inequalities.

• These findings underscore that progress in OA pre-
vention and management has been uneven, and
tailored strategies specific to geographic location
and the affected joints are needed to effectively
reduce the growing global OA burden.
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percentile values across the draws. Sociodemographic Index
(SDI), a composite indicator of a country’s lag-distributed income
per capita, average years of schooling, and the total fertility rate in
women younger than 25 years, ranged from 0 (a theoretical min-
imum level of development relevant to health) to 100 (a theoretical
maximum level of development relevant to health).19 Countries
and territories were also grouped into quintiles of high (81.03–
100), high-middle (71.20–81.03), middle (61.88–71.20), low-
middle (46.58–61.88), and low SDI (0–46.58), based on the
2021 values.

Statistical analysis. This study conducted a three-stage
analysis. First, we described the burden of site-specific OA from
1990 to 2021 through the distribution of ASYR per 100,000 pop-
ulation. Pearson’s or Spearman’s correlation coefficients were
applied to examine the possible linear or nonlinear relations
between SDI and ASYR in 21 GBD regions.

Second, we calculated slope index of inequality (SII) and
health inequality concentration index (CCI), two standard metrics
of absolute and relative gradient inequality recommended by the
WHO,20 to quantify the cross-country inequalities in site-specific
OA ASYR globally and regionally. The SII, representing the abso-
lute difference in the burden between those with the highest and
the lowest level of SDI, was calculated by regressing national OA
ASYR on an SDI-associated relative position scale, which was
defined by the midpoint of the cumulative class interval of the
population ranked by SDI. The CCI, representing the relative dif-
ference in the burden concentrated among lower SDI or higher
SDI, was calculated by numerical integration of twice the area
between the concentration curve and the line of equality
(45-degree line).21 It was fitted using the cumulative fraction of
OA ASYR and cumulative relative distribution of population
ranked by SDI. A negative SII or CCI represents that a higher
SDI corresponds to a lower ASYR, and vice versa. Larger abso-
lute values of the SII or CCI indicate greater inequalities.

Finally, to assess the magnitude and direction of temporal
trends in ASYR and inequality for OA from 1990 to 2021, we cal-
culated average annual percent changes (AAPCs) with corre-
sponding 95% confidence intervals (CIs) by joinpoint
regression.22 The joinpoint regression fitted the simplest
joinpoint model to the data by connecting multiple distinct line
segments on a logarithmic scale. Monte Carlo permutation was
used to test the significance. The AAPC was calculated from the
annual percent change of each segment in the last significant
model in a weighted manner. If AAPC estimates and 95% CIs
were both >0 (or both <0), we considered the corresponding rate
to be in an upward (or downward) trend. Referring to the study by
Luo et al,23 the changing patterns of cross-country inequality
were divided into six categories: (1) worsening cross-country
inequality among lower SDI countries and territories, (2) improving
cross-country inequality among lower SDI countries and terri-
tories, (3) worsening cross-country inequality among higher SDI

countries and territories, (4) improving cross-country inequality
among higher SDI countries and territories, (5) shift to higher bur-
den among higher SDI countries and territories, and (6) shift to
higher burden among lower SDI countries and territories. These
categories provided a nuanced framework beyond simple
increases or decreases in index values, to capture whether the
nature of the inequality is evolving.23 Their implications can be
found in Supplementary Table S1.

Joinpoint analyses were conducted using Joinpoint Statisti-
cal Software version 5.3.0 (National Cancer Institute). Other sta-
tistical analyses were conducted using R software version 4.3.2
(R Project for Statistical Computing) and Stata version 17.0
(StataCorp LLC). Detailed methodologies were described in the
Supplementary Appendix Methods.

Data availability statement. All data used in this
research are already publicly available, which can be found from
http://ghdx.healthdata.org/gbd-results-tool.

Ethics statement. This study is a secondary analysis of a
publicly available database and did not involve human partici-
pants or animal subjects. Ethical approval is not applicable for this
study.

RESULTS

Total OA. From 1990 to 2021, the total OA ASYR increased
from 222.80/100,000 to 244.50/100,000 globally (Supplementary
Table S2). In 2021, high-income Asia Pacific showed the highest
ASYR (314.98/100,000), whereas southeast Asia had the lowest
ASYR (196.18/100,000). The Republic of Korea, Singapore, and
Brunei Darussalam showed the highest ASYR in 2021
(Supplementary Figure S1). The ASYR of total OA generally
increased as the SDI value increased (Supplementary Figure S2).

Globally, significant absolute and relative inequalities in total
OA ASYRwere observed, with a disproportionately higher burden
shouldered by countries and territories with higher SDI. From
1990 to 2021, the SII of total OA ASYR exhibited an improving
inequality among higher SDI countries and territories, decreasing
from 77.26 to 69.85, with an AAPC of −0.32 (95% CI −0.37 to
−0.27). Similarly, the CCI decreased from 0.0815 to 0.0622, with
an AAPC of −0.87 (95% CI −1.20 to −0.54; Table 1). The SII and
CCI improved faster in men than women (AAPC −0.25 vs −0.19,
−1.08 vs −0.39, respectively). However, most regions showed a
worsening inequality among higher SDI countries and territories,
with central sub-Saharan Africa showing the largest worsening
inequality in SII (AAPC 4.55, 95% CI 2.83–6.29) and east Asia
showing the largest worsening inequality in CCI (AAPC 1.96,
95% CI 1.48–2.43) (Supplementary Table S3, Supplementary
Figure S3). Meanwhile, high-income North America presented a
worsening inequality among lower SDI countries and territories
for SII (AAPC −0.18, 95% CI −0.25 to −0.10). In 2021, the highest
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positive SII was observed in Oceania, and the highest positive CCI
was in southern sub-Saharan Africa. The highest negative SII and
the highest negative CCI were observed in high-income North Amer-
ica. Detailed trends of SII and CCI for total and site-specific OA from
1990 to 2021 can be seen in Supplementary Figure S4 and S5.

Knee OA. Between 1990 and 2021, the knee OA ASYR
rose from 127.14/100,000 to 137.59/100,000 globally
(Supplementary Table S2). High-income Asia Pacific showed the
highest ASYR (180.61/100,000), and central Asia had the lowest
ASYR (86.71/100,000) in 2021. The Republic of Korea,
Singapore, and Brunei Darussalam emerged as the countries or
territories with the highest ASYR of knee OA in 2021
(Supplementary Figure S6). Oman, Equatorial Guinea, and
Thailand appeared as the countries or territories with the largest
increasing ASYR of knee OA from 1990 to 2021 (Figure 1). ASYR
increased as the SDI value increased (Supplementary Figure S2).

Between 1990 and 2021, the SII of knee OA ASYR showed
an improving inequality among higher SDI countries and territories

with the value decreased from 18.33 to 16.81, marked by an
AAPC of −0.29 (95% CI −0.35 to −0.24). In contrast, the CCI of
knee OA ASYR showed a worsening inequality among higher
SDI countries and territories, increasing from 0.0447 to 0.0566,
with an AAPC of 0.63 (95% CI −0.05 to 1.31; Table 1, Figure 2).
The CCI worsened in women but remained relatively stable in
men. Regionally, eastern sub-Saharan Africa reported the largest
worsening inequality among higher SDI countries and territories
in SII (AAPC 2.79, 95% CI 1.89–3.70). High-income North Amer-
ica exhibited an improving inequality among lower SDI countries
and territories in the SII and CCI. In 2021, Oceania reported the
highest positive SII and the Caribbean the highest positive CCI.
Conversely, high-income North America showed the highest neg-
ative SII and the highest negative CCI (Figure 2, Supplementary
Table S4).

Hand OA. Between 1990 and 2021, the hand OA ASYR
increased from 61.67/100,000 to 70.94/100,000 globally
(Supplementary Table S2). Eastern Europe reported the highest

Figure 1. AAPC for ASYR of site-specific osteoarthritis from 1990 to 2021. (A) AAPC for ASYR of knee osteoarthritis from 1990 to 2021.
(B) AAPC for ASYR of hand osteoarthritis from 1990 to 2021. (C) AAPC for ASYR of hip osteoarthritis from 1990 to 2021. (D) AAPC for ASYR of
other osteoarthritis from 1990 to 2021. AAPC, average annual percent change; ASYR, age-standardized years lived with disability rate.
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ASYR (131.95/100,000), and east Asia had the lowest ASYR
(51.54/100,000) in 2021. The highest ASYRs in 2021 were in
Mongolia, Russian Federation, and Estonia (Supplementary
Figure S6). Equatorial Guinea, Ethiopia, and Timor-Leste
emerged as the countries or territories with the largest increasing
hand OA ASYR from 1990 to 2021 (Figure 1). SDI and ASYR of
hand OA correlated similarly to total OA (Supplementary
Figure S2).

From 1990 to 2021, the SII of hand OA ASYR demonstrated
an improving inequality among higher SDI countries and terri-
tories, decreasing from 46.23 to 37.68, with an AAPC of −0.66
(95% CI −0.75 to −0.58). Similarly, the CCI decreased from
0.1663 to 0.0731, with an AAPC of −2.67 (95% CI −3.21 to
−2.12) (Table 1, Figure 3). The SII showed a slower rate of
improvement among women compared to men (AAPC −0.17 vs
−0.62), and the CCI improved significantly faster in women than
men (AAPC −3.37 vs −1.77). Regionally, Oceania presented the

largest worsening inequality among higher SDI countries and ter-
ritories in SII (AAPC 2.02, 95% CI −1.52 to 5.68). It is worth men-
tioning that high-income North America presented a worsening
inequality among lower SDI countries and territories in SII (AAPC
−0.13, 95% CI −0.29 to 0.03). In 2021, southern sub-Saharan
Africa recorded the highest positive SII, whereas the Caribbean
had the highest positive CCI. High-income Asia Pacific reported
the highest negative SII and the highest negative CCI (Figure 3,
Supplementary Table S5).

Hip OA. From 1990 to 2021, the ASYR of hip OA increased
from 12.43/100,000 to 13.19/100,000 globally (Supplementary
Table S2). High-income North America recorded the highest
ASYR (28.34/100,000), whereas east Asia had the lowest ASYR
(8.32/100,000) in 2021. The highest ASYRs in 2021 were seen
in the US, Iceland, and United Kingdom (Supplementary
Figure S6). Oman, Sweden, and Equatorial Guinea recorded the

Figure 2. Absolute and relative cross-country inequalities in age-standardized YLD rate and rankings of knee OA, 1990–2021. (A) Health
inequality regression curves for age-standardized YLD rate of knee OA. (B) Concentration curves for age-standardized YLD rate of knee
OA. (C) Ranking graphs and change patterns for SII and CCI of knee OA. Δ, the percentage change of inequalities from 1990 to 2021; AAPC, aver-
age annual percent change; CCI, concentration index; CI, confidence interval; GBD, Global Burden of Diseases, Injuries, and Risk Factors Study;
OA, osteoarthritis; SDI, sociodemographic index; SII, slope index of inequality; YLD, years lived with disability. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25617/abstract.
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largest increasing ASYR of hip OA from 1990 to 2021 (Figure 1).
The ASYR initially slightly declined and then sharply rose as the
SDI increased (Supplementary Figure S2).

Viewing from SII, the global hip OA ASYR showed a worsen-
ing inequality among higher SDI countries/territories in 1990 and
2021. The SII of hip OA ASYR increased from 6.97 to 8.15,
marked by an AAPC of 0.49 (95% CI 0.36–0.61). However, the
CCI of hip OA ASYR revealed an improving inequality among
higher SDI countries and territories, decreasing from 0.1982 to
0.1406, with an AAPC of −1.15 (95% CI −1.31 to −0.98;
Table 1, Figure 4). These trends were similar among men and
women. Regionally, eastern sub-Saharan Africa exhibited the
largest worsening inequality among higher SDI countries and ter-
ritories in SII (AAPC 2.92, 95% CI 1.49–4.38) and the largest
worsening inequality among higher SDI countries and territories
in CCI (AAPC 2.89, 95%CI 1.99–3.79). High-income North Amer-
ica showed an improving inequality among negative SII and CCI,

which still reflected a consistent burden concentration in lower
SDI countries and territories. Oceania showed the highest positive
SII in 2021, whereas the Caribbean had the highest positive CCI.
High-income North America exhibited the highest negative SII
and the highest negative CCI in the same year (Figure 4, Supple-
mentary Table S6).

Other OA. From 1990 to 2021, the ASYR of other OA
increased from 21.56/100,000 to 22.78/100,000 (Supplementary
Table S2). High-income North America recorded the highest ASYR
(25.20/100,000), whereas central sub-Saharan Africa recorded the
lowest ASYR (20.76/100,000) in 2021. The highest ASYRs in 2021
were seen in Qatar, Kuwait, and the United Arab Emirates
(Supplementary Figure S6). Oman, Equatorial Guinea, and Sudan
emerged as the countries or territories with the largest increasing
ASYR of other OA from 1990 to 2021 (Figure 1). Generally, the

Figure 3. Absolute and relative cross-country inequalities in age-standardized YLD rate and rankings of hand OA, 1990–2021. (A) Health
inequality regression curves for age-standardized YLD rate of hand OA. (B) Concentration curves for age-standardized YLD rate of hand
OA. (C) Ranking graphs and change patterns for SII and CCI of hand OA. Δ, the percentage change of inequalities from 1990 to 2021; AAPC, aver-
age annual percent changes; CCI, concentration index; CI, confidence interval; GBD, Global Burden of Diseases, Injuries, and Risk Factors Study;
OA, osteoarthritis; SDI, sociodemographic index; SII, slope index of inequality; YLD, years lived with disability. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25617/abstract.
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ASYR initially rose and then remained stable as the SDI value
increased (Supplementary Figure S2).

There showed a worsening inequality among higher SDI
countries and territories in 1990 and 2021 globally. The SII of
other OA ASYR increased from 2.27 to 2.79, with an AAPC
of 0.62 (95% CI 0.49–0.75). Meanwhile, the CCI increased from
0.0181 to 0.0202, with an AAPC of 0.30 (95% CI 0.05–0.56;
Table 1, Figure 5). Both SII and CCI worsened in women but
remained relatively stable in men. Regionally, most regions
showed a worsening inequality among higher SDI countries and
territories in SII and CCI. Eastern sub-Saharan Africa exhibited
the largest worsening inequality in SII (AAPC 3.18, 95% CI 1.95–
4.42), whereas eastern Europe exhibited the largest worsening
inequality in CCI (AAPC 6.90, 95% CI 5.91–7.89). High-income
North America and western Europe showed an improving
inequality among negative SII and CCI, which still reflected a

consistent burden concentration in lower SDI countries and terri-
tories. Oceania showed the highest positive SII in 2021, whereas
the Caribbean had the highest positive CCI. High-income Asia
Pacific exhibited the highest negative SII and the highest negative
CCI in the same year (Figure 5, Supplementary Table S7).

DISCUSSION

Using the data from GBD 2021, this study firstly quantified
the global and regional cross-country inequalities in site-specific
OA burden with the temporal changes from 1990 to 2021. From
1990 to 2021, an increase in global OA ASYR was demonstrated,
with a disproportionately higher burden concentrated among
countries and territories with higher SDI rankings. Despite the
decline in the global cross-country inequality of OA burden,
increasing cross-country inequalities were revealed in most

Figure 4. Absolute and relative cross-country inequalities in age-standardized YLD rate and rankings of hip OA, 1990–2021. (A) Health inequality
regression curves for age-standardized YLD rate of hip OA. (B) Concentration curves for age-standardized YLD rate of hip OA. (C) Ranking graphs
and change patterns for SII and CCI of hip OA. Δ, the percentage change of inequalities from 1990 to 2021; AAPC, average annual percent
changes; CCI, concentration index; CI, confidence interval; GBD, Global Burden of Diseases, Injuries, and Risk Factors Study; OA, osteoarthritis;
SDI, sociodemographic index; SII, slope index of inequality; YLD, years lived with disability. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25617/abstract.
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regions. Central sub-Saharan Africa showed the largest wors-
ening inequality in SII, whereas east Asia showed the largest
worsening inequality in CCI. In 2021, the highest positive SII
was observed in Oceania, and the highest positive CCI was in
the southern sub-Saharan Africa, indicating that these regions
experienced the most significant inequalities in OA burden,
with substantial impact on countries and territories ranking
higher in SDI. Conversely, it is worth noting that high-income
North America presented a worsening inequality among lower
SDI countries for SII. Among the four joint sites, hand OA had
the highest SII, and hip OA had the highest CCI. There was a
consistently improving inequality among higher SDI countries
and territories in SII and CCI for hand OA, and other OA
showed a consistently worsening inequality in SII and CCI.
These findings underscore the imbalance of progress in OA
prevention and management across different regions and sub-
types as well as highlight the importance of addressing dispar-
ities among nations.

Globally, countries and territories with higher SDIs shoul-
dered a disproportionately higher burden of OA. A similar study
used the crude rate of disability-adjusted life-years to measure
the inequality of OA at two time points (1990 and 2019) and found
the inequality exacerbated over time.16 Here, we used a stricter
metrics, ASYR, to calculate the inequality of OA burden for the
32-year period from 1990 to 2021 and used AAPC to examine
the temporal changes. Although inequality analysis revealed an
improving inequality among higher SDI countries and territories
in both the SII and CCI globally, the result of inequality was con-
trary to the broader understanding that higher levels of socioeco-
nomic development correlated with better health care
infrastructure, easier access to medical services, and higher over-
all health literacy.24 Countries and territories with higher levels of
socioeconomic development may have better availability of health
services and greater capacity for early diagnosis, and the people
may have a greater desire for early medical care, all of which
would contribute to higher burden identified. This pattern may

Figure 5. Absolute and relative cross-country inequalities in age-standardized YLD rate and rankings of other OA, 1990–2021. (A) Health
inequality regression curves for age-standardized YLD rate of other OA. (B) Concentration curves for age-standardized YLD rate of other
OA. (C) Ranking graphs and change patterns for SII and CCI of other OA. Δ, the percentage change of inequalities from 1990 to 2021; AAPC, aver-
age annual percent changes; CCI, concentration index; CI, confidence interval; GBD, Global Burden of Diseases, Injuries, and Risk Factors Study;
OA, osteoarthritis; SDI, sociodemographic index; SII, slope index of inequality; YLD, years lived with disability. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25617/abstract.
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also relate to economic growth, the extent increased longevity,
increasing urbanization, and a parallel increase in obesity, in which
lifestyle-related OA risk factors typically increase initially.25,26

These also include higher consumption of unhealthy diets and
more common sedentary lifestyles in rapidly urbanizing
areas.27,28 Although improvements in health care accessibility
and quality began to emerge in these regions over time,29 dispar-
ity was also found in terms of cross-country inequalities at the
regional level. From another perspective, our analysis also
revealed that the investment put into the prevention, manage-
ment, and treatment of OA along with sociodemographic devel-
opment may have been insufficient.30 It is true that we must
enhance economic development and improve the health care
resource allocation in countries with lower SDI. At the same time,
in higher SDI regions, it is also necessary to keep up with corre-
sponding management and treatment strategies while developing
the economy. To achieve this, a multifaceted approach involving
various public health initiatives, targeted lifestyle interventions,
and advancements in medical treatments is needed.

Notably, our analysis revealed differences in cross-country
inequality trends between men and women. For instance, the
absolute inequality in total OA burden showed a slower rate of
improvement in women compared to men, whereas the relative
inequality improved faster in women than men in hand
OA. These findings suggest potential gender-specific disparities
in how sociodemographic factors influence OA burden and
access to care across nations and underscore the importance of
considering gender dynamics when designing and prioritizing
public-health initiatives aimed at reducing OA inequalities.

The worsening cross-country inequalities were found in
many regions, despite global improvement. This apparent para-
dox likely arises from the aggregation of highly divergent regional
trends. Improvements in some high-burden, high-SDI regions
may have driven the global average decrease, masking significant
deteriorations elsewhere. Central sub-Saharan Africa showing the
largest worsening inequality among higher SDI countries and ter-
ritories in SII, whereas western Europe showed the largest
improving inequality in SII. This indicated that although the burden
of OA remained concentrated in higher SDI countries and terri-
tories in both regions, the gap in central sub-Saharan Africa is
widening significantly, whereas it is closing in western Europe.
OA is a universal problem in sub-Saharan Africa. Acute and
chronic locomotor problems associated with diverse entities
enhance diagnostic complexity, which may lead to disparities in
health care access.31 Conversely, western Europe exhibited the
lowest inequality possibly due to uniformly effective health care
and chronic disease management.32 Furthermore, high-income
North America displayed a pronounced worsening inequality
among lower SDI countries and territories in the SII, indicating that
the disparity in OA burden between lower and higher SDI coun-
tries is widening. This can be attributed to varying degrees of eco-
nomic instability and policy effectiveness, which may impact

government expenditures on health and public health initia-
tives.33,34 These findings collectively highlight the critical need for
regionally tailored public-health policies. A “one-size-fits-all”
global approach is insufficient. Regions experiencing widening
gaps, particularly sub-Saharan Africa, require intensified,
context-specific efforts focused on improving OA prevention (eg,
addressing obesity, promoting physical activity), enhancing early
diagnosis capacity and ensuring equitable access to effective
management strategies. Conversely, regions showing improve-
ment should continue and share successful models. International
collaboration is vital to facilitate resource mobilization, knowledge
transfer, and capacity building in regions struggling with rising
inequalities.

Although the ASYR increased in all subtypes, knee OA and
hand OA showed an improving inequality in SII among higher
SDI countries and territories, which could largely be attributed to
advancements in medical technology for these two subtypes,
particularly improvements in novel approaches to managing this
challenging and common condition.35–37 The pathologic mecha-
nism of OA is complex, and many studies were devoted to explor-
ing the phenotypes and molecular types of knee OA and hand OA
in order to better prevent and treat them.38,39 Furthermore,
inequality analysis revealed that the burden of hip OA and other
OA persistently concentrated in higher SDI countries and terri-
tories, with a worsening inequality in SII. Nonpharmacological
treatments are highly recommended for both knee and hip OA,
but they appear to be less effective in hip OA than in knee OA.40

In the advanced stages, these conservative approaches often fail,
and total hip replacement (THR) may become necessary,41 with
330,000 primary THRs done annually in the US.40 However, the
demand on health systems for care of patients with hip OA,
including THRs, rose in all regions but might be out of reach and
lead to further health inequity for individuals and countries unable
to afford them.3 The diagnosis of OA in other joint sites is often
mixed with other joint diseases, which makes accurate diagnosis
difficult.42 Besides, most management measures for patients with
other OA in primary care are similar to those with knee or hip
OA—such as analgesia, weight management, and physiother-
apy.43 In view of this, OA in other joints requires more experienced
physicians and more accurate and effective treatment; however, it
may also led to significant relative inequalities as not all citizens
have equal access to necessary care.

This study has several limitations. First, the data obtained
from GBD rely on the modeled data because of the use of mas-
sive statistical modeling methods by GBD collaborators, particu-
larly at the country level.44 Differences in health care access (eg,
availability of specialists, imaging technologies, and joint replace-
ment surgery) and heterogeneous national surveillance systems
may bias burden estimates. For instance, underdiagnosis in low-
SDI regions likely attenuates observed inequalities, whereas over-
medicalization in high-SDI regions may inflate recorded burden.
Second, for Australasia and tropical Latin America, inequality
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analysis is not feasible because GBD only covers two countries or
territories in these regions.23 Additionally, the hysteresis property
of GBD data should be noted. Finally, our study is cross-national,
which limits the understanding of disparities within individual
countries with rural–urban differences.45 Such limitations should
be considered carefully when interpreting our results.

In conclusion, this study indicated that although the global
cross-country inequality of OA burden decreased, increasing
cross-country inequalities were revealed in most regions from
1990 to 2021, with higher SDI countries and territories dispropor-
tionately shouldering a higher burden of OA. The mismatch
between OA burden management and the level of
sociodemographic development, as well as the variation of the
cross-country inequalities in OA burden across the joints involved,
highlight an urgent need to adopt timely and effective prevention
and management strategies according to geographic
location and affected joint to reduce the growing OA burden and
achieve equity in health outcomes.
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Reduction in Renal Relapse and Preservation of Long-Term
Kidney Function After Lupus Low Disease Activity in Patients
With Lupus Nephritis

Chak Kwan Cheung,1 Desmond Y. H. Yap,1 Ka Lai Lee,2 Philip H. Li,1 Iris Y. K. Tang,1 Chak Sing Lau,1

and Shirley C. W. Chan1

Objective. Lupus low disease activity state (LLDAS) is a validated treatment target in systemic lupus erythemato-
sus (SLE), but limited studies have explored the role of LLDAS in lupus nephritis (LN). This study aims to investigate
the frequency and predictors of LLDAS attainment and its benefit on LN relapse and renal function preservation in
patients with LN.

Methods. Patients with LN during 2010 to 2020 in Queen Mary Hospital and Pamela Youde Nethersole Eastern
Hospital were included in the discovery cohort and validation cohort, respectively. Complete renal response (CRR),
partial renal response (PRR), LLDAS, and Definition Of Remission In SLE (DORIS) remission were assessed at
12 months. Regression analysis was performed to identify risk factors of LN relapse. Receiver operating characteristic
(ROC) curves were used to evaluate target attainment and long-term kidney function.

Results. A total of 245 patients with LN (discovery cohort n = 143 and validation cohort n = 102) were included. At
12 months, 57 of 143 (40%), 14 of 143 (10%), 70 of 143 (49%), and 15 of 143 (10%) patients achieved CRR, PRR,
LLDAS, and DORIS remission, respectively. Attainment of both CRR/PRR and LLDAS at 12 months was associated
with best relapse-free survival (P < 0.001). Multivariate analysis showed independent association of CRR/PRR and
LLDAS with LN relapse risk reduction (CRR/PRR: hazard ratio [HR] 0.31, P = 0.007; LLDAS: HR 0.38, P = 0.029). LLDAS
attainment predicts renal function preservation with satisfactory performance in both the discovery and validation
cohorts (area under the curve of the ROC 0.71).

Conclusion. LLDAS is an attainable target in LN comparable to CRR/PRR. Attainment of both targets is associated
with additional benefits on relapse risk reduction. Early LLDAS attainment is associated with renal function
preservation.

INTRODUCTION

Lupus nephritis (LN) is an important manifestation affecting

50% to 60% of patients with systemic lupus erythematosus

(SLE).1,2 Patients with LN are at risk of disease relapse, irrevers-

ible renal damage, and subsequent progression to end-stage

renal disease (ESRD).3 Given the association between proteinuria

and long-term renal outcomes, current treatment targets are pri-

marily based on improvement in proteinuria and preservation of

renal function as measured by serum creatinine or estimated glo-

merular filtration rate (eGFR).4,5 Despite the usefulness of current

treatment targets, a considerable number of patients experience

LN relapse.3 Other factors are believed to influence overall out-

comes in LN, including serological activities and nonrenal disease

activities.6,7

Lupus low disease activity state (LLDAS) is a validated treat-

ment target associated with improved patient outcomes, includ-

ing reduced risks of flare and prevention of organ damage in

SLE.8 LLDAS encompasses five important domains related to

disease and immunosuppressive treatment. Prior studies have

shown a lower LLDAS attainment among patients with SLE and

renal involvement, but studies to investigate the role of LLDAS in

patients with LN remain limited.9–11 A more recent study on pedi-

atric patients with LN demonstrated a beneficial role of LLDAS in
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the reduction of risk of LN relapse and damage accruals.12 Dedi-

cated studies are needed to ascertain the benefit of LLDAS attain-

ment and to compare its performance with current LN treatment

targets.
Using longitudinal clinical data from an inception cohort of

Chinese patients with LN from two tertiary hospitals in Hong
Kong, this study aimed to investigate the frequency of LLDAS
attainment and its potential benefit on LN relapse risk reduction
and kidney function preservation in comparison with conventional
renal response criteria. The study also evaluated clinical predic-
tors of LLDAS attainment and LN relapse.

PATIENTS AND METHODS

Study population and data collection. Discovery

cohort. The discovery cohort comprised 143 patients with
biopsy-proven active LN (incident or prevalent cases) during the
period of 2010 to 2020 in Queen Mary Hospital. Data from
the discovery cohort were used to evaluate the frequency and
predictors of LLDAS attainment as well as the effect of LLDAS
attainment on the risk of relapse and kidney function preservation.
Baseline demographics including sex and age of disease onset
were collected. The baseline SLE Disease Activity Index 2000
(SLEDAI-2K) of all patients was documented.13 All patients were
observed regularly at intervals no longer than every 4 months for
clinical and laboratory test monitoring, with additional visits
decided by treating physicians depending on clinical needs. Renal
biopsies were evaluated by pathologists according to the Interna-
tional Society of Nephrology/Renal Pathology Society 2003 or
2018 classifications.14 Blood parameters, including serum albu-
min, creatinine, eGFR, serum complements, and anti–double-
stranded DNA (dsDNA) titer, were documented at every visit.
eGFR was calculated using the four-variable modification of diet
in renal disease formula.15 The urine profile included 24-hour urine
protein or the urine protein-to-creatinine ratio (UPCR). Deidenti-
fied data from the current study will be made available upon rea-
sonable request to the corresponding author.

The treatment regimen was decided by treating physicians
(rheumatologists or nephrologists specialized in SLE) based on
histologic subtypes, renal function deterioration, extrarenal activi-
ties, other comorbidities, and patient preferences. Treatment

was made up of an induction phase, which included high-dose
glucocorticoids and immunosuppressants, followed by mainte-
nance therapy. First-line induction treatment for proliferative LN
included mycophenolate mofetil (MMF) or cyclophosphamide,
whereas calcineurin inhibitors or azathioprine were used in certain
patients based on other considerations (eg, pregnancy wish) or in
patients with nonproliferative subtypes.

Validation cohort. An independent validation cohort was
made up of 102 patients with biopsy-proven active LN between
2010 and 2020 from Pamela Youde Nethersole Eastern Hospital.
All patients in the validation cohort had regular follow-up visits to
monitor treatment response and LN relapse.

Definitions of criteria. Renal response and LLDAS were
assessed 12 months after the biopsy date. Renal response cri-
teria included complete renal response (CRR), partial renal
response (PRR), and no response (NR). CRR was defined as pro-
teinuria ≤0.5 g/day with normal or near-normal eGFR (defined as
within 10% of 90 mL/min/1.73m2), PRR was defined as a reduc-
tion in proteinuria by ≥50% but >0.5 g/day with normal or near-
normal eGFR, and NR was defined as not meeting either CRR or
PRR. Reduced eGFR beyond near-normal range will be classified
as NR regardless of the proteinuric response.16

LLDAS was defined as meeting all of the following criteria:
(1) SLEDAI-2K score ≤4 with no activity in major organ systems
and no hemolytic anemia or gastrointestinal activity, (2) no new
lupus disease activity compared with the previous assessment,
(3) a Safety of Estrogens in Lupus Erythematosus National
Assessment–SLEDAI Physician Global Assessment (PGA) (scale
0–3) score ≤1, (4) a current prednisolone dose ≤7.5 mg/day,
and (5) standard maintenance doses of immunosuppressants
and approved biologic agents.8 Definition Of Remission In SLE
(DORIS) remission was defined as meeting all of the following cri-
teria: (1) clinical SLEDAI-2k score of 0, (2) PGA < 0.5, (3) a current
prednisolone dose ≤5 mg daily, and (4) stable doses of immuno-
suppressants and biologics.17

Study endpoints. The definition of LN relapse in the cur-
rent study was adapted from similar or landmark trials.18 LN
relapse was suspected when there was worsening of proteinuria
and/or urinary sediments and/or serum creatinine, combined with
clinical judgment by the attending rheumatologist/nephrologist,
and confirmed with renal biopsy. Worsening of proteinuria was
defined as an increase of the UPCR or 24 hour urine protein to
≥1 mg/mg or 1 g/day in patients with ≤0.5 g at end of induction;
or ≥2 mg/mg or 2 g/day in patients with >0.5 g at the end of
induction. Urinary sediments included hematuria, pyuria or pres-
ence of hyaline, and granular or cellular casts. Worsening of
serum creatinine was defined as increase of >25% from the low-
est value after the end of induction therapy. All patients had
attained clinically meaningful treatment response (defined as a
reduction of 24-hour urinary protein or the equivalent of UPCR

SIGNIFICANCE & INNOVATIONS
• Lupus low disease activity state (LLDAS) is an attain-

able target associated with reduced renal relapse in
lupus nephritis (LN).

• Attainment of LLDAS in addition to complete and
partial renal response confers extra benefit on LN
relapse reduction.

• LLDAS attainment predicts long-term renal
protection.

CHEUNG ET AL228



by 50% if the baseline 24-hour urinary protein was <3 g or to <3 g
if baseline proteinuria was >3 g) before renal relapse. All LN
relapses were assessed after the initial 12 months.

Deterioration of renal function was defined as sustained
impairment with doubling of baseline serum creatinine. Chronic
kidney disease (CKD) stages were defined according to the Kid-
ney Disease: Improving Global Outcomes definition based on
eGFR.18 CKD stage one was defined as eGFR ≥90
mL/min/1.73m2, stage two was 60 to 89 mL/min/1.73m2, stage
three was 30 to 59 mL/min/1.73m2, stage four was 15 to
29 mL/min/1.73m2, and stage five was <15 mL/min/1.73m2.
Baseline demographics, laboratory parameters, and serologic
markers along with the choice of induction and maintenance ther-
apy were included in the association analyses of LLDAS attain-
ment at 12 months and LN relapse.

