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There is increasing evidence that low-dose methotrexate
(MTX) for the treatment of rheumatic musculoskeletal diseases
can lead to a unique type of atraumatic insufficiency fracture of
the lower limb, termed MTX osteopathy. A study now published
in this issue of Annals of the Rheumatic Diseases [1] sheds light on
the importance of stopping MTX to manage this rare skeletal
side effect.

Fractures secondary to long-term MTX therapy were first
described in 1970 in children with acute lymphoblastic leukae-
mia in remission [2]. These children presented with a triad of
symptoms consisting of bone pain, osteoporosis, and fractures.
Radiographs of the knee joints showed metaphyseal osteoporo-
sis, contrasting with abnormally dense zones of provisional cal-
cification. Importantly, this report already described that
discontinuation of MTX was followed by skeletal remineralisa-
tion of the lower extremity. More than 20 years later, MTX oste-
opathy was first described in two patients with rheumatic
musculoskeletal diseases who were treated with low-dose MTX
for rheumatoid arthritis or psoriasis [3]. These patients had
atraumatic insufficiency fractures of the proximal and distal tib-
iae with recurrent symptoms that resolved after discontinuation
of MTX.

The current study by Hauser et al [1] provides a compara-
tively large case series of 33 patients with insufficiency fractures
associated with MTX therapy and confirms their key demo-
graphic and disease-specific characteristics. These are almost
exclusively women, mostly in their mid-60s, with rheumatoid
arthritis or other rheumatic musculoskeletal diseases who have
been treated with MTX for several years. As detailed in another
previously published case series of 34 patients [4] and a system-
atic review of 80 patients [5], the most commonly affected
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skeletal sites are the distal tibia, calcaneus, and proximal tibia,
with a pathognomonic fracture morphology on magnetic reso-
nance imaging described as band-like and along the growth
plate appearance. Importantly, although most patients have
osteoporosis confirmed by dual-energy X-ray absorptiometry,
only a few are concomitantly treated with glucocorticoids, pro-
viding additional evidence that the observed fractures may be
mechanistically distinct from other fractures observed in
patients with rheumatic diseases. In sum, the collective evidence
has shown that low-dose MTX therapy can lead to atraumatic
stress fractures (or more accurately, insufficiency fractures
according to current nomenclature [6]) of the lower extremity,
which may mimic arthritis.

The main novelty of the study by Hauser et al [1] lies in the
valuable observation that almost all patients who continued
MTX (95%, 20 of 21 patients) suffered further fractures, includ-
ing insufficiency fractures as well as typical fragility fractures,
whereas further fractures were observed in only 36% (4 of 11)
of patients in who discontinued MTX. As insufficiency fractures
in MTX osteopathy often occur at multiple skeletal sites [4] and
bilaterally [7], the prevention of additional fractures is often
crucial to maintain some degree of weight bearing and mobilisa-
tion. In addition, Hauser et al [1] found a significant improve-
ment in pain levels and weight bearing tolerance, indirect
indicators of fracture healing, in the affected skeletal region in
patients who discontinued MTX. These findings are supported
by a case report of a woman with systemic lupus erythematosus
and recurrent bilateral insufficiency fractures of the calcaneus
due to long-term MTX use, in whom fracture healing and suc-
cessful remobilisation were achieved only by MTX discontinua-
tion [8]. As most patients with MTX osteopathy have
osteoporosis, antiosteoporotic treatment is virtually always indi-
cated. At present, it remains to be determined which osteoporo-
sis drug is most effective in this specific patient cohort;
however, osteoanabolic therapy appears to be the most promis-
ing due to its high potency. Respective treatment concepts may
favour the recombinant human parathyroid hormone analogue
teriparatide (optionally combined with the receptor activator of
nuclear factor kappa-B ligand antibody denosumab [9]) or the
sclerostin antibody romosozumab [10]. Another important ques-
tion for rheumatologists is whether MTX needs to be replaced
by another disease-modifying antirheumatic drug and, if so,
which one. However, there is no one-size-fits-all solution, as dis-
ease activity often varies considerably in individual patients,
and the diversity of rheumatic diseases, which originally
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justified the use of MTX, requires individualised approaches in
the era of biologic therapies. At best, some of these therapies
even have a positive systemic effect on bone outcomes [11], but
this assumption requires further research.

The study by Hauser et al [1] adds to the growing body of evi-
dence supporting the existence of MTX osteopathy, but patho-
mechanistic explanations for this phenomenon are still lacking.
Only few studies have previously reported indications of
impaired bone remodelling by MTX, namely reduced bone for-
mation in vitro [12] and impaired bone mechanical properties
and increased bone resorption in animal models [13]. Clinically,
however, it is striking that MTX is used in hundreds of thousands
of people worldwide without causing insufficiency fractures.
This suggests that, unlike the adverse effects of glucocorticoids,
which affect the vast majority of people treated [14], only a few
people are susceptible to MTX osteopathy. This may imply, for
example, that genetic variants increase susceptibility to MTX-
associated insufficiency fractures, as has previously been
reported for susceptibility to bisphosphonate-related atypical
femoral fractures [15]. Finally, in addition to conducting basic
research on the pathomechanism of MTX osteopathy, it seems
most important to conduct prospective comparative and rando-
mised clinical trials to investigate both future fracture risk and
fracture healing with MTX continuation versus MTX discontinu-
ation and to compare the effects of different antiosteoporotic
drugs.
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Patients with undifferentiated arthritis (UA) have clinically apparent inflammatory arthritis but
no evident diagnosis or classification. Considering UA as a definition ‘per exclusionem’ implies
that the population designated by this term is affected by changes in the way other diseases, eg,
rheumatoid arthritis (RA), are classified or diagnosed. Current treatment recommendations for
UA are largely similar to recommendations for RA. The recommendations are based on the idea
that UA is an early stage of RA and on literature generated in the 2000s before the development
of the 2010 classification criteria for RA. However, conventional UA (so-called ‘1987-UA’) is
presumably different than contemporary UA (‘2010-UA’). Strikingly, there are no randomised
placebo-controlled trials done on ‘2010-UA,’ and this poses questions on whether the recom-
mendations for UA are still valid. In this absence, we assume that treatment recommendations
from ‘1987-UA’ can be extrapolated to ‘2010-UA’ if (1) essential patient characteristics are the
same, (2) long-term outcomes are similar, (3) prognostic factors are largely the same, and (4)
there are indications from research other than placebo-controlled randomized clinical trials
(RCTs) that disease modifying antirheumatic drug (DMARD) treatment in 2010-UA is effective.
We evaluate these requirements one by one based on the literature on 2010-UA. This reveals
that 2010-UA is milder in initial presentation and disease outcomes than 1987-UA. Today’s UA
population is >95% anticitrullinated protein antibody-negative, presents with mono- or oligoar-
thritis, frequently achieves spontaneous remission, and rarely progresses to RA. We suggest that
2010-UA is a distinct patient group within the early arthritis spectrum, requiring additional
research, after which recommendations may need to be updated.

INTRODUCTION

Undifferentiated arthritis (UA) is a concept we think we
know. Patients present with clinically apparent inflammatory
arthritis (joint swelling at physical examination) and have no
clear diagnosis or classification. It is, therefore, also called
unclassified arthritis. We recognise that this population is, to
some extent, heterogeneous by the nature of the potential under-
lying diseases it may evolve to, the uncertainty about self-

remittance, and the unclear amount of investigative effort
needed to robustly claim ‘unclassifiability.” Though treatment
recommendations are clear and included in the 2016 European
Alliance of Associations for Rheumatology (EULAR) recommen-
dations for early arthritis [1]. These state that (1) if a definite
diagnosis cannot be reached and the patient has early UA, risk
factors for persistent and/or erosive disease, including the num-
ber of swollen joints, acute phase reactants, rheumatoid factor
(RF), anticitrullinated protein antibodies (ACPAs), and imaging
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findings, should be considered in management decisions, (2)
patients at risk of persistent arthritis should be started on disease
modifying antirheumatic drugs (DMARD:s) as early as possible
(ideally within 3 months), even if they do not fulfil classification
criteria for inflammatory rheumatologic disease, (3) among the
DMARDs, methotrexate is the anchor drug and, unless contrain-
dicated, should be part of the first treatment strategy in patients
at risk of persistent disease, and (4) the main treatment goal is
to achieve clinical remission, assessed with regular monitoring
of disease activity. Thus, the EULAR recommendations endorse
treatment for UA that is very similar to treatment for rheuma-
toid arthritis (RA).

It is known that recommendations are intended as support
and that deviations from these recommendations can be made
for individual patients. Because recommendations are generally
based on scientific data, the question of how to manage UA,
therefore, does not appear to be a recent or pressing issue. The
question is, is that true? Are current recommendations still suffi-
cient for patients with UA today or tomorrow? We will here
evaluate the concept of UA, its evolvement over time, and the
evidence we have regarding prognostication and intervention.

UA AND ITS HISTORY

The first naming of the term UA occurred in the late 1980s
[2]. It was described as a group of patients with early arthritis
for whom no clear diagnosis could be made. In that respect, the
description of the entity is not substantially different from the
current description. It was and still is clearly a diagnosis by
exclusion. Over the past 30 years, classification criteria for sev-
eral inflammatory arthritides have changed, of which changes
in the classification criteria for RA may have the most numerical
impact on UA. Although classification criteria are not intended
as a diagnostic tool, these changes do influence the general con-
cept of a disease.

In the first description of UA in the late 1980s, RA was
excluded by referring to the 1958 ARA classification criteria.
The number of studies on UA, which reflects interest in UA,
began to increase from 2003 to 2005, with a peak in the number
of publications in 2011. These figures suggest that the majority
of studies on UA were conducted when RA was defined accord-
ing to the 1987 classification criteria. A suggestion that is con-
firmed when reading the studies in more detail. The vast
majority of studies on prognostic markers studied a UA popula-
tion that had no clear diagnosis, including RA, according to the
1987 criteria. A widely used and extensively validated predic-
tion model that estimated the risk of RA was also derived for the
‘1987-UA-population’ [3—5]. The placebo-controlled rando-
mised clinical trials done in UA are summarised elsewhere [6].
There are 5 trials on UA; all were designed and executed before
2010. Consequently, all trials were done in a 1987-UA popula-
tion (except for the PROMPT trial, which used an even older def-
inition and studied 1958-UA, at that time called ‘possible RA’).
The primary endpoint in all of these trials was the development
of RA (according to clinical diagnosis without or with fulfilment
of the 1987 criteria for RA).

As is known, the classification criteria for RA were changed
again in 2010, with the aim of being able to recognise or classify
RA earlier. Some of the patients that were formerly classified as
UA are now characterised as RA; this mostly concerned ACPA-
positive patients [7]. This has obviously changed the remaining
group of UA patients (that we will refer to as ‘2010-UA’ or
‘contemporary UA’).
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DIAGNOSING UA

In clinical practice, we do not consider classification criteria
(eg, for RA) to exclude other diagnoses and thereby identify
patients with UA. There is also no recommendation on what
diagnostic test should be done or what classifiable diseases
should be ruled out before clinical arthritis can be labelled as
undifferentiated. In daily practice, UA is therefore diagnosed
by clinical expertise. A recent study covering UA patients diag-
nosed between 1993 and 2019 studied ‘expertise-based UA’
and showed that this UA population has changed over time
[8]. This study illustrates that classification criteria influence
what doctors consider a disease entity. More importantly, these
results hint at the fact that we must pay close attention to
whether the knowledge from the literature applies to today’s
patient group.

HOW TO MANAGE 2010-UA?

There is a paradox between the scientific data being largely
based on the 1987-UA and the population of UA patients that
we see in daily practice. Also, the above-mentioned EULAR rec-
ommendations for UA are based on studies that evaluated popu-
lations with early RA or early arthritis, and none of the studies
referred to were done on 2010-UA [1]. Also, no placebo-con-
trolled randomised clinical trials have been conducted on
‘2010-UA’/‘contemporary UA.” The question is, therefore,
whether the results of the prognostic studies and clinic trials in
the 1987-UA population can be extrapolated to the current
2010-UA population.

In the absence of placebo-controlled randomised clinical tri-
als in 2010-UA, we presume that the data from 1987-UA and
recommendations for UA can be extrapolated to 2010-UA if (1)
essential patient characteristics are the same, (2) long-term out-
comes are similar, (3) prognostic factors are largely the same,
and (4) there are indications from research other than placebo-
controlled randomized clinical trials (RCTs) that DMARD treat-
ment in 2010-UA is effective. We will consider these require-
ments one by one.

PATIENT CHARACTERISTICS HAVE CHANGED

Some classic characteristics that describe a rheumatologic
patient population are the number of swollen and tender joints,
their distribution at physical examination, and autoantibodies
(ACPAs and RF) as laboratory results. Approximately 25% to
65% of 1987-UA patients are ACPA-positive [4,9—12]. Due to
the composition of the 2010 classification criteria for RA, in
which autoantibodies carry a heavy weight, ACPAs have become
rare in 2010-UA. Only 4% to 5% of 2010-UA patients are ACPA-
positive (Fig 1) [3,4,9—-16].

The number of tender and swollen joints has also changed.
The mean number of tender joints in 1987-UA ranged between
5 and 7, and the number of swollen joints between 3 and 6 [4,9
—12]. In 2010-UA, in contrast, patients presented with, on aver-
age, 1 or 2 tender joints [13,14] and also 1 or 2 swollen joints
(Fig 1) [8,13—-16].

Other features, such as age, gender, and the frequency of
increased acute phase reactants, remained largely unchanged.
Hence, the majority of current UA patients are ACPA-negative
and present with mono- or oligoarthritis (Fig 1).
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Figure 1. Average number of swollen joints (upper), percentage antici-
trullinated protein antibody (ACPA) positivity (middle) , and percentage
of patients progressing to RA (lower) in patients presenting with conven-
tional undifferentiated arthritis (UA) (‘1987-UA’) and contemporary UA
(‘2010-UA’). The figures on the swollen joint count (SJC) and ACPA pos-
itivity are based on data from [3,4,9—16]. The percentage of UA patients
that developed RA is indicated in blue and based on data from [4,14].

ACPA positivity (%)

RA progressors

LONG-TERM OUTCOMES HAVE CHANGED

It is not surprising that as current UA comprises a different
patient population, long-term outcomes differ as well. Com-
pared with a previous rate of conversion to RA of 30% to 45% in
1987-UA [3,4], <10% of 2010-UA develops RA (according to
the 2010 criteria) (Fig 1). RA development generally occurs
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within the first year [14]. Whether 1987-UA and 2010-UA differ
in the course of disease activity score (DAS) and functional dis-
abilities over time remains to be studied. Interestingly, a recent
study revealed that about 60% of 2010-UA patients achieved
sustained remission without DMARDs. This was defined as the
sustained absence of swollen joints and included not only
DMARD-free sustained remission but also spontaneous sustained
remission (without ever DMARD treatment); this might be con-
sidered as resembling a cure [8]. Furthermore, in contrast to RA
and 1987-UA, patients with 2010-UA have no excess mortality
[13]. So, although some long-term outcomes remain to be stud-
ied in 2010-UA, available data suggest that the course of 2010-
UA is more favourable than for 1987-UA, which in turn is also
confirmatory that the 2010 RA criteria are capturing more
patients with a poor prognostic phenotype: the ‘RA phenotype.’

PROGNOSTIC FACTORS HAVE PARTLY
CHANGED

Classic prognostic factors

Prognostic factors are generally studied with RA development
as an outcome. The EULAR recommendation mentions swollen
joints, acute phase reactants, RF, and ACPAs as key prognostic
factors [1]. Radiographic erosions have also been shown to be
predictive in 1987-UA [17]. Several of these classic risk factors
are less informative in 2010-UA. ACPAs are still predictive, but
considering their frequency of <5%, it is less clinically relevant
[14,15,18]. Raised acute phase reactants (C-reactive protein
(CRP) and Erythrocyte sedimentation rate (ESR)) are no longer
predictive of RA development [14,15]. Polyarthritis remains a
predictor for RA development but has also become infrequently
present [14,15]. In addition, its value is slightly dependent on the
outcome. When considering disease persistence as a long-term
outcome, polyarthritis was no longer an independent risk factor
[13]. Radiographic erosions are also not predictive in 2010-UA
[17,18]. Thus, several classic risk factors are no longer relevant in
2010-UA. The presence of ACPAs remains the most consistent

Table 1
Prognostic factors in conventional undifferentiated arthritis (1987-
UA) and contemporary undifferentiated arthritis (2010-UA)

Prognostic factor Outcome: Outcome:
development of RA persistent arthritis

1987-UA  2010-UA  2010-UA

Polyarthritis + + -

ACPA positivity + + +

Increased CRP + +

Increased ESR +

Bone erosion at x-ray + -

HLA-SE + - NA

Tenosynovitis at MRI + + NA

Anti-Carp antibodies”  + NA

ACPA, anticitrullinated protein antibody; +, association with outcome/
increased risk; Anti-Carp, anticarbamylated protein antibodies; CRP, C-
reactive protein; ESR, erythrocyte sedimentation rate; HLA-SE, HLA
shared epitope alleles; MRI, magnetic resonance imaging; NA, not
assessed; 1987-UA, conventional UA; -, no association/no risk factor;
RA, rheumatoid arthritis; 2010-UA, contemporary UA; UA, undifferenti-
ated arthritis.

This table summarises the risk factors described and referenced in the
text. The data for HLA-SE alleles in the 2010-UA are in the Supplemen-
tary material.

 Predictive value is independent of ACPAs and rheumatoid factor.
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predictor but can be considered of limited value because of its
absence in ~95% of UA patients. An overview of ‘classic’ and
‘novel’ risk factors and their predictive ability for RA develop-
ment in 1987-UA and 2010-UA is provided in Table 1.

Antimodified protein antibodies

Now that classic risk factors are less accurate or helpful, new
risk factors were sought, such as newer antimodified protein
antibodies (AMPAs). Anticarbamylated protein (Anti-Carp) anti-
bodies were predictive of developing RA in 1987-UA, and that
effect was independent of ACPAs and RF. In 2010-UA, however,
anti-Carp antibodies were no longer predictive for the develop-
ment of RA (Table 1) [19]. Anti-Carp was also rare in ACPA-neg-
ative, RF-negative UA: 2.5% of seronegative 1987-UA patients
were anti-Carp positive, and only 0.01% etc of seronegative
2010-UA [19]. Antibodies against acetylated vimentin have
been described [20] but, to the best of our knowledge, have not
been tested in 2010-UA. Hence, multiple studies, including vari-
ous AMPA:s, still remain to be done in 2010-UA.

Imaging

Imaging can be more sensitive in detecting joint inflamma-
tion than physical examination of joints. Ultrasound (US) and
Magnetic Resonance Imaging (MRI) were evaluated in a few
studies in 2010-UA. US-detected inflammation was found pre-
dictive in 2010-UA [21,22], but regular clinical and serologic
risk factors were not studied, and the added value of US remains
unidentified.

A Japanese study in 2010-UA provided the first evidence that
tenosynovitis detected by MRI is predictive for developing RA
[23]. A large study in >400 consecutive 2010-UA patients demon-
strated that MRI-detected tenosynovitis was associated with RA
progression, independent of regular clinical and serological predic-
tors (Table 1) [15]. A flowchart revealing the value of hand and
foot MRI in subgroups of UA patients based on ACPA status and
joint involvement revealed that MRI is most valuable in ACPA-neg-
ative UA patients with oligoarthritis; the absence of MRI-detected
tenosynovitis contributed to excluding future RA development
[15]. MRI was less helpful in ACPA-negative monoarthritis as the
prior risk for RA was already low [15]. Follow-up research showed
that an MRI of one hand is sufficient, that additional scans of the
feet are not of added benefit [24], and that MRI-detected erosions
are not predictive [25]. Thus, performing a hand MRI in ACPA-
negative UA with oligoarthritis could aid in preventing overtreat-
ment by identifying a group of patients that will not develop RA.

Genetics

Human leucocyte antigen (HLA)-shared epitope alleles are
the strongest genetic risk factor for RA and ACPA-positive RA, in
particular. While predictive in 1987-UA [26,27], the HLA-
shared epitope alleles do not confer risk for RA in 2010-UA
(Table 1), possibly because some of the genetic risk is already
captured by the ACPA positivity.

Risk stratification models

While we have so far looked at the value of individual risk fac-
tors, a combination of factors will ultimately be required for accu-
rate risk stratification. The so-called ‘Leiden prediction model’
was designed for 1987-UA and extensively validated internation-
ally [4,5]. In addition to autoantibodies and the number of
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involved joints, this model contains information about morning
stiffness, distribution of involved joints, symmetry, age, and gen-
der. The idea was that with the advent of the 2010 classification
criteria, which also aimed at earlier recognition of RA, this model
has become redundant. Interestingly, a number of research groups
evaluated the accuracy of this model in 2010-UA and found a dis-
criminative ability that was not much inferior to what is known
from the model in 1987-UA (Area under the receiver operator
curve (AUC), 0.85; 0.83 in 2010-UA vs 0.87 originally in 1987-
UA) [28,29]. Likewise, the evaluation of consecutive 2010-UA
patients from the Leiden early arthritis cohorts revealed an AUC
of 0.81 (Supplementary File S2). These data suggest that the Lei-
den prediction model, which is easily filled at MDCalc [30], still
has some value in 2010-UA.

What is yet unexplored is whether there are variables in this
model that no longer contribute to the prediction in 2010-UA
and, therefore, may be omitted. Vice versa, other factors may
need to be included; for instance, imaging-detected tenosynovi-
tis may be useful to explore [15].

Finally, a crucial question is whether the development of RA
is the pivotal outcome when developing risk stratification meth-
ods for UA. Alternatives include persistent arthritis or, vice
versa, spontaneous remission. The latter would identify the peo-
ple who should not be treated. Functional disability and loss of
productivity are also of great importance. These outcomes are
virtually nonexistent in prognostic research in 2010-UA.

EVIDENCE FOR THE EFFICACY OF DMARD
TREATMENT FROM RESEARCH OTHER THAN
PLACEBO-CONTROLLED RCTS IS LACKING

Since placebo-controlled clinical trials in 2010-UA are
absent, a recent study explored the efficacy of DMARD treat-
ment in 2010-UA using 25 years of observational data in which
the inclusion period (periods between 1993 and 2019) was used
as an instrumental variable for changes in treatment strategies
[8]. It was hypothesised that if the use of DMARD treatment,
which had increased over time, had a disease-modifying effect
on UA, this resulted in lower disease activity, improved physical
functioning, increased frequency of prolonged DMARD-free sta-
tus, and less progression to RA. Despite the fact that DAS slightly
improved in patients diagnosed from 2011 onwards (approxi-
mately —0.20 DAS units), which is related to more frequent
DMARD treatment functional disability, the prevalence of pro-
longed DMARD-free status and progression to RA did not con-
comitantly improve compared with patients diagnosed from
1993 to 1997 [8]. Notably, the observed improvement in
DAS28-CRP from 2011 onwards does not exceed the minimal
clinically important difference of 1.0. This increased use of ther-
apeutics without notable improvement in long-term outcomes
also raises questions about benefits/risks in the treatment of UA
and, as such, questions how current UA should be treated.

A possibility to gain some insight into the efficacy of DMARD
treatment in 2010-UA in the short term may be to reanalyse the
existing UA trials and perform posthoc analyses in which the
2010-UA patients are identified retrospectively and the treat-
ment efficacy explored.

2010-UA IS DIFFERENT FROM PREARTHRITIS
OR PRE-RA

With the recent focus on the prevention of RA, the interest in
‘prearthitis’ and ‘pre-RA’ has increased. How does 2010-UA fit
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Figure 2. Conceptual differences between autoantibody-negative rheumatoid arthritis (RA) and contemporary undifferentiated arthritis (UA). Auto-
antibody-negative RA typically has a symptomatic prearthritic phase, presents with polyarthritis of small joints, and has a protracted disease course
that may result in sustained Disease Modifying Antirheumatic Drug-free remission (DMARD-free remission) in a subset of patients. Autoantibody-nega-
tive RA also has a longer symptom duration at diagnosis than contemporary UA (median, 12-14 weeks in anticitrullinated protein antibody (ACPA)-
negative RA [32,33] vs 8 weeks in contemporary UA [16]). Contemporary UA is most frequently autoantibody-negative, presents with fewer swollen
joints, and regularly results in spontaneous remission or DMARD-free remission. About 10% progresses to RA. Whether UA has a symptomatic prear-
thritis stage is unknown. Refining the clinical and pathophysiological differences between contemporary UA and autoantibody-negative RA is part of

the research agenda.

into these concepts? The crucial difference between prearthritis
and UA is that clinically apparent inflammatory arthritis is, by
definition, absent in prearthritis and mandatory for UA. UA has
long been seen as a ‘pre-RA stage’ that occurs just before RA
development. However, given the low frequency of 2010-UA
that progresses to RA (<10%), this does not apply to the major-
ity of UA patients. This is also supported by findings from
arthralgia cohorts. Individuals at risk for RA are often identified
by ACPA positivity; once clinical arthritis has developed, RA is
diagnosed. Also, people with clinically suspect arthralgia gener-
ally progress directly to RA and are rarely first diagnosed with
UA at the time of developing clinically apparent inflammatory
arthritis [31].

2010-UA AS AN ENTITY IN THE EARLY
ARTHRITIS SPECTRUM

The concepts of early arthritis and UA differ by nature; where
UA is a specific category of arthritis, and the type of arthritis is
unclear, early arthritis obviously refers to the time frame of the
disease’s onset, regardless of its specific type of arthritis.
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Due to the lack of specified tools or criteria to diagnose UA, it
is a less defined disease entity than other classified arthritides.
Because of the often favourable disease course, an overlap with
reactive arthritis could be assumed. However, the absence of
obvious infectious episodes preceding autoimmunity makes this
speculative. Because of ACPA negativity, an overlap with ACPA-
negative RA can be considered. Some clinical characteristics at
diagnosis differ between ACPA-negative 2010-UA and ACPA-
negative RA at group levels: UA has a shorter symptom duration
and a lower number of inflamed joints. Whether UA has a ‘pre-
UA period’ with gradual onset of autoimmune or autoinflamma-
tory phenomena, similar to the risk stage of arthralgia that can
precede ACPA-negative RA, remains to be elucidated. Further,
the disease course differs; while 2010-UA frequently achieves
sustained spontaneous remission or DMARD-free remission
(resembling a monocyclic course of joint inflammation), ACPA-
negative RA typically has a persistent course that requires
DMARD treatment, whereby part of the population can achieve
sustained DMARD-free remission over time. Conceptual differ-
ences between ACPA-negative RA and 2010-UA are depicted in
Figure 2 [16,32,33]. Ideally, in the future, the distinction
between UA and RA will be based on differences in underlying
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Figure 3. Distribution of diagnosis of consecutive patients with early arthritis in whom rheumatoid arthritis (RA) is defined according to the 1987 cri-
teria (left) and the 2010 criteria (right), which has consequences for the occurrence of undifferentiated arthritis. The data are based on 4369 early
arthritis patients who were consecutively included in the Leiden Early Arthritis cohort. Incident early arthritides aged >18 years were included, and
susception of traumatic arthritis or crystal arthropathy at first presentation were exclusion criteria. Data on diagnoses were collected during the first
year of follow-up. RA was defined according to the 1987 criteria (left) or 2010 criteria (right). SpA: Spondyloarthritis; RS3PE: Remitting seronegative,
symmetric synovitis with pitting edema.

Table 2
Research agenda

With respect to risk stratification
« Validate the predictive value of MRI-detected tenosynovitis in 2010-UA, as well as an added value to regular clinical and serological predictors.
* Determine the added predictive value of several AMPAs in 2010-UA, in addition to regular clinical and serological predictors.
« Determine the predictive value of genetic variants in 2010-UA, also next to regular clinical and serological predictors.
« Determine the predictive value of ultrasound-detected joint inflammation in 2010-UA, in addition to regular clinical and serological predictors.
* Validation of predictors in independent cohorts from different countries.
* Develop and validate risk stratification algorithms specifically for 2010-UA by evaluating known clinical, serological, imaging, and genetic risk factors.
« Determine whether the outcome of stratification algorithms would include the persistence of arthritis, spontaneous resolution, functional disability, or work loss (rather than RA
development).
With respect to the disease course
* Investigate whether 2010-UA is different from 1987-UA in the course of DAS over time and the course of functional limitations.
* Study how 2010-UA differs from 1987-UA in the ability to achieve a DMARD-free status.
With respect to understanding pathobiology

Conduct translational research at the level of systemic markers and synovial tissue:
* To understand the processes underlying 2010-UA
 To unravel heterogeneity within 2010-UA
* To discover the differences between 2010-UA and autoantibody-negative RA
With respect to differentiation/classification
* Assess whether current methods to differentiate 2010-UA from autoantibody-negative RA suffice or need to be redefined.

With respect to treatment

* Perform posthoc analyses on published trials in 1987-UA, select the 2010-UA patients, and evaluate treatment efficacy.

* Perform randomised clinical trials on 2010-UA (not only with RA development as an outcome but also disease persistence and functional disability over time).
 Determine whether methotrexate is effective as first-line DMARD in 2010-UA.

 Determine whether treat-to-target is effective in 2010-UA.

» Summarise the results of future research and update treatment recommendations for UA.

AMPA, antimodified protein antibody; DAS, disease activity score; DMARD, disease modifying antirheumatic drug; MRI, magnetic resonance imaging; 1987-UA, con-
ventional UA; RA, rheumatoid arthritis; 2010-UA, contemporary UA; UA, undifferentiated arthritis.

biological mechanisms, which are, however, not yet fully under- examined inflammatory cells in the systemic circulation and
stood. synovial tissue of 2010-UA and reported on differences in mac-
Therefore, despite its less well-defined definition and rophage density or expression of monocyte-related markers in
unknown aetiology, UA, in its contemporary form, has become relation to the clinical outcome [34—36]. Yet, little translational
an entity within the spectrum of early arthritis diagnoses. It research has been conducted on 2010-UA.
presents as an ACPA-negative mono- or oligoarthritis and may Alternatively, the heterogeneity at the level of clinical varia-
have a less persistent disease course than several classified bles was unravelled. A unique set of 2010-UA patients, with longi-
arthritides. Figure 3 shows the lower prevalence of 2010-UA tudinal data collected in the era before DMARD treatment
compared with 1987-UA in the spectrum of early arthritides. became common, were studied for the natural disease course
[371. Clusters were searched based on clinical features at initial
UNRAVELLING HETEROGENEITY AMONG 2010- presentation, resulting in 5 clusters differentiating patients mostly
UA on joint involvement (3 clusters with monoarthritis, 1 with oli-
goarthritis, and 1 with polyarthritis). Thereafter, the clusters
Although 2010-UA is a separate entity, heterogeneity may were evaluated by studying the disease course. The first monoar-
still exist. Unravelling heterogeneity within UA at the patho- thritis cluster (18% of UA patients) had clinical arthritis of a large
physiological level is still impossible. Some studies have  joint, often an acute/subacute onset of symptoms, and were more
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often men. Another cluster (9%) concerned monoarthritis of the
wrist; these patients were frequently obese, had rapid onset, and
had no morning stiffness. The third concerned monoarthritis of a
small hand or foot joint (10% of the UA population); this cluster
had few characteristic clinical elements, but patients were rela-
tively young (<50 years) and often female. The other 2 clusters
were characterised by initial presentation with oligoarthritis
(43% of the UA population) or polyarthritis (20% of the UA popu-
lation) [37]. Patients with unfavourable outcomes (either pro-
gression to RA or having persistent disease) were hardly included
in the 3 monoarthritis clusters [37]. It could be assumed that
DMARD treatment would add little to these monoarthritic clus-
ters. Follow-up research is needed to evaluate this.

CONCLUSION ON THE MANAGEMENT OF 2010-
UA

All in all, the 2010-UA population is milder, both in initial
presentation and in the severity of the disease course, than in
1987-UA. Today’s UA population is >95% ACPA-negative,
presents with mono- or oligoarthritis, frequently achieves spon-
taneous remission, and rarely (about 10%) progresses to RA.
2010-UA, therefore, appears to be its own patient group or
entity within the spectrum of early arthritis. Research is needed
on risk stratification and appropriate treatment in this patient
group (see the research agenda in Table 2). It is risky that the
current EULAR guidelines on the treatment of UA appear to be
based on the idea that UA is largely similar to RA. Until there is
more evidence that can be summarised in renewed EULAR rec-
ommendations, the treatment of 2010-UA is a matter of common
sense, taking into account the risk of undertreatment and over-
treatment, as well as the wishes and possible treatment goals of
the patient.
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ABSTRACT

Objectives: A EULAR task force was convened to develop points to consider (PtC) for patient edu-
cation in physical activity and self-management of pain in young people with juvenile-onset
rheumatic and musculoskeletal diseases during transitional care.

Methods: A task force of 26 people from 10 European countries followed the EULAR Standar-
dised Operating Procedures to establish overarching principles (OAPs) and PtC based on a litera-
ture review and expert consensus. Level of evidence (LoE), grade of recommendation (GoR) and
level of agreement (LoA) were determined.

Results: Two OAPs and seven PtC were formulated. The OAPs highlight the importance of per-
sonalised transitional care in rheumatology, ideally based on shared decision-making and incor-
porate interactive education to empower young individuals in managing their physical activity
and pain. The PtC emphasise the clinical importance of patient education in these areas to
improve readiness to transfer from paediatric to adult care. For two PtC, the GoR was moderate
(grade B), based on individual cohort study (LoE 2b). For the remaining five PtC, the GoR was
weak (grade D), based on expert opinion (LoE 5). The LoA among the task force was high, rang-
ing from 9.4 to 9.8, except for one PtC that was 8.7.

Conclusion: These EULAR PtC establish guidance on best practices for delivering patient educa-
tion in physical activity and self-management of pain during transitional care in rheumatology.
The adoption of these PtC in clinical settings is recommended to standardise and optimise transi-
tional care across European healthcare systems. Additionally, the task force expects that these

PtC will drive future research and potentially shape policies across Europe.

INTRODUCTION

The transition from adolescence to adulthood is a critical
period characterised by rapid and extensive biopsychosocial
changes. This transition is particularly challenging for individuals
growing up with juvenile-onset rheumatic and musculoskeletal
diseases (jJRMDs) [1], which may limit them from having a
healthy and satisfactory life [2—4]. Children, adolescents and
young adults (hereinafter referred to as young people) with
jRMDs have a particular medication and face a health burden [5],
distinct from adults [6] and require specialised care [5,6].
Although remission of jRMDs is possible [7], still 50% of cases
persist with active disease into adulthood, requiring a transition
from paediatric to adult care to continue their treatment [8,9].
During this transition, 20%—50% of young people with jRMDs
discontinue treatment, leading to worsening outcomes [10—12].
Thus, in 2017, EULAR/PReS launched general standards and
recommendations for transitional care in rheumatology [13].
These guidelines highlighted the importance of early access
to developmentally appropriate transitional care provided by
specialised and coordinated multidisciplinary teams. While the
2017 EULAR/PReS standards have inspired meaningful progress
in the field [14—-16], our task force identified a clinically relevant
and timely gap: the need for specific guidelines focused on patient
education in physical activity and self-management of pain.
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First, young people with jJRMDs often are at risk of worse over-
all health and an increased risk of comorbidity in adulthood [9].
In this context, physical activity has well-known, broad benefits
for health, including those related to cardiovascular health [17],
inflammation [18], cancer [19], sleep quality [20], mental health
[21] and health-related quality of life [22]. Physical activity has
also specific benefits for RMDs, with improvements in disease
activity [23] and symptoms [24]. Therefore, patient education
promoting regular physical activity is important and particularly
timely now that 81% of adolescents worldwide do not meet the
minimum physical activity levels recommended by the WHO
[25]. Importantly, this figure seems to be even worse in young
people with jRMDs [26]. Second, despite good pharmacological
control, an average of 60% of young people with jRMDs continue
to experience pain [27]. Persistent pain may negatively impact
school attendance [28,29], academic performance [30], social
participation [31] and employment rates [4,32], all of which may
affect adulthood. In this context, patient education that improves
self-management of pain may help young people with jRMDs nav-
igate key outcomes such as educational and vocational achieve-
ment, emotional management, intimate relationships and social
life [33]. Thus, patient education in physical activity and self-
management of pain is essential to manage their health proac-
tively as they transition from paediatric to adult care, offering
potential long-lasting benefits.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* The 2017 EULAR/PReS standards and recommendations pro-
vide general guidance for transitional care in rheumatology.

* The potentially long-lasting benefits of patient education in
physical activity and self-management of pain during transi-
tional care are widely acknowledged.

* However, there is currently a lack of consensus on how best to
deliver patient education in these areas during transitional care.

WHAT THIS STUDY ADDS

» This EULAR task force establishes two overarching principles

and seven points to consider (PtC) for patient education in

physical activity and self-management of pain during transi-

tional care.

The task force also proposed a research agenda to increase evi-

dence-based knowledge and improving practice to enhance the

quality of transitional care.

* These PtC provide guidance for clinical practice in these areas,
aiming at facilitating continuity of care in the transition from
paediatric to adult services.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

» This task force encourages future well-designed randomised
controlled trials to evaluate existing patient education pro-
grammes in physical activity and self-management of pain dur-
ing transitional care and, if needed, optimise them or develop
new programmes.

Implementing these PtC in practice may lead to innovative
approaches to promote physical activity and self-management
of pain during transitional care.

This PtC may influence policy by advocating for quality of care
in rheumatology during the transition from paediatric to adult
services across Europe.

Therefore, a task force was convened to establish the EULAR
overarching principles (OAPs) and points to consider (PtC) for
patient education in physical activity and self-management of
pain in jRMDs during transitional care. This task force aimed to
complement, rather than update, the 2017 EULAR/PReS general
standards. The target audience comprises adult and paediatric
rheumatologists, health professionals in rheumatology (HPRs),
young people with jRMDs, their families, patient organisations
and policy-makers across Europe.

METHODS

The work of this task force was conducted in accordance with
the EULAR updated Standardised Operating Procedures [34].
After approval, from the EULAR Executive Committee, a steering
committee was established, including the convenor (FE-L), two
co-methodologists (FE-L and LC) and two fellows (JC-I and RP-
M). The multidisciplinary task force (n=26) included paediatric
and adult rheumatologists, HPRs, people with RMDs and repre-
sentatives from the Emerging EULAR Network from 10 Euro-
pean countries (Belgium, Czech Republic, Hungary, Germany,
the Netherlands, Portugal, Spain, Switzerland, Turkey and the
UK). All members disclosed their conflicts of interest upfront.
All task force meetings were conducted online.

The steering committee convened in March 2021 to set out
the whole process, establishing the protocol to develop the PtC.
In line with the meeting’s agenda, the fellows conducted a scop-
ing review to create a preparatory material offering insights into
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current practices of transitional care in young people with
jRMDs. Previous EULAR recommendations focused on adults
and related to the scope of this task force were also reviewed
(eg, patient education [35], pain management [36], physical
activity [37] and self-management of inflammatory arthritis)
[38]. During the first task force meeting, this preparatory mate-
rial was discussed, with the final aim of defining the research
question for the systematic literature review (SLR), a matter for
a separate publication. Within this meeting, we identified the
clinical gaps, which would serve as the basis for adopting the
Population Intervention Comparison Outcome approach. This
approach supported the development of the search strategy for
the SLR, conducted in different databases (ie, Cochrane Library,
Medline). The SLR was conducted by fellows, with the supervi-
sion of the convenor and co-methodologists, to collect qualita-
tive and quantitative studies conducting or describing a
structured transitional care programme for young people with
jRMDs. Although the primary aim of the SLR was to inform the
PtC for patient education in physical activity and self-manage-
ment of pain, we intentionally broadened the scope of the SLR.
This approach aligned with the research agenda developed dur-
ing our first meeting, ensuring a more comprehensive summary
of the current state of the art of transitional care in rheumatol-
ogy. By including a wider range of studies, we aimed not only to
address immediate priorities but also to provide insights that
may optimise existing strategies and support the development of
more effective, evidence-based approaches. Additionally, this
broader review may facilitate the implementation of these
approaches in clinical practice by identifying gaps and areas for
improvement. In the second meeting, the task force discussed
the SLR results and the first list of OAPs and PtC, drafted by the
steering committee based on the preparatory material and the
semistructured interviews carried out individually with each
task force member, where relevant findings were discussed and
additional literature was identified. The first two Delphi rounds
were performed during the second meeting, where each member
of the task force was asked to indicate their level of agreement
(LoA) on each recommendation, which was rated anonymously
through a survey on an 11-point Likert scale from 0 to 10 (O:
completely disagree, 10: completely agree). Items scored over 7
mean points were considered for the next round. Items below 7
mean points were further discussed to decide whether to change
the wording/contents or to dismiss them from the list. Addition-
ally, related items were discussed to be grouped. After the meet-
ing, a second list of OAPs and PtC was formulated and LoA
asked to be rated anonymously. In the third Delphi round, each
member of the task force gave their final rating on every item.
The consensus was reached if >75% of the members voted in
favour of the recommendations and gave >8 mean points. The
mean and SD of the LoA, as well as the percentage of agreement
>8, were presented. Lastly, the task force was consulted to revise
and provide feedback on the final document. The steering com-
mittee appraised the level of evidence (LoE) and grade of recom-
mendation (GoR), according to the standards of the Oxford
Centre for Evidence-Based Medicine [39].

RESULTS

The task force agreed on two OAPs and seven PtC (table 1).
Most PtC were based on expert opinion (GoR=D, LoE=5) due
to the limited evidence available in the literature. However, PtC
5 and PtC 6 were based on individual cohort study (GoR =B,
LoE=2 b). Overall, the LoA on the present PtC was high, with
scores ranging from 9.4 to 9.8, except for PtC 4 (LoA=28.7). The
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Table 1
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Overarching principles (OAPs) and points to consider (PtC) for patient education in physical activity and self-management of pain in juvenile-onset rheumatic
and musculoskeletal diseases (jJRMDs) during transitional care in rheumatology

LoA
% with
OAPs Mean (SD) score >8
1 Transitional care has clear personalised aims, ideally based on shared decision-making and periodically monitored by both 9.9 (0.8) 100
objective and patient-reported outcomes
2 Patient education is a planned interactive learning process designed to support and enable young people with jRMDs to 9.5(0.8) 100
manage their health and chronic condition and optimise their well-being during transitional care
% with
PtC LoE GoR Mean (SD) score >8
1 Patient education in physical activity and self-management of pain should be prioritised for newly 5 D 9.6 (0.5) 100
diagnosed patients and for those in transitional care
2 Patient education in physical activity and self-management of pain should be tailored and 5 D 9.6 (0.9) 95
needs-based according to the young people’s priorities, preferences, capabilities and resources
3 Patient education during transitional care should consist of a variety of learning formats, including 5 D 9.4(1.4) 91
digital health
4 Patient education during transitional care should include the evaluation of both young people’s 5 D 8.7 (0.8) 87
health literacy and, most importantly, their behavioural changes
5 All patients and their caregivers should be offered education on the importance of maintaining a healthy ~ 2b-5 B 9.8 (0.7) 100
lifestyle to better self-manage jRMDs
6 Physical activity has health benefits for young people with jRMDs and should be promoted during 2b B 9.8 (1.0) 95
transitional care
7 Rheumatologists and health professionals in rheumatology should consider offering a variety of 5 D 9.6 (0.4) 100

physical activity formats that align with young people’s preferences and disease requirements

GoR, ranging from A (consistent level 1°) to D (’level 5 evidence’). LoA, ranging from 0 ("completely disagree’) to 10 Ccompletely agree’). LoE, ranging from 1(Chigh
quality randomised controlled trials’) to 5 (expert opinion’). 2b = individual cohort study.

GoR, grade of recommendation; LoA, level of agreement; LoE, level of evidence.

task force attributed the lower LoA for PtC 4 to challenges in
identifying a feasible and practical method for measuring health
literacy in daily clinical practice during transitional care in rheu-
matology.

Overarching principles

The task force emphasises that both OAPs are relevant to all
the PtC. These OAPs stress the importance of personalised and
interactive patient education processes that empower young
people with jRMDs to actively manage their health during the
transition from paediatric to adult care [35]. A biopsychosocial
approach is emphasised, considering not only medical but also
psychological and social factors to ensure holistic support. These
OAPs encourage shared decision-making, aligning care with
individual needs, preferences and resources (ie, patient-centred
care), ensuring regular monitoring of both objective and
patient-reported outcomes [13].

Points to consider

PtC 1: patient education in physical activity and self-management of
pain should be prioritised for newly diagnosed patients and for those
in transitional care

Improving young people’s knowledge and health literacy in
physical activity and self-management of pain early in transi-
tional care may be meaningful [40,41]. Thus, the task force sug-
gests to consider providing patient education in these areas as
the starting point of transitional care [42,43]. In this context,
patient education may promote an active lifestyle and help
young people cope with the consequences of pain [44]. Equip-
ping young people with jRMDs with early health literacy and
self-care skills may empower them to manage their own health
independently [45], achieve self-efficacy and parental
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independence [46], prevent consequences of sedentarism [47],
mitigate lifelong pain-related disability [48] and improve both
their social and vocational development [49]. Additionally, pro-
viding education in both physical activity and self-management
of pain may have a synergist effect, yielding larger effects when
combined together than when addressed separately [50].

PtC 2: patient education in physical activity and self-management of
pain should be tailored and needs-based according to the young
people’s priorities, preferences, capabilities and resources

The task force suggests tailoring patient education in physical
activity and self-management of pain to meet young people’s
care needs according to their developmental changes in percep-
tions, interests and maturity during transitional care [49].
Importantly, young people of the same age may have different
self-management skills and readiness to transition [51]. Thus,
patient education may consider biopsychosocial and environ-
mental needs over age-based approaches [52]. Accordingly,
educational needs for physical activity and self-management of
pain may be flexible, regularly revised and adjusted to the evolv-
ing challenges young people face during transitional care, such
as changes in self-advocacy, self-confidence, school demands,
body image and sexuality [53,54]. In this context, introducing
activity pacing may help young people with jRMDs manage
daily activities more sustainably by adapting to the fluctuating
nature of their symptoms, including pain. Activity pacing
involves breaking activities into realistic goals to prevent over-
exertion and avoid the boom-and-bust cycle, where overactivity
leads to flare-ups and subsequent decreases in physical activity.

PtC 3: patient education during transitional care should consist of a
variety of learning formats, including digital health

The task force suggests offering young people with jRMDs a
variety of options, allowing them to choose based on their
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preferred learning style. The main modes of delivering patient
education explored in transitional care in rheumatology, include
combinations of face-to-face or remote interventions with indi-
vidual or group-based approaches [55]. Gamification strategies
(eg, avatars, progress indicators and rewards) [56,57], narrative
medicine interventions (storytelling) [58] and peer-mentoring
[59] may also be considered, given the intrinsic interest shown
by young people. Social media-based programmes [60] and
video games [61] often show good acceptability and provide
engaging alternatives for promoting physical activity in young
people with jRMDs. Smartphone-based pain self-management
programmes seem to be both feasible and beneficial for young
people with jRMDs [44].

The task force advises education providers to be skilled in the
delivery formats preferred by young people with jRMDs and be
flexible in adapting their approach as the young person develops
[35]. Education providers are also encouraged to engage young
people in informed shared decision-making, particularly regard-
ing patient education in physical activity and self-management
of pain. When needed, the task force highlights the importance
of offering training in these areas to education providers, includ-
ing but not limited to, rheumatologists, HPRs, families and
teachers.

PtC 4: patient education during transitional care should include the
evaluation of both young people’s health literacy and, most
importantly, their behavioural changes

Health literacy, defined as the ability to find, understand and
use health-related information, is crucial for making informed
decisions regarding physical activity and self-management of
pain. In young people with jRMDs, insufficient health literacy is
associated with worse outcomes including poorer transition
readiness [62] and ineffective self-management, often resulting
in parents having a more central role during consultations
[63,64]. Enhancing health literacy equips young people to make
informed decisions, supporting them to have better control of
their disease management. In transitional care, it may be impor-
tant to equip young people with jRMDs with health literacy
skills to critically appraise the quality of information available
on the internet [65]. In addition to enhance health literacy,
patient education may have potential to promote long-lasting
behavioural changes that integrate healthy practices, such as
engaging in physical activity and self-managing pain, into daily
routines [9,45]. Educational programmes tailored to the individ-
ual health concerns and life experiences of young people with
jRMDs may be beneficial in increasing health literacy and help-
ing them better understand the potential risks related to their
condition [66] while also encouraging sustainable behavioural
changes [67].

Therefore, the task force emphasises the importance of
patient education in physical activity and self-management of
pain during transitional care, focusing not only on improving
health literacy but also on supporting long-lasting behavioural
changes and their integration into daily routines [67—69].

PtC 5: all patients and their caregivers should be offered education on
the importance of maintaining a healthy lifestyle to better self-
manage jRMDs

Patient education in physical activity and self-management of
pain should raise awareness and promote specific behavioural
changes in young people with jRMDs during transitional care,
helping them and their caregivers understand the importance of
a healthy lifestyle for reducing disease activity, preventing
comorbidities and achieving other general benefits such as
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improved well-being [43,70,71]. In this context, a systematic
review [72] concluded that there is evidence supporting that
adopting a healthy lifestyle may be beneficial for young people
with jRMDs. For instance, nutritional interventions such as
omega-3 fatty acids and iron supplementation have been shown
to strengthen immune status markers, including cytokines [73]
and haemoglobin levels [74]. In addition, educational pro-
grammes focused on healthy nutrition for both patients and
their parents have been found to promote greater calcium intake
[75], which may have long-lasting benefits supported by better
bone health [76]. Although the existing evidence is limited, the
task force also emphasises the importance of offering guidance
on avoiding unhealthy habits such as smoking and alcohol con-
sumption [77—79], as well as other important topics like sleep
hygiene [3,80], sexual health [81,82] and healthy body compo-
sition [83,84], as addressing these behaviours may further
enhance long-term health outcomes. To support this, it may be
important guiding families in reducing overprotective behav-
iours, encouraging a gradual transfer of responsibility to young
people, fostering independence, better self-management and
improved health outcomes [15,16,85].

PtC 6: physical activity has health benefits for young people with
JRMD:s and should be promoted during transitional care

EULAR recognises promoting physical activity is a core com-
ponent of RMDs care [13,37,86] with its health benefits extend-
ing to young people with jRMDs [47]. In this context, there is
evidence supporting that physical activity interventions may
have benefits in functional status (eg, dressing, walking) [87],
health-related quality of life [2], pain [88], multimorbidity [71]
and disability [89]. The task force suggests that the WHO 2020
guidelines on physical activity and sedentary behaviour are also
applicable to young people with jRMDs during transitional care
[25]. We also highlight that, to promote adherence to physical
activity, strategies may address barriers faced by young people
with jRMDs (eg, fear of worsening symptoms, parental overpro-
tection and low self-efficacy) while maximising facilitators (eg,
enjoyment, parental and peer support and positive reinforce-
ment) [47,90,91].

PtC 7: rheumatologists and HPRs should consider offering a variety
of physical activity formats that align with young people’s preferences
and disease requirements

Although the WHO guidelines emphasise quantitative aspects
of physical activity (frequency, duration and intensity), the task
force underscores the importance of considering qualitative fac-
tors (ie, contextual elements) to optimise enjoyment [92],
improve self-esteem [93] and to achieve a better adherence to
physical activity in young people with jRMDs. Thus, rheumatol-
ogists, HPRs and any other caregivers (eg, families, teachers)
may consider contextual factors when offering physical activity
for young people with jRMDs, including but not limited to, the
type of activity (eg, aerobic activity, bone-strengthening and
muscle-strengthening exercise, mind-body activities and sports),
level of supervision (ie, supervised or unsupervised), delivery
mode (eg, face to face or remote), physical environment (ie,
schools, community settings or sports clubs; indoors vs out-
doors), social environment (eg, individual sports or team sports)
and equipment (eg, ropes, balls).

The task force highlights the need for specialised assistance
in offering variations in contextual factors of physical activity to
reduce monotony, while ensuring the activity is safe and well-
tolerated [90]. Patient education for physical activity may help
young people with jRMDs to self-regulate physical activity levels
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according to their capabilities and daily symptoms fluctuations.
Importantly, engaging in a variety of physical activity may help
them discover their personal preferences.

DISCUSSION

This manuscript presents the EULAR PtC for patient educa-
tion in physical activity and self-management of pain in young
people with jRMDs during transitional care, establishing two
OAPs and seven PtC. These PtC are the consensus of a diverse,
multidisciplinary and international panel of 26 members includ-
ing paediatric and adult rheumatologists, HPRs and people with
RMDs. The discussions of this task force were informed by a
broad review of the available literature (including previous
guidelines [35—38]) and semistructured individual interviews
with each task force member. Most PtC were based on weak evi-
dence (ie, expert opinion) due to the limited evidence available
in the literature. PtC 5 and PtC 6, in contrast, were based on
moderate evidence (ie, individual cohort study). Overall, task
force agreement was high, except for PtC 4, which was lower
due to challenges in identifying a practical method for measur-
ing health literacy in daily clinical practice in transitional care.

The 2017 EULAR/PReS task force introduced general guide-
lines for transitional care in young people with jRMDs. Building
on the progress initiated by those general guidelines, our task
force viewed it as a next step to provide specific guidance on
patient education in physical activity and self-management of
pain during transitional care in rheumatology. We identified
these areas as particularly urgent due to the high prevalence of
physical inactivity and poor self-management of pain among
young people with jRMDs, which may negatively impact their
long-term outcomes and health-related quality of life. Thus,
addressing these two key issues offers a valuable step forward in
promoting continuity of care in rheumatology. To further
advance transitional care in rheumatology, the task force out-
lined a research agenda emphasising the importance of experi-
mentally evaluating the effects of existing transitional care
programmes and, if needed, optimise them or develop new pro-
grammes (box 1).

Given the urgent need to raise awareness about the impor-
tance of ensuring continuity of care in rheumatology, our imme-
diate goal is to promote the present PtC. We plan to disseminate
these guidelines to both academic and layperson audiences
through various channels, including scientific manuscripts, pre-
sentations and leaflets, as well as participation in mass media
such as interviews, podcasts and social media campaigns. To
maximise their reach and visibility, these materials will be trans-
lated into as many languages as possible.