Statistical analysis. The sample size required to achieve
85% power with a 5% margin of error was calculated to be
133 based on the assumption of a 20% LN relapse rate in previ-
ous publications. Continuous variables were expressed as
median and interquartile range (IQR). Categorical variables were
expressed as percentages. Logistic regression analysis was per-
formed to identify predictors associated with LLDAS, and the
results were reported as odds ratios (ORs) with 95% confidence
intervals (CIs). Time to LN relapse between LLDAS attainment
and renal response criteria was compared using the Kaplan-Meier
curve and log-rank test. Cox regression analysis was performed
to identify factors associated with LN relapse. Variables with a
P value <0.10 in the univariable analysis were included in the mul-
tivariable analysis, and variables with a P value <0.05 in the multi-
variable regressions were considered statistically significant.
Receiver operating characteristic (ROC) curves with area under
the curve (AUC) were used to evaluate the performance of LLDAS
at predicting renal function deterioration. Statistical analysis was
performed on the statistical software IBM SPSS Statistics (version
28.0.1; IBM Co). A two-sided P value <0.05 was considered sta-
tistically significant. Survival curves were plotted with R software
(version 4.2.2). The study was approved by the Institutional
Review Board of the University of Hong Kong/Hospital Authority
of Hong Kong West Cluster.

RESULTS

The discovery cohort was made up of 143 patients with LN
with a median disease duration of 14 years (IQR 7.0–20.0 years).
Most patients were female (131 of 143; 92%) and had either class
IV ± V (68 of 143; 48%) or class III ± V (38 of 143; 27%) LN
(Table 1). Active serological activity was found in most patients,
including 124 of 143 (87%) and 116 of 143 (81%) patients with
hypocomplementemia and elevated anti-dsDNA titer, respec-
tively. A small number of patients (8 of 143; 6%) had inactive
serology, and renal biopsy was performed because of proteinuria

and/or urinary sediments and/or impaired renal function. Most
patients had preserved renal function (83 of 143; 58%) and
subnephrotic-range proteinuria (116 of 143; 81%). Extrarenal dis-
ease (as measured by SLEDAI) occurred in 68 of 143 (48%)
patients. Mucocutaneous (41 of 143, 29%), hematologic (25 of
143, 17%), and musculoskeletal systems (6 of 143, 4%) were
the most common extrarenal domain with clinical disease activity
at baseline. The median follow-up duration was 8.8 years (IQR
6.0–10.5 years), and 32 patients developed LN relapse.

LLDAS is an attainable treatment target
comparable to CRR/PRR in patients with LN. The fre-
quency and predictors of LLDAS attainment were analyzed in
the discovery cohort. At 12 months, 57 of 143 (40%) and 14 of
143 (10%) patients in the discovery cohort achieved CRR and
PRR, respectively. LLDAS and DORIS remission attainment was
observed in 70 of 143 (49%) and 15 of 143 (9.1%) patients,
respectively. Among 71 patients who attained CRR/PRR at
12 months, 40 of 71 (56%) also attained LLDAS. The remaining
42 of 143 (29%) patients in the discovery cohort failed to attain
CRR/PRR or LLDAS at 12 months.

The fulfillment of each of the five LLDAS criteria was further
assessed. At 12 months, the most frequently fulfilled criteria
included tolerated standard therapy (140 of 143, 98%), no new
disease activity (132 of 143, 92%), and PGA ≤1 (132 of
143, 92%). Only 106 of 143 (74%) and 88 of 143 (62%) of patients
attained a prednisolone dose of ≤7.5 mg/day and SELDAI ≤
4 without major organ involvement, respectively.

Baseline predictors for LLDAS attainment at 12 months in
patients with active LN were evaluated in association analysis
(Table 2; Supplementary Table S1). In the multivariable analysis,
anti-Sm positivity was a significant negative predictor of LLDAS
attainment (adjusted OR 0.33; 95% CI 0.13–0.86, P = 0.024).
Other variables showed no association with LLDAS attainment,
including age, sex, histologic class, proteinuria, serum creatinine,
and choice of induction agents.

Early LLDAS and CRR/PRR attainments can be
applied to LN relapse risk stratification. Among
143 patients in the discovery cohort, 32 patients developed LN
relapse. The median time to LN relapse was 2.8 years (IQR 1.5–
5.0 years). Patients who developed LN relapse had more frequent
nephrotic-range proteinuria (LN relapse 31% vs no relapse 15%,
P = 0.042) and hypoalbuminemia (LN relapse 29 g/L vs no
relapse 32 g/L, P = 0.040) at baseline (Supplementary Table S2).
The most frequent histologic subtypes at relapse were class IV ±
V (20 of 32, 63%) and class III ± V (8 of 32, 25%). All patients were
receiving glucocorticoids and maintenance immunosuppressive
therapy at the time of LN relapse. Approximately 70% of patients
were receiving hydroxychloroquine. Most patients had active
serologic activity at the time of LN relapse (Supplementary
Table S3).
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Patients were categorized into four groups stratified by treat-
ment target attainment at 12 months to compare the risk of LN
relapse (Figure 1). The first group (NR) comprised 42 patients
who attained neither CRR/ PRR nor LLDAS; the second group
(LLDAS-only) comprised 30 patients who attained LLDAS without
CRR/PRR at 12 months; the third group (CRR/PRR-only) com-
prised 31 patients who attained CRR/PRR without LLDAS; the
fourth group comprised 40 patients (CRR/PRR and LLDAS) who
attained both targets. In the NR group, 18 of 42 (43%) patients

developed LN relapse (“high risk”). Compared with the NR group,
LLDAS-only and CRR/PRR-only groups had reduced risk of LN
relapse (LLDAS-only: hazard ratio [HR] 0.27, 95% CI 0.09–0.79,
P = 0.017; CRR/PRR-only: HR 0.43, 95% CI 0.18–1.03, P =
0.058; “moderate risk”). The lowest relapse risk was observed in
the CRR/PRR and LLDAS group (HR 0.15, 95% CI 0.04–0.50;
P = 0.002; “low risk”).

Kaplan-Meier curves demonstrating the effects of CRR/PRR
or LLDAS attainment on time to LN relapse were included in

Table 1. Comparison of clinical characteristics of the discovery and validation cohorts*

Baseline characteristics Discovery cohort (n = 143) Validation cohort (n = 102) P value

Sex (female), n/N (%) 131/143 (92) 89/102 (87) 0.267
Age at SLE onset, median (IQR), years 28 (20–35) 30 (18–39) 0.495
Disease duration, median (IQR), years 14 (7–20) 6 (1–12) <0.001
Follow-up duration, median (IQR), years 8.8 (6.0–10.5) 9.5 (6.4–10.0) 0.013
ISN/RPS LN classification, n/N (%)
Class I/II 12/143 (8) 16/102 (16) 0.077
Class III (± V) 38/143 (27) 33/102 (32) 0.326
Class IV (± V) 68/143 (48) 40/102 (40) 0.195
Class V 25/143 (18) 13/102 (13) 0.313

24hUP (g) or UPCR (mg/mg), median (IQR) 1.6 (1.2–2.3) 2.1 (1.2–3.8) 0.006
>3 g/day, n/N (%) 27/143 (19) 34/102 (33) 0.010

Serum albumin, median (IQR), g/L 32 (28–35) 31 (26–35) 0.032
Serum creatinine, median (IQR), μmol/L 64 (52–87) 70 (60–93) 0.041
eGFR, median (IQR), mL/min/1.73m2 98 (67–123) 92 (67–110) 0.295
CKD, n/N (%)
CKD1 83/143 (58) 52/102 (51) 0.273
CKD2 35/143 (25) 28/102 (28) 0.599
CKD3 19/143 (13) 20/102 (20) 0.182
CKD4 3/143 (2) 1/102 (1) 0.321
CKD5 3/143 (2) 1/102 (1) 0.769

Disease factors, median (IQR)
SLEDAI score 8 (8–11) 8.5 (8–11) 0.237
PGA score 3 (2–3) 3 (2–3) 0.246

Immunologic factors, n/N (%)
Low C3/C4 124/143 (87) 88/102 (88) 0.724
Anti-dsDNA 116/ 143 (81) 93/102 (91) 0.028
Anti-Sm 25/136 (18) 12/102 (12) 0.163
Anti-Ro 67 (49) 46/102 (45) 0.524
Anti-La 15/136 (11) 8/102 (8) 0.410
Anti-RNP 45/136 (33) 23/102 (23) 0.075

Induction agent
GC, n/N (%) 142/143 (99) 100/102 (98) 0.572
GC dose, median (IQR), mg 40 (30–50) 30 (25–45) 0.040
MMF, n/N (%) 111/143 (78) 66/102 (65) 0.026
CTX, n/N (%) 4/143 (3) 5/102 (5) 0.388
AZA, n/N (%) 14/143 (10) 17/102 (17) 0.110
CNI, n/N (%) 7/143 (5) 13/102 (13) 0.027
HCQ, n/N (%) 78/143 (55) 71/102 (70) 0.017
Biologics, n/N (%)a 5/143 (4) 0/102 (0) 0.078

Maintenance agent, n/N (%)
MMF 107/143 (75) 49/102 (48) <0.001
AZA 19/143 (13) 31/102 (30) 0.001
CNI 11/143 (8) 20/102 (20) 0.006
HCQ 85/143 (59) 70/102 (69) 0.115

* 24hUP, 24-hour urine protein; AZA, azathioprine; C3, complement 3; C4, complement 4; CKD, chronic kidney dis-
ease; CNI, calcineurin inhibitor; CTX, cyclophosphamide; dsDNA, double-stranded DNA; eGFR, estimated glomeru-
lar filtration rate; GC, glucocorticoid; HCQ, hydroxychloroquine; IQR, interquartile range; ISN/RPS, International
Society of Nephrology/Renal Pathology Society; LN, lupus nephritis; MMF, mycophenolate mofetil; PGA, Physician
Global Assessment; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index; Sm, Smith; UPCR, urine
protein-to-creatinine ratio.
a Biologics included rituximab and belimumab; all biologics were given with background MMF.
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Figure 2. Patients were censored at the time of event, lost to
follow-up, and all-cause mortality. Attainment of both CRR/PRR
and LLDAS was associated with the best outcome compared
with CRR/PRR alone, LLDAS alone, or failure to attain either tar-
get (Figure 2).

LLDAS and CRR/PRR at 12months reduce LN relapse
risk by approximately 70%. Cox regression analysis was per-
formed to identify independent factors of LN relapse in the discov-
ery cohort (Table 3; Supplementary Table S3). In the univariate
regression analysis, proteinuria ≥3 g at baseline (HR 2.22, 95%
CI 1.02–4.58; P = 0.044), low serum albumin at baseline
(HR 0.95, 95% CI 0.89–1.01; P = 0.094), anti-Sm positivity
(HR 2.15, 95% CI 0.99–4.68; P = 0.054), CRR/PRR attainment
at 12 months (HR 0.40, 95% CI 0.19–0.85; P = 0.018), and
LLDAS attainment at 12 months (HR 0.27, 95% CI 0.12–0.63;
P = 0.002) were identified. Patients with DORIS remission had a
lower frequency of LN relapse, but this did not reach statistical
significance (HR 0.30, 95% CI 0.04–2.20; P = 0.236). Anti-Sm
positivity (HR 3.12, 95% CI 1.26–7.73; P = 0.014), CRR/PRR
attainment at 12 months (HR 0.31, 95% CI 0.13–0.73; P =
0.007), and LLDAS attainment at 12 months (HR 0.38, 95% CI

0.16–0.91; P = 0.029) reduced LN relapse risk in multivariate
analysis.

The validation cohort was made up of 102 patients with LN
from Pamela Youde Nethersole Eastern Hospital. Patients in the
validation cohort had significantly higher baseline proteinuria,
anti-dsDNA titer, and serum creatinine levels. Follow-up duration
was longer in the validation cohort. Medication use varied
between the discovery and validation cohorts. MMF induction
and maintenance were less frequent in the validation cohort. The
use of calcineurin inhibitors was more frequent in both induction
and the maintenance treatment in the validation cohort. Azathio-
prine maintenance was more frequent in the validation cohort.
Other details of the validation cohort are summarized in Table 1.

Cox regression analysis was performed to identify factors of LN
relapse in the validation cohort. In the univariate analysis, serum albu-
min (HR 1.05, 95% CI 0.99–1.10; P = 0.090), CRR/PRR attainment
(HR 0.41, 95% CI 0.18–0.92; P = 0.030) and LLDAS attainment
(HR 0.41, 95% CI 0.19–0.87; P = 0.020) were identified. In the mul-
tivariate analysis, CRR/PRR attainment and LLDAS attainment
reduced LN relapse (CRR/PPR attainment: HR 0.43, 95% CI 0.19–
0.97; P = 0.043; LLDAS attainment: HR 0.40, 95% CI 0.19–0.86;
P = 0.018) (Supplementary Tables S3 and S4).

Table 2. Predictors of lupus low disease activity state attainment at 12 months in the discovery cohort*

Baseline characteristics

Univariable analysis Multivariable analysis

OR (95% CI) P value OR (95% CI) P value

Female sex 1.38 (0.42–4.57) 0.599 – –

Age at SLE onset, years 1.00 (0.97–1.03) 0.919 – –

Prior history of LN 0.70 (0.36–1.35) 0.281 – –

ISN/RPS LN classes
Class III (± V) Ref Ref – –

Class IV (± V) 0.77 (0.40–1.97) 0.771 – –

Class V 0.92 (0.34–2.53) 0.877 – –

24hUP (g) or UPCR (mg/mg) 0.95 (0.78–1.17) 0.650 – –

≥3 g 0.66 (0.28–1.55) 0.345 – –

Serum albumin, g/L 1.05 (0.99–1.12) 0.136 – –

Serum creatinine, μmol/L 1.00 (0.99–1.00) 0.221 – –

eGFR, mL/min/1.73m2 1.00 (0.99–1.01) 0.795 – –

Immunologic factors
Low C3 0.42 (0.16–1.12) 0.085 0.47 (0.17–1.31) 0.147
Low C4 0.88 (0.45–1.72) 0.708 – –

Anti-dsDNA 0.60 (0.26–1.40) 0.237 – –

Anti-Sm 0.34 (0.13–0.89) 0.027 0.33 (0.13–0.86) 0.024
Anti-Ro 0.84 (0.43–1.64) 0.603 – –

Anti-La 0.92 (0.32–2.70) 0.878 – –

Anti-RNP 0.60 (0.29–1.23) 0.163 – –

Medications at induction
Prednisolone dose 1.00 (0.98–1.03) 0.875 – –

MMF 0.81 (0.37–1.77) 0.592 – –

AZA 1.05 (0.35–3.16) 0.934 – –

CNI 2.73 (0.51–14.6) 0.240 – –

CTX 1.04 (0.14–7.62) 0.966 – –

HCQ 1.23 (0.64–2.37) 0.541 – –

* 24hUP, 24-hour urine protein; AZA, azathioprine; C3, complement 3; C4, complement 4; CI, confidence interval;
CNI, calcineurin inhibitor; CTX, cyclophosphamide; dsDNA, double-stranded DNA; eGFR, estimated glomerular fil-
tration rate; HCQ, hydroxychloroquine; ISN/RPS, International Society of Nephrology/Renal Pathology Society; LN,
lupus nephritis; MMF, mycophenolate mofetil; OR, odds ratio; Ref, reference; SLE, systemic lupus erythematosus;
Sm, Smith; UPCR, urine protein-to-creatinine ratio.
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Figure 1. Relapse risk stratification based on treatment target attainment at 12 months. *Risk of renal relapse calculated using the “no
response” group as the reference. CI, confidence interval; CRR, complete renal response; HR, hazard ratio; LLDAS, lupus low disease activity
state; LN, lupus nephritis; PRR, partial renal response.

Figure 2. Cumulative risk of relapse over time stratified by renal response and LLDAS attainment. CRR, complete renal response; LLDAS, lupus
low disease activity state; NR, no response; PRR, partial renal response. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25611/abstract.
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LLDAS attainment is associated with long-term
renal function preservation. Over a median follow-up dura-
tion of 8.8 years, 25 of 143 (17%) patients developed renal func-
tion deterioration (defined as sustained deterioration with
doubling of baseline serum creatinine) and 13 of 143 (9%) patients
developed ESRD in the discovery cohort. The AUC of LLDAS
attainment for predicting renal function deterioration was 0.71 in
both the discovery and validation cohorts (Figure 3).

DISCUSSION

To the best of our knowledge, this is the first study that eval-
uates the role of LLDAS and its usefulness in predicting the long-
term LN relapse and renal function preservation in patients with
LN. LLDAS is a validated treatment target in SLE associated
with reduced risks of disease relapse and organ damage. Our

study demonstrates that LLDAS is an attainable and beneficial
treatment target in patients with LN. The frequency of LLDAS
attainment is comparable to that of CRR/PRR and is associated
with a reduced risk of LN relapse. The attainment of LLDAS in
addition to CRR/PPR confers a greater reduction in LN relapse
risk compared with the attainment of either target alone. These
findings suggest that LLDAS attainment is associated with renal
function preservation.

Despite treatment advances in recent decades, ESRD
remains an important complication and occurs in >10% of
patients with LN.19,20 The treatment goals of LN include disease
remission, prevention of disease relapse, preservation of kidney
function, and minimization of drug-related toxicities.21,22 The
effectiveness of induction therapy is often assessed by surrogate
parameters reflective of renal disease activity and damage, includ-
ing serum creatinine, proteinuria, and urinary sediments.

Table 3. Predictors of LN relapse in the discovery cohort*

Baseline characteristics

Univariable analysis Multivariable analysis

HR (95% CI) P value HR (95% CI) P value

Female sex 0.56 (0.20–1.68) 0.285 – –

Age at SLE onset, years 1.00 (0.97–1.03) 0.910 – –

Prior history of LN 1.27 (0.63–2.58) 0.503 – –

ISN/RPS LN classes
Class III (± V) Ref Ref – –

Class IV (± V) 0.99 (0.46–2.18) 0.993 – –

Class V 0.55 (0.17–1.74) 0.306 – –

24hUP (g) or UPCR (mg/mg) 1.12 (0.95–1.31) 0.186 – –

≥3 g 2.22 (1.02–4.58) 0.044 1.78 (0.79–4.02) 0.165
Serum albumin, g/L 0.95 (0.89–1.01) 0.094 0.97 (0.91–1.04) 0.436
Serum creatinine, μmol/L 1.00 (0.99–1.01) 0.543 – –

eGFR (mL/min/1.73m2) 1.00 (0.99–1.01) 0.709 – –

Immunologic factors
Low C3 0.95 (0.37–2.47) 0.916 – –

Low C4 1.40 (0.67–2.91) 0.367 – –

Anti-dsDNA 1.04 (0.43–2.55) 0.710 – –

Anti-Sm 2.15 (0.99–4.68) 0.054 3.12 (1.26–7.73) 0.014
Anti-Ro 1.12 (0.56–2.28) 0.742 – –

Anti-La 1.73 (0.66–4.50) 0.265 – –

Anti-RNP 1.15 (0.55–2.40) 0.711 – –

Induction medication
MMF 2.15 (0.76–6.14) 0.152 – –

AZA 0.84 (0.26–2.75) 0.772 – –

CNI 0.05 (0–58) 0.399 – –

CTX 1.53 (0.21–11.27) 0.676 – –

HCQ 0.76 (0.38–1.52) 0.430 – –

Maintenance medications
MMF 1.18 (0.51–2.73) 0.696 – –

AZA 1.45 (0.60–3.53) 0.411 – –

CNI 0.04 (0–13) 0.283 – –

Treatment targets at 12 months
CRR/PRR 0.40 (0.19–0.85) 0.018 0.31 (0.13–0.73) 0.007
LLDAS 0.27 (0.12–0.63) 0.002 0.38 (0.16–0.91) 0.029
DORIS remission 0.30 (0.04–2.20) 0.236 – –

* 24hUP, 24-hour urine protein; AZA, azathioprine; C3, complement 3; C4, complement 4; CI, confidence interval;
CNI, calcineurin inhibitor; CRR/PRR, complete/partial renal response; CTX, cyclophosphamide; DORIS, Definition
Of Remission In Systemic lupus erythematosus; dsDNA, double-stranded DNA; eGFR, estimated glomerular filtra-
tion rate; HCQ, hydroxychloroquine; HR, hazard ratio; ISN/RPS, International Society of Nephrology/Renal Pathol-
ogy Society; LLDAS, lupus low disease activity state; LN, lupus nephritis; MMF, mycophenolate mofetil; SLE,
systemic lupus erythematosus; Sm, Smith; UPCR, urine protein-to-creatinine ratio.
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CRR/PRR remains the current recommended treatment target for
LN. Despite the protective benefit of CRR/PRR attainment in
long-term renal outcomes, LN relapses may occur in up to half
of those with LN in 10 years after the initial successful treat-
ment.3,23 Ongoing efforts are conducted in search of noninvasive
prognostic biomarkers in LN.24 Urinary and serum markers have
shown early promise, but their applications have been mostly lim-
ited to research settings only.

Multiple studies have evaluated the usefulness of LLDAS and
its association with various outcome benefits, including preven-
tion of relapse, reduced risk of organ damage accrual, better
health-related quality of life, and reduced risk of mortality. In
addition to its role in defining a state of low disease activity in
SLE, several studies have explored the potential application of
LLDAS as a treatment target in SLE. A post hoc analysis of
pooled data from the TULIP-1 and TULIP-2 trials demonstrated
that LLDAS attainment was highly associated with British
Isles Lupus Assessment Group-based Composite Lupus
Assessment and Systemic Lupus Erythematosus Responder
Index (4) responses.25 Furthermore, anifrolumab treatment was
associated with earlier, more frequent, and more prolonged
and sustained LLDAS.26 Similarly, a post hoc analysis of data
from the BLISS-52 and BLISS-76 trials showed that LLDAS
was useful to discriminate responders to belimumab treat-
ment.27 This study added evidence to the literature regarding
LLDAS as a predictor of future relapse. However, the clinical
application of LLDAS in LN remains to be explored. In a pro-
spective study of 185 Chinese patients with SLE, nephritis-
related markers (proteinuria and serum creatinine) and C3 levels
at recruitment negatively influenced the achievement of

LLDAS.11 A similar observation was shown in a separate study
of 107 White patients with SLE.10

SLE is a heterogeneous disease with interethnic differences
in disease severity and treatment response, including more fre-
quent and severe renal involvement among Asian patients.28,29

One advantage of our study is the homogenous Chinese ethnicity
among patients, which theoretically represents a more difficult to
treat population. Furthermore, our study also showed a possible
risk stratification approach based on treatment target attainment
to potentially guide treatment decisions. Patients who fail to
achieve CRR/PRR are known to be associated with a high risk
of relapse and poor renal outcomes. Our results showed that
LLDAS can be applied as an alternative treatment target with a
comparable outcome on relapse prevention, and patients who
attain both CRR/PRR and LLDAS represent a low-risk group with
the most significant relapse risk reduction. With the ROC curve
analysis illustrating a satisfactory performance of LLDAS as a pre-
dictor, our findings demonstrate promise in the potential applica-
tion of LLDAS as a treatment target and endpoint for future LN
trials.

Our current study failed to show an association between
DORIS remission and LN relapse risk reduction largely because
of the small number of patients in DORIS remission at 12 months
after active LN. Post hoc analysis of major clinical trials in patients
with SLE also reflected the low DORIS remission rate in patients
with recent disease flare.30 A longer time to remission is often
observed compared with LLDAS, representing gradual improve-
ment and a continuum of treatment target attainment in some
patients.31 LLDASmay therefore have a unique role in the assess-
ment of early treatment response. A larger cohort may be

Figure 3. Receiver operating characteristic curve of LLDAS attainment for renal function deterioration in the (left) discovery cohort and (right) val-
idation cohort. AUC, area under the curve.
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necessary to further evaluate the benefits of DORIS remission in
patients with LN.

The presence of active extrarenal disease is common among
patients with active LN.32 In our study, extrarenal disease activity
occurred in almost half of the patients at baseline. By
incorporating the assessment of extrarenal domains (such as the
SLEDAI-2K score), LLDAS has an advantage in capturing extrare-
nal disease activities compared with CRR/PRR. The potential
benefit of LLDAS in patients with LN and extrarenal disease activ-
ity was shown in our analysis. Among patients with extrarenal dis-
ease activity at baseline, LLDAS predicted a greater reduction of
relapse than CRR/PRR. This indicates that in patients with LN
with extrarenal disease activity, one should not only aim for
CRR/PRR in the renal domain, but also attempt to achieve LLDAS
to ensure long-term disease stability. Furthermore, the degree of
immunosuppressive treatments in LN warrants a delicate bal-
ance, in which inadequate immunosuppression may predispose
patients to relapse while oversuppression of the immune system
can lead to excessive infective complications and toxicities.22 In
this study, LLDAS and CRR/PRR showed a higher AUC than
CRR/PRR alone, insinuating that LLDAS and CRR/PRR are feasi-
ble treatment targets in LN and the achievement of both targets
are associated with the best outcomes on relapse prevention.

Interestingly, our study showed the association between the
anti-Sm autoantibody and the risk of relapse in patients with
LN. Anti-Sm is classically known to be a specific marker of SLE.
Its role in patients with LN has yet to be elucidated. Previous stud-
ies showed its correlation with disease phenotypes and poorer
renal outcomes.33–35 Another study identified anti-Sm as a nega-
tive predictor for the attainment of LLDAS-50 (defined as LLDAS
for ≥50% of the time).36 Even though the current study included
only a small number of patients with SLE and anti-Sm positivity,
a higher risk of LN relapse and a lower likelihood of LLDAS attain-
ment were observed among this subgroup of patients. LLDAS
was shown to be helpful in this subgroup of anti-Sm–positive
patients with LN in reducing the risk of relapse.

This study examined the relationship between treatment tar-
get attainment and LN relapse; future studies are needed to
explore other clinical outcomes, including extrarenal flares and
CKD progression. Only Chinse patients were included in our
cohorts, and further studies are needed to confirm the generaliz-
ability for patients of various backgrounds. The 12-month renal
response included both CRR and PRR and their effect on subse-
quent renal outcomes were not evaluated individually. In our
cohort, most patients who attained PRR at 12 months eventually
attained proteinuric target below 500 to 700 mg per day, repre-
senting a subgroup of patients with slow proteinuric response.
The gradual improvement may not be applicable to all patients.
Therefore, it is essential to prioritize regular monitoring of clinical
progress, particularly in patients exhibiting early partial response.
Prospective studies are needed to ascertain the complementary
benefit of LLDAS in LN.

This study provides evidence of LLDAS as an attainable
treatment target in LN. The attainment of LLDAS alone or comple-
mentary to CRR/PRR was associated with a reduced risk of LN
relapse.
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Hydroxychloroquine Associated With Lower Glomerular
Filtration Rate Decline in Lupus Nephritis

Shivani Garg,1 Brad Rovin,2 Brad C. Astor,1 Tripti Singh,1 Fauzia Hollnagel,1 Megan Kuik,1 Lexie Kolton,1

Callie Saric,1 S. Sam Lim,3 and Christie M. Bartels1

Objective. Hydroxychloroquine (HCQ) protects kidney function in lupus nephritis (LN) by preventing flares, yet
some cohort studies show no significant benefit in kidney function with HCQ. Clarifying these conflicting findings by
showing early and long-term benefits of HCQ on kidney function preservation is critical. Therefore, we analyzed data
from our retrospective longitudinal inception LN cohort to examine the time-varying effects of HCQ on kidney function
decline in LN.

Methods. We analyzed retrospective data from an incident biopsy-proven LN cohort. Creatinine values at LN
diagnosis through the last follow-up were abstracted to find the estimated glomerular filtration rate (eGFR). Using
HCQ exposure as a time-dependent covariate, we examined associations between HCQ exposure and sustained
eGFR decline ≥30% and ≥40%. We also calculated an annual eGFR slope decline by HCQ exposure using linear
mixed-effects analysis.

Results. Among 209 patients, 33% and 23% experienced eGFR decline ≥30% and ≥40% over time. Time-varying
HCQ exposure was associated with a 60% and 62% lower risk of eGFR decline of ≥30% or ≥40%, after adjusting for
propensity scores. A 77% lower risk of eGFR decline was noted in patients with chronic kidney disease (CKD) stage
≥3 with HCQ. HCQ exposure reduced the annual eGFR slope decline by 5.12 and 3.17 mL/min/1.73 m2 within the first
5 and 10 years of diagnosis.

Conclusion. HCQ use was associated with early and long-term benefits on kidney function in LN, including those
with CKD stage ≥3. Universal HCQ use should be encouraged in LN patients.

INTRODUCTION

Lupus nephritis (LN) is the most common (50%–60%) severe

life-threatening manifestation of systemic lupus erythematosus

(SLE).1 Up to 30% of patients with LN develop kidney failure,

and kidney failure risk is 10- to 22-fold higher (confidence interval

[CI] 14–35) in patients with LN compared to age-matched peers.2

Kidney failure often requires kidney replacement therapy,

which negatively impacts the physical, social, financial, and

emotional well-being of patients with LN.2–4 Thus, preserving

long-term kidney function is a major therapeutic goal in LN.5

Hydroxychloroquine (HCQ) is a foundational therapy in SLE treat-

ment armamentarium, with several studies noting significant

improvement in disease-free and damage-free survival in SLE

with HCQ. Although guidelines for LN management recommend

HCQ use unless contraindicated, the strength of this recommen-

dation was historically modest (level C).6 More recently, the 2024

Kidney Disease Improving Global Outcomes (KDIGO) and the

American College of Rheumatology (ACR) LN guidelines strongly

recommend HCQ use; however, the level of evidence supporting
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this recommendation remains modest, particularly for kidney out-

comes.7,8 Moreover, Wu et al reported a higher, but not statisti-

cally significant, risk of kidney function decline in HCQ users

versus nonusers (hazard ratio [HR] 1.3, CI 0.4–4.3).9,10 Such con-

flicting information could potentially explain low HCQ prescribing

rates (66%–79%) and even lower prescribing rates by nonrheu-

matologists, particularly in patients with SLE limited to the kidneys

(LN).11,12

A few observational studies and one small randomized
controlled trial (including only pediatric LN) examined the
impact of HCQ on kidney outcomes (eg, LN flares, kidney fail-
ure, doubling of serum creatinine).11,13–17 However, pooled
data analysis for LN guidelines noted imprecise risk estimates
and uncertainty in the current evidence.7 This may be due to a
small number of events in existing studies given these studies
used terminal events (eg, kidney failure or doubling of serum
creatinine), which can take a long time to occur and could be
missed due to losses to follow-up or competing events. Thus,
a recent consensus conference recommended using sus-
tained kidney decline of ≥30% or ≥40% or annual estimated
glomerular filtration rate (eGFR) slope decline as surrogate out-
comes for eventual kidney failure to improve precision in risk
estimates.5,18,19 Moreover, data on the time-varying impact of
HCQ exposure on kidney function decline have not been
examined thus far.20 Calculating an annual kidney function
decline (eGFR slope decline) with and without HCQ could esti-
mate the time-varying treatment effect of HCQ on preserving
kidney function over time in LN. This information will support
clinicians and patients in their decisions to commit to

prolonged HCQ therapy, even those with LN and limited extra-
renal manifestations.

Therefore, using a retrospective biopsy-proven inception LN
cohort, we aimed to examine (1) associations between time-
varying HCQ exposure and sustained eGFR decline of ≥30%
and ≥40% and (2) longitudinal time-varying treatment effect of
HCQ exposure on eGFR slope decline over time. Finally, we
cross-checked the longitudinal time-varying treatment effect of
HCQ on eGFR slope decline in a separate prevalent LN cohort
identified using an electronic health records (EHR) data algorithm.

METHODS

Primary analysis using a retrospective biopsy-
proven inception LN cohort. Cohort Identification. In this ret-
rospective cohort study, we identified all consecutive patients
with lupus who underwent native kidney biopsy between 1994
and 2019 at the University of Wisconsin Hospital and Clinics
(UW) and were diagnosed as having LN. We abstracted longitudi-
nal visit-level data since LN diagnosis until the last visit record from
patients’ EHR and a comprehensive kidney biopsy database. We
used the standard ACR SLE classification criterion21–23 and the
2003 International Society of Nephrology/Renal Pathology Soci-
ety (ISN/RPS) LN classification to characterize patients with SLE
and LN.24 The UW Human Research Protection Program
approved this study with a waiver of informed consent (institu-
tional review board numbers 2022-0840 and 2016-1260).

Variables. Sociodemographics & comorbidities. Using the
EHR, we recorded sociodemographics at the time of biopsy
(LN diagnosis) including age, sex, race, insurance type (commer-
cial vs Medicaid or no insurance), and area deprivation index
(ADI) derived from nine-digit zip code (categorized as >80 vs
≤80; ADI >80 indicates neighborhoods with high socioeconomic
status disadvantage).25 Data on comorbidities including hyper-
tension (HTN), diabetes mellitus (DM), and hyperlipidemia, at or
within the year of LN diagnosis, were abstracted, consistent with
published literature.26 A standard validation method was used to
ascertain comorbidities (HTN, DM, dyslipidemia), which included
the following steps: (1) two or more encounters with International
Statistical Classification of Diseases and Related Health Prob-
lems, Tenth Revision, (ICD-10) codes for the comorbidity docu-
mented ≥30 days apart AND (2) two abnormal test results for
the comorbidity in two or more encounters OR (3) medication pre-
scribed for the comorbidity.

LN biopsy findings. LN classes I through VI were abstracted
from the initial kidney biopsy reports.24 LN class was categorized
as proliferative, mixed (eg, class III ± V or IV ± V), and nonprolifera-
tive (eg, membranous, class I or II with or without podocytopathy).
The NIH LN chronicity and activity indices were abstracted from
the index LN biopsy reports.24 Renal arteriosclerosis was graded
as percent luminal narrowing.27

SIGNIFICANCE & INNOVATIONS
• This study highlights kidney-specific effects of

hydroxychloroquine (HCQ) exposure duration in
lupus nephritis (LN) by showing a 60% and 62%
lower risk of sustained estimated glomerular filtra-
tion rate (eGFR) decline of ≥30% and ≥40%, with
HCQ exposure (status = yes) over time after adjust-
ing for propensity scores.

• Particularly in patients with chronic kidney disease
stage ≥3, a 77% lower risk of eGFR decline of ≥30%
was noted with HCQ exposure.

• We are the first to show a yearly saving of 5.12 and
3.17 mL/min/1.73 m2 in eGFR slope decline with
HCQ within 5 and 10 years of LN diagnosis using lin-
ear mixed-effects analysis with a random slope and
a random intercept.

• Finally, these findings highlight both early and long-
term benefits of using HCQ in attenuating eGFR
slope decline in LN and emphasize the importance
of starting early and continuing HCQ therapy to pre-
serve kidney health alongside overall lupus disease
control.
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LN disease course. We abstracted visit-level data for labora-
tory measurements, such as serum creatinine and urine protein
creatinine ratio (UPC), at LN diagnosis (at biopsy) until the last
follow-up visit records available in the EHR. We found the eGFR
for each visit using the National Kidney Foundation recommended
race-neutral eGFR calculator (Chronic Kidney Disease Epidemiol-
ogy Collaboration) and the abstracted serum creatinine values.
Using KDIGO definitions for renal remission, we identified patients
who achieved renal remission at 12 months after LN diagnosis.7

Additionally, using standard definitions of LN flare,7 we identified
patients who experienced at least LN flare after diagnosis. SLE
duration before LN diagnosis was categorized as less than two
years or two or more years.

Time-varying HCQ exposure. We used visit-level medica-
tion prescription data from the EHR to ascertain HCQ use sta-
tus (yes or no) at each time point. HCQ exposure status was
ascertained as yes when there was an active HCQ prescription
for at least three months at each follow-up time point. Only the
prescribed dose of HCQ was assessed in this paper; data on
number of days covered by prescriptions were not available.
Any change in HCQ exposure status at any given time point
for each patient was accounted in analysis.28 To test the effect
of a higher than guideline-recommended HCQ dose, data on
median HCQ dose over time were included as >5 versus ≤5
mg/kg/day categories.

Other medications. We also abstracted data on angiotensin
converting enzyme inhibitor (ACE-i) or angiotensin receptor
blocker (ARB), aspirin, statin, and sodium–glucose cotranspor-
ter inhibitor ever use (yes/no). Next, we abstracted data on the
type of induction and maintenance LN therapy regimen (cyclo-
phosphamide vs mycophenolate vs combination therapies or
others, such as belimumab, rituximab, calcineurin inhibitors, or
azathioprine) and the duration of mycophenolate maintenance
therapy (in years). Finally, glucocorticoid data were included as
two categorical variables: (1) high-dose glucocorticoids (60 mg
or higher) at LN diagnosis (yes/no) and (2) prolonged glucocorti-
coid use defined as prednisone >7.5 mg (or equivalent doses of
other steroids) for more than six months (yes/no).29

Outcomes. We analyzed three key outcomes.

1. Primary outcome: eGFR decline of ≥30%, defined as
≥30% reduction in eGFR for at least two follow-up visits
compared to baseline eGFR (at or within three months of
LN diagnosis; a median value was calculated if multiple
values were noted) or if a patient required sustained renal
replacement therapy at any follow-up time.5,18,19

2. Secondary outcome: eGFR decline of ≥40%, defined as
40% or more reduction in eGFR for at least two follow-
up visits from baseline or if a patient required sustained
renal replacement therapy at any follow-up time.5,18,19

The time to sustained eGFR decline of ≥30% or ≥40%
was defined as time from LN diagnosis until the first

follow-up visit with ≥30% or ≥40% decline in eGFR from
baseline.

3. Annual eGFR slope: visit-level data on eGFR were used to
estimate annual eGFR slope over follow-up. The annual
eGFR slope decline usually reflects the benefits of treat-
ment and accounts for impact of treatment (HCQ) over
time. All outcomes were abstracted by independent
abstractors who were blinded to other variables (CS, LK,
MK ).

Analysis. Descriptive data. The distribution of patient charac-
teristics was examined. Based on distribution, continuous vari-
ables were expressed as mean ± SD, and categorical variables
were expressed as n (%).

Data cleaning (missing data and censoring). Given that we
abstracted visit-level data from patients’ EHR, we ascertained
loss of follow-up if a patient had no visit-level data, and these
patients were censored from the analysis. Patients without sus-
tained eGFR decline were censored at the end of the follow-up.
Visit-level eGFR values, when used as an outcome, were not
imputed. Standard methods, such as imputing median values
for laboratory measurements, medications, and other variables,
were used to handle missing data.30

Cox proportional hazards analysis using eGFR decline ≥30%
as the primary outcome. We used a Cox proportional hazards
(PH) model to analyze the time-varying effects of HCQ use on
eGFR decline of ≥30% (primary outcome). Both unadjusted and
adjusted Cox regression analyses were conducted to examine
associations between time-dependent HCQ exposure and eGFR
decline of ≥30%.5,18,19,28 The fully adjusted Cox model included a
time-dependent HCQ exposure variable and all relevant covari-
ates that could influence eGFR decline. Schoenfeld residual anal-
ysis was performed, and variables such as insurance and history
of HTN were stratified in the full Cox model to satisfy the PH
assumption. Given the limited number of eGFR events, we also
developed a reduced model that included key covariates: age,
sex, race, insurance history of HTN (yes/no), baseline eGFR, NIH
LN chronicity and activity indices, prolonged glucocorticoid use
(yes/no), HCQ use status, and weight-based HCQ dose catego-
ries (>5 mg/kg/day vs ≤5 mg/kg/day). Race and insurance were
stratified to meet PH assumptions. E values for the effect size
and 95% CIs were calculated.31 The E value quantifies the mini-
mum strength of association that an unmeasured confounder
would need to have with both the exposure and the outcome for
the observed association to be null. Higher E values (eg, >2) indi-
cate that a strong unmeasured confounder would be needed to
negate the observed effect, thereby supporting the robustness
of the findings.

Cox PH analysis using eGFR decline ≥40% (secondary out-
come). Similar methods as describe in the primary outcome
section were used to examine the association between time-
dependent HCQ exposure and eGFR decline of ≥40%, adjusting
for all covariables in the full model and only key variables in the
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limited model. Again, E values were calculated to account for
unmeasured confounders.

Inverse probability weighting–adjusted models. To control for
survival bias, we developed inverse probability weighting (IPW)-
adjusted models for both primary and secondary analyses. The
propensity score was estimated using a logistic regression model
with the following covariates: age, sex, race, insurance, history of
HTN, baseline eGFR, NIH LN chronicity and activity indices, pro-
longed glucocorticoid use, mycophenolate mofetil (MMF) duration
(in years), LN class, ACE-i/ARB ever use, HCQ use at baseline
(yes or no), and median HCQ dose categories. The weights were
then used in the reduced Cox PH model to separately analyze the
time to eGFR decline of ≥30% or ≥40%.

Sensitivity analysis. We performed the following sensitivity
analyses: (1) excluding patients with follow-up duration shorter
than six months and (2) including all patients with at least 5 and
10 years of follow-up. Doing so helped us examine early effects
of HCQ use and have more uniformity in the cohort’s follow-up
time. Additionally, variables such as LN remission and LN flares
can have causal links with eGFR decline. Thus, these were not
included in the primary and secondary analyses described earlier
to avoid underestimation of treatment effect. However, these vari-
ables were added in separate models as part of the sensitivity
analysis. Finally, we examined associations between time-
dependent HCQ exposure and eGFR decline of ≥30%, including
only patients with eGFR ≤60 mL/min/1.73 m2 (chronic kidney dis-
ease [CKD] stage ≥3) at LN diagnosis.

Linear mixed-effects model to estimate annual eGFR slope
decline. We used a linear mixed-effects model with random inter-
cepts and slopes (via the lme4 package in R [The R Project for
Statistical Computing]) to analyze the time-varying effect of HCQ
on eGFR slope over time. The model included fixed effects for
age, sex, race, history of HTN, NIH LN chronicity and activity indi-
ces, nephrotic syndrome at LN diagnosis (defined as UPC ≥3.5),
CKD stage ≥3 at LN diagnosis, ACE-i/ARB use (ever), time-
varying HCQ exposure, and time. Random effects were specified
for both the intercept and the slope of time, allowing for individual
variability in baseline eGFR and the rate of change over time. An
interaction term between time and HCQ exposure was included
to assess the time-varying effect of treatment. To have more uni-
formity in the cohort’s follow-up time and examine early effect of
HCQ exposure, follow-up time for this model was limited to
10 years. To evaluate model fit and compare the inclusion of the
time-varying HCQ effect, we performed a likelihood ratio test
between models with and without the interaction term. A visuali-
zation of eGFR trajectories for HCQ exposure (yes vs no) was
generated using the ggplot2, cowplot, and effects

packages in R.

Additional analysis in a prevalent cohort to test
treatment effect of HCQ on EGFR slope. Prevalent LN
cohort identification. Prevalent LN cases defined as those with

two or more visits at least 30 days apart with an ICD-10 code for
LN (M32.14 or M32.15; 96% specificity) were identified in the
EHR, and data were abstracted using an automated data query
algorithm.32

Key variables. Using the definitions defined earlier, we
abstracted data on sociodemographics (age, race, ethnicity,
sex, insurance), comorbidities (history of HTN, DM, dyslipidemia),
time-varying HCQ exposure using prescription dates for HCQ,
ACE-i/ARB ever use, and laboratory values (creatinine to calculate
eGFR and UPC to estimate nephrotic range proteinuria). Data for
LN biopsy findings and LN disease course (induction regimen,
maintenance regimen, and remission) were not available for prev-
alent cases.

Linear mixed-effects analysis to cross-check time-varying

treatment effect of HCQ on annual eGFR slope. We used a linear
mixed-effects model with random intercepts and slopes
(as described earlier; lme4 in R) to analyze the time-varying treat-
ment effect of HCQ on eGFR slope over time, adjusting for socio-
demographics (age, race, ethnicity, sex, insurance), ACE-i/ARB,
nephrotic range proteinuria, and history of HTN.5,33

RESULTS

Primary analysis using our retrospective inception
LN cohort, N = 209. Retrospective inception LN cohort

characteristics. Overall, 209 adults with biopsy-proven incident
LN were included in the cohort with a mean duration of follow-
up of 5.4 ± SD 3.8 years (Table 1). A total of 66 and 48 patients
experienced sustained eGFR decline ≥30% or ≥40% over time;
35 patients experienced eGFR decline of ≥30% by year five. Key
patient characteristics are highlighted in Table 1.

Time-varying HCQ exposure and eGFR decline of ≥30%

(primary outcome). Using unadjusted univariable Cox regression
models and HCQ exposure as a time-dependent covariate,
HCQ exposure (status = yes) was associated with a 50% lower
rate of sustained eGFR decline of ≥30% (unadjusted HR 0.50
[95% CI 0.29–0.86]; P = 0.012; Supplementary Table 1). After
adjusting for covariables, time-varying HCQ exposure status
(yes) was associated with 59% (adjusted HR 0.41 [95% CI 0.22–
0.78]; Table 2A) and 64% (adjusted HR 0.36 [95% CI 0.19–
0.68]; Table 2B) lower rates of achieving the primary outcome
(eGFR decline of ≥30%) in the full and reduced models, respec-
tively. Given sample size limitations and no association between
LN specific treatments and eGFR decline in unadjusted models
(Supplementary Table 1), LN specific treatments were not
included in the adjusted models. Additionally, an E value of 5.0
was calculated for the reduced model, indicating that any unmea-
sured confounder needs to be associated with five-fold higher
eGFR decline of ≥30% for the association with HCQ exposure to
be truly null in the reduced model. Even after adjusting for propen-
sity score, the risk of eGFR decline of ≥30% significantly
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decreased with HCQ exposure (IPW adjusted HR 0.40 [95% CI
0.23–0.69]; P = 0.001; Table 3A).

HCQ exposure and eGFR decline of ≥40% (secondary
outcome). In an unadjusted Cox model, time-varying HCQ
exposure was associated with a 58% lower likelihood of sus-
tained eGFR decline of ≥40% (unadjusted HR 0.42 [95% CI
0.23–0.77]; P = 0.005; Supplementary Table 2). After adjust-
ing for known covariables, HCQ exposure remained strongly
associated with a 66% and 67% lower risk of eGFR decline
of ≥40% in both full and reduced Cox models (Table 4). An
E value of 5.5 was calculated for the reduced model. Finally,
a strong association between HCQ exposure and eGFR

decline of ≥40% remained even after adjusting for propensity
scores (IPW-adjusted HR 0.38 [95% CI 0.21–0.70]; P = 0.002;
Table 3B).

Sensitivity analysis. All patients had at least six months of
follow-up. No significant changes were noted in associations
between time-varying HCQ exposure with eGFR decline of
≥30% after censoring time to 5 and 10 years after LN diagnosis
(Supplementary Table 3A–B).

Even after adjusting for LN remission and flares, time-varying
HCQ exposure was associated with a 63% lower risk of eGFR
decline of ≥30% (adjusted HR 0.37 [95% CI 0.31–0.47]; P =
0.005; not shown in a table). Finally, in a subgroup analysis

Table 1. Baseline patient characteristics (N = 209)*

Variables Value

Age at diagnosis, mean ± SD, y 38 ± 15
Sex, n (%)
Female 156 (75)
Male 53 (25)

Race and ethnicity, n (%)
Asian 30 (14)
Black 24 (12)
Hispanic 15 (7)
White 140 (67)

Medicaid or no insurance, n (%) 72 (35)
ADI ≥ 80, n (%) 27 (13)
eGFR at LN diagnosis, mean ± SD, mL/min/1.73 m2 80 ± 37
SLE duration ≥2 y before LN diagnosis, n (%) 59 (28)
HTN at/within 1 y of diagnosis, n (%) 82 (39)
Diabetes at/within 1 y of diagnosis, n (%) 11 (5)
UPC at LN diagnosis, mean ± SD, mg/mg 2.9 ± 3.3
LN class per index LN biopsy, n (%)
Proliferative 108 (52)
Nonproliferative 55 (26)
Mixed (eg, LN class IV/V) 46 (22)

LN activity index per index LN biopsy, mean ± SD 2.5 ± 3.3
LN chronicity index per index LN biopsy, mean ± SD 2.2 ± 2.1
Renal arteriosclerosis in % luminal area narrowing, mean ± SD 22 ± 28
Renal remission at 12 mo, n (%)
Complete remission 144 (69)
Partial remission 33 (16)

High dose of steroids at diagnosis, n (%) 112 (50)
Induction therapy after diagnosis, n (%)
Cyclophosphamide 44 (21)
Mycophenolate 146 (70)
Combination or others 19 (9)

Maintenance therapy after diagnosis, n (%)
Mycophenolate 155 (74)
Azathioprine or others 54 (26)

Mycophenolate use duration, mean ± SD, y 3.7 ± 3.2
Chronic steroid (≥7.5 mg/d for ≥6 mo), n (%) 88 (42)
HCQ exposure status = yes at diagnosis, n (%) 166 (79)
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yes, n (%) 39 (19)
ACE-i/ARB use, n (%) 140 (67)
SGLT2i use, n (%) 13 (6)
Follow-up time, mean ± SD, y 5.4 ± 3.8
Follow-up time >5 y, n (%) 108 (44)

* eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration formular. ACE-i, angiotensin
converting enzyme inhibitor; ADI, area deprivation index; ARB, angiotensin receptor blocker; eGFR, estimated glo-
merular filtration rate; HCQ, hydroxychloroquine; HTN, hypertension; LN, lupus nephritis; SGLT2i, sodium–glucose
cotransporter 2 inhibitor; SLE, systemic lupus erythematosus; UPC, urine protein creatinine.
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including only patients with CKD stage ≥3 at LN diagnosis, HCQ
exposure was associated with a 77% lower risk of eGFR decline
of ≥30% even in this high-risk group (adjusted HR 0.23 [95% CI
0.06–0.83]; P = 0.03; Supplementary Table 4).

Time-varying treatment effect of HCQ on annual eGFR slope
decline. Average number of observations per patient were similar
in groups with and without HCQ exposure (Figure 1). Adjusted
annual eGFR slope decline with time-varying HCQ exposure was
−0.65 mL/min/1.73 m2 (95% CI −0.06 to −1.26 mL/min/1.73
m2) over 10 years (Figure 1A), whereas the adjusted annual eGFR
slope decline without HCQ was five times steeper (−3.82
mL/min/1.73 m2/year [95% CI −1.20 to −6.44 mL/min/1.73 m2/
year]; Figure 1B) in the first 10 years after diagnosis. A significant
reduction in annual eGFR slope decline by 3.17 mL/min/1.73
m2/year (P < 0.0001) was noted with HCQ exposure. A yearly

saving of 5.12mL/min/1.73 m2 in the adjusted annual eGFR slope
decline was noted within 5 years of diagnosis with HCQ
(Supplementary Figure 1).

Testing treatment effect of HCQ on eGFR slope
using a prevalent LN cohort. Prevalent LN cohort

characteristics. Key characteristics of the prevalent LN
cohort (N = 819) were as follows: mean age 54 ± SD 17 years,
59% women, 83% of White race, 11% of Black race, 4% of His-
panic ethnicity, and 6% having Medicaid. At the first visit, mean
eGFR was 67 ± SD 31 mL/min/1.73 m2, 24% had HTN, 4% had
nephrotic syndrome, 71% were ACE-i users, and 32% had been
exposed to HCQ.

Treatment effect of HCQ on annual eGFR slope decline in the
prevalent cohort. Similar time-varying effects were noted with

Table 2. Adjusted Cox regression model showing associations between time-varying HCQ exposure and eGFR
decline of ≥30% (N = 209)*

Variables Adjusted HR (95% CI)a P value

Full multivariable Cox modela

Age in 1-y increments 1 (0.98–1.02) 0.70
Female 0.81 (0.43–1.52) 0.51
White race ref
Asian race 1.88 (0.80–4.43) 0.15
Black race 4.20 (1.86–9.48) 0.0005
Hispanic ethnicity 0.76 (0.17–3.32) 0.72
eGFR per 10 mL/min/1.73 m2 decrease 1.09 (0.98–1.20) 0.11
NIH LN chronicity index per 1-point increase 1.28 (1.10–1.50) 0.002
NIH LN activity index per 1-point increase 1.12 (1.04–1.22) 0.005
Renal arteriosclerosis per 1% increase 1.01 (0.99–1.02) 0.39
MMF exposure duration per 1-y increase 0.94 (0.86–1.03) 0.20
ACE-i/ARB ever use, yes 0.87 (0.49–1.53) 0.62
Prolonged glucocorticoids use (>7.5 mg >6 mo), yesc 1.74 (0.96–3.16) 0.07d

HCQ exposure (status = yes)e 0.41 (0.22–0.78) 0.007
Higher than guideline recommended HCQ dose >5 mg/kg/d, yesf 1.08 (0.55–2.23) 0.83

Reduced multivariable Cox modelb

Age in 1-y increments 1.01 (0.99–1.03) 0.40
Female 0.87 (0.47–1.62) 0.67
History of HTN, yes 1.72 (0.98–3.04) 0.06d

eGFR per 10 mL/min/1.73 m2 decrease 1.09 (0.98–1.2) 0.10
NIH LN chronicity index per 1-point increase 1.34 (1.16–1.54) 0.0001
NIH LN activity index per 1-point increase 1.13 (1.03–1.23) 0.007
Prolonged glucocorticoids use, yesc 1.86 (1.01–3.44) 0.047
HCQ exposure (status = yes)e 0.36 (0.19–0.68) 0.002
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yesf 1.46 (0.71–3.03) 0.30

* eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration formular. Variables with a sig-
nificant P value (<0.05) are shown in bold font. ACE-i, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker; CI, confidence interval; eGFR, estimated glomerular filtration rate; HCQ, hydroxychloroquine;
HR, hazard ratio; HTN, hypertension; LN, lupus nephritis; MMF, mycophenolate mofetil; PH, proportional hazards.
a Adjusted for age, race, sex, insurance type/status at diagnosis, history of HTN, eGFR at LN diagnosis, NIH LN chro-
nicity and activity indices, mycophenolate duration, ACE-i use, prolonged glucocorticoids use (defined as >7.5 mg of
prednisone or equivalent doses for >6 mo), HCQ exposure status, and weight-based HCQ dose categories; insur-
ance and history of HTN were stratified based on Schoenfeld residual analysis to satisfy PH assumption for this
model (global PH > 0.05).
b Adjusted for age, race, insurance type/status at diagnosis, sex, history of HTN, eGFR at LN diagnosis, NIH LN chro-
nicity and activity indices, prolonged glucocorticoids use, HCQ exposure status, and weight-based HCQ dose cate-
gories; race and insurance status/type were stratified based on Schoenfeld residual analysis to satisfy PH
assumption (global PH > 0.05).
c Defined as glucocorticoids use ≥7.5 mg for >6 mo after LN diagnosis.
d Trend toward statistical significance.
e HCQ exposure status was abstracted and used as a time-dependent covariate.
f HCQ dose >5 mg/kg/d is compared to a combination of HCQ dose ≤5 mg/kg/d or no HCQ use.
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HCQ exposure on annual eGFR slope decline in a separate prev-
alent LN cohort with longer follow-up. The adjusted annual eGFR
slope decline with HCQ was half the annual slope decline noted
without HCQ exposure (−0.94 vs 2.23 mL/min/1.73 m2/year;
P < 0.0001; Figure 2A–B). Time-varying treatment effect of HCQ
on adjusted annual eGFR slope decline was 1.26 mL/min/1.73
m2 (Figure 2).

DISCUSSION

Kidney involvement is one of the most common severe
manifestations of SLE that occurs in up to 70% of patients,
and up to 30% of patients experience irreversible kidney dam-
age requiring renal replacement therapy. Literature in SLE
highlights lower LN flare risk and prolonged survival with
HCQ use, yet information regarding the time-varying treat-
ment effect of HCQ use on preservation of kidney function
(eGFR) is limited. Our study leveraged a retrospective biopsy-
proven incident LN cohort and reported 59% and 66% lower
risk of sustained eGFR decline of ≥30% and ≥40% with time-
varying HCQ exposure. Moreover, HCQ exposure was associ-
ated with 77% lower risk of eGFR decline of ≥30% in patients
with CKD stage ≥3. Using linear mixed-effects modeling to
estimate the treatment effect of HCQ on annual eGFR slope,
we are the first to report a yearly saving in annual eGFR slope
decline by 5.12 and 3.17 mL/min/1.73 m2 with HCQ within

5 and 10 years of diagnosis using our incident LN cohort. A
similar reduction in annual eGFR slope decline by 1.26
mL/min/1.73 m2 was noted with HCQ exposure in a separate
large EHR-based prevalent LN cohort with longer follow-up.
These findings directly address existing gaps in the literature,
reduce uncertainty regarding long-term impact of HCQ use
on kidney function, and highlight a benefit of early initiation of
HCQ in LN, thereby empowering clinicians to advocate for uni-
versal use HCQ in LN.

There are limited data on the longitudinal impact of HCQ on
kidney function decline over time.9,20 Moreover, traditional clinical
end points, such as kidney failure or doubling of serum creatinine,
require large sample sizes and long follow-up, resulting in insuffi-
cient power and low precision in current literature.5,7,9,34–39 Using
surrogate end points such as eGFR slope overcomes these limi-
tations, and eGFR slope analysis can examine the impact of treat-
ment on preservation of kidney function over time. Our study
directly addresses this gap by leveraging a linear mixed-effects
model to estimate the time-varying treatment effect of HCQ expo-
sure. This analysis revealed that HCQ exposure predicted an
attenuation in adjusted annual eGFR slope decline by 3.17
mL/min/1.73 m2/year (P < 0.0001) over 10 years after LN diagno-
sis in our incident biopsy-proven LN cohort. More importantly, a
yearly saving of 5.12 mL/min/1.73 m2 was noted in eGFR slope
decline with HCQ exposure within the first five years of LN diagno-
sis, indicating early treatment benefits. Finally, using a separate

Table 3. IPW-adjusted and crude Cox models showing associations between HCQ exposure and HCQ dose with sustained eGFR decline of
≥30% and ≥40%, N = 209*

Adjusted HR (95% CI) P value

Crude vs IPW-adjusted Cox models for eGFR decline ≥30%
Crude adjusted Cox modela

HCQ exposure (status = yes) 0.36 (0.19–0.68) 0.0016
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yese 1.46 (0.71–3.03) 0.30

IPW-adjustedb model
HCQ exposure (status = yes) 0.40 (0.23–0.69) 0.001
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yese 2.02 (1.13–3.62) 0.02

Crude vs IPW-adjusted Cox models for eGFR decline ≥40%
Crude adjusted Cox modelc

HCQ exposure (status = yes) 0.33 (0.17–0.65) 0.002
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yese 1.18 (0.53–2.66) 0.68

IPW-adjustedd model
HCQ exposure (status = yes) 0.38 (0.21–0.70) 0.002
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yese 1.49 (0.75–2.96) 0.26

* Variables with a significant P value (<0.05) are shown in bold font. ACE-i, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor
blocker; eGFR, estimated glomerular filtration rate; HCQ, hydroxychloroquine; HR, hazard ratio; HTN, hypertension; IPW, inverse probability
weighting; LN, lupus nephritis; MMF, mycophenolate mofetil; PH, proportional hazards.
a Adjusted for age, race, insurance type/status at diagnosis, sex, history of HTN, eGFR at LN diagnosis, NIH LN chronicity and activity indices,
prolonged glucocorticoids use, HCQ exposure status, weight-based HCQ dose categories; race and insurance status/type were stratified based
on Schoenfeld residual analysis to satisfy PH assumption (global PH > 0.05).
b IPWmodels adjust for propensity scores for the following covariates: age, sex, race, insurance, history of HTN, baseline eGFR, NIH LN chronic-
ity and activity indices, prolonged glucocorticoid use, MMF duration (in years), LN class, ACE-i/ARB ever use, baseline HCQ use, and median
weight-based HCQ dose categories.
c Adjusted for age, race, insurance type/status at diagnosis, sex, history of HTN, eGFR at LN diagnosis, NIH LN chronicity and activity indices,
HCQ exposure status, and weight-based HCQ dose categories.
d IPWmodels adjust for propensity scores for the following covariates: age, sex, race, insurance, history of HTN, baseline eGFR, NIH LN chronic-
ity and activity indices, prolonged glucocorticoid use, MMF duration (in years), LN class, ACE-i/ARB ever use, baseline HCQ use, and median
weight-based HCQ dose categories.
e HCQ dose >5 mg/kg/d is compared to a combination of HCQ dose ≤5 mg/kg/d or no HCQ use.
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prevalent LN cohort with longer follow-up, HCQ use again was
associated with an attenuation in annual eGFR slope by 1.26
mL/min/1.73 m2 over a longer follow-up period. A meta-
regression found that an attenuation in the rate of decline in eGFR
of ≥0.75 mL/min/1.73 m2 per year can reduce the risk of kidney
failure progression by 16% to 23%.5,38 Thus, our observed atten-
uation in eGFR decline over different time periods (range = 1.26–
5.12 mL/min/1.73 m2) would be associated with at least 23%, if
not more, reduced kidney failure risk. Moreover as an adjunct
therapy for LN, HCQ could enhance effectiveness of LN induction
and maintenance therapies.5 Thus, our study uniquely highlights
the critical impact of HCQ use on preserving kidney function and
underscores the need to use HCQ early and for a longer duration
in LN.

Existing literature shows an overall positive association
between HCQ use and preventing renal damage.11,13–16

Particularly, Pons-Estel et al noted a 70% reduction in the risk of
renal damage (defined as 50% reduction in eGFR) with HCQ
use.34Likewise, recent studies using cohorts from Israel and
Mexico, reported 0.4-fold lower risk of CKD progression to stage
≥3 or kidney failure in HCQ users.14,16 Despite strong associa-
tions and universal recommendation to use HCQ in LN, <70% of
patients get started on HCQ.11,12,40 Underuse of HCQ could be
linked to current gaps in literature: (1) low precision in risk esti-
mates (wide CIs) given few terminal events (kidney failure or dou-
bling of serum creatinine or CKD progression) occurred over
time,7 (2) contrasting evidence when time was used as a covari-
able highlighting no association or worsening of podocyte func-
tion with HCQ in LN possibly due to immortal time and survival
biases,10,41 (3) timing and duration of HCQ therapy is not clear,
and (4) treatment effect of HCQ in CKD stage ≥3 needs clarifica-
tion.9,40 Such gaps can exacerbate existing fears to use HCQ,

Table 4. Adjusted Cox regression model showing associations between time-varying HCQ exposure and eGFR
decline of ≥40% (N = 209)*

Variables Adjusted HR (95% CI)a P value

Full multivariable Cox modela

Age in 1-y increments 1.01 (0.99–1.03) 0.57
Female 1.2 (0.56–2.59) 0.64
History of HTN, yes 2.12 (1.09–4.15) 0.027
eGFR per 10 mL/min/1.73 m2 decrease 1.07 (0.95–1.20) 0.27
NIH LN chronicity index per 1-point increase 1.33 (1.13–1.57) 0.001
NIH LN activity index per 1-point increase 1.10 (1.00–1.22) 0.053b

MMF exposure duration per 1-y increase 0.95 (0.85–1.07) 0.40
ACE-i/ARB ever use, yes 0.77 (0.40–1.51) 0.45
Prolonged glucocorticoids use, yesc 1.66 (0.84–3.32) 0.15
HCQ exposure (status = yes)d 0.34 (0.16–0.70) 0.004
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yese 1.55 (0.66–3.65) 0.32

Reduced multivariable Cox modelf

Age in 1-y increments 1.00 (0.98–1.03) 0.66
Female 1.21 (0.60–2.41) 0.60
White race ref
Asian race 1.45 (0.59–3.57) 0.75
Black race 1.20 (0.40–3.60) 0.42
Hispanic ethnicity 1.09 (0.25–4.83) 0.91
No insurance or Medicaid 2.68 (1.42–5.06) 0.002
History of HTN, yes 1.76 (0.94–3.28) 0.08d

eGFR per 10 mL/min/1.73 m2 decrease 1.07 (0.96–1.20) 0.23
NIH LN chronicity index per 1-point increase 1.30 (1.12–1.52) 0.001
NIH LN activity index per 1-point increase 1.12 (1.01–1.23) 0.03
HCQ exposure (status = yes)d 0.33 (0.17–0.65) 0.002
Higher than guideline-recommended HCQ dose >5 mg/kg/d, yese 1.18 (0.53–2.66) 0.68

* eGFR calculated using the Chronic Kidney Disease Epidemiology Collaboration formular. Variables with a signifi-
cant P value (<0.05) are shown in bold font. ACE-i, angiotensin converting enzyme inhibitor; ARB, angiotensin recep-
tor blocker; CI, confidence interval; eGFR, estimated glomerular filtration rate; HCQ, hydroxychloroquine; HR,
hazard ratio; HTN, hypertension; LN, lupus nephritis; MMF, mycophenolate mofetil; PH, proportional hazards.
a Adjusted for age, race, sex, insurance type/status at diagnosis, history of HTN, eGFR at LN diagnosis, NIH LN chro-
nicity and activity indices, mycophenolate duration, ACE-i use, prolonged glucocorticoids use (defined as >7.5 mg of
prednisone or equivalent doses for >6mo), HCQ exposure status, and weight-based HCQ dose categories; race and
insurance were stratified based on Schoenfeld residual analysis to satisfy PH assumption for this model (global PH
> 0.05).
b Indicates trend toward significance.
c Defined as glucocorticoids use ≥7.5 mg for >6 mo after LN diagnosis.
d HCQ exposure status was abstracted and used as a time-dependent covariate.
e HCQ dose >5 mg/kg/d is compared to a combination of HCQ dose ≤5 mg/kg/d or no HCQ use
f Adjusted for age, race, insurance type/status at diagnosis, sex, history of HTN, eGFR at LN diagnosis, NIH LN chro-
nicity and activity indices, HCQ exposure status, weight-based HCQ dose categories, and PH assumption (global PH
> 0.05).
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particularly in nonrheumatology clinicians.40 Our study directly
addresses these four gaps and bolsters the evidence regard-
ing HCQ’s specific benefit in LN. First, by using sustained
eGFR ≥30% or ≥40% and eGFR slope decline as surrogate
end points of kidney failure, we were able to improve precision
of risk estimates. Second, even after propensity score adjust-
ments and using HCQ exposure as a time-dependent covari-
ate, a significant 54% and 51% reduction in end points, eGFR
decline of ≥30% and ≥40%, was noted with HCQ exposure.
Third, a significant attenuation in eGFR slope and a 73% lower
risk of eGFR decline of ≥30% was noted with early HCQ use,
within five years of diagnosis. Finally, our subgroup analysis
highlighted a 77% lower risk of eGFR decline of ≥30% with
HCQ use in patients with CKD stage ≥3. By addressing the
concerns about why, when, and how long HCQ should be
used in LN, including those with CKD, our findings can support

clinicians and patients in shared decision-making, encouraging
higher uptake of HCQ.