Considering the limited availability and access to transitional
care programmes of excellence in rheumatology, promoting the
broad implementation of these PtC is a key priority for our task
force. While digital health solutions (eg, apps) offer potential for
patient education in physical activity and self-management of
pain, they must be approached with caution due to the need for
individualised strategies and limited supporting evidence. Addi-
tionally, placing the burden on patients is always problematic
and particularly without adopting system-wide changes to sup-
port them. For instance, we highlight the need for caregivers
training and ensuring that educational resources are both acces-
sible and affordable.

A limitation of these PtC is that the task force decided to
focus on patient education in physical activity and self-manage-
ment of pain, thereby excluding other important areas, such as
patient education in self-management of fatigue. Expanding the
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Box1 Research agenda

To conduct high-quality studies that generate evidence sup-
porting or refuting the present points to consider for patient
education in physical activity and self-management of pain in
transitional care in rheumatology, which is primarily based on
expert consensus.

To analyse the effects of existing programmes in these areas
through well-designed randomised controlled trials that assess
key outcomes in transitional care (eg, readiness to transfer,
continuity of care) and, if needed, optimise them or develop
new programmes.

To develop sustainable, customised educational interventions
in these areas, with developmentally appropriate content that
aligns with the evolving priorities of young people’s with juve-
nile-onset rheumatic and musculoskeletal diseases (jJRMDs) as
they grow.

To explore the barriers and facilitators to implementing patient
education in these areas into the daily lives of young people
with jRMDs, including school and leisure time.

To examine how digital health tools may support young people
with jRMDs—and their families, healthcare professionals and
any other caregivers (eg, teachers)—as they transition from pae-
diatric to adult care, while promoting responsible use of tech-
nology and addressing issues such as time management and
avoiding sedentary behaviour.

scope to include additional outcomes would have been exces-
sively ambitious and could have compromised the feasibility of
the task force’s work. Additionally, most of the available litera-
ture is from studies conducted in relatively homogeneous popu-
lations; predominantly, white individuals with Juvenile
Idiopathic Arthritis from developed countries, with scarce atten-
tion to individuals from minorities, populations at risk of social
exclusion and those underrepresented in research or with lim-
ited access to care. In addition to raising questions about gener-
alisability to other populations, this may be particularly relevant
during transitional care as diversity continues to increase in
younger populations. While these limitations should be
acknowledged, the present PtC emphasise the importance of
personalised transitional care tailored to individual needs, prior-
ities, preferences, capabilities, resources and contexts. In addi-
tion, a potential limitation of the consensus process is the
potential for bias in expert selection, which may lead to an over-
representation of certain viewpoints, limiting the diversity of
perspectives.

In conclusion, this EULAR PtC for patient education in physi-
cal activity and self-management of pain in young people with
jRMDs during transitional care provide guidance to rheumatolo-
gists, HPRs, young people with jRMDs, families, any other care-
givers (eg, teachers) and organisations. Our ultimate goal is to
promote continuity of care in rheumatology, empowering young
people with jRMDs to manage their health proactively and
improve their long-term health outcomes. These PtC are
intended to fill gaps in current practice, drive future research
and potentially shape policies to ensure more standardised, per-
son-centred transitional care across Europe.
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ABSTRACT

Objectives: To develop a consensus-based expert definition of difficult-to-manage (D2M) axial
spondyloarthritis (axSpA), incorporating treatment-refractory (TR) disease.

Methods: A literature review was conducted in 2022 to identify potential definitions for D2M/TR
axSpA from prior studies, followed by a 2-round Delphi consensus process conducted in 2022
and 2023 to identify components of D2M axSpA. Based on the results of the Delphi process, a
draft of the D2M axSpA definition was developed and presented to the expert task force, includ-
ing patient representation, and, subsequently, to the Assessment of SpondyloArthritis Interna-
tional Society (ASAS) membership for endorsement in January 2024.

Results: Consensus was reached on a D2M definition encapsulating treatment failure (treatment
according to the ASAS-European Alliance of Associations for Rheumatology recommendations
and failure of >2 biological or targeted synthetic disease-modifying antirheumatic drugs with
different mechanisms of action unless contraindicated), suboptimal disease control, and physi-
cian or patient acknowledgement of problematic signs/symptoms in patients diagnosed with
axSpA by the rheumatologist. This definition represents a broad concept that includes various
reasons that lead to an unsatisfactory treatment outcome. TR axSpA is covered by the D2M defi-
nition but requires a history of treatment failure, the presence of objective signs of inflammatory
activity, and the exclusion of noninflammatory reasons for nonresponse. The proposed D2M def-
inition incorporating TR disease was endorsed by ASAS at the annual meeting in January 2024,
with 89% votes (109/123) in favour of it.

Conclusions: The ASAS D2M axSpA definition, including TR disease, allows for identifying
patients with unmet needs, paving the way for further research in this condition and its clinical
care improvement.

INTRODUCTION

axSpA can be classified as radiographic, historically known as
ankylosing spondylitis (AS) [4], or nonradiographic, respec-

Axial spondyloarthritis (axSpA) is an immune-mediated tively.

inflammatory condition primarily affecting the axial skeleton
(spine and sacroiliac joints) [1,2]. Based on the presence or
absence of definitive radiographic sacroiliitis according to the
radiographic criterion of the modified New York criteria [3],

539

The first-line therapy for axSpA consists of nonsteroidal anti-
inflammatory drugs (NSAIDs) in conjunction with nonpharma-
cological interventions, including regular exercise and physio-
therapy [5]. In patients where first-line therapy is ineffective or
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Despite the availability of several efficacious treatment options,
a significant proportion of patients with axial spondyloarthritis
(axSpA) do not achieve satisfactory treatment outcomes.

* There has been no consistent or universally accepted definition
of ‘difficult-to-manage’ (D2M) or ‘treatment-refractory’ (TR)
axSpA, hindering the identification and management of
patients with unmet needs.

WHAT THIS STUDY ADDS

* This study presents a consensus-based definition of D2M axSpA
incorporating key elements such as treatment failure (defined
by failure of at least 2 biological or targeted synthetic disease-
modifying antirheumatic drugs), suboptimal disease control,
and the perception of problematic signs and symptoms by both
rheumatologists and patients.

* The definition includes a specific subset of patients with TR
axSpA, characterised by objective signs of inflammatory activ-
ity despite optimal treatment, distinguishing them from
patients who may have noninflammatory reasons for nonre-
sponse.

* The definition was endorsed by the Assessment of SpondyloAr-
thritis International Society, reflecting a broad consensus
among experts in the field.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

 The proposed definition provides a standardised framework for
identifying patients with D2M and TR axSpA, facilitating tar-
geted research into the underlying mechanisms, epidemiology,
and potential interventions for these patient populations.

» This definition may inform policy-making, supporting the
development of clinical guidelines and resource allocation for
the management of patients with D2M axSpA.

not tolerated, second-line therapy should be considered. This
includes biological or targeted synthetic disease-modifying anti-
rheumatic drugs (b/tsDMARDs). The first group of these drugs
includes tumour necrosis factor (TNF) inhibitors and interleu-
kin-17 (IL-17) inhibitors. The second group consists of Janus
kinase (JAK) inhibitors [5].

The primary treatment target in axSpA is sustained remis-
sion, defined as the absence of clinical (signs and symptoms)
and laboratory (primarily C-reactive protein [CRP]) indicators
of disease activity [5,6]. The Axial Spondyloarthritis Disease
Activity Score (ASDAS) is the preferred composite measure of
disease activity in axSpA [5,6]; ASDAS < 1.3 is considered an
inactive disease state and corresponds to remission, while
ASDAS between 1.3 and 2.1 is classified as a low disease activity
state and should be used as the alternative treatment target if
remission is unachievable [7]. A clinically important improve-
ment in ASDAS (A ASDAS > 1.1) is used as a criterion for decid-
ing on the continuation of b/tsDMARDs as outlined in the
Assessment of SpondyloArthritis International Society (ASAS)-
European Alliance of Associations for Rheumatology (EULAR)
management recommendations for axSpA [5]. The ASAS 40 and
20 response criteria are frequently used in clinical trials as key
outcome parameters [8].

Despite several efficacious anti-inflammatory treatment
options, only about 40% to 50% of patients with axSpA achieve
a relevant treatment response, and an even smaller proportion
(approximately 10%-20%) reach remission or an inactive disease
activity state within 16 to 24 weeks of treatment initiation,
according to data from randomised controlled trials with b/

540

Ann Rheum Dis 84 (2025) 538—546

tsDMARDs [9]. After the failure of 1 b/tsDMARD and in the
presence of active disease, a switch to another b/tsDMARD is
recommended [5]. However, a group of patients with non- or
incomplete responses remains despite exposure to multiple
advanced therapies. There are several potential reasons for non-
response or partial response in axSpA, which may be related to
the disease itself or factors other than inflammatory activity (eg,
nonnociceptive pain mechanisms [10—12]). A misdiagnosis
could also contribute to the observed nonresponse. The mecha-
nisms underpinning nonresponse remain incompletely under-
stood, and there are no evidence-based approaches to address
this issue in clinical practice.

In recent years, the concept of ‘difficult-to-treat’ rheumatoid
arthritis (RA) has evolved [13], leading to the development
of specific recommendations for its management in clinical prac-
tice [14].

As part of the ASAS Difficult-to-Manage (D2M) axSpA initia-
tive, which aims to define D2M axSpA and provide manage-
ment guidance, we sought to develop a consensus-based expert
definition of D2M axSpA, incorporating treatment-refractory
(TR) disease, which will help facilitate further initiatives to
improve the clinical care of these patients and research in this
area.

METHODS

The process of developing the D2M definition involved form-
ing a task force and conducting a literature review to inform the
task force and a 2-round Delphi survey. Importantly, ASAS
intended to develop a consensus-based definition and not classi-
fication criteria, which determined the methodology of the pro-
cess. The first Delphi round was conducted among ASAS
members to determine the main elements of the future defini-
tion. Following the discussion of the results within the task force
and at the ASAS annual meeting, the second Delphi round
focused on specific definition elements. Based on the results of
this round, a draft of the D2M axSpA definition was developed
and presented to the task force and, subsequently, to the ASAS
membership for endorsement.

Task force

After the ASAS executive committee approved the project, a
task force consisting of 29 rheumatologists and full ASAS mem-
bers, 2 young ASAS representatives (a rheumatologist and an
epidemiologist, full ASAS members), 2 patient representatives,
1 psychologist and behavioural medicine specialist, 1 physio-
therapist, and 1 physical medicine specialist (full ASAS member)
was convened.

Literature review

A literature review aimed at identifying potential definitions
for D2M axSpA from prior studies was conducted in 2022,
including a Medline (via PubMed) search using established
review methods and the search terms outlined in Supplementary
File S1. Following the RA model, the term ‘difficult-to-treat’ was
utilised in the first search strategy. Recognising that the termi-
nology in the literature might vary, a second, broader search
strategy using terms reflecting treatment nonresponse in axSpA
was implemented (Supplementary File S1). The search was per-
formed for all types of articles published in English and based
on studies in humans, with a publication date between 2012
and 2022. After excluding duplicates, titles and abstracts were
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screened, followed by a full-text review by MT and DP. From the
included publications, information was retrieved on the defini-
tion of treatment failure, the definition of active disease, and the
terminology used to characterise the concept of ‘difficult-to-
manage’ disease.

The first Delphi round

The first Delphi round focused on defining the following
main elements of the definition: uncontrolled disease (clinical
manifestations, composite outcome measures, objective signs of
inflammation, and radiographic progression), treatment failure
(types and number of treatment options applied), and other
potential factors that might contribute to the D2M situation. At
this stage, we used the term ‘difficult-to-treat,” which was later
replaced with ‘difficult-to-manage’ (see Results). The first Del-
phi round included 9 questions related to the D2M topic, includ-
ing 1 open question (Supplementary File S2). It was conducted
from November to December 2022, with all ASAS members and
co-opted members of the D2M initiative—including 2 patient
representatives, a psychologist and behavioural medicine spe-
cialist, and a physiotherapist, all of whom were non-ASAS mem-
bers—invited to participate. The survey results were discussed
with the members of the task force at a dedicated virtual meet-
ing and subsequently with ASAS members at the annual meeting
in January 2023.

The second Delphi round, draft definition, and endorsement

Taking the results of the discussions with task force members
and at the ASAS meeting in January 2023 into account, we
drafted the second Delphi round, which focused on refining the
criteria for the D2M axSpA definition, including precise defini-
tions for insufficient control of signs and symptoms, required
treatment history, the number of prior b/tsDMARDs, discontinu-
ations due to intolerability or side effects, and differentiation
between primary and secondary treatment failure. This round
included 11 questions related to the D2M definition, including
an open question (Supplementary File S3). Before completing
the survey, participants (the same group as in the first round)
were informed about the outcomes of the previous stage. This
round was conducted from September to October 2023 and was
followed by discussions with the members of the task force and
all ASAS members at the annual meeting in January 2024. As an
outcome, the ASAS D2M definition was drafted, followed by a
vote on endorsement by the full ASAS membership. A majority
of votes in favour of the definition was sought for endorsement.

RESULTS
Literature review

A total of 198 publications were identified using both search
strategies. After the exclusion of 12 duplicates, 186 publications
were screened based on their titles and abstracts. A total of 134
publications were excluded: 128 were not related to the subject
of interest, 4 were related to paediatrics, and 2 were not related
to axSpA. Of the 52 publications whose full texts were evalu-
ated, 41 were excluded as unrelated to the subject of interest.
However, 4 new publications not captured by the original search
strategies were included after a cross-reference check. Ulti-
mately, 15 publications were included in the review: 2 case
reports, 5 observational studies, 3 open-label clinical trials, 3
randomised controlled trials, and 2 review articles (see the

541

Ann Rheum Dis 84 (2025) 538—546

Supplementary Fig and Supplementary Table). In summary, the
literature review revealed only a few relevant works with no
consistent definition of D2M axSpA due to the heterogeneity of
the criteria used for defining active disease and history of treat-
ment failure. Furthermore, there was no established terminology
to characterise the group of interest.

The first Delphi round

A total of 212 ASAS members (both full and associate), along
with 4 co-opted members of the D2M initiative, were invited;
123/212 (58%) responded and completed the survey in full. The
majority of the respondents (53%) supported using an ASDAS >
2.1 as an indicator of active disease in the context of D2M axSpA
(referred to as difficult-to-treat in this round). Additionally, 73%
indicated that objective signs of inflammatory activity (elevated
CRP and/or active inflammation on magnetic resonance imag-
ing [MRI]) should be incorporated into the definition of active
disease. Moreover, 77% of the respondents believed that all
manifestations of spondyloarthritis (axial, peripheral, and extra-
musculoskeletal) should be considered in the definition. Con-
cerning the definition of treatment failure, the predominant
response (46%) was ‘>2 NSAIDs in full anti-inflammatory doses
and >2 b/tsDMARDs with different modes of action,” without
differentiating between primary and secondary nonresponse
(79%). Regarding the question of whether intolerability or con-
traindications to NSAIDs or b/tsDMARDs should be considered
as an alternative to insufficient efficacy in the definition, 48% of
experts responded positively for both NSAIDs and b/tsDMARDs,
while 16% supported this consideration for b/tsDMARDs only.
According to 53% of the respondents, radiographic progression
should be part of the definition, and 51% indicated that symp-
toms unrelated to the inflammatory activity of axSpA should not
be considered.

In subsequent discussions with the task force and the ASAS
membership during the ASAS 2024 annual meeting, it was
decided to change the nomenclature from ‘difficult-to-treat’ to
‘difficult-to-manage.” The main reason for this change is that
the management of axSpA better incorporates all management
aspects, not only drug treatment, and this is also in line with the
ASAS-EULAR management recommendations. Furthermore, it
was agreed that the D2M axSpA definition should be broad and
inclusive, similar to the difficult-to-treat RA framework, as
opposed to the TR scenario, which, being part of the D2M (and
therefore covered by the D2M definition), relates to cases where
inflammatory activity cannot be controlled with currently avail-
able treatments.

The second Delphi round

A total of 205 ASAS members (active at the time of invitation,
both full and associate), along with 4 co-opted members, were
invited, and 186,/205 (91%) responded to the survey. In the first
part of this round, we sought components for the definition of
insufficient control of signs/symptoms of axSpA. The majority
of respondents (59%) favoured using ASDAS > 2.1 as the com-
posite outcome measure threshold indicative of insufficient con-
trol of signs/symptoms in the context of the D2M axSpA
definition. Other selected components included objective signs
of inflammation (elevated CRP and active inflammation on MRI
of sacroiliac joints or spine), which should be mandatory but
only in TR patients (supported by 62% of the respondents), rapid
radiographic spinal progression (defined as the development of
>2 new syndesmophytes or bony bridges in 2 years [15], 63%),
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and the presence of axSpA symptoms that cause a reduction in
quality of life, even if axSpA is controlled according to the crite-
ria mentioned above (80%).

The second part of the survey dealt with the treatment
aspects of the D2M axSpA definition. The definition refers to the
current version of the ASAS-EULAR management recommenda-
tions; therefore, no specific definition of minimal treatment
duration was deemed necessary by 58% of the respondents. The
leading response regarding the minimal sufficient treatment his-
tory (with 50% of the respondents in favour) was ‘At least
2 b/tsDMARDs with different modes of action,” while 18% fav-
oured ‘At least 2 b/tsDMARDs with the same or different modes
of action,” and 17% preferred ‘At least 3 b/tsDMARDs with the
same or different modes of action.” Treatment discontinuation
due to intolerability/side effects was favoured by 75% of the
respondents, and 70% favoured the incorporation of contraindi-
cations for treatment with b/tsDMARDs into the D2M definition,
meaning that a patient could fulfil the definition without a trial
of a b/tsDMARD. Furthermore, 51% of the respondents indi-
cated no need for differentiation between primary and second-
ary nonresponse in the D2M context. Concurrently, 82% of the
respondents believed that a lack of access to treatment should
not be a part of the definition.

Draft definition and endorsement

The results of the second Delphi round were discussed by the
task force. It was agreed to incorporate components of treatment
history and insufficient symptom control into the draft defini-
tion based on the outcomes of the Delphi process. Specific atten-
tion was given to the items that received less than 70% of votes
in the Delphi exercise. Additionally, the third component of the
definition, which relates to the perception of the current situa-
tion as problematic by the rheumatologist and/or the patient,
was also included following a discussion involving patient repre-
sentatives. The decision to use ‘and/or’ instead of ‘and’ was
made to ensure an appropriate representation of both patients’
and physicians’ views on the situation and to keep the definition
inclusive.
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The draft definition followed minor modifications to the pro-
posed wording; consensus was reached. The final version of the
ASAS D2M axSpA definition, as shown in Figure 1, was endorsed
by ASAS at the annual meeting in January 2024 with 89% of the
votes (109 out of 123 full members).

The D2M axSpA should only be applied to patients with a def-
inite diagnosis of axSpA made by a rheumatologist. It consists of
3 main components: (1) treatment according to the ASAS-
EULAR recommendations and failure of >2 b/tsDMARDs with
different mechanisms of action (unless contraindicated); (2)
insufficient control of signs/symptoms of axSpA; and (3) the
present signs/symptoms being perceived as problematic by the
rheumatologist and/or the patient (see Fig 1 for details).

TR axSpA, according to the endorsed definition, is considered
a subgroup of D2M axSpA. Patients with D2M axSpA (assuming
correct diagnosis, which should be the first step in the evalua-
tion and treatment compliance) can be considered TR if
>2 b/tsDMARD:s failed, have high or very high disease activity
according to ASDAS (ASDAS > 2.1) plus objective signs of
inflammatory activity (elevated CRP or active inflammation on
MRI of sacroiliac joints or spine), and if other causes, likely
responsible for signs and symptoms (concurrent conditions, non-
compliance, etc) are excluded before making a decision on the
presence of TR axSpA (Fig 2).

DISCUSSION

The developed expert consensus-based definition of D2M
axSpA, including TR disease, is an important first step of the
D2M initiative with the ultimate goal of improving treatment
outcomes in axSpA. This initiative, led by ASAS, not only aims
to define D2M and TR axSpA but also includes the development
of management recommendations for D2M axSpA, encompass-
ing TR cases. Here, we report the finalised definitions while the
recommendation development process is ongoing. Importantly,
patients are involved in the entire development process. Another
important aspect is that the development process involved
reaching a consensus among the members of an expert organisa-
tion; we did not aim to develop classification criteria, which

All three criteria must be present in a patient with axial spondyloarthritis diagnosed by a rheumatologist:

-

1. Treatment according to the ASAS-EULAR recommendations and failure of
22 b/itsDMARDs* with different mechanisms of action (unless contraindicated™*).
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0000 \.

.. [2. Insufficient control of signs/symptoms of axSpA defined as 21 of the following:\
a. High or very high disease activity (ASDAS 22.1);
b. Signs or symptoms suggestive of active disease (musculoskeletal or extra-musculoskeletal

@ manifestations, elevated CRP***, active inflammation on MRI***);

® ¢. Rapid radiographic spinal progression***;

d. Well-controlled disease according to the above-mentioned points (a-c), but still having axSpA

-

*
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9y symptoms that are causing a reduction in quality of life. _/
~
3. The present signs/symptoms are perceived as problematic by the
rheumatologist and/or the patient.
A
“Including primary and secondary failure, or discontinuation because of side effects/intolerability/contraindications. Tr t failure but not
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ted CRP or active inflammation on MRI of sacroiliac joints or spine) are mandatory to conclude about

***Defined as development of >2 new syndesmophytes/bony bridges in 2 years.

Figure 1. The Assessment of SpondyloArthritis International Society (ASAS) difficult-to-manage axial spondyloarthritis (axSpA) definition. ASDAS,
Axial Spondyloarthritis Disease Activity Score; bDMARD, biologic disease-modifying antirheumatic drug; CRP, C-reactive protein; EULAR, European
Alliance of Associations for Rheumatology; MRI, magnetic resonance imaging; tsSsDMARD, targeted synthetic disease-modifying antirheumatic drug.
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[ AXSpA diagnosed by a rheumatologist ]

[ Failure of 22 b-/tsDMARDs or intolerability or contraindications ]

Active disease " ; axSpA symptoms reducing
Radiographic i v
ASDAS 22.1 (MM, EMM, progression QoL despite otherwise
CRP+, MRI+) well-controlled disease

l Signs/symptoms perceived as problematic I
Difficult-to-Manage axSpA*

[ Failure of 22 b-/tsDMARDs ]

[ ASDAS 22.1 plus CRP+ or MRI+ ]

Other causes of signs and
symptoms excluded

Treatment- |

refractory
axSpA**

Figure 2. The difficult-to-manage axial spondyloarthritis (axSpA) construct. The starting point in this construct, which applies to both difficult-to-
manage and treatment-refractory axSpA, is the diagnosis of axSpA by a rheumatologist. A difficult-to-manage situation (*) is present in cases of treat-
ment failure (or intolerance/contraindications), indicators of uncontrolled signs/symptoms related to spondyloarthritis, and the perception of a prob-
lematic situation. A treatment-refractory situation (**) is present in patients meeting the definition of difficult-to-manage axSpA if there is evidence of
treatment failure (assuming appropriate compliance, tolerance of the drugs, and sufficient treatment duration), high or very high disease activity
according to the Axial Spondyloarthritis Disease Activity Score (ASDAS), and objective signs of uncontrolled inflammatory activity (as reflected by ele-
vated C-reactive protein [CRP]: CRP + or inflammation on magnetic resonance imaging [MRI] of sacroiliac joints or spine: MRI+). It is assumed that
other causes, likely responsible for signs and symptoms (including incorrect diagnosis, concurrent conditions, noncompliance, etc), are excluded
before deciding on the presence of treatment-refractory axSpA. bDMARD, biologic disease-modifying antirheumatic drug; EMM, extramusculoskeletal
manifestations; MM, musculoskeletal manifestations; QoL, quality of life; tsDMARD, targeted synthetic disease-modifying antirheumatic drug.

would have required a different methodological approach. We criterion does not imply any specific time aspect: neither the
believe that a consensus-based expert approach is appropriate in duration of treatment, which must be in accordance with current
this case, as there was no unified definition or terminology for recommendations, nor the timing of the treatment failure. How-
the clinical situation described by the definition at the start of ever, this criterion should be considered in the context of other
the initiative. Furthermore, we are defining not a disease or a criteria; for instance, the definition of D2M axSpA will not be
permanent condition but rather a disease state that may change fulfilled in a patient with a history of b/tsDMARD secondary
over time. Moreover, we followed a similar methodology that failure in the past if there are treatment options available or if
was used to develop the EULAR difficult-to-treat definition for the current treatment line is associated with a good clinical

RA [13]. response. The same applies to the discontinuation of b/
The developed definition consists of 3 criteria, which must be tsDMARDs due to intolerability or side effects (which are
present in a patient with axSpA diagnosed by a rheumatologist: defined broadly in the D2M context as any event that results in
1. Treatment according to the ASAS-EULAR recommenda- the discontinuation of a drug). Patients with contraindications
tions and failure of >2 b/tsDMARDs with different mechanisms to 1 or several classes of b/tsDMARDs represent a particular
of action (unless contraindicated). group, which might be considered D2M despite the lack of for-

This criterion defines the minimal requirement for treatment mal evidence of b/tsDMARD failure. This means that this crite-
history and implies a lack of response to the standard treatment rion may be fulfilled in a patient who failed 1 bDMARD and has
approach, including at least 2 b/tsDMARDs with different mech- contraindications to the use of others. When defining TR axSpA,
anisms of action. It implies the failure of b/tsDMARDs with which is a subgroup of D2M axSpA, evidence of treatment fail-
proven efficacy in axSpA, which are incorporated in the ASAS- ure (at least 2 b/tsDMARDs belonging to different classes with
EULAR recommendations, currently TNF, IL-17, and JAK inhibi- proven efficacy in axSpA) and no discontinuation due to intoler-
tors. It is assumed that other treatment options, including ability, side effects, or contraindications is required. This dis-
NSAIDs and nonpharmacological measures, have been tinction is deemed necessary to differentiate between axSpA
exhausted as well, either before or in parallel with b/tsDMARDs. patients not responding to currently available treatment options
In axSpA, only 3 classes of b/tsDMARDs are effective and and those who could have responded to the therapy but cannot
approved for treatment; therefore, experts decided that at least receive it due to tolerability or safety issues.

2 out of 3 classes should be tried before making a conclusion 2. Insufficient control of signs and symptoms of axSpA.

about the presence of D2M axSpA. Treatment failure includes At least 1 of the following 4 indicators of insufficient control
both primary and secondary nonresponses since both may be should be present: (i) high or very high disease activity accord-
associated with treatment challenges and a D2M situation. This ing to the validated outcome measure ASDAS; (ii) presence of
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active spondyloarthritis manifestations (musculoskeletal or
extramusculoskeletal), including objective signs of inflamma-
tory activity; (iii) rapid radiographic spinal progression, as
defined by published data-driven criteria [15]; and (iv) other
axSpA symptoms that are attributable to axSpA and cause a
reduction in quality of life, even if points i to iv are not met. The
criteria are broad and inclusive, aiming to capture the majority
of clinical situations where axSpA might be considered insuffi-
ciently controlled. It is assumed that the mentioned signs and
symptoms are present at, or are closely related temporally to,
the time of the D2M status evaluation. The criterion of radio-
graphic spinal progression specifically refers to the past 2 years.
However, this must be contextualised with other parameters
and the timing of treatment initiation since the effects of anti-
inflammatory treatment, such as those shown for TNF inhibitors,
typically become evident between years 2 and 4 of treatment
[16]. There was significant discussion regarding the necessity of
point iv. This point was retained in the final definition to ensure
the inclusivity of the D2M definition, aiming to cover a broad
range of clinical situations (eg, a patient with prominent fatigue
or substantial functional limitations related to structural damage
without significant pain or inflammatory activity). Although the
mechanisms contributing may vary, inclusivity is vital for cap-
turing these diverse scenarios. For defining TR disease, we pro-
pose that objective signs of inflammatory activity (elevated CRP
that is attributable to axSpA and not to other causes, or active
inflammation on MRI of sacroiliac joints or spine) be mandatory,
in addition to the presence of high/very high disease activity
according to ASDAS. Of note, patients experiencing rapid radio-
graphic spinal progression would not be classified as TR if active
inflammation is otherwise controlled. Radiographic progression
in the spine can still be observed in the initial years following
the introduction of effective anti-inflammatory treatment, often
slowing over time [17]. Therefore, we do not classify patients
with structural damage progression as TR if disease activity has
been controlled by effective anti-inflammatory treatment, as
there is a reasonable likelihood that progression will decelerate
over time due to a time-shifted effect [16].

3. The present signs/symptoms are perceived as problematic
by the rheumatologist and/or the patient.

This aspect is crucial as it brings together the physician’s and
patient’s perspectives into the definition. It ensures that the eval-
uation of the D2M status is not merely based on formalised crite-
ria relating to the number of previous treatment lines and
composite outcome measures but also considers the global eval-
uation of the current situation in the context of the D2M con-
cept. As mentioned above, in the broad and inclusive D2M
definition, the opinion of the patient is as important as the opin-
ion of the physician. No specific instruments are proposed to
capture the perception of the disease as problematic from either
the physician’s or the patient’s perspective.

What are the potential implications of the developed defini-
tion? We expect that it will stimulate research focusing on iden-
tifying reasons for D2M and would draw attention to D2M
patients in daily clinical practice. We encourage investigators to
prospectively collect information related to the elements of this
definition in both interventional and observational studies on
axSpA. The reasons for D2M may vary from setting to setting
but most likely will belong to 1 of 2 main groups, which are
important in both daily clinical practice and research contexts:

1. The true nonresponse to anti-inflammatory treatment
resulted in a TR case. The exact frequency of this phenome-
non, as well as the underlying mechanisms, warrant
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investigation, including the generation of epidemiological
data, exploration of pathophysiology, and conduction of
interventional studies.

. Signs and symptoms not caused by inflammation but rather
by nonnociceptive pain mechanisms (ie, nociplastic or neuro-
pathic pain), concurrent conditions (which might be present
even if the diagnosis of axSpA is correct), and other factors—
including but not limited to socio-psychological aspects,
work, beliefs about the condition, and coping mechanisms—
should be further investigated. The list is not exhaustive and
should be defined in subsequent steps, as the relevance of
these factors may vary across settings. This group of patients
also requires further investigations, including identifying the
underlying reasons and developing strategies incorporating a
multidisciplinary approach to address various aspects of the
D2M situation in clinical practice.

Importantly, the criteria presented above assume the correct-
ness of the diagnosis and patient compliance with the prescribed
treatment. These are relevant aspects to consider as the first steps
when dealing with D2M axSpA patients and defining TR patients.
In the next step of the D2M initiative, we plan to develop recom-
mendations on how to approach D2M and TR patients.

Our work has several limitations, which should be acknowl-
edged. First, the approach we used was based on expert and
patient opinions rather than being data-driven. While this
approach is certainly less rigorous than a data-driven approach
(such as that used for classification criteria), we believe that, in
the absence of unified definitions and terminology at the outset
of the project, this was the only feasible way to progress. A uni-
fied definition was necessary as a starting point to stimulate
research and develop management recommendations for this
patient group. Second, the literature review was conducted as a
scoping review rather than a systematic review. However, we
believe this did not compromise the work, as the goal of the
review was to provide a foundation for expert consensus rather
than an exhaustive synthesis of evidence. As previously men-
tioned, evidence synthesis would not have been possible with-
out a unified definition and nomenclature. Third, even within
the expert organisation, there was some heterogeneity of views
on certain aspects of the definition, as reflected in the results of
the Delphi exercises. Nonetheless, through discussion and
refinement, a broad consensus was achieved, with 89% of the
members endorsing the final definition.

The D2M axSpA initiative aligns well with similar efforts in
other inflammatory rheumatic conditions, such as RA (termed
‘difficult-to-treat’) [13] and psoriatic arthritis [18,19]. In these
conditions, both rheumatologists and patients often encounter
challenges in achieving complete control of disease signs and
symptoms, even with state-of-the-art treatments. It is anticipated
that common mechanisms, such as central sensitisation, along
with disease-specific factors, contribute to the development of
D2My/difficult-to-treat situations. This understanding likely
extends to TR disease as well, thereby stimulating research into
these mechanisms across different rheumatic diseases.

In conclusion, the ASAS D2M axSpA definition allows for
clear identification of patients with unmet medical needs, indi-
cating the way forward for improved clinical management and
further research.
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ARTICLE INFO ABSTRACT

Article history: Objectives: The aim of this study was to predict rheumatoid arthritis (RA) development in a

iecef"‘:‘d 17 April 2024 cohort of at-risk individuals with arthralgia positive for anti-citrullinated protein antibodies
eceived in revised form 8 January 2025 i

Accepted 8 January 2025 (ACPA) and/or rheumatoid factor (IgM-RF), followed for up to 5 years.

Methods: In total, 617 seropositive arthralgia individuals were included in the study. The ability
of clinically and biologically relevant baseline characteristics to predict RA development was
assessed using Cox proportional hazard regression analysis.

Results: Thirty-eight percent of study population was IgM-RF-positive, 31% was ACPA-positive,
and 30% was positive for both ACPA and IgM-RF. Mean (SD) time till arthritis was 19.6 (19.0)
months in 33.7% of participants; mean (SD) follow-up time of individuals who did not develop
arthritis was 47.3 (24.5) months. We found that first-degree relatives of RA (hazard ratio
[HR] = 1.50), individuals who had intermittent symptoms (HR = 1.64), symptoms for less
than 12 months at inclusion (HR for symptom duration >12 months = 0.71), morning stiffness
>1 hour (HR = 1.63), or reported joint swelling (HR = 1.51) independently had higher risk to
develop arthritis. Moreover, individuals with high ACPA titres (HR = 4.65) or double positivity
for ACPA and IgM-RF (HR = 6.83) had the highest risk of developing RA, as compared to those
with only IgM-RF or low ACPA titres. The risk of developing arthritis was 58.2% when at least 3
variables were present.

Conclusions: Baseline characteristics can be used to predict future RA development in seroposi-
tive arthralgia individuals. These results will aid in the identification of individuals at highest
risk of developing RA, who could potentially benefit from additional follow-ups in clinical prac-
tice and recruitment in preventive trials.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Rheumatoid arthritis (RA) is preceded by a pre-clinical stage in
which individuals experience nonspecific signs and symptoms.
The presence of antibodies against citrullinated proteins (anti-
citrullinated protein antibodies [ACPA]) and rheumatoid factor
(IgM-RF) can be detected years before the first symptom mani-
festations and has been found to be associated with future
arthritis development in several at-risk cohorts.

One of the challenges of preventive trials in RA-risk individuals
is the identification of individuals who would benefit the most
from intervention.

WHAT THIS STUDY ADDS

* Being first-degree relative of patients with RA, having symp-
toms for less than 1 year at time of inclusion, having intermit-
tent symptoms, reporting swollen joints and morning stiffness
for longer than 1 hour, and being highly positive for ACPA or
double positive for both ACPA and IgM-RF predicted an higher
risk of developing arthritis.

» Age, gender, or smoking status were not predictors of develop-
ing arthritis in our cohort.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* This study confirms the robustness of 4 variables in predicting
the risk of developing RA. Those variables could be used in
patient recruitment strategies in future preventive trials.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease charac-
terised by joint damage and systemic features, which has a detri-
mental impact on patients’ life if left untreated [1,2]. Its onset is
preceded in many patients by an asymptomatic phase, in which
genetic and environmental risk factors contribute to recognition
of autoantigens, induction of autoreactive humoral immune
responses, and low-grade inflammation. One of the most rele-
vant genetic risk factors is a specific allele, called shared epitope
(SE) in the HLA-DRBI1 locus, with high affinity for citrullinated
proteins [3—5]. In this pre-clinical stage, individuals could man-
ifest nonspecific signs and symptoms, such as join pain (arthral-
gia) and morning stiffness [6—8]. In prospectively collected
biorepositories, the presence of circulating autoantibodies, such
as anti-citrullinated protein antibodies (ACPA) and rheumatoid
factor (IgM-RF), was detected years before disease onset in some
patients [9]. Moreover, presence of such antibodies is consid-
ered a risk factor for development of RA in individuals with
arthralgia. However, not all seropositive arthralgia individuals
will eventually develop RA [10,11]. Several studies have investi-
gated the performance of biological markers, clinical manifesta-
tions, and imaging modalities in predicting RA development,
including genetic and environmental risk factors (ie, SE,
PTPN22, CTLA4, smoking, and stress); circulating autoantibod-
ies (ie, ACPA and IgM-RF); alterations in the immune cell fre-
quency (ie, anomalies in T cell subsets); physical manifestations
(ie, arthralgia, fatigue, and morning stiffness); and subclinical
inflammation as detected by imaging techniques (ie, ultrasound
[US] and/or magnetic resonance imaging [MRI]), with conflict-
ing results [3,5,10,12—19]. As of now, consensus on how to pre-
dict RA development in at-risk individuals is lacking.

Effective preventive strategies would benefit individuals and
reduce the socioeconomic impact of RA. These interventions
may be aimed at specific stages of disease pathogenesis: that is,
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either complete prevention with a focus on eliminating disease
risk before autoimmunity onset or prevention of clinical disease
development, in which at-risk individuals would have to be
treated before manifestation of clinical signs or symptoms. In
the past years, numerous studies have investigated the effective-
ness of preventing RA in its at-risk stage, with varying results
[20]. Profound CD20* B cell depletion through a single dose of
rituximab in 81 seropositive arthralgia individuals led to 55%
lower background risk of RA development at 12 months after
treatment, although it did not prevent the development of RA
[21]. While 1-year treatment with methotrexate also did not sig-
nificantly prevent RA in 236 arthralgia individuals with MRI-
detected subclinical inflammation, there was a significant
improvement in patients’ perception of disease burden over
time [22]. The treatment of ACPA-positive arthralgia individu-
als with abatacept for 6 to 12 months led to a decrease in the
rate of RA development at the end of treatment, with sustained,
although less marked, differences at 12 months after the treat-
ment, that is, less pain and improved quality of life [23,24].

Considering that individuals with -clinically suspected
arthralgia experience already a serious disease burden, improve-
ment in quality of life in this stage is important and should per-
haps be considered just as relevant as prevention of RA [25]. A
key challenge in this context is the identification of those RA-
risk individuals who would benefit the most from preventive
treatment. Since this is as yet not possible, many prevention
studies suffer from recruitment of a heterogeneous study popula-
tion, which may yield results that are unclear or difficult to
interpret. Recently, a European League Against Rheumatism
(EULAR) taskforce has published considerations on conducting
clinical trials and observational studies in RA-risk individuals, in
which they address the importance of defining study popula-
tions correctly [26]. A systematic literature review on risk
factors for arthritis development was recently published
by members of this taskforce to aid in the guideline decision
making [27].

RA-risk individuals could either be asymptomatic individu-
als, who do not have any clinical manifestations and are often
first-degree relatives (FDRs) of patients with RA, or at-risk indi-
viduals with nonspecific signs and symptoms without clinical
arthritis. EULAR recommendations for conducting clinical stud-
ies in this population define seropositive RA-risk individuals
with symptoms without clinical RA as individuals with musculo-
skeletal symptoms, arthralgia, or clinically suspect arthralgia
(CSA) according to their symptom manifestations [26]. In 2013,
van de Stadt et al published a prediction model for RA develop-
ment in a RA-risk cohort in which seropositive individuals with
arthralgia were stratified into 3 categories (low, intermediate,
and high) based on a given score [17]. This prediction model
was developed with data of 374 subjects recruited at rheumatol-
ogy outpatient clinics in Amsterdam, Netherlands, and we have
now additional data from 243 individuals. The aim of this study
was to update the risk of arthritis development in the expanded
cohort and the performance of the previously reported risk fac-
tors 10 years after publication.

METHODS

Study population

Individuals with arthralgia (defined as pain in any extremity
joint, as reported by study subjects) and who tested positive for
ACPA and/or IgM-RF were recruited between 2004 and 2019 at
the rheumatology outpatient clinics at Reade in Amsterdam,
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Netherlands. Study participants were required to have absence
of arthritis at physical examination, not have received glucocor-
ticoids in the past 3 months, and had to be naive of disease mod-
ifying anti-rheumatic drugs (DMARDs) [17]. Within study
duration, participants were allowed treatment with nonsteroidal
anti-inflammatory drugs; initiation of glucocorticoid or DMARD
treatment after study initiation was not a reason for exclusion
from the study.

Patient and public involvement

Patients or the public were not involved in the design, con-
duct, or reporting of our research. We will involve patient
research partners in the dissemination of current work to the
public, as well as to patient groups.

Study schedule, data collection, and study outcome

Study subjects were seen at 6 and 12 months for the first year
of the study, and then annually for the duration of the study, up
to 5 years follow-up. At each study visit, physical examination
and routine blood tests were performed, and data were collected
on smoking habits and alcohol consumption, joint complaints,
tender joints, pain as reported through visual analogue scale
(VAS), morning stiffness, frequency and duration of symptoms.
In addition, at baseline data were recorded on medical history
and family history of RA, and genetic tests were performed. Par-
ticipants were excluded from the study if they presented with
clinical arthritis at baseline. Arthritis was defined as at least 1
swollen joint, as independently evaluated by 2 rheumatologists.
Imaging, such as US or MRI, was not used to establish the pres-
ence or absence of arthritis. When arthritis development was
suspected, an additional visit was performed. Arthritis develop-
ment was considered present only when 2 physicians indepen-
dently confirmed the same swollen joint(s).

Laboratory analysis

Baseline levels of ACPA and IgM-RF were determined by sec-
ond-generation aCCP ELISA (Axis Shield) and inhouse ELISA, as
previously described [9]. The cut-off level for ACPA positivity
was set according to manufacturer’s instruction at 5 arbitrary
units/mL (AU/mL). For IgM-RF positivity, cut-off was set at
30 IU/mL based on analysis of receiver operating characteristic
(ROQ) curves from 2 cohorts, as reported by Nielen et al [9]. C-
reactive protein (CRP) was analysed through a highly sensitive
latex-enhanced assay on a Hitachi 911 analyser (Roche Diagnos-
tics; assay range 0.15-200 mg/L); cut-off was set according to
manufacturer’s instruction at 10 mg/L. Genetic analyses to infer
SE carrier status were performed as previously described by van
de Stadtetal [17].

Statistical analysis

Statistical analysis were performed with IBM SPSS Statistics
28. Variables were selected based on their clinical and biological
applicability, as reported in the literature. To estimate the prob-
ability of arthritis development based on selected variables (age,
gender, the presence of reported swollen joint(s), smoking, dura-
tion of symptoms, type of symptoms, VAS pain, CRP positivity,
and antibody status), multivariable Cox proportional hazard
regression analysis was performed. Although clinically and bio-
logically possibly relevant, positivity for SE was excluded from
Cox proportional hazard analysis due to a too high proportion of
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missing values (nearly 40% of total). When relevant, continuous
variables were categorised based on clinically applicable cut-off
or percentile. Antibody status (IgM-RF and ACPA positivity) was
analysed as a categorical variable with 4 categories: IgM-RF pos-
itive, ACPA low, ACPA high, and positive for both ACPA and
IgM-RF. ACPA low was defined as aCCP levels higher than upper
limit of normal (ULN) but less than <3 X ULN, ACPA high was
defined as aCCP levels >3 x ULN. IgM-RF positivity was not fur-
ther stratified in low and high, since no significant difference
was found in the distribution of IgM-RF titres.

RESULTS

Population overview and arthritis development

Out of 659 seropositive arthralgia individuals included in
Reade between 2004 and 2019, 617 subjects were followed up
for arthritis development and analysed in this study; 41 patients
were lost to follow-up over time. The majority of the study popu-
lation were women (459 individuals, 74.4%), with a mean age of
49.7 (£11.6) years. Two hundred and thirty-eight (38.8%) sub-
jects were IgM-RF positive, 189 (30.8%) subjects were ACPA
positive, and 187 (30.4%) subjects were positive for both IgM-
RF and ACPA; data on 3 participants were missing at baseline.
When we stratified for the levels of ACPA, 107 (17.4%) subjects
had low antibody levels (ACPA <3 x ULN), while 269 (43.8%)
had high antibody levels (ACPA >3 x ULN). We found a small
but significant association between smoking and ACPA positiv-
ity (odd ratio [OR] =1.46; P value .047). Moreover, of 377
individuals whose genetic data were available, 205 (54.4%)
were positive for SE. A summary of study baseline characteris-
tics is reported in Table 1; baseline characteristics, stratified by
year of inclusion, are reported in Supplementary Table S1.

Two hundred and eight subjects (33.7%) developed arthritis,
with a mean (SD) time until arthritis of 19.6 (19.0; median
[IQR]: 13 [6-27]) months, and median (IQR) SJC44, as evalu-
ated by rheumatologist, of 3 (2-6) at time of arthritis. Mean (SD)
follow-up time for individuals who did not develop arthritis was
47.3 (24.5; median [IQR]: 58 [25-61]) months. Of those individ-
uals who developed arthritis, 174 (83.7%) subjects met the clas-
sification criteria for RA and 11 (5.3%) the classification criteria
for undifferentiated arthritis (UA) according to the 2010 Ameri-
can College of Rheumatology (ACR)/EULAR criteria [28]. Base-
line characteristics, stratified based on arthritis development,
are reported in Table 2.

Prediction of arthritis development

To investigate which factors predicted arthritis development
in our study population, we performed a multivariable Cox pro-
portional hazard regression analysis including clinically relevant
variables, as well as risk factors known from the literature, such
as age, gender, smoking, reported swollen joint count, duration
and type of symptoms, VAS pain and CRP positivity, and anti-
body status (Table 3). Survival curve of arthritis progression for
overall subjects and individuals stratified based on year of inclu-
sion is shown in Supplementary Figure S1. The baseline risk of
developing arthritis at 1, 3, and 5 years have been reported in
Supplementary Table S2.

Out of the analysed parameters, being an FDR of patients
with RA, having symptoms for less than 1 year at time of inclu-
sion, having intermittent symptoms, reported swollen joints,
morning stiffness >1 hour, and subjects’ antibody status were
found to be significantly associated with the risk of developing



G. Frazzei et al.

Table 1
Baseline characteristics of study cohort

Variables Values No. missing
values

Age in years, mean (+SD) 49.7 (¥11.6)
Gender female, n (%) 459 (74.4%) —
FDR with RA, n (%) 135 (21.9%) —
Current smoker, n (%) 167 (27.2%) 2
Alcohol use, n (%) 370 (61.6%) 17
Symptom duration >12 months, n (%) 403 (66.4%) 10
Intermittent symptoms, n (%) 193 (32.1%) 16
VAS pain >50, n (%) 209 (32.1%) —
Morning stiffness >1h, n (%) 145 (23.5%) 1
TJC53, n (%) —

No tender joint 311 (50.4%)

1-5 tender joints 215 (34.8%)

6-10 tender joints 62 (10.0%)

>11 tender joints 29 (4.7%)
TJC53 —

Mean (SD) 2.5(4.8)

Median (IQR) 0(0-3)
Reported SJC44, n (%) —

no swollen joint 401 (65.0%)

1-5 swollen joints 159 (25.8%)

6-10 swollen joints 39 (6.3%)

>11 swollen joints 18 (2.9%)
Reported SJC44 —

Mean (SD) 1.7 (4.0)

Median (IQR) 0(0-2)
CRP positive, n (%) 57 (9.3%) —
Antibody status, n (%) 3

IgM-RF positive 238 (38.8%)

aCCP low positive 80 (13.0%)

aCCP high positive 109 (17.8%)

aCCP and IgM-RF positive 187 (30.4%)
SE positive, n (%) 205 (54.4%) 240
Arthritis development (yes), n (%) 208 (33.7%) —

Baseline characteristics are reported as number (%), mean (+SD), or
median (IQR). SJC44 refers to swollen joint count as reported by study
participants.

aCCP high, ACPA >3 x upper limit of normal; aCCP low, ACPA
<3 X upper limit of normal; aCCP, anti-cyclic citrullinated peptide anti-
body; ACPA, anti-citrullinated protein antibodies; CRP, C-reactive pro-
tein; FDR, first-degree relatives; IgM-RF, rheumatoid factor; SE, shared
epitope; SJC44, swollen joint count 44; TJC53, tender joint count 53;
VAS, visual analogue scale.

arthritis. In particular, having high ACPA titres or being double
positive for ACPA and IgM-RF were predictor of increased risk.
The absolute risk of developing RA when at least 4 of the varia-
bles are present at baseline is 67.6% (46 individuals with RA out
of 68 in total) (Table 4).

DISCUSSION

Not all seropositive arthralgia individuals will develop RA;
however, at present, no formally endorsed guidelines are avail-
able for the prediction of arthritis in this population. While the
presence of autoantibodies is a risk factor for developing RA,
this biomarker on its own is not enough to differentiate individ-
uals with high risk of disease development from those who will
never develop RA. In this study, we investigated a cohort of sero-
positive arthralgia individuals and identified 6 variables associ-
ated with high risk of developing arthritis. Our study population
was primarily female (74.4%), which might indicate a role of
gender in the immune activation phase, before sign and symp-
tom manifestations.

Considering the strong impact of arthritis on patients’ quality
of life and the impairment of physical abilities, our primary
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Table 2
Baseline characteristics of individuals who developed arthritis vs
individuals who did not develop arthritis

Variables Arthritis yes  Arthritis no
(n = 208) (n = 409)
Age in years, mean (+SD) 49.0 (+11.5) 50.1 (+11.6)
Gender female, n (%) 153 (73.6%) 306 (74.8%)
FDR with RA, n (%) 64 (30.8%) 71 (17.4%)
Current smoker, n (%) 61 (29.5%) 106 (26.0%)
Alcohol use, n (%) 114 (57.0%) 256 (64.0%)
Symptom duration >12 months,n ~ 125(61.0%) 278 (69.2%)
(%)
Intermittent symptoms, n (%) 94 (46.1%) 99 (24.9%)
VAS pain >50, n (%) 80 (38.5%) 129 (31.5%)
Morning stiffness >1h, n (%) 53 (25.6%) 92 (22.5%)
TJC53,n (%)
No tender joint 108 (51.9%) 203 (49.6%)
1-5 tender joints 71 (34.1%) 144 (35.2%)
6-10 tender joints 22 (10.6%) 40 (9.8%)
>11 tender joints 7 (3.4%) 22 (5.4%)
TJCS53
Mean (SD) 2.3(3.9) 2.6 (5.2)
Median (IQR) 0(0-3) 1(0-3)
Reported SJC44, n (%)
No swollen joint 106 (51.0%) 295 (72.1%)
1-5 swollen joints 74 (35.6%) 85 (20.8%)
6-10 swollen joints 19 (9.1%) 20 (4.9%)
>11 swollen joints 9(4.3%) 9(2.2%)
Reported SJC44
Mean (SD) 2.4 (4.6) 1.3(3.6)
Median (IQR) 0(0-3) 0(0-1)
CRP positive, n (%) 25 (12.3%) 32 (7.8%)
Antibody status, n (%)
IgM-RF positive 26 (12.6%)  212(52.1%)
aCCP low positive 22 (10.6%) 58 (14.3%)
aCCP high positive 48 (23.2%) 61 (15.0%)
aCCP and IgM-RF positive 111 (53.6%) 77 (18.7%)
SE positive, n (%) 92 (60.9%) 113 (50.0%)

SJC44 refers to swollen joint count as reported by study participants.
aCCP high, ACPA >3 X upper limit of normal; aCCP low, ACPA
<3 X upper limit of normal; aCCP, anti-cyclic citrullinated peptide
antibody; ACPA, anti-citrullinated protein antibodies; CRP, C-reac-
tive protein; FDR, first-degree relatives; IgM-RF, rheumatoid factor;
SE, shared epitope; SJC44, swollen joint count 44; TJC53, tender
joint count 53; VAS, visual analogue scale.

Table 3
Multivariable Cox proportional hazard regression analysis

HR 95% CI P value

Age in years 1.01 1.00, 1.02 .23
Gender female 1.06 0.75,1.50 .73
FDR with RA 1.50 1.09, 2.07 .013
Current smoker 0.85 0.61,1.19 .35
Alcohol consumption 0.77 0.56, 1.05 .10
Symptom duration >12 months ~ 0.71 0.52, 0.95 .023
Intermittent symptoms 1.64 1.19, 2.25 .002
VAS pain >50 1.33 0.98,1.80 .07
Reported SJC44 1.51 1.12,2.02 .007
Morning stiffness >1 h 1.63 1.15,2.30 .006
CRP positive 1.26 0.80, 1.99 .32
Antibody status <.001

IgM-RF positive Reference

aCCP low positive 2.21 1.20, 4.05 .01

aCCP high positive 4.65 2.78,7.79 <.001

aCCP and IgM-RF positive 6.83 4.27,10.93  <.001

HR, CI, and P values are reported for each variable analysed. All varia-
bles, with the exception of age, were analysed as categorical variables.
aCCP high, ACPA >3 X upper limit of normal; aCCP low, ACPA
<3 X upper limit of normal; aCCP, anticyclic citrullinated peptide anti-
body; ACPA, anti-citrullinated protein antibodies; CI, confidence interval;
CRP, C-reactive protein; FDR, first-degree relatives; HR, hazard ratio;
IgM-RF, rheumatoid factor; SJC44, swollen joint count 44; TJIC53, tender
joint count 53; VAS, visual analogue scale.