This study has several strengths including using the follow-
ing: (1) a validated incident biopsy-proven LN cohort, (2) HCQ
exposure as a time-dependent covariate, and (3) a robust linear
mixed-effects analysis to determine treatment effect of HCQ on
eGFR slope decline. However, we acknowledge limitations. First,
this study uses data from a single academic institution and may
not represent the LN population in the US. Second, we did not
have data on HCQ blood levels to account for variability in adher-
ence and absorption of HCQ. Third, we could have missed eGFR
decline in patients who moved, lost follow-up, or died in outside
institutions; however, several sensitivity analyses were performed.
Fourth, given the retrospective design of the study, we could not
account for unknown confounders and establish causal associa-
tions between HCQ exposure and kidney function decline.

Figure 1. (A) Annual eGFR slope decline with HCQ use versus (B) without HCQ use, using random slope and intercept linear mixed-methods
model adjusting for covariables (age, race, sex, LN pathology findings, comorbidities, treatment) in our LN inception cohort (N = 209). CI, confi-
dence interval; eGFR, estimated glomerular filtration rate; HCQ, hydroxychloroquine; LN, lupus nephritis.
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However, we calculated E values of 5 and 6, indicating that any
unmeasured confounder needs to be associated with five-fold
and six-fold higher eGFR decline of ≥30% and ≥40% for the asso-
ciation with HCQ exposure duration to be truly null. Additionally,
we performed IPW analysis and Cox analysis using HCQ expo-
sure as a time-dependent covariate to address survival and
immortal time bias. Fifth, our CKD stage ≥3 subgroup was small,
and our findings need to be validated in larger cohorts. Finally,
we could not ascertain the reasons for stopping HCQ or delayed
onset of HCQ due to limitations of the study design.

The implications of our findings are three-fold. First, they
highlight kidney-specific effects of HCQ exposure duration in LN,
particularly on eGFR decline ≥30% or ≥40%, and reduction in
annual eGFR slope decline (early surrogate end points of terminal
events like kidney failure). Second, our study supports the inclu-
sion of HCQ as a pivotal component of LN management proto-
cols, not just for its systemic benefits, but also for a potential to
preserve kidney function. Finally, these findings highlight both
early and long-term benefits of using HCQ in attenuating eGFR
slope decline in LN. These findings emphasize the importance of
starting early and continuing HCQ therapy to preserve kidney

health alongside overall disease control even if SLE is limited to
the kidneys (LN).
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Heterogeneity of Rheumatoid Arthritis–Associated
Interstitial Lung Disease by Longitudinal Forced Vital
Capacity Trajectory and Associations With
Disease Outcomes

Bryant R. England,1 Yangyuna Yang,1 Punyasha Roul,1 Tate M. Johnson,1 Scott M. Matson,2

Grant W. Cannon,3 Brian C. Sauer,3 Jeffrey R. Curtis,4 Joshua F. Baker,5 and Ted R. Mikuls1

Objective. We aimed to identify unique disease trajectories within rheumatoid arthritis–associated interstitial lung
disease (RA-ILD) based on longitudinal forced vital capacity (FVC) values and their associated clinical outcomes.

Methods. We performed a cohort study of RA-ILD within the Veterans Health Administration from 1999 to 2021.
Patients with RA-ILD were identified with validated algorithms. Group-based trajectory modeling was used to
identify unique groups based on longitudinal FVC values in a primary cohort with baseline and follow-up FVC values
and an overall cohort with at least one FVC value. Associations of group assignment with survival and respiratory
hospitalization were tested in multivariable Cox regression models adjusting for initial FVC.

Results. We derived three FVC trajectory groups in the primary cohort (n = 1,092) and eight in the overall cohort
(n = 5,172). A total of 82.5% (primary cohort) and 54% (overall cohort) of patients with RA-ILD belonged to progressive
groups with FVC percent predicted change ranging from −2.16 to −10.78 (primary) and −0.73 to −1.56 (overall) per year.
Relative to the stable group, slow (adjusted hazard ratio [aHR] 1.55 and 1.38) and rapid (aHR 2.07 and 1.77) progres-
sors in the primary cohort had an increased risk of death and respiratory hospitalization, respectively. In the overall
cohort, patients with a progressive FVC trajectory also experienced an increased risk of death (aHR range 1.18–2.69)
and respiratory hospitalization (aHR range 1.29–2.78).

Conclusion. Unique disease trajectories based on longitudinal FVC values are independently associated with the
risk of death and respiratory-related hospitalization in RA-ILD. Recognition of these unique RA-ILD trajectories could
inform management and monitoring.

INTRODUCTION

Interstitial lung disease (ILD) is an inflammatory and fibrotic

diffuse lung disease that affects between 10% and 40% of people

with rheumatoid arthritis (RA).1 Individuals afflicted with RA-ILD

suffer from reduced quality of life, poor survival, and a high degree

of health care use.2–4 Recognizing the challenge providers face

managing RA-ILD in the absence of high quality evidence, the
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American College of Rheumatology (ACR) and American College

of Chest Physicians (CHEST) recently developed the first clinical

practice guidelines for the treatment of systemic autoimmune

and rheumatic disease–associated ILD, including RA-ILD.5 In that

guideline, all treatment recommendations for RA-ILD were condi-

tional in nature because of the limited evidence and the pheno-

typic variability in RA-ILD among patients. This substantial

heterogeneity occurring in patients with RA-ILD complicates dis-

ease management.
RA-ILD is commonly categorized according to the historadio-

logic ILD pattern. Usual interstitial pneumonia (UIP) is the most
common pattern in RA-ILD, with nonspecific interstitial pneumonia
being the most common non-UIP ILD pattern.6 Although genetic
risk factors (eg, MUC5B promoter variant) differ by ILD pattern,
and patients with RA-ILDwith a UIP pattern appear to have a higher
risk of death than those with other patterns,7–9 ILD pattern was not
considered a factor influencing treatment recommendations in the
ACR/CHEST guidelines.5 Supporting this, an observational study
recently demonstrated the ability of azathioprine, mycophenolate
mofetil, and rituximab to all stabilize forced vital capacity (FVC), find-
ings that did not differ by ILD pattern.10 Similarly, post hoc analyses
of the INBUILD trial found similar slowing of FVC decline with ninte-
danib compared with placebo among patients with progressive
fibrosing ILD, regardless of ILD pattern.11 Thus, other indicators of
disease heterogeneity besides ILD pattern on chest computed
tomography (CT) are needed to guide RA-ILD management.

Although the management implications of ILD pattern in
RA-ILD remain to be fully elucidated, the importance of considering
disease progression by pulmonary function test (PFT) parameters
is becoming more apparent. In fact, based on the aforementioned
INBUILD trial,11 nintedanib received United States Food and Drug

Administration approval for ILD specifically with a progressive
fibrotic phenotype. Recognizing the importance of characterizing
longitudinal pulmonary function in RA-ILD, recent studies have
preliminarily explored whether there are underlying differences in
the clinical disease course within RA-ILD.12,13 Two studies identi-
fied trajectories corresponding to improvement and/or stability,
slow progression, and rapid progression that are predictive of dis-
ease outcomes (eg, death), though these reports were limited by
small sample sizes (n = 140–172 RA-ILD patients) and single-
center study populations.12,13 Thus, our understanding of the
range of different RA-ILD disease trajectories that occur in large,
real-world RA-ILD populations remains poorly understood.

The purpose of this study was to identify unique trajectories
of FVC change over time among a national-scale, real-world pop-
ulation of patients with RA-ILD within the Veterans Health Admin-
istration (VA), the largest integrated health care system in the
United States. Subsequently, we aimed to evaluate the prognosis
of patients within these unique RA-ILD trajectories. We hypothe-
sized that there would be distinct trajectories of FVC among
patients with RA-ILD that corresponded to differential prognosis.

PATIENTS AND METHODS

Design and population. We performed a cohort study of
patients with RA-ILD in the VA between 1999 and 2021. Patients
with RA-ILD were identified based on fulfilling validated algorithms
for RA and ILD. For RA, we required the presence of two or more
RA diagnostic codes, rheumatologist diagnosis of RA, and receipt
of a disease-modifying antirheumatic drug (DMARD) or positive
autoantibody (rheumatoid factor [RF] or anti–cyclic citrullinated
peptide [anti-CCP] antibody).14–16 For ILD, we required the pres-
ence of two or more ILD diagnostic codes and either a pulmonolo-
gist diagnosis of ILD, completion of chest CT and PFTs, or
completion of lung biopsy. Individuals with diagnostic codes for
other connective tissue diseases (eg, systemic lupus erythemato-
sus, inflammatorymyositis, systemic sclerosis) or pneumoconioses
were excluded. Such algorithms have >90% positive predictive
value (PPV) for RA and >80% to 85% PPV for RA-ILD.17,18 The
study index date was the date patients fulfilled the RA-ILD algorithm
(ie, latest of required components), which was at least two years
after their first VA health care encounter for 88.2% of patients. For
our primary RA-ILD cohort, we required an FVC value within three
years before the index date and at least one FVC value within five
years after the index date. Because the disease course often
impacts FVC testing in real-world settings, which could introduce
selection bias, we also created a broader overall RA-ILD cohort that
only required patients to have at least one FVC value during the
study period. This study received institutional review board (IRB)
approval (VA central IRB #1619487 and University of Utah IRB
#12917). Patients and the public were not involved in this study.

SIGNIFICANCE & INNOVATIONS
• Rheumatoid arthritis–associated interstitial lung

disease (RA-ILD) is a heterogeneous disorder with
recognized variability by ILD pattern, change in pul-
monary function (eg, forced vital capacity [FVC]),
and disease outcomes.

• Using group-based trajectory modeling of a large
RA-ILD cohort, we identified slowly progressive, rap-
idly progressive, and stable FVC disease trajectory
groups, with the majority of patients with RA-ILD
belonging to progressive FVC decline groups.

• Patients characterized by slow or rapid FVC pro-
gression experienced an increased risk of death
and respiratory-related hospitalization, despite the
rate of FVC decline being below thresholds used
for eligibility criteria in antifibrotic clinical trials.

• Our findings suggest that reliance on the progres-
sion thresholds used as part of therapeutic regula-
tory trials in ILD may be overly stringent to inform
real-world treatment decisions in RA-ILD.
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FVC values. In the primary cohort, FVC values were eval-
uated within three years before the index date to five years after
the index date. In the overall cohort, all available FVC values
were included. FVC values were obtained from two sources.
First, when PFT equipment was compatible with discrete data
storage, FVC values were obtained from the VA Corporate
Data Warehouse (CDW). Second, recognizing frequent PFT
equipment incompatibility with the VA CDW, we extracted
additional FVC values from electronic health record notes using
a validated natural language processing (NLP) tool.19 All FVC
values were analyzed in this study as FVC percent predicted
values.

Survival and respiratory hospitalization. In cohort
analyses evaluating the association of unique disease trajectories
with disease outcomes, the study outcomes were all-cause mor-
tality and respiratory-related hospitalization. Vital status was
obtained through linkage with the National Death Index, a
highly valid approach for ascertaining vital status in veterans.20

Respiratory-related hospitalizations were obtained from the
VA CDW, non-VA care billed to the VA (eg, Fee Basis), and linked
Centers for Medicare and Medicaid Services (CMS) data.
Hospitalizations were considered respiratory related if the
primary discharge diagnosis had respiratory-related International
Classification of Diseases, Ninth Revision, (ICD-9; 466.x–519.x)
or ICD-10 (J09.x–J99.x) diagnostic codes. These events were
assessed after the index date.

Clinical variables. Additional clinical data were obtained
for descriptive purposes and to serve as covariables in regression
models. These included demographics, smoking status, body
mass index (BMI), comorbidity burden, RA autoantibody status
(RF and anti-CCP antibody), elevated erythrocyte sedimentation
rate or C-reactive protein, DMARD use, and antifibrotic use (ninte-
danib and pirfenidone). These variables were obtained from the
VA CDW before or on the index date. Comorbidity burden was
assessed using a count of up to 43 chronic conditions, each
requiring multiple diagnostic codes on separate days before the
index date, as in prior work.21 Medication use was evaluated
before the index date. We categorized patients into calendar year
periods based on the year fulfilling the RA-ILD algorithm (1999–
2005, 2006–2011, 2012–2021).

Statistical analysis. Group-based trajectory modeling
was used to define unique clusters of patients based on longitudi-
nal FVC trajectory. Group-based trajectory modeling is a finite
mixture statistical modeling approach to approximate the
unknown distribution of trajectories within a population.22 These
approaches have been previously used in RA-ILD and systemic
sclerosis–associated ILD.12,13,23 Group-based trajectory model-
ing was implemented using the “traj” Stata plugin (StataCorp).
Consistent with best practices for group-based trajectory

modeling,22 the selection of optimal numbers of groups was
informed by model fit characteristics (eg, change in Akaike
information criterion) and the size of the smallest group combined
with clinical interpretability. Linear models were used because
polynomial functions were tested and did not improve model fit
(data not shown). In the primary RA-ILD cohort, change in FVC
from the initial value was modeled. In the broader overall RA-ILD
cohort, the actual FVC value was modeled, producing both an
intercept (ie, initial FVC value) and slope (ie, change in FVC values).
For individuals in the overall cohort with only one FVC value, the
proximity of this value to the estimated trajectories determined
group assignment.

Patient characteristics were descriptively summarized overall
and by group assignment. Associations of FVC trajectory group
assignment with survival and respiratory-related hospitalization
were assessed using unadjusted Kaplan–Meier curves and in
separate multivariable Cox regression models. Covariates in
these models were age, sex, race, smoking status, BMI category,
calendar year period, comorbidity burden, and baseline FVC.
The proportional hazards assumption was tested by Schoenfeld
residuals and negative log-log survival plots. Schoenfeld residuals
were significant, which was identified to be related to missing or
unknown race data, a covariate in our regression models. No
other Schoenfeld residuals were significant and log-log survival
plots did not indicate violation. Therefore, Cox models were con-
sidered appropriate for our analyses. Missing covariables were
addressed using the missing indicator method. All analyses
were completed using Stata version 18 within the VA Informatics
and Computing Infrastructure.

RESULTS

Study population.We studied 5,172 patients with RA-ILD
who had 18,007 available FVC values in the overall RA-ILD cohort,
of which 1,092 patients with RA-ILD (with 4,038 FVC values) ful-
filled additional eligibility criteria for the primary cohort. Patients in
both cohorts were predominantly male, had a mean age of
68 years, and had a frequent-smoking history (Table 1). Comor-
bidity burden was high with a mean of 11.4 (SD 5.3) comorbidities
and 49.7% having chronic obstructive pulmonary disease
(COPD). Prednisone (67.8% and 72.4%) and conventional syn-
thetic DMARDs (csDMARDs; 64.8 and 69.1%) were frequently
used in the primary and overall cohorts, whereas biologic/tar-
geted-synthetic DMARDs were used less frequently (28.7 and
32.9%). Baseline antifibrotic use in the RA-ILD population was
rare during this study period (0.2%).

FVC trajectories. Primary RA-ILD cohort. We identified
three FVC trajectory groups (Supplemental Table 1) that were
labeled as stable, slow progression, and rapid progression based
on change in FVC over time (Figure 1). Only 17.5% of patients with
RA-ILD had a stable FVC trajectory. Most patients were
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categorized into the slow progression group (75.8%), with a mean
FVC change of −2.16% per year. Rapid progression occurred
among 6.7%, with a mean FVC change of −10.78% per year.
Those with progressive trajectories were older, more likely men
and former smokers, and less likely to have comorbid COPD
(Supplemental Table 2).

Overall RA-ILD cohort. In the overall cohort, eight unique
FVC trajectory groups were identified (Supplemental Table 3)
that varied both by the initial FVC value (ie, intercept) and rate
of FVC change during follow-up (Figure 1). Of the eight RA-ILD
trajectory groups, we categorized four groups as progressive
based on their observed rate of change. The mean decline in
FVC percent predicted per year ranged from −0.73% to
−1.56% in the progressive group. A total of 54% of the patients
with RA-ILD belonged to one of the four progressive RA-ILD

trajectory groups. The intercept for initial FVC percent predicted
also varied among these progressive ILD patients, ranging from
40.9% to 81.1%. Among the 46% of patients with RA-ILD
belonging to the four nonprogressive groups, mean change in
FVC percent predicted per year ranged from –0.29% to
0.36%. In these groups, the intercept for initial FVC ranged from
63.9% to 110.3%.

Those with a progressive FVC trajectory were more
likely to have been followed from earlier calendar year periods
(Supplemental Table 4). Patient characteristics by all eight unique
FVC trajectory group assignments are provided in Supplemental
Table 5. Differences among these trajectory groups were
observed for age, calendar year period, smoking status, RF/anti-
CCP seropositivity, and csDMARD use.

Prognosis in primary RA-ILD cohort by trajectory.
Mortality. Over 5,263 patient-years of follow-up, 727 deaths
occurred. Compared to the stable group, the slow progression
(adjusted hazard ratio [aHR] 1.55; confidence interval [CI] 1.25,
1.91) and rapid progression groups (aHR 2.07 [CI 1.44, 2.97])
were associated with poorer survival (Figure 2; Table 2).

Respiratory hospitalization. A total of 646 respiratory hospi-
talizations occurred over 3,932 patient-years of follow-up. The
slow progression (aHR 1.38 [CI 1.12, 1.71]) and rapid progres-
sion (aHR 1.77 [CI 1.20, 2.61]) groups were associated with a
higher respiratory hospitalization risk than the stable group
(Figure 2; Table 2).

Prognosis in overall RA-ILD cohort by trajectories.
Mortality. Over 24,780 patient-years of follow-up, 3,400 deaths
occurred. Trajectory group 2 was used as the reference group
given its size (20.5% of patients), normal initial FVC, and stable
trajectory. All four progressive groups were individually associated
with poorer survival in adjusted models (Figure 3A; Table 3). The
aHR (95% CI) for these groups were 1.19 (1.04, 1.37) for group
3, 1.56 (1.37, 1.78) for group 4, 2.14 (1.81, 2.53) for
group 7, and 3.16 (2.45, 4.09) for group 8. None of the nonpro-
gressive trajectory groups were associated with higher mortality
risk (aHR 0.89–1.07), including group 6, which had a reduced ini-
tial FVC value. When categorizing these eight groups into a binary
of progressive versus nonprogressive, the progressive group was
associated with a >1.4-fold higher risk of death (aHR 1.44
[CI 1.34, 1.56]) independent of initial FVC (Figure 3B; Table 3).

Respiratory-related hospitalization. Over 19,404 patient-
years of follow-up, 2,763 patients with RA-ILD experienced a
respiratory-related hospitalization. Referent to trajectory group
2, all progressive FVC trajectory groups had a higher risk of
respiratory-related hospitalization (Figure 3C; Table 3). The aHR
(95% CI) for respiratory-related hospitalization among these
groups were 1.30 (1.12, 1.52) for group 3, 1.70 (1.47, 1.96) for
group 5, 2.12 (1.76, 2.55) for group 7, and 3.07 (2.32, 4.07)
for group 8. None of the groups categorized as nonprogressive

Table 1. Patient characteristics of study cohorts*

Primary RA-ILD
cohort

(n = 1,092)

Overall RA-ILD
cohort

(n = 5,172)

Age, y 68.0 (9.5) 68.8 (9.9)
Male 1,012 (92.7%) 4,776 (92.3%)
Race
Asian/multiple
races

24 (2.2%) 122 (2.4%)

Black 162 (14.8%) 708 (13.7%)
White 782 (71.6%) 3,882 (75.1%)
Missing 124 (11.4%) 460 (8.9%)

Calendar year
1999–2005 284 (26.0%) 943 (18.2%)
2006–2011 256 (23.4%) 1,382 (26.7%)
2012–2021 552 (50.5%) 2,847 (55.0%)

Smoking status
Never 133 (12.2%) 606 (11.7%)
Former 346 (31.7%) 1,619 (31.3%)
Current 463 (42.4%) 2,331 (45.1%)
Missing 150 (13.7%) 616 (11.9%)

Comorbidity
burden

10.1 (4.8) 11.4 (5.3)

COPD 481 (44.0%) 2,569 (49.7%)
RF/CCP antibody

status
Seronegative 190 (17.4%) 903 (17.5%)
Seropositive 747 (68.4%) 3,479 (67.3%)
Missing 155 (14.2%) 790 (15.3%)

ESR/CRP
Normal 230 (21.1%) 1,143 (22.1%)
High 696 (63.7%) 3,402 (65.8%)
Missing 166 (15.2%) 627 (12.1%)

Prednisonea 740 (67.8%) 3,744 (72.4%)
csDMARDsa 708 (64.8%) 3,573 (69.1%)
b/tsDMARDsa 313 (28.7%) 1,702 (32.9%)
Antifibrotic usea 2 (0.2%) 9 (0.2%)

* Values are represented as mean (SD) or n (%). b/tsDMARD, bio-
logic/targeted-synthetic disease-modifying antirheumatic drug;
CCP, cyclic citrullinated peptide; COPD, chronic obstructive pulmo-
nary disease; CRP, C-reactive protein; csDMARD, conventional syn-
thetic disease-modifying antirheumatic drug; ESR, erythrocyte
sedimentation rate; RA-ILD, rheumatoid arthritis–associated inter-
stitial lung disease; RF, rheumatoid factor.
a Use before the study index date.
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were associated with respiratory hospitalization risk. Compared to
the combined nonprogressive group, those with a progressive
FVC trajectory had a significantly increased risk of respiratory-
related hospitalization (aHR 1.51 [CI 1.38, 1.64]; Figure 3D; Table 3).

DISCUSSION

We aimed to evaluate the heterogeneity of RA-ILD through-
out its disease course by deriving unique clusters of patients with

Figure 1. Unique trajectories of FVC measurements among patients with RA-ILD. FVC percent predicted over time in patients with RA-ILD in the
Veterans Affairs Health Care System for (A) the primary RA-ILD cohort and (B) the overall RA-ILD cohort. Clusters of patients with RA-ILD defined
by unique FVC trajectories using group-based trajectory modeling. The dots represent the mean values at each time point. The percentage of
patients belonging to each group, initial FVC percent predicted (overall RA-ILD cohort only), and change in FVC percent predicted over time are
summarized in the tables. FVC, forced vital capacity; G, group; RA-ILD, rheumatoid arthritis–associated interstitial lung disease.
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RA-ILD based on longitudinal FVC trajectories. Using national VA
data over a >20-year period, we identified clusters of patients with
RA-ILD with stable, slowly progressive, and rapidly progressive
disease courses. In total, 82.5% of patients in our primary RA-
ILD cohort (n = 1,092) and 54% of patients in our broader overall
RA-ILD cohort (n = 5,172) had a progressive disease phenotype.
Progressive FVC decline trajectory clusters were strongly associ-
ated with both death and respiratory-related hospitalization inde-
pendent of initial FVC and other patient characteristics. Our
findings further establish the heterogeneity of the RA-ILD disease
course and emphasize the need to develop approaches to prog-
nosticate the disease course at, or shortly after, diagnosis. With
such tools, clinicians will be better equipped to make treatment
and monitoring decisions in RA-ILD.

The findings from our national RA-ILD study are in line with
prior single center studies that identified three to four FVC trajec-
tory groups in RA-ILD.12,13 One notable difference was that a
higher proportion of patients with RA-ILD in our cohort had a pro-
gressive disease course (82.5% vs 44% and 68%, respectively).
In our broader overall RA-ILD cohort, the number of trajectories
identified was very similar to findings reported by Man et al in sys-
temic sclerosis–associated ILD, who identified seven unique FVC
trajectories.23 In both of our RA-ILD cohorts, the rate of change
was the parameter most closely associated with risk of death or
hospitalization, with these progressive trajectories being associ-
ated with poor outcomes independent of initial FVC value. Find-
ings from our overall RA-ILD cohort demonstrate that the
highest risk groups were patients with RA-ILD that had the most

Figure 2. Kaplan–Meier curves of survival and respiratory hospitalization among patients with RA-ILD by FVC trajectory group assignment in the
primary RA-ILD cohort. (A) Survival and (B) respiratory-related hospitalizations throughout the study follow-up by FVC trajectory group assignment.
aHRs from multivariable models including age, sex, race, smoking status, calendar year period, comorbidity burden, and baseline FVC percent
predicted. aHR, adjusted hazard ratio; CI, confidence interval; FVC, forced vital capacity; RA-ILD, rheumatoid arthritis–associated interstitial lung
disease.

Table 2. Survival and respiratory hospitalization risk by FVC trajectory group assignment in primary RA-ILD cohort*

Number of events / PY IR (95% CI)a aHR (95% CI) P value

Mortality
Overall 727 / 5,263 1.4 (1.3, 1.5) – –

Stable 113 / 1,113 1.0 (0.8, 1.2) Ref. –

Slow progression 561 / 3,814 1.5 (1.4, 1.6) 1.55 (1.25, 1.91) <0.001
Rapid progression 53 / 337 1.6 (1.2, 2.1) 2.07 (1.44, 2.97) <0.001

Respiratory hospitalization
Overall 646 / 3,932 1.6 (1.5, 1.8) – –

Stable 117 / 832 1.4 (1.2, 1.7) Ref. –

Slow progression 488 / 2,842 1.7 (1.6, 1.9) 1.38 (1.12, 1.71) 0.002
Rapid progression 41 / 258 1.6 (1.2, 2.2) 1.77 (1.20, 2.61) 0.004

* Adjusted for age, sex, race, smoking status, diagnosis year period, number of baseline comorbidities, and base-
line FVC percent predicted. aHR, adjusted hazard ratio; CI, confidence interval; FVC, forced vital capacity; IR, inci-
dence rate; PY, person-years; RA-ILD, rheumatoid arthritis–associated interstitial lung disease.
a Per 10 PY
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rapidly progressive decline in FVC in addition to an impaired
starting FVC value (eg, groups 7 and 8). Thus, reducing patients
with RA-ILD to a simple binary progressive and nonprogressive
categorization may be an oversimplification of RA-ILD pro-
gression. In contrast, a single nonprogressive RA-ILD group
appeared to summarize a nonprogressive disease course well,
as incidence rates for death and respiratory-related hospitaliza-
tion outcomes were overlapping in the four nonprogressive
groups in our overall RA-ILD cohort. Our findings highlight the
need for precise characterization of FVC change over time and
the need for clinically feasible approaches to predict these
unique disease trajectories.

There is no universally agreed upon definition for progression
in RA-ILD. Clinical practice guidelines for idiopathic pulmonary
fibrosis (IPF) define progressive pulmonary fibrosis based on fulfill-
ing two of three components: worsening respiratory symptoms,
pulmonary physiology, and radiologic findings.24 The FVC com-
ponent of pulmonary physiology is defined based on an absolute
decrease of ≥5% predicted over a 1-year follow-up period. Clini-
cal trials have used alternative definitions as part of their eligibility
criteria and study outcomes. The INBUILD trial evaluating ninte-
danib in progressive pulmonary fibrosis required evidence of
progression for study eligibility, using a definition of relative decline
in FVC precent predicted by ≥10% or ≥5% plus worsening

Figure 3. Kaplan–Meier curves of survival and respiratory hospitalization among patients with RA-ILD by FVC trajectory group assignment in the
overall RA-ILD cohort. Survival and respiratory-related hospitalization outcomes by FVC trajectory group assignment. (A) Depicts survival in all
group assignments, whereas (B) depicts survival in progressive versus nonprogressive group assignments. (C) Depicts survival free of respiratory
hospitalization in all groups, whereas (D) depicts survival free of respiratory hospitalization in progressive versus nonprogressive groups. aHRs
from multivariable models including age, sex, race, smoking status, calendar year period, comorbidity burden, and baseline FVC percent pre-
dicted. aHR, adjusted hazard ratio; CI, confidence interval; FVC, forced vital capacity; G, group; RA-ILD, rheumatoid arthritis–associated interstitial
lung disease.
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symptoms or imaging findings over the prior 24 months.11 The
TRAIL1 trial evaluating pirfenidone in RA-ILD selected a primary
study outcome of progression based on decline in FVC percent
by ≥10% or death.25 Compared to these prior definitions of pro-
gression, most of our progressive RA-ILD groups had FVC
change rates that were well below these thresholds, yet these
groups still experienced a higher risk of death and respiratory-
related hospitalization during follow-up. This suggests that reli-
ance on the higher progression thresholds used as part of prior
regulatory trials may be overly stringent to inform real-world
treatment decisions as patients with slow progression may
experience improved disease-related outcomes with treatment
modifications.

Heterogeneity in RA-ILD poses a major challenge to man-
agement. This study identified unique disease trajectories based
on FVC values alone, but FVC variability represents only one con-
tributor to RA-ILD heterogeneity alongside ILD pattern and
genetic predisposition, among others. Recognizing the substan-
tial heterogeneity in RA-ILD, precise disease subsetting has the
potential to guide management decisions. However, what factors
are most useful for separating these subsets is not known. In this
study, we found standard demographic and clinical factors were

only modestly associated with different FVC trajectories. This
suggests variability in FVC trajectory is more likely related to het-
erogeneity in other disease-related factors and highlights the
need for more advanced phenotyping, such as broader autoanti-
body profiling or proteomic and radiomic evaluation, of RA-ILD to
identify factors underlying these unique disease trajectories.
Supporting this, translational studies have identified unique
peripheral blood biomarker and proteomic signatures associated
with the presence of RA-ILD.26,27 A small proof of concept
study evaluated whole lung radiomic analysis in 30 patients with
RA-ILD and found that a subset of the 22 unique radiomic fea-
tures extracted predicted overall survival.28 Further, Humphries
and colleagues used data-driven texture analysis for chest CT
quantification of fibrosis in two independent RA-ILD cohorts to
predict RA-ILD survival.29 The discovery and validation of such
approaches and their application to clinical care early in the
RA-ILD course could prove to be highly informative for forecasting
disease trajectories and fostering earlier intervention, rather than
the current status quo of waiting for disease progression to occur.