Absolute risk of arthritis development

Variables TP FP TN FN  Sensitivity Specificity PPV NPV
>3 117 84 306 83 585 785 58.2 78.7
>4 46 22 368 154 23.0 94.4 67.6 70.5
>5 10 O 390 190 5.0 100 100 67.2
6 2 0 390 198 1.0 100 100 66.3

Number of individuals who are positive for at least 3, 4, 5, or all predictive
variables at baseline, as well as PPV and negative predictive value (NPV) of
arthritis development for selected variables (FDR with RA, symptoms <1
year, intermittent symptoms, having reported swollen joint(s), morning
stiffness >1 hour, high ACPA titres or double positive for ACPA and IgM-RF).
ACPA, anti-citrullinated protein antibodies; FDR, first-degree relatives; FN,
false negative; FP, false positive; high ACPA, ACPA >3 X upper limit of nor-
mal; NPV, negative predictive value; PPV, positive predictive value; IgM-RF,
rheumatoid factor; TN, true negative; TP, true positive.

outcome included both UA and RA, defined according to the
ACR/EULAR 2010 definition. Limited data availability on radio-
graphic progression prohibited detailed analysis on erosive RA,
which was thus not considered as an outcome for our analysis.
Moreover, since bone erosion is almost never present in very
early at-risk individuals, this variable was not an appropriate
candidate for arthritis prediction in this cohort. Although no dif-
ference between those individuals who did and did not progress
to arthritis was found in the physician-assessed number of ten-
der joints at baseline, those individuals who developed arthritis
later on reported joint swelling more often themselves, as well
as more swollen joints at baseline, compared with those who
did not develop arthritis. This suggests that perceived disease
burden may precede clinically detectable arthritis for years. In
individuals with numerous tender joints, the similarly high lev-
els in non-progressors vs progressors may be indicative of a pain
syndrome mimicking pre-arthritis in the non-progressors. For
future studies, it might be of interest to also include imaging
techniques to monitor disease progression over time.

Our analysis identified several predictors of arthritis develop-
ment in individuals with the highest risk of developing RA.
However, while these predictors could be useful to discriminate
high and low risk subjects, they might not be so effective in indi-
viduals with intermediate risk. RA-risk individuals positive for
some, but not all, of the identified predictor factors could also
benefit from additional monitoring and tests, such as US and
MRI [29]. Our data suggest that a strategy of screening FDRs of
patients with RA could readily identify a subset—based mostly
on serology—with a >80% risk of developing RA. These individ-
uals would in most instances be motivated to participate in treat-
ment protocols aimed at preventing the disease.

We reported data from a longitudinal cohort of seropositive
arthralgia individuals. Part of this cohort has been analysed by
van de Stadt et al and a prediction model was derived from 374
individuals [17]. In this study, we report additional follow-up
time for included individuals, as well as an increase in the
cohort population. We identified 6 variables significantly associ-
ated with higher risk of arthritis onset in our cohort: FDR of
patients with RA, the presence of intermittent symptoms, symp-
tom duration for less than 12 months at time of inclusion, morn-
ing stiffness >1 hour, the presence of swollen joints as reported
by study participants, and either high ACPA titres or double pos-
itivity for ACPA and IgM-RF. The incidence of arthritis seemed
to decrease by calendar year. Speculatively, this may be due to
reduced smoking over time or changes in life style.

Antibody status, intermittent symptoms, and morning stiff-
ness were consistently contributory to explaining arthritis risk, a
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risk that persisted after internal validation by randomly dividing
the cohort into halves. However, FDR of patients with RA, the
presence of intermittent symptoms, and reporting of swollen
joints by patients themselves at baseline were only weakly statis-
tically contributory and in only 1 of both halves. This suggests
that these variables have only marginal predictive value in com-
parison with those with high predictive value, such as antibody
status, something that also came out of our primary analysis. Of
note, since we only included variables that were statistically sig-
nificant in our analysis, our model may have missed variables
with relatively low predictive value. While it might not be feasi-
ble in prevention trials to limit the inclusion to those individuals
in whom all risk factors are present, the presence of at least 4
risk factors was highly predictive of arthritis development (67 %
in our cohort), and such algorithm could be used for the selec-
tion of study participants in whom the risk of RA is high enough
to justify preventive DMARD treatment.

Our results are consistent with the reported association
between arthritis risk and antibody status, and in particular
with the notion that high ACPA titres and/or the presence of
both ACPA and IgM-RF are associated with increased risk of
arthritis onset [10,11,27,30]. While many of the studies analy-
sing antibody status alone included only asymptomatic individu-
als, our cohort was composed of subjects with arthralgia; this
suggests that the presence of ACPA is predictive of arthritis early
in the autoimmune process and maintains a role even after the
first (nonspecific) symptom manifestations. In contrast, the pres-
ence of IgM-RF alone was not indicative of an increased risk of
arthritis in our cohort, which is consistent with the findings
from Bos et al [10]. Since our cohort only included seropositive
participants, it was not possible to evaluate the risk of arthritis
in ACPA-positive and/or IgM-RF—positive subjects compared
with those presenting with seronegative arthralgia, a fact that
limits our findings to seropositive arthralgia individuals.

Our data also confirmed an association between being FDR of
patients with RA, reporting intermittent symptoms, swollen
joints at inclusion, or the presence of morning stiffness for lon-
ger than 1 hour, and the risk of arthritis onset [17,30,31]. The
latter association was not found in the Leiden cohort, in which
morning stiffness was not predictive of arthritis development
[18]. This difference might be due to the differences in the pop-
ulation studied, since only subjects who reported experiencing
arthralgia for less than 1 year were included in the Leiden
cohort, while symptom duration was not an inclusion criteria in
our population. This might also explain why CRP positivity,
which was a risk factor in the Leiden cohort, was not associated
with arthritis development in our cohort. Considering that the
presence of symptoms for less than 1 year was predictive of
arthritis onset in our cohort, this might indicate a link between
detection of subclinical inflammation via CRP measurement and
the manifestation of nonspecific symptoms, with limited contri-
bution of a single CRP measurement to arthritis prediction in
subjects with symptoms for more than 1 year.

In the prediction model published by van de Stadt et al, alco-
hol consumption was reported to be protective for RA develop-
ment in RA-risk individuals [17]. However, in our analysis,
alcohol consumption was not significantly associated with
arthritis development. This difference in results could be due to
a less strong effect of this variable in our cohort. Moreover, our
data set lacks data on the exact amount of alcohol consumption,
which may have limited our analysis. Smoking was also not
found to significantly predict arthritis development. Considering
that smoking is associated with citrullination of peptides in the
lung, which could lead to autoantibody formation [32], it might
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be that smoking does not relevantly contribute to the prediction
of RA development in individuals who already have autoanti-
bodies. Nevertheless, smoking should still be considered an
important risk factor in FDRs of patients with RA who have yet
to develop autoantibodies.

Similarly, SE positivity is associated with higher risk of
RA development in relation to the increased risk of ACPA
production. Our population consisted of seropositive arthral-
gia individuals, who have already developed an autoreactive
humoral immune response and clinical symptoms. It is likely
that SE positivity would have been associated with an even
higher risk of disease development in individuals with high
ACPA titres. However, when we limited our analysis to those
individuals for whom SE was assessed, SE was not contribu-
tory to disease risk, not even with a trend towards develop-
ing arthritis more often. Considering the substantial number
of missing values for SE positivity in our cohort and its col-
linearity with ACPA, we refrained from performing multiple
imputation of SE, which is why this variable was omitted
from further analysis.

In summary, our analysis identified 4 robust variables easily
assessed in the clinic that are significantly associated with RA
development. The identification of predictors for RA develop-
ment can aid clinicians and scientists in the selection of those
individuals who would benefit the most from preventive strate-
gies, as well as those who might require additional testing and
follow-up. The stratification of arthralgia individuals based on
their personal risk might aid in the selection of subjects eligible
for preventive clinical trials. This will ultimately benefit not
only the individuals but also society.
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ARTICLE INFO ABSTRACT
Article hi:towi . Objectives: Two recent case series and previous case reports have described methotrexate (MTX)-
ived 22 202 . . - .
Recelved 22 September 2024 associated insufficiency fractures, so called methotrexate osteopathy (MTXO). Our aim was to
Received in revised form 4 January 2025 X N . e R
Accepted 6 January 2025 assess whether the continuation of MTX after an insufficiency fracture impacts future fracture
risk.

Methods: Retrospective single-centre case note review of patients who suffered MTXO insuf-
ficiency fractures. We assessed the occurrence of subsequent fractures and evaluated frac-
ture healing in patients who either continued or discontinued MTX following the initial

fracture.

Results: We identified 33 patients with characteristic MTXO lower limb insufficiency fractures.
The mean MTX dose was 20 + 5.9 mg weekly with average treatment duration of 10.7 +
6.2 years. MTX was continued in 21 out of 32 patients following the initial insufficiency frac-
ture. Almost all patients (95.2%) who continued methotrexate sustained either further insuffi-
ciency (67%) or major osteoporotic (33%) fractures. There were significantly fewer fractures
(3 out of 11, 27.3%) in the group that stopped MTX after the initial insufficiency fracture
(? = (1, N = 32) = 13.4; P < .001). A Kaplan—Meier analysis showed that significantly
increased number of patients who continued MTX after the initial insufficiency fracture sus-
tained a further fracture over time when compared to patients who stopped methotrexate
(P = .042). Discontinuation of MTX was associated with greater clinical improvement in
pain (77.8% vs 36.4%, P = .036) and weight-bearing capacity (71.4% vs 22.7%, P = .030)

during fracture healing.

Conclusions: In patients with MTXO insufficiency fractures, continuation of MTX is associated
with a high risk of further fracture. It is important to recognise such insufficiency fractures and

stop MTX to minimise the future fracture risk.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Methotrexate osteopathy (MTXO) has been previously identi-
fied in case reports, describing patients on long-term low-dose
methotrexate developing insufficiency fractures in weight-
bearing limbs.

WHAT THIS STUDY ADDS

» The study presents one of the largest case series to date on
MTXO with detailed demographic and clinical data. It provides
a novel analysis of the impact of methotrexate continuation on
subsequent fracture risk. Methotrexate continuation after the
initial fracture is associated with increased fracture rate com-
pared to patients who stopped methotrexate.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* The study emphasises the importance of early diagnosis of
methotrexate associated insufficiency fractures with advanced
imaging such as magnetic resonance imaging.

» The diagnosis of MTXO should prompt re-evaluation of metho-
trexate use, as discontinuation may reduce the risk of future
fractures and may allow better fracture healing.

INTRODUCTION

An association between methotrexate (MTX) and atypical
fractures was first noted in the 1970s, when Ragab et al [1]
observed that 5 children receiving high-dose MTX for acute leu-
kaemia had developed insufficiency fractures of the lower limbs.
These fractures were associated with ‘metaphyseal osteoporosis’
and a thickened zone of provisional calcification, an appearance
normally associated with scurvy. Withdrawal of MTX resulted in
improvement of symptoms and radiographic appearances. In
1984, Schwartz and Leonidas [2] described methotrexate oste-
opathy (MTXO) as a condition affecting children taking high-
dose MTX for cancer, characterised by severe pain of the lower
extremities, osteoporosis, and thickened zones of provisional
calcification, with growth arrest lines and, sometimes, associ-
ated fractures. Since then, there have been a number of case
reports describing MTXO in patients taking low-dose MTX for
rheumatic disease [3—5].

More recently, further insights and a more detailed descrip-
tion of atypical stress fractures in patients taking long-term low-
dose MTX has emerged from one larger case series with 34
patients [6], one further case series of 5 patients [7], and a sys-
tematic literature review on MTXO [8].

Rolvien et al [6] described a characteristic appearance of the
stress fractures, with ‘a unique band- or meander-shaped
appearance along the growth plate’. These could occur in multi-
ple, bilateral locations in weight-bearing limbs. The mechanism
of these insufficiency fractures remains however poorly under-
stood, and it is unclear whether MTX continuation impacts on
future fracture risk.

We describe 33 patients on long-term MTX who developed
multiple lower limb insufficiency fractures and the impact of MTX
continuation or discontinuation on subsequent fracture rates.

METHODS
Case finding

Lower limb insufficiency fractures in patients with rheumatic
diseases were identified by searching the magnetic resonance
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imaging (MRI) reports (requested by rheumatologists) for the
term ‘insufficiency fracture’ in a large tertiary rheumatology
centre from Jan 2019 to March 2021. Additionally, patients
with insufficiency fractures were referred to the metabolic bone
clinic as outlined in Figure 1. Patients with MTXO insufficiency
fractures were included in the study until November 2022, ensur-
ing a minimum follow-up period of 1 year. We conducted a retro-
spective review of identified cases using electronic health records
and prospectively followed patients until December 2023 or
until their death. The mean follow-up duration was 5.7 +
4.6 years. We collected demographic data as well as clinical data,
including diagnosis, disease activity, MTX treatment length and
dose (last dose taken before first insufficiency fracture), concomi-
tant antirheumatic treatments including current and previous
glucocorticoid use, osteoporosis treatments, and underlying
bone health parameters, including bone biochemistry, bone
mineral density, fracture risk factors, and fracture risk as cal-
culated using fracture risk assessment tool at the time of the
first insufficiency fracture. Data on osteoporosis treatment
prior and after the initial insufficiency fracture were obtained
through case note review. Rheumatoid arthritis (RA) disease
activity around the time of the first insufficiency fracture was
assessed by recording either DAS 28 or inflammatory markers
such as erythrocyte sedimentation rate (ESR) and/or C-reac-
tive protein (CRP) performed at the time. The date of the
diagnostic imaging of the incident (first) insufficiency fracture
was recorded and through a search of electronic healthcare
and imaging records we identified subsequent insufficiency,
or major osteoporotic fractures. Vertebral fractures were typi-
cally assessed through thoracolumbar spine radiographs.
These radiographs were only performed in patients with back
pain or significant height loss (>4 cm).

Imaging

The majority of insufficiency fracture cases were identified
and confirmed with MRI, computed tomography (CT), or 99Tc
radionuclide bone scan imaging. Only a one-third of cases were
diagnosed by plain radiographs. All images were reviewed and
reported by radiologists as per routine clinical care. Bone min-
eral density (BMD) measurements were made by dual-energy
x-ray absorptiometry at the lumbar spine (L1-L4) and femoral
neck using a QDR 4500 osteodensitometer (Hologic).

Fracture definition

According to previous reports [8], MTXO insufficiency
fractures were diagnosed if the following characteristics were
fulfilled: (1) prolonged methotrexate use; (2) typical appear-
ance of incomplete fracture with band-like fracture lines
along the growth plate; (3) anatomical location, including
metaphysis of distal or proximal tibia, distal femur, calcaneus
or talus; and (4) low impact fractures. Concomitant glucocor-
ticoid use was not considered an exclusion criterion, as the
described insufficiency fractures exhibit a distinct fracture
pattern, and previous reports on MTXO included patients
with recent or ongoing glucocorticoid use [6,7]. Two cases
with typical MRI features of MTXO insufficiency fractures are
shown in Figure 2A,B.

Fracture healing assessment

Fracture healing was evaluated using both radiological and
clinical assessments. A radiologist compared follow-up imaging
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Word search “insufficiency fractures” Secondary care referrals cases to
2019-2020 tertiary metabolic bone clinic
20 insufficiency fractures 5 excluded as primary OP (PAQ, anorexia)
l or not typical fracture site (trochanter,
pelvis)
15 pts with insufficiency fractures of
lower limbs and inflammatory arthritis
4 not on MTX and/or no typical
MTXO features*

11 MTXO cases { 22 MTXO cases

33 MTXO cases Retrospective review and
follow up till Dec 2023

Figure 1. Flow diagram of case collection of patients with suspected MTX osteopathy. MTX, methotrexate; MTXO, methotrexate osteopathy; OP, oste-
oporosis; PAO, pregnancy-associated osteoporosis; pts, patients.

with the original images of the first insufficiency fracture, focus- from routine evaluations conducted primarily by rheumatolo-
ing on parameters such as the presence or absence of callus for- gists or orthopaedic specialists. These assessments included
mation, persistence of the fracture line, and evidence of improvements in pain, the ability to bear weight, and tenderness
radiological fracture resolution. Clinical data were extracted on palpation at the fracture site.

2C
Distal femur - 21%

Proximal Tibia —36%

Distal tibia — 70%

Talus - 33.3%

Calcaneus - 70%

Figure 2. (A and B) MTXO fractures. (A) MRI of the left ankle (sagittal Proton Density Fat Saturation (PDFS) sequence), showing an insufficiency frac-
ture of the distal tibial metaphysis and a sagittal oblique fracture of the medial talus. (B) MRI T1 Turbo Inversion Recovery Magnitude (TIRM)
sequence, highlighting bone oedema at the metaphyseal closure line of the femur and metaphyseal closure line of tibial condyles, denoting insuffi-
ciency fracturing. (C) Distribution and frequency of insufficiency fractures. MRI, magnetic resonance imaging.
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MTXO continuation versus discontinuation group

The date of imaging which confirmed features of MTXO
insufficiency fracture (as outlined in the fracture definition
above) was recorded. The responsible healthcare provider
decided on continuation of MTX depending on whether MTX
was thought to be implicated as contributing factor to the frac-
ture or not. Further fractures were identified, reviewed and
recorded through review of the electronic health records and
the national electronic imaging database Picture Archiving Com-
munication System. Clinical and radiographic features of frac-
ture healing were recorded in both groups.

Statistical analysis

Statistical analyses were performed using SPSS version 24.0
(IBM Corp). Data were described as the total number (n), per-
centage (%), mean with SD in parentheses or median with IQR
or minimum and maximum values. Some missing data occurred
due the retrospective collection of data, which was applicable to
inflammatory markers (CRP and ESR), DAS 28, BMD, and bone
biochemistry markers. Missing data points are shown in the
respective tables (Tables 1 and 2). Independent student t test
was used for between-group comparisons of continuous data if
normally distributed and Mann-Whitney U test for comparison
of continuous data if not normally distributed. Chi square test
(+*) was used to evaluate differences between categorical varia-
bles. Kaplan—Meier analysis assessed rate and time of fractures
which occurred after the first MTXO insufficiency fracture in
patients who continued or stopped MTX. Statistical significance
was assessed with Cox regression with fracture (yes/no) as time-
dependent covariate. Statistical significance was defined as a P
value <.05 for all analyses.

Ethics

All patient data were evaluated in a retrospective and anony-
mised design. Information about the MTXO population was
obtained through an audit of data that had been collected during
routine clinical practice; hence, ethical approval was not
required.

RESULTS

Demographics

We identified 33 patients with characteristic MTXO lower
limb insufficiency fractures. The mean MTX dose was 20 +
5.9 mg weekly with an average treatment duration of 10.7 +
6.2 years. The shortest duration of continuous MTX intake in
this group was 20 months with a cumulative MTX dose of
2220 mg administered subcutaneously. The mean age of the
cohort was 68 + 9 years, with a predominant female population
(96%) and a high prevalence of RA (88%). Patients with other
conditions such as psoriatic arthritis, psoriasis, and undifferenti-
ated connective tissue disease were also affected. The average
body mass index was 25.6 + 5.1 kg/m2. The demographics and
clinical characteristics are similar to the largest case series pub-
lished by Rolvien et al [6], except that none of our patients were
on continuous long-term oral glucocorticoid (GC) treatment at
the time of the first insufficiency fracture. Additionally, similar
to other large case series, we observed a delay in diagnosing
MTX insufficiency fractures; however, in our cohort, the delay
was 7.3 months compared to 17.4 months in the other series. On
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Table 1

Demographic and clinical details of patients with MTXO fractures (at the

time of first insufficiency fracture)

Demographics MTXO
cohort (33)
Female (%) 32 (97%)
Age (y) 67.3 +£8.9
BMI (kg/m?) 25.7 +4.9
Underlying medical diagnosis
RA (23/28 seropositive) 28 (85%)
Other (3 psoriatic arthritis, 1 psoriasis, 1 UCTD) 5(15%)

Antirheumatic treatments

Current glucocorticoid treatment (including 3 mo before
first IF)

Systemic GC (course of oral or im GC)

4/31 (13%)

3/31(9.7%)

Cumulative prednisolone dose of systemic GC (mg) 203.3 + 138.0
Intra-articular GC injection 2/31 (6.5%)
Cumulative prednisolone dose of intra-articular injections (mg) 125 + 35.4
Long-term continuous GC intake 0 (0%)

Past glucocorticoid treatment (including 24 to 3 mo
before first IF)

10/31 (32%)

Systemic GC (course of oral GC or im GC) 5/31
Cumulative prednisolone dose of systemic GC (mg) 303.0 + 138.4
Intra-articular GC injection 5/31
Cumulative prednisolone dose of ia GC (mg) 80.0 £ 67.1
Overall weekly MTX dose (mg) 20.1 £5.6
Mean MTX dose (mg/kg) 0.31 +£0.11
MTX oral administration 16/32 (50%)
Mean dose (oral MTX) (mg/wk) 17.2+ 6.6
MTX subcutaneous administration 16/32 (50%)
Mean dose (sc MTX) (mg/wk) 22.2+4.4
MTX treatment length (y) 10.7 £ 6.2
Folic acid (5 mg/wk) 28/32 (88%)
Other folic acid dose (30 mg/wk; 15 mg/wk) 3(9%); 1 (3%)
MTX monotherapy 22/33 (67%)
Concomitant conventional DMARDS in addition to MTX 6 /33 (18%)

Hydroxychloroquine (4)

Leflunomide (1)

Sulfasalazine (1)
Concomitant biologic DMARDS (TNFi) 5/33 (15%)

Certolizumab (3), adalimumab (1), etanercept (1)
Symptom onset to diagnosis of MTXO (mo) 7.3+8.2
MRI/CT/NM bone scan diagnosis of first insufficiency 23 (70%)

fracture

BMI, body mass index; CT, computer tomography; F, female, GC, glucocorti-
coid; ia, intra-articular; IF, insufficiency fracture; im, intramuscular; MRI, mag-
net resonance imaging; MTX, methotrexate; NM, nuclear medicine 99Tc
radionuclide bone scan; RA, rheumatoid arthritis; sc, subcutaneous; UCTD,
undifferentiated connective tissue disease; DMARD, disease modifying anti-
rheumatic drug; TNFi, Tumor necrosis factor inhibitor.

average patients, were treated for over 10 years when they pre-
sented with the first MTXO fracture, and there was no significant
difference between subcutaneous or oral MTX administration in
respect to MTX duration.

Bone health characteristics

The most common insufficiency fracture sites were the meta-
physis of the distal tibia (70%) and calcaneus (70%), followed
by the proximal tibia, talus, and distal femur (see Fig 2C). Nota-
bly, 84% of the patients experienced more than 1 fracture, and
21 out of 25 patients who had imaging of both limbs were found
to have bilateral fractures. Advanced imaging such as MRI, CT
or 99Tc radionuclide bone scan imaging was required for 70%
of the patients to confirm the diagnosis, with an average delay
of 7 + 8 months between initial symptoms and diagnostic confir-
mation. Osteoporosis was present in 75% of the patients, with an
average spine T score of —2.3 + 1.0 and a femoral neck T score
of —2.6 + 0.9. The incidence of previous vertebral fractures was
16.9%. Biochemical markers were on average within normal



B. Hauser et al.

Table 2
Clinical characteristics: bone mineral density, osteoporosis medica-
tion, and biochemical markers

Clinical characteristics Lothian cohort (33)
Osteoporosis as per DXA (T score <—2.5) 25/32 (75%)
BMD T score spine -23+1.0
BMD T score femoral neck -2.6+0.9
Previous vertebral fractures 8(16.9%)
Calcium (2.2-2.6 mmol/L) 2.4+0.1
Vitamin D (>50 nmol/L adequate) 48.6 + 27.0
Alkaline phosphatase (40-125 U/L) 101.5+23.4
ESR (mm/hr) 21.4+229
DAS 28 [n = 9] 3.2+1.3

OP treatment prior to MTXO# (n, %) 8/32 (24.2%)
Alendronic acid, 70 mg orally weekly 6 (19%)
Risedronic acid, 35 mg orally weekly 2 (6%)

Mean OP treatment time prior MTXO# (y) 3.6+1.5

OP treatment started after MTXO# (n, %) 28/31 (90.3%)
Alendronic acid, 70 mg orally weekly 16 (52%)
Risedronic acid, 35 mg orally weekly 1 (3%)
Zoledronic acid, 5 mg intravenous yearly 7 (23%)
Teriparatide, 20 pg subcutaneous daily 2 (6%)
Romosozumab, 210 mg subcutaneous monthly 2 (6%)

BMD, bone mineral density; DAS28, disease activity score including 28
joints; DXA, dual-energy x-ray absorptiometry; ESR, erythrocyte sedi-
mentation rate; MTX, methotrexate; MTXO#, methotrexate osteopathy
insufficiency fractures; OP, osteoporosis.

range as shown in Table 2. Mean ESR was 21.4 + 22.9 mm/hr,
and the average DAS28 score for a subset of patients (3.2 + 1.3)
indicated mild to moderate disease activity.

Impact of methotrexate continuation

Following the initial insufficiency fracture, 21 out of 32
patients continued MTX, and nearly all of these patients (95.2%)
sustained further insufficiency (67%) or major osteoporotic
(83%) fractures. For 1 patient, we could not obtain the informa-
tion whether they continued MTX or not as we were unable to
obtain their medical records. For patients who discontinued
MTX, only 4 out of 11 patients (36%) experienced subsequent
fractures. Further details on both groups are shown in Table 3.
In follow-up assessments of fracture healing, patients who dis-
continued MTX were more likely to report clinical improvement

Table 3
Patients who stopped MTX versus patients who continued
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compared to those who continued the medication. Specifically,
a higher proportion of patients who discontinued MTX reported
improvement in pain (77.8%) and the ability to fully weight
bear (71.45%) compared to those who continued MTX (36.4%
and 22.7%, respectively). Despite these clinical differences,
radiological signs of fracture persisted in the majority of patients
(77.8%), with no significant difference in radiological resolution
observed between the 2 groups.

A Kaplan—Meier analysis, shown in Figure 3, demonstrated
that patients who continued MTX had a significantly higher inci-
dence of further fractures over time compared to those who
stopped MTX (P = .042).

DISCUSSION

This study describes one of the largest cohort of patients
(n = 33) with MTXO insufficiency fractures and, uniquely, pro-
vides data on subsequent fracture history depending on whether
or not MTX was continued or stopped. The patient characteris-
tics, stress fracture location, and the distinctive appearance of
the insufficiency fractures are consistent with previous reports
and case series of MTXO. Also, in keeping with previous reports,
our cohort demonstrated a high incidence of bilateral fractures
and a significant delay in diagnosis.

A significant contribution of our study is the analysis of the
impact of MTX continuation after the initial insufficiency frac-
ture on subsequent fracture risk. Although previous studies have
identified the occurrence of MTXO, our research is the first to
provide evidence that continuing MTX therapy after an initial
insufficiency fracture not only significantly increases the risk of
further insufficiency fractures there was also a numerical
increase in major osteoporotic fractures in patients who contin-
ued MTX. This novel insight underscores the need to re-evaluate
MTX therapy in patients presenting with MTXO.

Our study also highlights the difficulty in diagnosing MTXO.
The plain radiographic findings at presentation can be subtle,
and detailed imaging such as MRI or CT imaging is often neces-
sary for the diagnosis to be made [6—8].

Additional confounding factors that may lead to a delay in
diagnosis include physician awareness of the diagnosis of
MTXO; the potential misinterpretation of symptoms as being

Characteristics MTX continuation 21 (66%)  MTX stopped 11 (34%) P value

Age (y) 66.6 + 9.9 68.2+7.2 677

Mean follow-up time (mo) 77.9 +£48.6 53.8 + 66.4 .303

FRAX 10-y-MOP (n = 29) 25.5+9.9 19.4 +8.0 114

FRAX 10 y-Hip (n = 29) 10.5+7.7 6.7 +5.6 .155

Spine T score (n = 29) -24+1.0 -22+1.1 .690

Hip T score (n = 28) -24+1.0 -2.1+05 .238

Fractures

Time to subsequent fractures (mo) (insufficiency and MOP fractures) 18.7 £22.3 65.4+113.1 .081

Total subsequent fractures 20 (95%) 4 (36%) .001
(insufficiency and MOP fractures)

Insufficiency fractures 13 (65)% 2 (50%)

MOP fractures 7(33%) 2 (50%)

Radiological and clinical signs of fracture healing

Radiological fracture resolution (n = 28) 3(18.8%) 3(27.3%) 754

Callus formation (n = 30) 5(26.3%) 1(9.1%) .372

Ongoing fracture line visibility (n = 29) 11 (61.1%) 6 (54.5%) 728

Pain improvement (n = 31) 8(36.4 %) 7 (77.8 %) .036

Tenderness to touch (n = 24) 16 (94.1) 4(57.1) .059

Weight-bearing tolerance (n = 29) 5(22.7) 5(71.4) .030

FRAX, fracture risk assessment tool; MOP, major osteoporotic fracture.

558



B. Hauser et al.

Survival Functions

0.8

06|

Ann Rheum Dis 84 (2025) 554—561

MTX
continued
after
insufficiency#

Yes_1_No_|
-0
=11

+ O-censored
=t 1-censored

04|

Cum Survival

0.2}

0.0)

0 20 40 60 80

Time to subsequent 1st fracture or follow up_months

Overall Comparisons
Chi-Squaredf
Log Rank (Mantel-Cox)

100 Sig.

6.932 .008

Figure 3. Kaplan—Meier curve for MTX continuation and discontinuation after an initial insufficiency fracture. The light blue line depicts the
patient group who have stopped MTX after the initial insufficiency fracture. The purple line depicts the patient group who continued MTX. MTX, meth-

otrexate.

due to joint disease, particularly in those patients for whom
MTX is being prescribed to treat inflammatory arthritis; and the
assumption that the fracture might be due to underlying osteo-
porosis, which often coexists with MTX use.

Our study provides details on route of MTX administration
and concomitant folic acid medication. The route of administra-
tion of MTX is unlikely to be relevant as half of MTXO patients
were administering MTX subcutaneously and half were taking
the oral formulation. All patients were prescribed concomitant
folic acid with 5 mg/week being the most frequently used dose.
Importantly the vast majority of above described patients have
not received recent GCs, and 2 out of 3 patients received intra-
articular steroid injections to joints which were most likely pain-
ful due to developing insufficiency fractures. Hence, it is
unlikely that these insufficiency fractures represent GC-induced
osteoporosis. Based on our experience and previous reports
[6,7] as well as the observation that the described insufficiency
fractures differ from typical GC-induced osteoporotic fractures,
such as vertebral, hip, pelvis or rib fractures [9], systemic GC
use is currently not considered to be an exclusion criterion in
diagnosing MTXO. However, given the well documented detri-
mental effects of high cumulative GC doses on bone turnover,
including profound suppression of bone formation and negative
impacts on bone quality [10,11], the role of GCs in the develop-
ment and treatment of MTXO insufficiency fractures remains to
be fully elucidated.

The effect of MTX on fracture risk is likely idiosyncratic as
only a small proportion of individuals receiving MTX for
inflammatory rheumatic diseases experience this problem. In
addition, MTX use has not been associated to accelerated
bone loss or to increased osteoporotic fracture risk. A small
case control study has shown no difference in BMD between
RA or psoriatic arthritis patients treated with MTX over
6 years or controls [12]. A more extensive and recent dataset
from the Women’s Health Initiative observational study fol-
lowed 1201 women with RA for approximately 6 years. The
study found no significant difference in the self-reported clini-
cal fracture rates between patients who were treated with sul-
fasalazine or MTX [13]. There is no evidence to suggest that
methotrexate use increases the risk of major osteoporotic frac-
tures [13]. However, we hypothesise that the observed
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numerical difference in our cohort may be attributed to the
fact that patients with multiple, recurrent insufficiency frac-
tures and delayed healing are more likely to experience disuse
bone and muscle loss. This, in addition to the elevated frac-
ture risk associated with the underlying rheumatic disease
and other potential risk factors, may contribute to an
increased risk of major osteoporotic fractures [13].

Despite multiple reported cases and the more detailed char-
acterisation of MTXO over the recent years, the question of
whether MTX truly impacts on fracture risk and the develop-
ment of insufficiency fractures has been raised [14,15]. Guide-
lines outlining or including the efficacy and safety of MTX for
the use of RA or psoriatic arthritis have highlighted MTX as gold
standard treatment but have so far omitted to mention MTXO as
a potential serious side effect [16—18].

Furthermore, our study supports the hypothesis that continu-
ous MTX therapy may delay the healing of insufficiency frac-
tures [19,20]. Patients who discontinued MTX therapy more
frequently reported improvements in pain and demonstrated
better ability to fully bear weight during follow-up assessments.
Although no significant differences were observed in radiologi-
cal signs of fracture healing, this may be due to the lack of conse-
cutive, detailed imaging in most patients.

Although the above findings provide important insights, sev-
eral limitations must be acknowledged. One significant limita-
tion of this study is its retrospective nature, hence limited by the
quality and completeness of existing records. Several studies
have shown that RA is associated with increased fracture risk
[21,22] and that high disease activity is a particular important
risk factor [23,24]. In our RA cohort, the disease activity seemed
to be low to moderate; however, disease activity scores such as
DAS28 were not consistently recorded.

Additionally, the identification of insufficiency fractures in
radiology reports was limited to MRI scans specifically
requested by rheumatologists, thereby fractures investigated
and managed by orthopaedic teams may not have been
included. We suggest further epidemiological studies using large
scale electronic health record data sets to define the prevalence
of MTXO. Additional areas to investigate include the influence
of specific risk factors, such as genetic predisposition, on suscep-
tibility to MTXO. Genetic variations associated with bone
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turnover, fracture risk, or drug metabolism might increase an
individual’s likelihood of developing this condition. To examine
this, we propose utilising a candidate gene approach, comparing
MTXO patients with matched controls.

Another limitation is the inconsistency in imaging modalities
used to assess further fractures. Detailed imaging techniques
such as MR, CT, and radionuclide bone scans were required for
the majority of patients to confirm insufficiency fractures. How-
ever, imaging of the contralateral side was not consistently per-
formed, which could have resulted in underreporting of
additional fractures. Additionally, the absence of systematic fol-
low-up imaging to monitor fracture healing limits our ability to
fully understand the progression and resolution of MTXO-
related fractures. We recommend that future studies should fol-
low patients with MTXO insufficiency fractures systematically
with regular clinical exams, regular imaging of the contralateral
side and sequential follow-up for imaging of the insufficiency
fractures to assess fracture healing.

Despite these limitations, our study has several strengths. It is
one of the largest case series to date examining MTXO, provid-
ing detailed demographic and clinical data. Furthermore, the
study offers a novel analysis of the impact of MTX continuation
on subsequent fracture risk, which provides additional evidence
for the entity of MTXO. The study highlights the association
between continued MTX use following an insufficiency fracture
and an increased risk of subsequent fractures. Early recognition
of MTXO using advanced imaging is critical to prevent further
fractures. Discontinuation of MTX after an initial insufficiency
fracture reduces fracture risk and likely improves fracture heal-
ing. These findings underscore the need to re-evaluate MTX
therapy in patients with MTXO. Future research should focus on
identifying genetic and clinical risk factors for MTXO and con-
ducting larger studies to confirm our findings and guide clinical
management.
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sampling included 124 participants (30 progressed to RA), with longitudinal sampling of 19 par-
ticipants (5 progressed to RA) over 15 months at five timepoints. Gut microbiome taxonomic
alterations were investigated using 16S rRNA amplicon sequencing and confirmed with shotgun
metagenomic DNA sequencing on 49 samples.

Results: At baseline, CCP+ at risk progressors showed significant differences in Prevotellaceae
abundance compared with non-progressors, contingent on intrinsic RA risk factors and time to
progression. Longitudinal sampling revealed gut microbiome instability in progressors
10 months before RA onset, a phenomenon absent in non-progressors. This may indicate a late
microbial shift before RA onset, with Prevotellaceae contributing but not dominating these
changes. Structural changes in the gut microbiome during arthritis development were associated
with increased amino acid metabolism.

Conclusion: These data suggest conflicting reports on Prevotellaceae overabundance are likely
due to sampling within a heterogeneous population along a dynamic disease spectrum, with cer-
tain Prevotellaceae strains/clades possibly contributing to the establishment and/or progression
of RA. Gut microbiome changes in RA may appear at the transition to clinical arthritis as a late
manifestation, and it remains unclear whether they represent a primary or secondary
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WHAT IS ALREADY KNOWN ON THIS TOPIC

¢ Individuals with rheumatoid arthritis (RA) and those at risk
possess distinct gut microbiomes when compared with healthy
controls; however, detailed insights into the temporal and com-
positional changes in the gut microbiome as individuals prog-
ress to RA are lacking.

Prevotellaceae, and particularly Prevotella copri, have been
inconsistently associated with RA development, and while
early studies showed an overabundance more recent cohorts
that question these observations have emerged.

WHAT THIS STUDY ADDS

* We identified a phenomenon where specific strains/clades of
Prevotellaceae are enriched, while others are depleted, depend-
ing on an individual's risk profile and time to arthritis progres-
sion.

Anticyclic citrullinated protein antibody-positive individuals at
risk of RA are characterised by a low-diversity gut microbiome
that may become more unstable in the 10 months preceding
the transition from preclinical RA to established disease (ie, the
development of clinical arthritis).

This instability is marked by accumulation of multiple bacteria,
including but not limited to Prevotellaceae.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* These findings illustrate the dynamic nature of the gut micro-
biome, reflecting an individual's underlying risk profile and
transition from being at risk to developing clinical arthritis.

» This evolving understanding could significantly impact
approaches to RA prediction, prevention and personalised
treatment strategies, emphasising the need for further research
into microbiome-based diagnostics and therapeutics.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disorder
affecting over half a million individuals in the UK. The hallmark
of RA is progressive joint disease, with potential for systemic
involvement. Understanding the RA disease spectrum with rec-
ognition of at risk individuals has propelled RA research into
prevention strategies. The generation of IgA class anticitrulli-
nated protein antibodies (ACPAs) in individuals at risk of RA,
[1] combined with epidemiological links with smoking [2] and
periodontal disease [3], points to a mucosal origin of inflamma-
tion. The mucosal origin hypothesis proposes that localised
inflammation at mucosal sites can initiate a broader immune
response [1], via T cell activation and a subsequent inflamma-
tory cytokine cascade, leading to B cell antibody production.
Supporting this, an immunoglobulin class switch from IgA
ACPAs to IgG ACPAs [4,5] indicates potential triggering of sys-
temic autoimmunity by diverse antigenic stimuli at mucosal
sites. This shift, accompanied with broadening of antibody tar-
gets [6,7], suggests that mucosal barrier deterioration and the
ensuing spread of an IgG ACPA response might be more signifi-
cant in the initial stages of RA than the loss of tolerance to self-
antigens.

Profiling of the gut microbiome in individuals at risk of RA
and people diagnosed with RA consistently demonstrates a dys-
biotic microbiome when compared with healthy controls [8
—21]. However, there remains little consensus on the bacterial
constituent members of an RA-related dysbiosis. Subsequently, a
variety of gut bacteria have been implicated as a potential impe-
tus in the development of RA, none more so than Prevotella copri.
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Prevotella species have been demonstrated to be overabundant in
new-onset rheumatoid arthritis (NORA) [9,11,22], in at risk
individuals [8] and especially those with genetic risk [10]. Their
abundance decreases after disease-modifying antirheumatic
drug (DMARD) therapy, with reversion to a eubiotic state on
treatment [22]. Furthermore, mouse models support a role for
Prevotellaceae strains derived from patients with RA in RA
development [23]. However, Prevotellaceae overabundance
does not appear to be an ubiquitous finding across all RA gut
microbiome studies, [16—21] including our own previous work
[24]. Additionally, researchers have failed to replicate their
findings of Prevotellaceae overabundance in larger cohorts
[25]. Increasingly, numerous other bacteria have also been asso-
ciated with RA development, including Subdoligranulum [26],
Lactobacillus, [11,20] Bacteroides species [14,17] and Streptococ-
caceae [20,21], among others.

EULAR, the European Alliance of Associations for Rheuma-
tology, defines at risk populations for RA based on a combina-
tion of genetic, environmental and immunological factors that
predispose individuals to RA [27]. Therefore, heterogeneous RA
at risk populations and confounding within microbiome studies
further complicate the RA gut microbiome debate. This work
examines a comprehensively phenotyped cohort of anticyclic
citrullinated protein-positive (anti-CCP+) at risk individuals
without clinical arthritis. We combined cross-sectional and lon-
gitudinal investigations of the gut microbiome with extensive
clinical data, adjusting for potential confounding, to uncover
microbial associations in the early RA continuum, with particu-
lar attention to Prevotellaceae strains.

METHODS

Patient and public involvement statement

Before starting this research, patients contributed to the
study's design and feasibility, influencing recruitment, sample
return and dissemination of outputs through a patient-focused
discussion group at Chapel Allerton Hospital (CAH), Leeds. Dur-
ing the study, participant feedback on the stool collection kit
was gathered and led to its redesign.

Study design and participants

This study used both cross-sectional and longitudinal
approaches, involving participants from three groups: CCP + at
risk (n=124), newly diagnosed RA (NORA, n=7) and healthy
controls (n=22). The study aimed to differentiate gut micro-
biome bacterial shifts due to confounding factors from those
associated with RA progression, using comprehensive pheno-
typic data and serial stool samples as CCP + at risk individuals
progressed towards arthritis development.

The research was conducted at CAH, Leeds, UK. Individuals
at risk of RA were selected from the Leeds CCP + at risk cohort,
as previously outlined [28]. These participants were recruited
nationally from both primary and secondary care settings, pre-
senting with recent musculoskeletal pain (onset <3 months) and
positive for anti-CCP antibodies (CCP2 BioPlex 2200 Kit >2.99
IU/mL), but with no evidence of clinical synovitis/arthritis.

Within the CCP research clinic at CAH, individuals undergo
longitudinal assessment for RA progression. An individual's risk
of arthritis development was calculated using a validated RA
risk severity score, based on symptoms, joint ultrasound, human
leucocyte antigen (HLA) status and antibody titre [28], enabling
comparison of gut microbiomes across varying RA risk.
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Figure 1. Study design and methodological flow chart. The figure depicts the recruitment of healthy controls, CCP + at risk individuals and those with
NORA, with corresponding criteria and subsequent sequential steps from sampling through molecular profiling and data analysis. Incorporates stool
and blood analyses, sequencing methods and clinical assessments, culminating in the evaluation of microbial composition and its correlation with RA
progression. CCP, cyclic citrullinated protein; csDMARDs, conventional synthetic disease-modifying antirheumatic drugs; GI, gastrointestinal; HLA,
human leucocyte antigen; IA, inflammatory arthritis; IBD, inflammatory bowel disease; Log2 FC; Log2 fold change; MSK, musculoskeletal; NORA,

new-onset rheumatoid arthritis; RA, rheumatoid arthritis.

Comprehensive data on demographics, medical history, medica-
tions, diet, bowel habit and lifestyle were also collected
(figure 1).

As a comparison, individuals with NORA were recruited from
general rheumatology clinics at CAH. Those diagnosed with RA
and meeting the EULAR criteria, irrespective of CCP antibody
status, were invited to participate in the cross-sectional study as
participants with NORA. These individuals provided a single
stool sample within 48 hours of their RA diagnosis, prior to
starting DMARD therapy. Local healthy controls, free of muscu-
loskeletal symptoms and representing diverse socioeconomic
backgrounds, were also included, providing a single stool sam-
ple for the cross-sectional study. These controls were approxi-
mately matched with the CCP+ at risk cohort in terms of age,
gender and smoking status.

Assessments

CCP + at risk individuals underwent a baseline assessment,
followed by quarterly follow-up appointments for the first year,
with annual visits thereafter. The study endpoint was the devel-
opment of clinical arthritis. A research helpline enabled prompt
reporting of symptom changes for timely clinical evaluation. At
baseline, demographic, medical, drug, social, stool and dietary
histories [29] were collected. Clinical assessments at each visit
included symptom review and joint assessment (78-joint count
for tenderness and a 44-joint count for swelling).

Blood samples were collected at each visit for antibody test-
ing, with the BioPlex 2200 machine used for anti-CCP2 testing
and nephelometry for rheumatoid factor (RF). During the course
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of the study, a small number (n=11) of low titre CCP + individ-
uals transitioned to a negative CCP+ titre at the time of gut
microbiome sampling. High-resolution joint ultrasonography
using power Doppler (PD) was performed at baseline, 6 monthly
for the first year, then annually thereafter and intermittently on
symptom exacerbation. PD assessment included scanning of 38
joints bilaterally (metacarpophalangeal, proximal interphalan-
geal and metatarsophalangeal joints). HLA-DR (Human Leuko-
cyte Antigen-DR isotype) typing occurred during the baseline
visit. T cell subpopulations were quantified using flow cytome-
try, adjusting counts for age. T cell counts were taken at base-
line, 6 months and then annually.

Participants were given in-house stool collection kits for
home sample collection, returning the kit at their subsequent
clinic visit. Samples were kept at room temperature at home
before being frozen at —80°C for long-term storage.

Molecular and bioinformatic methods

DNA was extracted from stool samples using the QIAamp
DNA Stool Mini Kit (Qiagen, Germany). The University of Leeds'
Next Generation Sequencing Facility at St James's University
Hospital campus conducted sequencing for both 16S rRNA
amplicon and shotgun metagenomic analysis. For 16S rRNA
sequencing, the V4 region was amplified with specific primers
and sequenced using Illumina MiSeq 2500, generating 2x250
base pair (bp) paired-end reads. Data were analysed using the
DADA2 method [30] and SILVA reference database [31] within
the QIIME2 [32] framework.
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Shotgun metagenomic libraries were prepared with the Nex-
tera XT DNA Library Prep Kit and sequenced on Illumina Next-
Seq 2000 using a 2x150 bp paired-end approach. The bioBakery
workflow [33] was used for taxonomic and functional analysis
of the shotgun sequencing data (see online supplemental materi-
als, pages 1—3 for additional details).

All samples underwent 16S rRNA amplicon sequencing. In
addition, 49 baseline samples, including CCP + at risk individu-
als (n=27), individuals with NORA (n=7) and healthy controls
(n=15), also underwent shotgun sequencing. This dual
approach was employed to validate the findings from the differ-
ential analysis of the 16S data, particularly to confirm the
observed trends in Prevotella abundance and to explore any
inferred functional differences arising from altered microbiome
composition.

Analysis

Cross-sectional

In both sequencing methodologies, analyses were conducted
in R (V.3.6.2) [34]. Diversity was calculated using phyloseq
[35] and vegan [36] packages. For the 16S approach, a rooted
phylogenetic tree was generated in QIIME2 [32], with alpha
and beta diversity metrics calculated and Benjamini-Hochberg
(BH)-adjusted p values (<0.05) determined via pairwise Wil-
coxon rank-sum tests.

Permutational multivariate analysis of variance (MANOVA)
was performed to assess the impact of metadata variables on
beta diversity using three ecological metrics: Bray-Curtis, logged
Bray-Curtis (Bray-Curtis was applied to scalar normalised counts
(SNC) and logged data via the formula log;o(SNC+107°)+6)
and unweighted UniFrac. Logged Bray-Curtis was used as an
attempt to curtail outlying samples which might artificially
amplify a signal within the Bray-Curtis index. Significant varia-
bles (p<0.05) were ranked by effect size and incorporated into a
multivariate model to calculate cumulative variance explained.

For the shotgun method, a phyloseq object [35] was con-
structed using the enzyme commission number data set, and
principal component analysis was performed to assess functional
diversity of the microbiome. MaAsLin2 [37] was used for func-
tional pathway analysis on prenormalised MetaCyc [38] anno-
tated pathway abundance files, using an false discovery rate
(FDR) of <0.05 as a significance threshold.

Differential bacterial abundance between clinically relevant
groups was investigated across both sequencing methods using
DESeq2, [39] adjusted for age and sequencing run. BLAST analy-
ses supported further taxonomic annotation of significant Prevo-
tellaceae strains. Differential abundance testing was performed
at the genus level to determine higher taxonomic changes com-
parable to previous studies and at the strain level data to infer
potential strain/subspecies information. In both methodologies,
ggplot2 [40] facilitated data visualisation. Only taxa reaching a
BH-adjusted p value of <0.05 were labelled. Prevotella strains of
interest were identified based on Prevotella strains that reached
a p value of <0.05 in the DESeq2 models from the cross-sec-
tional study. The Prevotella strains of interest from the DESeq2
models and their associations were plotted using a chord plot.

Longitudinal

Longitudinal gut microbiome changes were analysed using
16S rRNA amplicon sequencing. Pairwise Bray-Curtis dissimilar-
ities were constructed, and comparisons were limited to within-
participant timepoints. These pairwise timepoints were categor-
ised based on the time elapsed from RA diagnosis for progressors
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or from baseline for non-progressors. A logged Bray-Curtis dis-
tance matrix was used to construct a hierarchical tree using the
‘dendrogram’ and ‘hclust’ functions, applying the ‘ward.D2°
clustering algorithm. Mixed-effects linear models were created
using the MaAsLin2 [37] package. Participants were assigned as
the random-effect source in all models. To explore bacterial
taxa, a centred log-ratio transformed data set was used at both
the genus and strain levels.

RESULTS

The cross-sectional study encompassed 153 participants;
their characteristics are detailed in table 1. In the RA at risk
cohort, 70% were female, with a median anti-CCP antibody titre
of 73 IU/mL. During the study period, 30 individuals progressed
to RA, with a median interval of 9.6 months between stool col-
lection and RA progression. The clinical attributes of progres-
sors, non-progressors and NORA cohorts are outlined in table 2.
Microbiome summary statistics are available in the online sup-
plemental materials, page 4-5.

CCP+ atrisk individuals are characterised by a low diversity
state, which is associated with CCP antibody titre, RF positivity
and HLA shared epitope status

Shannon diversity was notably reduced among CCP + at risk
individuals compared with healthy controls (Wilcoxon,
p=0.012; figure 2A). Diversity was reduced in both progressors
and non-progressors, and appeared stratified by anti-CCP titre
levels (figure 2A). Conversely, individuals with low or negative
anti-CCP titres maintained diversity levels comparable to
healthy controls. Both RF and HLA shared epitope (SE) positiv-
ity, known risk factors for arthritis development, were signifi-
cantly linked to diminished diversity, as was steroid use (see
online supplemental material, page 6). When examining the
effects of these variables collectively in a multivariate model,
none reached statistical significance (see online supplemental
materials, page 6), suggesting that the individual contributions
of these factors are less clear when considering the combined
influence of all variables. Alpha diversity for measured lifestyle
factors is presented in the online supplemental materials, page
6. Linear regression exploring variable effects on alpha diversity
is presented in online supplemental materials, page 6-8.

Beta diversity analysis with respect to RA outcome status indi-
cated no association between progression and enterotype (see
online supplemental materials, page 9). Participants clustered
according to dominant genera, primarily differentiating between
Prevotella-dominated and Bacteroides-dominated microbiota. Pro-
gressors displayed both Prevotella and non-Prevotella predominant
gut microbiome profiles. The analysis of 49 metadata variables
using permutational analysis of variance (online supplemental
materials, page 10-13) identified 15 variables with statistical sig-
nificance (p<0.05) in at least one ecological metric (figure 2B),
and subsequent multivariate models revealed sequencing run, age
and vegetable intake as consistently significant factors across all
three ecological distances, explaining microbial variance ranging
from 8% to 10% (figure 2B). Alpha and beta diversity was calcu-
lated using 16S rRNA amplicon sequencing.

Progression from the at risk phase to arthritis development is
associated with strain-specific changes in Prevotellaceae

A specific Prevotellaceae strain, ASV2058 (likely P. copri;
BLAST analysis can be found in online supplemental materials,
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Table 1
Characteristics of the cross-sectional study participants

Characteristics CCP+ atrisk  NORA Healthy
Number of participants 124 7 22
Sociodemographic ~ Age (mean, SD) 53+12.5 57+15.6 54+15.9
Female (%) 70 (88) 42 (3) 68 (15)
Diet Food groups
Fruit servings/week 2 2 2
Vegetable serving/week 2.1 1.8 1.8
Oily fish* 1.9 2.6 1.8
Fat’ 2.397 2 2.235
Non-milk extrinsic sugarst 2.321 2.6 2.412
Dietary quality score (mean) 10.81 11 10.41
Lifestyle Alcohol consumption (%)
None 32 0 22
<14 units 44 14 40
21 units 5.6 28 4.5
>21 units 14.5 57 31
Exercise type (%)
None 4 14 22
Light 30 28 9
Moderate 17 14 27
Vigorous 6 14 18
Exercise duration (average in minutes) 48 50 40
Exercise frequency (weekly) 5 5 5
Ever smoked (%) 41 (51) 42 (3) 36 (8)
Bowel habit Stool type (average) 3 3 3
Stool frequency per week (average) 8 8 7
Drugs PPI (%) 31(38) 42 (3) 28 (6)
Regular laxatives (%) 0 0 0
Antimicrobials within 3 months 0 0 0

CCP, cyclic citrullinated protein; NORA, new-onset rheumatoid arthritis; PPI, proton pump inhibitor.
* No intake = 0; 0—200 g/week =1; >200 g/week = 2.
T >1% x UK recommendations; 1—1% x UK recommendations; < UK recommendations.

Table 2
Baseline clinical characteristics of the cross-sectional musculoskeletal cohorts

Clinical characteristics Progressors ~ Non-progressors ~ NORA
Number of participants 30 94 7
MSK parameters CCP level (U/mL) (median) 73 8.2 282
CCP (mean, SD) 134+125 75+116 174+151
CCP category (%)
Negative (<2.99 U/mL) 0 9(9) 28 (2)
Low (3—9 U/mL) 10 (3) 42 (40) 0
High (9—90 U/mL) 46 (14) 23 (22) 14 (1)
Very high (>90 U/mL) 43(13) 24 (23) 57 (49
RF-positive (%) 70 (21) 30(29) 100 (7)
HLA-positive (%) 63 (19) 51 (48) Unknown
Tenderness (%) 50 (15) 40 (38) 100 (7)
Early morning stiffness (%) 53 (16) 323D 85 (6)
Power Doppler (%) 43(13) 14 (14) Unknown
Risk category (%)
Low 10 (3) 37 (35) N/A
Moderate 50 (15) 55 (52) N/A
High 40 (12) 7(7) N/A
CRP category (% high) 20 (6) 10 (9) 57 (4)
ESR category (% high) 53(16) 35(33) 42(3)
T-naive cells category (% low) 53 (16) 26 (24) Unknown
Medications Polypharmacy 3.6 3.6 3.4
NSAIDs (%) 60 (18) 50 (47) 71 (5)
Steroid (%) 33(10) 34 (31) 28 (2)
BMI (%) Ideal 33(10) 22(21) 0
Overweight 40 (12) 35(33) 0
Obese 23 (7) 29 (28) 100 (7)
Comorbidities (%) Osteoarthritis 40 (12) 35(33) 14 (1)
Tendonitis 16 (5) 303 0
Carpel tunnel syndrome 6(2) 2(2) 0
Hypermobility 3(1) 5(5) 0
Connective tissue disease 0 0 0
Hypertension 20 (6) 12(11) 14 (1)
(continued)
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Table 2 (Continued)

Clinical characteristics Progressors ~ Non-progressors ~ NORA
Ischaemic heart disease 6(2) 303 0
Cerebrovascular disease 0 2(2) 0
Diabetes 13 (4 4(4) 14 (1)
Renal disease 3(1) 1(1) 0
Chronic liver disease 0 1) 0
Psoriasis 6(2) 44 0
Chronic obstructive pulmonary disease 0 2(2) 0

BMI, body mass index; CCP, cyclic citrullinated polypeptide; CRP, C reactive protein; ESR, erythrocyte sedimen-
tation rate; HLA, human leucocyte antigen; MSK, musculoskeletal; N/A, not applicable; NORA, new-onset rheu-
matoid arthritis; NSAIDs, non-steroidal anti-inflammatory drugs; RF, rheumatoid factor.
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Figure 2. Gut microbiome diversity, variance and differential abundance from 16S rRNA amplicon sequencing. (A) Cross-sectional alpha diversity
plots. Boxplots of alpha diversity as measured using observed and Shannon diversity metrics. BH-adjusted p values generated by pairwise Wilcoxon
rank-sum test. (B) Microbial variance plots. Univariate analysis of significant (p<0.05) metadata variables using permutational ANOVA on three meas-
ures of beta diversity: Bray-Curtis, logged Bray-Curtis and unweighted UniFrac. Variables ordered by decreasing effect size. Total variance ring plot
demonstrating the total known and unknown variance present within the gut microbiome. Individual multivariate permutational ANOVA, adjusted
for significant variables identified in the univariate models, with significance reached in at least two ecological distances. Variables ordered by effect
size. (C) Differentially abundant taxa between CCP + at risk, healthy controls and NORA and between progressors and non-progressors. Pairwise vol-
cano plots of plotting log2 fold change against —log10 p value, coloured according to significance. Vertical line denotes adjusted p value threshold;
horizontal line denotes 0.5 log2 fold change. The shape denotes PVT or NPVT taxa. Taxonomic labels were generated to give the lowest taxonomic
rank available in SILVA. *Denotes ASV2058. + Denotes ASV1867. (B) Outcome refers to progressor, non-progressor, NORA and healthy individuals.
Run refers to sequencing run. ANOVA, analysis of variance; BH, Benjamini-Hochberg; CCP, cyclic citrullinated protein; CRP, C reactive protein; HLA,
human leucocyte antigen; NORA, new-onset rheumatoid arthritis; NPVT, not Prevotellaceae; PVT, Prevotellaceae; RA, rheumatoid arthritis; RF, rheu-
matoid factor; ZFP, zonulin family peptide.
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Figure 3. Prevotellaceae chord plot. Associations of Prevotellaceae strains reaching nominal significance from adjusted DESeq2 models from 16S rRNA
amplicon sequencing. Metadata variables are depicted in grey and bacterial strains designated by colour. Chord links are coloured according to increased
abundance (red) or decreased abundance (blue). The width of each chord is scaled according to the log2 fold changes in abundance. CCP, cyclic citrullinated
protein; HLA, human leucocyte antigen; NORA, new-onset rheumatoid arthritis; RA, rheumatoid arthritis; RF, rheumatoid factor; V, versus.

page 30-31), was enriched in the at risk population compared
with healthy controls. This same strain (ASV2058) was also
found to be overabundant in individuals with NORA compared
with healthy controls, with no significant difference in this puta-
tive P. copri strain between at risk and NORA (16S rRNA ampli-
con sequencing; see figure 2C).

Models were constructed to investigate a baseline RA pro-
gression signature within the CCP + at risk cohort by comparing
progressors with non-progressors. Strain-level analysis demon-
strates concordance with genus-level results (see online supple-
mental materials, page 14). Strain-specific phenomena are
noted with both enrichment (three strains) and depletion (five
strains) of Prevotellaceae-specific strains associated with pro-
gression (16S rRNA amplicon sequencing; see figure 2C).
ASV2058 is included as one of those five depleted strains.
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A phenomenon of strain-specific enrichment and concomi-
tant depletion of Prevotellaceae strains was identified across
multiple factors associated with higher risk of arthritis develop-
ment, including anti-CCP antibody titre, RF positivity, HLA SE
positivity, early immune dysregulation (T-naive cells) and RA
risk score (see online supplemental materials, page 15-19). All
Prevotellaceae reaching nominal significance are detailed in
online supplemental materials, page 20-29. Figure 3 provides a
summary of Prevotellaceae strains found to be increased or
decreased within the RA at risk population. Table 3 shows the
proportion of each group containing Prevotellaceae and the pro-
portion of Prevotellaceae strains of interest per group. From
figure 3, Prevotellaceae strains ASV2058 and ASV1867 both
had eight connections. RA risk category showed the highest
number of associations with Prevotellaceae. Among all
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Table 3
Proportion of Prevotellaceae presence

Proportion

Proportion containing

containing any ~ Prevotellaceae
Group Prevotellaceae  strains of interest  y? test
Progressor 0.38 0.87 2.32e-15
Non-progressor  0.75 0.67 0.0935
NORA 0.22 0.25 0.423
Healthy 0.09 0.35 0.03

NORA, new-onset rheumatoid arthritis.

Prevotellaceae, putative P. copri strains had the most associa-
tions with RA clinical variables; however, other strains were
also implicated, such as Alloprevotella, Paraprevotella clara, Pre-
votella stercorea, Prevotellamassilia timonensis and Prevotella sha-
hii.

Within the shotgun metagenomic data set, we assessed for the
presence of the P. copri transposon described by Nii et al [41] but
found no significant association with CCP positivity, disease pro-
gression or HLA status (online supplemental materials, page 50-
51). However, we observed a higher number of transposon
matches in individuals with specific Prevotella strains.

The shotgun sequencing data set comprising 27 CCP + at risk
(17 progressors), 7 NORA and 15 healthy controls corroborated
an increase in Prevotellaceae species among at risk individuals
relative to healthy controls (onlineonline supplemental materi-
als, page 32-33) and strain-specific changes of Prevotellaceae
associated with clinical variables (see online supplemental mate-
rials, page 35-39).

In CCP+ atrisk individuals, gut microbiome alterations can
begin 10 months before arthritis development

Due to the observed decrease in alpha diversity preceding RA
onset (see online supplemental materials, page 44), pairwise dis-
similarities between timepoints were assessed to examine gut
microbiome stability using 16S rRNA amplicon sequencing.
These dissimilarities were categorised into intervals related to
arthritis development (ie, progression), either retrospective for
progressors or prospective from baseline for non-progressors,
and presented in figure 4A. Time to progression spanned 0—15
months preceding arthritis onset; the time for non-progressor
from baseline to final follow-up was at least 12 months.

CCP + progressors (ie, those who developed arthritis) exhib-
ited the most significant instability (p=0.044, BH-adjusted t-
test), with median Bray-Curtis dissimilarities exceeding 0.6 in
the period immediately leading up to arthritis onset. This pat-
tern indicates that gut microbiome structural changes com-
mence around 10 months before clinical arthritis development
and may extend beyond diagnosis. In contrast, the period from
10 to 15 months prior to RA onset and among non-progressors
demonstrated relative stability, with lower Bray-Curtis dissimi-
larities suggesting more consistent microbiome structures over
time and less variability between samples. Clinical, serological
and radiological findings from the longitudinal participants are
provided in the online supplemental materials, page 40-43.

Hierarchical clustering demonstrates modest microbial divergence
prior to RA onset

To determine if samples at the progression timepoint were
structurally more similar to each other or to their respective
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preceding samples (16S rRNA amplicon sequencing), a hierarchi-
cal tree was constructed. The resulting circular dendrogram
showed higher structural similarity within individual successive
samples than between different individuals. However, a notable
divergence was observed between progression samples and their
immediate predecessors, indicated by increased branch lengths in
the dendrogram, such as seen with participant 8 and participant 3
(figure 4B). This was further explored using a multidimensional
scaling analysis (online supplemental materials, page 44-45),
which corroborates dispersion of the coordinates prior to RA diag-
nosis.

The gut microbiome of individuals progressing to arthritis
accumulates pathobionts over time

Mixed-effects linear models on 16S rRNA amplicon sequenc-
ing data were used to analyse temporal bacterial fluctuations in
the gut microbiome as some individuals progressed to arthritis.
Each participant was defined as the random effect to accommo-
date correlations across multiple timepoints. The models ana-
lysed data at both the genus and strain levels (figure 4C).

At the genus-level analysis, six taxa were associated with
samples collected at the time of RA diagnosis, termed progres-
sion (figure 4C), while three taxa were associated to samples
preceding RA onset, termed progressors. Significantly, two taxa
from the Lachnospiraceae family showed consistent depletion in
both progression and progressors samples (figure 4C). Strain-
level analysis corroborated these findings, demonstrating a
decrease in ASV3244, a specific Lachnospiraceae strain, in both
progressors and at progression. In contrast, certain bacterial
strains were found to increase in the gut microbiome of RA pro-
gressors, especially at the progression point (figure 4C). Detailed
outputs are enumerated in the online supplemental materials,
page 46-49. Notably, ASV1026, identified as Prevotella and
enriched in the progression samples, was identified as P. copri
through BLAST analysis.

NORA gut microbiome is associated with enhanced amino acid
and energy metabolism

MaAsLin linear modelling (FDR q value <0.25) using shotgun
metagenomic sequencing identified differential abundance in 18
MetaCyc pathways when comparing at risk individuals (n=27),
individuals with NORA (n=7) and healthy controls (n=15),
with healthy controls serving as the reference group for all com-
parisons. Eleven pathways exhibited elevation in the NORA gut
microbiome, while six showed reduction in healthy controls, as
presented in figure 5A. There were no differentially significant
pathways identified in CCP + at risk group when compared with
NORA or healthy controls. The MaAsLin analysis also identified
key microbial features, including MetaCyc pathways, enzymes
and gene families (figure 5B), that differ between individuals in
various CCP categories (very high, high, low) when compared
with healthy controls (online supplemental materials, pages 50-
51). Notably, some enzymes, such as cobalt precorrin-5B (C.1)
methyltransferase, were significantly associated with more than
one CCP category (see figure 5B). Functional analysis of HLA,
RF and RA risk category did not yield significant results.

DISCUSSION
This study presents a detailed examination of the gut micro-

biome's alterations before the onset of RA, revealing commu-
nity-wide changes that extend beyond key organisms, both
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Figure 4. Temporal microbial analysis of CCP+ at risk individuals. (A) Pairwise Bray-Curtis dissimilarity boxplots from 16S rRNA amplicon sequenc-
ing. Boxplot of pairwise Bray-Curtis dissimilarities grouped according to time from progression: 0—10 months (n=4) and 11-15 months (n=23); or
time from baseline for non-progressors: 0—4 months (n=14), 4—8 months (n=6) and 8—12 months (n=6) of follow-up. (B) Circulated dendrogram
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according to outcome: non-progressors (green), progressors (orange) and progression (red). (C) Mixed-effects linear modelling with bacterial profiles.
Linear model of top 50 strains with significant associations in heatmap, plotted with coloured according to coefficient; p values are indicated as fol-

lows:

*p<0.25, **p<0.05, ***p<0.01, ****p<0.001. Progression denotes sampling at diagnosis of RA. Progressor denotes sampling prior to progres-

sion. All plots constructed using 16S RNA amplicon sequencing. CCP, cyclic citrullinated protein; RA, rheumatoid arthritis.

confirming and expanding on current literature. The work pre-
sented here represents, to the best of our knowledge, the larg-
est, most homogenous RA at risk cohort, combining unique
longitudinal and microbial variance analyses. Our study pro-
vides several novel insights, including decreased alpha diver-
sity in the at risk phase, confirmation of Prevotella
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overabundance in at risk individuals and that Prevotella abun-
dance appears to be associated with the underlying risk profile
of the individual, which is consistent despite adjustment for
common microbiome confounders. Finally, we propose a
potential timeline for when gut microbiome changes occur as
individuals develop RA.
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protein; NORA, new-onset rheumatoid arthritis.

Notably, we identified significantly decreased alpha diversity
in CCP+ at risk individuals compared with healthy controls
(figure 2A). This was previously unidentified in three similar
studies [8,24,25]. These differences between our previous work
and this study could be explained by considerable different
cohort size (25 vs 124 CCP + at risk, respectively). Additionally,
our initial study relied on older operational taxonomic unit
(OTU) clustering, which is less sensitive than newer denoising
methodologies. Both Alpizar-Rodriguez et al [8] and Gilbert et al
[25] have previously investigated the at risk phase of RA but
there are considerable differences between the RA at risk popu-
lations included in these studies. RA risk can be identified
through a combination of factors, including antibody status,
symptoms and genetics. The cohort examined by Alpizar-Rodri-
guez et al [8] was characterised by positivity for anti-CCP and/
or RF, along with the presence of symptoms. These symptoms
were either assessed through a disease screening questionnaire
or identified via a diagnosis of undifferentiated arthritis (UA).
This approach results in a more diverse at risk population,
potentially more advanced in the RA disease continuum due to
the inclusion of individuals with UA. Furthermore, it also relied
on older OTU analysis. Gilbert et al [25] used the same popula-
tion; however, risk was subdivided into four categories, with
varying risks including genetics, autoantibody presence and/or
symptoms, again representing a heterogeneous population.

Interestingly, we showed alpha diversity was stratified
according to anti-CCP antibody level (figure 2A), where individ-
uals with high and very high anti-CCP levels had significantly
lower alpha diversity, as defined by both observed and Shannon
diversity index. In contrast, Gilbert et al [25] did not identify
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reduced alpha diversity in those at risk of RA. However, within
the symptomatic and asymptomatic autoimmune groups, 55%
and 70%, respectively, were anti-CCP antibody-negative, reflect-
ing a very different population from our study. While eligibility
for the Leeds at risk cohort has been defined through anti-CCP
antibody positivity, longitudinal follow-up has revealed a small
number of individuals (n=11) transition from low titre positive
(anti-CCP2 >2.99 IU/mL and <9 IU/mL) to a negative anti-CCP
antibody status. Low titre individuals and those converting to
negative titre show preserved alpha diversity, similar to healthy
controls (figure 2A), which corresponds with the findings of Gil-
bert et al [25]. Comparison of the NORA group with healthy con-
trols did not show significantly decreased alpha diversity, and
this may be reflective of the small numbers within this cohort
and the heterogeneity in terms of antibody positivity (NORA
73% anti-CCP antibody-positive, 100% RF-positive). However,
this result is in keeping with previous work, where others have
failed to identify decreased alpha diversity, as measured by
Shannon diversity index in NORA compared with healthy con-
trols [9,11]. It is worth noting that we also observed decreased
Shannon diversity with steroid use. However, given steroid use
is pronounced in the symptomatic group (which tends to have
higher CCP titres, HLA and RF positivity), it is impossible to
know what portion of change is disease-related versus drug-
related.

To understand the factors influencing microbial variability, a
permutational MANOVA was conducted. This analysis identified
age, vegetable intake and sequencing run as potential confound-
ers (refer to figure 2B). Age stratification, ranging from 22 to
80 years in this cohort, aligns with existing literature [42—44]



as a critical factor in microbiome—disease correlations and was
therefore incorporated into the statistical model. However, veg-
etable intake, while identified as a potential confounder, was
not adjusted for in the model to avoid overcorrection that may
obscure significant microbiome—disease associations. Consider-
ing the hypothesis that diet, including vegetable consumption,
might influence the gut microbiome's role in RA-related autoim-
munity, adjusting for vegetable intake could potentially conceal
key bacterial associations that are either protective or harmful.
Consequently, the study refrained from adjusting for vegetable
intake in the analyses. The same rationale was applied to adjust-
ment of intestinal barrier integrity (zonulin family peptide; see
figure 2B). Given the relatively high frequencies of non-steroidal
anti-inflammatory drugs, proton pump inhibitors and steroid use
within the at risk phases of RA, we investigated their effect on
the gut microbiome. None of these variables showed a signifi-
cant effect in the permutational multivariate analysis, likely due
to the pro re nata use of medications coded as ‘ever used’ rather
than ‘current use’.

The study highlights a distinct pattern of strain-specific
enrichment and concurrent depletion of Prevotellaceae in the
RA at risk phase, aligning with previous findings of Prevotella-
ceae overabundance in CCP + at risk individuals compared with
healthy controls (figure 2C). A specific strain of Prevotellaceae,
ASV2058, showed significant enrichment in the CCP+ at risk
group compared with healthy controls. BLAST analysis sug-
gested this strain is likely P. copri. Notably, this enrichment was
also observed in individuals with NORA compared with healthy
controls. Intriguingly, ASV2058 was found to be less abundant
in progressors versus non-progressors. Its abundance increased
with higher CCP antibody titres and HLA positivity, but
decreased in individuals with abnormal T-naive cells. ASV1867,
a second putative P. copri strain, was increased in progressors at
baseline, positively correlated with CCP titres and abnormal T
cells, but was negatively associated with HLA SE positivity.
These findings might suggest that different strains of P. copri
may have diverse roles in RA progression. One interpretation of
these findings could be that ASV2058 is an additional risk factor
for RA, associated with known serological and genetic risk
markers, and in this context a lower threshold is required to
induce early immune dysregulation and progression. Con-
versely, ASV1867 is not associated with genetic risk, and in this
context relatively higher amounts are required for early immune
dysregulation and RA progression.

Longitudinal analysis revealed that RA progressors tend to have
a more unstable gut microbiome (figure 4A) compared with non-
progressors. A median Bray-Curtis dissimilarity exceeding 0.6 was
observed in progressors within 10 months prior to RA diagnosis
(figure 4A), indicating a considerable shift in the gut microbiome
during this period. When comparing the time periods of 0—10
months before RA and 11-15 months before RA, the gut micro-
biome appears relatively stable until 10 months before RA onset
(figure 4A). The median Bray-Curtis index for the period of 11-15
months (0.3) aligns with values observed in non-progressors, sug-
gesting significant changes may occur closer to RA onset. This
increase in Bray-Curtis values during the period of 0—10 months
may reflect the influence of RA development and associated
inflammatory responses on the gut microbiome. However, for par-
ticipant 3, both samples taken within 9 months before RA diagno-
sis showed a Bray-Curtis dissimilarity index of 0.8 (figure 4A),
despite clinical reviews excluding RA progression at 9 and 6
months prior. This indicates that changes in the gut microbiome
were occurring before the onset of clinical arthritis, although envi-
ronmental influences cannot be ruled out. Similar patterns of beta
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diversity volatility have been noted in patients with inflammatory
bowel disease around flare-ups, where increased instability corre-
lated with heightened inflammation [45].

Our finding of increased putrescine degradation and threo-
nine synthesis in the NORA cohort (figure 5A) is consistent with
previous work [9,11]. Pathways such as L-lysine degradation, L-
threonine metabolism and the tricarboxylic acid (TCA) cycle
(acetate producers) were notably more active in the NORA
group compared with healthy controls, suggesting an upregula-
tion of amino acid metabolism and energy production in these
individuals. Additionally, pathways involved in glycol metabo-
lism and degradation, as well as phenylacetate degradation,
were also elevated in individuals with NORA, indicating poten-
tial alterations in energy utilisation and aromatic compound
processing. These findings suggest that individuals with NORA
exhibit distinct metabolic shifts, particularly in pathways related
to amino acid and energy metabolism, which could reflect
underlying differences in metabolic demands or stress responses
associated with inflammation.

Investigation of gut microbiome function in relation to anti-
CCP antibody titre identified associations between several
enzymes, gene families and metabolic pathways, aligning with
literature showing that ACPA antibody titre affects microbiome
function [46]. For instance, the increase of type IV secretory sys-
tem conjugative DNA transfer family protein, XRE family tran-
scriptional regulator, DNA topoisomerase and excisionase in
CCP+ high and low individuals suggests a coordinated alter-
ation in microbial gene expression. Additionally, enzymes such
as cobalt precorrin-5B (C.1) methyltransferase, also elevated in
both CCP + high and low individuals, responsible for the biosyn-
thesis in cobalamin (vitamin B;,), indicate potential adjustment
in microbial vitamin synthesis. The activity of other enzymes,
such as cadmium-exporting ATPase and pyridoxal kinase, points
to altered metal ion homeostasis and coenzyme metabolism.
Histidine degradation, inosine 5'-phosphate biosynthesis and
folate transformations reveal alterations in amino acid metabo-
lism, nucleotide synthesis and one carbon metabolism (oxidative
stress), reflective of our findings in the NORA group. It is worth
noting, although comparable dietary quality scores suggest that
there were no major deviations in diet quality, including protein
intake. We do recognise that direct quantification of protein con-
sumption could provide more precise insights into its potential
impact on amino acid metabolism.

We specifically assessed for the presence of the transposon
described by Nii et al [41] in our shotgun metagenomics data.
Our results did not show any significant relationship between
the presence of this transposon and clinical factors such as CCP
positivity, disease progression or HLA status (online supplemen-
tal materials, page 51-52). The lack of association with these
variables suggests that while Prevotella strains with this transpo-
son are indeed present in the cohort (including healthy controls)
and potentially relevant, their presence alone does not correlate
with these specific clinical outcomes in our cohort. We did iden-
tify a higher number of transposon matches in individuals who
possessed our identified Prevotella strains of interest. This sug-
gests an interesting association between the presence of specific
Prevotellaceae strains which are associated with RA clinical var-
iables and progression and an increased number of matches to a
P. copri transposon sequence, and raises the question of whether
this is merely a reflection of overall Prevotella abundance or if it
points to a more specific biological relationship; this warrants
further work beyond the scope of this paper.

The limitations of this research, particularly the small longi-
tudinal sample size and the lack of 1:1 longitudinal comparison
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between CCP + at risk and healthy controls, temper the general-
isability of the results and increase the chance of spurious associ-
ations. This should be considered when interpreting the findings
and calls for further research with larger longitudinal cohorts.
The heterogeneity in the NORA cohort reflects the practical con-
straints of recruitment from standard of care clinics, which may
limit the interpretability of direct comparisons. Moreover,
extending the analysis beyond the bacterial microbiome to
include viromes, mycobiomes and archaeomes could unveil
additional facets of microbial influence on RA pathogenesis. The
absence of integrated transcriptomic or metabolomic data
restricts our interpretation to potential rather than confirmed
metabolic activity.

In summary, we have shown that individuals at risk of RA
harbour a distinctive gut microbial composition, including but
not limited to an overabundance of Prevotellaceae species. This
microbial signature is consistent and correlates with traditional
RA risk factors. Longitudinal examination shows a dynamic
microbial environment preceding RA onset. Further research
into this late phase of disease development is merited, especially
given the potential of the gut microbiome as a target for preven-
tion, including in high-risk individuals with imminent arthritis.
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Chapel Allerton Hospital (CAH), Leeds, UK, with ethical
approval granted by the Leeds, West Yorkshire Research Ethics
Committee (reference: 06/Q1205/169). Participants gave
informed consent to participate in the study before taking part.
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Methods: We developed models using UK primary care electronic health records from the Clinical
Practice Research Datalink (CPRD). The study population consisted of a cohort of (PsA free)
patients with incident psoriasis who were followed prospectively. We used Bayesian networks
(BNs) to identify patients who developed PsA using primary care variables measured prior to
diagnosis and compared the results to a random forest (RF). Variables included patient demo-
graphics, musculoskeletal symptoms, blood tests, and prescriptions. The importance of each var-
iable used in the models was evaluated using permutation variable importance. Model
discrimination was measured using the area under the receiver operating characteristic curve
(AUCQ) and the area under the precision-recall curve (PRAUC).

Results: We identified a cohort of 122,330 patients with an incident psoriasis diagnosis between
1998 and 2019 in the CPRD, of whom 2460 patients went on to develop PsA. Our best BN
achieved an AUC of 0.823, and PRAUC of 0.221, compared to the AUC of 0.851 and PRAUC of
0.261 of the RF. Psoriasis duration, nonsteroidal anti-inflammatory drug prescriptions, nonspe-
cific arthritis, nonspecific arthralgia, and C-reactive protein blood tests were all important varia-
bles in our models.

Conclusions: We were able to identify psoriasis patients at higher risk, and important indicators,
of PsA in UK primary care. Further work is required to evaluate our model’s usefulness in assist-
ing PsA screening.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* The prodromal phase of psoriatic arthritis presents an opportu-
nity for early detection.

* Bayesian networks (BNs) are an interpretable machine learning
model well suited for clinical predictions.

WHAT THIS STUDY ADDS

* An interpretable BN to identify psoriasis patients at higher risk
of psoriatic arthritis (PsA) using primary care data recorded
prior to diagnosis.

 Highlights indicators of PsA in primary care electronic health
records, including nonsteroidal anti-inflammatory drug pre-
scriptions, and C-reactive protein (CRP) blood tests.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Models developed using electronic health records could pro-
vide useful tools to assist with PsA screening in primary care.

* Future research on developing screening tools for identifying
individuals at higher risk of PsA should include indicators for
nonsteroidal anti-inflammatory drug prescriptions and CRP
blood tests.

INTRODUCTION

Psoriatic arthritis (PsA) is an inflammatory arthritis affecting
up to 1 in 5 people with psoriasis [1]. Psoriasis often precedes
PsA [2], meaning that patients with psoriasis form an at-risk
population for screening. PsA is an insidious disease, character-
ised by a period of nonspecific musculoskeletal symptoms [3],
which can make the exact time of disease onset unclear. Recent
efforts have focused on characterising the prodromal phase of
PsA where symptoms may develop, representing an opportunity
for early detection [4,5]. The heterogeneous nature of PsA can
be difficult to distinguish from other musculoskeletal diseases
such as osteoarthritis [6,7]. These factors, combined with the
lack of a PsA-specific biomarker, can make PsA difficult to diag-
nose. Furthermore, it is known that delays to diagnosis are often
associated with worsening disease outcomes [8,9]. Because of
this, recent PsA research has included the development of clini-
cal prediction tools that can recognise high-risk individuals.
These prediction models aim to improve patient outcomes by
reducing the time to diagnosis and allowing earlier interven-
tions.

Eder et al [10] developed the Psoriatic Arthritis Risk Estima-
tion Tool (PRESTO), a model for predicting 1- and 5-year PsA
risk in patients with psoriasis, and, similarly, Ogdie et al [11]
studied the prediction of 2-year risk. Both studies used second-
ary care cohorts of patients with psoriasis to fit binary regression
models and may have been limited by a small sample size. Elec-
tronic health records (EHRs) can overcome this limitation,
allowing more complex models to be developed. For example,
Shapiro et al [12] used EHRs to develop a machine learning
model based on gradient boosting trees to predict the develop-
ment of PsA in both a psoriasis cohort and a general population
cohort. Green et al [13] used EHRs to identify PsA in patients
with psoriasis using a Bayesian network (BN), a probabilistic
graphical model that is being increasingly used for clinical pre-
diction tasks [14]. BNs are particularly appealing in the clinical
domain as they can naturally discover interactions between vari-
ables in the data and visualise them in an interpretable manner.

In this study, we built upon the methodology presented by
Green et al [13] to develop a BNs to identify psoriasis patients
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who developed PsA using variables measured prior to diagnosis.
We sought to improve upon Green et al [13] by using an
extended study period, resulting in a larger sample size, and
including more clinical features such as blood tests and prescrip-
tion data. We also explored a greater number of BNs classifiers
and compared their performance to a random forest (RF). Our
objective is to develop a model that could be used to identify
patients with undiagnosed PsA in primary care and identify
important primary care clinical observations associated with a
diagnosis of PsA.

METHODS

Study design

We performed a UK-based cohort study of patients with inci-
dent psoriasis to investigate the factors that contributed to a
diagnosis of PsA. Patients were followed from their date of psori-
asis diagnosis until the earliest occurrence of the following: they
developed PsA, the end of the study period, they turned 90 years
of age, or they ceased contributing data.

Data source

We used data extracted from the Clinical Practice Research
Datalink (CPRD) GOLD, a curated database of UK primary care
EHRs. Routinely collected patient data are provided to the
CPRD by participating general practices (GPs) and includes
patient demographics, symptoms, diagnoses, prescriptions, vac-
cination history, laboratory tests, and referrals to hospital and
secondary care. The population within the CPRD is generally
representative of the UK population in terms of age, sex, and eth-
nicity [15], and data validation checks by the CPRD ensure that
the data are up-to-standard (UTS). Medical observations are
recorded by GPs using a coded thesaurus of clinical terms called
Read codes, and drug prescriptions are recorded using the Gem-
script product code system. Code lists used in this study were
developed in consultation with rheumatologists (WT and NJM).

Study population

The study population consisted of a cohort of patients with
incident psoriasis, identified in the CPRD between January 1,
1998, and December 31, 2019. Eligible participants were aged
between 16 and 89 years (inclusive) and were permanently reg-
istered and contributing UTS data to the CPRD. Patients were
excluded from the study if they had existing inflammatory
arthritis, including PsA, rheumatoid arthritis, or ankylosing
spondylitis, prior to their psoriasis diagnosis.

The date of psoriasis diagnosis was taken to be the date of the
first code for psoriasis in a patient’s medical history unless there
was evidence of treatment for psoriasis before this date. If there
was, then the diagnosis date was backdated to the first occur-
rence of any of the following: a phototherapy treatment, a pre-
scription for a vitamin D analogue (except if a patient had a
record of vitiligo), or a prescription for dithranol. A diagnosis
was treated as incident if there was at least 1 year of data collec-
tion prior to the date of diagnosis, which has been shown to
help differentiate between incident and historic diagnoses [16].

The date of PsA diagnosis was initially taken to be the date of
the first code for PsA in a patient’s medical record. For some
patients, the diagnosis was backdated to the date of the first pre-
scription for the conventional synthetic disease-modifying anti-
rheumatic drugs (csDMARDs) sulfasalazine, leflunomide, or
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methotrexate. Methotrexate can also be used to treat severe
cases of psoriasis; therefore, we did not backdate patients via
methotrexate if there was evidence to suggest that it was pre-
scribed by a dermatologist. We leveraged referral data to indi-
cate the specialty from which a prescription originated, as this
information is not recorded within the CPRD. We identified a
patient’s earliest methotrexate prescription that was within
180 days of a dermatology or rheumatology referral and
excluded patients from backdating if the referral was from der-
matology, with no rheumatology referral in the same period.
Otherwise, patients were backdated using their earliest metho-
trexate prescription, even if no referral data were present. We
found that referral data in the CPRD is often missing, and it was
common to find patients with prescriptions for drugs such as
methotrexate that are very likely to have been prescribed in sec-
ondary care, with no relevant referral information.

As PsA can present similarly to other musculoskeletal dis-
eases, a patient with a single PsA code and no evidence of treat-
ment for PsA was considered a misdiagnosis if the patient had
3 or more subsequent codes for either osteoarthritis or fibromy-
algia.

Study variables

We identified variables recorded during the study period for
use in the classification models. These included demographics
of age, biological sex, body mass index (BMI), smoking, and
alcohol status; musculoskeletal symptoms; prescriptions for non-
steroidal anti-inflammatory drugs (NSAIDs) and corticosteroids;
blood tests measuring C-reactive protein (CRP) levels and
plasma viscosity (PV); psoriasis treatments made up of photo-
therapy treatment and drug prescriptions; and psoriasis dura-
tion. Any continuous variables were discretised, including a
category for missing values. Additional details on how these var-
iables were defined is provided in the Supplementary Material.
The musculoskeletal symptom groups used in the analysis are
listed in Supplementary Table S1, and the NSAIDs and cortico-
steroid drugs are listed in Supplementary Table S2.

Bayesian networks

A BN was used to estimate the probability of a patient having
PsA given their clinical factors measured prior to diagnosis. A
BN is a probabilistic graphical model that can be visualised
using a directed acyclic graph. Variables are represented by
nodes in the graph, and conditional dependencies between vari-
ables by edges. An edge pointing from one variable (the parent)
to another (the child) means that the probability distribution of
the child node depends on the value of the parent node [17].

The graph structure of the BN was learned from the data,
allowing us to discover complex interactions between the varia-
bles. The graph can also be used to perform variable selection
by identifying the nodes in the Markov blanket of PsA. The Mar-
kov blanket contains all parents, children, and parents of the
children of the PsA node. When performing inference, only the
variables in the Markov blanket are necessary [17].

To learn the structure of a BN, we used the score-based struc-
ture learning algorithm Tabu search to maximise the Bayesian
information criterion score. We compared the graph learned
solely using Tabu search to an approach based on the Markov
blanket Bayesian classifier (MBBC) [18]. The MBBC splits the
structure learning process into 2 stages, where we begin by only
learning parents and children of PsA, before fixing these edges
and learning the rest of the graph as usual. This 2-stage strategy
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prioritises the fit of the graph around the PsA node, which may
improve classification performance.

To ensure our confidence in the learned edges, we also per-
formed model averaging. We repeated structure learning on 200
bootstrapped samples of the data and selected the edges that
appeared in at least 85% of the resulting graphs.

As our variables are discrete, each node has an associated
conditional probability table dependent on the values of that
node’s parents in the graph. We fit these parameters to the data
using the Bayesian posterior estimator with a uniform prior.

Predictions using the BN were calculated using likelihood
weighting, a Monte Carlo posterior inference procedure [19].

Comparator models

We fit 2 other models from the family of BNs: a naive Bayes
(NB) and a tree augmented network (TAN). A NB is a simple net-
work where the PsA node is the parent of all other nodes, and
the explanatory nodes are assumed to be independent. A TAN
slightly relaxes this restriction to allow each explanatory node
to depend on one other in a tree structure. The NB and TAN are
commonly used for classification tasks as by design all nodes are
used for prediction. We also fit a RF, a commonly used and
straightforward to implement machine learning model to use as
a performance benchmark.

Model evaluation

We evaluated the predictive probabilities of the models in
terms of discrimination and calibration. We performed 5-fold
cross validation, stratifying the data to ensure that each fold
contained an equal prevalence of PsA patients.

Discrimination measures how well the model can differenti-
ate between patients with and without PsA. The overall discrim-
ination of the models was measured using the area under the
receiver operating characteristic (ROC) curve (AUC), and the
area under the precision-recall curve (PRAUC). The PRAUC has
been suggested to be more appropriate than AUC in the context
of imbalanced data as it focuses on positive class predictions
[20]. A noninformative model would produce an AUC of 0.5,
and a PRAUC equal to the prevalence of the positive class [21],
which in our data is around 0.02. In addition, 95% CIs were esti-
mated using bootstrapping.

Calibration assesses how well the predicted probabilities
reflect the true probability of developing PsA. Calibration was
measured using calibrations plots, created by binning the pre-
dicted probabilities into 10 bins and plotting the observed prob-
abilities against the mean predicted probabilities. Where poor
calibration was observed, beta calibration [22] was included as
a postprocessing step. A beta model is fit to map the predicted
probabilities to the observed probabilities on the training data,
which is then used to calibrate the predictions on the test data.

Model interpretation

Permutation variable importance was used to identify which
variables were the most influential for model predictions. A vari-
able is randomly permutated, and the effect this has on the
model performance is calculated [23]. The more important the
variable is, the larger the decrease in performance caused by the
permutation.

Relative risks (RRs) for each variable were calculated for the
BN. To calculate the RR for a BN, we used conditional probabil-
ity queries to calculate the absolute risk of PsA, conditional only
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on each level of the variable of interest. One level of the variable
was chosen as the reference, and the relative risk with respect to
this level was calculated as the ratio of the absolute risks.

Software

Analysis was performed using RStudio [24] with R version
4.2.0 [25]. BNs were developed using the bnlearn package, ver-
sion 5.0 [19]. RFs were fitted using Python version 3.11.5 and
the scikit-learn package [26] version 1.3.0. AUC and PRAUC
were calculated using the MLMetrics package [27] version 1.1.3.

RESULTS

Study population

We identified 122,330 patients in the CPRD with incident
psoriasis who fulfilled the study inclusion and exclusion criteria.
The overall process of identifying the study population is sum-
marised in Figure 1. Of these patients, 14,340 patients had their
psoriasis diagnosis backdated, with a median (IQR) backdating
duration of 310 (76, 997) days. The median (IQR) follow-up
duration of psoriasis patients was 5.81 (2.64, 10.1) years. We
identified 2460 patients who went on to develop PsA, with 388
(13.7%) having their PsA diagnosis backdated on the basis of a
¢sDMARD prescription, with a median (IQR) backdating of 206
(61, 730) days. We excluded 55 PsA patients from backdating
via methotrexate because of evidence that their prescription
may have been associated with a dermatology referral. The
median (IQR) time between psoriasis and PsA diagnosis was
2.87 (0.912, 6.44) years. Study population demographics are
summarised in the Supplementary Material (Supplementary
Table S3).

Bayesian networks

The Markov blanket of the PsA node in the BNs learned using
Tabu search (Tabu) and the MBBC procedure (MBBC) are shown
in Figure 2. We found that the network learned by MBBC
included an extended subset of variables compared to the net-
work learned by Tabu. Tabu did not contain any demographic
or blood test variables, whereas MBBC included age, BMI, and
alcohol status, as well as CRP and PV test results. In addition,

Patients with psoriasis
(PsO) identified in CPRD
GOLD.

PsO = 472,816

Patients with a Psoriatic
Arthritis (PsA) code.
PsA = 3,931

PsA Backdated.
(388 cases)

Restrict to the study
period
(1998 - 2019).
PsO = 286,930

Exclude existing
ankylosing spondylitis

or rheumatoid arthritis.

PsO =123,696

PsA was misdiagnosed
Osteoarthritis or
Fibromyalgia
PsA = 3,917
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MBBC included psoriasis treatment, and a much larger collec-
tion of musculoskeletal symptoms.

Predictive performance

The ROC and precision-recall curves averaged over the 5
cross validation sets are shown in Figure 3. The AUC and
PRAUC, with 95% Cls, are shown in Table. Comparing PRAUC,
the RF had the best performance, closely followed by the MBBC
BN and TAN. MBBC outperforms the Tabu BN, showing that the
larger subset of variables identified did result in a significant
improvement in model performance. The worst PRAUC was
found by the NB.

The calibration of the models was assessed visually before
and after the application of beta calibration (Supplementary
Fig). The NB, TAN and MBBC all benefitted from beta calibra-
tion, as they tended to overestimate the probability of develop-
ing PsA. After scaling, the models all show reasonable
calibration. Tabu is largely unchanged, showing good calibra-
tion before and after scaling. The RF, however, did not benefit
from beta calibration, with calibration worsened by the proce-
dure.

For the remainder of this section, we prioritise the results
from the RF and MBBC BN, which were the 2 best performing
models in terms of PRAUC.

Model interpretation

The most important variables were identified using cross-val-
idated permutation variable importance, measured by the reduc-
tion in PRAUC. The combined top 10 variables for the RF and
MBBC BN are shown in Figure 4. The RRs for the MBBC BN are
shown in Figure 5.

We saw much agreement between which variables are con-
sidered important by the 2 models, with only nonspecific swell-
ing not making the top 10 of the RF, and smoking status not
included in the MBBC BN. The most important variable for both
models was psoriasis duration, and the RRs reveal the highest
probability associated within the first year from psoriasis diag-
nosis. We found an increased risk of PsA in patients with a pre-
scription for an NSAID, as well as those with the
musculoskeletal symptoms nonspecific arthritis, nonspecific
arthralgia, and nonspecific swelling. A CRP blood test was an

Acceptable research
data.
PsO =235,141

Between 16 and 89
years of age at time of
PsO diagnosis.
PsO =125,455

Exclude patients with
PsA diagnosis on or
before PsO date.

PsO Backdated.
(14,340 cases)

Incident PsO diagnosis.
PsO =137,838

Final study population.
Ps0=122,330
PsA =2,460

Figure 1. Flow diagram showing how the study population was derived. Boxes show inclusion or exclusion criteria and the number of patients that
fulfil the criteria. Arrows between boxes point in the direction of the sequential ordering of the procedure. CPRD, Clinical Practice Research Datalink.
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Figure 2. The Markov blankets of the PsA node in the Bayesian networks learned using MBBC (left) and Tabu (right) search. Arrows represent condi-
tional dependencies between variables in the network. BMI, body mass index; CRP, C-reactive protein; MBBC, Markov blanket Bayesian classifier;
NSAID, nonsteroidal anti-inflammatory drugs; PsA, psoriatic arthritis.
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Figure 3. Five-fold cross-validated ROC (left) and precision-recall curves (right). MBBC, Markov blanket Bayesian classifier; TAN, tree augmented net-
work; ROC, receiver operating characteristic.

important indicator of PsA in the models. Compared to patients important. Risk was elevated in patients in age groups between
with no CRP test, we found increased probabilities in patients 30 and 60 years as well as those with a BMI above the normal
who did have a CRP blood test, even if the result was normal, range.

with the highest probability associated with a high CRP. For

demographic variables, age, BMI, and alcohol status were all ~ DISCUSSION

In this study, we developed a BN to identify psoriasis patients

Table at higher risk of PsA in a large UK primary care cohort from the
Five-fold cross-validated AUC and PRAUC estimates and lower and upper CPRD. Using clinical variables measured prior to diagnosis, we
bounds of bootstrapped 95% Cls identified important indicators of PsA in primary care.
AUC PRAUG We built upon analysis reported in Green et al [13] by taking
advantage of a longer period of data collection within the CPRD
Model Bstimate 2.5% 97.5% Estimate 2.5% 97.5% and using a wider variety of BNs. We achieved a better predic-
Random forest 0.851  0.842 0.859 0261  0.242 0.280 tive performance, improving the AUC from 0.73 to over 0.80.
Bayesiannetwork  0.823 0813 0833 0221  0.204 0.240 We included more clinical predictors, such as NSAID prescrip-
Trgé[gg;ented 0.845  0.836 0.853 0.198  0.182 0.215 tions and CBP blood tests, which Green et al [13] suggested
network were potential avenues of further study.
Bayesian network ~ 0.799  0.789 0.809 0.185  0.168 0.201 We found that an NSAID prescription and having had a CRP
(Tabu) blood test were both important variables in our models, corrobo-
Naive Bayes 0851 0843 0859 0172 0159 0.186 rating findings in a recent model by Shapiro et al [12]. Prescrip-
AUC, area under the receiver operating characteristic curve; MBBC, Markov tions and blood tests are variables determined by a patient’s
blanket Bayesian classifier; PRAUC, area under the precision-recall curve. interactions with primary care, as GPs order them as a response
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Variable Importance
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Non-specific Swelling
Back Pain 4

Smoking Status o
Alcohol Status 4

BMI

Age

CRP+

Bayesian Network (MBBC)
Random Forest

8

Mon-specific Arthralgia 4

MNon-specific Arthritis -

NSAIDs 4

Psoriasis Duration 4

30

40

Reduction in PRAUC (%)

Figure 4. Permutation variable importance for the Bayesian network and random forest models, measured as the reduction in PRAUC. More impor-
tant variables result in a greater reduction in PRAUC after permutation. BMI, body mass index; CRP, C-reactive protein; MBBC, Markov blanket Bayes-
ian classifier; NSAID, nonsteroidal anti-inflammatory drugs; PRAUC, area under the precision-recall curve.

to symptoms or signs, which could be a result of undiagnosed
PsA. Patients with an NSAID prescription had an elevated risk of
being diagnosed with PsA in our model, with NSAIDs being a
common medication for inflammatory arthritis symptoms. How-
ever, in clinical practice, where inflammatory musculoskeletal
symptoms can be verified directly with the patient, the presence
of NSAIDs may be less informative. An elevated CRP level was
also associated with PsA; however, we also found that a normal
CRP blood test result was associated with an increased risk com-
pared to no blood test at all. A potential explanation for the asso-
ciation of normal CRP levels with PsA is that a GP may request a
CRP test in response to inflammatory arthritis that is yet to be
diagnosed as PsA. However, PsA does not always result in an ele-
vated CRP level [28].

We identified an unexpected increase in PsA probability
within the first year from psoriasis diagnosis. Tillett et al [29]
found a peak in synchronous onset of PsA and psoriasis (PsO) in
both the CPRD and a secondary care cohort, with PsO being
detected and recorded in parallel with a diagnosis of PsA being
made. If this is the case in our data, the inclusion criteria may be
being violated as we require incident cases of psoriasis with no
pre-existing PsA. Therefore, we suggest that the association with
more recent onset of psoriasis is an artefact of the data, rather
than a true increase in risk.

A strength of this study is that we have used an interpretable
BN. When compared to a RF, the BN offered a viable alternative
in terms of performance. We argue that the small reduction in
performance shown by the BN is offset by its superior interpret-
ability, making it more suitable for clinical reasoning [30]. The
graphical structure shows how the variables in the model inter-
act with one another, allowing clinicians a better understanding
on how the model is operating. If the model and its structure are
consistent with their own knowledge of the disease, then the
model is more likely to be trusted by the clinician. Explainable
predictions are also easier to combine with a clinician’s own
ideas, allowing them to supplement the decision-making pro-
cess. Additionally, as BNs allow inference using any subset of
the variables in the model, they can be used even when informa-
tion on some of the variables are missing.
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Another strength of our study is that EHRs provide a large sam-
ple size for fitting complex models. Eder et al [10] recognised that
the PRESTO model was limited by the small sample size, which
may have limited model complexity and the inclusion of some
risk factors. However, the use of EHRs does have limitations. As
PsA often goes undiagnosed [31,32], there is some uncertainty in
our data regarding whether patients actually are PsA free. This is
a limitation when using primary care data, whereas in secondary
care cohorts the presence and absence of PsA can be verified. Fur-
thermore, as PsA is primarily diagnosed in secondary care, there
may be patients diagnosed with PsA whose primary care record
has not been updated to reflect this. We accounted for lag
between secondary and primary care diagnosis by backdating a
patients diagnosis date using data on prescriptions and referrals,
but lack of this information was common. The use of primary care
data has other limitations. As data are not collected with research
in mind, clinical observations investigated may go unrecorded by
GPs if less relevant to the consultation at the time, and data are
only recorded when a patient makes a visit to primary care.
Therefore, patients may have symptoms that are not reflected in
the data.

Because of these factors, our external validity outside of pri-
mary care is likely to be limited, and whether these models can
be of use as a screening tool requires further study. From the
precision-recall curve (Fig 3), we can also see that the classifica-
tion performance of all models investigated exhibited poor pre-
cision, particularly at higher levels of recall. If applied to real
life health care scenarios, we are likely limited by an acceptable
level of precision, as there are often limited resources for screen-
ing and diagnosis. Existing methods such as the Psoriasis Epide-
miology Screening Tool (PEST) have shown similar limitations.
In a screening of a primary care psoriasis population, PEST
achieved a precision of 0.146 when using the usual positive cut-
off score of 3 or more [33]. For clinical prediction tools, calibra-
tion is also important, and we made use of beta calibration to
help improve calibration of the models which were not naturally
well calibrated.

In future work, we aim to develop a BN to produce dynamic
future risk estimates, allowing us to predict the risk of
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Figure 5. Relative risks calculated using the MBBC Bayesian network model. BMI, body mass index; CRP, C-reactive protein; MBBC, Markov blanket
Bayesian classifier; NSAIDs, nonsteroidal anti-inflammatory drugs; PsO, psoriasis; PV, plasma viscosity.
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developing PsA as symptoms evolve over time and evaluate its
ability to facilitate the earlier identification of PsA.
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survival rates were analysed using Kaplan—Meier curves.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

» Lower response rates to biologic disease-modifying antirheu-
matic drugs (bDMARDs) among female patients has been
reported. However, there is a paucity of studies exploring the
interaction between axial spondyloarthritis (axSpA) subtype
(nonradiographic axSpA [nr-axSpA] or radiographic axSpA)
and patient sex on first-line bDMARD discontinuation.

WHAT THIS STUDY ADDS

» The nr-axSpA subtype and female sex confer a significantly
higher risk of first-bDMARD discontinuation and lower
bDMARD survival rates. These observed effects were robust to
unmeasured confounding.

* Although not achieving statistical significance, the risk of
bDMARD discontinuation trended higher when both the nr-
axSpA subtype and female sex were present.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* We highlight the poorer treatment outcomes and unmet needs
of female nr-axSpA patients. This observation may guide
research exploring underlying biological mechanisms and
inform the development of tools to accurately measure disease
burden and outcomes in this subgroup.

Larger studies are needed to validate our finding of a potential
interaction effect between subtype and sex on bDMARD discon-
tinuance.

INTRODUCTION

Axial spondyloarthritis (axSpA) is a chronic inflammatory
rheumatic disease affecting the sacroiliac joints (SIJ) and spine
that can lead to impaired function and reduced quality of life.
Over the past 15 years, axSpA has been viewed as a disease spec-
trum encompassing 2 subtypes: radiographic axSpA (r-axSpA)
and nonradiographic axSpA (nr-axSpA). Nr-axSpA is often con-
sidered an early form of axSpA because bone marrow oedema
indicative of active inflammation on magnetic resonance imag-
ing (MRI) has been shown to precede structural damage in the
SIJs and spine [1,2]. The idea of a nr-axSpA subtype has allowed
for earlier disease recognition and intervention. However, its
being an early form of r-axSpA remains contentious as only a
subset develops r-axSpA [3]. Furthermore, SIJ bone marrow
oedema can be nonspecific and may be seen in mechanical back
pain patients, runners, postpartum women, and even healthy
individuals [4]. Bone marrow oedema may likewise be missed
in up to 30% of patients with spondyloarthritis (SpA) features
and a positive human leukocyte antigen B27 (HLA-B27) test [5].

Some variability has been found in the disease presentation
of r-axSpA and nr-axSpA. R-axSpA typically has an earlier symp-
tom onset and longer symptom duration, worse spinal mobility
and function, higher levels of the inflammatory markers C-reac-
tive protein (CRP) and erythrocyte sedimentation rate, and a
higher prevalence of HLA-B27 in most studies [6—10]. However,
disease activity, physical and mental health, and quality of life
are comparable for the 2 subtypes [10—13].

Notably, recent evidence indicated poorer outcomes and
lower response rates to tumour necrosis factor inhibitors (TNFis)
in female nr-axSpA patients. Females with nr-axSpA less often
achieved low Ankylosing Spondylitis Disease Activity Scores
(ASDASs) and inactive disease at 1 year from diagnosis than
males, a difference not observed in r-axSpA [14]. A Swiss cohort
found that fewer females with nr-axSpA achieved significant
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Assessment in SpondyloArthritis international Society 40
(ASAS40) treatment response and ASDAS clinically important
improvement after 1 year of TNFi therapy [6]. Pooled data from
at least 10 randomised controlled trials (RCTs) revealed that
male axSpA patients had higher ASAS40 responses to biologic
disease-modifying antirheumatic drugs (bDMARD) compared
with females, with a more pronounced sex disparity favouring
males in nr-axSpA [15]. However, the impact of these findings
has not been investigated from the perspective of bDMARD dis-
continuation or survival, which is a proxy composite measure
reflecting bDMARD effectiveness, safety, and tolerability in the
real world.

Although women have been consistently shown to have
increased bDMARD discontinuance, the difference conferred by
subtype has been conflicting. Given the higher prevalence of nr-
axSpA and poorer adherence or treatment outcomes among
females, understanding the interaction between subtype and sex
on bDMARD discontinuation is crucial. We aimed to estimate
the direct effects of axSpA subtype and sex and their interaction
on all-cause discontinuation of the first-line TNFi or interleukin-
17 inhibitor (IL-17i). As secondary objectives, we compared
bDMARD survival rates and the hazard of first bDMARD discon-
tinuation by subtype, sex, and the combination of both.

METHODS

Study design and population

This was a retrospective cohort study of prospectively col-
lected data from a cohort of axSpA patients followed at the
Spondylitis Program of the Schroeder Arthritis Institute. Patients
were followed every 6 to 12 months as per protocol. We
included patients who first received a diagnosis of axSpA by a
rheumatologist and were thereafter classified according to the
2009 ASAS classification criteria with (1) a baseline visit
between June 1, 2003, and June 30, 2023; (2) defined start
dates for their first TNFi or IL-17i; and (3) at least 1 follow-up
visit. The exclusion criteria were (1) commencement of the first
bDMARD prior to the baseline visit, (2) receipt of a non-TNFi or
non-IL-17i first-line bDMARD, (3) missing first-bDMARD start
dates, or (4) coexisting non-SpA inflammatory arthritis or sys-
temic autoimmune rheumatic disease. Subtype classification
was facilitated using pelvic radiograph readings by 2 experi-
enced local readers and 1 adjudicating reader in the case of dis-
crepancy.

Outcomes, exposures, and covariates

The predetermined primary outcome of interest was the risk of
all-cause first-line bDMARD discontinuation, measured as the risk
ratio (RR), with subtype and sex as the key exposures under inves-
tigation. The RR was used as the primary effect measure because
it directly quantifies the cumulative probability of an event over
time in exposed versus unexposed groups. Compared with the
odds ratio, the RR offers a more accurate estimate of the effect
size when the outcomes are not rare [16—19]. Additionally, it
reflects actual changes in risk rather than potentially inflated esti-
mates and is thus more relevant in clinical decision making, risk
communication, and evaluation of health interventions.

The secondary outcomes were (1) first-line bDMARD survival
rate, which refers to the proportion of patients discontinuing the
first b(DMARD at 1, 5, 10, and 15 years; and (2) the hazard ratio
(HR) for bDMARD discontinuance, which represents the risk of
discontinuance at any given point in time during the study
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Figure 1. Simplified graph of the relationships among subtype, sex, and
biologic discontinuation.

period. These were calculated using the start and stop dates
documented in the protocol. Observations were censored for
loss to follow-up, death, or the end of the observation period
(June 30, 2023), whichever came first. Temporary treatment
interruptions were allowed according to the treatment cycle of
the first bDMARD: <1 month for adalimumab, certolizumab
pegol, and etanercept; and <2 months for golimumab, inflixi-
mab, secukinumab, and ixekizumab.