Limitations to the study include the potential lack of general-
izability given the male predominance of the cohort. The high
frequency of comorbid COPD likely reflects the high cigarette

Table 3. Survival and respiratory hospitalization risk by FVC trajectory group in overall RA-ILD cohort*

Number of events / PY IR (95% CI)a aHR (95% CI) P value

Mortality
Overall 3,400 / 24,780 1.4 (1.3, 1.4) – –

All groups
Group 1 72 / 664 1.1 (0.9, 1.4) 0.86 (0.67, 1.10) 0.23
Group 2 614 / 5,094 1.2 (1.1, 1.3) Ref. –

Group 3b 299 / 2,488 1.2 (1.1, 1.3) 1.19 (1.04, 1.37) 0.01
Group 4 605 / 5,419 1.1 (1.0, 1.2) 1.13 (0.99, 1.28) 0.07
Group 5b 841 / 5,463 1.5 (1.4, 1.6) 1.56 (1.37, 1.78) <0.001
Group 6 98 / 1,233 0.8 (0.7, 1.0) 1.00 (0.78, 1.28) 0.97
Group 7b 727 / 3,841 1.9 (1.8, 2.0) 2.14 (1.81, 2.53) <0.001
Group 8b 144 / 577 2.5 (2.1, 2.9) 3.16 (2.45, 4.09) <0.001

Progressive grouping
Nonprogressive 1,389 / 12,410 1.1 (1.1, 1.2) Ref. –

Progressive 2,011 / 12,369 1.6 (1.6, 1.7) 1.44 (1.34, 1.56) <0.001
Respiratory hospitalization
Overall 2,763 / 19,404 1.4 (1.4, 1.5) – –

All groups
Group 1 53 / 539 1.0 (0.8, 1.3) 0.87 (0.65, 1.16) 0.34
Group 2 473 / 4,204 1.1 (1.0, 1.2) Ref. –

Group 3b 252 / 1,912 1.3 (1.2, 1.5) 1.30 (1.12, 1.52) 0.001
Group 4 480 / 4,421 1.1 (1.0, 1.2) 1.10 (0.96, 1.28) 0.17
Group 5b 717 / 4,210 1.7 (1.6, 1.8) 1.70 (1.47, 1.96) <0.001
Group 6 101 / 926 1.1 (0.9, 1.3) 1.25 (0.97, 1.61) 0.09
Group 7b 568 / 2,782 2.0 (1.9, 2.2) 2.12 (1.76, 2.55) <0.001
Group 8b 119 / 410 2.9 (2.4, 3.5) 3.07 (2.32, 4.07) <0.001

Progressive grouping
Nonprogressive 1,107 / 10,090 1.1 (1.0, 1.2) Ref. –

Progressive 1,656 / 9,314 1.8 (1.7, 1.9) 1.51 (1.38, 1.64) <0.001

* Adjusted for age, sex, race, smoking status, diagnosis year period, number of baseline comorbidities, and base-
line FVC percent predicted. aHR, adjusted hazard ratio; CI, confidence interval; FVC, forced vital capacity; IR, inci-
dence rate; PY, person-years; RA-ILD, rheumatoid arthritis–associated interstitial lung disease.
a IR per 10 PY
b Indicates a group categorized as progressive
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smoking rates and may also impact generalizability. Our cohort
consisted of both prevalent and incident RA-ILD cases, which
may have deemphasized FVC trajectories during the early disease
period. FVC values were obtained through real-world clinical care,
which led to variable testing frequency and testing intervals.
Although we used validated algorithms and NLP tools,18,19 there
may be misclassification of RA-ILD status and FVC values. ILD
pattern was not available in our data. Future studies are needed
to understand how RA-ILD FVC trajectories may differ based on
ILD pattern. Our approach for trajectory modeling grouped
patients with RA-ILD by the entirety of their FVC data into single
trajectory over time. With the current study design and time period
evaluated, we were not positioned to evaluate how treatment
modifications (eg, DMARDs and/or antifibrotics), RA disease
flares, ILD flares, or environmental exposures occurring during
the disease course may have influenced FVC trajectory. FVC val-
ues and the clinical events of death and respiratory hospitalization
were assessed over the same follow-up period, which could
result in immortal time bias, though our findings of FVC decline
associating with mortality and respiratory hospitalization risk are
consistent with other studies.30

In conclusion, we identified unique clusters of patients with
RA-ILD based on FVC trajectories using large, real-world data
over a >20-year period. These clusters were defined by variability
in the rate of decline throughout the follow-up period as well as ini-
tial FVC values. FVC trajectory clusters that reflected progression
were strongly associated with both survival and respiratory-
related hospitalization risk, despite most progressive groups not
reaching thresholds for progression used in IPF clinical practice
guidelines or clinical trials. These findings illustrate the heteroge-
neity of the RA-ILD disease course and highlight the poor progno-
sis even for those who experience “slow” ILD progression. Future
studies are needed to develop methods that can better distin-
guish unique disease subsets early in the disease course to inform
proactive management decisions.
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Improvements in Health-Related Quality of Life With
Treat-to-Target Urate-Lowering Therapy in Gout: A Post
Hoc Analysis of a Randomized Multicenter Trial

Austin Barry,1 Bryant R. England,1 Harlan Sayles,2 Lindsay N. Helget,1 Maria Androsenko,3

Hongsheng Wu,4 Kaleb Michaud,5 Bridget Kramer,1 Jeff A. Newcomb,1 Mary T. Brophy,6 Anne Davis-Karim,7

Ryan Ferguson,3 Michael H. Pillinger,8 Tuhina Neogi,9 Paul M. Palevsky,10 James R. O’Dell,1

and Ted R. Mikuls1

Objective. Although treat-to-target urate-lowering therapy (ULT) is endorsed as best practice in gout management,
limited data exist on its impact on health-related quality of life (HRQoL). We assessed the impact of treat-to-target ULT
on HRQoL among participants receiving protocolized gout care, identifying factors associated with HRQoL and
HRQoL change.

Methods. This was a post hoc analysis of a 72-week randomized trial, pooling data from allopurinol and febuxostat
treatment arms. The Veterans RAND-12 Item Health Survey and EuroQol 5-Dimension 3-Level (EQ-5D-3L) were admin-
istered at baseline and at 24, 48, and 72 weeks. HRQoL changes over follow-up were examined using paired t-tests.
Factors associated with baseline HRQoL were evaluated using multivariable linear regression. General estimating
equations were used to identify determinants of HRQoL change over follow-up.

Results. Participants (N = 878) in this analysis were 98.9% male, had a mean age of 62.4 years, and 67.4% self-
reported White race. HRQoL scores overall, and particularly the domains of physical function, mobility and pain,
improved significantly over 72 weeks (P < 0.001) with improvements noted by 24 weeks. Poorer enrollment HRQoL
was associated with younger age, non-White race, tophi (for EQ-5D-3L), higher serum urate level, and greater comor-
bidity. Baseline factors associated with HRQoL improvements over 72 weeks of ULT included lower C-reactive protein
level and lower comorbidity scores with similar changes observed by ULT assignment.

Conclusion. Treat-to-target ULT in gout is accompanied by HRQoL improvements evident by 24 weeks and sus-
tained through 72 weeks. HRQoL gains with treat-to-target ULT are most prominent in the domains of physical func-
tion, mobility, and pain and are greatest in those with lower baseline levels of inflammation and comorbidity.

INTRODUCTION

Gout is characterized by acute episodes of arthritis (or flares)

separated by intercritical periods and is the most common form

of inflammatory arthritis, affecting up to 5% of the population

and nearly 12 million people in the United States alone.1

Consequently, gout is associated with significant reductions in

health-related quality of life (HRQoL) and work participation.2–6

Recognizing the detrimental impact that gout exerts on

HRQoL, the Outcome Measures in Rheumatology consortium
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has endorsed the routine assessment of HRQoL as a patient-

reported outcome in trials investigating the efficacy of urate-

lowering therapy in gout.7

Acknowledging the central role of hyperuricemia in gout
pathogenesis, urate-lowering therapy is a cornerstone in
gout treatment and demonstrates beneficial effects that include
the lowering of serum urate concentration, promoting the dissolu-
tion of monosodium urate crystals, reducing or eliminating gout
flares, resolving tophi, and preventing joint damage. International
subspecialty societies, including both the American College of
Rheumatology (ACR) and EULAR, recommend a treat-to-target
approach to urate-lowering therapy with a goal of achieving and
maintaining a serum urate of <6 mg/dL.8,9 To date, most studies
linking gout with reductions in HRQoL have been cross-sectional
in design.2 Thus, despite the well-documented associations of
gout with reduced HRQoL and published recommendations
strongly endorsing treat-to-target urate-lowering therapy, there
remain only limited data exploring how this best-practice man-
agement approach influences HRQoL outcomes.10–12

To further assess the HRQoL changes that accompany
treat-to-target urate-lowering therapy, we conducted a post
hoc analysis of the STOP Gout trial (ClinicalTrials.gov identifier
NCT02579096), a comparative effectiveness study that exam-
ined the efficacy of allopurinol and febuxostat with both
agents administered following a treat-to-target protocol.13 In this

analysis, data from the allopurinol and febuxostat treatment arms
were pooled to test the hypothesis that study participants with
gout receiving treat-to-target urate-lowering therapy would yield
significant improvements in HRQoL over follow-up as assessed
by the Veterans RAND 12-item (VR-12) and the EuroQol
5-Dimension 3-Level (EQ-5D-3L) questionnaires. We also sought
to identify participant characteristics, including urate-lowering
therapy treatment assignment, that might predict such improve-
ments, by testing the additional hypotheses that the improvement
in HRQoL measures would be associated with previously docu-
mented reductions in gout flares and the achievement of serum
urate goal.

PATIENTS AND METHODS

Data source. The STOP Gout study was a multicenter, ran-
domized, double-blind, placebo-controlled, 72-week noninferior-
ity trial comparing allopurinol with febuxostat in 940 participants
with a primary outcome of flare occurring during the final study
phase (weeks 49–72).13 The trial was conducted at 19 Veterans
Affairs (VA) sites and two academic medical centers. By design,
approximately one-third of participants had Stage 3 chronic kid-
ney disease (CKD). Individuals with more advanced CKD (stages
4 or 5) were excluded. Participants with prior allopurinol use
(≤300 mg/day) but not at serum urate goal were also included in
the trial. The treatment protocol consisted of three phases of
equal duration: urate-lowering therapy initiation and titration
(phase 1: weeks 0–24), maintenance (phase 2: weeks 25–48),
and observation (phase 3: weeks 49–72) (Figure 1).

Survey data were available for the EQ-5D-3L Index and VR-
12 in 877 and 875 participants, respectively, at baseline;
748 and 759 at 24 weeks; 761 and 750 at 48 weeks; and
691 and 692 at 72 weeks. Participants with gout and serum urate
level >6.8 mg/dL were randomly assigned to allopurinol or
febuxostat. For those not taking allopurinol at enrollment, agents
were initiated at daily doses of 100 mg for allopurinol and 40 mg
for febuxostat with doses gradually escalated to achieve a serum
urate level <6.0 mg/dL (<5.0mg/dL if tophi were present) or until
the maximal allowable urate-lowering therapy dose was reached.
Participants taking allopurinol ≤300 mg daily before the trial
were eligible and continued taking their pretrial (blinded) allopuri-
nol dose if relevant and randomly assigned to that arm, with
dose titration delayed for those receiving 200 mg (starting at week
6) or 300 mg (starting at week 9). The dose titration schedule13

during phase 1 followed the 2012 ACR gout management
guidelines,14,15 with maximum daily doses of 800 mg of

SIGNIFICANCE & INNOVATIONS
• Despite being recommended in clinical practice

guidelines, the impact of treat-to-target urate-
lowering therapy on health-related quality of life
(HRQoL) in gout is poorly understood.

• Younger age, non-White race, tophi, higher serum
urate, and comorbidity were associated with poorer
HRQoL in trial participants with gout at enrollment.

• Treat-to-target urate-lowering therapy led to signifi-
cant improvements in HRQoL over 72 weeks, gains
that were evident as early as 24 weeks.

• The physical component score of the Veteran RAND
12-item and EuroQol 5-Dimension 3-Level domains
of pain and mobility demonstrated significant
improvements with treat-to-target urate-lowering
therapy.

• Participants with gout accompanied by fewer base-
line comorbidities and lower C-reactive protein
levels were most likely to demonstrate HRQoL
improvements with treat-to-target urate-lowering
therapy.
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allopurinol and 120 mg of febuxostat. The maximum allowable
daily febuxostat dose was reduced from 120 mg to 80 mg during
the study, in February 2019, at the request of the US Food and
Drug Administration following a modification of febuxostat label-
ing to include a black box warning detailing cardiovascular safety
concerns.16 All participants received guideline-directed anti-
inflammatory prophylaxis per 2012 ACR guidelines15 with colchi-
cine, naproxen 250 mg twice daily, or prednisone ≤10 mg daily
per investigator discretion that extended through the entirety of
phase 1. Additional prophylaxis was allowed during phase 2 with
discontinuation mandatory before the end of this phase (by the
end of week 48).

Adherence to urate-lowering therapy was assessed through-
out the trial using participant-maintained diaries. Adherence data
were available for 83% of participants, with compliance (defined
as taking the assigned study urate-lowering therapy ≥80% of
days) reported in 84.2%.17 The trial indicated that allopurinol
was noninferior to febuxostat in controlling flares, with similar
achievement of serum urate goals (80% overall achieved serum
urate goal) and no significant differences in serious adverse
events.13

HRQoL questionnaires. Two questionnaires, the VR-12
and EQ-5D-3L, were administered to STOP Gout participants at
baseline and at 24, 48, and 72 weeks. The VR-12 was developed
and modified from the original RAND version of the 12-Item
Health Survey version 1.0 (also known as the 12-item Short Form

[SF-12]).18–23 Similar to the SF-12, VR-12 results are reported in
two scores: a physical component score (PCS) and mental com-
ponent score (MCS), each standardized to the VA population
mean ± SD of 50 ± 10 with higher scores reflecting better HRQoL.
Derived from the VR-12, the Veterans RAND 6-Dimension
(VR-6D) survey is a single HRQoL utility index with a range of
0 to 1 with 0 representing death and 1 perfect health.24 Similarly,
the EQ-5D-3L includes five items, each with three possible
responses, addressing the HRQoL domains of mobility, self-care,
activity, pain, and mental health. The EQ-5D-3L with US-based
tariffs produces an overall index score with range 0 to 1 with
0 representing death and 1 representing perfect health. In con-
trast, higher scores in individual EQ-5D-3L domains (range 1–3)
reflect worse HRQoL. To facilitate data interpretation, individual
EQ-5D-3L domain scores were reversed such that higher scores
reported herein denote better HRQoL.

Analyses. Changes in VR-6D and EQ-5D-3L index scores
from baseline to 72 weeks among all participants (allopurinol and
febuxostat arms pooled) served as the co-primary endpoints for
this post hoc analysis. Descriptive statistics were used to com-
pare participant characteristics by urate-lowering therapy treat-
ment assignment (ie, allopurinol vs febuxostat) as previously
reported13 in addition to comparing characteristics of those com-
pleting the 72-week study and those dropping out at earlier time
points. In initial cross-sectional analyses, factors associated with
baseline HRQoL in participants with gout were assessed using

Figure 1. General structure and endpoints of the STOP Gout study with routine HRQoL assessments. During phase 1 (weeks 0–24), urate-
lowering therapy was titrated according to 2012 American College of Rheumatology guidelines. In phase 2 (weeks 25–48), the urate-lowering ther-
apy dose was adjusted as needed. In phase 3 (weeks 49–72), the urate-lowering therapy dose was stable, and participants were monitored for
flare. EQ-5D-3L, EuroQol 5-Dimension 3-Level; HRQoL, health-related quality of life; RDCI, Rheumatic Disease Comorbidity Index; SU, serum
urate; VR-12, Veterans RAND 12-item.
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univariable linear regression. All variables with P < 0.1 in univari-
able analyses were then included in a multivariable linear regres-
sion model. In these analyses, beta coefficients (β) and 95%
confidence intervals (CIs) were generated and multiplied by a
factor of 100 to facilitate interpretation. Variables examined
included demographics (age, sex, race, ethnicity, and urban/rural
residence), urate-lowering therapy assignment, gout duration,
presence of tophi, prior allopurinol receipt, high-sensitivity
C-reactive protein (hs-CRP) concentration (mg/L), serum urate
(mg/dL), presence of Stage 3 CKD, overall comorbidity burden
as assessed by the Rheumatic Disease Comorbidity Index
(RDCI),25 diuretic use, body mass index (kg/m2), and regular
alcohol use. The presence of component conditions making up
the RDCI were identified using diagnostic codes from linked
electronic health record data contained within the VA Corporate
Data Warehouse. Both race and ethnicity were self-reported by
participants in response to open-ended questions posed by study
personnel. Non-VA study participants with missing RDCI values
(n = 62) were excluded from this analysis in addition to the longitu-
dinal analyses detailed below, leaving 878 total participants.

Changes in the VR-6D survey, EQ-5D-3L index, and compo-
nent scores between baseline and 72-week values were exam-
ined using paired t-tests. Radar plots26 were used to graphically
demonstrate changes in individual EQ-5D-3L components. Par-
ticipants with missing HRQoL values from either of the two rele-
vant time points were excluded from analyses (Figure 1). Among
those with baseline EQ-5D-3L data (n = 877), 14.7% (n = 129)
were missing data from 24 weeks, 13.2% (n = 116) from
48 weeks, and 21.2% (n = 186) from 72 weeks. For those with
baseline VR-12 data (n = 875), 13.3% were missing data from
24 and 48 weeks (n = 116 for both) and 20.9% (n = 183) were
missing data from 72 weeks. To further explore whether partici-
pant attrition impacted changes in HRQoL observed over follow-
up, we performed an additional analysis restricted to individuals
with complete HRQoL data available at all study time points. A
standardized mean gain (SMG) was generated to quantify the
magnitude of change observed for each measure over follow-up
by calculating the mean change between baseline and a later
period divided by the SD at baseline. Values of 0.20 were indica-
tive of a small effect, 0.50 a medium effect, and >0.80 a large
effect.27 General estimating equations (GEEs) were used to
examine associations of participant factors with change in HRQoL
from baseline to 24, 48, and 72 weeks. In addition to the same
covariates as detailed above in cross-sectional analyses, addi-
tional variables examined in GEE models included baseline
HRQoL values, flare counts during the preceding study phase,
the achievement of serum urate goal in the previous phase as
determined by blood draws taken at the completion of the phase,
and anti-inflammatory prophylaxis use (colchicine vs other).

Ethical considerations. The STOP Gout study was
approved by the VA Central Institutional Review Board, and all

participants provided written informed consent before enrollment.
The STOP Gout Steering Committee provided approval for the
conduct of this post hoc analysis.

RESULTS

Characteristics of the 878 study participants included in the
analysis are summarized in Table 1. The cohort was primarily male
(98.9%), had self-reportedWhite race (67.4%), had a mean age of
62.4 years, had a mean serum urate of 8.53 mg/dL, and had a
mean disease duration of 10 years at enrollment. Approximately
one-third (37.8%) of participants had CKD Stage 3, and 16.6%
had tophi. Approximately one-third (37%) of participants had pre-
viously used allopurinol. Baseline HRQoL measures are shown in
Table 2. Overall, participants completing the study were similar
to those dropping out at earlier time points except that noncompl-
eters had a worse baseline EQ-5D-3L score (0.66 vs 0.71) and
were more likely to live in an urban area (Supplementary
Table S1).

Univariable associations of participant characteristics with
baseline/enrollment HRQoL are summarized in Supplementary
Table S2. In multivariable models, factors independently
associated with worse enrollment/baseline HRQoL included
younger age, Black/African American race (vs White), presence

Table 1. Baseline characteristics of study participants (N = 878)*

Baseline characteristics Data

Demographics
Age, mean (SD), y 62.4 (12.2)
Male, % 98.9
Race, %

White/Caucasian 67.4
Black/African American 22.2
Other 10.4

Hispanic ethnicity, % 5.0
Urban residence, % 73.3

Gout-related factors
Serum urate level, mean (SD), mg/dL 8.53 (1.37)
C-reactive protein, mean (SD), mg/L 8.98 (17.11)
Gout duration, mean (SD), y 10.0 (11.1)
Prior allopurinol use, % 37.0
Presence of tophi, % 16.6
Treatment assigned, %

Allopurinol 50.0
Febuxostat 50.0

Comorbidities
Chronic kidney disease, Stage 3, % 37.8
Diuretic use, % 43.5
RDCI 2.2 (1.57)
BMI (kg/m2), %

<25 (healthy) 5.3
25 ≤ BMI < 30 (overweight) 27.6
30 ≤ BMI < 35 (obese) 31.7
≥35 (morbidly obese) 35.4

Alcohol use, % 54.5

* “Other” race combines Asian, American Indian or Alaska Native,
Native Hawaiian or other Pacific Islander, and “none of the above.”
BMI, body mass index; RDCI, Rheumatic Disease Comorbidity Index.
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of tophi (EQ-5D-3L), higher baseline serum urate, and higher
RDCI score (Figure 2).

Mean ± SD HRQoL scores at baseline 24, 48, and 72 weeks
are shown in Table 2. The mean overall VR-6D score at enrollment
was 0.66 ± 0.12 with a baseline PCS of 36.8 ± 10.9 and an MCS
of 51.3 ± 11.5. There were improvements in both the VR-6D and
PCS by 24 weeks, which were sustained and significant at
72 weeks of follow-up (SMG 0.30 and 0.33 vs baseline, respec-
tively, P < 0.001 for both). There were no significant changes in
VR-12 MCS observed. Similar improvements in the EQ-5D-3L
index score were observed, albeit of slightly lower magnitude
(SMG 0.12, P < 0.001 at 72 weeks). Of the EQ-5D-3L dimensions
assessed, only mobility (SMG 0.18) and pain (SMG 0.25)

demonstrated evidence of improvement at 72 weeks (P < 0.001
for both) (Figure 3). There were no differences in the dimensions
of self-care, activities, or mood at 72 weeks. In an additional anal-
ysis limited to participants with available HRQoL data from all
study time points, changes in HRQoL over follow-up were nearly
identical to those from our primary analysis that included data
from all available individuals at each time point (Supplementary
Table S3).

Results from GEE models examining factors associated
with VR-6D and EQ-5D-3L changes at 24, 48, and 72 weeks
from baseline are shown in Table 3. Improvements in both
VR-6D and EQ-5D-3L index scores were associated with lower
baseline hs-CRP (β −0.59 [95% CI −1.12 to −0.06] and

Table 2. VR-12 (derived VR-6D) and EQ-5D-3L scores in participants receiving treat-to-target urate-lowering ther-
apy at baseline, 24, 48, and 72 weeks*

Initial 24 weeks 48 weeks 72 weeks

Overall HRQoL measures
VR-6D, mean (SD) 0.66 (0.12) 0.70 (0.12) 0.70 (0.12) 0.70 (0.12)
Change from initial, mean (SD) – 0.04 (0.10) 0.03 (0.10) 0.04 (0.10)
P value – <0.001 <0.001 <0.001
Effect size, SMG – 0.31 0.28 0.30
n 875 759 750 692

EQ-5D-3L index, mean (SD) 0.70 (0.22) 0.75 (0.21) 0.75 (0.22) 0.74 (0.22)
Change from initial, mean (SD) – 0.05 (0.18) 0.04 (0.19) 0.03 (0.19)
P value – <0.001 <0.001 <0.001
Effect size, SMG – 0.22 0.18 0.12
n 877 748 761 692

VR-12 component scores
VR-12 Physical (PCS), mean (SD) 36.8 (10.9) 40.7 (11.5) 40.6 (11.5) 40.9 (11.5)
Change from initial, mean (SD) – 3.9 (9.8) 3.6 (9.9) 3.7 (10.4)
P value – <0.001 <0.001 <0.001
Effect size, SMG – 0.35 0.32 0.33

VR-12 Mental (MCS), mean (SD) 51.3 (11.5) 51.9 (11.0) 52.1 (10.7) 52.0 (10.8)
Change from initial, mean (SD) – 0.4 (9.7) 0.4 (10.3) 0.4 (10.7)
P value – 0.28 0.35 0.38
Effect size, SMG – 0.03 0.03 0.03

EQ-5D-3L dimension scores
Mobility, mean (SD) 2.45 (0.50) 2.58 (0.50) 2.57 (0.50) 2.54 (0.51)
Change from initial, mean (SD) – 0.13 (0.53) 0.12 (0.53) 0.09 (0.52)
P value – <0.001 <0.001 <0.001
Effect size, SMG – 0.26 0.24 0.18

Self-care, mean (SD) 2.87 (0.34) 2.88 (0.34) 2.87 (0.35) 2.86 (0.38)
Change from initial, mean (SD) – 0.00 (0.35) −0.01 (0.34) −0.02 (0.36)
P value – 0.75 0.52 0.10
Effect size, SMG – 0.01 −0.02 −0.07

Daily activities, mean (SD) 2.55 (0.55) 2.64 (0.51) 2.61 (0.54) 2.59 (0.53)
Change from initial, mean (SD) – 0.08 (0.55) 0.06 (0.59) 0.04 (0.59)
P value – <0.001 0.009 0.30
Effect size, SMG – 0.15 0.10 0.04

Pain, mean (SD) 2.19 (0.58) 2.39 (0.58) 2.37 (0.58) 2.36 (0.58)
Change from initial, mean (SD) – 0.18 (0.64) 0.16 (0.63) 0.14 (0.62)
P value – <0.001 <0.001 <0.001
Effect size, SMG – 0.32 0.28 0.25

Mood, mean (SD) 2.67 (0.53) 2.68 (0.51) 2.68 (0.52) 2.64 (0.52)
Change from initial, mean (SD) – −0.02 (0.48) −0.02 (0.49) −0.03 (0.49)
P value – 0.33 0.21 0.06
Effect size, SMG – −0.03 −0.04 −0.07

* All changes are calculated using only patients who had measurements at both points. EQ-5D-3L, EuroQol
5-Dimension 3-Level; HRQoL, health-related quality of life; MCS,mental component score; PCS, physical component
score; SMG, standard mean gain; VR-6D, Veterans RAND 6-Dimension; VR-12, Veterans RAND 12-item.
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−1.20 [95% CI −2.29 to −0.11], respectively, per 10 g/L) and
lower comorbidity burden as assessed by the RDCI (β −1.26
[95% CI −1.67 to −0.85] and −1.77 [95% CI −2.49 to −1.06],
respectively). Consistent with similar outcomes noted in the
parent trial,13 there was no difference in HRQoL based
on whether participants were randomized to allopurinol or
febuxostat. Contrary to our a priori hypothesis, serum urate
goal achievement at the end of the previous phase (observed
in 83% at 24 weeks and 78% at 48 weeks) was not signifi-
cantly associated with changes in HRQoL (Table 3). Although
not achieving statistical significance, there were trends sug-
gesting that those experiencing more frequent flares (at least
two vs none; observed in 24% in phase 1 and 16% in phase 2)
during the prior study phase were less likely to experience
improvements in VR-6D (β −1.20; 95% CI −3.09 to 0.70) or
EQ-5D-3L (β −0.86; 95% CI −1.86 to 0.13).

DISCUSSION

In this post hoc analysis using data from the STOP Gout
trial,13 participants receiving treat-to-target urate-lowering ther-
apy demonstrated significant improvements in HRQoL over
the 72-week study period. Improvements observed in both the
VR-6D and EQ-5D-3L index scores were evident as early as
24 weeks and corresponded to small-to-moderate effect sizes.
These improvements in HRQoL were driven largely by gains in
the PCS of the VR-12 as well as in the pain and mobility com-
ponents of the EQ-5D-3L. Although representing only small-
to-moderate effects, changes observed in the VR-12 PCS
approach or surpass the minimal important difference in this
measure estimated for other musculoskeletal conditions.28–30

These findings provide further support for treat-to-target urate-
lowering therapy in gout management. In contrast, treat-
to-target urate-lowering therapy was not accompanied by
meaningful improvements in the MCS of the VR-12 or other
HRQoL domains of the EQ-5D-3L (daily activities, mood, and
self-care).

Results of this analysis complement and expand on those
from other reports examining the impact of treat-to-target urate-
lowering therapy on HRQoL.10–12 A nurse-led trial in the
United Kingdom showed improvements in HRQoL among partic-
ipants with gout randomized to receive treat-to-target urate-
lowering therapy,12 improvements that were evident as early as
1 year following treatment initiation. In contrast, a parallel group
of participants receiving only “usual gout care” demonstrated no

meaningful changes in HRQoL over the same follow-up period.
As in our analysis, improvements gained with treat-to-target
urate-lowering therapy in the UK study were similar in magni-
tude and limited to the PCS (SMG 0.38) and did not extend to
the MCS (measured in the UK study using the more compre-
hensive 36-item Short Form [SF-36] instrument). The earlier
6-month assessment available from the STOP Gout study sug-
gests that gains in HRQoL are made sooner in the course of
treat-to-target urate-lowering therapy than 1 year. The potential
for earlier benefit in HRQoL is further supported by findings from
the NOR-Gout trial, in which improvements in work participation
and activity were evident within 3 months of treat-to-target
urate-lowering therapy initiation.10 Sustained benefit, observed
in both the STOP Gout and NOR-Gout studies over 72 weeks
and 2 years of follow-up, respectively, indicates that HRQoL
improvements derived from treat-to-target urate-lowering ther-
apy are likely independent of anti-inflammatory prophylaxis
used earlier in treatment. Taken together, the results of these
studies support both early and sustained benefit from treat-
to-target urate-lowering therapy on HRQoL using first-line ther-
apy (allopurinol or febuxostat) and the importance of treat-
to-target urate-lowering therapy in improving patient-centered
outcomes in gout.

In addition to demonstrating benefits accompanying treat-
to-target urate-lowering therapy administration, data from the
STOP Gout trial also provided an opportunity to identify factors
associated with baseline HRQoL in participants with gout before
initiating treat-to-target urate-lowering therapy as well as charac-
teristics associated with improvements gained with best-practice
management. In this post hoc analysis, factors independently
associated with worse HRQoL in participants at the time of trial
enrollment included younger age, Black/African American race
(vs White), presence of tophi, higher baseline serum urate, and a
higher comorbidity burden. These results align with those from
separate investigations demonstrating associations of non-White
race, gout severity, and gout-related comorbidities with reduc-
tions in HRQoL.2,4,31–36 Previously, results from the STOP Gout
study also showed that younger participants and those self-
reporting non-White race were also less likely to achieve serum
urate goals17 whereas younger patients were more likely to expe-
rience arthritis flares complicating the course of treat-to-target
urate-lowering therapy.37 Alternatively, a younger age of gout
onset has been proposed as an indicator of a more severe dis-
ease phenotype. In addition to being more recalcitrant to urate-
lowering therapy, earlier-onset gout has been associated with

Figure 2. Multivariable linear regression of participant factors associated with baseline HRQoL in STOP Gout participants before initiating treat-
to-target urate-lowering therapy. Beta coefficients and 95% confidence interval shown for (A) EQ-5D-3L Index and (B) VR-6D. Only factors with
P value <0.1 in univariable analysis were included. EQ-5D-3L Index and VR-6D scores were multiplied by 100. Negative scores are associated with
worse baseline HRQoL. “Other” race combines Asian, American Indian or Alaska Native, Native Hawaiian or other Pacific Islander, and “none of
the above.” BMI, body mass index; CKD, chronic kidney disease; CRP, C-reactive protein; EQ-5D-3L, EuroQol 5-Dimension 3-Level; HRQoL,
health-related quality of life; RDCI, Rheumatic Disease Comorbidity Index; SU, serum urate; VR-12, Veterans RAND 12-item.
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higher pretreatment serum urate level and a greater flare
burden.38 Associations of younger age with worse outcomes in
gout contrasts with observations from the general population
wherein HRQoL generally decreases with advancing age.39

Although the reasons underpinning these different results across
populations remain unknown, one possibility is that age-related
differences in genetic factors influencing both disease susceptibil-
ity and outcome, drug metabolism, or changes in xanthine oxi-
dase expression render younger patients less likely to benefit
from treatment.

Beyond ascertaining gout-related determinants of HRQoL at
enrollment, the availability of longitudinal trial data enabled the
identification of factors associated with HRQoL improvements
accompanying highly effective urate-lowering therapy. To date,
there has been minimal evaluation of the factors associated with
change in HRQoL produced within a treat-to-target framework.
The results of the GEE models showed that improvements in
HRQoL, whether measured by the VR-6D or EQ-5D-3L, were
associated with a lower baseline comorbidity burden (lower RDCI
score) and lower baseline levels of systemic inflammation as
assessed by hs-CRP. The associations of comorbidity noted
herein parallel findings from the NOR-Gout trial, demonstrating
that fewer comorbidities were associated with greater improve-
ments in work participation in the wake of treat-to-target gout
management.10 The reduced treatment response apparent
among those with greater comorbidity may simply reflect QoL
deficits that are independent of gout and the gout management
strategies deployed.

In contrast to our a priori hypotheses, we did not detect
associations of gout flares or serum urate goal achievement
with HRQoL change. Although this study afforded a large sam-
ple size of participants receiving treat-to-target urate-lowering
therapy, we had limited study power to address these post
hoc questions, particularly as approximately 80% achieved the
serum urate goal during the parent trial and >90% achieved
serum urate concentrations <6.8 mg/dL.13 Moreover, we were
unable to assess flare severity in this analysis (eg, number of
joints involved or pain intensity), which could be more closely
related to changes in HRQoL than simple flare occurrence or
count. Consistent with the noninferiority of allopurinol to febuxo-
stat for the primary and secondary outcomes of flare reduction
and serum urate goal achievement previously reported,13

urate-lowering therapy assignment did not meaningfully impact
HRQoL change.

Figure 3. Legend on next page.