AxSpA subtype (nr-axSpA versus r-axSpA) and sex (female
versus male) were the exposures of interest. Nr-axSpA and
female sex served as the test variables, whereas r-axSpA and
male sex were treated as control variables. We selected the
patient’s subtype at bDMARD initiation given that baseline fac-
tors associated with bDMARD discontinuance were of interest.
To identify our covariates for the estimation of the direct effect
of subtype and sex on bDMARD discontinuation, we constructed
a directed acyclic graph (DAG) (Fig 1, Supplementary Fig 1).
Understanding the direct effect of these exposures allows us to
determine whether observed differences in the outcome arise
from mechanisms related to intrinsic differences between sub-
types and sexes. The DAG was created with the DAGitty 3.0 pro-
gramme [20] using covariates determined a priori from literature
review and knowledge of the subject matter (Supplementary Fig
1). The minimal sufficient adjustment set included 15 covariates:
age, symptom duration, Bath Ankylosing Spondylitis Disease
Activity Index, Bath Ankylosing Spondylitis Functional Index
(BASFI), Bath Ankylosing Spondylitis Metrology Index, CRP lev-
els, and comorbidity counts as continuous variables as well as
HLA-B27, ever smoking, ever fibromyalgia, ever use of a conven-
tional synthetic disease-modifying antirheumatic drug
(csDMARD), and ever presence of peripheral arthritis, uveitis,
inflammatory bowel disease (IBD), and psoriasis as dichotomous
variables. Fibromyalgia was treated as a comorbidity of special
interest and included as a separate covariate. Within this frame-
work, symptom duration, HLA-B27, age, and smoking were iden-
tified as confounders, whereas the remaining covariates
functioned as mediators. Adjusting for both confounders and
mediators enabled us to isolate and estimate the direct effects of
subtype and sex. All variables were determined at baseline,
defined as 3 months before or after starting the first bDMARD.

Statistical analyses

Main and interaction effects of subtype and sex on bDMARD
discontinuation

We used modified Poisson (Poisson regression with robust
error variance) to obtain RRs and 95% ClIs [19]. The duration of
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bDMARD use was included as an offset term in the Poisson
regression models to account for varying lengths of observation
periods across patients. We performed modified Poisson regres-
sion first with subtype or sex alone as the independent variable,
and then with adjustment for the 15 covariates in our minimal
sufficient adjustment set, using bivariable and multivariable
models, respectively. Collinearity was evaluated using the vari-
ance inflation factor (VIF), with a threshold of 10 for acceptable
predictor correlation.

The relative excess risk due to interaction (RERI) and its 95%
CI were estimated to assess additive interaction between sub-
type and sex. A RERI > 0 suggests a stronger association
between the 2 among those who discontinued bDMARDs,
highlighting patient groups that may benefit from intervention
[21]. Multiplicative interaction was measured using the ratio of
RRs, with a ratio > 1 indicating a potential synergistic mecha-
nism between subtype and sex. This information may be useful
for predicting the risk of the outcome in patients with one or
both exposures [22]. This analysis was performed using a modi-
fied version of the interactionR package version 0.1.7 [23].

To assess the effect of unmeasured confounding, expected
values (E-values) were obtained. The E-value is the minimum
strength of association on the RR scale that an unmeasured con-
founder must have with both the exposure and outcome varia-
bles to explain their association, conditional on measured
covariates [24]. Interpretation of the E-value relies on context:
E-values that are greater than the RR of known risk factors sug-
gest a stronger association between the exposures of interest
and the outcome and therefore robustness to unmeasured con-
founding [25]. E-values can be calculated for both the RR of the
observed outcome and its 95% CI, specifically the CI limit closest
to the null [25].

Survival analysis

Survival of the first bDMARD was compared between nr-
axSpA and r-axSpA, males and females, and 4 patient subgroups
(female nr-axSpA, male nr-axSpA, female r-axSpA, and male r-
axSpA) using Kaplan—Meier plots and the log-rank test. HRs for
all-cause bDMARD discontinuation were similarly estimated
and compared to determine the rate of bDMARD discontinu-
ance. To address the cohort bias related to the introduction of
the nr-axSpA concept in 2009 and the historical bias from the
arrival of newer bDMARDSs, we conducted a predetermined sub-
group analysis for 3 calendar periods based on the approval year
of the bDMARD: (1) April 6, 2009, and earlier for etanercept,
infliximab, and adalimumab; (2) April 7, 2009, to April 26,
2016, for golimumab and certolizumab pegol; and (3) April 27,
2016, to 2023 for secukinumab and ixekizumab.

Multiple imputation of missing values

Analysis of missing data patterns and clustering indicated
that the data were not missing completely at random (MCAR).
Therefore, multiple imputation by chained equations was
employed. As the percentage of patients with any missing data
approached 50%, we performed 50 imputations (each with 40
iterations to improve convergence). We imputed continuous var-
iables using predictive mean matching and used logistic regres-
sion for binary variables. We assessed convergence through
visual inspection of the mean and variance changes by iteration
and dataset [26,27]. Model estimates were pooled across data-
sets according to Rubin’s rules. The mice package version 3.16.0
was used for imputation [28]. Multiple imputation was applied
to the regression analyses but not the survival analyses, as no
variables in the latter had missing data.
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All tests were 2-sided with a significance level of 0.05, apply-
ing corrections for multiple comparisons using the Hochberg
method to balance Type I error control with statistical power.
This method was chosen to account for our pre-specified and
interdependent hypotheses. P value adjustment with the Hoch-
berg method was performed using the p.adjust function in the
stats R package. Data management and statistical analysis were
done using the R Statistical Software (v4.3.2; R Core Team, R
Foundation for Statistical Computing, Vienna, Austria, 2023).

RESULTS

A total of 469 axSpA patients were included in this longitudi-
nal dataset. This cohort was comprised mostly of males (63%)
and r-axSpA patients (75%) (see the online Supplementary Fig 2
for the study flow). Descriptive statistics, including missing data
for separate variables, for the 4 patient groups are reported in
the online Supplementary Table 1. Our cohort included 117 nr-
axSpA patients (67 females and 50 males) and 352 r-axSpA
patients (107 females and 245 males). Nr-axSpA patients and
females had shorter symptom durations, lower baseline CRP lev-
els, and better baseline spinal mobility than r-axSpA and male
patients. Physical function as indicated by the BASFI was worse
in r-axSpA males. Although HLA-B27 positivity was more preva-
lent in r-axSpA, no sex differences were noted in our cohort. Nr-
axSpA females comprised as much as 42% of patients with at
least 2 comorbidities. Fibromyalgia was more frequently diag-
nosed among female patients, but no differences were noted
between the 2 subtypes. Across the 4 groups, the proportions of
participants with peripheral arthritis, psoriasis, uveitis, IBD, and
csDMARD use at baseline were similar. Ineffectiveness (ie, the
lack or loss of effect of the bDMARD reflecting its performance
in real-world settings) was the most common reason for stop-
ping (63%) across all patient groups, followed by adverse events
(26%) and other reasons (11%). Nr-axSpA females had the high-
est proportion (71%) of stoppers due to ineffectiveness (Supple-
mentary Table 2). Patient characteristics according to bDMARD
status are found in Supplementary Table 3.

Main effect of subtype and of sex on first-bDMARD
discontinuation

Both nr-axSpA patients and females had more first-line
bDMARD discontinuations and shorter durations of bDMARD
therapy (online Supplementary Table 2). In the bivariable
modified Poisson analysis, RRs for first-line bDMARD discon-
tinuance were estimated based on subtype, sex, and each of
the predefined categorical and continuous covariates. We
found that the nr-axSpA subtype (RR, 1.95; 95% CI, 1.40-
2.73; adjusted P value < .001) and female sex (RR, 1.82; 95%
CI, 1.35-2.44; adjusted P value < .001) were associated with
a significantly higher risk of bDMARD discontinuation. Hav-
ing 2 or more comorbidities was likewise linked to an
increased discontinuation risk, whereas the risk was lower
among patients with a positive HLA-B27 and those using
c¢sDMARDSs prior to bDMARD initiation (Fig 2A).

On multivariable analysis, the nr-axSpA subtype (RR, 1.80;
95% CI, 1.26-2.58; adjusted P = .003, E-value 3.01 [lower
bound CI, 1.83]) and female sex (RR, 1.49; 95% CI, 1.08-
2.04; adjusted P value = .015, E-value 2.34 [lower bound CI,
1.38]) were significantly associated with an increased risk of
discontinuation after adjusting for covariates (Fig 2B). The
VIF showed the absence of multicollinearity among included
variables.
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Interaction effect of subtype and sex on first-bDMARD
discontinuation

The RERI value pointed to an interaction effect that was
0.49 times greater (95% CI, —0.78 to 1.75; P = .450) than the
sum of the individual exposures; this was a positive, additive
but nonsignificant interaction. The ratio of RRs showed a com-
bined effect of subtype and sex that was 1.05 times greater than
their effect product, suggesting a positive, multiplicative interac-
tion, though not significant (95% CI, 0.55-2.03; P = .874).
Stratified analysis showed that the nr-axSpA subtype had a sig-
nificantly positive association among females with bDMARD dis-
continuation (RR, 1.84; 95% CI, 1.16-2.93; adjusted P
value = .040). Among r-axSpA patients, there was a positive
but nonsignificant association between the female sex and dis-
continuance (RR, 1.46; 95%, 1.00-2.14; adjusted P value = .098)
(Table 1). With r-axSpA males as the reference, the risk of
bDMARD discontinuation in the female nr-axSpA group was
2.7 times higher, indicating a joint effect of the nr-axSpA sub-
type and female sex (RR, 2.70; 95% CI, 1.73-4.20; adjusted P
value < .001).

Survival analysis of the first (DMARD

A total of 302 patients (64%) discontinued their first-line
bDMARD. BDMARD survival rates showed a decreasing trend
over 20 years of follow-up.

BDMARD survival curves according to subtype, sex, and their
combination are depicted in Figure 3. Comparing the subtypes,
the risk of first-bDMARD termination was significantly increased
in nr-axSpA patients compared to those with r-axSpA (HR, 1.65;
95% CI, 1.28-2.12; adjusted P value < .001) at any point in time
(Fig 3A). The 1-, 5-, 10-, and 15-year drug survival rates were
worse in nr-axSpA than in r-axSpA (log-rank test P < .001)
(Table 2). Between the sexes, the risk of bDMARD discontinua-
tion at any time was 61% higher in females (HR, 1.61; 95% CI,
1.28-2.03; adjusted P value < .001) (Fig 3B). BDMARD survival
rates (1-, 5-, 10-, and 15-years) were consistently lower in
females (log-rank test P < .001) (Table 2).

When comparing the 4 patient subgroups, the HR for first
bDMARD discontinuation was obtained using the male r-axSpA
group as the reference (Fig 3C). The hazard of first bDMARD dis-
continuation was significantly higher in females than in males in
the r-axSpA group (HR, 1.43; 95% CI, 1.08-1.90; adjusted P
value = .025). Among males, nr-axSpA patients showed a trend
towards a higher discontinuation risk versus r-axSpA (HR, 1.38;
95% CI, 0.94-2.03; adjusted P value = .101). The discontinuation
risk was twice as high in nr-axSpA females compared with r-
axSpA males at any time (HR, 2.30; 95% CI, 1.68-3.15; adjusted P
value < .001). Nr-axSpA females had significantly lower 1-, 5-,
10-, and 15-year first-line bDMARD survival rates (log-rank test P
< .001) than the other 3 groups (Table 2). The survival curves
began to diverge less than 2 years following bDMARD initiation.
Median first bDMARD survival rates among the patient groups
compared are found in Supplementary Table 4.

We stratified our survival analysis according to the period of
bDMARD initiation (Fig 4). Throughout the 3 periods, bDMARD
survival was consistently lower in nr-axSpA females, especially
in comparison with r-axSpA males (HR, 2.30; 95% CI, 1.68-3.15;
P < .001). Accounting for the largest difference in bDMARD sur-
vival between female nr-axSpA patients and male r-axSpA
patients were those who started their first bDMARD before 2009
(HR, 3.52; 95% CI, 1.47-8.44; adjusted P value = .014)
(Fig 4A). For treatment initiations in the subsequent years, the
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A

RR(95% CI) p value

Subtype (nr-axSpA vs r-axSpA) E 1.95 (1.40 - 2.73) <0.001
Sex (female vs male) E - 1.82 (1.35 - 2.44) <0.001

Age + 1.00 (0.99 - 1.01) 0.823

Duration ‘: 0.98 (0.98 - 1.01) 0.456

CRP d: 0.99 (0.98 - 1.00) 0.031

BASDAI ._._ 1.10 (1.01-1.19) 0.021

BASFI i—'— 1.07 (1.00 - 1.14) 0.037

BASMI —+— 1.00 (0.91-1.10) 0.983

csDMARD (yes vs no) — E 0.30 (0.18 - 0.49) <0.001
Psoriasis (yes vs no) -——*—-E— 0.63 (0.37 - 1.07) 0.088

Uveitis (yes vs no) —.—E 0.81 (0.59 - 1.09) 0.165

IBD (yes vs no) E 1.04 (0.60 - 1.79) 0.900

Peripheral Arthritis (yes vs no) E 1.29 (0.83-2.01) 0.260
Smoking (yes vs no) -;—0— 1.32 (0.98 - 1.77) 0.073

HLA-B27 (yes vs no) — E 0.60(0.43-0.84) 0.002
Fibromyalgia (yes vs no) : 1.28 (0.67 - 2.45) 0.461
Comorbidity (>=2 vs 0-1) E - 1.58 (1.14 - 2.18) 0.006

i ;
B
. RR{95% CI) p value E value(lower CI)
Subtype (nr-axSpA vs r-axSpA) ; 1.80 (1.26 - 2.58) 0.003 3.01(1.83)
Sex (female vs male) ; 1.49 (1.08 - 2.04) 0.015 2,34 (1.38)
:0 15 20 25

Figure 2. Associations among subtype, sex, covariates, and bDMARD discontinuation. Panels A and B display the crude and adjusted RRs (95% CI),
respectively. The vertical line represents a RR of 1. In both panels, P values for the main effects of subtype and sex were adjusted for multiplicity using
2 comparisons. (A) The unadjusted P values are <.001 for both subtype and sex. (B) The unadjusted P values are .0014 for subtype and .015 for sex.
bDMARD, biologic disease-modifying antirheumatic drug; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath Ankylosing Spon-
dylitis Functional Index; BASMI, Bath Ankylosing Spondylitis Metrology Index; CRP, C-reactive protein; csDMARD, conventional synthetic disease-
modifying antirheumatic drug; HLA-B27, Human Leukocyte Antigen B27; IBD, inflammatory bowel disease; nr-axSpA, nonradiographic axial spondy-

loarthritis; r-axSpA, radiographic axial spondyloarthritis; RR, risk ratio.

risk of bDMARD discontinuation in female nr-axSpA patients
decreased in magnitude but remained significantly higher than
in male r-axSpA patients between 2009 and April 26, 2016 (HR,
1.85; 95% CI, 1.14-2.98; adjusted P value = .037) (Fig 4B) and
from April 27, 2016, onwards (HR, 2.63; 95% CI, 1.53-4.53;
adjusted P value = .001) (Fig 4C).

DISCUSSION

In this study where patients were prospectively followed over
20 years, nr-axSpA patients (versus r-axSpA patients) and female
patients (versus male patients) had significantly increased risks
of drug discontinuation and lower drug survival rates at all time
points (1, 5, 10, and 15 years) after adjusting for varying dura-
tions of bDMARD use. We further observed that within the r-
axSpA subgroup, females had a 43% higher risk of stopping their
first bDMARD compared with males. Our results confirmed
observations from previous studies that females with axSpA
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have shorter bDMARD treatment durations compared to males
[29—31]. Data on bDMARD survival in nr-axSpA patients have
meanwhile been inconsistent [32—34], but our study revealed
that the nr-axSpA subtype also had reduced treatment persis-
tence independent of sex.

The largest difference in bDMARD survival between female nr-
axSpA patients and male r-axSpA patients was seen before 2009,
during which the recommendations around MRI features highly
suggestive of axSpA as well as image acquisition protocols were
evolving. This could have led to overdiagnosis of axSpA, espe-
cially among females. With the increasing accuracy of nr-axSpA
diagnoses over time, discontinuation rates decreased after 2016,
although females with nr-axSpA continued to have significantly
higher rates of discontinuation. By standardising drug discontinu-
ation rates across all observations using bDMARD treatment dura-
tion as an offset term, we verified that female nr-axSpA patients
persistently had the lowest bDMARD survival rates throughout
the different calendar periods.



Table 1

Interaction between subtype and sex on the risk of first-bDMARD discontinuation
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AxSpA subtype Patient sex RR (95% CI) of female/
male within the disease
Male Female subtype stratum
N discontinued/ RR (95% CI) N discontinued/ RR (95% CI)
retained retained
r-axSpA 139/107 1.00 [Reference] 75/31 1.46 (1.00-2.14); 1.46 (1-2.14); P = .098
P = .049 [Female r- [Female r-axSpA
axSpA Male r-axSpA]  Male r-axSpA]
nr-axSpA 31/18 1.75 (1.04-2.93) 56/11 2.70 (1.73-4.20); P < 1.54 (0.89-2.68);
P = .049 [Male nr- .001 [Female nr- P = .125 [Female nr-
axSpA Male r-axSpA] axSpA Male r-axSpA]  axSpA Male nr-
axSpA]
RR (95% CI) of nr- 1.75 (1.04-2.93); 1.84 (1.16-2.93);
axSpA/ r-axSpA P = .098 [Male nr- P = .040 [Female nr-
within the sex axSpA Male r-axSpA] axSpA Female
stratum r-axSpA]

Measure of interaction on the additive scale: RERI (95% CI) = 0.49 (—0.78 to 1.75); P = .450.
Measure of interaction on the multiplicative scale: Ratio of RRs (95% CI) = 1.05 (0.55-2.03); P = .874.

RRs are adjusted for the following covariates: age, symptom duration, BASDAI, BASFI, BASMI, HLA-B27, CRP, concurrent csDMARD use, psoriasis,
uveitis, IBD, peripheral arthritis, smoking, comorbidity count, fibromyalgia.
This table shows adjusted P values. For stratified analyses (4 comparisons), unadjusted P values are .049 and .125 for female sex (subtype stratum) and
.034 and .010 for nr-axSpA subtype (sex stratum). Using male r-axSpA as the reference (3 comparisons), unadjusted P values are .049 (female r-
axSpA), .034 (male nr-axSpA), and <.001 (female nr-axSpA).
BASDAL Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index; BASMI, Bath Ankylosing Spondyli-
tis Metrology Index; bDMARD, biologic disease-modifying antirheumatic drug; CRP, C-reactive protein; csDMARD, conventional synthetic disease-
modifying antirheumatic drug; HLA-B27, Human Leukocyte Antigen B27; HR, hazard ratio; IBD, inflammatory bowel disease; nr-axSpA, nonradio-
graphic axial spondyloarthritis; r-axSpA, radiographic axial spondyloarthritis; RERI, relative excess risk due to interaction; RR, risk ratio.

A 1.004 B 1,004
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Figure 3. Kaplan—Meier analysis of first-bDMARD discontinuation and log-rank tests according to (A) disease subtype (nr-axSpA versus r-axSpA),
(B) patient sex (female versus male), and (C) both subtype and sex. Time (x-axis) is measured in years. bDMARD, biologic disease-modifying antirheu-
matic drug; HR, hazard ratio; nr-axSpA, nonradiographic axial spondyloarthritis; r-axSpA, radiographic axial spondyloarthritis; REF, reference group.
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Table 2

First-line bDMARD survival rates at 1, 5, 10, and 15 years
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Group

n of patients discontinuing bDMARD/Total n

bDMARD survival rates

1 year (95% CI)

5 years (95% CI)

10 years (95% CI)

15 years (95% CI)

Subtype
nr-axSpA
r-axSpA

Sex
Female
Male

Sex and subtype

Female nr-axSpA
Male nr-axSpA
Female r-axSpA

Male r-axSpA

88/117
214/352

131/174
1717295

56/67
32/50
75/107
139/245

0.59 (0.51-0.69)
0.69 (0.65-0.74)

0.58 (0.51-0.66)
0.72(0.67-0.78)

0.55 (0.45-0.69)
0.65 (0.53-0.80)
0.60 (0.51-0.70)
0.74 (0.68-0.80)

0.21 (0.14-0.31)
0.43 (0.38-0.49)

0.26 (0.20-0.34)
0.45 (0.39-0.52)

0.13 (0.06-0.27)
0.32 (0.20-0.50)
0.33 (0.25-0.44)
0.48 (0.41-0.55)

0.15 (0.08-0.26)
0.28 (0.23-0.35)

0.16 (0.11-0.25)
0.30 (0.24-0.38)

0.08 (0.03-0.22)
0.27 (0.15-0.48)
0.22(0.14-0.35)
0.31 (0.24-0.39)

0.07 (0.02-0.33)
0.21 (0.16-0.29)

0.10 (0.05-0.21)
0.23 (0.17-0.32)

0.08 (0.03-0.22)
0.13(0.03-0.60)
0.14 (0.07-0.28)
0.25(0.18-0.34)

Log-rank test P values < .001 for all comparisons (see Fig 3).

bDMARD, biologic disease-modifying antirheumatic drug; nr-axSpA, nonradiographic axial spondyloarthritis; r-axSpA, radiographic axial spondyloar-

thritis.

Similar to our findings from the survival analysis, the nr-
axSpA subtype and being female independently conferred a
higher risk of drug discontinuation. Moreover, we saw positive
interaction trends between the nr-axSpA subtype and female
sex. The positive RERI value and ratio of RRs greater than 1
pointed to a small excess risk of first-bDMARD discontinuation
in nr-axSpA females, suggesting possible synergy between the 2
exposures at a biological level, although these were not statisti-
cally significant. Our results lend support to recent findings
from observational studies that female nr-axSpA patients have

A

Patient Subgroup (2003-2009)
— Male raxSpa REF
Female r-axSpa HR = 1.71 (1, 2.84) p = 0,104
== Male nr-axSpa MR = 1.23 (0,85, 271) p = 0.614
— Female nr-axSpa HR = 352 (147, 8.44) p = 0.014

Survival Probability
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poorer treatment response and are less likely to achieve inactive
disease [6,14,35], likely leading to shorter bDMARD survival.
Although the literature on this topic has expanded, our study is
the first to employ a factorial design in examining the effect of
these variables on the outcome of bDMARD discontinuance.
This study allowed us not only to assess the individual effects of
sex and subtype on bDMARD survival, but also to determine
whether the joint effect of the 2 exposures on the outcome
would differ from the main effects. Our relatively small sample
size and limited power might have precluded the detection of a

Patient Subgroup (2009-2016)

Male r-axSpa REF

Female r-axSpa HR = 1.24 (083, 1.67) p = 0264
Maly re-axSpa HR = 1,65 (0.96, 282)p = 0136
Female rr-axSpa HR = 1.85 (1.14, 2.98) p = 0.037
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Figure 4. Kaplan—Meier analysis of first-bDMARD discontinuation and log-rank tests. Results reported according to calendar period. (A) 2003-2009,
(B) 2009-2016, and (C) 2016-2023. Time (x-axis) is measured in years. bDMARD, biologic disease-modifying antirheumatic drug REF, reference

group.
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statistically significant interaction. Nonetheless, the direction
and magnitude of the RERI and ratio of RRs support our hypoth-
esis for a positive interaction effect.

The reason behind lower bDMARD responsiveness in nr-
axSpA females currently remains unclear. The possibility of a
higher rate of misdiagnosis among nr-axSpA females has been
raised. A study in early axSpA reported females to more fre-
quently fulfil the ASAS clinical arm criteria (50.4% versus 32%
in males, P = .001) [36]. Moreover, nr-axSpA patients with a
positive MRI or elevated baseline CRP showed a trend towards
better clinical response to a TNFi versus placebo in some RCTs,
compared to those without these objective markers of inflamma-
tion [37—39]. In our cohort, as many as 60% to 70% of patients
across all 4 subgroups exhibited a response to bDMARD therapy
in the initial 6 months, making the likelihood of misdiagnosis
relatively low. We could not determine whether the greater risk
of discontinuance and high frequency of bDMARD ineffective-
ness in nr-axSpA females were associated with meeting the
ASAS imaging arm versus clinical arm for nr-axSpA, as this
information was not available in all patients.

Although body mass index (BMI) predicted bDMARD survival
in some studies, it was not included as a covariate due to its high
degree of missingness (56.5%), which could introduce substan-
tial uncertainty or bias in imputed values and affect the robust-
ness of the regression models. The reason behind the large
amount of missing BMI data from our database remains to be
explored. In our sensitivity analysis, the E-values indicated that
the associations between exposures (subtype and sex) and out-
come (bDMARD discontinuance) were robust to unmeasured
confounding. This indicates that any unmeasured confounder
would need to have a very high RR to explain away the associa-
tions we observed between the 2 exposures and bDMARD dis-
continuation. An additional sensitivity analysis excluding
mediators was likewise performed to provide a comprehensive
perspective. The results yielded estimates consistent with those
reported for the direct effects in the main analysis, reinforcing
the associations we observed among subtype, sex, and bDMARD
discontinuation. However, given the complex interrelationships
among covariates, we were unable to perform adjustment for
selected confounders without potentially introducing collider
bias, highlighting limitations in effect estimation in the context
of real-world data. Details of the sensitivity analysis are pre-
sented in Supplementary Figure 1.

We chose to assess the effect of subtype and sex on bDMARD
discontinuation, with adjustment for baseline parameters, to
help identify patient subgroups associated with favourable long-
term drug effectiveness and tolerability. As such, time-depen-
dent relationships among disease features, comorbidities, and
bDMARD stoppage were not captured. Additionally, we could
not account for the effect of antidrug antibodies and sex-depen-
dent biological mechanisms involving genetic associations, hor-
monal influence, and differences in immune response as these
data are not routinely collected in our registry. As comorbidities
were analysed as a categorical variable, there was an assumption
that individual comorbidities had an equal effect on the out-
come. There may be a need to evaluate the relative contribution
of each comorbidity in larger studies, especially in the context
of the reason behind discontinuation [40]. The diagnosis of
fibromyalgia was based on the expert assessment of 2 rheuma-
tologists through patient history and physical examination. As
standardised questionnaires were not used, the possibility of
missing fibromyalgia in some patients could not be excluded.
Being a single-centre study at a tertiary referral centre, our
cohort may differ systematically from patients in community
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practice, which could limit generalizability. However, the simi-
larities between our sample and those in larger studies
[7,13,41,42] suggest that our cohort is representative of the
broader axSpA population, minimising potential selection bias.

Several methodological strengths distinguish our study. We
used multiple imputation to reduce the bias from missing data
commonly associated with studies using registry data. Com-
pared to complete case analysis, which yields unbiased esti-
mates only under the restrictive MCAR assumption, multiple
imputation provides less biased estimates even when data are
not missing at random. The high E-values imply that unmea-
sured confounding was unlikely to drive our results. The DAG
enabled us to incorporate prior knowledge and theoretical
understanding of axSpA in covariate selection, ensuring that the
regression models were anchored on substantive knowledge
rather than purely data-driven methods. The tabular presenta-
tion of the additive and multiplicative interactions between sub-
type and sex improved the transparency and reproducibility of
our analyses.

Future studies may benefit from evaluating the impact of the
ASAS imaging versus clinical arm on bDMARD survival among
female nr-axSpA patients, using the ASAS definition of MRI find-
ings highly suggestive of axSpA [43]. Quantitative methods such
as the Spondyloarthritis Research Consortium of Canada scoring
system [44] may also be used. These studies can explore
whether higher MRI inflammation scores can more accurately
identify which female nr-axSpA patients are expected to have
better treatment responses. Additionally, future research could
explore the relationship among subtype, sex, and specific rea-
sons for bDMARD discontinuation to provide further insights
into the observed differences in discontinuation patterns. Simi-
larly, prediction models for axSpA diagnosis and treatment prog-
nosis can be developed for females with nr-axSpA.

In conclusion, we found that discontinuance of the first
bDMARD was significantly higher in nr-axSpA than in r-axSpA,
in female patients than in males, and in female nr-axSpA
patients than all other axSpA patients. The positive additive and
multiplicative interactions between subtype and sex, although
short of statistical significance, provided some evidence that the
2 exposures act synergistically to shorten the duration of
bDMARD therapy in female nr-axSpA patients. Larger studies
are needed to reinforce our finding that subtype and sex interact
to influence bDMARD discontinuation. Our understanding of
sex-related treatment outcomes can be enhanced by including
qualitative analyses of Sex, socioeconomic factors, and health-
seeking behaviour on the perception of disease control and drug
adherence in future studies.
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ARTICLE INFO ABSTRACT

Article history: Objectives: To assess the minimum effective duration of remission preventing damage accrual
izz:::j iljriili:st::jnz)ﬂrngz‘;ecember 2024 (Systemic Lupus International Collaborating Clinics damage index [SDI]) and impaired kidney
Accepted 27 January 2025 function (IKF: estimated glomerular filtration rate of <60 mL/min/1.73 m? for at least 3 months)
in active lupus nephritis (LN).

Methods: Patients with biopsy-proven LN followed up at least twice yearly were enrolled; clinical
variables were collected regularly. Sustained clinical remission (sCR) was defined as estimated
glomerular filtration rate of >60 mL/min/1.73 m?, proteinuria of <0.5 g/24 h and clinical sys-
temic lupus erythematosus disease activity index of O for at least 1 year. Log-linear regression
and a time-dependent Cox proportional hazard model were used to assess the minimum duration
of sCR capable of preventing SDI increase and IKF development.

Results: In total, 293 patients with LN were included (median follow-up: 15.7 [10.4-22.9] years)
of whom 84.3% achieved sCR lasting 8.7 (5.4-13.1) years. At last observation, the increase in
SDI was higher in patients who never achieved sCR (median: 2 [1-2.5] vs 1 [0-1.5]; P < .001). A
minimum duration of 3 years of sCR prevented SDI increase (% change = —41.1%; P = .003).
The analysis on IKF involved only patients with the longest follow-up; 224 patients had
>10 years of observation. Among them, 50 (22.3%) developed IKF. A minimum duration of
3 years of sCR prevented IKF (hazard ratio = 0.10; P < .001). IKF-free survival rate at 10, 20,
and 25 years was 87%, 68%, and 40% for patients who never achieved sCR and 99%, 96%, and
91% for patients with at least 3 years of sCR, respectively (P < .001).

Conclusions: Three years is the minimum duration of sCR protecting against development of IKF
and damage accrual in patients with LN.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Inadequate renal response leads to overt renal and overall
organ damage in patients with lupus nephritis (LN). Remission
aids in preserving renal function, yet no firm threshold of
remission duration has been established yet.

WHAT THIS STUDY ADDS

* We have shown that 3 years of remission significantly hinder
impaired kidney function and Systemic Lupus International
Collaborating Clinics damage index accrual, thereby emerging
as a safe threshold of remission to be aimed for when treating
LN.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Three years can be pinpointed as the indispensable duration of
remission to be pursued when treating patients with LN in clini-
cal practice.

INTRODUCTION

The achievement and maintenance of remission and low dis-
ease activity have been widely shown to improve long-term
prognosis and protect from irreversible organ damage in sys-
temic lupus erythematosus (SLE) [1,2], whereas recurrent dis-
ease flares are among the major drivers of damage and health-
related costs [3]. Lupus nephritis (LN) remains one of the most
severe manifestations of SLE, which is still leading to terminal
renal failure in up to 10% of cases, while jeopardising renal func-
tion in virtually all affected patients [4—6]. In fact, the changing
paradigm demanding early treatment in LN is mostly advocated
by the assumption of LN signifying per se renal damage, regard-
less of whether this is captured by surrogate laboratory meas-
ures such as glomerular filtration rate [7].

Similar to nonrenal SLE, renal flares, and especially nephritic
flares, have been since long associated with the poorest renal
outcomes [8—10]; hence, the benefits of renal remission were
explored in LN as well. We have recently shown that a durable
remission involving control of both renal and extrarenal disease
activity was associated with a significant decreased likelihood
of organ damage accrual and of progression towards terminal
renal failure in a multicentric cohort of Caucasian patients with
LN and that a remission lasting over 15 years was paired with
virtually zero chance of re-flaring [11].

The European recommendations for the management of SLE
and LN advise a minimum of 2 years of remission, following at
least 3 years of treatment for attempting a safe tapering of
immunosuppression in SLE, likely extending this concept to LN
[12]; however, no firm data have defined the actual duration of
remission hindering overt renal dysfunction and organ damage
in LN. In this study, we aimed at assessing the minimum dura-
tion of remission (renal and extrarenal) protecting against
impaired kidney function (IKF) development and overall organ
damage accrual in LN, which would entail practical implications
for patient care.

METHODS

Study cohort

This is a retrospective cohort study carried out on an his-
torical cohort of patients with SLE diagnosed between 1970
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and 2016 [13]. In this study, we included patients with a
biopsy-proven LN classified according to the recent revision
of International Society of Nephrology/Renal Pathology Soci-
ety (2003) [14]. Criteria for inclusion were as follows: (1) SLE
classified according to ACR/EULAR criteria; (2) biopsy-
proven LN; (3) a follow-up of at least 5 years after the initia-
tion of treatment for LN; and (4) at least 2 evaluations per
year. Patients with incomplete records, without kidney biopsy
or with pure class II, or with IKF at baseline or requiring renal
replacement therapy were excluded from this study.

The study was approved by the Ethics Committee of IRCCS
Humanitas Rozzano, Milano, Italy (protocol code NEF0032023).
All patients signed an informed consent for the scientific use of
their data that was anonymised.

Patient assessment

We considered as baseline the initiation of induction therapy
after kidney biopsy. At baseline, at each clinical evaluation, and
at last observation data on induction and maintenance therapy,
demographics, and renal and overall clinical features were
recorded. Disease activity was assessed at each timepoint by SLE
disease activity index (SLEDAI)-2K and damage was assessed at
baseline and at the end of follow-up through Systemic Lupus
International Collaborating Clinics damage index (SDI). IKF
occurrence was assessed in patients with at least 10 years of fol-
low-up, in order to include any degree of renal function decline
over a considerable period of time from LN diagnosis.

Patient and public involvement statement

Patients or the public were not involved in this retrospective
cohort study.

Definition of kidney variables

Sustained clinical remission (sCR) was defined as clinical
SLEDAI-2K of 0 (which includes proteinuria <0.5 g/24 h and
is irrespective of serology) and estimated glomerular filtra-
tion rate (eGFR) of >60 mL/min/1.73 m?, persisting for at
least 1 year with or without glucocorticoids (GCs) and/or
immunosuppressive therapy. This definition was validated
in a previous study showing its association with protection
from organ damage accrual [11]. eGFR was evaluated by
modification of diet in renal disease formula and proteinuria
measured by benzethonium chloride on the urine collected
over 24 hours expressed as in grams per 24 hour. IKF was
defined as serum creatinine of >1.0 mg/dL with eGFR of <60
mL/min/1.73 m? and inactive urinary sediment, confirmed
by at least 3 determinations for at least 3 months. Acute kid-
ney dysfunction was defined as eGFR of <60 mL/min/1.73/
m? for <3 months, haematuria (urinary red blood cells >20/
high-power field [HPF]), and/or erythrocyte casts, and pro-
teinuria of >0.5 g/d; renal failure as need of chronic dialysis
or eGFR of <15 mL/min/1.73/m?; nephritic syndrome as
increase in serum creatinine of at least 30% over the last
value, active urinary sediment (urinary red blood cells >20/
HPF and/or erythrocyte casts), and arterial hypertension,
with or without increased proteinuria [9]; and arterial
hypertension as the mean of 3 consecutive measurements of
systolic blood pressure of >140 mm Hg and/or diastolic
blood pressure of >90 mm Hg in sitting position.



M. Gatto et al.
Statistical analysis

Continuous variables were expressed as median and IQR
owing to nonnormal distribution. Mann-Whitney test was used
to evaluate changes in median between independent groups of
patients, while Wilcoxon signed-rank test was used for paired
data. Pearson y? test was used to assess independence between
categorical variables.

SDI assessment

We assessed both the percentage of patients accruing damage
and the average annual increase in damage, obtained as the
overall increase over the duration of the follow-up.

Three log-linear multiple regression models were used to
analyse the SDI accrual. Therefore, the score of the SDI accrual
(increased by 1) was used as the dependent variable after the
log transformation. Moreover, to deal with the paired data struc-
ture, the models were controlled by initial SDI.

Model 1 evaluated the effect of the following regressors at
their baseline values: Al, chronicity index at kidney biopsy
[14], nephritic syndrome, serum creatinine, 24-h proteinuria,
arterial hypertension, GC pulses, and hydroxychloroquine
(HCQ) use.

The AI and chronicity index reduced the sample size to 202
patients due to the missing values, and because they were never
significant in the analyses, they were excluded in the following
2 models to allow a better estimate accuracy.

The steroid dosage was included in model 2 and 3, through
the categorisation <5 mg/d and >5 mg/d, in line with thresh-
olds accepted for remission in SLE [1]. The sCR duration (in
years) was added in model 2 to assess its effect on the SDI
accrual. Model 3, with respect to model 2, identified the mini-
mum values of the sCR duration that had a significant protective
effect, by categorising the sCR duration in 0, 1, 2, 3, and 4 or
more years, with O representing the reference category in the
models and corresponding to the absence of sCR. Finally, models
1-3 were controlled by ethnicity, sex, age at LN diagnosis, and
follow-up duration (in years). Results were given in terms of a %
change, that is (¢/ — 1)100, where /3 represent the parameter esti-
mates of the log-linear models.

The variance inflation factor was used to evaluate the multi-
collinearity among the regressors. The Kolmogorov-Smirnov
nonparametric test was used to assess the normality assumption
of the models.

IKF assessment

Three Cox proportional hazard models were fit for the IKF
occurrence, in a time-dependent framework with respect to the
SCR duration, using both the regressors at their baseline values,
the steroid dosage and the above-listed 2 sCR duration variables
for SDI accrual analyses. In detail, model 4 evaluated the effect
of the regressors at their baseline values, model 5 the effect of
the sCR duration (in years), and model 6 identified the mini-
mum values of the sCR duration that had a significant protective
effect on IKF occurrence. Moreover, models 4—6 were controlled
by ethnicity, sex, and age at LN diagnosis.

P values were calculated with (jackknife-corrected)
robust standard errors. Proportional hazards assumption was
tested globally for each model, through tests based on the
scaled Schoenfeld residuals. The proportion of IKF-free
patients as a function of the time (years) from LN diagnosis
was estimated.
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RESULTS

Study cohort

In total, 293 patients with LN were included (median follow-
up: 15.7 [10.4-22.9] years) of whom 84.3% achieved sCR lasting
8.7 (5.4-13.1) years after a median 2.0 (1.0-5.0) years from LN
onset. Overall, 58 (19.8%) patients presented with acute kidney
dysfuction at onset, of whom 45 (77.6%) reached sCR through-
out the follow-up period. Baseline demographics and clinical
features are reported in Table 1.

Impact of remission duration on the development of chronic
damage

At the beginning of the observation, 30 patients (11.8%) had
an SDI of >0, while all others did not show any chronic damage.
By the end of the observation, 161 patients had their SDI
increased. Eighty-eight patients displayed an SDI increase of 1
point, 40 patients of 2 points, 12 patients of 3 points, and 9
patients of 4 points, and 12 patients had it increased of >4
points, up to a maximum of 10 points. The median SDI at the
end of follow-up was 1 (0-2). The median difference between
the start and end of follow-up was 1 (0-2; P < .001.

The sCR duration (years) correlated inversely (P < .001) with
the increase in SDI (Table 2, model 2), and a duration of 3 years
was identified as the shortest period of sCR to significantly pro-
tect against SDI increase (model 3; 3 years: P = .003; 4 or more
years: P = .001). Damage increased in 58% vs 86% of patients
reaching or not reaching at least 3 years of sCR, respectively
(Fig 1A) (P .005). Considering SDI increase, the median

Table 1
Baseline demographics and clinical features of enrolled patients

Variable All patients (293)
Demographics

Females, N (%) 256 (87.4)
Caucasians, N (%) 268 (91.5)

Age at SLE diagnosis (y)
Age at LN diagnosis (y)

25.1(19.8-33.5)
28.7 (23.4-39.2)

Lag time from SLE to LN diagnosis (y) 1.0 (0-6.3)
Clinical parameters

Serum creatinine (mg/dL) 0.8 (0.7-1.2)

eGFR (mL/min/1.73 m?) 82.0 (55.6-98.9)

Acute kidney dysfunction, N (%) 58 (19.8)

Proteinuria (g/d) 3.5(2.0-5.4)

Arterial hypertension, N (%) 125 (43.0)

SDI equal to 0, N (%) 224 (88.2)

LN characteristics

Class V/II1, IV, or mixed, N (%) 52(17.8)/241 (82.2)

Activity index 6(3-9)
Chronicity index 1(0-3)
Clinical renal syndromes at baseline, n (%)
Asymptomatic urinary abnormalities 112 (38.2)
Nephrotic syndrome 123 (42.0)
Nephritic syndrome 54 (18.4)
Rapidly progressive renal failure 4(1.4)
Treatment, N (%)
Methylprednisolone pulses induction 231 (79.4)
Immunosuppressive therapy induction 252 (87.8)
CYC/AZA/MMF/others 155 (61.5)/22 (8.7)/
63(25.0)/12 (4.8)
Hydroxychloroquine 88 (33.6)

AZA, azathioprine; CYC, cyclophosphamide; eGFR, estimated glomerular filtra-
tion rate; LN, lupus nephritis; MMF, mycophenolate mofetil; SDI, Systemic
Lupus International Collaborating Clinics damage index; SLE, systemic lupus
erythematosus.

Continuous variables expressed as median (IQR).
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Table 2
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Results of the log-linear multiple regression models for SDI accrual, with baseline SDI as a regressor for the paired data structure

Regressors Model 1 Model 2 Model 3
% Change 95% CI P % Change 95% CI P % Change 95% CI P
Baseline SDI 41.1%** 14.7,73.5 .001 48.1%%** 25.5,74.7 <.001 52.6%*** 29.0, 80.5 <.001
Baseline values
Activity index 0.5 -1.6,2.7 .624
Chronicity index 2.2 -2.1,6.7 .315
Nephritic syndrome 47.6%** 11.2,95.9 .007 39.2%%* 10.8,74.9 .005 45.1%** 14.1, 84.4 .003
Serum creatinine -11.3 —23.4,2.8 112 -10.2 -21.5, 2.7 117 -10.5 —22,2.5 .109
24-h proteinuria 1.3 -1.0,3.6 274 1.0 -0.9,3.0 .308 1.7 -0.3,3.8 .105
Arterial hypertension 31.5%** 9.5,57.7 .004 18.9%* 2.9,37.4 .019 21.0%* 4.5,40.1 .011
GC pulses -18.7 -36.8,4.6  .107 —20.1%* -32.6,-5.2 .010 —19.2%* -32.1,-3.8 .017
HCQ use —20.1%* -36.0,-0.2 .048 —17.2%* -29.4,-2.8 .021 -13.9* -27.1,1.6  .076
Steroid dosage: >5 vs <5 (mg/d) -2.6 -15.5,12.3 716 —-9.4 -22.1,5.3 .197
sCR duration (y) —2. 5%k -3.7,-1.4 <.001
sCR duration (y)
1vs0 -24.8 -54.2,23.7  .260
2vs0 —-20.4 —44.5,14.3 .216
3vs0 —41. 1% -58.4,-16.4 .003
4 or more vs 0 —33.5%%** —46.9, —16.7 <.001
Intercept 49.1 —-7.5,140.4 .100 58.27%* 7.3,133.2 .021 124.7%%%* 45.4,247.1 <.001

GC, glucocorticoid; HCQ, hydroxychloroquine; LN, lupus nephritis; sCR, sustained clinical remission; SDI, Systemic Lupus International Collaborating Clinics damage

index.

Model 1 assessed the effect of the listed regressors at their baseline values, model 2 of the sCR duration, and model 3 of the minimum protective sCR duration. The
models were controlled by confounding variables (follow-up duration, ethnicity, sex, and age at LN diagnosis [y]).
Normality assumption was met (P > .05 in each model). Multicollinearity was excluded: variance inflation factor < 3 in each model.

Significance level: *P < .10; **P < .05; ***P < .01; ****P < .001.
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Figure 1. A, percentage of patients with increased damage, with sCR duration of <3 or >3 years. B, median, first (Q;) and third (Qs) quartiles of the
average annual increase of the damage with sCR duration <3 or >3 years. sCR, sustained complete remission.

average annual increase of damage was 0.04 points vs 0.11
points for sCR of >3 years or <3 years, respectively (P < .001)
(Fig 1B).

Regarding the significant effects of the regressors at their base-
line values (model 3), SDI accrual was 45.1% higher if nephritic
syndrome was present at onset (P = .003), 21.0% higher in case
of arterial hypertension (P = .011), and 19.2% lower in patients
using GC pulses (P = .017) vs those who did not.

Impact of remission duration on the development of IKF

In our cohort, 224 patients had a minimum of 10 years of fol-
low-up, of whom 30 never achieved sCR. Among the remaining
194 patients, 191 had a remission duration of at least 2 years,
179 of at least 3 years, and 174 of at least 4 years. Overall, 50 of
the 224 patients developed IKF. The clinical and demographical
features of this patient subgroup are depicted in Supplementary
Table.
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The minimum duration of sCR to be a significant protective
factor for IKF occurrence (Table 3; model 6) was 3 years (P <
.001; 4 or more years: P < .001). In detail, compared with
patients who never achieved remission, the probability of IKF
decreased by 90% (hazard ratio [HR] 0.10; [HR-1]
100 = —90) with 3 years of sCR, and by 91% (HR = 0.09;
[HR—1]100 = —91] with 4 or more years.

The IKF-free survival at 10, 20, and 25 years was 87%, 68%,
and 40% for patients who never achieved sCR and 99%, 96%,
and 91% for patients with at least 3 years of sCR, respectively
(P < .001). Figure 2 shows the curves of the estimated propor-
tion of IKF-free patients separated by remission duration.

DISCUSSION

In this retrospective study on a multicentric SLE cohort, we
assessed the minimum duration of remission capable of protect-
ing against overt impaired renal dysfunction and overall organ
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Table 3
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Results of the Cox models for IKF with sCR duration as time-dependent regressor

Regressors Model 4 Model 5 Model 6
HR 95% CI 14 HR 95% CI 14 HR 95% CI P
Baseline values
Activity index 1.06 0.94,1.18 .352
Chronicity index 1.17* 0.97,1.40 .095
Nephritic syndrome 2.76 0.68,11.18 .156 1.06 0.34, 3.27 917 2.24 0.73, 6.85 157
Serum creatinine 0.88 0.39, 1.96 747  1.90 0.87,4.16 .109 1.33 0.64, 2.76 442
24-h proteinuria 0.94 0.82,1.07 .318 0.90 0.80, 1.02 .109 0.94 0.82,1.08 .364
Arterial hypertension 2.64%* 1.18,5.90 .018 1.66 0.70, 3.93 .247 1.93 0.87, 4.29 .106
GC pulses 0.59 0.25,1.38 222 0.46* 0.19,1.08 .075 0.65 0.29,1.45 .289
HCQ use 0.51 0.05, 4.77 556  0.91 0.25, 3.30 .887 0.75 0.16, 3.46 714
Steroid usage: >5 vs <5 (mg/d) 1.80 0.82, 3.98 144 1.31 0.65, 2.64 443
sCR duration (y) ? 0.72,0.85 <.001
sCR duration (y)
1vsO 0.56 0.06, 5.18 612
2vs0 0.91 0.33, 2.49 .851
3vs0 0.10%*** 0.04, 0.29 <.001
4 or more vs 0 0.09%*** 0.03, 0.27 <.001

GC, glucocorticoid; HCQ, hydroxychloroquine; HR, hazard ratio; IKF, impaired kidney function; LN, lupus nephritis; sCR, sustained clinical remission; SDI, Sys-

temic Lupus International Collaborating Clinics damage index.

Model 4 assessed the effect of the listed regressors at their baseline values, model 5 of the sCR duration, and model 6 of the minimum protective sCR duration.
The models are controlled by confounding variables (ethnicity, sex, and age at LN diagnosis). Proportional hazard assumption was globally met (P > .05) in

each model.
Significance level: *P < .10; **P < .05; ***P < .01; ****P < .001.

damage in patients with SLE and active LN. We found that at
least 3 years of remission safely separate patients who will or
will not develop IKF and significant SDI accrual, regardless of
the underlying treatment.

The issue of remission in LN has been long addressed in the
last years, paralleling the change in the treatment paradigm,
which envisions an early intensified treatment as the optimised
approach to LN, leading to achievement and especially mainte-
nance of a durable renal response over time, in turn helping to
preserve long-term renal function [7,15,16]. Previous cohort
studies and expert recommendations advise a duration of clini-
cal remission of at least 2 years to significantly delay damage
progression in SLE [12,17,18]; although this concept could be
inferred to severe manifestations, no such information is specifi-
cally available for LN.

While, intuitively, the longer the time spent in remission, the
better the long-term outcome, no firm data have set an ideal
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Figure 2. Proportion of IKF-free patients as a function of the time (years)
from LN diagnosis, estimated by model 6, for each value of the sCR dura-
tion. Other regressors were fixed at their average values. IKF, impared kid-
ney function; LN, lupus nephritis; sCR, sustained clinical remission.
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threshold for remission to be aimed for in order to minimise pro-
gression towards renal failure. Additionally, the impending con-
cept of LN highlights that all affected patients are burdened
with renal dysfunction because of the silent nephron loss accel-
erating at each LN flare [19,20], therefore urging to prevent any
identifiable degree of decline in renal function, before overt
renal failure occurs. Consequently, and because renal involve-
ment is inserted into a more complex picture in SLE patients, we
also considered clinical SLEDAI-2K, in addition to eGFR in our
definition of remission [11] and IKF over terminal renal failure
as the study end point.

Our observations suggest that pursuing at least 3 years of
clinical remission encompassing both the renal and extrarenal
domains could significantly improve prognosis in LN patients by
avoiding IKF in most of them. Interestingly, no difference in
renal function decline was apparent until up to 10 years from
LN onset, while the difference arises to be significant over that
timespan (Fig 2). This suggests, on the one hand, that eGFR itself
is at best an average surrogate for renal function, not accurately
mirroring the true nephron loss occurring since LN onset, and,
on the other hand, that an adequate remission duration is
required to provide a beneficial effect in the long term.

Among independent predictors of SDI increase and IKF devel-
opment, uncontrolled arterial hypertension plays a major role,
in keeping with previous data showing its significant effect on
renal outcome in LN through the exploitation of nonimmune
mechanisms of renal deterioration involving hyperfiltration and
angiosclerosis in the first place [13,20—22], underscoring the
need for prevention of comorbidities to halt progression towards
overall and kidney-limited damage [23].

Importantly, higher dosages of oral GC at the time of sCR did
not increase the chance of damage or IKF in our cohort, suggest-
ing that control of disease activity plays a major role in avoiding
damage progression during the acute stages of disease, consis-
tently with former data from the Padova lupus cohort [1]. Inter-
estingly, use of GC pulses was an independent negative
predictor of SDI increase in our cohort, which reinforces the rec-
ommendation of preferring pulses over oral GCs in active stages
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of disease [18]. This may be due to the differential biological
effects of GC pulses, that is, exploiting more rapid nongenomic
effects [24] together with the higher likelihood of a quicker
tapering associated with initial intravenous administration
[25,26].

HCQ intake is recommended in all patients with SLE includ-
ing those with active LN and is known to foster a number of ben-
eficial effects in SLE, accompanied by a very good safety profile
[18,27,28]; however, HCQ intake in our cohort did not immedi-
ately discriminate patients developing or not IKF, when tested
against distinct remission thresholds in the statistical model.
This might have been affected by the relatively small amount of
patients receiving antimalarials at disease onset, which may be
due to the historical nature of the cohort covering a remarkable
timespan [21], up to when use of antimalarials was not usual in
LN. Nevertheless, the protection conferred by HCQ appears to
play a relevant role in the long term, which may require a longer
follow-up and different study goals to appear; this is also sug-
gested by HCQ intake to indeed significantly prevent damage in
our cohort (Table 2, model 2).

It is worth noting that proteinuria did not emerge as a reli-
able indicator of IKF or damage in our cohort, which is in keep-
ing with its reliability being questioned as a long-standing
biomarker in LN [29,30]. Similarly, histologic lesions at index
biopsy did not inform on further evolution, in line with previous
findings from different cohorts [21,31]. This observation raises
a burning issue in clinical practice, that is, the need for reliable
and early measurable biomarkers that would allow monitoring
of renal disease and anticipation of response or flares from the
early stages of disease. In this regard, emerging soluble urinary
biomarkers seem promising, especially encompassing macro-
phage and neutrophil-related molecules, which undergo early
changes upon treatment initiation for active LN, thereby predict-
ing renal response and outperforming proteinuria [32]. How
these variations actually associate with a durable remission
remains to be explored.

In conclusion, our data show for the first time that a sus-
tained remission involving both renal and extrarenal domains
lasting at least 3 years is clinically meaningful in protecting
patients with LN from IKF development and SDI increase. Limi-
tations of our study encompass the issue of ethnicity, which pre-
vents generalisation to non-Caucasian cohorts, a percentage of
missing data including comorbidities and use of nonimmuno-
suppressants drugs relevant in LN (eg, renin-angiotensin-aldo-
sterone system) and the joint consideration of continuous and
cumulative remission, whose differentiation would require a
larger cohort and a prospective design. Altogether, our observa-
tions can add a useful piece of information to practical manage-
ment of patients with LN in that they help setting an objective
threshold of remission duration to be pursued when treating LN
in clinical practice.
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Methods: Monte Carlo simulations were performed to investigate impact of MSG number on (i) diag-
nosis based on focus score (FS) >1; (ii) reproducibility, defined as the extent to which 2 FS measure-
ments obtained from 2 within-patient biopsies are the same, assuming no systematic differences
have occurred in between biopsies; and (iii) smallest sample size required to detect a clinically
meaningful difference in FS. Data simulation was repeated for different MSG numbers (range, 2-7).
Results: Higher reproducibility was noted for every unit increase in MSG number, with the median
absolute difference between 2 within-patient FS measurements decreasing from 1.05 (SD = 0.25)
with 2 glands to 0.52 (SD = 0.12) with 7 glands. MSG number influenced the probability of a simu-
lated patient receiving a FS >1, increasing from a median of 0.67 with 2 glands to 0.77 with >5
glands. MSG number influenced clinical trial sample sizes. For example, 80% statistical power to
detect a 40% FS reduction required a sample size per group of 62 with 2 glands and 25 with 7 glands.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

« Salivary gland histopathology has a pivotal role in the diagno-
sis and classification of Sjogren’s disease (SjD) and is widely
used as a secondary or exploratory outcome measure in clinical
trials.

* The focus score (FS) is the key metric, which is a count of the
number of lymphocytic foci per unit area.

* There is variation in the number of foci between individual

minor salivary glands (MSGs) from the same patient, but there

are no data on the optimal number of salivary glands for diag-
nostic and measurement accuracy.

Recommendations on histopathology for SjD have advised

research on the optimal number of MSGs to ensure a reproduc-

ible result.

.

WHAT THIS STUDY ADDS

* An increase in MSG number is associated with increased FS
reproducibility and deceased sample size requirements.

* For diagnosis, 5 MSGs in a biopsy (or 4 if large) is optimal for
FS evaluation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* We anticipate that our data will contribute to more accurate
diagnosis and classification of SjD.

e Our data will inform research seeking to correlate salivary
gland pathology with peripheral biomarkers or clinical out-
comes or with response to treatment.

« Alternative tissue trial outcome measures should continue to be
explored.

INTRODUCTION

Sjogren’s disease (SjD) is characterised by autoimmune
inflammation of exocrine glands resulting in severe dryness of
the eyes and mouth, fatigue, and systemic manifestations in a
proportion of patients. Lymphoma, often arising within the sali-
vary glands, is a late complication in 5% of patients [1,2]. SjD
affects 14 times as many women as men and has a peak age of
onset of around 50 years [3]. Distinguishing SjD from other
causes of symptomatic dryness is a diagnostic challenge.

Salivary gland biopsy has a pivotal role in the diagnosis of
SjD, with a positive biopsy contributing high weight within the
most recent 2016 American College of Rheumatology/European
Alliance of Associations for Rheumatology (ACR/EULAR) classi-
fication criteria and being essential for classification in patients
who are anti-Ro/Sjogren’s syndrome antigen A antibody nega-
tive. Inflammation within the salivary glands appears as lym-
phocytic foci, also known as tertiary lymphoid structures, with
progressive degrees of organisation including germinal centre
formation reminiscent of that seen in secondary lymphoid
organs. The presence of isolated lymphocytic foci is not in itself
diagnostic of SjD, meaning that histological assessment includes
a 2-step process. The first is identification of a pattern of focal
lymphocytic sialadenitis, ie, the presence of dense aggregates
(foci) of >50 mononuclear cells in a periductal location [4—6].
The second is enumeration of the number of foci over the back-
ground glandular area with the established diagnostic threshold
being a focus score (FS) of >1 foci per 4 mm?,

In addition to its diagnostic value, a high FS has been asso-
ciated with increased risk for future lymphoma development
[7—9]. Salivary gland histopathology measures, including the
FS, have also been explored as SjD clinical trial outcomes
[5,6,10—-13].
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Despite its importance in the assessment of SjD, some studies
have highlighted variation between laboratories in histological
reporting [14], although experienced independent observers
with consistent methodology can achieve similar results [15].
An additional challenge to obtaining a representative FS is sto-
chastic variation in the number of foci observed in tissue sec-
tions between individual glands within the same patient.
Increasing the number of minor salivary glands (MSGs) obtained
may overcome the effect of this between-gland within-patient
variability. Recommendations published in 2017 suggested
obtaining 4 to 6 glands, but this number was not data-driven [6]
and in many centres, fewer glands are obtained. The agenda for
future work in those Recommendations included establishing
the optimal tissue requirements to achieve a reproducible result.

METHODS

Monte Carlo simulations were performed to investigate
impact of MSG number on (i) diagnosis based on FS >1,
(i) reproducibility of FS, and (iii) the smallest sample size
required to detect a clinically meaningful difference in the FS.
The simulations were based on the following scenarios:

* For (i), patients with SjD underwent MSG biopsy, with a FS
measurement obtained from each biopsy. The probability of
FS >1 was expressed as the number of patients with a FS >1
over the total number of patients.

For (ii), patients with SjD underwent 2 consecutive MSG
biopsies. The reproducibility was expressed as the average
absolute difference between the 2 FS measurements obtained
from each patient’s biopsies.

For (iii), patients undergoing MSG biopsy participated in a
parallel design clinical trial. Half of the patients were ran-
domly allocated to receive treatment, which was anticipated
to lead to a clinically meaningful reduction in the FS, and the
remaining half was randomly allocated to receive standard
care.

For the calculation of the FS, the simulations required infor-
mation on both the number of foci observed within the biopsied
glands and the area of the individual glands observed within
each patient’s biopsy. For both parameters, the choice of the
simulation model and inputs was based on data from the Opti-
mising Assessment in Sjogren’s Syndrome (OASIS) cohort.

OASIS recruits new patients attending a multidisciplinary SjD
clinic at Queen Elizabeth Hospital Birmingham [16—18]. Symp-
tom duration was defined as time since onset of major sicca
symptom. Routine haematoxylin and eosin diagnostic slides
from 32 consecutive SjD patients meeting 2016 ACR/EULAR
classification criteria were scanned with a high-resolution scan-
ner and rescored to provide the number of foci and area for each
individual MSG within the sample. Formalin-fixed paraffin-
embedded (FFPE) blocks were sectioned at 3 levels approxi-
mately 30 ym apart, and the most representative section was
selected for analysis. All subjects provided written informed
consent, and the study was approved by the Wales Research
Ethics Committee 7 formerly Dyfed Powys REC; 13/WA/0392.

Simulation models

Multilevel models were used to simulate both the number of
foci and area of individual glands to incorporate variability
between patients and between glands within patients. For the
number of foci, multilevel Poisson and negative binomial
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models were considered. A negative binomial model was pre-
ferred for simulating the log-number of foci because it fitted the
OASIS data better. For the simulations on diagnosis based on FS
>1 and reproducibility of FS, the model included:

* A regression intercept (beta), which represents the mean log-
number of foci within a gland when all remaining model
parameters take the value of 0.

* A patient-level random-effect parameter (u) assumed to be
normally distributed around a mean of 0 with variance o2.
For the reproducibility simulation, u was kept constant for
both biopsies performed within patients because they were
assumed to be performed successively.

* A gland-level overdispersion random-effect parameter (),
with the exponentiated values assumed to be gamma-distrib-
uted around a mean of 1 with variance a.

For sample size calculations, an additional fixed-effect
parameter was included to reflect the absolute reduction in the
log-number of foci for the treatment group (bera,).

The OASIS data showed a right-skewed distribution for gland
area, which was best normalised using the square root function,
and a strong positive relationship with the number of foci within
glands. Therefore, a linear regression mixed-effects model with a
square root link function was employed for simulating the area
of the glands, accounting for the relationship between the area
of glands and the number of foci within glands. For all 3 simula-
tions, the model included:

* aregression intercept (f), which represents the mean square
root of the area of glands when all remaining model parame-
ters take the value of 0.

* a fixed-effect parameter reflecting the relationship between
the number of foci and the area of the glands ().

* a patient-level random-effect parameter assumed to be nor-
mally distributed around a mean of 0 with variance o2. For
the reproducibility simulation, v was kept constant for both
biopsies performed within patients because no systematic dif-
ferences in the total area of the 2 samples taken from each
patient were assumed.

Table 1
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* a gland-level random error term assumed to be normally dis-
tributed around a mean of 0 with variance o2.

Simulation inputs

Information on the input values used for each parameter are
presented in Table 1. For the number of foci, the base-case sce-
nario input values used for diagnosis based on FS >1 and repro-
ducibility of FS were betay = 0.45, 6> = 0.64, and a = 0.55.
Following Leckie et al [19], the expected value for the mean
number of foci within glands was 2.16 (see Table 1).

From this base-case scenario, variations to the input values of
betay, 6>, and a were made individually as follows:

* Changing the input value of bera, to 0.10 and 0.80.
* Changing the input value of 2 to 0.30 and 1.32.
* Changing the input value of a to 0.30 and 1.

The same input values were used to generate the log-number
of foci for both the treatment and standard care groups, while
input values of —0.35, —0.51, and —0.69 were used for the mean
absolute reduction of the log-number of foci in the treatment
group (beta;). These values correspond to a relative reduction in
the number of foci within glands of 30%, 40%, and 50%, respec-
tively. Given that all biopsies had the same number of glands
within each generated data set, these relative reductions also
apply to both the total number of foci observed within the
biopsy and the FS.

For the area of the glands, the base-case scenario input values
used for all 3 simulations were §, = 1.35, §, = 0.25, 6> = 0.09,
and 62 = 0.42. The expected value for the mean square root of
the area of glands was 1.89mm? (see Table 1).

From this base-case scenario, variations to the input values of
Bo, B1,02, and 62 were made individually as follows:

* Changing the input value of f, to 1.20 and 1.50.
* Changing the input value of #, to 0.20 and 0.30.
* Changing the input value of ¢? to 0.02 and 0.20.
« Changing the input value of ¢2to 0.30 and 0.56.

Notation description, estimation method, and input values used for each simulation parameter

Description Notation = Formula Input values®
Sample size
Number of patients Npatients - 15, 30, 60
Number of glands within patients Netands - (2,3,4,5,6,7)"
Number of foci within glands
Regression intercept® betay - 0.10, 0.45, 0.80
Patient-level variance® o2 R 0.30, 0.64, 1.32
Gland-level variance of the exponentiated overdispersion parameter a - (bmn L4 ) 0.30, 0.55, 1
Mean value Foci e : -
Mean absolute reduction for the treatment group®* beta; - 2 —-0.35, —0.51, —0.69
Mean value for the treatment group® Fociy, e(hmwhm' * _> -
(Square root of) area of individual glands within MSG biopsy
Regression intercept Po - 1.20,1.35,1.50
Regression slope implying relationship with number of foci within glands 3, - 0.20, 0.25, 0.30
Patient-level variance aﬁ - 0.02, 0.09, 0.20
Gland-level variance o? - 0.30, 0.42, 0.56
Mean value VArea Po + By x Foci -

MSG, minor salivary gland.

@ Values in bold indicates the input value used for the base-case scenario.
b All 6 input values were used in all different analyses performed to examine how estimates change for different simulated gland

numbers.
¢ Estimated on the logarithm scale.
4 Only applies to the sample size calculations.

603



K. Tryposkiadis et al.

Apart from the values used for the mean reduction of the
number of foci in the treatment group, all base-case inputs
were equal to the estimates obtained from the analysis of the
OASIS data, while the variations made on base-case inputs
were based on the uncertainty (lower and upper 95% confi-
dence bounds) observed in these estimates. For the rationale
behind the number of patients, glands within each biopsy,
and simulated data sets, please see Supplementary Informa-
tion.

Analysis of generated data

The 2500 data sets for the diagnosis and reproducibility
simulations and 3600 data sets for the sample size calcula-
tions were simulated separately for each MSG number. Each
data set contained a value for (i) the number of foci observed
within each gland and (ii) the square root of the area of each
gland. Assessing the generation of the 2 parameters involved
calculating the absolute difference between the average of the
generated values, and the expected value for each parameter.
The average of the generated values for the number of foci
and the area of the glands was expressed as mean (SD) or
median (IQR), as appropriate. The FS of each biopsy was then
calculated for each patient within each generated data set, as
the total number of foci observed within each biopsy over the
total glandular area, multiplied by 4mm?. For the diagnosis
simulation, the probability of FS>1 was estimated for each
generated data set as the number of patients with a FS >1,
over the total number of patients within the dataset. The
2500 probability estimates produced for each simulated gland
number were in turn summarised using the median (IQR) and
were compared across the different numbers of glands
assessed.

For the reproducibility of FS, the parameter was estimated
for each patient as the absolute difference between the 2 suc-
cessive FS and summarised within each simulated data set
using the median (IQR). The 2500 estimates produced for
the median absolute difference and IQR, per gland number,
were in turn summarised using the mean or median, as
appropriate, and compared across the 6 gland numbers
assessed.

For the sample size calculations, each generated data set
was analysed using a single-level negative binomial regres-
sion model, to estimate the relative reduction in mean FS for
the group receiving treatment, along with the corresponding
95% confidence interval and p-value. Once all 3600 generated
data sets per simulated gland number were analysed, the
power was estimated as the number of times the model suc-
ceeded to detect the assumed relative reduction in FS for the
treatment group (ie, p-value produced for the treatment effect
parameter being <0.05), over the 3600 replications. Data sim-
ulation and analysis were initially based on 15 patients per
group, and were repeated using a larger sample size until a
satisfactory power estimate was obtained (80% or 90%,
depending on the simulation scenario). The sample size
required for estimating the relative reduction in FS with satis-
factory power was then compared across the 6 simulated
numbers of glands.

Finally, to evaluate how well the treatment effect parameter
(beta;) was estimated from the negative binomial model, we
calculated bias, precision, and coverage as described in Supple-
mentary Information.
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Table 2
Baseline characteristics of OASIS cohort patients whose parameters
informed the simulations

Patient-level characteristics

Age, mean (SD) 54.40 (13.54)

Female, n (%) 30 (94%)

BMI, kg/m?, mean (SD) 28.51 (6.09)
Symptom duration, y, median (IQR) 4.55 (2.10, 8.68)
Anti-Ro/SSA positive, n (%) 26 (81%)
Anti-La/SSB positive, n (%) 17 (53%)

1gG, g/L, mean (SD) 15.57 (4.87)
ESSDAI score, median (range) 5(0,17)

0.30(0.07, 0.76)
22/31 (71%)
21/29 (72%)

Unstimulated salivary flow in 5 min, median (IQR)
Salivary flow <0.1 ml/min, n (%)
Schirmer’s <5mm, n (%)
Gland-level characteristics
Glandular area, mm?, median (IQR)
Number of glands per patient, n (%)

3.28 [1.02, 5.73]

-1 1(3%)
-2 2 (6%)
-3 4(13%)
-4 10 (31%)
.5 3(9%)
-6 7 (22%)
-7-16 5(16%)
Number of foci per gland, n (%)

-0 67 (41%)
-1 36 (21%)
-2 17 (10%)
.3 12 (7%)
-4 9 (5%)
-5 10 (6%)
-6 6 (4%)
-7 4(2%)
-8-13 4 (2%)

BMI, body mass index; ESSDAI, EULAR Sjogren’s syndrome disease activity
index; La/SSB, Sjogren’s syndrome antigen B; OASIS, Optimising Assessment
in Sjogren’s Syndrome; Ro/SSA, Sjogren’s syndrome antigen A.

RESULTS

Baseline characteristics that informed the simulation

Table 2 shows the baseline characteristics of the OASIS
patients whose biopsies informed the simulation. The number of
glands within the biopsies varied from 1 (1/32, 3%) to 16 (1/32,
3%), with the majority of biopsies containing 3 to 6 glands (24/32,
75%). The mean number of foci within the glands was 1.79 with
variance 5.41, while the glands were on average 3.99 mm? (vari-
ance 12.89). The corresponding mean FS was 1.79.

Generation of number of foci and area of glands

For all 3 simulations, the generated estimates for the mean
number of foci within glands and the mean square root of the
area of glands were normally distributed for every scenario. The
absolute difference between the mean of the generated esti-
mates and the expected value was <0.02 for the mean number
of foci and <0.01 for the mean square root of the area of glands
across all simulated scenarios (data not shown).

Impact of gland number on achieving a FS threshold of >1

For the base-case scenario, the 2500 estimates produced for
the probability of FS >1 were normally distributed for all 6 sim-
ulated numbers of glands, with the SD being lower than the pre-
specified value of 0.25 (see ‘Number of replications’ in the
Supplementary Information), allowing the parameter to be
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Figure 1. Probability of focus score >1 per simulated
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estimated with satisfactory precision. The median probability of
FS >1 increased from 0.67 with a simulated number of 2 glands
to 0.77 for a simulated number of 5 glands, with no further
increase noted for a simulated number of 6 or 7 glands (Fig 1
and Supplementary Table S1). Sensitivity analyses performed
with different input values remained similar to the base-case
scenario, with the median probability of FS >1 reaching a pla-
teau at 5 or 6 glands. The only scenario in which the median
probability of FS >1 continued increasing up to 7 glands was
when f, was reduced to 1.20, reflecting a lower area of the indi-
vidual glands. In 2 other scenarios, no further increase was
noted after 4 glands. The first of these was increasing f, to 1.50,
which reflects a larger area of the individual glands, and the sec-
ond was increasing /5, to 0.30, which reflects a stronger positive
relationship between the number of foci within glands and the
area of the glands.

Impact of number of glands on reproducibility of the FS

For the base-case scenario, the 2500 estimates produced for
the median absolute difference between the 2 within-patient FSs
and the corresponding IQR were normally distributed for all 6
simulated numbers of glands. The SD of the median absolute dif-
ference was lower than or equal to the prespecified value of
0.25 (see ‘Number of replications’ in the Supplementary Informa-
tion), allowing the parameter to be estimated with satisfactory
precision.

A decrease in the median absolute difference was noted for
every unit increase in the number of glands; the mean of the
2500 estimates produced for the median absolute difference
was 1.05 (SD 0.25) for 2 glands, decreasing to 0.52
(SD 0.12) for 7 glands. A similar downwards trend was
observed for the IQR, with the mean of 2500 IQR estimates
decreasing from 1.60 (SD 0.48) for 2 glands to 0.71
(SD = 0.18) for 7 glands, showing that larger gland numbers
allowed reproducibility to be estimated with higher precision
(Fig 2 and Supplementary Table S2). Supplementary Figure
shows a scatterplot of the median absolute differences in the FS
against the associated IQR, illustrating that a unit increase in the
number of glands leads to a reduction in both the median abso-
lute difference and IQR values. A similar reduction was also
observed in all sensitivity analyses.

605

Sample size calculations

For both 80% and 90% power, a significant decrease in the
sample size per group required to detect a 40% relative reduc-
tion in FS for the treatment group was noted for every unit
increase in the number of glands (Table 3). For 80% power, the
sample size per group decreased from 62 patients with 2 glands
to 25 with 7 glands. A significant increase in the required sample
size was observed when the power was increased to 90%, start-
ing from 84 patients per group with 2 glands and decreasing to
33 per group with 7 glands. Bias in the estimation of the treat-
ment effect was present in all simulated numbers of glands for
both 80% and 90% statistical power. However, this bias was less
than an absolute value of 0.05, with a downwards trend for each
unit increase in the number of glands. The treatment effect was
estimated with satisfactory precision in all simulated scenarios
(ie, SD <0.30). Undercoverage was noted for all simulated num-
bers of glands for both 80% and 90% statistical power. However,
this was <3.3% across all simulated scenarios (data not shown).
Reducing the assumed relative reduction for the treatment
group to 30% lead to a significant increase in the sample size
required, whereas a relative reduction of 50% was associated
with a decrease in the required sample size (Supplementary
Table S3). Both a 30% and 50% relative reduction for the treat-
ment group yielded similar bias and coverage estimates, with a
reduction in the bias and increase in the coverage noted when a
larger relative reduction was assumed.

DISCUSSION

Utilising a simulation approach, we have shown that increas-
ing the number of MSGs improves the diagnostic and measure-
ment precision of the histological FS. For the first time, to our
knowledge, we have been able to provide data to guide optimal
tissue requirements. For a diagnostic threshold of FS >1, a mini-
mum of 5 glands (or 4 if the glands are large) should ideally be
targeted. For continuous FS values as used in clinical trials, a
larger number of MSGs (eg, 6) will increase reproducibility fur-
ther. Samples containing 6 or 7 glands reduced the absolute dif-
ference between 2 consecutive measurements to approximately
50% of the difference observed for samples containing only 2
glands.
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Figure 2. Impact of gland number on reproducibility of
focus score. (A) Median absolute difference in focus
score for each simulated number of glands. A reference
value of 0.5 is used to aid comparisons between differ-
ent simulated numbers of glands. (B) IQR of absolute
difference in focus score for each simulated number of
glands. A reference value of 1 is used to aid comparisons
between different simulated numbers of glands.
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Our findings have several implications. Given the importance
of the FS in the diagnosis of SjD, our findings may help optimise
tissue collection to ensure that samples are truly representative
of the underlying glandular inflammation. This is particularly
important if data continues to suggest that the FS value may be
predictive of future lymphoma risk. Given that biopsy is an inva-
sive procedure, there is ongoing interest in investigating periph-
eral biomarkers of salivary gland histopathology, such as
CXCL13 [20,21], to aid diagnosis and monitor patient progress
over time. By providing data to improve the accuracy of FS
assessment, our results may assist these efforts to correlate
peripheral and tissue biomarkers. Reporting summary statistics
for the numbers of MSGs in biopsies may be an important addi-
tion to such research reports to help contextualise the findings.
Our findings present a particular challenge for biopsy research
studies requiring distribution of glands into different storage
media (eg, FFPE and frozen) for different purposes, as available
tissue for histology scoring is consequently reduced, which may
then impact precision. Rapidly changing technologies, such as
the ability to perform spatial transcriptomics at the single cell
level on FFPE tissue, may help to circumvent the requirement
for different storage media in the future.
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We have also investigated the impact of varying MSG num-
bers on sample size requirements if the FS were used as a clinical
outcome measure. In the absence of a large effect size, the num-
bers of participants required may be prohibitive, given that
many trial participants may not consent to an optional biopsy
substudy and a requirement for mandatory sequential biopsies
may reduce overall trial recruitment. However, it is possible
that mean foci size rather than a count-based measure may be
more informative given that a decrease in foci size rather than a
reduction in absolute number may be more achievable. Further,
smaller sample sizes might still yield valuable biological insights
using more data-rich approaches such as spatial transcriptomics.
Our analysis considers the effect of multiple cutting levels,
which has been proposed to improve the accuracy of histological
assessment [22,23]. However, our analysis does not include
other measures that have been suggested to improve the sensi-
tivity or specificity of histological FS analysis for the diagnosis
of SjD, such as CD45 immunostaining [24]. The analysis also
does not address tissue requirements for area of infiltration,
which has been proposed as a more reproducible diagnostic
marker [25,26]. Composite scores that include histological
parameters in addition to the FS are worthy of further
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Table 3
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Number of patients per group required for 80% and 90% power assuming a relative reduction of 40% for the treat-

ment group
Npatientss  Notands Standard care group Treatment group
Total foci® Total area” Focus score®  Total foci®  Total area® Focus score®

- 80% statistical power
62 2 4.31 (0.70) 9.55(1.60) 1.81 2.61 (0.46) 9.59 (1.68) 1.09
42 3 6.48 (1.18) 14.35 (2.66) 1.81 3.91 (0.73) 14.37 (2.92) 1.09
35 4 8.63 (1.66) 19.11 (3.66) 1.81 5.19(1.03) 19.12(3.70) 1.09
30 5 10.80 (2.20) 23.81 (4.66) 1.81 6.47 (1.30) 23.85 (4.59) 1.09
28 6 13.01 (2.59) 28.79 (5.95) 1.81 7.79 (1.62) 28.82 (7.11) 1.08
25 7 15.13(3.13) 33.46 (6.99) 1.81 9.08 (1.97) 33.49 (6.77) 1.09

- 90% statistical power
84 2 4.30 (0.60) 9.52(1.43) 1.81 2.59 (0.38) 9.55 (1.39) 1.09
57 3 6.49 (1.01) 14.40 (2.50) 1.80 3.90 (0.62) 14.36 (2.22) 1.09
48 4 8.65 (1.42) 19.16 (3.52) 1.81 5.20 (0.86) 19.12(3.23) 1.09
42 5 10.83(1.83) 23.99 (4.22) 1.81 6.46 (1.10) 23.84 (4.00) 1.08
36 6 12.87 (2.24) 28.52 (5.24) 1.81 7.75 (1.46) 28.82(12.98) 1.08
33 7 15.10 (2.77) 33.47 (6.02) 1.81 9.08 (1.71) 33.52 (6.28) 1.08

@ Sample size per group.

b Expressed as mean (SD) of mean estimates obtained from 3600 simulated data sets.

¢ Calculated as (Total foci)/(Total area) multiplied by

investigation [27]. All these approaches require validation in
much larger, ideally multicentre, cohort studies. With area of
infiltration, typical data are heavily right-skewed, which may
present challenges in developing an optimal cutoff for routine
clinical use. Our data also do not address the use of parotid
gland tissue, which is used in a few centres as an alternative to
MSG biopsy, although published data suggest broad similarities
in biological features between paired major and minor glands
[28—30].

In conclusion, we have provided for the first time, to our
knowledge, simulated data on the impact of MSG number on the
estimate and precision of reproducibility of the histological FS.
Achieving an adequate tissue sample size may facilitate both the
diagnosis of SjD and the reliable quantification of an absolute
FS.
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ARTICLE INFO ABSTRACT
Article history: Objectives: This study aimed to investigate the efficacy of mitochondrial transplantation as a
Received 19 June 2024 therapeutic intervention for idiopathic inflammatory myopathy (IIM). This study used a compre-

Received in revised form 4 November 2024 A . . . A : : . .
Accepted 21 November 2024 hensive approach, incorporating both in vitro and in vivo IIM models, and conducted a first-in-

human clinical trial to assess the effectiveness and safety of mitochondria isolated from human
umbilical cord mesenchymal stem cells (PN-101).

Methods: Mitochondria isolated from umbilical cord mesenchymal stem cells were designated as
PN-101. The efficacy of PN-101 was assessed using myoblasts derived from patients with IIM
and C2C12 mouse perforin/granzyme B—treated myoblasts as an in vitro IIM model. PN-101’s
effect on IIM was examined using C protein—induced myositis (CIM) mice as an in vivo model.
The efficacy and safety of PN-101 were evaluated in a phase 1/2a clinical trial involving 9 adult
patients with refractory polymyositis or dermatomyositis.

Results: The myoblasts derived from patients with IIM exhibited defects in mitochondrial func-
tion and myogenesis. PN-101 transplantation enhances muscle differentiation and mitochon-
drial function in IIM myoblasts. PN-101 also enhanced intracellular adenosine triphosphate
content, cell viability, and myogenesis in C2C12 perforin/granzyme B—treated myoblasts. In an
in vivo model, PN-101 reduced myositis severity by exhibiting anti-inflammatory effects and
restoring the CIM-induced metabolic shift. In a phase 1/2a prospective clinical trial involving
adult patients with refractory IIM, PN-101 demonstrated no severe adverse drug reactions and
showed at least minimal improvement in the International Myositis Assessment and Clinical
Studies Group (IMACS)—Total Improvement Scores (TISs) compared with baseline.

Conclusions: PN-101 transplantation could serve as a novel treatment for IIM by enhancing mito-
chondrial repair and reducing inflammation in muscle tissues.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

 High-dose glucocorticoids, either alone or in combination with
immunosuppressive drugs, are the primary initial treatment for
idiopathic inflammatory myopathy (IIM). However, they have
serious adverse effects and limitations. Therefore, high unmet
medical need for new therapy is observed.

Patients with IIM exhibited mitochondrial damages, suggesting
that mitochondria could be a potential alternative therapeutic
target for IIM treatment.

Direct application of intact functional mitochondria is becom-
ing a promising therapeutic strategy for diseases associated
with mitochondrial abnormalities.

WHAT THIS STUDY ADDS

* Defects of mitochondrial function and myogenesis were
observed in in vitro and in vivo IIM models and were success-
fully rescued by mitochondrial transplantation.

For the first time, an open-label, prospective 1/2a clinical
research involving adult patients with refractory polymyositis
and dermatomyositis showed the safety and effectiveness of
mitochondrial transplantation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE, OR
POLICY

* Mitochondrial transplantation can be a therapeutic interven-
tion as it can restore muscle strength and reduce inflammation
in IIM. Thus, mitochondrial transplantation may offer a promis-
ing new treatment option for IIM.

* The use of mitochondrial transplantation therapy could be
extended to treat a range of rheumatic disorders that have sub-
stantial unmet medical needs.

INTRODUCTION

Idiopathic inflammatory myopathy (IIM) is an autoimmune
disorder characterised by progressive muscle weakness and loss
due to immune cell-mediated myocytotoxicity [1]. The exact
cause and origin of IIM remain largely unknown, limiting treat-
ment options for patients. High-dose glucocorticoids, either
alone or in combination with immunosuppressive drugs, are the
primary initial treatment for IIM to suppress inflammatory
responses. However, muscle weakness may persist even after
inflammatory cells are cleared by conventional treatments, sug-
gesting that nonimmune mechanisms related to muscle damage
and atrophy could contribute to weakness across different dis-
ease phases [2,3]. Glucocorticoids adversely affect patients with
IIM by reducing the muscle strength and mass, impairing muscle
differentiation and regeneration, and causing glucocorticoid-
induced atrophy [4]. Thus, developing novel therapeutic strate-
gies to cure or slow the progression of the disease is a critical
medical need.

Mitochondrial abnormalities are common in patients with
IIMs, including polymyositis (PM), dermatomyositis (DM), and
inclusion body myositis (IBM) [5,6]. The patients with IIM
exhibited deficiencies in cytochrome C oxidase (COX) in muscle
fibres [7—9], abnormalities in respiratory chain enzyme com-
plexes [10], and mitochondrial DNA deletions [11—13]. Mito-
chondrial dysfunction, characterised by metabolic disturbances
from a dysregulated tricarboxylic acid (TCA) cycle and excessive
oxidative damage due to reactive oxygen species (ROS), has also
been observed. These reports collectively suggest that mitochon-
dria could be a potential alternative therapeutic target for IIM
treatment.
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Recent reports indicate that various cell types can absorb
mitochondria in vitro [14,15] and that these can be introduced
into tissues via topical or systemic injection in vivo [16,17]. Fur-
thermore, systemically injected mitochondria preferentially
migrate to cells and tissues with damaged mitochondria [17].
Mitotherapy, also referred to as mitochondrial transplantation
therapy (MTT), involves the direct application of intact func-
tional mitochondria and is becoming a promising therapeutic
strategy for diseases associated with mitochondrial abnormali-
ties [18,19]. In support of this claim, MTT has been successfully
applied in various muscle disease models, including neuromus-
cular injury, acute limb ischaemia, muscular dystrophy, and sar-
copenia, demonstrating that introducing healthy mitochondria
into injured muscles enhances muscle mass, function, and regen-
eration [20—24].

In this study, we aimed to investigate the beneficial effects of
MTT on IIM using mitochondria isolated fro human umbilical
cord-derived mesenchymal stem cells (PN-101), mitochondria
isolated from human umbilical cord—derived mesenchymal
stem cells (UC-MSCs). The efficacy of PN-101 was evaluated in
vitro using myoblasts derived from patients with IIM and in vivo
in a C protein—induced myositis (CIM) mouse model. Further-
more, the clinical safety and efficacy of PN-101 in adults with
PM or DM were initially evaluated in a phase 1/2a prospective
clinical trial.

METHODS

Clinical trials

This study was conducted at Seoul National University Hospi-
tal, Hanyang University Medical Center, and Soonchunhyang
University Seoul Hospital. The institutional review boards
(IRBs) at each site approved the protocol. Adult patients with
IIM meeting the Bohan and Peter criteria were enrolled. When
the European League Against Rheumatism (EULAR)/American
College of Rheumatology (ACR) criteria [25] were applied to 3
patients with PM based on the Bohan/Peter criteria, 3 patients
were classified as possible PM. When the EULAR/ACR criteria
were applied to 5 patients with DM based on Bohan and Peter
criteria, all were classified definite DM. Patients were allowed
to enter this study if they received the treatment with a prednis-
olone 0.5 mg/kg/d or less and/or immunosuppressive agent at
stable dose for at least 4 weeks before enrollment. During the
trial, these drugs were continuously maintained with a dose at
enrollment. Biologic agents including intravenous immunoglob-
ulin (IVIG) were not permitted. PN-101 was administered as a
single intravenous injection at a dose of 300 mg or 600 mg to
patients participated in this study. Safety, tolerability, and/or
efficacy were assessed at 4, 8, and 12 weeks following PN-101
administration. This study was registered at www.ClinicalTrials.
gov (NCT04976140; July 26, 2021). Muscle biopsies were
obtained from consenting subjects under an IRB-approved pro-
tocol from Seoul National University Hospital (IRB number
1902-120-1013). Complete details of information including
safety and efficacy evaluation, inclusion and exclusion criteria,
disease duration, previous treatment, and concomitant ongoing
treatment are available in Online Supplemental Tables 1 to 7.

Mitochondrial extraction

All mitochondria were produced following Good Manufactur-
ing Practice guidelines. Human UC-MSCs cultured in Minimum
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Essential Medium Eagle Alpha Modification (a-MEM; HyClone) those from healthy individuals. Myotubes from IIM-derived
supplemented with 10% foetal bovine serum (HyClone), myoblasts showed morphologic constriction by day 6 of differ-
100 IU/mL penicillin, 100 mg/mL streptomycin (P/S; HyClone), entiation, appearing shorter and thinner than those from normal
and 10 ng/mL basic fibroblast growth factor (FGF-2; CHA Medi- myoblasts (Fig 1A). Immunoblot analysis measured myosin
tech Co). Mitochondria were isolated from UC-MSCs using dif- heavy chain (MHC) protein expression over a 6-day in vitro dif-
ferential centrifugation, with slight modifications to previously ferentiation period. MHC protein levels were significantly lower
described methods [26]. Cells harvested from culture flasks in IIM myoblasts compared with normal myoblasts (Fig 1B). To
were homogenised in SHE buffers (0.25 M sucrose, 20 mM examine the effects of inflammatory conditions on myogenesis,
HEPES, pH 7.4, 2 mM EGTA, 0.1% defatted BSA) and centri- myoblasts were cultured for 6 days with interleukin (IL)-15, IL-
fuged at 1000 X g for 3 minutes at 4°C to remove cellular debris 6, or interferon (IFN)y during myogenesis differentiation. IFNy
and nuclei. The supernatant was centrifuged at 12,000 X g for treatment, alone or combined with IL-15 or IL-6, eliminated
15 minutes at 4°C to pellet the mitochondria. The pellet was MHC expression in normal and IIM-derived myoblasts (Fig 1C).
resuspended in SHE buffers and centrifuged twice at 20,000 X g  These findings suggest that the defect in late myogenesis differ-
for 10 minutes each at 4°C. The resuspended pellet was then entiation in myoblasts derived from patients with IIM is charac-

kept on ice until measurement. Mitochondrial protein concen- terised by the absence of MHC expression.

trations were quantified using a bicinchoninic acid (BCA) assay. The immunoblot assay evaluated mitochondrial protein
One milligram of PN-101 was typically obtained from 1 x 10® expression in myoblasts derived from patients with IIM to detect
UC-MSCs. potential mitochondrial abnormalities. A comparison of myo-

blasts derived from patients with IIM with normal myoblasts on
day 6 of differentiation revealed decreased expression of mito-

RESULTS chondrial oxidative phosphorylation (OXPHOS) system compo-

nents, translocase of outer membrane 20 (TOM20) and
Primary myoblasts from patients with inflammatory myositis Nicotinamide adenine dinucleotide reduced:ubiquinone oxido-
exhibited defects in myogenesis and mitochondrial dysfunction reductase subunit B8 (NDUFBS8), one of components of the mito-

chondrial OXPHOS system (Fig 1D-F). This indicates
Initial comparisons of myotube morphology were made mitochondrial dysfunction in myoblasts derived from patients
between primary myoblasts derived from patients with IIM and  with IIM.
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Figure 1. Defects of myogenesis and mitochondrial function in human primary myoblasts derived from patients with idiopathic inflammatory myopathy
(IM). (A) The primary myoblasts from healthy controls and patients with IIM were differentiated using 2% horse serum. Morphologic differences
between control myoblasts and myoblasts derived from patients with IIM were observed at day 6 (D6) of differentiation. Scale bar = 100 mm. (B) Immu-
noblot analysis of myosin heavy chain (MHC) in primary myoblasts differentiated for 6 days from healthy controls and patients with IIM. Myoblasts
derived from patients with IIM exhibited significantly lower MHC protein levels compared with control myoblasts. (C) Control myoblasts and myoblasts
derived from patients with IIM were differentiated in 2% horse serum and treated with vehicle, interleukin-15 (IL-15), interleukin-16 (IL-6), or inter-
ferony (IFNy) alone or in combination. IFNy treatment abolished the MHC expression in both control and IIM-patient-derived myoblasts. (D) Mitochon-
drial protein expression in control myoblasts and myoblasts derived from patients with IIM was analysed on day 0 (D0) and D6 of differentiation using
immunoblot assays. N1 and N2 are control myoblasts, while M1 and M2 are myoblasts derived from patients with IIM. UQCRC2 indicates Ubiquinol-
Cytochrome c Reductase Core Protein 2. CI, CII, and CIII means the mitochondrial complex I, complex II, and complex III, respectively. (E and F) The
immunoreactivity levels of TOM20 and NDUFBS8 proteins were quantified and normalised to tubulin using ImageJ software (National Institutes of Health,
MD, USA). The levels of TOM20 and NDUFB8 proteins in myoblasts derived from patients with IIM were reduced compared with control myoblasts.
SDHB, succinate dehydrogenase iron-sulphur subunit.



Given the mitochondrial dysfunction in IIM-derived myo-
blasts, we hypothesised that mitochondrial transplantation
would restore function and enhance differentiation in myoblasts
derived from patients with IIM, given their mitochondrial dys-
function. Initially, we investigated whether myoblasts could
take up PN-101%** isolated from UC-MSCs infected with a lenti-
virus expressing mitochondrial targeting sequence (MTS)—green
fluorescent protein (GFP). Coincubation of PN-101°* with pri-
mary myoblasts demonstrated successful introduction of PN-
101°** into the myoblasts within 24 hours after introduction
(Fig 2A).

To investigate the effects of PN-101 on muscle differentia-
tion, myoblasts were treated with IL-15, IL-6, and IFNy and dif-
ferentiated for 6 days following PN-101 administration. PN-101
unexpectedly restored MHC expression in myoblasts, which was
previously abolished by treatment with IL-15, IL-6, and IFNy
(Fig 2B). IFNy-induced Janus kinase/signal transducers and acti-
vators of transcription (JAK-STAT) signalling activation inhibits
myogenic activity [27—29]. Therefore, we investigated whether

activator of transcription 1 (STAT1) and phospho-STAT1
(PSTAT1) expression in myoblasts. As expected, cytokine treat-
ment significantly enhanced pSTAT1 and STAT1 expression.
However, PN-101 treatment reduced cytokine-induced pSTAT1
expression, suggesting that PN-101 may inhibit IFNy-induced
myogenic differentiation by suppressing pSTAT1 expression
(Fig 2Q).

Mitochondrial protein expression in myoblasts under inflam-
matory conditions was assessed on day 6 of differentiation to
evaluate if PN-101 treatment restores mitochondrial function.
IL-15, IL-6, and IFNy treatment notably reduced NDUFB8 and
TOM20 expression in myoblasts. However, PN-101 treatment
can increase NUDF8B and TOM20 levels in cytokine-treated
myoblasts (Fig 2D). To further explore the impact of PN-101 on
mitochondrial function in myoblasts under inflammatory condi-
tions, oxygen consumption rate (OCR) was assessed using an
XF94 Flux analyser following sequential injections of oligomy-
cin, carbonyl cyanide 4-trifluoromethoxy-phenylhydrazone
(FCCP), and antimycin A. Compared with myoblasts treated
solely with cytokines, PN-101 treatment enhanced basal respira-
tion, adenine triphosphate (ATP)-linked OCR, and maximal res-
piration on day 6 of differentiation (Fig 2E,F). These findings

IL-15, IL-6, and IFNy treatment induces signal transducer and  collectively suggest that PN-101 transplantation lessened the
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blasts derived from patients with IIM treated with interferony (IFNy). (C) Immunoblot analysis of signal transducer and activator of transcription 1
(STAT1) and phospho-STAT1 (pSTAT1) in myoblasts derived from patients with IIM treated with PN-101 on D6 of differentiation. PN-101 inhibits
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ment, with non-mitochondrial OCR subtracted after rotenone and antimycin A treatment. OCR values were normalised to cell mass, as determined by
methylene blue staining (*P < .05, **P < .005 vs without PN-101). SDHB, succinate dehydrogenase iron-sulphur subunit.
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deficiency in muscle differentiation and mitochondrial damage
in cytokine-stimulated myoblasts.

In the CIM mouse model, PN-101 reduced myositis severity and
demonstrated anti-inflammatory effects

Intrigued by the results demonstrating improved muscle
development and mitochondrial function in IIM-derived myo-
blasts following PN-101 transplantation, we investigated PN-
101 as a potential treatment for CIM in mice, a clinically rele-
vant murine model of PM. To assess the biodistribution of
PN-101, mice received an intravenous administration of
PN-101%REP jsolated from UC-MSCs infected with a lentivirus
expressing MTS-red fluorescent protein (dsRED). The successful
introduction of PN-101 to muscle tissues was confirmed by con-
focal microscopy and by the detection of messenger RNA
(mRNA) expression for human-specific mitochondrially encoded
COX 1 (MT-CO1), as shown in Online Supplemental Figure 1A,B.
To assess PN-101’s efficacy, CIM mice were administered a sin-
gle intravenous dose of 5 ug of PN-101 or daily dexamethasone
for 7 days starting from day 7 after C protein immunisation. The
mice were euthanised on day 14 (Fig 3A). The histologic analy-
sis of the muscles by haemotoxylin and eosin (H&E) staining
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revealed significant mononuclear inflammatory cell infiltration
in the hindlimb skeletal muscles of CIM compared with the vehi-
cle (white arrows). Interestingly, inflammatory cell infiltrates
were significantly reduced in both the PN-101 and dexametha-
sone treatment groups (Fig 3B). The mean histologic summation
score was significantly lower in the PN-101 treatment group
(0.75+0.61, n = 10) and the dexamethasone treatment group
(0.5+0.63, n = 10) compared with the vehicle group
(1.5+0.32, n = 7) (Fig 3C). Positron emission tomography
(PET)/magnetic resonance imaging (MRI) images showed
increased 18F-fluorodeoxyglucose (FDG) uptake due to CIM,
which decreased following treatment with PN-101 and dexa-
methasone (Fig 3D). We then assessed the impact of PN-101 on
inflammatory cytokines in CIM mice. In CIM mice, elevated lev-
els of tumor necrosis factor (TNF)-a and IL-6 were observed in
both serum and muscle compared with control mice. Surpris-
ingly, PN-101 treatment significantly reduced IL-6 and TNF-a
mRNA expression in CIM mouse muscle (Fig 3E) and reduced IL-
6 and TNF-a protein levels in the serum of CIM mice (Fig 3F).
However, treatment with dexamethasone had no effect.

Next, we assessed the muscle regeneration capacity by mea-
suring the cross-sectional area (CSA) of myofibres in the quadri-
ceps of CIM mice. CSA in the quadriceps of CIM mice was
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Figure 3. Anti-inflammatory effect by mitochondrial transplantation in a C protein—induced myositis (CIM) animal model. (A) Schematic diagram of
animal experimental protocol for PN-101 transplantation. CIM was induced in C57BL/6 mice through immunisation with C protein fragments pertus-
sis toxin (pertussis tox), and Complete Freund’s Adjuvant (CFA). Mitochondria isolated fro human umbilical cord-derived mesenchymal stem cells
(PN-101) was injected intravenously once, or dexamethasone (DEX) was administered daily for 7 days after C protein immunisation. (B) Mice were
sacrificed on day 14 after immunisation, and muscle tissues were stained with haemotoxylin and eosin (H&E). Each image depicted the severity of
myositis. (C) The histologic score for quadriceps was graded on a severity scale from 1 to 6 (***P < .001 vs control [Ctrl]; #p < .05, *##P < .001 vs
CIM). (D) Fluorodeoxyglucose (FDG) (300 pCi) was administered intravenously, and simultaneous positron emission tomography (PET)/magnetic
resonance imaging (MRI) imaging was conducted for 60 minutes using a small-animal hybrid PET/MRI scanner. (E) interferon-6 (IL-6) and tumor
necrosis factor (TNF)-a messenger RNA (mRNA) levels were quantified using real time-polymerase chain reaction (RT-PCR). (F) Serum levels of IL-6
and TNF-a were measured using enzyme-linked immunosorbent assay (ELISA). Results are presented as mean + SD (*P < .05, **P < .005, ***P <
.001, vs Ctrl; P < .05 vs CIM).
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Figure 4. Mitochondrial transfer enhanced muscle mass and corrected mitochondrial defects. (A) Mitochondria isolated fro human umbilical cord-
derived mesenchymal stem cells (PN-101) treatment restored normal muscle regeneration in the C protein—induced myositis (CIM) mice (***P <
.001, vs control [Ctrl]; ##P < .005, ###P < .001 vs CIM). (B) Immunoblot analysis of mitochondrial proteins in muscle tissues of the CIM mice treated
with PN-101 or dexamethasone (DEX). The CIM mice showed reduced expression of mitochondrial proteins, including TOM20 and succinate dehydro-
genase iron-sulphur subunit (SDHB). PN-101 treatment restored TOM20 and SDHB expression in CIM mice. (C and D) The malate/aspartate ratio was
measured in the quadriceps and soleus muscles of Ctrl mice and CIM mice treated with vesicle, dexamethasone or PN-101, respectively. PN-101 treat-
ment normalised the malate/aspartate ratio in muscle tissues of CIM mice. P values were calculated using a 2-tailed Student’s t-test with significance
markers (*P < .05 vs Ctrl; P < .05 vs CIM; 3P < .05; **%P < .001 vs CIM + DEX).

significantly reduced compared with that of control mice, and
the CIM-induced reduction of CSA was clearly restored by PN-
101 treatment (Fig 4A). Mitochondrial protein expression in
CIM mouse muscle tissues was also investigated. Quadriceps
from CIM mice exhibited reduced expression of TOM20 and suc-
cinate dehydrogenase iron—sulphur subunit; complex II (SDHB;
CII). Transplantation of PN-101 can unexpectedly restore the
reduced expression of TOM20 and SDHB in CIM-induced quadri-
ceps (Fig 4B).

Mitochondrial introduction restored the malate-aspartate shuttle
defect in CIM mice

We then examined the metabolic alterations in the muscular
tissues of mice with CIM. A mass spectrometry—based metabolo-
mics study was conducted on the quadriceps and soleus muscles
of control and CIM mice treated with vesicle, dexamethasone,
and PN-101, respectively. Principal component analysis (PCA)
was used to differentiate muscle types and treatment groups
based on identified metabolites (Supplemental Fig S2A). PC1
differentiated between the quadriceps and soleus, while PC3 dis-
tinguished between control mice and those with CIM (Supple-
mental Fig S2A). Furthermore, they exhibited a similar pattern
on the heatmap, which depicted the fold changes in metabolites
(Supplemental Fig S2B). This metabolomics method enabled the
identification of various compounds with differing regulatory
patterns in CIM mice compared with control mice. Notably, in
CIM mice, the quadriceps and soleus muscles exhibited higher
aspartate levels and either lower or equivalent malate levels
compared with controls. As a result, the malate/aspartate ratio
significantly decreased in the quadriceps and soleus of CIM
mice. PN-101 treatment significantly restored the reduced
malate/aspartate ratio in CIM mice (Fig 4C,D).
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PN-101 effects on mouse C2C12 myoblast cells

CD8™ T cell [1] infiltration mediates muscle fibre cell death
in myositis, potentially through the cytotoxic effects of T cell
—secreted perforin and granzyme B [30]. We investigated the
effects of PN-101 on survival, myogenesis, and mitochondrial
function in C2C12 mouse myoblast cells treated with perforin
and granzyme B. Initially, we confirmed the introduction of PN-
101°** into C2C12 cells through direct coincubation (Fig 5A,B).

To assess the impact of perforin/granzyme B on mitochon-
drial function, intracellular ATP levels were measured with and
without PN-101. Treatment of C2C12 cells with perforin/gran-
zyme B, compared with controls, led to a 20% reduction in ATP
levels, as shown in Figure 5C (P < .001). PN-101 treatment nota-
bly restored the perforin and granzyme B—induced decrease in
ATP content in a dose-dependent manner (Fig 5C).

Mitochondria are crucial in regulating programmed -cell
death. Therefore, we investigated the impact of PN-101 on
C2C12 myoblasts subjected to perforin and granzyme B, focus-
ing on cell death. Perforin/granzyme B induced cell death in
approximately 23% of C2C12 myoblasts, as anticipated. Con-
versely, PN-101 treatments prevented cell death induced by per-
forin/granzyme B in a dose-dependent manner (Fig 5D).
Furthermore, immunoblot analysis revealed elevated levels of
proapoptotic proteins such as cytochrome C, caspase-3, caspase-
9, and PARP were increased following the perforin/granzyme B
treatment. Interestingly, the increase of proapoptotic protein
expressions by perforin/granzyme B was inhibited by PN-101
treatment (Fig 5E). We then assessed the effects of PN-101 and
perforin/granzyme B on myoblast differentiation. In C2C12
myoblasts treated with perforin/granzyme B, the expression of
MyoD and myogenin, crucial for myoblast proliferation,
decreased. However, PN-101 treatment mitigated this reduction
(Fig 5F,G).
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Figure 5. Effect of mitochondrial transplantation on perforin (Perf) /granzyme B (GranB)—treated C2C12 mouse myoblast cells. Perf and GranB
—treated C2C12 mouse myoblast cells served as an in vitro model for idiopathic inflammatory myopathy (IIM). (A) Schematic diagram of the treatment
of PN-101°"" into the C2C12 myoblast cells. (B) Representative images of C2C12 cells treated with PN-101 ", White arrows indicate the successful
introduction of PN-101°*? into C2C12 cells. DAPI-stained nuclei. Scale bar = 20 pm. (C) The fluorescence intensity revealed the decrease of intracellu-
lar ATP levels in C2C12 cells treated with Perf/GranB. The fluorescence level in control cells was standardised to 100%. PN-101 restored and even
enhanced intracellular ATP levels in C2C12 cells treated with Perf/GranB. (D) Perf/GranB treatment-induced cytotoxicity in C2C12 cells. PN-101
reduced cytotoxicity in the Perf/GranB-treated C2C12 cells. (E) Assessment of apoptosis-regulating protein expression by the immunoblot assay. Treat-
ment with Perf/GranB elevated proapoptotic protein levels, whereas PN-101 reversed these Perf/GranB-induced alterations in apoptotic protein
expression. CytC and PARP indicate cytochromeC and poly (ADP-ribose) polymerase, respectively. (F) Impact of PN-101 on MyoD expression at day O
of differentiation. PN-101 restored the MyoD expression, which was decreased by Perf/GranB in C2C12 cells. Right panel shows the MyoD expression
quantification. (G) Effect of PN-101 on myogenin expression in differentiating C2C12 cells. On day 14 of differentiation, myogenin expression in
C2C12 cells decreased due to Perf/GranB treatment but was restored by PN-101. Right panel indicates the quantification of myogenin expression.
Data are presented as mean + SEM (*P < .05, **P < .005, ***P < .001 vs control; and #p < .05, ###p < .001 vs Perf/GranB-treated group). MTS, mito-
chondrial targeting sequence; UC-MSC, umbilical cord—derived mesenchymal stem cell.

Patient enrollment and characteristics PN-101 safety in patients with PM and DM
Experimental results from PN-101 transplantation in both in In the safety set, 7 of the 9 patients (77.78%) reported
vitro and in vivo IIM models support initiating human clinical tri- 19 adverse events (AEs). Fourteen AEs occurred in the 300 ug

als. Ten patients from 3 institutions were screened following PN-101 group, compared with 5 in the 600 ug PN-101 group.
written consent. Nine subjects meeting the clinical trial criteria Among the 19 reported AEs, treating physicians identified 4 as
received the investigational product in appropriate doses for adverse drug reactions (ADRs) potentially related to PN-101,
each treatment stage. The first 3 participants received 300 ug of including increased D-dimer, headache, and injection response.
PN-101 and successfully completed the scheduled dose limiting The Table provides a summary of all ADRs. D-dimer levels in
toxicity (DLT) evaluation. After Data and Safety Monitoring 2 patients (22.22%) treated with PN-101 increased but returned
Board (DSMB) made the decision to raise the dosage, and 3 sub- to baseline within 2 weeks. Headache and injection site reac-
jects were recruited to the group receiving 600 ug of PN-101 tions were observed as additional ADRs in 2 patients each
and completed the DLT evaluation on time. Three additional 300 ug of PN-101, respectively (11.11%). Acute AEs such as
subjects received the 600 ug of PN-101 to further confirm its headaches and infusion-related reactions occurred immediately
safety. However, due to injection-related adverse effects, one of after administering PN-101 but quickly resolved. Patients with
the subjects received only 300 pg of PN-101. In this clinical trial, AEs in both treatment groups tolerated the medication well
4 participants were administered 300 ug of PN-101, and 5 sub- without discontinuation. No patients experienced fatal severe
jects received 600 ug of PN-101 (Supplemental Fig S3). Subjects AEs.

receiving the investigational drug were on average 49 years old

(SD = 15.29) with a nearly equal sex distribution (55.56%  Ffficacy of PN-101 in Patients with PM and DM

male, 44.44% female). The study included 9 test participants:

6 with DM (66.67%) and 3 with PM (33.33%) (Supplemental Efficacy was assessed by evaluating changes in the Interna-
Table S2). tional Myositis Assessment and Clinical Studies Group (IMACS)
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Table
Adverse events observed in patients of prospective investigation group during PN-101 therapy for PM/
DM

MedDRA preferred term 300 ug of PN-101 (n = 4) 600 ug of PN-101 (n = 5) Total (N = 9)

Subjects with ADRs (%) [event]
D-dimer

Headache

Injection response

3(75.00) [3]
1(25.00) [1]
1(25.00) [1]
1(25.00) [1]

19 (20.00) [1]
1(20.00) [1]
0(0.00) [0]
0(0.00) [0]

4 (44.44) [4]
2(22.22) [2]
1(11.11)[1]
1(11.11) [1]

ADR, adverse drug reaction; DM, dermatomyositis; PM, polymyositis.