Figure 3. Radar plots depicting change in the five dimensions
(mobility, self-care, daily activities, pain, and mood) of the EuroQol
5-Dimension 3-Level from baseline to (A) 24 weeks, (B) 48 weeks,
and (C) 72 weeks. Data were available for 877 participants at base-
line, 748 at 24 weeks, 761 at 48 weeks, and 692 at 72 weeks.
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There are limitations to this study. Although the US veteran
population examined in this analysis demonstrates similar charac-
teristics as those reported in other gout trials,40–42 the results
herein may not be universally generalizable. This issue might be
most relevant among women, who made up <2% of STOP Gout
participants.13 Given similar findings of efficacy in the parent trial
by treatment assignment, data from the original allopurinol and
febuxostat arms were pooled for these analyses and all partici-
pants were administered urate-lowering therapy following a
treat-to-target protocol. In the absence of an untreated or “usual
care” comparator population, it is possible that improvements
observed in HRQoL observed could attribute to other compo-
nents of trial participation beyond urate-lowering therapy.
Although the STOP Gout trial served as the source of data for this

analysis, the post hoc study reported herein does not benefit from
the initial randomization and has many of the limitations inherent
to an observational study, including the possibility of participation
bias or changes observed in HRQoL representing “regression to
the mean.”43 Although impacting only a limited proportion of par-
ticipants, it is also possible that study attrition could have biased
findings from this analysis because individuals experiencing fewer
benefits from the urate-lowering therapy intervention, including
HRQoL improvements, may have also been more likely to have
withdrawn from the study. This possibility is highlighted by differ-
ences observed in baseline EQ-5D-3L scores and residence of
participants completing the study through 72 weeks and those
dropping out. However, an analysis of participants with HRQoL
data available at all time points closely mirrored that of the overall

Table 3. General estimating equation models examining factors associated with EQ-5D-3L and VR-12 changes at
24, 48, and 72 weeks versus baseline*

EQ-5D-3L index VR-6D

β (95% CI) P value Β (95% CI) P value

EQ-5D index baseline −0.43 (−0.49 to −0.38) <0.001 – –

VR-12 baseline – – −0.37 (−0.42 to −0.31) <0.001
Demographics
Age per 10 y −0.41 (−1.48 to 0.65) 0.45 0.09 (−0.49 to 0.66) 0.77
Male sex −0.28 (−5.95 to 5.39) 0.92 1.50 (−1.85 to 4.86) 0.38
Race
White Ref Ref. Ref Ref.
Black/African American −0.54 (−3.37 to 2.28) 0.71 0.33 (−1.36, 2.02) 0.70
Other 0.64 (−3.65 to 4.94) 0.77 0.80 (−1.71 to 3.31) 0.53

Hispanic ethnicity 1.62 (−2.94 to 6.19) 0.49 −0.28 (−2.96 to 2.40) 0.84
Urban residence −1.87 (−4.12 to 0.39) 0.10 −0.91 (−2.28 to 0.45) 0.19

Gout-related factors
Gout duration, per 10 y −0.65 (−1.80 to 0.50) 0.27 −0.51 (−1.12 to 0.11) 0.11
Tophi present 1.88 (−0.92 to 4.67) 0.19 1.40 (−0.24 to 3.03) 0.09
Prior allopurinol use −1.08 (−3.21 to 1.06) 0.32 0.07 (−1.21 to 1.34) 0.92
Baseline serum urate per 1 mg/dL −0.59 (−1.36, 0.18) 0.13 0.07 (−0.37 to 0.50) 0.77
Treatment assigned
Allopurinol Ref Ref. Ref Ref.
Febuxostat 0.59 (−1.42 to 2.59) 0.57 0.17 (−1.01 to 1.36) 0.77

Prophylaxis with colchicine −1.58 (−4.97 to 1.81) 0.36 −0.89 (−2.83 to 1.05) 0.37
Flares in preceding phase
0 flares Ref Ref. Ref Ref.
1 flare −0.33 (−2.13 to 1.47) 0.72 0.16 (−0.75 to 1.08) 0.73
≥2 flares −1.20 (−3.09 to 0.70) 0.22 −0.86 (−1.86 to 0.13) 0.09

Serum urate level at goal (end of prior
phase)

0.52 (−1.35 to 2.38) 0.59 0.44 (−0.62 to 1.51) 0.41

Baseline hs-CRP per 10 mg/L −1.20 (−2.29 to −0.11) 0.03 −0.59 (−1.12 to 0.06) 0.03
Comorbidities
CKD Stage 3 (vs stage 1/2) 0.30 (−2.01 to 2.60) 0.80 0.23 (−1.09 to 1.54) 0.74
RDCI −1.77 (−2.49 to −1.06) <0.001 −1.26 (−1.67 to −0.85) <0.001
BMI (kg/m2)
<25 (healthy) Ref Ref. Ref Ref.
25–30 (overweight) 0.15 (−3.48 to 3.79) 0.94 0.17 (−2.35 to 2.70) 0.89
30–35 (obese) −0.33 (−4.06 to 3.40) 0.86 0.82 (−1.75 to 3.39) 0.53
>35 (morbid obesity) −2.43 (−6.24 to 1.37) 0.21 −0.55 (−3.16 to 2.05) 0.68

Alcohol use −1.22 (−3.27 to 0.83) 0.24 −0.81 (−2.03 to 0.40) 0.19

* “Other” race combines Asian, American Indian or Alaska Native, Native Hawaiian or other Pacific Islander, and
“none of the above.” BMI, bodymass index; CI, confidence interval; CKD, chronic kidney disease; EQ-5D-3L, EuroQol
5-Dimension 3-Level; hs-CRP, high-sensitivity C-reactive protein; RDCI, Rheumatic Disease Comorbidity Index; Ref,
reference; VR-6D, Veterans RAND 6-Dimension;VR-12, Veterans RAND 12-item.
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study population, suggesting that attrition had minimal impact on
these results.

In contrast to more comprehensive assessments used in
other gout studies such as the SF-36,11,12 the VR-12 and EQ-
5D-3L instruments are brief, both requiring one-third of the time
or less to complete. Although these generic health surveys may
provide for greater study efficiency, the lower number of options
for each item can result in a ceiling effect, defined as the inability
of a questionnaire to capture increases in the measured attri-
bute if participants already score at or near the maximum
value.39 Given the generic nature of the questionnaires used, it
is possible that the use of a gout-specific instrument such as
the Gout Impact Scale could have shown greater gains in
HRQoL accompanying treat-to-target management.44 How-
ever, we would anticipate that the generic nature of the ques-
tionnaires and any ceiling effect would both bias results
toward the null, suggesting that our findings represent conser-
vative estimates of HRQoL changes attending treat-to-target
urate-lowering therapy.

In conclusion, by leveraging data available from a large
comparative trial of allopurinol and febuxostat, this analysis
demonstrates that treat-to-target urate-lowering therapy is
accompanied by significant improvements in HRQoL. These
improvements are most prominent in the domains of physical
function, pain, and mobility; are evident relatively early in the
course of treat-to-target therapy; and are sustained over longer
periods of follow-up. Moreover, gout subgroups characterized
by lower comorbidity burden and lower levels of systemic inflam-
mation appear to experience the greatest improvements in
HRQoL with treat-to-target urate-lowering therapy.
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R E V I EW A R T I C L E

A Scoping Review on Artificial Intelligence–Supported
Interventions for Nonpharmacologic Management of
Chronic Rheumatic Diseases

Nirali Shah,1 Alexis Castellanos,1 Yen Chen,1 John Piette,1 Amy Bucher,2 and Susan Murphy1

This review summarizes artificial intelligence (AI)-supported nonpharmacological interventions for adults with
chronic rheumatic diseases, detailing their components, purpose, and current evidence base. We searched Embase,
PubMed, Cochrane, and Scopus databases for studies describing AI-supported interventions for adults with chronic
rheumatic diseases. Eligible interventions targeted clinical outcomes (pain, function, disability, fatigue), psychological
measures (depression, anxiety), or behavioral outcomes (physical activity, nutrition). All publication types (journal arti-
cles, conference abstracts, protocols) published in the English language until January 19, 2025, were considered,
and interventions of any duration, frequency, country of origin, or setting (inpatient, outpatient, community, home set-
ting) were included. Two reviewers independently screened studies, and one extracted data on study characteristics,
intervention components, AI methodologies, and outcomes. Fifteen AI-supported interventions were identified, primar-
ily targeting osteoarthritis (73%) and focusing on education and exercise advice (67%). The most common AI tool was
rule-based expert systems (40%), followed by natural language processing systems (33%) and machine learning algo-
rithms (27%). The interventions ranged from 3 weeks to 12 months, whereas sample sizes ranged from 7 to 427 partic-
ipants, reflecting huge variability across studies. Most interventions demonstrated high usability, engagement, and
adherence. Improvements in exercise compliance, physical activity, and symptoms, such as pain and physical func-
tion, were reported, though effects varied across studies and were sometimes not sustained long term. AI-supported
interventions show promise in promoting education, exercise, and behavioral guidance for adults with chronic rheu-
matic diseases. There is evidence for high usability and engagement, but the clinical impact on long-term symptom
management is uncertain.

Introduction

Rheumatic diseases, including osteoarthritis (OA), rheuma-

toid arthritis (RA), gout, systemic sclerosis (SSc), and systemic

lupus erythematosus (SLE), are inflammatory, autoimmune,

and multifactorial conditions that impose significant burdens

on individuals, society, and health systems.1–5 These diseases

often lead to persistent pain, inflammation, and functional

impairments in bones, muscles, and soft tissues, with some

also affecting internal organs, such as the heart, lungs, or kid-

neys.6 Rheumatic diseases frequently restrict mobility and daily

activities and contribute to psychological distress, social isola-

tion, and reduced quality of life.7,8 Moreover, autoimmune

rheumatic diseases, such as SSc and SLE, present with heter-

ogenous and unpredictable clinical manifestation and often

require a multidisciplinary and tailored approach to care.9,10

Although pharmacological treatments can alleviate symptoms

and slow disease progression, their long-term effectiveness

varies, and many patients require additional nonpharmacologi-

cal support for symptom management.11,12 Nonpharmacologi-

cal treatments, including behavioral and self-management

interventions for improving physical activity, muscle strength,

nutrition, sleep, and psychological beliefs, play a crucial role in

management of rheumatic diseases by targeting symptom

relief, functional improvement, and overall well-being.13–16

1Nirali Shah, PhD, PT, Alexis Castellanos, MS, Yen T. Chen, PhD, John
D. Piette, PhD, MPH, Susan L. Murphy, ScD, OTR, FAOTA: University of Michi-
gan, Ann Arbor; 2Amy Bucher, PhD: Lirio, Inc, Behavioral Reinforcement
Learning Lab, Knoxville, Tennessee.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/acr.25612).

Author disclosures are available at https://onlinelibrary.wiley.com/doi/10.
1002/acr.25612.

Address correspondence via email to Nirali Shah, PhD, PT, at
niralish@med.umich.edu.

Submitted for publication February 13, 2025; accepted in revised form
July 3, 2025.

270

Arthritis Care & Research
Vol. 78, No. 2, February 2026, pp 270–281
DOI 10.1002/acr.25612
© 2025 The Author(s). Arthritis Care & Research published by Wiley Periodicals LLC on behalf of American College of Rheumatology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0001-8926-5889
https://orcid.org/0000-0001-7723-6431
https://orcid.org/0000-0001-7924-0012
https://doi.org/10.1002/acr.25612
https://doi.org/10.1002/acr.25612
https://onlinelibrary.wiley.com/doi/10.1002/acr.25612
https://onlinelibrary.wiley.com/doi/10.1002/acr.25612
mailto:niralish@med.umich.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/


However, these interventions are often resource intensive and
require repeated visits with trained specialists, thus limiting
long-term adherence and accessibility.17 As the global preva-
lence of rheumatic diseases continues to rise,18 there is an
increasing need for sustainable, scalable, and cost-effective
approaches to personalized nonpharmacological management
of rheumatic diseases.

Artificial intelligence (AI) refers to a broad set of technologies
that simulate human learning, comprehension, problem-solving,
decision-making, and creativity.19 With advancements in AI
technologies, researchers have increasingly explored its appli-
cations for nonpharmacological management of chronic condi-
tions, including rheumatic diseases.20–23 These AI-supported
interventions use different approaches, ranging from expert sys-
tems that use predefined rules to provide treatment recommen-
dations to more adaptive machine learning algorithms that learn
patterns from large datasets to provide more personalized treat-
ment recommendations.24,25 Some interventions leverage
subtypes of machine learning, such as deep learning and rein-
forcement learning, which allows continuous adjustment of
treatment recommendations based on objective data or real-
time patient feedback.26,27 Finally, AI tools that enable under-
standing, interpretation, and generation of human language,
such as large language models and natural language processing
(NLP), have been used to provide human-like health coaching
experience to patients to help them manage their behavioral
goals.28 Together, these studies show the potential of AI tools
to improve efficiency, accessibility, and personalization of non-
pharmacological management approaches for chronic rheu-
matic diseases.

The rise of AI marks a transformative moment that has the
potential to shape human interaction and power structures.29

This raises important questions about its added value and
thoughtful integration within existing health care systems for
rheumatic disease management. However, the novelty and
interdisciplinary nature of AI-supported interventions make it
challenging for clinicians and researchers to navigate this
emerging field.30 A comprehensive understanding of existing
applications of AI and evidence gaps is needed to inform
future research and clinical translation.31 Although prior
reviews on the application of AI for management of chronic
rheumatic diseases focused on improving diagnosis, progno-
sis, and disease phenotyping,32–34 a review specifically
focused on nonpharmacological management of chronic
rheumatic diseases is lacking in the literature. Addressing this
gap will improve our understanding of AI’s potential for
nonpharmacological management, identify areas for further
exploration, and guide the development of effective and inno-
vative AI-supported interventions for managing rheumatic dis-
eases. Therefore, this scoping review summarizes the
evidence on AI-supported nonpharmacological interventions
for individuals with chronic rheumatic diseases.

Methods

Search strategy and terms. The protocol for this review
was registered a priori on the Open Science Framework (osf.io/
8b6cw). We used the Arksey and O’Malley framework to guide
our research approach.35 Adhering to the process outlined in
the framework, we conducted this review by first defining the
research question, identifying relevant studies, charting data,
and collating and summarizing studies to get an understanding
of the current evidence.35,36 We have reported this review
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for Scoping Reviews
(PRISMA-ScR) guidelines (Figure 1, Supplementary Material 1).37

We consulted with the library informationist at the University
of Michigan to develop our search strategy and terms. We
searched for studies published until January 19, 2025, using the
Embase, PubMed, Cochrane, and Scopus databases. These
databases were selected because they cover relevant studies in
the field of digital health, rehabilitation, and self-management.
The search terms included predefined keywords and medical
subject heading terms related to digital health, AI, interventions,
symptom management, behavior change, and chronic rheumatic
diseases. These search terms were developed to answer our
overarching research question, “What is the evidence supporting
the use of AI for nonpharmacological management, that is, inter-
ventions designed to improve symptoms and change behavior,
for people with chronic rheumatic diseases?” We included all
publication types (conference abstracts, journal articles, and
research protocols) to ensure a comprehensive coverage of litera-
ture. Additionally, reference lists of relevant articles were exam-
ined for any studies potentially meeting the inclusion criteria. A
detailed description of our search strategy and terms for all data-
bases are provided in Supplementary Material 2.

Inclusion and exclusion criteria. We applied the popu-
lation, intervention, comparator, outcome (PICO) framework to
define our search criteria.38 For population, we included adults
with chronic rheumatic diseases, as defined by the National Insti-
tute of Arthritis and Musculoskeletal and Skin Diseases.6 These
conditions include ankylosing spondylitis, autoimmune rheumatic
diseases, gout, polymyalgia rheumatica, giant cell arteritis, SSc,
Sjögren disease, SLE, and various forms of arthritis such as OA,
RA, psoriatic arthritis, reactive arthritis, as well as indiviudals who
have undergone total hip and knee replacements. For interven-
tion, we included digital health interventions that were designed
to improve clinical outcomes (pain, function, disability, fatigue),
psychological measures (depression, anxiety), or behavioral out-
comes (physical activity, nutrition, adherence to treatment). Inter-
ventions conducted in any setting (inpatient, outpatient,
community, home) and of any duration or frequency were eligible
for inclusion. Although studies from any country of origin were eli-
gible for inclusion, only articles published in English were
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considered. For comparator, we included studies of all designs,
including single-arm studies and randomized controlled trials with
or without a comparison group. Finally, for outcome, we included
studies that examined usability, symptom management, or
behavior change. The detailed eligibility criteria are outlined in
Table 1.

Article selection. All articles identified through the search
were uploaded on the Covidence Review Software.39 The article
selection and screening was conducted by two reviewers
(NS and YTC) in two phases. In the first phase, the reviewers inde-
pendently screened all titles and abstracts of the articles to

determine eligibility of studies based on predefined inclusion and
exclusion criteria. Any disagreements between the reviewers
during this stage were resolved through discussion, and any mis-
understandings regarding the inclusion criteria were clarified to
ensure consistent application throughout the remainder of the
evaluation process. In the second phase, the full text of
the included articles was reviewed to ensure that they met the
inclusion criteria. During this phase, interventions were assessed
to confirm that they incorporated an AI component. Interventions
were considered AI-supported if they provided recommendations
or monitored participants through decision-making, recognizing
patterns, or adapting based on new information.19 This included

Figure 1. PRISMA-ScR flow diagram of identification, screening, and selection of review articles. AI, artificial intelligence; PRISMA-ScR, Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses for Scoping Reviews.
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expert systems, which use structured rule-based reasoning and
large databases to analyze information and generate recommen-
dations based on predefined logic in a manner intended to repli-
cate aspects of clinical reasoning.40 Additionally, interventions
with a machine-learning or NLP component that learned from
objective data or participant feedback to provide contextual rec-
ommendations were included.41,42 In contrast, interventions that
incorporated static automation, such as if/then rules without any
reasoning, decision-making, or adaptation,43 were excluded from
this review.

Data extraction. Data extraction was performed indepen-
dently by one reviewer (NS) using a structured, prespecified
Microsoft Excel spreadsheet, which was developed based on
the objectives of the review.36 Extracted information included
study characteristics, patient population details, intervention
components, and study outcomes. For study characteristics, we
recorded author details, year of publication, country where the
research was conducted, type of publication (eg, journal article,
conference abstract), and study design (eg, randomized con-
trolled trial, pilot study). For patient population, we included the
type of chronic rheumatic disease targeted, sample size, and
demographic characteristics, such as age, sex, and ethnicity.
For intervention components, we included the primary purpose
of the intervention, the AI tool used, the delivery medium of inter-
vention (eg, mobile app, web), intervention duration and fre-
quency, and details on the comparison group if applicable.
Finally, study outcomes related to usability, behavior, and symp-
toms were extracted.

Evidence synthesis. Following data extraction, interven-
tions were categorized based on their primary purpose. The

categories included education and exercise, gait retraining, clini-
cal decision support, remote patient monitoring, and pain man-
agement. Within these, interventions were further
subcategorized based on the AI approach used in the interven-
tion. The subcategories on AI approaches were developed in
consultation with a machine learning expert (AC) at the University
of Michigan. The expert provided guidance on how to distinguish
the AI categories and classify the interventions in the included
studies appropriately. The AI approaches included the following:
NLP systems, rule-based expert systems, recommender sys-
tems, and motion analysis systems. Interventions were classified
as NLP-based if they used AI to process, understand, and gener-
ate human language.42 Interventions were classified as expert
systems if they included a structured knowledge base (eg, a list
of predefined treatment options) and used AI to infer patient data,
apply reasoning, and provide treatment recommendations based
on if/then rules, similar to a human expert.40(pX) Interventions were
classified as recommender systems if they used AI to analyze
patient data and provide personalized treatment recommenda-
tions based on individual characteristics, preferences, or behav-
ioral data.44 Interventions were classified as motion analysis
systems if they used machine learning algorithms to identify pat-
terns from movement data to provide real-time feedback on exer-
cise movements.41 This included interventions that used
computer vision (eg, camera of smartphone) or data from wear-
able sensors (eg, inertial movement units) for motion analysis
and deep learning for pattern recognition in health data. The stud-
ies included in this review typically used multiple AI approaches to
deliver their intervention.

To synthesize data, we first descriptively summarized study
and participant characteristics (eg, country, condition targeted,
sample size, study design, AI method used, outcomes). Then,

Table 1. Inclusion and exclusion criteria for studies included in the review, outlined by the PICO framework*

PICO framework Inclusion criteria Exclusion criteria

Patient/study
population

Adults with chronic rheumatic diseases, as defined
by NIAMS. Based on this definition, the
conditions included in the review are ankylosing
spondylitis, arthritis, autoimmune diseases,
autoinflammatory diseases, gout, juvenile
idiopathic arthritis, OA, polymyalgia rheumatica
and giant cell arteritis, psoriatic arthritis, reactive
arthritis, RA, scleroderma, Sjögren disease, and
SLE.

Animal studies or studies in adults who are
healthy, pain free, or have acute injuries or
conditions

Intervention Digital health intervention, of any duration or
frequency, with an AI component, designed for
nonpharmacological management and
conducted in any setting (inpatient, outpatient,
community, and home setting) or country

Pharmacological or surgical treatment or digital
health intervention without an AI component

Comparator Any or none –

Outcome Any usability, clinical (pain, function, disability,
fatigue), psychological (depression, anxiety), or
behavioral (physical activity, nutrition) outcome

Outcomes related to prediction, diagnosis, or risk
factor analysis

* AI, artificial intelligence; NIAMS, National Institute of Arthritis and Musculoskeletal and Skin Diseases; OA, osteoarthritis; PICO, population,
intervention, comparator, outcome; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.
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we conducted a narrative synthesis, organizing findings under the
prespecified categories of intervention purpose and AI approach
to highlight trends, effectiveness, and evidence gaps across
studies.

Results

Search results. A total of 693 studies were identified
through the database search, with 670 studies remaining after
removal of duplicate entries. Following independent reviews by
two researchers, 38 studies were selected for full-text review. Of
these, 23 studies were excluded for not meeting the inclusion cri-
teria, the most common reason for exclusion (�70%, 16 of 23)
being that the automation in the interventions did not include an
AI component. A total of 15 studies were included in this review
(Figure 1).

Overview of included studies. Of the 15 included stud-
ies, a majority focused on individuals with OA (73%, 11 of 15),
including two specifically designed for individuals undergoing total
knee replacement.25,26,45–54 Other populations included individ-
uals with RA (n = 1), with autoimmune inflammatory rheumatic
diseases (AIIRDs; n = 1), and with SLE (n = 1) and postmeno-
pausal women with osteoporosis (n = 1).55–58 Of these, eight
studies reported the age of participants, which ranged from
48 to 67 years.25,26,45,48–50,56,57 The sample size of participants
varied significantly, ranging from 7 to 427 participants. Geograph-
ically, the studies were conducted across Europe (33%), the
United States (27%), Asia (33%) and Australia (7%). Most inter-
ventions were evaluated in randomized controlled trials (73%,
11 of 15), with the remaining being evaluated in development
and pilot trials (27%, 4 of 15). Interventions ranged from three
weeks to six months and were primarily delivered using mobile
apps (53%, 8 of 13).

Characteristics of interventions by purpose. The
AI-supported nonpharmacological interventions for adults with
chronic rheumatic diseases are described based on their
primary purpose. An overview of the interventions is provided in
Table 2, with outcomes and brief findings described in
Supplementary Material 3.

About 67% (10 of 13) of interventions included in this review
aimed to promote disease-related education and exercise for adults
with OA, RA, and osteoporosis.26,45,46,48,50–53,55,56 Of these, 50%
of the interventions incorporated NLP systems,46,51,53,56 followed
by rule-based expert systems (40%)26,45,48,50 and recom-
mender systems (10%).55 Among these, 40% of interventions
integrated motion analysis systems to provide real-time feed-
back on exercise movement along with the treatment
recommendations.26,46,51,52

AI approaches used for education and exercise. NLP
systems. Two of the five interventions that incorporated NLP sys-
tems used a third-party large language model, OpenAI’s
ChatGPT, to provide home exercise regimens for people with
knee OA and compared them with in-person physical ther-
apy.51,52 Along with exercises recommended by ChatGPT, par-
ticipants were given real-time feedback on their exercise
movements using either computer vision (camera system that
captures motion) or wearable sensors (inertial measurement
units).51,52 In contrast, Blasco et al developed a NLP-based con-
versational agent for people with knee OA undergoing total knee
replacement that provided daily automated messages with edu-
cation, exercise recommendations with video instructions, prog-
ress reports, and motivational messages.53 Feng et al developed
a multimodal intervention that incorporated computer vision to
capture and analyze exercise movement and a deep learning sys-
tem powered by a large language model to describe the exercise
movements, to ensure correct exercise form and adherence.46 In
another application of NLP systems, Scott et al used a digital
voice assistant, Amazon Alexa Echo, to broadcast education
and exercise, provided by an exercise physiologist.56

Among the five studies that used NLP-based systems for
education and exercise advice, only two studies reported results,
whereas the remaining were study protocols. Both studies found
improvements in exercise adherence.53,56 Blasco et al reported
a 15% higher compliance rate among individuals who used their
chatbot intervention compared to those receiving standard post-
operative care at 12 weeks.53 Similarly, Scott et al found high
adherence in participants using Alexa, who completed an average
of 68 out of 72 sessions.56 Although improvements in moderate–
vigorous physical activity (+17.9 ± 28.8 m/d) and sedentary
behavior (−40.2 ± 71.7 m/d) were observed in the Alexa group,
these changes were comparable to the control group receiving
monthly educational emails.56 Improvements in calcium intake
and medication adherence attitudes were also similar across
groups.56 However, participants in the Alexa group showed sig-
nificantly greater improvements in falls efficacy (P = 0.032) and
osteoporosis knowledge (P = 0.038) compared to controls.56

Rule-based expert systems. The interventions in this sub-
section included predefined education and exercise libraries and
used various factors to create tailored goals from the predefined
list. For example, dr. Bart by Pelle et al analyzed user data and
proposed three sets of preformulated goals from the intervention
library.59 The intervention continued to propose goals until three
goals were chosen by the user, and after one or more goals were
completed, a new set of goals were proposed.59 Kaia Health pro-
posed education, exercises, and relaxation techniques based on
user needs along with real-time feedback on exercises using the
front facing camera of a smartphone or tablet (computer vision).26

In contrast, Rak Kao by Thiengwittayaporn et al analyzed ques-
tionnaire data to assess disease stage and generated treatment
recommendations from a predefined list of treatment
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recommendations.50 Although the prior studies considered user
profile, needs, and disease-related information, Join2move by
Bossen et al used behavioral data and personal preferences to
create eight weekly tailored goals for the user.45 This included a
baseline physical activity test, user’s short-term goals, and their
favorite recreational activity from a list of predefined activities.45

Among the four studies that used rule-based expert systems
for education and exercise, findings showed high adherence
(defined as choosing at least one behavioral goal or completion
of modules or prescribed exercises)45,48,50 and exercise accuracy
(defined as ability to correctly perform exercises).50 Thiengwit-
tayaporn et al reported that participants using the Rak Kao app
completed 8 of 10 prescribed repetitions and showed improve-
ments in symptoms, satisfaction, and quality of life compared to
those who received handouts.50 However, there were no
between-group differences in range of motion or self-reported
symptoms, as measured by the Knee Injury and Osteoarthritis
Outcome Score (KOOS) and the Knee Society Score.50,60,61

The Join2move program by Bossen et al reported high initial
engagement (94% of participants started the program), but only
about half (46%) completed at least six of nine modules.45 Despite
this, the intervention group demonstrated greater self-reported
and objective physical activity at 12 months compared to a waitlist
control group.45 Also, there were significant improvements in
physical function and self-perceived benefit at 3 months, but they
were not sustained at 12 months.45 Similarly, Pelle et al reported
high app engagement but modest usability (System Usability
Scale [SUS]62 scores of 65.9 at three months and 64.5 at six
months) and a weak association between app use and symptom
outcomes.48 Bobrovsky et al evaluated the Kaia Hip and Knee
Pain app and observed clinically meaningful improvements in
self-reported symptoms (Western Ontario and McMaster Univer-
sities Osteoarthritis Index [WOMAC] scores)63 among the inter-
vention group compared to usual care; however, no significant
differences were observed in overall quality of life, health care
use, and number of lost workdays.26 Overall, although these
interventions demonstrated potential for improving adherence
and physical activity, their impact on long-term symptom man-
agement and usability was variable and often modest when com-
pared to waitlist or usual care control conditions.

Recommender systems. Studenic et al evaluated a multi-
modal AI-supported intervention Rheumabuddy, which provided
education and exercise advice, health coaching, peer support,
and health monitoring.55 The intervention used a recommender
system to analyze user data, including symptoms, mood, and
claims data to provide personalized treatment recommenda-
tions.55 Additionally, it used machine learning algorithms to group
users with similar symptoms and behavioral patterns, facilitating
peer support.55

The findings of the implementation study were not reported at
the time of this review. However, Rheumabuddy is currently used
bymore than 3,100 people with RA in 35 countries across Europe.55

AI for gait retraining. He et al developed a gait retraining
intervention for individuals with knee OA using pressure-based
auditory feedback.47 The intervention used a motion analysis sys-
tem that detected pressure on the insole of the shoe, transmitted
the data to a mobile app, and analyzed it using machine learning
algorithms.47 When lateral pressure on the insole exceeded pre-
set thresholds, the mobile app generated auditory cues and
instructed the user to alter their gait by shifting their weight medi-
ally while walking.47

The gait retraining intervention resulted in high adherence
and short-term improvements in gait and symptoms.47 Partici-
pants who received the pressure-based auditory feedback
showed significant reductions in knee adduction moment imme-
diately post intervention compared to those who received gait
monitoring without auditory feedback. Additionally, the interven-
tion group reported greater improvements in pain (measured by
visual analog scale [VAS])64 and self-reported symptoms on
KOOS61 when compared to controls.47 However, the between-
group differences in outcomes were not retained at three- and
six-week follow-ups, indicating that the effects of the intervention
may diminish over time without continued feedback.47

AI for clinical decision support. Two studies focused on
developing clinical decision support systems for individuals with
SLE and AIIRDs, respectively.57,58 Sanchez et al created the
SLE-T2T clinical decision support system, which used a rule-
based expert system to provide clinicians with treatment recom-
mendations for SLE.58 The recommendations were structured
using an if/then decision table derived from established guidelines
and considered factors such as disease activity (remission, mild,
or moderate) and medication use (antimalarials, immunosuppres-
sants, or glucocorticoids) in the decision-making process.58 This
system received a high usability score (SUS = 79 of 100) and
acceptance from health care professionals, with suggestions to
improve functionality for patients.58 Tan et al developed the
RheumConnect chatbot, which integrated NLP and rule-based
expert systems.57 This chatbot assessed user symptoms through
questionnaires, referred patients to appropriate physician or spe-
cialist care, facilitated appointment scheduling, and supported
medication refills.57 The chatbot was developed for multi-ethnic
populations and is currently used across hospitals in Singapore.57

AI for remote patient monitoring. Ramkumar et al
developed a remote patient monitoring mobile application for
people with knee OA undergoing total knee replacement.49 The
system included a motion analysis system that collected mobility
data from motion sensors in a neoprene knee sleeve and trans-
mitted it to the mobile app, which used machine learning algo-
rithms to analyze and record the user’s range of motion and
step count. Additionally, it collected data related to the symp-
toms, opioid use, and adherence to exercise.49
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This single-arm pilot study demonstrated feasibility of real-
time tracking and analysis of mobility data to support postopera-
tive recovery following total knee replacement.49 Along with high
engagement (inferred from continuous interrupted motion and
symptom data) and adherence (defined by exercise compliance),
participants reported significant improvements in step count
(mean = 4,654 steps/d), range of motion (mean knee flexion =
119�), and self-reported symptoms (mean KOOS improvement
= 39.3) at three months.49 Moreover, participants stopped opioid
use by postoperative day five.49 Although there was no compara-
tor group, the reported improvements were consistent with
expected recovery trajectories seen in standard clinical care.49

Pain management. Rini et al used rule-based expert sys-
tems to create a web-based pain coping skills training program,
PainCOACH.25 The program created eight weekly modules for
the user based on their pain experience and progress through
the program.25 Participants in this program were led though the
program through a virtual coach, who provided verbal instruc-
tions, feedback, and encouragement through each module.25

Participants in the PainCOACH group showed high engage-
ment, with 91% completing all eight web-based modules. Com-
pared to a waitlist control group, individuals in the intervention
group reported significant reduction in pain (Cohen’s d = 0.33)
and self-efficacy for pain management (Cohen’s d = 0.43) at post-
intervention.25 Effects on other outcomes, such as pain-related
interference, pain anxiety, and positive and negative affect, were
not statistically significant.

Discussion

This review summarizes the current application of AI in the
nonpharmacological management of chronic rheumatic diseases,
identifying 15 AI-supported interventions designed for OA, RA,
AIIRDs, SLE, and osteoporosis. Among these, the predominance
of interventions focused on OA highlights the need to expand AI
applications to rare rheumatic conditions, such as SSc, for which
health care providers are scarce and the disease heterogeneity
necessitates individualized care. Although most interventions
were patient facing, some systems used AI for clinical decision-
making or as digital diagnostic tools,57,58 suggesting opportuni-
ties for AI integration not only in patient self-management but also
in enhancing clinician workflow and treatment planning.

The majority of the interventions focused on disease educa-
tion and exercise advice, suggesting a potential gap in addressing
additional management needs, such as nutritional guidance and
psychological support.7,65 Although most studies demonstrated
high usability, engagement, and exercise adherence, symptom-
atic improvements were often modest and, in some patients,
comparable to control groups. The most commonly used AI
approach used was rule-based recommender systems, highlight-
ing an opportunity to diversify AI methodologies in rheumatology

with models like reinforcement learning, which could optimize
treatment personalization, or NLP-driven virtual health coaching
for emotional and behavioral support. Overall, although there is
clear potential for AI integration in nonpharmacological interven-
tions for rheumatic diseases, further research is needed to estab-
lish robust evidence of efficacy, assess long-term outcomes, and
expand AI applications beyond exercise and education-based
interventions.

The AI-supported interventions included in this review pri-
marily focused on education, exercise, and behavioral guidance
by providing personalized treatment recommendations, tailored
based on factors such as disease stage,50 clinical data (eg, symp-
toms and mood),55,59 and baseline physical activity and user pref-
erences.45 Several interventions used objective, sensor-based
data to track and correct movements or gait,26,46,49,51,52 adding
a layer of real-time monitoring to improve exercise accuracy and
tracking. Others used chatbots or digital voice assistants for edu-
cation, motivation, exercise, and to assess compliance to exer-
cise treatments.46,53,56 Across studies, high levels of
satisfaction, engagement, and exercise adherence were reported
across studies, reflecting the acceptability of these AI-supported
interventions among participants.

Although the studies in this review highlight the potential of
using AI for chronic rheumatic disease management, many stud-
ies were in the early stages of development and evidence genera-
tion. Moreover, although several studies reported clinically
meaningful improvements in self-reported symptoms, function,
and physical activity, these improvements were often
modest, and in some cases, not significantly different from
control groups (usual care, handouts, waitlist, or monthly edu-
cational emails).25,26,45,47–49,56,59 Notably, mobile-based self-
management interventions without an AI component have
demonstrated comparable levels of engagement and symptom
improvement in the literature.66,67 As no studies in this review
directly compared an AI-supported intervention with a non-AI dig-
ital intervention, it is unclear whether AI-supported approaches
offer significant advantages over non-AI interventions. As such,
further research is needed to evaluate the added value of AI com-
ponents and determine if they lead to meaningful clinical benefits
over traditional self-management interventions.

Other AI applications in the nonpharmacological manage-
ment of rheumatic diseases included a chatbot designed to assist
with referrals based on patient-reported symptoms,57 a
recommender system that identifies treatment plans through
patient-reported symptoms,68 and a web-based pain manage-
ment program using a traditional expert system approach.25

Although these interventions represent innovative advancements,
future AI-supported interventions should consider extending their
focus to additional aspects of disease management, such as
medication adherence, lifestyle modifications (eg, diet, sleep),
psychological support, and long-term symptom tracking, which
are essential components of comprehensive care for rheumatic
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diseases. Moreover, further research is needed to assess the
long-term clinical benefits and usability of such systems across
diverse patient populations.

Many studies included in this review lacked diversity in partic-
ipant populations, limiting generalizability across different demo-
graphic or cultural groups. Yet, AI may be well-suited to
tailoring for diverse populations. A notable example of culturally
tailored AI is the referral chatbot developed for Singapore’s
multi-ethnic Asian population.57 By adapting recommendations
based on nuanced cultural understanding, this chatbot aligns
more effectively with the diverse patient demographics in
Singapore, potentially offering more relatable and acceptable
responses in multi-ethnic settings. This highlights the value of
developing AI chatbots for disease management that incorporate
cultural and contextual nuances to enhance patient engagement
and improve health outcomes across various populations.
Another example of a multilingual AI-supported system is Rheu-
mabuddy, which provides behaviorally focused recommenda-
tions based on patients’ clinical data and integrates claims
information to offer personalized treatment options and peer sup-
port.55 This intervention also groups individuals with similar symp-
tom and behavior patterns, fostering community support, and is
currently available in eight languages across 35 countries in
Europe. These interventions demonstrate the potential of AI to
provide tailored, accessible support for patients across diverse
cultural and health care contexts. Thus, expanding AI applications
to encompass broader aspects of disease management while
customizing these systems for culturally diverse populations may
significantly enhance the relevance and effectiveness of AI-
supported interventions in rheumatic disease management.

A key limitation in the literature on AI-supported interventions
for rheumatic diseases is the lack of a consistent definition of what
constitutes AI. Although some researchers exclude expert sys-
tems from the definition,22 we included these systems to capture
a broader range of AI technologies used in interventions. This
inconsistency in terminology highlights the need for greater clarity
in defining AI across studies. Furthermore, many studies refer to
“artificial intelligence” or “machine learning algorithms” without
specifying the exact tools or frameworks used, which complicates
assessments of effectiveness and limits replicability. The reliance
on proprietary AI systems further restricts comparability and
reproducibility across studies. This challenge has been previously
noted in AI research,22 and it emphasizes the need for transpar-
ency in reporting the detailed descriptions of the AI models, data
inputs, and any customization used in interventions.

Many studies focus on feasibility or pilot outcomes without
clearly defining the expected impact or identifying pathways for
AI to improve patient care. Given that these interventions incorpo-
rated different factors to personalize advice and behavioral guid-
ance, it remains unclear which elements, such as disease
severity, user preferences, clinical data, or a combination of these,
are most effective in achieving sustained improvements in

adherence, physical function, and overall outcomes. Further-
more, interventions that used AI to group individuals with similar
symptoms and behavior suggest that social elements may play a
role in enhancing engagement and adherence.55 However, the
direct contribution of these social or behavioral components to
sustainable improvements in managing rheumatic diseases is
not established. Future studies should prioritize evaluating spe-
cific intervention characteristics that maximize efficacy, scalability,
and long-term sustainability for individuals with rheumatic dis-
eases in order to clarify how AI may enhance adherence, person-
alize treatment, or engage patients more effectively.

Finally, as AI tools evolve, sustained collaboration with AI
experts and the integration of ethical considerations, including
data privacy and accessibility, will be critical for developing robust
and equitable AI-supported interventions in rheumatology. This
may include research on patient preferences for the use of AI,
which can inform ethical design as well as promote improved
uptake of these technologies.

In conclusion, this review highlights the emerging role of AI in
nonpharmacological interventions for managing chronic rheu-
matic diseases, with promising applications in education and
exercise. Although AI-supported interventions show potential for
improving patient engagement, monitoring, and adherence,
much of the current research remains in early stages, with limited
long-term evidence on clinical effectiveness. Expanding AI appli-
cations to address broader aspects of rheumatic care, such as
psychological support, nutrition, sleep, and medication adher-
ence, along with clearer definitions and transparent reporting of
AI methodologies, will be essential for advancing this field. As AI
technology continues to evolve, future studies with diverse popu-
lations, rigorous evaluations, and interdisciplinary collaboration
will be critical to realizing the full potential of AI in rheumatic dis-
ease management.
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Lived and Care Experiences of Chronic Musculoskeletal
Shoulder Pain in Australian Adults: A Qualitative Study

Sonia Ranelli,1 Joanne E. Jordan,2 Ilana N. Ackerman,3 Alison Thorpe,4 Jennifer G. Persaud,5

Linda J. Woodhouse,6 Jason Chua,7 Ben Horgan,8 and Andrew M. Briggs9

Objective. Australian evidence on lived and care experiences of chronic musculoskeletal shoulder pain (CMSP),
irrespective of disorder classification or disease, is limited. However, such evidence is important for person-centered
care and informing local service pathways and care guidelines or standards. To address this gap, we explored the lived
experiences of adults with CMSP across domains of the International Classification of Function, Disability and Health
(ICF) framework, and their care experiences, preferences, and priorities for CMSP.

Methods. This was a qualitative study that applied a phenomenological approach. Purposive sampling was con-
ducted with adults experiencing CMSP. Individual semistructured interviews, informed by ICF domains, explored lived
and care experiences/preferences of the participants. Data were analyzed using an inductive approach, by objective.

Results. Twenty adults (50% female) with diverse CMSP conditions/diagnoses, clinical profiles, and age (21–78
years) participated. Five lived experience themes were identified: 1) impact on body functioning; 2) impact on sleep,
energy, and drive; 3) impact on mental well-being and evolving sense of self; 4) coping with CMSP; and 5) social sup-
port and participation. Four care experience themes were included: 1) care-seeking choices; 2) interactions with health
care professionals (HCPs); and 3) values and preferences for components of CMSP care.

Conclusion. Adults with CMSP experience impacts across life stages in multiple domains of functioning (ICF cate-
gories) relating to personal and social dimensions. Clinical encounters, particularly interactions with HCPs, influence an
individual’s confidence and engagement in their CMSP care. Discussion, education, and goal setting through shared
decision-making are valued attributes of clinical encounters among people with CMSP.

Musculoskeletal shoulder pain is a common condition, with

an estimated median community point prevalence of 16% (range

0.7%–55.2%) across countries.1 Although the condition is often

self-limiting, up to 50% of adults who seek care continue to expe-

rience pain and/or functional problems up to two years after

symptom onset.2 A recent Australian study identified that more

than two-thirds of younger adults (aged 20–55 years) experienc-

ing shoulder pain reported symptoms exceeding 12 months

duration alongside substantial quality of life impairment, high psy-

chological distress, and reduced work participation.3 CMSP is

defined as persistent shoulder pain experienced in musculoskele-

tal structures for more than three months.
CMSP contributes substantially to the health care burden of

musculoskeletal pain in Australia4 and globally.5 In Australia, the

mean annual cost of health care and domestic support for CMSP

is estimated at $7,563 (Australian) per person for patients on

orthopedic review waitlists, increasing to $22,378 (Australian)

when lost productivity is also considered.6 National registry data

also show that shoulder joint replacement surgery for CMSP in

Australia is increasing over time and is projected to exceed
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45,000 procedures annually by 2035 at a cost of over $1.46 bil-

lion (Australian).7

Although the burden and cost of CMSP have been estimated
in Australia, our understanding of the lived experiences of
Australian adults with CMSP across multiple domains of function-
ing coupled with their experiences of, and preferences for, care
remain less clear. For example, existing evidence syntheses have
not included any primary studies conducted in Australia8,9 nor
have they evaluated preferences for service delivery, yet local evi-
dence acquired through qualitative research is needed to inform
local service planning. A rich understanding of both lived experi-
ences and care preferences and priorities are essential for
person-centered care and for informing local care planning and
delivery at service and system levels.10,11 This is relevant to
Australia given the existing knowledge gap and the structural dif-
ferences in the Australian health system compared with health
systems of other countries. For example, Australia has a dual
public and private funding model for health care, and governance
responsibilities for hospital and primary care services vary
between jurisdictional and national governments.

Existing syntheses of qualitative research highlight that indi-
viduals who experience shoulder pain report physical functioning,
emotional, and social impacts; hold strong biomechanical beliefs
about their shoulder pain; and express fear avoidance.8,9 Primary
studies often sample cohorts with homogenous shoulder disor-
ders, such as rotator cuff-related shoulder pain, yet experiences
of CMSP and care preferences are likely to be common across
shoulder pathologies (i.e. transdiagnostic)8,9,12 and aligned with
evidence for noncancer pain more generally.13,14 This suggests
that a transdiagnostic conceptualization of CMSP is warranted
for informing person-centered care and care pathways at scale.
Therefore, studies designed to inform care and care pathways

should adopt a sampling frame irrespective of the classification
of shoulder disorders. Current evidence also provides limited
insight into how lived experiences of CMSP relate to functioning
(defined by the ICF) and care priorities and expectations. The
ICF provides a valid framework for considering multiple domains
of functioning and has been used previously for qualitative explo-
rations of lived experience of functional impacts related to other
musculoskeletal conditions, such as arthritis and low back
pain.15–17 Further, although previous quantitative evidence iden-
tifies preferences of adults with CMSP related to surgery and pri-
mary care interventions,18,19 there are very limited data from
qualitative explorations relating to their values and preferences
for care components and therapeutic encounters. This is impor-
tant because it is well-established that preferences for, and
expectations of, care can influence treatment outcomes and care
satisfaction among adults with musculoskeletal pain conditions,
including CMSP.20–24 Central to care planning for an individual,
and ultimately, for the co-creation of health services, is a knowl-
edge of people’s care experiences, expectations, and priorities
of care.25,26 To address these evidence gaps, this study aimed
to explore the lived and care experiences and preferences of
adults with CMSP using qualitative methods.

METHODS

Design. A cross-sectional design employing qualitative
methods, underpinned by a phenomenological approach, was
undertaken in Australia. A phenomenological approach is appro-
priate for exploring individuals’ lived experiences and how they
make sense of their experiences.27 Data were collected between
February and July of 2022. Findings are reported in alignment
with recommendations from the Consolidted criteria for Reporting
Qualitative research (COREQ-32) and Guidance for Reporting
Involvement of Patients and the Public-version 2 (GRIPP-2)
checklists (Supplementary Files 1 and 2). The design considered
the exploration of lived experiences and care experiences as sep-
arate objectives. The authors’ reflexivity and rigor statements are
included in Supplementary File 3.

Ethical approval. This study was approved by the Human
Research Ethics Committee of Curtin University, Australia
(HRE2021-0396). All participants provided informed consent.

Sampling. A purposive sampling frame was used to achieve
maximum heterogeneity across demographic criteria, including
age, gender, occupation group, geography (metropolitan,
regional, rural) and highest level of education. Neither race nor
ethnicity were considered in sampling or collected as
participant-level characteristics.

In this study, CMSP was defined as a persistent or recurrent
pain experience perceived in the bone(s), joint(s), muscle(s), or

SIGNIFICANCE AND INNOVATIONS
• There is limited primary research that evaluates

both the lived and care experiences and prefer-
ences of people experiencing chronic musculoskel-
etal shoulder pain (CMSP). Yet, such research is
needed to inform person-centred care and service
pathways in the local Australian context. Exploring
lived experiences through their intersection with
the domains of the International Classification of
Function, Disability and Health (ICF) Framework
enables a more comprehensive understanding of
the scope and significance of functioning impacts
to inform holistic care. Exploring care experiences
and preferences can inform service delivery
pathways.

• Diversity in CMSP experiences across gender, age,
place of residence, symptom duration, and level of
impairment was intentionally sought with maxi-
mum heterogeneity sampling.
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related soft/connective tissue(s) of the shoulder complex for lon-
ger than three months that was not attributed to an autoimmune
inflammatory disease or cancer, and that had necessitated a visit
to a health care professional. Eligible participants needed to be
aged 18 years or over; community-dwelling and a resident in
Australia; currently reporting CMSP in at least one shoulder con-
sistent with the case definition; and able to read and write in
English. Participants were excluded if any nonmusculoskeletal
shoulder pain condition, such as past/current history of cancer
or systemic inflammatory arthritis, was identified through screen-
ing. Neck-related shoulder pain was not an exclusion criterion.

Recruitment. Participants were recruited via advertising
through community health and leisure centers, arthritis and pain
advocacy organizations, a state-level research engagement net-
work, clinical practices and clinical organizations, and social
media.

Data collection processes and outcome measures.
Individuals who expressed an interest in participating accessed
an online survey (Curtin University-licensed Qualtrics, Provo,
Utah, USA) that displayed a plain language summary of the
research, screened for eligibility, and captured demographic
characteristics. Participants who met the inclusion criteria were
sampled purposively against demographic criteria to achieve
maximal heterogeneity. Participants were contacted via email
(SR) and invited to participate in an interview and respond to a
short online survey to capture their clinical characteristics using
validated patient-reported outcome measures (Table 1).28–30

A semistructured interview schedule was developed by the
investigators, which included a person with lived experience (BH).
The schedule was informed by an earlier Community Conversation
with consumers through the Western Australian Health Translation
Network,31 using the World Café method.32 The initial community
conversation identified that lived and care experiences were impor-
tant to consumers and rationalized the need to explore these
dimensions within a research paradigm. The interview schedule

was organized into two parts to align with the study objectives:
lived experiences and care experiences, expectations and prefer-
ences (Supplementary File 4), extending and refining the informal
questions used in the Community Conversation. For lived experi-
ences, questions explored the impact of CMSP aligned with key
ICF domains (https://icd.who.int/browse/2024–01/icf/en), includ-
ing: impairments in body structures and body functions; environ-
mental factors; and activities and participation restrictions. For
care experiences and preferences, items were informed by con-
temporary principles of models of care.11 The schedule was piloted
with two people with CMSP and refined before use.

Individual interviews were conducted by SR via video confer-
ence (Microsoft Teams) or phone. There were no repeat inter-
views. All interviews were audio-recorded, transcribed verbatim,
and member-checked to allow participants to make any correc-
tions or additional reflections. SR took notes during each interview
and met with JEJ and AMB for regular debriefing and reflections.

Data from the first 10 participants were analyzed before fur-
ther sampling to assess data redundancy and adequate hetero-
geneity in demographic characteristics. Based on review (SR,
AMB, JEJ), it was agreed that further understanding of lived expe-
rience of CMSP in younger adults and older men (65+ years) was
required, with another 10 interviews conducted. Criteria for ceas-
ing sampling were (1) data redundancy in derived codes and no
new information to inform categories and (2) adequate heteroge-
neity in demographic characteristics.

Data analysis. Sociodemographic and clinical data were
analyzed using descriptive statistics (SPSS IBM Corp V29, NY).
Analysis of transcripts followed an inductive approach33 without
reference to the ICF. The first 10 transcripts were read several
times, with notes made to understand concepts, descriptions,
and meanings of phenomena. Descriptive codes were inductively
derived by two researchers independently (SR, JEJ). An initial
coding framework (Excel sheet) was developed between the two
analysts and refined through regular meetings and discussion of
their observational and coding notes. Two other researchers

Table 1. Clinical outcome measures*

Construct Measurement tool Description

Shoulder pain Pain NRS The pain NRS measures average shoulder pain experienced in the past
seven days ranging from 0 (no pain) to 10 (worst pain).

Shoulder function Modified SPADI The SPADI is a two-domain (pain and function) self-administered tool
consisting of five and eight items, respectively, regarding the severity of
an individual’s pain and the degree of difficulty experienced when
performing various activities of daily living requiring upper-extremity
use, measured on a 10-item NRS. The means of the two subscales are
averaged to produce a total score ranging from 0 (best) to 100
(worst).28,29

QDASH questionnaire The QDASH is an 11-item tool that measures a person’s ability to perform
activities of daily living. It produces a score from 0 (no disability) to 100
(greatest disability).30

* NRS, numeric rating scale; QDASH, quick version of the Disabilities of the Arm Shoulder and Hand scale; SPADI, Shoulder Pain and Disability
Index.
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(AMB, INA) independently reviewed and validated the coding
framework with a subset of the transcripts (25%), with further
refinements made. The coding framework was then used to
deductively code the remaining 10 transcripts. Where new con-
cepts were identified, new codes were inductively developed.

Codes were then developed into categories through identify-
ing shared concepts or relationships using an iterative process.
Data redundancy was identified after 20 interviews, which was
evidenced by no new codes or information to further develop cat-
egories. Summary descriptions of categories were developed to
identify overarching themes that were discussed and iterated
(AMB, JEJ, and SR). The thematic framework was reviewed at a
workshop with all investigators and considered against the ICF
domains. Participants were provided with a plain language results
summary.

RESULTS

Of the 60 people who expressed interest in the study,
37 (61.7%) were screened as eligible and 20 (54%) participated
in interviews.

Demographic and clinical characteristics. Demographic
and clinical characteristics of the 20 participants are shown in
Tables 2 and 3, respectively. There was equal representation
between genders with a mean (SD) age of 50.8 (18.7) years
(range: 20–78 years). Mean (SD) CMSP duration for the group
was 55.5 (55.9) months (range: 4 months to 19 years). Pain dura-
tion and the Shoulder Pain and Disability Index and quick version
of the Disabilities of the Arm Shoulder and Hand scale outcomes
(Table 3) showed substantial variation across the sample (from
very high to very low pain and disability), which was consistent
with the maximum heterogeneity sampling frame. Most (85.0%)

participants resided in metropolitan areas, and the median [inter-
quartile range] decile for relative socioeconomic advantage and
disadvantage was high (8 [4]) with a wide range (2–10), based
on the Australian Socio-Economic Indexes for Areas (SEIFA)
(Table 3).

Qualitative data. The mean interview length was
29 minutes (range: 19–48 minutes). Figure 1 illustrates a thematic
map of findings. Although each research objective was analyzed
separately, our findings also signal interdependence between
lived and care experiences. Specifically, lived experiences influ-
enced care experiences, particularly care-seeking behaviors,
and care experiences influenced lived experiences of CMSP,
notably body functioning and coping.

Objective 1: lived experiences. Five key themes were identi-
fied, with participants highlighting the impacts of CMSP on body
functioning and consequences for valued life activities and sense
of self; sleep, energy, and drive; mental well-being and evolving
sense of self; coping with CMSP; and social support and partici-
pation. These themes were interdependent, as illustrated in
Figure 1. The themes are discussed subsequently with salient
subthemes italicized. Table 4 provides a summary of themes
and all subthemes, and Supplementary File 5 provides additional
supporting quotes.

Theme 1.1: impact on body functioning. CMSP was associ-
ated with reduced body functioning, particularly physical function-
ing of the upper limb, which limited participation in valued
activities. This theme was prominent among all participants irre-
spective of age and gender. Participants consistently identified
shoulder pain and impairments in range of motion and strength
as key barriers to participation. Physical functioning limitations
were commonly associated with a sense of frustration and loss
that individuals could not participate in activities that were impor-
tant or meaningful to them. Valued activity restrictions included
independent living and instrumental activities of daily living
(iADLs), including care for children; work and study, where for
some this required retraining for a new occupation; and social
and leisure participation, including sport.

Body functioning impact manifested differently across ages.
For example, young people (eg, 20–32 years) described “feeling
left out” when unable to participate in activities with their peers
or family. Older people, such as those in retirement (age 65–76
years), particularly women, were more accepting of participation
restrictions: “I also had this feeling that I’m getting older all the
time and perhaps it’s perfectly reasonable to expect that I don’t
want to do, or can’t do, some of the things I do.” (PID01)

Body functioning impacts related to work manifested differ-
ently according to occupation type. Participants employed in less
physically demanding occupations were better able to perform
their duties and retain employment. Some people had to make
adjustments, such as better self-care across the working day,
whereas for others, CMSP did not restrict their work participation.

Table 2. Demographic characteristics of the included sample, N
= 20

Characteristic N (%)

Highest level of education completed
University post-graduate degree 10 (50)
University undergraduate degree 3 (15)
Trade school or trade college 4 (20)
Secondary/high school 3 (15)

Current work status
Full time normal duties 6 (30)
Part time normal duties 4 (20)
Full time modified duties 1 (5)
Not working and receiving compensation 1 (5)
Not working (unrelated to shoulder problems) 8 (40)

Usual occupation
Manager 2 (10)
Professional 7 (35)
Clerical and admin 1 (5)
Sales worker 2 (10)
Retired 7 (35)
Student 1 (5)
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For people in physically demanding occupations, some had to
transition to other employment because their CMSP prevented
them continuing in their role.

Theme 1.2: impact on sleep, energy, and drive. Problems
with sleep and sleep quality due to CMSP impacted people
across genders and age. Sleep impacts included a reduced
length and quality of sleep, characterized as being unable to fall
asleep, and multiple awakenings due to shoulder pain. These
sleep impacts manifested as impaired concentration at work or
at school/study tasks, as well as fatigue and reduced energy,
motivation, and productivity levels. Impacts were particularly pro-
nounced for younger and middle-aged adults who were
employed or studying. They experienced concentration impair-
ments and reduced energy, motivation, and productivity levels.
Participants also described temporal changes in their mood, such
as feeling “irritable,” which were associated with fatigue due to
poor or inadequate sleep: “I had a lot of trouble focusing in
school. I would rock up to school tired until Year 11…but my
mood wasn’t that good either. I would be really moody.” (PID03)

Theme 1.3: impact on mental well-being and evolving sense
of self. Participants consistently cited a change in their self-identity

attributed to their CMSP. They reported reduced confidence in
their body to perform functional tasks, including sports, coupled
with a fear of reinjury or symptoms exacerbation. Their loss of
confidence and/or fear was represented through a change in their
perceived sense of self-worth and general well-being, such as
feeling “damaged.” For some, their loss of confidence also mani-
fested as an emotional toll (eg, feelings of depression and low
mood) as they attempted to navigate life with CMSP. However, a
few participants expressed the opposite side of the coin, describ-
ing a positive sense of well-being. Their perspective seemed to be
based on their stage and/or rate of recovery and their care expe-
riences, without negative impacts on mental well-being: “I’m
improving every day, and I can’t really ask for more than that, I
don’t think. I’m pretty happy.” (PID08)

The nature of mental well-being impacts varied according to
how participants experienced participation restrictions, their pain
severity, and social context. Participants’ expression of their men-
tal health impact varied from those who experienced high distress
to others who reflected an acceptance of participation restrictions
without distress yet continued to feel some level of loss, sadness,
and/or frustration. For example, one young woman described

Figure 1. Thematic map for both research objectives. Themes for lived experiences were interrelated and a dependency between lived and care
experiences emerged.
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Table 4. Lived experience theme and subtheme descriptions, including alignment with ICF categories*

Subthemes Description of subthemes

Theme 1.1: impact on body functioning (ICF categories: body
structures; body functions)

Impact on independent living and iADLs Daily independent living tasks were more difficult or could
not be performed because of CMSP. Functioning
limitations were related to pain and impairments in range
of movement and strength. Functioning limitations
extended to self-care activities, such as washing and
dressing, as well as care for children.

Impact on work and study Work and study tasks, as well as productivity with work or
study, were prevented or compromised by range of
movement impairments and/or pain.

Social and leisure participation Lifestyle and leisure activities were restricted or had to be
discontinued because of CMSP, often leading to feelings of
(or actual) social isolation.

Impact on driving The ability to drive was restricted, especially related to pain
and impairments in range of shoulder movement and
strength. Participants described an inability to hold static
shoulder postures required for safe driving.

Theme 1.2: impact on sleep, energy and drive (ICF category: body
functions)

Quality of sleep The quality and length of sleep was negatively impacted
because of pain and difficulty in finding comfortable
positions. This led to negative impacts on a person’s
general sense of well-being and increased sensitivity
(reduced tolerance) to pain.

Impaired concentration at work (or at school/study) Reduced sleep duration and quality impaired concentration
levels necessary to undertake study or work tasks.

Fatigue and reduced energy, motivation and productivity levels Ongoing impacts from poor sleep resulted in fatigue that
reduced productivity and motivation.

Theme 1.3: impact on mental well-being and evolving sense of self
(ICF category: body functions)

Reduced confidence in body functioning and fear of reinjury
and/or symptom exacerbation

Participants cited a decreased confidence in the capacity of
their body to perform physical tasks, including sports and
leisure activities. Reduced confidence could result in
discontinuing tasks or activities due to fear of reinjury or
symptoms exacerbation, and manifested as a reduced
sense of self-worth, well-being, and for some, an
emotional toll.

Fear of disclosure Participants expressed a fear of disclosing their CMSP in
work or social contexts because of how they may be
perceived or judged, including a concern about
experiencing stigma.

Experiencing social isolation, loss, sadness and/or frustration When individuals considered there to be no options to
adapt activities to accommodate their CMSP and body
functioning limitations, they withdrew from relationships
and social participation, resulting in low mood, isolation,
and loneliness.

Theme 1.4: coping with CMSP (ICF category: activities and
participation)

Learned behavioral responses to CMSP: experiential learning
and fear of pain

People with CMSP learned to change their behaviors in
response to pain, or the anticipation of pain. For some,
they applied experiential learning to perform tasks at
home or at work as a strategy to maintain functioning,
such as using their unaffected limb for some tasks,
performing tasks differently, or supporting their affected
limb to function using assistive products. For others, their
behaviors changed because of fear of pain, resulting in not
using their affected limb at all. This avoidance behavioral
strategy was reinforced by experiences of pain
exacerbations associated unconscious or unplanned
movement. The avoidance behaviors consistently
manifested as using their unaffected limb.

(Continued)
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feelings of mental distress and “hopelessness”: “It definitely
makes me feel kind of hopeless, more useless. I feel a lot of
shame and guilty. I can feel very depressed and a lot of self-anger,
because I feel like why can everyone else just go about and do
things and function normally, but I can’t?” (PID16)

For some, participation restriction in a valued life activity (eg,
sports) was associated with a significant mental health impact
and shifted their self-identity, for example from being active and
socially engaged, to an identify of social isolation: “I was sad. I
was sad that a lot of my friends were sporty, and I couldn’t play
basketball with them…I wanted to play with my friends, but I
was always left out, standing on the sidelines.” (PID03)

For some participants, concerns also extended to a fear of

disclosure of their CMSP within work or social contexts. Specifi-
cally, they feared being judged or experiencing stigma, which also
extended to a fear of disclosure in seeking new employment.

Theme 1.4: coping with CMSP. People living with CMSP
adopted varied coping strategies or behaviors to continue their
usual functioning, either at work or home. This included learned

behavioral responses, with which individuals tried to improve their
functioning, such as pacing, performing a task differently, or using
assistive products to support functioning:

“But you learn by trial and error, as well. In the shower, I can’t
use a proper towel, they’re too heavy. I use a camping towel…So
that’s what I use to dry myself after a shower.” (PID15)

However, for others, habits developed as a learned behav-
ioral strategy to avoid exacerbating symptoms. Another coping

strategy described was participants arriving at a cognitive and
emotional stage of acceptance of their functioning limitations, rec-
ognizing and accepting that ways of doing tasks and aspects of
everyday life had to be different. Some participants were more
accepting of their new reality, possibly hopeful of change,
whereas others were resigned to their new “normal.”

Creating a social reference comparison also served as a cop-
ing strategy for some, with individuals comparing their condition
to peers whom they perceived to be worse off or experiencing
more significant health challenges than themselves (ie, downward
social comparison). This served to minimize the perceived nega-
tive impacts of their own condition on their sense of well-being. It
also served as motivation to actively manage their CMSP to
improve their quality of life and well-being.

Theme 1.5: social support and participation. Participants
identified the importance of accessing social support to maintain

functioning and overall well-being. Social supports, such as family
or colleagues, were identified as important depending on the
extent of functioning limitations experienced by the participant
and their age. Social supports provided reassurance that assis-
tance was available to maintain their functional ability. However,
some older participants expressed a reluctance to seek support
for iADLs from their social networks, aiming to remain indepen-
dent: “Actually, I do not like to call on other people at all, even
my friends. I don’t like to. I can still vacuum and dust and do the
general household things, and I don’t want to ever get to the
stage where I have to call on people.” (PID04)

Table 4. (Cont’d)

Subthemes Description of subthemes

Acceptance of functioning limitations Over time, participants reached an acceptance of their
functioning limitations, recognizing and accepting that
ways of doing tasks and aspects of everyday life were now
different.

Social reference comparison and motivation to actively manage
their CMSP

Participants compared their functioning limitations and
symptoms to others in their social network, recognizing
their own situation, in many cases, was less severe. This
downward social comparison was used as a coping
strategy and motivation to actively manage their condition
to maintain quality of life and well-being.

Theme 1.5: social support and participation (ICF category:
environmental factors)

Accessing social support to maintain functioning and overall well-
being

Accessing social support, either paid or voluntary, including
family and work colleagues, was used differently across
participants. Although some participants wished to
remain independent, for others who experienced more
severe impacts, social support was needed to maintain
their functioning. Social networks also provided
reassurance that supports were available, if needed.

Impact on social relationships CMSP impacts could extend beyond personal (intrinsic)
factors to also impact external (extrinsic) factors, such as
relationships with family. Typically, participants perceived
their families carried a burden from their CMSP.

Reengaging in social participation Participants, particularly those who had become socially
isolated, identified the value of social re-engagement to
their overall well-being.

* CMSP, chronicmusculoskeletal shoulder pain; iADLs, instrumental activities of daily living; ICF, International Classification of Function, Disabil-
ity and Health.
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Table 5. Care experience theme and subtheme descriptions*

Subthemes Description of subthemes

Key theme 2.1: care-seeking behaviors
GP as the entry point to care The GP was the most common first contact HCP for most

participants experiencing CMSP, influenced by tradition, prior
experience and trust. Some older participants always
consulted their GP, while middle-aged participants tended to
consult either GP or other HCP based on their previous
experience of musculoskeletal pain (shoulder or other area)
or recommendations from trusted individuals. Younger
participants (20–30- year-olds) often consulted HCPs that
their family typically visited. Care pathways from the GP
typically followed pharmacological care and onward referral
for imaging and nonsurgical interventions, before
consideration for specialist referral.

Seeking care from other primary care providers Where participants were unsatisfied with their care, they sought
primary care providers (other than a GP) who were
recommended by trusted family and friends.

Key theme 2.2: interactions with HCPs (positive)
HCPs took time to listen and validate the person’s story Participants described the importance of HCPs acknowledging

their concerns and validating the impact of CMSP on their
lives. Participants appreciated HCPs being familiar with their
case/clinical history and understanding the components of
their care journey.

HCPs providing education about their CMSP Participants valued interactions with HCPs that involved
education about their CMSP and their care options, in
particular when care options were staged and linked to
improving functioning and recovery, and achieving personal
goals. Taking an active role in care planning, through shared
decision-making, led to a sense of empowerment and
motivation to participate in self-care.

Interprofessional communication and coordination of
care between HCPs

Participants were complimentary and appreciative of
transparent, clear, consistent, and honest communication by
their HCPs. They appreciated care delivered by different
professions, when this was needed, as well as communication
about that care between providers. Participants reflected that
this communication enabled HCPs to be aware of the
components of care and to better coordinate care.

Amount of time participants are able to spend with HCPs. Participants relished time with HCPs to better understand their
CMSP and receive care, in particular, learning what to do and
how, to reduce pain and return to usual function.

Key theme 2.2: interactions with HCPs (negative)
Lack of engagement and validation Participants described negative interactions with HCPs as

characterized by a lack of engagement and validation, leaving
participants feeling confused and uncertain about their care.

Lack of education and goal setting Participants described a negative interaction with HCPs as one
characterized by a one-way or didactic communication style
in which care for CMSP was “prescribed” without an
opportunity for discussion, education, or shared decision-
making to ensure interventions were aligned with goals.
Participants perceived that these interactions resulted in care
that was not tailored, leading to a delay in recovery and re-
engagement in valued life activities.

Lack of interprofessional communication and care
coordination between HCPs

Many participants described receiving mixed, contradictory
information from HCPs regarding their CSMP, care, and
prognosis. This promoted confusion and disillusionment with
care and health care system, and for some, a prolonged
recovery period.

Inadequate time with HCP Many participants described time-poor HCPs working within a
health care system in which consultation times were short,
providing inadequate opportunities for discussion and
limiting their understanding about their condition. Short
consultation times diminished confidence in their HCP and
their ability to make informed care decisions.