—Total Improvement Score (TIS), the IMACS-TIS response rate
(>20), and each Core Set Activity Measure of IMACS from base-
line. At 4 weeks, the mean TIS for the 300ug PN-101 group was
25.0 (+6.1), and for the 600 pg PN-101 group, it was 44.0
(£22.7). Figures 6A and Supplemental Table S7 illustrate that
the group treated with 600 ug of PN-101 exhibited a higher
mean TIS compared with the group treated with 300 ug of PN-
101 over an 8-week period. At 12 weeks, the mean (+SD) TIS
was 49.2 + 4.3 in the 300 ug of PN-101 group and was
31.5+19.6 in the 600 ug of PN-101 group, indicating that the
300 ug of PN-101 group showed continuous improvement while
the 600 pg of PN-101 group exhibited reduced improvement
compared with the 8th week. Nevertheless, the average TIS rose
in both groups compared with the baseline. At week 12, a
response of moderate improvement (TIS of >40) was observed
in 100% of the patients (3 of 3) in the 300 ug of PN-101 group
and in 20% of the patients (1 of 5) in the 600 ug of PN-101
group, and a response of minimal improvement (TIS of >20)
and that of major improvement (TIS of >60) was observed in
40% (2 of 5) and 20% (1 of 5) in the 600 ug of PN-101 group,
respectively. One participant in the 600 ug PN-101 group exhib-
ited no improvement (Supplemental Fig S4). Among core set
measures, it is shown that at week 12 the group treated with
300 ug of PN-101 showed about 13.4% improvement on manual
muscle testing (MMT) and the group treated with 600 ug of PN-
101 exhibited approximately 11.7% improvement (Fig 6B).

DISCUSSION

In this study, we demonstrated that administering PN-101
improved mitochondrial dysfunction in both myoblasts derived

from patients with IIM and CIM mice. We successfully trans-
ferred exogenous fluorescence-labelled mitochondria into myo-
blasts in vitro and into muscle tissues in vivo. PN-101, derived
from UC-MSCs, enhanced mitochondrial repair and muscle dif-
ferentiation. PN-101 improved mitochondrial function, cell via-
bility, and myogenic marker protein expression in perforin/
granzyme B—treated C2C12 myoblast cells. Intravenous PN-101
administration in CIM mice decreased immune cell infiltration,
suppressed proinflammatory cytokine expression, and restored
CIM-induced metabolic shifts. In a 12-week prospective clinical
trial, PN-101 was safe, well tolerated, and demonstrated at least
minimal improvement (TIS of >20) in refractory adult patients
with PM and DM compared with baseline. PN-101 transplanta-
tion may serve as a therapeutic strategy for IIM by suppressing
muscle inflammation, restoring mitochondrial function, and
promoting muscle regeneration.

IIM, characterised by progressive muscle weakness and
inflammatory infiltrates within the muscle tissue, is an autoim-
mune disease [1]. The exact cause and origin of myositis remain
largely unknown, limiting treatment options for patients. Treat-
ment for myositis includes corticosteroids, glucocorticoids, and
immune globulins [31]. Symptomatic treatments improve the
quality of life for many patients with IIM, especially in the early
stages of the disease, but they also have serious adverse effects
and limitations. Recent studies have explored biologic therapies
targeting TNF-qa, IL-1, IL-6, IL-23, and C-X-C Motif Chemokine
Ligand (CXCL)10 in IIM treatment [32—34]. The effectiveness
of biological therapies, excluding rituximab, in treating IIM
remains debated and their clinical use is only limited to the
patients who do not effectively respond to other conventional
treatments. Developing new therapeutic strategies to cure or
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Figure 6. Total Improvement Scores (TISs) for weeks 4, 8, and 12. (A) The mean TIS through week 12 of the open-label phase is presented. The TIS, a
weighted composite score ranging from 0 to 100, reflects changes over time in 6 core measures of myositis activity. (B) Change of actual values in
Core Set Measures from baseline to week 12 in the 300ug of mitochondria isolated fro human umbilical cord-derived mesenchymal stem cells (PN-
101) group (n = 3) and the 600 g of PN-101 group (n = 5), respectively. CK, creatine kinase; HAQ, Health Assessment Questionnaire; MMT, manual
muscle testing.
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slow the progression of the disease addresses a significant medi-
cal need.

Myogenesis directs myoblast differentiation into skeletal
muscles. This process is impaired in inflammatory myopathies,
including DM and IBM [35]. Our data indicated that both myo-
blasts derived from patients with IIM and IFNy-treated myo-
blasts exhibited defective MHC expression during muscle
differentiation. In the in vitro IIM model, perforin and granzyme
B treatment led to reduced MyoD and myogenin expression in
mouse myoblast C2C12 cells. These findings suggest that defec-
tive myoblast differentiation may partially contribute to the
pathogenesis of myositis. This study demonstrated that PN-101
effectively restored impaired myoblast differentiation by
increasing MHC expression in primary myoblasts and enhancing
MyoD and myogenin expression in C2C12 cells.

Mitochondrial dysfunction is common in patients with IIM
[5—7,10,12]. IIM muscle fibres exhibit mitochondrial abnormal-
ities, including COX activity deficiency and mitochondrial DNA
deletions [36]. Malate dehydrogenase and citrate synthase activ-
ities were also diminished in the muscles of patients with IIM
[10]. Research demonstrated that in conditions such as ageing
and disuse, unlike in IIM, elevated levels of ROS lead to oxida-
tive damage in muscle cell components, thereby accelerating
the loss of muscle mass and function [37,38]. Supporting this,
the current study demonstrated mitochondrial dysfunction in
both in vitro and in vivo IIM models. TOM20 and NDUFB8
expression, components of OXPHOS complex I, was significantly
reduced in myoblasts derived from patients with IIM compared
with normal myoblasts. Second, mouse myoblasts treated with
perforin and granzyme B exhibited a significant decrease in
intracellular ATP. Third, in CIM mice, muscle tissues showed
reduced expression of TOM20 and SDHB, components of com-
plex II of OXPHOS. Furthermore, metabolomic analysis revealed
a significant change in the malate/aspartate ratio in the quadri-
ceps and soleus of CIM mice. These findings suggest that mito-
chondrial damage in myoblasts may contribute to IIM
pathophysiology. Transplanting healthy mitochondria to replace
damaged ones benefits by correcting mitochondrial damage in
this context [22,39—41]. Our study intriguingly revealed that
PN-101 treatment can mitigate mitochondrial damage in myo-
blasts derived from patients with IIM and perforin/granzyme B
—treated C2C12 myoblasts, as well as normalise the malate/
aspartate ratio in CIM mice.

CIM mice are used as an animal model for IIM, specifically to
replicate human PM [42]. PM histopathologic characteristics
include primarily CD8* mononuclear T cell infiltration into
nonnecrotic muscle cells in the endomysial region [43,44]. In
CIM mice, CD8* T lymphocytes enriched with perforin and
granzyme B effector molecules in the endomysial area, caused
muscle fibre injury [42]. Various groups have demonstrated that
blocking proinflammatory cytokines in the CIM mouse model
could potentially serve as a therapy for treating IIM [32
—34,45]. The current study demonstrated the potential of PN-
101 transplantation for treating IIM in CIM mice. A single intra-
venous injection of PN-101 significantly mitigated CIM severity
in mice by reducing inflammatory cell infiltrates, restoring
diminished CSA, and attenuating proinflammatory cytokine
expression in both serum and muscle tissues. PN-101 reversed
mitochondrial dysfunction in CIM mice. In mammalian tissues,
the malate/aspartate shuttle, crucial for regulating bioenergetics
and cellular redox states, transfers reducing equivalents from the
cytosol to the mitochondria for oxidation [46]. Metabolic profile
alterations associated with mitochondrial abnormalities have
been observed in a subset of IIM. Patients with IIM and heart
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failure exhibited a malate/aspartate shuttle defect [47,48]. Sup-
porting this, metabolomic analysis revealed a deficit in the
malate/aspartate shuttle in CIM mouse muscle tissues. Interest-
ingly, PN-101 treatment significantly reduced the malate/aspar-
tate ratio in the muscle tissues of CIM mice. Our combined in
vitro and in vivo results suggest that PN-101 transplantation
could be a novel therapeutic approach for IIM, enhancing myo-
genesis and mitochondrial function while reducing inflamma-
tory cell infiltration and responses.

The successful outcomes of PN-101 transplantation in both in
vitro and in vivo IIM models justified initiating human clinical tri-
als. Open-label, prospective, 12-week clinical trials assessed the
safety and efficacy of 2 different concentrations of PN-101 in
patients with PM and DM. PN-101 was well tolerated; 9 patients
experienced 19 AEs without requiring discontinuation. Addi-
tionally, PN-101 effectively improved IMACS-TISs in patients
with PM and DM. A major limitation of this study is the incon-
clusive clinical outcomes due to the absence of a control group
and a small sample size. Future studies on PN-101 for IIM treat-
ment should be placebo-controlled, randomised, and involve a
larger patient population to better assess its efficacy. Despite its
limitations, this open-label, prospective clinical trial is the first
proof of concept for mitochondrial transplantation in patients
with PM and DM, demonstrating good safety and potential clini-
cal efficacy as evaluated by TIS.

In conclusion, the study findings suggest that mitochondrial
transplantation may effectively restore muscle strength and
reduce inflammation in IIM, highlighting its potential as a thera-
peutic intervention. Mitochondrial transplantation may offer a
promising new treatment option for IIM.
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ABSTRACT

Objectives: Tocilizumab (TCZ), rituximab (RTX), mycophenolate mofetil (MMF), and cyclophos-
phamide (CYC) are the immunosuppressants (IS) most frequently used for systemic sclerosis-asso-
ciated interstitial lung disease (SSc-ILD). This post hoc study aimed to compare their effectiveness
in patients with SSc-ILD from the European Scleroderma Trials and Research (EUSTAR) database.
Methods: We included radiologically confirmed SSc-ILD patients with treatment records for TCZ,
RTX, MMF, or CYC. The primary endpoint was the change in forced vital capacity (FVC) percent
predicted from baseline to follow-up. Analyses were adjusted for clinical and demographic char-
acteristics, cotreatments, and follow-up duration using propensity score-based inverse probabil-
ity of treatment weighting (IPTW).

Results: Nine hundred fifty-five patients with 997 treatment observations were included in the
study. The median follow-up time was 11 months (IQR, 8-14 months). After IPTW, the changes
in FVC percent predicted were not significantly different in the multigroup comparison
(P = .101). Paired comparisons showed no significant difference. CYC was associated with sta-
ble FVC in logistic regression. For subgroup analysis, the treatment differences in change of FVC
percent predicted among the 4 groups were not significant in patients with combination IS or
previous exposure to TCZ, RTX, or conventional IS, as well as in current smokers or nonsmokers,
and regardless of whether observations started either at the initiating or noninitiating stage of
the treatment.

Conclusions: In this first large real-world study, the effectiveness of TCZ, RTX, MMF, and CYC on
FVC change in SSc-ILD patients was not statistically different.

WHAT THIS STUDY ADDS

tiveness in some subanalyses.

POLICY

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Mycophenolate mofetil (MMF), cyclophosphamide (CYC), toci-
lizumab (TCZ), and rituximab (RTX) are the most frequently
used immunosuppressants (IS) for systemic sclerosis-associated
interstitial lung disease (SSc-ILD). However, comparisons of
their effectiveness/efficacy are limited and inconsistent.

* In this first large European Scleroderma Trials and Research
(EUSTAR) real-world study, TCZ, RTX, MMF, and CYC had
comparable effectiveness on SSc-ILD, although CYC showed
clinically marginal but statistically significantly better effec-

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR

* The findings of this study may provide a decision basis for drug
selection for SSc-ILD treatment and future clinical trial design.

and MMF showed comparable efficacy to CYC in SLS2, both ran-
domized clinical trials (RCTs) designed for SSc-ILD [10,11]. TCZ
was effective compared with placebo for ILD in 2 clinical trials
for early, diffuse, and inflammatory SSc patients with a high risk
of disease progression, although not all the subjects had ILD at
baseline [12,13]. RTX was analysed in a single-country RCT in
Japan and showed a significant effect compared with the pla-
cebo on forced vital capacity (FVC) [14].

However, an important limitation of these RCTs is their low
representativeness of the general SSc-ILD population. For exam-
ple, an analysis of the European Scleroderma Trials and
Research (EUSTAR) database showed that only 1.6% of
EUSTAR-registered real-life SSc-ILD patients fulfilled the modi-
fied inclusion criteria of the phase 3 TCZ trial [15]. Another
issue is the lack (or inconclusive results) of head-to-head com-
parisons among these IS agents in SSc-ILD. Currently, the best
evidence available for head-to-head comparison is the SLS2
study, showing comparable efficacy of MMF and CYC on SSc-
ILD [11]. A recent single-country RCT of ILD patients with dif-

INTRODUCTION

ferent underlying connective tissue diseases (the RECITAL trial)
showed no significant difference between RTX and CYC [16].
However, the SSc subgroup was small, and definite conclusions
specifically for SSc-ILD were, therefore, difficult to make [16].
On the other hand, a small single-centre RCT from India showed
better efficacy of RTX compared with CYC [17].

Systemic sclerosis (SSc) is an autoimmune disease character-
ized by vasculopathy and fibrosis affecting the skin and internal
organs. Among those, interstitial lung disease (ILD) is one of the
most frequent complications, and strong evidence suggests that
it is associated with worse outcomes [1—5]. Although remark-
able advances in understanding the natural course of SSc-ILD
and in the availability of new treatments have been achieved in
the recent decade, the high mortality compared with other rheu-
matic diseases underlines that there are still large unmet clinical
needs [6,7].

Mycophenolate mofetil (MMF), cyclophosphamide (CYC),
tocilizumab (TCZ), and rituximab (RTX) are the immunosup-
pressants (IS) with the currently highest evidence for the treat-
ment of SSc-ILD [8,9]. Among these 4, CYC was effective
compared with placebo in the Scleroderma Lung Study (SLS) 1,
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Given these limitations and the scarce data support to guide
treatment decisions in routine practice, we aimed to perform a
large, real-world, observational study comparing the effective-
ness of TCZ, RTX, MMF, and CYC in SSc-ILD patients. To achieve
this goal, we analysed SSc-ILD patients from the EUSTAR data-
base, with FVC change as the primary endpoint.

METHODS

Data source

EUSTAR is a large, international, multicentre, prospective
registry for SSc patients [18]. For the current analysis (EUSTAR
clinical project 128), data were downloaded from the EUSTAR
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database in September 2022, providing information on 22,021
patients from 231 participating centres. The structure of the
EUSTAR database, the minimal essential data set, and the avail-
able clinical, demographic, and diagnostic parameters have
been previously described [19]. This study was performed and
reported according to the Strengthening The Reporting of Obser-
vational Studies in Epidemiology (STROBE) statement [20]
(Supplemental Appendix S1).

Patients and design

We included SSc patients recorded in the EUSTAR database
since 2000 who fulfilled the following criteria: (1) labelled as
having high-resolution computed tomography (HRCT-) or X-ray
—confirmed ILD in the database; (2) having a database-recorded
start date for the use of TCZ, RTX, MMF, or CYC; (3) having the
end of exposure to TCZ, RTX, MMF, or CYC after the first radio-
logical record for ILD; (4) fulfilling the 2013 classification crite-
ria for SSc or the 1980 American College of Rheumatology
classification criteria [21,22]; and (5) having at least 2 FVC
records associated with the treatment period. Patients treated
with any other targeted IS therapy before the start of the study
agents or autologous stem cell transplantation were excluded.

The primary endpoint was the change in FVC percent pre-
dicted from baseline to the follow-up visit closest to 1 year. Sec-
ondary endpoints included absolute changes in diffusing
capacity for carbon monoxide (DLCO) percent predicted, cate-
gorical changes in FVC (AFVC over +3.3%, +5%, or +10% pre-
dicted), a composite measure for lung function progression (FVC
decrease >5% predicted and DLCO decrease >15% predicted
[23]), dyspnoea change assessed by the New York Heart Associ-
ation (NYHA) scale, absolute changes in the modified Rodnan
Skin Score (mRSS), and progression of mRSS (AmRSS > 5 points
and >25% from baseline to follow-up [24]). Definitions of pro-
gression are based on the minimal clinically important differ-
ence [25,26] or consensus to define progression.

Calculation of exposure to TCZ, RTX, MMF, or CYC

We used the record of the start and end dates of TCZ, RTX,
MMEF, and CYC treatments from the database. For treatments
with no specific information on the end date, we counted the
first visit, no longer recording the treatment of interest as the
end date. However, because EUSTAR is a real-life registry data-
base recorded by investigators, we had a small proportion of
patients (less than 1% of the total study population) with data
unreasonable to clinical common sense (eg, 10 years of CYC
treatment). These treatment periods of unreasonable duration
were excluded. If multiple exposures to a given agent were
recorded in 1 patient, the earliest exposure was analysed. For a
patient who had been exposed to more than 1 study agent, each
exposure was included separately if there was a washout inter-
val of at least 3 months between them.

Timepoint definitions

The visit with FVC closest to the start of treatment was
defined as the baseline visit, within a maximum of 4 months
before the start and before the stop of treatment, as shown in
Supplemental Figure S1. A minimum of 6 months follow-up was
required. The follow-up visit closest to 12 months, but no later
than 4 months (12 months for RTX) after the end of treatment,
was chosen as the endpoint FVC.
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Covariates

Covariates used in the model to calculate propensity scores
included baseline and follow-up characteristics. The covariates
were determined based on expert opinion. The baseline covari-
ates included age, sex, disease duration since the first non-Ray-
naud’s phenomenon, skin subtype of SSc, autoantibodies,
baseline mRSS, current smoker, FVC percent predicted, DLCO
percent predicted, ever C-reactive protein (CRP) elevation,
arthritis, tendon friction rubs, joint contraction, digital ulcers
(DU), history of renal crisis, myositis, left ventricular ejection
fraction (LVEF < 45%), pericardial effusion, right heart catheter
confirmed pulmonary hypertension (PH), reticular changes on
HRCT, previous IS exposure, background antifibrotic, IS, and
corticosteroid treatments and duration of follow-up.

Patient involvement

There was no specific patient involvement in this study.
EUSTAR closely collaborates with patient research partners in
the conduct and design of the database.

Sensitivity and subgroup analysis

The secondary analyses were not predefined. The aim of the
secondary analyses was to address the clinical limitations or sta-
tistical imbalances identified in the main analysis population,
serving as a supplement to strengthen the primary findings. Sen-
sitivity analyses used (1) observations only with recorded end
dates of treatment (treatments with no specific information on
end date were excluded) and (2) observations since 2013, when
targeted therapies were becoming more widely available. Sub-
group analyses were performed as follows: IS-naive vs nonnaive
patients, patients on monotherapy without combination IS vs
patients on combination IS therapy, current smokers vs non-
smokers, and observations close to the start of a new therapy
(initiating) vs observations with already longer treatment dura-
tion. The initiating stage was defined as the baseline visit occur-
ring no later than the end of the sixth month after treatment
initiation.

Statistical analysis

The EULAR points to consider when analysing and reporting
comparative effectiveness research using observational data in
rheumatology [27] were followed, with the exception of the rea-
sons for treatment discontinuation, which were mostly unavail-
able in the database.

Descriptive statistics are reported as absolute numbers and
relative frequencies for categorical variables and mean and SD
for continuous variables. Comparison of baseline and follow-up
characteristics of patients in the 4 treatment arms was per-
formed by y* test, Fisher’s exact test, or the Kruskal-Wallis test,
according to the distribution of the variable.

To evaluate the effectiveness of TCZ, RTX, MMF, and CYC,
propensity score-based inverse probability of treatment weight-
ing (IPTW) was used to balance the baseline and follow-up char-
acteristics and reduce the selection bias to a minimum. The
IPTW calculation used the gradient-boosted model (GBM) [28],
which is designed to balance multiple groups and allow paired
comparison (R package twang and survey). Paired comparisons
of the study agents were performed using average treatment
effects (ATEs) [28], with Bonferroni correction for P values. Uni-
variate and multivariate logistic regression was used as a
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supplementary method to evaluate the effectiveness of the study
agents.

Missing data were imputed with multiple imputations
(M = 100) using the R package mice. Missing information on
the exposure to treatments other than study drugs, such as antifi-
brotic agents, was assumed as no exposure.

P values of <.05 were considered statistically significant.
Analyses were performed using R 4.1 statistical software (R
Development Core Team, R Foundation for Statistical Comput-
ing).

RESULTS
Cohort selection and cohort characteristics

Within the EUSTAR database, 955 patients from 103 study
centres with 997 treatment observations fulfilled the inclusion
criteria (Supplemental Fig S2). The missingness of each variable
is described in Supplemental Table S1.

We had 4 treatment groups: the TCZ group, n = 96 (9.6%);
the RTX group, n = 172 (17.3%); the MMF group, n = 511
(51.3%); and the CYC group, n = 218 (21.9%). Most of the
observations (685 out of 997, 68.7%) began at the initiation
stage of treatment, defined as the baseline visit occurring no
later than the end of the sixth month after treatment initiation.
Baseline characteristics for the TCZ, RTX, MMF, and CYC groups
showed differences reflecting the indications for the different
treatments (left part of Table 1, “before IPTW”). Patients from
the 2 targeted therapy (TCZ and RTX) groups had higher base-
line mRSS. The baseline FVC was higher in the TCZ and MMF
groups. The TCZ arm had a remarkably higher proportion of
arthritis and the highest dyspnoea scale at baseline. The RTX
group had the highest proportion of PH and DU ever but the
lowest current smoking. Patients in the RTX and CYC groups
had the highest prevalence of CRP elevation ever. Disease dura-
tion was the shortest in the CYC group and the longest in the
MMF group. As expected, the TCZ and RTX groups had fewer IS-
naive patients and more background IS or antifibrotic treat-
ments. Baseline age, sex, SSc subtype (limited/diffuse), and
autoantibody types were not significantly different among the 4
groups. The median follow-up time for each of the 4 treatment
arms ranged from 11 (CYC, TCZ, and RTX) to 12 (MMF) months
(Table 1).

Effectiveness of TCZ, RTX, MMF, and CYC on lung function after
IPTW

After IPTW, most of the baseline and follow-up characteris-
tics were balanced among the 4 treatment groups, except race,
combination IS use, current smoking, and honeycombing on
HRCT (Table 1).

As shown in Table 2 and Figure A, after IPTW, the mean
adjusted change in FVC percent predicted from baseline to fol-
low-up was not significantly different by multiple group compar-
ison (P = .101). There was also no significant difference in FVC
improvement (increase over 3.3%, 5%, or 10% predicted) or
worsening (decrease over 3.3%, 5%, or 10% predicted) (Table 2).
In paired comparisons using ATE, the FVC change was not sig-
nificantly different among the groups (Table 3). Sensitivity anal-
yses limited to treatment observations with stopping dates
recorded and to observations since 2013 (when more treatments
became available) showed no statistical difference either in mul-
tigroup or paired comparisons (Supplemental Tables S2-S5).
However, multivariate logistic regression showed that CYC was
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the only drug independently associated with maintaining or
improving FVC, defined as a decline of less than 5% predicted
(Supplemental Table S6).

There was no significant difference in the change of DLCO
percent predicted among the 4 groups in primary or sensitivity
analyses (Table 2, Fig. B, and Supplemental Tables S3 and S5).
The paired comparisons were not significantly different in the
primary analysis or sensitivity analyses (Table 3, Supplemental
Tables S3 and S5). Progression of lung function using the com-
posite endpoint (FVC decrease >5% predicted and DLCO
decrease >15% predicted) occurred at low frequency (<5%),
and we did not detect significant differences between groups
(Table 2). The change in dyspnoea assessed by the NYHA scale
was significantly different among the 4 treatments both before
and after the IPTW (P < .001), mainly because the mean change
in the dyspnoea scale was a little worsened in the TCZ group
while slightly improved in the other 3 groups (Table 2). The 2
sensitivity analyses showed similar significant differences (Sup-
plemental Tables S2 and S4).

Stratified analyses on FVC change

Since combination IS use was not balanced in the IPTW
model for the whole study population, we stratified our analysis
based on combined IS therapy (Table 4). For each study agent,
no difference was observed in FVC change between patients
with monotherapy and combined IS therapy. However, in cases
with no combined IS therapy, the intertreatment P value was
significant among the 4 drugs (P = .032), with the mean change
in predicted FVC highest for the CYC arm (2.60%) and lowest
for the TCZ arm (—1.38%). No paired comparisons showed sig-
nificance after multiple hypothesis corrections (Table 5). The
difference in FVC change between the 4 groups was not signifi-
cant for patients with combination IS treatment.

Regarding stratification by previous exposure to IS, as shown
in Table 4, IS-naive patients showed no significant difference in
FVC change compared with non—IS-naive patients in the TCZ,
RTX, and CYC groups. The effectiveness of the 4 drugs was com-
parable in non—IS-naive patients but was significantly different
in IS-naive patients (intertreatment P = .002). Again, CYC
showed the highest mean FVC change numerally, and TCZ
showed the lowest. Further paired comparisons in IS-naive
patients showed no significance (Table 5).

We also compared the FVC effectiveness of TCZ, RTX, MMF,
and CYC in observations initiated at the start of treatment
(within the first 6 months of treatment) vs patients already
being on treatment for a longer duration. The intertreatment P
value among the 4 agents was not significant in either initiating
or noninitiating observations (Table 4). The paired comparisons
were not significant in either subgroup (Table 5). Similarly, the
multigroup or paired comparisons for the 4 drugs in either cur-
rent smokers or noncurrent smokers were not significantly dif-
ferent (Tables 4 and 5).

Effectiveness of TCZ, RTX, MMF, and CYC on mRSS after IPTW

As shown in Table 2, the adjusted mean change in mRSS from
baseline to follow-up was slightly decreased in all 4 groups. No
statistically significant difference between treatment groups was
detected in the multigroup comparison (Table 2; Fig. C) or
paired comparisons (Table 3). mRSS progression occurred in
less than 10% of patients of each arm, and no significant differ-
ence was detected in the multigroup comparison (Table 2). Sen-
sitivity analyses showed no significant differences between
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Table 1
Baseline and follow-up characteristics of the patients*

‘e ueg ‘O

Before IPTW, n (%) After IPTW, n (%)
CYC MMF RTX TCZ Intertreatment CYC MMF RTX TCZ Intertreatment
N 218 511 172 96 P values 684.97 887.31 560.3 591.68 P values
Demographic and patient characters
Age (y), mean (SD) 54.78 (12.32) 55.10(12.58) 52.33(12.79) 54.76 (11.34) .088 55.36 (11.75) 54.77 (12.29) 52.99 (11.66) 54.66 (11.59) .340
Non-RP duration (y), mean (SD) 6.23(7.29) 854(7.75) 7.39(7.55) 7.98(9.09) .003 7.55(7.41) 7.97(7.59) 7.39(7.39) 7.88(8.18) .654
Female 163 (74.8) 396 (77.5) 127 (73.8) 79 (82.3) .376 543.3(79.3) 664.9(74.9) 436.8(78.0) 486.6(82.2) .504
dcSSc 138 (63.3) 293 (57.3) 109 (63.4) 65 (67.7) 137 411.8(60.1) 535.7(60.4) 356.7(63.7) 404.3(68.3) .510
Race
Unknown 35(16.1) 44 (8.6) 34 (19.8) 8(8.3) <.001 114.0 (16.6) 73.6(8.3) 115.1(20.5) 47.5(8.0) .008
White 155 (71.1) 431 (84.3) 128 (74.4) 71 (74.0) 500.4 (73.1) 746.3(84.1) 410.8(73.3) 458.3(77.5)
Black 3(1.49 6(1.2) 5(2.9) 3(3.1) 8.9(1.3) 13.9(1.6) 15.5(2.8) 14.0 (2.4)
Asian 17 (7.8) 14 (2.7) 2(1.2) 10 (10.4) 39.2(5.7) 25.5(2.9) 2.6 (0.5) 62.3 (10.5)
Hispanic 1(0.5) 2(0.4) 1(0.6) 0(0.0) 2.7(0.4) 2.7 (0.3) 1.9(0.3) 0.0 (0.0)
Others 7(3.2) 14 (2.7) 2(1.2) 4(4.2) 19.8 (2.9) 25.3(2.9) 14.4 (2.6) 9.7 (1.6)
DU ever 83(38.1) 184 (36.0) 92 (53.5) 40 (41.7) .001 271.5(39.6) 340.8(38.4) 258.4(46.1) 282.0(47.7) .353
SRC ever 3(1.9 11 (2.2) 6(3.5) 4(4.2) .355 5.4 (0.8) 17.5(2.0) 17.7 (3.2) 14.0 (2.4) .345
Autoantibodies
ACA+ 27 (12.4) 85 (16.6) 16 (9.3) 12(12.5) .081 90.2 (13.2) 135.0(15.2) 64.8(11.6) 56.7 (9.6) 567
ATA + 146 (67.0) 317 (62.0) 99 (57.6) 62 (64.6) 275 447.5(65.3) 555.6(62.6) 330.3(59.0) 425.3(71.9) .237
Anti-U1IRNP + 10 (4.6) 37(7.2) 13(7.6) 3(3.1) .268 41.7 (6.1) 65.6 (7.4) 30.8 (5.5) 22.2(3.8) .645
Anti-Pol3 + 14 (6.49) 44 (8.6) 16 (9.3) 11 (11.5) .487 35.1(5.1) 77.9 (8.8) 40.7 (7.3) 32.6 (5.5) .343
Anti-PM/Scl + 12(5.5) 33(6.5) 18 (10.5) 5(5.2) 196 31.9(4.7) 58.7 (6.6) 56.2(10.0) 14.9(2.5) .034
CRP elevation ever 138 (63.3) 241 (47.2) 115 (66.9) 46 (47.9) <.001 388.7(56.7) 457.0(51.5) 332.4(59.3) 280.8(47.5) .311
Baseline parameters
mRSS, mean (SD) 13.09 (10.06) 10.99 (9.11) 14.07 (10.52) 14.06 (10.68) <.001 11.93(9.42) 12.10(9.72) 12.48(9.40) 12.39(10.02) .958
FVC% predicted, mean (SD) 78.22(20.19) 80.59 (21.07) 76.56 (19.58) 80.56 (19.20) .108 78.62(19.51) 79.77 (20.60) 79.77 (20.26) 77.94 (17.67) .812
DLCO% predicted, mean (SD) 48.45(17.29) 52.60 (20.22) 54.18 (19.52) 55.81 (19.62) .004 50.18 (17.96) 52.53(19.82) 54.00(18.36) 53.02(17.97) .345
Dyspnoea scale, mean (SD) 2.32(1.05) 2.38(1.17) 2.17(1.09) 2.59(1.28) .076 2.28(1.05) 2.41(1.16) 230(1.17) 269(1.26) .189
ESR, mm/h, mean (SD) 27.48 (22.21) 22.29(19.91) 23.80(21.98) 19.41 (22.68) .005 25.37 (20.32) 22.37(19.85) 21.23(20.50) 19.68 (21.14) .129
CRP, mg/L, mean (SD) 7.08 (18.07) 6.06(17.09) 7.19(18.05) 1.00(1.92) .015 8.08(19.40) 6.01(16.75) 6.22(16.55) 1.01(1.96) .082
Arthritis 35(16.1) 36 (7.0) 30(17.4) 32(33.3) <.001 97.7 (14.3)  86.7(9.8) 88.2(15.7) 90.5(15.3) .277
Tendon friction 31(14.2) 47 (9.2) 25 (14.5) 13(13.5) .106 92.4 (13.5) 87.9(9.9) 96.5 (17.2) 55.0(9.3) .185
Joint contraction 67 (30.7) 164 (32.1) 82 (47.7) 44 (45.8) <.001 213.0(31.1) 288.7(32.5) 223.2(39.8) 214.8(36.3) .458
Myositis 28 (12.8) 34(6.7) 23(13.4) 9(9.4) .013 68.7 (10.0)  66.6 (7.5) 57.4(10.3) 61.4(10.4) .73
LVEF < 45% 6(2.8) 7 (1.4) 2(1.2) 0(0.0) .266 11.8(1.7) 12.1(1.4) 3.0(0.5) 0.0 (0.0) 1
LVEF, %, mean (SD) 61.22(8.06) 62.31(8.62) 60.64(9.19) 62.71(5.91) .062 61.02(7.80) 62.30(8.70) 61.38(8.53) 62.96(5.80) .122
Pericardial effusion 23 (10.6) 31(6.1) 14 (8.1) 6(6.2) .188 58.8 (8.6) 55.7 (6.3) 44.8 (8.0) 45.5(7.7) .869
RHC confirmed PH 9(4.1) 31(6.1) 21(12.2) 221 .002 40.0 (5.8) 49.7 (5.6) 36.5 (6.5) 15.0 (2.5) .457 ?
Oesophageal symptoms 132 (60.6) 322(63.0) 109 (63.4) 65 (67.7) .686 430.9(62.9) 555.2(62.6) 312.4(55.7) 419.6(70.9) .168 ;
HRCT pattern =3
Ground glass 134 (61.5) 307 (60.1) 94 (54.7) 55 (57.3) 523 402.8 (58.8) 532.0(60.0) 317.0(56.6) 342.4(57.9) .939 5
Honeycomb 133 (61.0) 291 (56.9) 67 (39.0) 56 (58.3) <.001 419.3(61.2) 504.4(56.8) 219.1(39.1) 365.9(61.8) .004 )
Reticular change 143 (65.6) 280 (54.8) 129 (75.0) 65 (67.7) <.001 436.7 (63.8) 532.0(60.0) 395.1(70.5) 360.0(60.8) .367 &
Current smoker 96 (44.0) 194 (38.0) 31 (18.0) 33 (34.4) <.001 270.8 (39.5) 324.4(36.6) 114.8(20.5) 212.4(35.9) .017 -
Follow-up time, mo, median (IQR) 11 (8,13) 12(9, 15) 11(7,14) 11(9,13) .013* 11 (9,13) 12(8,14) 11 (8,13) 11 (9,13) .500° §
(continued on next page) g
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Table 1 (Continued)
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Before IPTW, n (%) After IPTW, n (%)
CYC MMF RTX TCZ Intertreatment CYC MMF RTX TCZ Intertreatment

N 218 511 172 96 P values 684.97 887.31 560.3 591.68 P values

Previous medications:

Previous IS 55(25.2) 187 (36.6) 129 (75.0) 57 (59.4) <.001 239.3(34.9) 351.9(39.7) 311.1(55.5) 284.4(48.1) .017
CYC 0(0.0) 109 (21.3) 63 (36.6) 14 (14.6) <.001 0.0 (0.0) 207.0(23.3) 135.0(24.1) 95.2(16.1) <.001
MMF 11 (5.0) 0(0.0) 56 (32.6) 19 (19.8) <.001 59.9 (8.7) 0.0 (0.0) 132.7(23.7) 102.3(17.3) <.001
RTX 0(0.0) 5(1.0) 0(0.0) 7(7.3) <.001 0.0 (0.0) 9.2(1.0) 0.0 (0.0) 35.2(6.0) .002
TCZ 0(0.0) 3(0.6) 6(3.5) 0(0.0) .001 0.0 (0.0) 6.6 (0.7) 14.3 (2.6) 0.0 (0.0) .057
AZA 23(10.6) 66 (12.9) 17 (9.9) 5(5.2) .145 107.6 (15.7) 118.5(13.4) 46.2(8.2) 23.4(4.0) .018
LEF 1(0.5) 0(0.0) 7 (4.1) 6(6.2) <.001 5.9 (0.9) 0.0 (0.0) 23.4(4.2) 18.1(3.1) .028
MTX 26 (11.9) 61 (11.9) 54 (31.4) 33(34.4) <.001 91.3(13.3) 127.7 (14.4) 121.1(21.6) 138.9(23.5) .064

No. of previous IS, mean (SD) 0.28 (0.51) 0.48(0.71) 1.18(0.94) 0.88(0.91) <.001 0.39(0.56) 0.53(0.75) 0.84(0.93) 0.70(0.88) <.001

Background medications

Antifibrotic agents 19 (8.7) 33(6.5) 23(13.4) 13(13.5) .014 57.1(8.3) 61.3(6.9) 56.0(10.0) 65.6(11.1) .566

Background IS* 8(3.7) 11 (2.2) 34(19.8) 25 (26.0) <.001 29.1 (4.2) 42.3(4.8) 64.5(11.5) 56.4(9.5) .027
CYC 0(0.0) 0(0.0) 2(1.2) 1(1.0) .042 0.0 (0.0) 0.0 (0.0) 3.0(0.5) 1.4 (0.2) .295
MMF 0(0.0) 0(0.0) 8(4.7) 0(0.0) <.001 0.0 (0.0) 0.0 (0.0) 18.5(3.3) 0.0 (0.0) .004
RTX 0(0.0) 2(0.4) 0(0.0) 0(0.0) .592 0.0 (0.0) 6.1(0.7) 0.0 (0.0) 0.0(0.0) 495
TCZ 0(0.0) 2(0.4) 0(0.0) 0(0.0) .592 0.0 (0.0) 6.1 (0.7) 0.0 (0.0) 0.0 (0.0) 495
AZA 4(1.8) 5(1.0) 8(4.7) 4(4.2) .014 16.9 (2.5) 18.0 (2.0) 11.9(2.1) 7.3(1.2) .829
MTX 4(1.8) 4(0.8) 17 (9.9) 15 (15.6) <.001 12.2(1.8) 18.2(2.0) 32.6(5.8) 34.4(5.8) .067

Any steroids 153 (70.2) 334 (65.4) 131 (76.2) 54 (56.2) .004 449.8 (65.7) 589.9(66.5) 377.6(67.4) 341.8(57.8) .449

Prednisone > 10 mg 9(4.1) 13 (2.5) 6 (3.5) 1(1.0) 427 26.4 (3.8) 28.8(3.2) 13.9(2.5) 1.5(0.3) .068

* Clinical manifestations are defined according to EUSTAR standards unless otherwise indicated [19].

¥ Unless otherwise specified.

* 1S included conventional IS and 2 targeted agents, tocilizumab and rituximab; other targeted agents were excluded from this study.
ACA, anticentromere antibody; Anti-Pol3, anti-RNA polymerase III antibody; ATA, antitopoisomerase I antibody; AZA, azathioprine; CRP, C-reactive protein; CYC, cyclophosphamide; dcSSc, diffused
cutaneous systemic sclerosis; DLCO, diffusing capacity of the lungs for carbon monoxide; DU, digital ulcer; ESR, erythrocyte sediment rate; FVC, forced vital capacity; HRCT, high-resolution com-
puted tomography; IPTW, propensity score-based inverse probability of treatment weighting; IS, immunosuppressant; LEF, leflunomide; LVEF, left ventricular ejection fraction; MMF, mycophenolate
mofetil; mRSS, modified Rodnan Skin Score; MTX, methotrexate; PH, pulmonary hypertension; RHC, right heart catheter; RP, Raynaud’s phenomenon; RTX, rituximab; SRC, scleroderma renal crisis;
TCZ, tocilizumab.
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Table 2
Multigroup comparison of tocilizumab, rituximab, mycophenolate mofetil, and cyclophosphamide effectiveness on primary and secondary endpoints

Before IPTW After IPTW
CYC MMF RTX TCZ Intertreatment CYC MMF RTX TCZ Intertreatment

n 218 511 172 96 P values 684.97 887.31 560.3 591.68 P values
Change in FVC% predicted (mean, SD) 2.60(11.21) 0.77 (12.05) 0.08 (10.93) —1.34(11.35) .028* 2.44(10.50) 0.98 (11.93) 0.49(10.15) -1.51(12.46) .101*
FVC categorical change, n (%)

Increase >3.3% predicted 90 (41.3) 163 (31.9)  52(30.2) 32(33.3) .0417 272.4(39.8) 286.8(32.3) 196.8(35.1) 200.3(33.9) .429'

Between —3.3% to + 3.3% predicted 83(38.1) 182(35.6) 67 (39.0) 33(34.4) 274.1 (40.0) 321.6(36.2) 211.2(37.7) 200.2(33.8)

Decrease >3.3% predicted 45 (20.6) 166 (32.5)  53(30.8) 31(32.3) 138.5(20.2) 278.9(31.4) 152.3(27.2) 191.2(32.3)

Increase >5% predicted 75 (34.4) 127 (24.9) 40 (23.3) 21 (21.9) .010" 225.3(32.9) 223.0(25.1) 149.9(26.8) 142.3(24.1) .099"

Between —5% to + 5% predicted 111(50.9) 255(49.9) 91 (52.9) 47 (49.0) 367.4 (53.6) 444.0 (50.0) 285.8 (51.0) 266.7 (45.1)

Decrease >5% predicted 32(14.7) 129(25.2)  41(23.8) 28 (29.2) 92.3(13.5)  220.3(24.8) 124.6(22.2) 182.7(30.9)

Increase >10% predicted 39 (17.9) 70 (13.7) 18 (10.5) 10 (10.4) .034" 115.4 (16.8) 125.2(14.1) 62.111.1)  81.7(13.8) 4117

Between —10% to +10% predicted 166 (76.1)  372(72.8) 131(76.2)  76(79.2) 532.3(77.7) 648.2(73.1) 442.7 (79.0) 444.6 (75.1)

Decrease >10% predicted 13 (6.0) 69 (13.5) 23 (13.4) 10 (10.4) 37.3(5.4) 113.9(12.8) 55.5(9.9) 65.5(11.1)
Change in DLCO% predicted, mean (SD)  9.82(25.50) 8.78 (26.02) 1.98(21.76) 6.72(20.88) .008* 10.18 (26.01) 8.55(25.41) 5.11(20.98) 5.33(19.64) .227*
Composite lung function worsening,” n (%) 8 (3.7) 12(2.3) 9(5.2) 4(4.2) 287" 25.4 (3.7) 19.2(2.2) 26.1 (4.6) 25.5(4.3) 560"
Change in dyspnoea scale," mean (SD) —0.11(0.91) —0.19(0.72) —0.18(1.01) 0.56 (1.20) <.001" —0.13(0.91) —0.22(0.76) —0.29 (1.14) 0.57 (1.22) <.001"
Change in mRSS, mean (SD) —1.67 (6.76) —1.80(6.90) —2.07 (7.48) —3.93(8.97) .052* —-1.20(6.68) —2.07 (7.23) -1.03(7.01) —3.09(8.23) .125%
mRSS worsening, n (%) 15 (6.9) 30 (5.9) 14 (8.1) 7(7.3) 753" 53.6 (7.8) 50.8 (5.7) 55.5 (9.9) 31.3(5.3) 422"

* Analysis of variance test.

T y2 test or Fisher’s exact test.

* FVC decrease >5% predicted and DLCO decrease >15% predicted.

8 New York Heart Association (NYHA) scale.

I Increase of mRSS > 5 points and >25% from baseline to follow-up.

1 Kruskal-Wallis test.
CYC, cyclophosphamide; DLCO, diffusing capacity of the lungs for carbon monoxide; FVC, forced vital capacity; IPTW, propensity score-based inverse probability of treatment weighting; MMF, myco-
phenolate mofetil; mRSS, modified Rodnan Skin Score; RTX, rituximab; TCZ, tocilizumab.
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Figure. The accumulative proportion of changes in (A) forced vital capacity (FVC%) predicted, (B) diffusing capacity of the lungs for carbon monoxide
(DLCO) predicted, and (C) modified Rodnan Skin Score (mRSS; after propensity score-based inverse probability of treatment weighting). CYC, cyclo-
phosphamide; DLCO, diffusing capacity of the lungs for carbon monoxide; MMF, mycophenolate mofetil; RTX, rituximab; TCZ, tocilizumab.

treatment groups in mRSS outcomes either (Supplemental
Tables S2-S5).

DISCUSSION

This is the first real-world study comparing the effectiveness
of TCZ, RTX, MMF, and CYC in SSc-ILD. We addressed both initi-
ating and long-standing treatments, with the majority being in
the initiating phase. We first described the prescription pattern
of these 4 IS agents for SSc-ILD in clinical practice. As expected,
MMF and CYC were mostly used as the first-line treatment, and
the targeted therapies were used as second-line treatments. TCZ
was used more frequently in SSc patients with arthritis, implying
arthritis was a major indication for TCZ selection by physicians
in practice. Unexpectedly, the TCZ group did have rather infre-
quent CRP elevation, indicating that inflammation was not the
major reason for TCZ selection in clinical practice. It must be
noted that most of the TCZ patients in the EUSTAR registry were
treated before the results of the phase 3 TCZ trial were pub-
lished, which included early inflammatory patients and where
arthritis was not an inclusion criterion. Moreover, in some coun-
tries, TCZ was only available for patients with polyarthritis.

We did not find differences in the multigroup comparison
between the effectiveness of TCZ, RTX, MMF, and CYC on FVC
change in patients with SSc-ILD. This was the primary endpoint
of our study and is consistent with results from the 2 available
large RCTs, SLS2 and RECITAL, which did not find differences
when comparing the efficacy of CYC with MMF and RTX, respec-
tively. Other RCTs comparing the remaining therapies are
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unavailable, and our effectiveness study provides the first data
on their comparisons.

Interestingly, several subanalyses of our study point to a
potentially higher effectiveness of CYC vs the other agents,
mainly TCZ. These included subgroup analyses and logistic
regression, especially for patients with monotherapy and IS-
naive patients. CYC and TCZ have never been compared in SSc-
ILD, and this potentially better effectiveness of CYC was
observed for the first time. There are several potential explana-
tions for this phenomenon. First, although TCZ has shown pro-
tective efficacy on FVC in the phase 3 trial for early
inflammatory diffused cutaneous SSc patients, these convincing
effects have not been tested in SSc-ILD patients with other non-
inflammatory phenotypes. Our analysis comes from a real-life
cohort, which is not as enriched and selected as in RCTs, and
effects might be different in different subgroups of patients with
SSc-ILD. Second, there are also no standard dose regimens like
in RCTs, as they are selected by the treating physicians. We
would like to emphasize that this result of potentially better
effectiveness of CYC vs TCZ should be interpreted with great
caution. All differences were derived from secondary analysis;
the differences in FVC among the 4 agents were small and usu-
ally below the minimal clinically important difference [26] for
SSc-ILD patients; the NYHA dyspnoea scale poorly discriminates
between NYHA stage 2 and 3 in clinical routine practice. There-
fore, our findings need confirmation in other cohorts and pro-
spective RCTs on representative cohorts.

Combination IS treatment, especially a combination of bio-
logics and conventional IS, is common practice in SSc-ILD, and
background treatment with conventional IS as the -standard of



Q. Yan et al.

Table 3

Ann Rheum Dis 84 (2025) 620—631

Paired comparisons of tocilizumab, rituximab, mycophenolate mofetil, and cyclophosphamide

effectiveness™

Change in FVC% predicted from baseline to follow-up

Estimate mean difference ~ SE 95% CI Adjusted P value”
MMEF vs CYC —-1.46 0.92 -3.27 to 0.36 .462
CYCvs TCZ 3.94 1.81 0.40 to 7.48 116
MMEF vs TCZ 2.49 1.73 -0.91 to 5.89 .606
CYCvs RTX 1.95 116 -0.32 to 4.23 372
MMEF vs RTX 0.49 1.05 —-1.56 to 2.55 1.000
TCZ vs RTX -2.00 1.87 -5.66 to 1.67  1.000
Change in DLCO% predicted from baseline to follow-up
Estimate mean difference ~ SE 95% CI Adjusted P value
MMFvsCYC -1.63 232 -6.17 to 2.91 1.000
CYCvs TCZ 4.86 3.07 -1.17 to 10.88 .458
MMF vs TCZ 3.23 2.59 -1.86 to 8.31 .856
CYCvs RTX 5.07 3.03 -0.87 to 11.00 .378
MMF vs RTX 3.44 2.54 —-1.54 to 8.42 .705
TCZ vs RTX 0.21 324 -6.15 to 6.57 1.000
Change in mRSS from baseline to follow-up
Estimate mean difference ~ SE 95% CI Adjusted P value
MMFvs CYC  —0.87 0.61 -2.07 to 0.32  .602
CYCvs TCZ 1.90 1.01 —0.08 to 3.87 241
MMFvsTCZ 1.02 095 -0.84 to 2.88  1.000
CYCvs RTX -0.16 0.79 -1.71 to 1.38 1.000
MMF vs RTX  —1.04 071 -2.44 to 0.36  .583
TCZ vs RTX —-2.06 1.07 —4.17 to 0.05 222

* Calculated by average treatment effects of the propensity score-based inverse probability of

treatment weighting model.

* With Bonferroni’s correction.CYC, cyclophosphamide; DLCO, diffusing capacity of the lungs for
carbon monoxide; FVC, forced vital capacity; MMF, mycophenolate mofetil; mRSS, modified
Rodnan Skin Score; RTX, rituximab; TCZ, tocilizumab.

care is allowed in a growing number of SSc RCTs [12,14,29].
However, background IS might mask the potential efficacy of
the study agent, which is a concern in the design of RCTs. An
example is the SENSCIS (Safety and Efficacy of Nintedanib in
Systemic Sclerosis) trial for SSc-ILD [30]. In the SENSCIS trial,
the treatment difference in the nintedanib vs placebo arm was
more prominent in background MMF— patients than in MMF +
patients, as measured by achieving an FVC increase >3% pre-
dicted at week 52 (the odds ratio of treatment vs placebo was
1.01 [95% CI, 0.57-1.81] in the MMF+ group and 3.17 [95%
CI, 1.63-6.16] in the MMF— group; subgroup heterogeneity
P = .011) [31]. Here, in this study with a large sample size, we
also showed that the treatment difference among TCZ, RTX,
MMF, and CYC was significant in monotherapy patients but not
in patients with combination IS therapy. Moreover, comparisons
of a specific agent with or without IS cotreatment showed no sig-
nificant additional benefits with background IS in our study.
These data emphasize again the challenges of background treat-
ments for the design of RCTs in SSc.

This study had some limitations. Safety analyses were not
available because these data were not captured in the EUSTAR
database. For example, mortality status in the database could
not be verified independently. We found that 113/955 patients
had recorded death. However, most of the deaths occurred very
far from the observation period. In addition, the completeness
of follow-up was unclear, and patients without follow-up could,
in part, be patients who died. Only 27 deaths were relevant as
they happened during treatment or within 6 months after stop-
ping the drugs of interest. Among them, 11 (2.2%) deaths were
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associated with MMF, 5 (2.3%) with CYC, 10 (5.8%) with RTX,
and 1 (1.0%) with TCZ. Safety analysis is relevant because safety
is a major reason for the selection between CYC and MMF in
clinical practice [9], with CYC having a somewhat higher num-
ber of adverse events. We mostly used FVC to assess treatment
response in this study but could not include additional outcomes
to reflect ILD progression, such as the patient’s experience and
radiological changes, as recommended by current guidelines
[32]. As an inherited shortage of registry data, many patients
were excluded because of a lack of follow-up or unmatched
measurements with treatments. Although this exclusion may
cause bias, our study population had features similar to those of
the whole EUSTAR ILD population [15] and other SSc-ILD
cohorts [33]. The present study could overestimate the true
exposure period of TCZ, RTX, MMF, and CYC. Forty-six percent
of the observations did not have information for the treatment
end date; thus, they had to be estimated. However, the start date
of treatment was available in all observations, the end date was
available in most cases, and the missed end date was conserva-
tively estimated. Patients dying after baseline FVC measurement
were excluded as they did not fulfil the inclusion criteria for the
second FVC measurement. Similarly, patients with a severe dis-
ease course might have missed their follow-up FVC because of
their deteriorating condition. This might have been different
between the treatment groups and could have led to different
results in their effectiveness. In addition, this study included a
population of mostly Caucasian European patients. Different
responses to treatment in different ethnicities, drug availability,
and insurance policies in different countries and periods may



Q. Yan et al.

Table 4

Ann Rheum Dis 84 (2025) 620—631

Multigroup comparison of subgroup changes in forced vital capacity percent predicted from baseline

CYC MMF RTX TCZ Intertreatment P value
n = 684.97* n = 887.31 n = 560.3 n = 591.68
Background IS
Background IS— 2.60 (10.50)’ 1.00 (12.08) 0.43 (10.32) —1.38(12.94) .032
Background IS + -1.10(10.37)  0.73(8.59) 0.93 (8.89) —2.74 (6.62) 402
Intersubgroup P value .16 .92 .84 .26
Previous IS exposure
IS-naive patients 2.60 (11.35) 0.30 (11.94) 0.62 (9.16) —1.38(10.73) .002
Previous IS+ 2.14 (8.77) 2.02(11.86) 0.38(10.95) —1.64(14.20) .927
Intersubgroup P value .25 .07 .93 .35
Initiating treatment
Baseline in the first 6 mo of treatment 2.46 (10.83) 1.00 (11.40) 0.51 (10.33) —2.05 (13.08) .065
Baseline after the first 6 mo of treatment  2.39 (5.13) 0.96 (13.06) 0.32(1.44) —0.57 (9.41) .848
Intersubgroup P value .38 .69 73 .66
Current smoking
Current smoker 2.60 (9.76) 1.12(12.12) -1.89(9.75) 0.33(13.71) 160
Noncurrent smoker 2.34 (11.59) 0.90 (11.61) 1.10(11.44) —2.54 (9.74) .270
Intersubgroup P value .83 91 .33 91

* After propensity score-based inverse probability of treatment weighting.

¥ Mean (SD).

* Previous IS exposure included cyclophosphamide, mycophenolate mofetil, rituximab, tocilizumab, azathioprine, leflunomide, and

methotrexate.