(Continued)
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Participants also identified that the impacts of living with
CMSP extended beyond personal (intrinsic) factors and also
affected social relationships. Some reflected that their families
were burdened by their condition, having to “do the heavy lifting”
around the home: “…it’s just more stress in the household that
you’re putting on your partner, when there’s enough happening
at home. So yeah, again, just conscious that it’s putting more
stress on her.” (PID20)

Objective 2: care experiences. Participants’ reflections about
their care experiences related to: care-seeking behaviors; positive
and negative interactions with health care professionals (HCPs);
and values and preferences for components of CMSP care.
These themes explored subsequently with salient subthemes ital-
icized and discussed in further detail. Table 5 provides a summary
of themes and all subthemes, and Supplementary File 6 provides
additional supporting quotes.

Theme 2.1: care-seeking behaviors. Participants described
variation in entry points to care. Participants of all ages
described trust in and loyalty to their general practitioner (GP),
and for most, the GP was the entry point to care. Younger and
middle-aged participants tended to consult either GPs or other
HCPs for their CMSP based on their previous experience(s) of
musculoskeletal pain (shoulder or other bodily area) or used rec-
ommendations from trusted individuals. Older participants (aged
60–77 years) described more consistently consulting their GP
and were influenced by a lack of understanding about what other
HCPs could (potentially) offer them: “I think a lot of people my age
might say the same thing, that you thought the doctors were gods
anyway and whatever they said, you did…We also, rightly or
wrongly—and it’s wrongly—thought that allied health, like physios
and OTs, ‘What do they do?’ That was a bit of a mystery to us.”
(PID15)

Among participants who consulted GPs, pharmacologic
care and referral for exercise therapy and imaging were typically
first-line management. However, for some participants, onward

referral for surgical review was initiated following GP consultations
and review of imaging.

When participants were less confident or less satisfied
with the care they received, they proactively sought care
from other primary care providers to address their pain and
functioning loss. Usually, alternate care pathways were
informed by experiences or recommendations from family or
friends.

Theme 2.2: interactions with HCPs (positive and negative).
Participants expressed both positive and negative care inter-
actions with their HCPs, which included GPs, allied health
professionals, and medical specialists. These experiences
were centered around HCPs’ communication skills, their
commitment to education, and shared decision-making
that supported care aligned with individuals’ goals, time
afforded by HCPs, and interprofessional communication
and coordination.

Positive experiences were characterized by HCPs with
excellent communication skills (verbal and written) and when
HCPs took time to listen to and validate the person’s story, under-
stand their problems, and include them (through shared decision-
making) in the care planning and delivery. Participants identified
that these characteristics positively influenced their adherence
with treatment and optimized their care experiences and out-
comes: “I keep going back…I always feel like they’re treating me
with respect and they’re treating me as an intelligent participant
in the treatment process, rather than simply a person to be fed
information to….” (PID01)

On the other hand, a lack of engagement and validation by
HCPs was perceived as a negative interaction in which partici-
pants were often left feeling confused and uncertain about their
care. Similarly, when participants experienced limited opportuni-
ties for discussion and shared decision-making with their HCP,
there was potential for misalignment between their recovery
expectations and those of their HCP.

Table 5. (Cont’d)

Subthemes Description of subthemes

Key theme 2.3: values and preferences for components of
shoulder care

Preference to avoid pharmacologic interventions if
another nonpharmacologic treatment option was likely
to provide benefit

Participants’ previous experience with, and expectations of,
pharmacologic care (eg, side effects of medicines) influenced
their treatment preferences. Here, many participants
expressed a preference to avoid pharmacologic care if a
viable nonpharmacologic option, such as exercise, was
available. Exercise was perceived to be safer and was
associated with increased confidence in their upper limb and
conferring benefits to pain, function, and well-being.

Timely care and face-to-face consultations Participants’ experiences with the COVID-19 restrictions on
accessing health care influenced and informed their
preferences for care. From these experiences, particularly for
residents of Victoria,a preferences for timely access to HCPs
and for consultations in a face-to-face mode were expressed.

* CMSP, chronic musculoskeletal shoulder pain; HCP, health care professional; GP, general practitioner.
a Victoria is a state in Australia where the longest number of days in lockdown were recorded for the COVID-19 pandemic.

CHRONIC SHOULDER PAIN IMPACTS AND DIRECTIONS FOR CARE 291



Participants valued interactions with HCPs in which they
were provided with education about their CMSP. This empow-
ered individuals to actively engage in their care decisions and
self-manage. This also promoted confidence in their role in recov-
ery and return to valued activities. Conversely, experiences char-
acterized by a one-way interaction were viewed negatively,
resulting in a “prescription of care”without the opportunity for dis-
cussion, education, and shared decision-making.

Care experiences were often colored by the amount of time
participants were able to spend with their HCPs. Positive experi-
ences were ones in which participants felt they had adequate time
with their HCP to discuss their concerns and understand their
condition and care options. When consultation times were inade-
quate, participants felt less confident and satisfied with their clini-
cal encounter and ill-equipped to make informed care decisions.

Theme 2.3: values and preferences for components of
shoulder care. Participants’ preferences for components
of CMSP care were strongly influenced by their clinical encounters
and where they had previously experienced benefit. Many partici-
pants, irrespective of age, expressed a preference to avoid phar-
macologic interventions if another nonpharmacologic treatment

option was likely to provide benefit. This preference was largely
informed by previous experience with medicines in which little
benefit was experienced and side effects outweighed benefits:
“Panadol and Nurofen barely touch the edges. I get more side
effects from them than I do relief, so I don’t bother…” (PID07)

Participants expressed greater confidence in and a prefer-
ence for exercise therapy. Irrespective of age, exercise was iden-
tified as instilling a sense of confidence in using their limb and
more sustained benefits for pain, functioning, and a sense of
well-being.

DISCUSSION

Adults living with CMSP experience wide-ranging impacts
that manifest across four ICF domains (body structures, body
functions, activities and participation, and environmental factors),
consistent with other musculoskeletal pain research that has
interpreted findings in relation to the ICF.15–17 These impacts res-
onate with a contemporary understanding of the multidimensional
experiences of living with chronic pain,14,36 as well as condition-
specific experiences such as low back pain (LBP) or osteoarthri-
tis.37,38 Body functioning impacts were strongly identified and
interrelated for physical functions (activities of daily living, work/
study, leisure, and driving), sleep and vitality, and psychosocial
health, highlighting the importance of holistic care for CMSP that
considers health and well-being beyond impairments to body
structures. The range of coping strategies described (many of
which were informed by experiential learning and avoidance
behaviors) also point to a need to coach people with CMSP in
helpful self-care strategies to optimize their functioning and return
to valued life activities. Care experiences were characterized by

variability in accessing care and navigating care pathways. Many
participants relied on their past experiences, recommendations
from social networks, and their GP as their starting points for care.

Our findings on the lived experiences of CMSP support and
extend the extant evidence for shoulder pain conditions. Specifi-
cally, our findings add to the body of evidence about the multidi-
mensional impacts of shoulder pain disorders, framed through a
transdiagnostic perspective, highlighting that experiences and
impacts are relevant across diagnoses and classifications. For
example, recent qualitative evidence syntheses have identified
interrelated physical, psychological, and social impacts of living
with various shoulder disorders and nontraumatic shoulder
pain.8,9 However, these reported impacts were not classified
using the breadth of ICF domains. Our data also suggest that
impact domains are interrelated and, for many impacts, are cas-
cading. For example, body structure impairments limit body func-
tioning and lead to reduced participation and activities; for many,
this manifests as mental health impairment, social withdrawal,
and isolation. These impacts further compound body functioning
impairments, such as sleep disturbance. For some, these
impacts were nontrivial, limiting their ability to work and study.
These impacts have implications for financial security and the
future livelihoods of younger people, including fear of disclosure
to employers, consistent with previous investigations.13,15,39 For
many participants, the impact of loss of physical functioning over
time influenced their evolving sense of self, such as their self-
worth, social connection, and (lack of) confidence in their bodies,
including a belief of being “damaged.” This belief about structural
damage or fragility aligns with previous shoulder pain research8

and also transcends musculoskeletal pain conditions, commonly
expressed by people living with LBP or osteoarthritis.40–45

Participants’ care experiences reflected attributes of help-
ful and unhelpful therapeutic encounters that shaped their val-
ues and preferences for care. Our findings are consistent with
recent evidence,12 extending it to also feature the importance
of validation, consultation time, and interprofessional commu-
nication and coordination. Participants strongly preferred con-
sultations that featured validation of their pain experience, a
space to share their CMSP-related impacts and goals, oppor-
tunities to receive education and support to engage in goal-
directed self-care, interprofessional cooperation and collabo-
ration, and adequate consultation time. These therapeutic
encounter attributes also align with the values and preferences
of people experiencing other musculoskeletal pain conditions
that extend over the course of their life13,46,47 and those that
have been identified as independent predictors of satisfaction
with GP encounters.48 Relevant to our findings, a recent evi-
dence synthesis by Klem et al13 suggested that “helpful” ther-
apeutic encounters could buffer allostatic load associated
with sequelae of chronic musculoskeletal pain, whereas
“unhelpful” encounters could increase the allostatic load. Sim-
ilar findings were identified in a review by Eriksen et al49 who
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identified that health care experiences perceived as negative
impacted both the physical and mental well-being of patients.

Our findings have important implications for practice and
improving service delivery for people living with CMSP. Holistic,
person-centered care requires recognition of the dependency
between lived experience and care preferences and needs,11 as
illustrated in Figure 1. Our findings also signal that experiences
may vary by age, suggesting that stage of life may be an important
contextual factor in care planning and delivery. Clinical assess-
ment that is limited to body structure impairment alone is unlikely
to elucidate functioning and participation limitations that are
meaningful to an individual, resulting in a care pathway that does
not align with their expectations or goals. Clinicians should recog-
nize that CMSP is typically associated with multidimensional and
interrelated impacts and could actively explore these areas with
patient-reported outcome measures (PROMs) as part of clinical
consultations. PROMs may be helpful in practice to make sense
of a person’s impact “loop” or impact “cascade” by evaluating,
for example, sleep, mental well-being, coping mechanisms, and
social support. Making sense of shoulder pain in a personalized,
meaningful, and understandable manner, grounded in an
approach that targets emotions, cognitions, and behaviors, is
important to improve functioning and self-efficacy, as identified
in LBP care.50 This is important, considering the evidence that
patients with shoulder pain are dissatisfied when their expecta-
tions and understanding of their experience are misaligned with
explanations provided by their health care providers.8

Our data also suggest that interprofessional collaboration and
consistent communication are valued. Therefore, building transpro-
fessional competencies in chronic pain care will be important to
improving care experiences.51,52 This context, taken together with
clear preferences for how care could be optimally delivered, points
to an opportunity and targets for optimizing person-centered care
for CMSP, such as through the creation of a Clinical Care Standard
to drive improvements in health outcomes and care experiences
and reduce unwarranted care variation. For example, Australian Clin-
ical Care Standards have been developed for high burden musculo-
skeletal conditions such as LBP and osteoarthritis.53,54 Considering
wide-ranging impacts and clear preferences for, and variation in, ser-
vice delivery experiences, our data suggest it may be timely and war-
ranted to consider a Clinical Care Standard for CMSP.

To our knowledge, this is the first primary study conducted in
Australia examining both lived and care experiences as well as the
care preferences of adults with CMSP. Strengths of this study
include its co-creation from inception with people with lived expe-
rience, exploration of lived experiences informed by, and inter-
preted in relation to, ICF domains, and examination of care
preferences where current evidence is limited. The purposive sam-
pling frame to achieve balance between genders, wide age distri-
bution, and diversity in clinical profiles enabled more confidence in
the transferability of our findings and will likely strengthen the confi-
dence of findings in future evidence syntheses.9 Nonetheless, our

sampling was limited to people largely residing in high socioeco-
nomic areas and underrepresents some groups, such as indige-
nous Australians, potentially limiting transferability of findings to
those communities. Care experiences described by the partici-
pants may also be influenced by unique structural characteristics
of Australia’s health system and Australia’s public health response
to the COVID-19 pandemic, with extended lockdown periods in
the state of Victoria.
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B R I E F R E P O R T

​Did a Non-Medical Biosimilar Switching Policy Cause an
Increase in Non-Biologic/Biosimilar Health Care Resource
Utilization or Cost in Patients With Inflammatory Arthritis?

HaoHung Dang,1 Sandra Blitz,2 Nick Bansback,3 Michael Law,4 and Mark Harrison3

Objective. This study aimed to evaluate the impact of a series of policies that mandated switching patients with
inflammatory arthritis (IA) from an originator biologic to a biosimilar in British Columbia, Canada, on health care
resource use and cost.

Methods. The health data of patients with IA were obtained from five linked administrative databases held by Pop-
ulation Data BC from January 2013 to December 2022. Our analysis focused on trends in monthly average use and
costs of four care resources: physician services, hospital services, emergency department visits, and concomitant
drug use. Using interrupted time series analysis, we evaluated the impact of switching policies targeting (1) infliximab
or etanercept and (2) adalimumab on total health care costs, excluding biologic and biosimilar costs.

Results. We included 3,150 patients in the study. Hospital and physician services accounted for the majority of the
total care cost for patients with IA. We found no evidence of any increases in physician services, hospital services,
emergency department visits, or concomitant drug use after either nonmedical switch policy. We also found no signif-
icant change in level and trend in total health care costs for both policies: infliximab or etanercept (level −$40, 95% con-
fidence interval [CI] −$99 to $19; trend $5.42, 95% CI −$0.62 to $11.46) and adalimumab (level −$34, 95% CI −$139 to
$70; trend −$8.97, −$17.94 to $0.00).

Conclusion. Nonmedical biosimilar switching policies did not lead to increases in other health care service use and
costs.

INTRODUCTION

Biologic drugs have revolutionized the care of people with

inflammatory arthritis (IA) because of their ability to reduce symp-

toms, control disease progression and associated joint damage,

and subsequently improve quality of life. However, as a class of

drugs, biologics are the biggest expense to public drug plans in

many health care systems worldwide.1 In this context, the arrival

of biosimilars, highly similar versions of biologics but at a poten-

tially much lower cost, offered the potential for significant cost

savings without a loss of safety and effectiveness. However, the

uptake of biosimilars in many jurisdictions, including Canada, fol-

lowing their approval has been slow.2

In many health care systems worldwide, nonmedical switch-

ing policies have been introduced and have rapidly increased bio-

similar uptake.3–5 In September 2019, British Columbia, Canada,

became the first public health care system in North America to

announce a nonmedical switching (switching for reasons other

than effectiveness, safety, or adherence) policy (known as the

Biosimilars Initiative) to increase the uptake of several selected

biosimilars.6 In the first phase, people with IA on originator inflixi-

mab or etanercept had to switch to a biosimilar equivalent in
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2019 to maintain coverage under British Columbia’s Public Phar-

maCare program. A subsequent phase in 2021 required similar

switching for people with IA receiving adalimumab.6 The Biosimi-

lars Initiative policies successfully increased the uptake of

biosimilars to between 80% and 90% of biologic prescriptions,

including those filled using private insurance plans.2,7,8

One concern about nonmedical switching policies that has
been raised is that the savings from drug acquisition costs might
be offset by increased costs of other health care resource use fol-
lowing a switch. These include additional physician visits to sup-
port the switch and any associated problems, concomitant
drugs, and hospital visits.9,10 The objective of this study was to
examine whether total nonbiologic or nonbiosimilar health care
resource use and associated costs increased at the population
level following a nonmedical switching policy in British Columbia,
Canada.

MATERIALS AND METHODS

Study setting and design. The Biosimilars Initiative com-
prised a series of policy changes to increase the uptake of biosi-
milars for some of the top-spending biologics. This study
focuses on two phases of the Biosimilars Initiative nonmedical
switching policies: phase one, which covered etanercept and
infliximab (May 27, 2019 to November 25, 2019), and the adali-
mumab phase (April 7, 2021 to October 6, 2021), which coin-
cided with the first approval of an adalimumab biosimilar for
PharmaCare.6 Each policy allowed a six-month transition period
for switching patients to biosimilars to maintain provincial cover-
age. British Columbia’s provincial drug coverage is universal but
has high deductibles for many households. In addition, approxi-
mately 60% of the population hold private insurance coverage,
mostly as a benefit of employment.

This study uses descriptive time series to assess trends in
components of nonbiologic or nonbiosimilar health care resource

use before and after the Biosimilars Initiative policies and an inter-
rupted time series (ITS) analysis to evaluate the impact of these
policies on total health care use costs. ITS is a quasi-experimental
design commonly used to evaluate the outcomes of an interven-
tion when a randomized trial is not possible. ITS establishes
trends in the periods before a policy is introduced and tests
whether any statistically significant changes in the level or slope
of this trend occur at or after the time of implementation of a
policy.

The study was approved by the University of British Colum-
bia Behavioural Research Ethics Board (H20-00252). The report-
ing of the study follows the Reporting of Studies Conducted Using
Observational Routinely-Collected Health Data checklist.11

Data sources.We used five British Columbia administrative
databases held and linked by Population Data BC, which cap-
tured health care services used by the British Columbia popula-
tion from January 1, 2013 to December 31, 2022. Access to
data provided by the data stewards is subject to approval but
can be requested for research projects through the data stewards
or their designated service providers. The following datasets were
used in this study: Consolidation File, Medical Services Plan
(MSP), Discharge Abstract Database (DAD), National Ambulatory
Care Reporting System (NACRS), and PharmaNet. You can find
further information regarding these datasets by visiting the Pop-
Data project webpage at https://my.popdata.bc.ca/project_
listings/17-030D/collection_approval_dates. All inferences, opin-
ions, and conclusions drawn in this publication are those of the
author(s) and do not reflect the opinions or policies of the data
steward(s).

Demographic characteristics of the study population were
obtained through the Consolidation File, and health care resource
use data were obtained through (1) the MSP database, which
recorded reimbursement for essential services delivered by
fee-for-service physicians to eligible British Columbia residents
covered by MSP, classified using International Classification
of Diseases, Ninth Revision (ICD-9) diagnosis codes; (2) the
DAD, which captured discharges from acute inpatient facilities
(hospitals), classified using International Classification of
Diseases, Tenth Revision, Canada (ICD-10-CA) diagnosis
codes; (3) NACRS, which recorded ambulatory care data
including emergency department (ED) visits, day surgery, and
medical and surgical day clinics within hospitals, the commu-
nity, and private clinics; (4) PharmaNet, which recorded drug
dispensation data from community pharmacies and hospital
outpatient pharmacies. Unique ED visits were captured from a
combination of NACRS, MSP, and DAD using a standard
approach.12

Study population. People with IA were identified from
2013 to 2022 using a published identification algorithm.13 Briefly,
to be classified as IA, an individual needed to have at least one

SIGNIFICANCE & INNOVATIONS
• There has been concern that nonmedical switching

biosimilar policies could lead to increased use of
other health care resources, such as physician
visits, use of concomitant drugs, or hospital and
emergency room visits that could offset savings
achieved by switching from originator biologics to
biosimilars.

• In this study evaluating a nonmedical switching pol-
icy for biosimilars in British Columbia, Canada, we
found no evidence of an increase in other health
care use or costs.

• Any effectiveness of nonmedical switching from
biologics to biosimilars in reducing costs for health
care systems was not offset by increases in other
types of health care resource use in this setting.
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hospital record or three physician visits (at least one specialist
visit) with an ICD-9 or ICD-10-CA diagnosis code for an IA condi-
tion within a two-year period based on published algorithms (see
Supplementary Table S1). Treatment with infliximab, etanercept,
or adalimumab was determined using PharmaNet data. People
with at least two prescriptions of adalimumab, infliximab, or etan-
ercept covering at least 84 nonoverlapping days in a 12-month
period before the first day of the policy switch period for a specific
drug were included in the study cohort. We excluded people with
fewer than two prescriptions of the biologic of interest or less than
84 days of coverage. Members of the cohort were observed from
their index date of diagnosis or January 1, 2015, whichever was
earliest, until their death, last recorded date in administrative data-
bases, or December 31, 2022, whichever was earliest. An individ-
ual is included in the analysis (in the numerator and/or the
denominator) for any given month in which they had an existing
prescription for one of the drugs of interest.

Outcomes. The outcomes of interest were the major com-
ponents of health care resource use and the total cost of this
health care resource use, excluding the cost of biologics or biosi-
milars. The four major components of health care resource use
were visits to hospitals, physicians, and EDs and concomitant
drug use. The mean cost of each component of health care
resource use was costed from the public health care payer per-
spective and summed to represent the total health care resource
use cost per person.

Hospital and ED visits were categorized as “related” or
“unrelated to switching” based on the ICD-9 and ICD-10 codes
associated with IA (see Supplementary Table S2). Inpatient hospi-
talizations were costed using a case-mix approach, which multi-
plies the cost of a standard hospital stay by the resource
intensity weight corresponding to the case-mix group designated
by the Canadian Institute for Health Information. ED visits were
costed by multiplying the number of unique visits by an ED facility
cost. Physician visits were classified into two categories of “spe-
cialist” (rheumatologist) and “other” (eg, internal medicine or gen-
eral practitioner) visits. A maximum of one visit per day per
physician was counted for each patient, that is, two visits to the
same physician on the same day were counted as one. We used
the reimbursement amount from the MSP database for fee-
for-service physicians during a visit. Concomitant drug use was
measured as the number of prescribed drug days for concomi-
tant drugs (ie, one drug day is one prescribed day for one con-
comitant drug) and costed by combining the amount paid by
PharmaCare and the out-of-pocket costs to individuals. Con-
comitant drugs included conventional synthetic disease-
modifying antirheumatic drugs, nonsteroidal anti-inflammatory
drugs, and oral glucocorticoids (see Supplementary Table S3).

Patient-level data were aggregated into monthly data by
splitting any prolonged hospitalization or prescriptions (>1 day)
evenly over the service use period. Mean care costs for individuals

were calculated by dividing the total monthly cost of the health
care resource for the cohort by the yearly cohort size. All costs
were converted to 2022 Canadian dollars.

Exposure. Exposure was defined as being on a specific
drug affected by the Biosimilars Initiative at the time of the non-
medical switch. Patients were included in a yearly cohort if they
were on one of the three anti–tumor necrosis factor drugs in that
year (adalimumab, etanercept, or infliximab). The policy date for
each drug was set at the start of the nonmedical switching period
for a given drug: May 27, 2019, for etanercept and infliximab and
April 7, 2021, for adalimumab. The analysis covered the period
from January 1, 2015 to December 31, 2022, and provided at
least one year of data before the approval of the first biosimilar
under PharmaCare in British Columbia (infliximab in February
2016).

Analytical approach. Trends of monthly health care
resource use over the study period were summarized using
descriptive time series. The ITS analysis sought to determine
whether there were any significant changes in the level and trend
of the total cost of health care resource use at the time of either
of the policy start dates; the counterfactual assumption is that in
the absence of nonmedical switching policies, health care
resource use cost would continue along the preswitch level and
trend. The six-month transition periods for each policy were
excluded from the ITS analysis, and linear segmented regression
models were fitted to the remaining data. The ITS model gener-
ated four coefficients (two for each policy) estimating the changes
in the level and trend of total health care resource use cost,
excluding biologic or biosimilar acquisition cost, before and after
the phase one (infliximab and etanercept) and adalimumab phase
nonmedical switching in the Biosimilars Initiative. The presence of
nonstationarity and autocorrelation between monthly data points
was assessed by performing the Durbin–Watson test, autocorre-
lation function, and partial autocorrelation function. The final
model was fitted using a generalized least-squares approach.
The likelihood-ratio test was used to assess moving average and
autoregressive correlation terms to make the appropriate adjust-
ments to the autocorrelation structures in our model. We con-
ducted the ITS analysis separately for rheumatoid arthritis
(RA) and ankylosing spondylitis (AS) groups as a sensitivity analy-
sis. All analyses were conducted using SAS version 9.4 and R
version 4.0.5.

RESULTS

We included 3,150 patients with IA in our study cohort. The
annual cohort size increased steadily from 1,606 in 2015 to
1,960 in 2022. The cohort was 50% women, and the mean age
was 49.8 (SD 15.3) years (see Supplementary Table S4). In April
2019, before phase one of the Biosimilars Initiative nonmedical
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Figure 1. Health care resource use rate per month from 2015 to 2022 for individuals treated with (A) ETA or INF and (B) ADA. ADA, adalimumab;
ETA, etanercept; INF, infliximab.

HEALTH CARE USE AFTER BIOSIMILAR SWITCHING 299



switching policy, 46% of the IA cohort were on infliximab or etan-
ercept, and 25% of these patients were on a biosimilar. The pro-
portion on a biosimilar rose to 86% by January 2020. In March
2021 (before phase two of the Biosimilars Initiative nonmedical
switching), 65% of the cohort was on adalimumab (all originator),
and by November 2021, 81% had switched to the biosimilar.
There were no noticeable changes in the resource use of patients
with IA for physician services, hospital services (hospitalization
days and ED visits), and concomitant drug days after switching
to biosimilar versions of infliximab or etanercept in phase one of
the Biosimilars Initiative (Figure 1A) or following the adalimumab
phase (Figure 1B).

The cost of hospital visits and physician services represented
most of the health care costs (Figure 2). The cost of hospitaliza-
tions decreased during the study period, and so, before 2018,
the cost of hospitalizations accounted for the majority of total
health care resource use costs, but after 2018, physician services
became the costliest component of health care resource use.

The results of the ITS on total health care resource use costs
are shown in Figure 3 and Supplementary Table S5. In the prein-
tervention period, the intercept for the mean monthly care cost
per person with IA was $350, and there was a statistically signifi-
cant downward trend in total health care resource use cost per
month (−$0.84, 95% confidence interval [CI] −$1.65 to −$0.03).
After phase one of the Biosimilars Initiative nonmedical switching
policy for infliximab and etanercept, there was no statistically sig-
nificant change in the level (−$40.19, 95% CI −$99.41 to
$19.04) or trend ($5.42, 95% CI −$0.62 to $11.46) of total health
care resource use costs per person with IA per month. Similarly,
for the adalimumab phase of the Biosimilars Initiative nonmedical
switching, there was no statistically significant change in the level
(−$34.33, 95% CI −$138.86 to $70.19) or trend (−$8.97, 95%
CI −$17.94 to 0.00) in total health care resource use cost per

person with IA per month. Sensitivity analyses in the RA and AS
subgroups found consistent results of no increases in total health
care resource use following either nonmedical switching period
(see Supplementary Table S6 and Supplementary Figures S1
and S2).

DISCUSSION

Nonmedical switching policies have increased the uptake of
biosimilars, offering payers the opportunity to make substantial
savings in drug acquisition costs and/or leverage additional com-
petition to secure savings on biologic medications. Importantly,
this study presents evidence that any savings will not be offset
by increases in spending on other types of health care resource
use. This suggests that the magnitude of savings anticipated by
payers, for example, the $732 million realized savings in pharma-
ceutical costs for the British Columbia government in the first five
years of the Biosimilars Initiative, are unlikely to be reduced
through spending on other health services.14 These findings pro-
vide strong evidence from the first nonmedical switching policy
in North America, suggesting other jurisdictions ought not to be
concerned with offsets reducing the potential savings of similar
nonmedical switching policies.

This study builds upon and supplants a previous series of
early initial rapid monitoring studies in phase one of the Biosimilars
Initiative, which primarily reported no signals of sustained
changes in other types of health care resource use switching
cohorts compared with historical cohorts.7,8 We found no
changes in phase two with the introduction of an adalimumab bio-
similar switching policy, which is consistent with reports from
Denmark following a national nonmedical switch from adalimu-
mab originator to biosimilar.15 Furthermore, we found no evi-
dence of the temporal, anticipated increase in visits to

Figure 2. Health care resource use costs from 2015 to 2022. ADA, adalimumab; ETA, etanercept; INF, infliximab.
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rheumatologists for monitoring patients following nonmedical
switching in our data series.7,8

There are some limitations to this analysis. We are unable
to quantify the magnitude of cost savings to the British Colum-
bia government after considering all costs of health care
resource use and drug acquisition because the negotiated unit
prices for biologics and biosimilars are confidential. However,
because we excluded the acquisition costs of biosimilars and
biologics from this analysis, our finding of no significant change
in other health care resource use costs means that organiza-
tions with access to the prices paid for biologics and the dis-
count for biosimilars can confidently generate estimates of
cost savings.

Despite the limitation, this was a comprehensive population-
based study including all patients with IA covered by the British
Columbia health care system affected by nonmedical switching
under the Biosimilars Initiative. Secondly, our analytical approach
includes descriptive trend analyses coupled with robust quasi-
experimental statistical methods. Third, the patient cohort used
in this was observed over longer study periods than have previ-
ously been conducted and included an examination of health care
resource use following nonmedical switching of adalimumab for
the first time.

In summary, our findings suggest that cost savings from
switching to cheaper biosimilars will not be offset by the costs of
increased use of other health care services. These findings should
provide confidence for other jurisdictions in North America and
worldwide that nonmedical switching policies can be effective for
cost containment and do not lead to consequences for people
switched from originators to biosimilars resulting in increased

contacts with the health care system and additional costs to
payers.
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L E T T E R

DOI 10.1002/acr.25633

Statistical considerations regarding the association of
higher levels of high-sensitivity C-reactive protein with
future development of psoriatic arthritis in psoriasis:
comment on the article by Eder et al

To the Editor:
We read the study1 by Eder et al with great interest. The

authors aimed to assess whether high-sensitivity C-reactive pro-

tein (hsCRP) levels predict the development of psoriatic arthritis

(PsA) in patients with psoriasis. Their multivariable analysis sug-

gested that elevated systemic inflammation, measured by

hsCRP, is associated with future PsA development. However,

we wish to raise two statistical concerns regarding this study:

1. Sample size and model stability: Current epidemiologic
guidelines recommend approximately 10 events per vari-
able (EPV) to ensure model stability.2–4 With 57 PsA cases,
the analysis should include no more than six variables. The
inclusion of 11 variables in the multivariable analysis
(Table 2 from Eder et al1) exceeds this recommendation,
potentially compromising model reliability. For a robust
analysis of 11 variables, a minimum of 110 PsA cases
(10 EPV × 11 variables) would be required.

2. Variable selection for multivariable analysis: Multivariable
models should include only variables demonstrating sta-
tistical significance in univariate analyses or clinically rele-
vant covariates. Including nonsignificant variables, as in
Table 2 from Eder et al,1 risks model overfitting and may
yield inaccurate risk estimates.

Additionally, as laboratory specialists, we recommend incor-

porating other markers of inflammation (eg, neutrophil or leuko-

cyte counts) into the analysis. Relying solely on hsCRP may

overlook the contribution of traditional blood parameters and

overstate its predictive role in PsA development.
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Reply

To the Editor:
Cao and Liu raise concerns about the analyses we conducted

examining the relationship between high-sensitivity C-reactive pro-

tein (CRP) measurements and the development of psoriatic arthritis

(PsA) in patients with psoriasis,1 citing guidelines regarding the

number of covariates appropriate for the development of predictive

models.2 Our objective was not to develop a predictive model but,

rather, to adjust for potential confounding variables. In the first col-

umn of Table 2 from our previous study,1 we report the estimated

hazard ratio from a Cox model including only CRP. The rationale

for reporting results from an adjusted Cox model (see the second

column of Table 2) was to address concerns about potential con-

founding. Individuals contributing to our analyses were required to

be PsA-free at the time of the CRP assessment. Accordingly, the

CRP assessment time was a left-truncation time, marking the point

in which individuals began to be at a risk period for PsA develop-

ment in our sample. The adjusted analyses also relaxed the

assumption of independent left truncation and showed that the rela-

tion between CRP and time to PsA in the univariate analyses was

not unduly influenced by confounding variables because the effects

were comparable and the statistical significance remained strong.
The second statistical concern raised by Cao and Liu relates

to variable selection for multivariable analysis. They argue that

only variables demonstrating statistical significance in univariate

analyses, or those that are clinically relevant, should be included.

We considered all variables included in the multivariable model

to be clinically relevant, as all have been associated with increased

PsA risk.3,4 In addition, there are multiple reasons why clinically
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important covariates may fail to achieve statistical significance in
univariate analyses, including sample size and the covariate distri-
bution. Moreover, influential confounders may not show signifi-
cant univariate associations with the outcome yet still exert an
important confounding effect. Therefore, we did not perform vari-
able selection based on statistical significance. Instead, we spec-
ified an agreed upon list of potential confounders and adjusted for
them. This approach aligns with best practices for addressing
confounding, in which the objective is to strengthen causal
inference,5 and we suggest the reported confidence intervals be
examined as reflections of the uncertainty of the estimates.
Although we acknowledge some effects of confounders were
imprecise, our primary aim was to assess the robustness of the
hazard ratio for the CRP effect.

Their final point pertained to incorporating other markers of
inflammation (eg, neutrophil or leukocyte counts) into the analysis.
As we only had access to stored serum samples from this cohort,
cell counts could not be analyzed as suggested. We intentionally
focused on high-sensitivity CRP, a routinely available and clinically
used biomarker, and did not extend the study to include other
more advanced protein or metabolite biomarkers that would
require access to research laboratories.

ChatGPT-4o was used to check the spelling and grammar of this
letter.
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