CYC, cyclophosphamide; IS, immunosuppressant; MMF, mycophenolate mofetil; RTX, rituximab; TCZ, tocilizumab.

Table 5

Paired comparisons of subgroup change in forced vital capacity percent predicted from baseline*

Estimated mean difference  SE 95% CIL Adjusted  Estimated mean difference ~ SE 95% CI Adjusted
P value P value
Background IS— patients background IS + patients
MMFvs CYC —1.60 095 -346 to 0.26 .368 1.83 3.77 =555 to 9.21 1.000
CYCvs TCZ 3.97 1.98 0.10 to 7.85 178 1.64 324 —-470 to 7.98 1.000
MMFvs TCZ  2.37 191 -1.37 to 6.11 .856 3.47 272 -1.86 to 8.81 .825
CYCvs RTX 217 1.24 -0.27 to 4.60 328 -2.03 3.42 -874 to 4.68 1.000
MMF vs RTX  0.56 113 -1.66 to 2.78 1.000 —-0.20 294 -596 to 5.56 1.000
TCZ vs RTX -1.81 2.07 -587 to 2.25 1.000 -3.67 222 -803 to 0.68 .411
IS-naive patients Previous IS + patients
MMFvs CYC —-2.29 1.16 —-4.57 to —-0.02 .194 -0.13 153 =313 to 2.88 1.000
CYCvs TCZ 3.98 2.03 0.01 to 7.95 .200 3.79 310 -229 to 9.86 .890
MMFvs TCZ 1.69 1.93 -210 to 5.47 1.000 3.66 297 =217 to 9.48 .877
CYCvs RTX 1.97 1.83 -1.62 to 5.56 1.000 1.77 1.60 -1.36 to 4.89 1.000
MMF vs RTX  —0.32 1.73 =370 to 3.06 1.000 1.64 1.33 -0.98 to 4.25 .882
TCZ vs RTX -2.01 240 -6.70 to 2.69 1.000 —2.02 3.01 -791 to 3.87 1.000
Initiating treatment Noninitiating treatment
MMFvs CYC —1.46 1.11 -3.63 to 0.71 .758 -1.43 1.73 -4.82 to 1.97  1.000
CYCvs TCZ 4.50 244 -029 to 9.29 .268 2.95 254 =203 to 7.94  .992
MMFvs TCZ  3.04 239 -1.65 to 7.74 .824 1.53 224 -286 to 591 1.000
CYCvs RTX 1.94 1.32 -0.65 to 4.53 .572 2.07 2.07 -2.00 to 6.13  1.000
MMF vs RTX  0.48 123 -192 to 2.89 .992 0.64 1.69 -2.66 to 3.95 1.000
TCZ vs RTX —2.56 250 =746 to 2.34 1.000 -0.89 251 =581 to 4.04 1.000
Current nonsmoker Current smoker
MMFvs CYC —-1.43 1.16 -3.70 to 0.84 .866 -1.47 153 —-447 to 1.52 1.000
CYCvs TCZ 4.88 2.48 0.01 to 9.74 .203 2.26 237 -238 to 6.90 1.000
MMFvs TCZ 3.44 240 -1.27 to 8.15 .619 0.79 220 -3.53 to 5.11 1.000
CYCvsRTX 1.24 135 -1.41 to 3.88 1.000 4.48 2.44 -030 to 9.26 .271
MMF vs RTX  —0.20 1.20 -2.56 to 2.16 1.000 3.01 228 -147 to 7.48 .758
TCZ vs RTX -3.64 250 -854 to 1.27 .593 2.22 291 -349 to 7.92 1.000

* Calculated by average treatment effects of the propensity score-based inverse probability of treatment weighting model.
CYC, cyclophosphamide; IS, immunosuppressant; MMF, mycophenolate mofetil; RTX, rituximab; TCZ, tocilizumab.

impact decision-making and effectiveness, emphasizing the need
for contextual interpretation. Lastly, observational effectiveness
studies cannot provide the same level of evidence as prospec-
tive, randomized, controlled clinical trials. However, head-to-
head comparison trials with 4 different agents are unlikely to be
feasible in an orphan disease such as SSc-ILD, and effectiveness
trials provide important information under these circumstances.

In conclusion, in this first large real-world study, the effec-
tiveness of FVC change in SSc-ILD patients was not statistically
different between TCZ, RTX, MMF, and CYC. Head-to-head
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comparisons from RCTs and a large safety profile analysis are
needed for SSc-ILD.
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Article history: Objectives: Walking offers numerous health benefits, yet its association with symptomatic knee
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Accepted 2 December 2024 tional walking could contribute to this uncertainty. Therefore, we aimed to examine the associa-
tion between daily purposeful walking steps, daily unintentional walking steps, and total daily
steps with incident SKOA.

Methods: We conducted a population-based cohort study using data from the UK Biobank. Of the
participants who had valid accelerometer data at baseline but no history of SKOA (identified
through primary care or hospitalisation records), 89,969 were included. Hazard ratios (HRs) for
categories of daily purposeful walking steps (cadence >60 steps/min), daily unintentional walk-
ing steps (cadence <60 steps/min), and total daily steps were estimated using a Cox proportional
hazard model. The dose-response relationship was assessed using restricted cubic spline
regression.

Results: During a mean follow-up of 6.85 (SD, 1.14) years, 2711 participants developed SKOA.
For daily purposeful walking steps, HRs (95% Cls) of incident SKOA were 0.84 (0.76-0.92), 0.81
(0.71-0.90), and 0.74 (0.64-0.85) for those walking 4000 to 5999, 6000 to 7999, and
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>8000 steps/d, respectively, compared with those walking <4000 steps/d. Restricted cubic
spline regression analysis revealed a declining curve with a potential threshold near
8000 steps/d. Conversely, more daily unintentional walking steps were significantly associated
with higher incident SKOA. No significant association was observed for total daily steps.
Conclusions: More daily purposeful walking steps were associated with lower incident SKOA,
suggesting that purposeful walking may promote musculoskeletal health and help inform future
guidelines for knee osteoarthritis prevention.

WHAT IS ALREADY KNOWN ON THIS TOPIC

» Symptomatic knee osteoarthritis (SKOA) is a highly prevalent
condition that causes significant disability and is becoming an
even greater societal burden with ageing populations and rising
obesity rates. However, no effective preventative strategy exists
as modifying its known risk factors remains a significant chal-
lenge.

Walking is an accessible, cost-effective, low- to moderate-
impact physical activity that offers numerous health benefits,
yet its association with SKOA remains uncertain. A key factor
contributing to this uncertainty may be the failure to distin-
guish between purposeful walking and unintentional walking,
which differ in both intensity of effort and mechanical loading.

WHAT THIS STUDY ADDS

* The incidence of SKOA decreased steadily with an increase in
daily purposeful walking steps (defined as steps taken at a
cadence of >60 steps/min) up to approximately 8000 steps.
This suggests that targeting a minimum of 8000 purposeful
steps/day may be beneficial, after which the benefits plateau.
Daily unintentional walking steps (defined as steps taken at a
cadence of <60 steps/min) were significantly associated with
higher incident SKOA, while no significant association was
observed between total daily steps and incident SKOA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Increasing the number of daily purposeful walking steps at a
higher cadence may help prevent SKOA.

INTRODUCTION

Knee osteoarthritis (OA) is a highly prevalent condition,
affecting approximately 364 to 654 million adults aged
>40 years worldwide [1,2]. Pain from knee OA is a major cause
of disability and the primary reason for patients to seek medical
care [3]. With global trends of an ageing population and increas-
ing obesity prevalence, symptomatic knee OA (SKOA) is pro-
jected to become an even greater societal burden [1,4]. Among
the various constitutional and environmental risk factors identi-
fied for knee OA, the main modifiable factors include over-
weight or obesity, repetitive occupational or recreational
microtrauma, and biomechanical factors such as alterations in
gait mechanics. However, modifying these factors remains a sig-
nificant challenge [4,5].

Walking is an accessible, cost-effective, low- to moderate-
impact physical activity, making it a popular choice for main-
taining physical activity levels [6]. It offers numerous health
benefits, including reducing the risk of overweight and obesity,
diabetes, cardiovascular disease-specific mortality, and all-cause
mortality [7—10]. However, the association between walking
and the risk of developing knee OA remains inconclusive. Some
studies suggest that walking is beneficial for knee OA, contribut-
ing to symptom relief and structural improvements, such as pain
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relief, reductions in cartilage degeneration, and lower risk of
knee or hip replacement [11—15]. However, other studies report
no association [16—20] or even contradictory results regarding
the impact of walking on knee OA [21]. A key limitation in pre-
vious studies is the failure to distinguish between ‘unintentional
walking’ and ‘purposeful walking’. Although closely related,
unintentional walking and purposeful walking are distinct.
Unintentional walking encompasses unintentional or spontane-
ous movements (eg, incidental or sporadic steps) such as stretch-
ing while standing or intentional movements such as a few steps
to go to the bathroom, and all are at low effort with low caden-
ces [22]. In contrast, purposeful walking is a coordinated, rhyth-
mic movement with higher cadences and intensity and includes
continuous walking for sustained periods, such as walking for
exercise or commuting [22]. Combining purposeful walking
with unintentional walking may lead to inaccurate assessments
of their effect on knee OA, contributing to inconsistent findings.
Distinguishing between these step accumulation patterns is criti-
cal for accurately understanding the relation of daily walking to
the risk of knee OA.

To address this knowledge gap, we conducted a large-scale
population-based cohort study using data from the UK Biobank.
We differentiated between purposeful walking, defined as steps
taken at a cadence >60 steps/min, and unintentional walking,
defined as steps taken at a cadence <60 steps/min. This
approach allowed us to examine the associations of both pur-
poseful and unintentional walking with the incidence of SKOA.

METHODS

Data source and study sample

The UK Biobank, established between 2006 and 2010, is a
prospective cohort study comprising 502,412 participants aged
37 to 73 years across the UK [23]. The study was approved by
the National Health Service (NHS) and the National Research
Ethics Service (reference 11/NW/0382). All participants pro-
vided written informed consent. Initial data collection during
recruitment involved questionnaires and physical assessments,
supplemented by ongoing follow-up through linkage to national
health-related datasets for outcome monitoring. Between 2013
and 2015, a subset of individuals (n = 103,624) who consented
to additional monitoring were instructed to continuously wear
an Axivity AX3 accelerometer on their dominant wrist for
24 hours daily over 7 consecutive days. For the current analysis,
participants had to have worn the accelerometer for at least
16 hours daily for >3 days [24]. Individuals with a pre-existing
diagnosis of SKOA at baseline and those without cadence data
were excluded from the study.

Assessment of walking

Baseline steps were derived from raw acceleration data (col-
lected between 2013 and 2015) using the validated Verisene



activity algorithm designed for wrist accelerometers [25]. Total
daily steps were the average number of steps per day across all
valid days. Purposeful walking was defined as the step accumu-
lation pattern with a cadence of >60 steps/min. This cadence-
based definition captures both the quantity and speed of walk-
ing, which is particularly relevant for individuals engaging in
structured and planned physical activities [22]. Daily purposeful
walking steps were determined by averaging the daily purpose-
ful walking step counts on valid days. Additionally, uninten-
tional walking was measured as the step accumulation pattern
with a cadence of <60 steps/min. Detailed definitions of these
measures are provided in the Supplementary Material.

The diagnosis of SKOA was determined using the ‘first occur-
rence of health outcomes’ field in the UK Biobank database,
identified by the International Statistical Classification of Dis-
eases and Related Health Problems Tenth Revision (ICD-10)
code M17 [26]. These diagnoses were based on data linked from
the primary care records, hospital admission records (95.1%), or
self-reported medical conditions (4.9%) [27]. Incident SKOA
was defined as the diagnosis of SKOA occurring at any time after
the index date, which was the date of baseline accelerometer
data collection.

Baseline information was collected during recruitment (from
2006 to 2010) or ascertained using dates corresponding to hos-
pital admission records. Age, sex, and Townsend deprivation
index score were obtained from local NHS Primary Care Trust
registries. Baseline body mass index (BMI) was calculated based
on manually measured height and weight. Information on edu-
cation, ethnicity, alcohol drinking status, smoking status, non-
steroidal anti-inflammatory drug (NSAIDs) use, and health
status was collected via a touchscreen questionnaire. Knee
injury diagnosis was ascertained based on the ICD-10 codes
(S81-S89). Participants were defined with a history of knee
injury if their diagnosis occurred at any time before the date of
baseline accelerometer data collection. Frailty status was deter-
mined using 5 frailty phenotype indicators: grip strength, slow
walking speed, exhaustion, recent weight loss, and physical
activity [28]. Accelerometer wear time (valid hours and days)
and meteorologic seasons were extracted from accelerometer
data [16].

We calculated the quartile values for total daily steps, daily
purposeful walking steps, and daily unintentional walking
steps in the UK Biobank population [8,9]. Based on these
quartiles, we selected rounded integer values as cutoffs to
classify activity levels into 4 groups to aid future clinical rec-
ommendations [8,9,29]. Specifically, the cutoff values were
8000, 10,000, and 12,000 steps/d for total daily steps; 4000,
6000, and 8000 steps/d for daily purposeful walking steps;
and 4000, 5000, and 6000 steps/d for daily unintentional
walking steps. Common clinical benchmarks, with
<4000 steps/d indicating inactivity and >8000 steps/d indi-
cating high activity, were included in our categorisation [29].
Participants were followed from the study baseline (index
date) until the first diagnosis of SKOA, death, loss to follow-
up, or the end of follow-up (December 2021), whichever
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occurred first. We compared baseline characteristics across 4
categories of exposure groups using standardised mean differ-
ence, with a threshold of <0.1 indicating minimal imbalance
[30]. We estimated the hazard ratios (HRs) and the corre-
sponding 95% ClIs for incident SKOA in the second, third, and
fourth groups of exposures compared with the corresponding
reference group using a Cox proportional hazards model with
age as the timescale. The proportional hazard assumption
(that HRs for different levels of exposures are constant over
time) was tested by evaluating the statistical significance of
interactions between age and exposures.

We used a causal diagram (Supplementary Figure S1) to
guide our multivariable-adjusted analyses. Specifically, in evalu-
ating the association between total daily steps and SKOA, we
adjusted for sex, education, ethnicity, Townsend deprivation
index score, alcohol drinking status, smoking status, health sta-
tus, knee injury history, frailty, meteorologic season, and accel-
erometer wear time in the primary analyses (model 1).
However, when examining the association of daily purposeful
walking steps and daily unintentional walking steps with SKOA,
we additionally adjusted for each type of walking in the analysis
to account for potential confounding effects (model 2). Consid-
ering that previous studies have indicated that walking can
affect BMI and medication use (eg, NSAID usage) [31,32], these
variables could act as potential mediators in the association
between walking and incident SKOA. However, they may also
serve as confounders. Therefore, we further adjusted for these
variables (model 3). Death was treated as a competing event
and adjusted for in all the above models using the Fine-Gray
method [33]. Tests for trends across exposure groups were con-
ducted by adding each group’s median value to the regression
model. To better understand the relationship between walking
steps and the risk of SKOA, we used restricted cubic splines to
smooth the dose-response curve [34]. Subgroup analyses
explored whether the association (if one exists) between expo-
sures and SKOA risk varied by age (<65 years old, >65 years
old) and sex, given their potential influence on walking steps
and SKOA risk. We tested interaction effects by including inter-
action terms (eg, sex X purposeful walking groups, or age
category X purposeful walking groups) in the regression model.

We conducted 3 sensitivity analyses. First, to minimise the
possibility of reverse causality, we implemented a 6-month and
12-month exposure lag time by excluding SKOA cases that
occurred within 6 or 12 months after the index date to evaluate
the robustness of our study findings. Second, we removed poten-
tial running steps from purposeful walking steps using a cutoff
value of 120 steps/min [22]. Third, we calculated the E-value to
quantify the minimum strength of association that an unmea-
sured confounder would need to nullify the associations
observed in analyses [35].

All analyses were conducted using R version 4.2.2, and a
2-sided P value < .05 was considered statistically significant for
all tests.

This research did not involve input from patients or the pub-
lic in its planning and dissemination. However, steps have been
outlined to share findings with stakeholders. After publication,
the study results will be disseminated through the authors’
institutions’ media centre, with formal press statements, and dis-
semination efforts will also utilise networks and social media
platforms to maximise outreach and engagement.
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RESULTS

Among the 98,248 participants with accelerometer data from
the UK Biobank, we excluded 3825 individuals with invalid
accelerometer data, 4453 with prevalent SKOA, and 1 with miss-
ing walking steps data. Among the remaining 89,969 partici-
pants, the mean age was 56.0 years, 56.5% were women, and
the average number of total daily steps was 10,896 (Supplemen-
tary Figure S2). During a mean follow-up of 6.85 years (SD,
1.14), 2711 participants developed SKOA.

Association between total daily steps and incident SKOA

Table 1 presents the baseline characteristics of participants
across the 4 groups categorised by total daily steps. Compared
with those in the reference group (ie, <8000 total daily steps),
participants in the higher total daily step groups were generally
younger, had a higher proportion of women, lower BMI, better
self-reported health status, and lower prevalence of frailty.

Compared with the reference group, the HRs and 95% CIs for
incident SKOA in the second (8000-9999), third (10,000-
11,999), and fourth groups (>12,000 steps/d) were 0.87 (0.78-
0.97), 0.75 (0.67-0.84), and 0.75 (0.68-0.84), respectively
(Table 2). However, no significant association between total
daily steps and incident SKOA was observed after adjusting for
major confounders or when excluding participants who devel-
oped SKOA during the first 6 or 12 months of follow-up (Table 2
and Figure 1).

Table 1

Ann Rheum Dis 84 (2025) 632—642

Association between daily purposeful walking steps and incident
SKOA

Compared with those in the reference group (ie, <4000 daily
purposeful walking steps), participants in the higher daily pur-
poseful walking step groups were generally younger, had lower
BMI, higher education levels, better self-reported health status,
as well as lower prevalence of frailty and history of knee injury
(Table 3).

As shown in Table 4, the incidence rates of SKOA were 6.16,
4.10, 3.53, and 3.03 per 1000 person-years in the reference
(<4000), second (4000-5999), third (6000-7999), and fourth
groups (>8000 steps/d) of daily purposeful waking steps,
respectively. The HRs and 95% ClIs for incident SKOA in the sec-
ond, third, and fourth groups were 0.79 (0.72-0.87), 0.73 (0.66-
0.82), and 0.65 (0.57-0.75), respectively, compared with the ref-
erence group. Given the positive correlation between purposeful
and unintentional walking steps (Spearman’s correlation coeffi-
cient = 0.45, P < .001), the associations between daily purpose-
ful walking steps and incident SKOA strengthened after
adjusting for daily unintentional walking steps (model 2). Fur-
ther adjustments for BMI and NSAID use (model 3), excluding
participants who developed SKOA within the first 6 or 12
months of follow-up, and removing potential running steps all
attenuated the association; however, a robust dose-response
relationship persisted (all P for trend < .001). As depicted in the
Figure 1, restricted cubic spline regression analysis revealed an
inverse association, with HRs for incident SKOA significantly

Baseline characteristics of participants across the 4 groups of total daily steps

Characteristics Groups according to total daily steps (steps/d) SMD
Reference Second Third Fourth
(<7999) (8000-9999) (10,000-11,999) (>12,000)
Participants, N 17,708 19,789 21,485 30,987
Age, y, mean (SD) 58.27 (7.60) 56.40 (7.87) 55.57 (7.80) 54.69 (7.65) 0.250
Men, n (%) 9182 (51.9) 8965 (45.3) 9056 (42.2) 11,936 (38.5)  0.145
BMI, n (%) 0.347

Normal 4544 (25.8) 7037 (35.6) 9058 (42.2) 15,657 (50.6)

Overweight 7424 (42.1) 8536 (43.2) 9076 (42.3) 11,888 (38.4)

Obese 5655 (32.1) 4178 (21.2) 3314 (15.5) 3408 (11.0)
Deprivation index, mean (SD) —1.66 (2.88) —-1.85(2.76) —-1.80(2.77) —-1.65 (2.85) 0.044
White, n (%) 17,153 (97.3) 19,085 (96.8) 20,751 (96.9) 29,887 (96.8) 0.016
College, n (%) 6861 (39.3) 8512 (43.5) 9833 (46.1) 13,967 (45.5) 0.076
Alcohol, n (%) 0.046

Never 625 (3.5) 554 (2.8) 574 (2.7) 831 (2.7)

Previous 645 (3.6) 514 (2.6) 516 (2.4) 780 (2.5)

Current 16,420 (92.8) 18,706 (94.6) 20,380 (94.9) 29,345 (94.8)
Smoking, n (%) 0.088

Never 9325 (52.8) 11,366 (57.6) 12,560 (58.6) 18,319 (59.3)

Previous 6644 (37.6) 6986 (35.4) 7577 (35.3) 10,716 (34.7)

Current 1683 (9.5) 1396 (7.1) 1306 (6.1) 1861 (6.0)

NSAIDs use, n (%) 4882 (28.0) 5260 (26.9) 5543 (26.1) 8028 (26.2) 0.024
Health status, n (%) 0.262

Excellent 2560 (14.5) 4051 (20.5) 5136 (23.9) 8194 (26.5)

Good 9961 (56.5) 12,036 (61.0) 13,100 (61.1) 18,899 (61.1)

Fair 4087 (23.2) 3189 (16.2) 2873 (13.4) 3496 (11.3)

Poor 1031 (5.8) 461 (2.3) 338(1.6) 341 (1.1)

Knee injury history, n (%) 305 (1.7) 327 (1.7) 321 (1.5) 431 (1.4) 0.016
Frailty, n (%) 787 (4.4) 343(1.7) 207 (1.0) 184 (0.6) 0.139
Hours per valid day, mean (SD) 23.81 (0.52) 23.82(0.55) 23.81 (0.58) 23.80 (0.62) 0.011
Valid day, mean (SD) 5.79 (0.61) 5.80 (0.58) 5.80 (0.59) 5.77 (0.63) 0.028
Invalid day, mean (SD) 1.17 (0.55) 1.15(0.51) 1.16 (0.53) 1.18 (0.57) 0.032
Meteorologic seasons, n (%) 0.111

Spring 3493 (19.7) 4017 (20.3) 4572 (21.3) 7054 (22.8)

Summer 4452 (25.1) 5150 (26.0) 5905 (27.5) 9454 (30.5)

Autumn 5045 (28.5) 5718 (28.9) 6153 (28.6) 8583 (27.7)

Winter 4718 (26.6) 4904 (24.8) 4855 (22.6) 5896 (19.0)

BMI, body mass index; NSAID, nonsteroidal anti-inflammatory drugs; SMD, standardised mean difference.
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Table 2

Ann Rheum Dis 84 (2025) 632—642

Associations of total daily steps with incident symptomatic knee osteoarthritis

Total daily steps Reference group  Second group Third group Fourth group P for trend
(<7999 steps/d)  (8000-9999 steps/d)  (10,000-11,999 steps/d)  (>12,000 steps/d)

N 17,709 19,789 21,485 30,987

Incident case, n 699 636 574 802

Incident rate (per 1000 person-years)  5.90 4.70 3.87 3.74

Follow-up time, y, mean 6.69 6.84 6.90 6.93

Case diagnosis time, y, mean 2.97 3.27 3.29 3.33

Crude model, HR (95% CI) 1.00 (reference) 0.87 (0.78,0.97) 0.75 (0.67, 0.84) 0.75 (0.68, 0.84) <.001

Model 1, HR* (95% CI) 1.00 (reference)  0.94 (0.84, 1.05) 0.83(0.74, 0.94) 0.86 (0.77, 0.96) .002

Model 2, HR" (95% CI) 1.00 (reference) 0.98 (0.88,1.10) 0.90 (0.80, 1.02) 0.99 (0.88,1.10) 633

6-month lag, HR® (95% CI) 1.00 (reference) 1.03(0.92,1.16) 0.93(0.82, 1.05) 1.05(0.94,1.18) .532

12-month lag, HR® (95% CI) 1.00 (reference)  1.05(0.93,1.19) 0.97 (0.85,1.10) 1.10(0.98, 1.24) 159

* HRs are adjusted for age, sex, education, health status, deprivation, ethnicity, smoking status, alcohol drinking status, knee injury history,

frailty, and accelerometer wear time.

* HRs are adjusted for body mass index and nonsteroidal anti-inflammatory drug usage on the basis of model 1.
¥ Analysis was performed by excluding the knee osteoarthritis cases that developed within 6 months after the index date and adjusted for covari-

ates the same as model 2.

% Analysis was performed by excluding the knee osteoarthritis cases that developed within 12 months after the index date and adjusted for covari-

ates the same as model 2.HR, hazard ratio.

decreasing with increasing daily purposeful walking steps up to
8000, beyond which the estimate plateaued. Consistent inverse
associations between daily purposeful walking steps and inci-
dent SKOA were observed across different age and sex sub-
groups. The association appeared to be stronger in women than
in men (P for interaction = .008), while no significant interac-
tion by age group was found (P for interaction = .931) (Supple-
mentary Figure S3). E-values were 2.02 (1.81-2.40), 2.35 (1.96-
2.72), and 2.66 (2.21-3.18) for the second, third, and fourth
groups of daily purposeful walking steps, respectively. This sug-
gests that the relation of potential residual confounders to both
daily purposeful walking steps and SKOA must be >2.02 to nul-
lify the modestly association.

Association between daily unintentional walking steps and
incident SKOA

The baseline characteristics of participants across the
4 groups categorised by daily unintentional walking steps
were similar to those categorised by daily purposeful walking
steps except for the education level (Table 5). Compared with
those in the reference group (ie, <4000 daily unintentional
walking steps), the HRs and 95% ClIs for incident SKOA in the
second (4000-4999), third (5000-5999), and fourth groups
(>6000 steps/d) were 1.24 (1.10-1.40), 1.42 (1.26-1.61), and
1.69 (1.49-1.96), respectively (Table 6). Restricted cubic
spline regression also revealed a consistent significant posi-
tive dose-response relationship (Figure 1). Excluding partici-
pants who developed SKOA during the first 6 or 12 months of
follow-up did not change the association materially. The asso-
ciation was stronger in men than in women (P for interac-
tion .014), while no significant interaction by age group
was observed (P for interaction 0.196) (Supplementary
Figure S4). E-values were 1.79 (1.43-2.15), 2.19 (1.83-2.60),
and 2.77 (2.34-3.27) in the second, third, and fourth groups
of daily unintentional walking steps, respectively, indicating
that the relation of potential residual confounders to both
daily unintentional walking steps and SKOA must be >1.79 to
nullify the modestly association.

No evidence of a violation of the proportional hazard
assumptions (no interaction between age and exposures) was
found in any of these analyses (all P > .05).
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DISCUSSION

In this large population-based cohort study conducted in the
UK, purposeful walking (ie, steps taken at a cadence of >60
steps/min) of 8000 steps or more daily was associated with a
26% lower risk of SKOA than walking <4000 steps. This associa-
tion was more pronounced in women than in men. The inci-
dence of SKOA decreased steadily with increasing daily
purposeful walking steps up to approximately 8000 steps,
beyond which the benefit plateaued. In contrast, unintentional
walking appeared to have a potentially detrimental effect on
incident SKOA, and no significant association was observed
between total daily steps and incident SKOA. These findings sug-
gest that combining higher daily purposeful walking steps with
increased cadence provides the most substantial benefit in
reducing the risk of SKOA.

Comparison with previous studies

To date, only a few studies have examined the association
between daily steps and the development of knee OA, and the
results have been inconclusive. Doré et al [21] found that total daily
steps >10,000 were associated with the worsening of pre-existing
knee structural lesions (bone marrow lesions, meniscal pathology,
cartilage defects, and reduced cartilage volume) assessed by mag-
netic resonance imaging over 3 years in 405 community-derived
adults. In contrast, several studies have indicated potential protec-
tive effects of higher daily steps on cartilage damage, osteophyte
formation, and functional limitations, with incident functional limi-
tation potentially serving as a proxy for incident OA
[11,13,14,36,37]. Other studies have found no significant associa-
tion between daily steps and OA-related outcomes, such as knee
pain, knee replacement, and structural changes on imaging, particu-
larly in individuals at higher risk of knee OA or with mild knee OA
[12,16,17]. To our knowledge, no previous study has specifically
distinguished between purposeful and unintentional walking steps.
In the current study, we made a clear distinction between these 2
types of stepping activity, which differ in both intensity of effort
and mechanical loading. This distinction allowed us to investigate
the unique contributions of purposeful walking to incident SKOA in
the general population. Our findings suggested that faster purpose-
ful walking (ie, steps taken with a cadence of >60 steps/min) may
confer greater benefits in reducing the risk of SKOA.
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Figure. Associations of total daily steps, daily purposeful walking steps, and daily unintentional walking steps with incident symptomatic knee osteo-
arthritis. Association between total daily steps (A), daily purposeful walking steps (B), and daily unintentional walking steps (C) with incident symp-
tomatic knee osteoarthritis. Data are shown as hazard ratios with 95% Cls. Hazard ratios are adjusted for sex, body mass index, education, ethnicity,
Townsend deprivation index score, alcohol drinking status, smoking status, health status, nonsteroidal anti-inflammatory drug usage, knee injury his-
tory, frailty status, meteorologic season, and accelerometer wear time. The association of daily purposeful walking steps and daily unintentional walk-
ing steps with symptomatic knee osteoarthritis were mutually adjusted for each type of walking.

Strengths and limitations

Several strengths of our study are worth noting. First, we used
accelerometers to objectively and prospectively collect data on
walking volume and intensity. This approach provides a more
accurate depiction of individuals’ actual purposeful and uninten-
tional walking levels than studies relying on self-reported data,
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which are susceptible to recall bias. Second, we applied a cadence
threshold of >60 steps/min to differentiate purposeful walking
from unintentional walking [22]. This distinction is important
because purposeful walking and unintentional walking involve
different intensity levels [22], which may help clarify the incon-
sistencies in previous findings regarding the association between
walking and knee OA. Furthermore, our study demonstrated a
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Table 3
Baseline characteristics of participants across the 4 groups of daily purposeful walking steps

Characteristics Groups according to daily purposeful walking steps (steps/d) SMD
Reference Second Third Fourth
(<£3999) (4000-5999) (6000-7999) (>8000)
Participants, N 25,573 31,874 19,882 12,640
Age, y, mean (SD) 57.80 (7.72) 55.74 (7.88) 54.99 (7.71) 54.48 (7.47) 0.232
Men, n (%) 11,338 (44.3) 13,526 (42.4) 8511 (42.8) 5764 (45.6) 0.037
BMI, n (%) 0.303
Normal 7481 (29.4) 13,111 (41.2) 9317 (46.9) 6387 (50.6)
Overweight 10,572 (41.5)  13,352(42.0) 8089 (40.7) 4911 (38.9)
Obese 7412 (29.1) 5362 (16.8) 2451 (12.3) 1330 (10.5)
Deprivation index, mean (SD) —-1.79 (2.80) -1.86 (2.73) —1.68(2.84) -1.37(2.99) 0.091
White, n (%) 24,686 (96.9) 30,777 (96.9) 19,209 (97.0) 12,204 (96.9)  0.003
College, n (%) 9481 (37.6) 14,004 (44.3) 9513 (48.3) 6175 (49.3) 0.132
Alcohol, n (%) 0.053
Never 940 (3.7) 842 (2.6) 488 (2.5) 314 (2.5)
Previous 897 (3.5) 761 (2.4) 474 (2.4) 323 (2.6)
Current 23,711 (92.8) 30,248 (95.0) 18,903 (95.2) 11,989 (95.0)
Smoking, n (%) 0.077
Never 13,729 (53.8) 18,651 (58.6) 11,821 (59.6) 7369 (58.5)
Previous 9512 (37.3) 11,095 (34.9) 6824 (34.4) 4492 (35.6)
Current 2258 (8.9) 2061 (6.5) 1182 (6.0) 745 (5.9)
NSAIDs use, n (%) 7384 (29.3) 8285 (26.3) 5036 (25.7) 3008 (24.1) 0.062
Health status, n (%) 0.237
Excellent 3982 (15.6) 7433 (23.1) 5148 (25.9) 3467 (27.5)
Good 14,795(58.1)  19,432(61.1) 12,143(61.2) 7626 (60.5)
Fair 5439 (21.3) 4494 (14.1) 2327 (11.7) 1385(11.0)
Poor 1261 (4.9) 543 (1.7) 230(1.2) 137 (1.1)
Knee injury history, n (%) 468 (1.8) 466 (1.5) 283 (1.4) 167 (1.3) 0.021
Frailty, n (%) 1031 (4.0) 308 (1.0) 125 (0.6) 57 (0.5) 0.132
Hours per valid day, mean (SD) ~ 23.80 (0.55) 23.81 (0.57) 23.81 (0.58) 23.81 (0.65) 0.009
Valid day, mean (SD) 5.79 (0.61) 5.80 (0.58) 5.79 (0.61) 5.76 (0.67) 0.037
Invalid day, mean (SD) 1.16 (0.54) 1.15(0.52) 1.17 (0.55) 1.19 (0.60) 0.036
Meteorologic seasons, n (%) 0.127
Spring 4985 (19.5) 6715 (21.1) 4469 (22.5) 2967 (23.5)
Summer 6475 (25.3) 8736 (27.4) 5828 (29.3) 3922 (31.0)
Autumn 7355 (28.8) 9132 (28.7) 5520 (27.8) 3492 (27.6)
Winter 6758 (26.4) 7291 (22.9) 4065 (20.4) 2259 (17.9)
BMI, body mass index; NSAID, nonsteroidal anti-inflammatory drug; SMD, standardised mean difference.
Table 4
Associations of daily purposeful walking steps with incident symptomatic knee osteoarthritis
Daily purposeful walking steps Reference group  Second group Third group Fourth group P for trend
(<3999 steps/d)  (4000-5999 steps/d)  (6000-7999 steps/d)  (>8000 steps/d)
N 25,573 31,874 19,882 12,640
Incident case, n 1059 900 486 266
Incident rate (per 1000 person-years)  6.16 4.10 3.53 3.03
Follow-up time, y, mean 6.72 6.88 6.93 6.94
Case diagnosis time, y, mean 3.08 3.28 3.26 3.44
Crude model, HR (95% CI) 1.00 (reference) 0.73 (0.67, 0.80) 0.65 (0.58, 0.73) 0.57 (0.50, 0.66) <.001
Model 1, HR® (95% CI) 1.00 (reference)  0.79 (0.72, 0.87) 0.73 (0.66, 0.82) 0.65 (0.57,0.75)  <.001
Model 2, HR" (95% CI) 1.00 (reference)  0.70 (0.63, 0.77) 0.62 (0.55, 0.70) 0.54(0.47,0.63)  <.001
Model 3, HR® (95% CI) 1.00 (reference) 0.73 (0.66, 0.80) 0.67 (0.60, 0.76) 0.61 (0.53,0.70) <.001
6-mo lag, HR (95%CI) 1.00 (reference) 0.75 (0.68, 0.83) 0.71 (0.63, 0.81) 0.65 (0.55,0.75)  <.001
12-mo lag, HR® (95% CI) 1.00 (reference) 0.76 (0.68, 0.84) 0.73 (0.64, 0.83) 0.66 (0.57,0.78) <.001
Removing running steps (95% CI) 1.00 (reference)  0.83(0.75, 0.91) 0.80 (0.70, 0.91) 0.80 (0.67,0.96)  <.001

HR, hazard ratio; CI, confidence interval.

@ HRs are adjusted for sex, education, ethnicity, Townsend deprivation index score, alcohol drinking status, smoking status, health status,
knee injury history, frailty status, meteorologic season, and accelerometer wear time.

" HRs are adjusted for the daily unintentional walking steps on the basis of model 1.

¢ HRs are adjusted for body mass index and nonsteroidal anti-inflammatory drug usage on the basis of model 2.

4 Analysis was performed by excluding the knee osteoarthritis cases that developed within 6 months after the index date and adjusted for
covariates the same as model 3.

¢ Analysis was performed by excluding the knee osteoarthritis cases that developed within 12 months after the index date and adjusted for
covariates the same as model 3.HR, hazard ratio.
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Table 5
Baseline characteristics of participants across the 4 groups of daily unintentional walking steps

Characteristics Groups according to daily unintentional walking steps (steps/d) SMD
Reference Second Third Fourth
(<£3999) (4000-4999) (5000-5999) (>6000)
Participants, N 16,803 21,401 22,521 29,244
Age, y, mean (SD) 57.67 (7.69) 56.46 (7.81) 55.68 (7.80) 54.89 (7.77) 0.196
Men, n (%) 10,145 (60.4) 10,571 (49.4) 9191 (40.8) 9232 (31.6) 0.327
BMI, n (%) 0.289
Normal 4668 (27.9) 7556 (35.4) 9434 (42.0) 14,638 (50.1)
Overweight 7370 (44.0) 9232 (43.2) 9409 (41.8) 10,913 (37.4)
Obese 4708 (28.1) 4559 (21.4) 3642 (16.2) 3646 (12.5)
Deprivation index, mean (SD) —1.46 (2.97) -1.72(2.83) -1.82(2.78) -1.82(2.74) 0.068
White, n (%) 16,275(97.3)  20,705(97.1) 21,799 (97.1) 28,097 (96.4)  0.027
College, n (%) 7662 (46.2) 9876 (46.6) 9863 (44.2) 11,772 (40.6)  0.067
Alcohol, n (%) 0.046
Never 525 (3.1) 545 (2.5) 561 (2.5) 953 (3.3)
Previous 578 (3.4) 565 (2.6) 561 (2.5) 751 (2.6)
Current 15,685 (93.4) 20,270 (94.8) 21,384 (95.0) 27,512 (94.2)
Smoking, n (%) 0.063
Never 9223 (55.0) 12,123 (56.8) 13,000 (57.8) 17,224 (59.1)
Previous 6057 (36.1) 7700 (36.1) 7990 (35.6) 10,176 (34.9)
Current 1476 (8.8) 1521 (7.1) 1485 (6.6) 1764 (6.0)
NSAIDs use, n (%) 4064 (24.6) 5476 (25.9) 6070 (27.3) 8103 (28.1) 0.045
Health status, n (%) 0.187
Excellent 2873 (17.2) 4513 (21.1) 5204 (23.1) 7351 (25.2)
Good 9516 (56.9) 12,929 (60.6) 13,724 (61.0) 17,827 (61.1)
Fair 3568 (21.3) 3362 (15.7) 3144 (14.0) 3571 (12.2)
Poor 781 (4.7) 547 (2.6) 408 (1.8) 435 (1.5)
Knee injury history, n (%) 268 (1.6) 333 (1.6) 363 (1.6) 420 (1.4) 0.008
Frailty, n (%) 545 (3.2) 374 (1.7) 313(1.4) 289 (1.0) 0.085
Hours per valid day, mean (SD) ~ 23.83 (0.50) 23.82(0.54) 23.81 (0.58) 23.79 (0.64) 0.034
Valid day, mean (SD) 5.78 (0.62) 5.81 (0.58) 5.79 (0.59) 5.77 (0.63) 0.032
Invalid day, mean (SD) 1.17 (0.55) 1.15(0.51) 1.16 (0.53) 1.18 (0.57) 0.032
Meteorologic seasons, n (%) 0.086
Spring 3343 (19.9) 4491 (21.0) 4850 (21.5) 6452 (22.1)
Summer 4227 (25.2) 5707 (26.7) 6313 (28.0) 8714 (29.8)
Autumn 4903 (29.2) 6153 (28.8) 6253 (27.8) 8190 (28.0)
Winter 4330 (25.8) 5050 (23.6) 5105 (22.7) 5888 (20.1)
BMI, body mass index; NSAID, nonsteroidal anti-inflammatory drug; SMD, standardised mean difference.
Table 6
Associations of daily unintentional walking steps with incident symptomatic knee osteoarthritis
Daily unintentional walking steps Reference group  Second group Third group Fourth group P for trend
(<3999 steps/d)  (4000-4999 steps/d)  (5000-5999 steps/d)  (>6000 steps/d)
N 16,804 21,401 22,521 29,244
Incident case, n 506 654 682 869
Incident rate (per 1000 person-years)  4.47 4.47 4.40 4.30
Follow-up time, y, mean 6.70 6.84 6.89 6.91
Case diagnosis time, y, mean 3.05 3.22 3.27 3.27
Crude model, HR (95%CI) 1.00 (reference) 1.07 (0.95, 1.20) 1.10(0.98,1.23) 1.12(1.00, 1.25) .055
Model 1, HR* (95%CI) 1.00 (reference)  1.12(1.00, 1.27) 1.17(1.04,1.32) 1.21(1.08,1.36)  .002
Model 2, HR' (95%CI) 1.00 (reference) 1.23(1.09, 1.38) 1.37 (1.21, 1.56) 1.57 (1.38,1.79) <.001
Model 3, HR* (95%CI) 1.00 (reference)  1.24(1.10, 1.40) 1.42(1.26, 1.61) 1.69(1.49,1.93) <.001
6-mo lag, HR® (95%CI) 1.00 (reference) 1.27 (1.12,1.45) 1.45(1.27,1.66) 1.71 (1.49, 1.96) <.001
12-mo lag, HR!' (95%CI) 1.00 (reference)  1.28 (1.12,1.46) 1.45 (1.26, 1.67) 1.76 (1.53,2.03)  <.001

* HRs are adjusted for sex, education, ethnicity, Townsend deprivation index score, alcohol drinking status, smoking status, health status,

knee injury history, frailty status, meteorologic season, and accelerometer wear time.

" HRs are adjusted for daily purposeful walking steps on the basis of model 1.
* HRs are adjusted for body mass index and nonsteroidal anti-inflammatory drug usage on the basis of model 2.
¥ Analysis was performed by excluding the knee osteoarthritis cases that developed within 6 months after the index date and adjusted for

covariates the same as model 3.

I Analysis was performed by excluding the knee osteoarthritis cases that developed within 12 months after the index date and adjusted for
covariates the same as model 3.HR, hazard ratio.
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dose-response relationship between purposeful walking steps,
defined by both volume (ie, step counts) and cadence and the
incidence of SKOA. This empirical evidence supports the
development of a more precise and practical strategy for SKOA
prevention.

Our study has several limitations. First, the use of an acceler-
ometer may have led to an increased walking activity among the
participants [38], potentially resulting in higher average daily
purposeful or unintentional walking steps compared with the
general population and those who did not consent to wear an
accelerometer. However, the absolute values of steps did not
appear to impact the association of walking with incident SKOA.
Second, we required participants to wear the accelerometer for
>3 days with a minimum of 16 valid hours per day, which may
introduce bias due to varying physical activities throughout the
week. However, our analysis revealed no significant difference
in valid days between weekdays and weekends (P = .93), sug-
gesting similar walking-related activities on both weekdays and
weekends. Additionally, missing data could also introduce some
bias if it is not random. However, since the invalid days were
evenly distributed across different groups, they are unlikely to
bias our results. Third, reverse causation could complicate the
interpretation of our results, as early symptoms of SKOA might
have influenced changes in walking levels before diagnosis
[39]. Nevertheless, our sensitivity analyses, which incorporated
a 6-month and 12-month lag, remained consistent with our pri-
mary results, supporting the validity of our findings. Fourth, the
lack of radiographic data for scoring the presence of structural
knee OA may have introduced potential misclassification in the
diagnosis of SKOA, particularly for data derived from self-
reported medical condition codes. However, the interviews in
the UK Biobank were conducted by trained nurses, and addi-
tional diagnostic sources were linked to hospital inpatient data
[27]. Therefore, any misclassification is likely to be nondifferen-
tial and would bias the results towards the null. Fifth, observa-
tional studies cannot completely rule out the potential for
residual confounding and reverse causation. Additionally, UK
Biobank participants are generally healthier and more active,
averaging 10,896 steps/d compared with 9124 steps/d among
US adults [8], which may limit the generalizability of our find-
ings to other populations [9,40]. Further studies in diverse set-
tings and over a longer duration, with repeated measures, are
necessary to validate our findings.

The mechanics of dynamic equilibrium between interstitial
fluid loss and recovery in cartilage may explain the differing
effects of daily purposeful versus unintentional walking on
SKOA. Cartilage, composed of approximately 60% to 85% inter-
stitial fluid [41], relies on this balance to maintain thickness and
function [42,43]. Local fluid that flows within cartilage facili-
tates essential solute transport and biomechanical responses
[41,43]. Higher-frequency loading from purposeful walking pro-
motes the transport of nutrients and growth factors within the
cartilage, enhancing chondrogenesis of mesenchymal stem cells
and supporting cartilage protection [44]. This loading also cre-
ates substantial interstitial fluid pressure, reducing strain (ie,
deformation) on the cartilage matrix and protecting it from
excessive external mechanical loads [42,45,46]. In contrast,
lower-frequency loading from unintentional walking allows
interstitial fluid to flow more freely, resulting in increased carti-
lage deformation and a heightened susceptibility to mechanical
strain [45]. Therefore, the cyclical and repetitive nature of
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purposeful walking likely accounts for its protective effect on
SKOA [14].

Numerous studies have demonstrated the extensive benefits
of regular physical activity for both physical and mental health
[14,47,48]. Due to these benefits, the American College of Rheu-
matology recommends exercise programmes for knee OA man-
agement [49]. However, despite these recommendations,
concerns persist about whether physical activity might elevate
OA risk owing to inconsistencies in the literature. Therefore,
clarifying the effect of walking, one of the most common and
easily undertaken physical activities, on the development of OA
is crucial for public health. Such clarification could help opti-
mise exercise prescriptions for knee OA patients and enhance
public health strategies.

Our study highlights the clear benefits of purposeful walking
for reducing the incidence of SKOA. These findings offer action-
able data for public health initiatives aimed at OA prevention by
identifying approximately 8000 daily purposeful walking steps
as a beneficial target. Thus, guidelines should emphasise both
the goal of achieving 8000 purposeful walking steps daily and
the importance of walking at a higher cadence to protect against
SKOA. Because up to 12,000 purposeful walking steps show no
detrimental effects, we advise against reducing purposeful walk-
ing due to SKOA concerns. Additionally, since our model does
not address the impact of exceeding 13,000 purposeful steps
daily, the effect beyond this point remains unknown. While we
observed a potential detrimental effect of unintentional walking
on SKOA, it is important to note that unintentional walking is an
inherent part of daily life. We therefore encourage individuals
to include more purposeful walking. The combination of pur-
poseful walking and unintentional walking may explain the lack
of a significant association between total daily steps and SKOA
in real-world settings, highlighting the importance of distin-
guishing between purposeful and unintentional walking in
research.

The different effects of purposeful and unintentional walking
on SKOA risk between men and women are particularly note-
worthy. Men may engage in more unintentional walking due to
occupational factors, while women often participate in planned
or structured exercises. This could explain why women appear
to experience greater protective benefits from purposeful walk-
ing while being less affected by unintentional walking. Future
research should explore the biological or behavioural reasons
behind these differences. Such insights could inform tailored
intervention strategies and encourage revision of exercise guide-
lines for OA prevention to reflect sex-specific differences.

Furthermore, walking behaviours could serve as proxies for
other exposures, such as genetic susceptibility to SKOA, where a
predisposition affects both purposeful and unintentional walk-
ing [50]. Neighbourhood environments might also influence
physical activity patterns and SKOA risk. Future research could
investigate these relationships to better understand complex
interactions and inform more effective prevention strategies.

Increasing daily purposeful walking steps with a higher
cadence was associated with a lower risk of SKOA. A daily
threshold of 8000 purposeful walking steps emerged as the most
optimal for reducing the risk of SKOA in a real-world setting.
These findings may promote musculoskeletal health and help
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inform future guidelines for knee OA prevention for recommen-
dations based on both step volume and cadence.
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ABSTRACT

Background: Targeted therapies have been associated with potential risk of malignancy, which is
a common concern in daily rheumatology practice in patients with inflammatory arthritis (IA)
and a history of cancer.

Objectives: To perform a systematic literature review to inform a Task Force formulating EULAR
points to consider on the initiation of targeted therapies in patients with IA and a history of
cancer.

Methods: Specific research questions were defined within the Task Force before formulating the
exact research queries with a librarian. We included studies reporting a relative risk measure of
patients with a history of cancer initiating a targeted therapy or a conventional synthetic dis-
ease-modifying antirheumatic drug (csDMARD), regardless of the time since diagnosis of cancer.
All relevant studies included in PubMed or Embase up to 15 July 2022 were included. Two
reviewers independently performed standardised article selection, data extraction, synthesis
and risk of bias assessment.

Results: 14 published articles and one ACR abstract fulfilled the inclusion criteria. All studies
were high-quality observational studies, representing a median follow-up from treatment initia-
tion of 4.52 years among 4428 patients and 15 062 patient-years of follow-up for new or recur-
rent cancer.

All patients had a history of cancer, most frequently solid cancer, most frequently receiving treat-
ment for rheumatoid arthritis and most frequently treated with tumour necrosis factor-alpha inhib-
itors. Across these studies, the overall HR of new incident cancer or cancer recurrence was 0.90
(95% CI 0.74 to 1.10) for patients receiving a targeted therapy versus a csDMARD.

Conclusion: Overall, the targeted therapies and clinical contexts covered by the included studies
were not associated with an increased risk of new incident cancer or cancer recurrence as com-
pared with csDMARDs.

INTRODUCTION

Patients with a history of cancer are routinely excluded from
randomised controlled trials evaluating targeted therapies, and
there are limited data on the risk of a new cancer or cancer recur-

Targeted therapies, including biologic and targeted synthetic
disease-modifying antirheumatic drugs (b/tsDMARDs), have
considerably improved the long-term outcomes of patients with
inflammatory arthritis (IA), improving quality of life and with
remission as an attainable goal [1—3]. Potential associations
between targeted therapies in patients with IA and malignancy
are a frequent concern in daily rheumatology practice. Cancer
risks may be increased in patients with rheumatoid arthritis
(RA) and other chronic inflammatory diseases as compared with
the general population [4,5]. Because immunity plays an impor-
tant role in tumour immunosurveillance, the use of b/tsDMARDs
is a concern, also in the context of treating RA in individuals
with a history of cancer [6]. Improvements in cancer therapy
have led to major gains in survival.

For all the above reasons, including an ageing population, the
number of patients with a history of cancer and a need for treat-
ment with b/tsDMARDs is increasing. At the same time, the evi-
dence to guide b/tsDMARD treatment in this context is limited.
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rence in this setting. A recent study suggested that the reluctance
to use a targeted therapy in patients with RA and a history of can-
cer might result in undertreatment of some patients and increased
use of rituximab due to channelling bias [7].

To inform the Task Force responsible for the EULAR points to
consider (PTC) on the initiation of targeted therapies in patients
with IA and a history of cancer, we performed a systematic liter-
ature review (SLR) and meta-analysis to investigate the risk of
cancer in patients with IA treated with targeted therapies and a
history of cancer.

METHODS

Literature search

At the first meeting, the Task Force for the EULAR PTC on the
initiation of targeted therapies in patients with IA and a history
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Potential associations between targeted therapies in patients
with inflammatory arthritis (IA) and malignancy are a frequent
concern in daily rheumatology practice.

* No specific framework has been proposed to weigh the benefit/
risk balance of initiating or reinitiating a targeted therapy in
patients with IA and a history of cancer.

WHAT THIS STUDY ADDS

* This systematic literature review (SLR) and meta-analysis did
not demonstrate any increased risk of new incident cancer or
cancer recurrence in patients with IA who were treated with
targeted therapy compared with those who were treated differ-
ently after a history of cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* The results of this SLR can help clinicians improve therapeutic
decision-making in the context of a patient with a history of
cancer-initiating a targeted therapy for IA. The results have
informed an international Task Force formulating EULAR
points to consider.

of cancer defined the research points under supervision of one
methodologist (AF) and a co-methodologist (KL). It also outlined
the scope of the literature search according to the pre-specific
Population, Intervention, Comparator and Outcomes (PICOs)
format questions and defined the criteria for an eligible study.
In a first meeting, the EULAR Task Force agreed to focus the SLR
on clinical data in patients receiving any targeted therapy for an
inflammatory or autoimmune rheumatic or skin or bowel dis-
ease, with a history of cancer regardless of the time since diag-
nosis of cancer.

The Task Force decided to include dermatological and gastro-
intestinal immune-mediated diseases, as these conditions are

Ann Rheum Dis 84 (2025) 643—652

treated with the same therapies. The search was performed in
PubMed via MEDLINE and Embase without language restric-
tions from 1 January 2010 to 15 July 2022 and included recent
abstracts from large international congresses. Details on com-
plete search strategies are in figure 1. The detailed search strat-
egy is presented in online supplemental table 1.

Inclusion criteria for studies included the reporting of an out-
come measure of the risk of cancer in patients with a history of
cancer who initiated a targeted therapy for an inflammatory
rheumatic, bowel or skin disease, regardless of the time since
diagnosis of cancers. For the main analysis, studies were eligible
if they included a comparator group and reported a relative risk
measure (eg, HR) of new cancer or cancer recurrence between
groups. Studies reporting incidence data without HRs were not
included in the meta-analysis. In the case of several publications
from the same registry, only the most recent article was selected,
unless the main outcome was specified to be different (eg, new
breast cancer/breast cancer recurrence in patients with a history
of breast cancer, new non-melanoma skin cancer (NMSC)/
NMSC recurrence in patients with a history of NMSC). Stratified
analyses considered the histological type of the initial cancer,
the time from the initial cancer diagnosis to the initiation of tar-
geted therapy, and the duration of targeted therapy. Several sen-
sitivity analyses were performed to study specific treatments, to
analyse only the most recent study from registries that had pub-
lished multiple reports, and to analyse only patients with RA.

Selection of studies, data extraction and assessment of risk of bias

Two independent reviewers (ES and JM-C) screened titles
and abstracts to assess eligibility. Subsequently, all potentially
eligible articles were read in full text to decide whether they ful-
filled the inclusion criteria. The reviewers used a standardised
data extraction form with the Rayyan online tool [8] to extract
data from eligible studies regarding study and population

Records identified from™:
Embase and Pubmed
Databases (n = 1555)

screening:

v

(n = 462)

Records removed before

Duplicate records removed

Figure 1. Flow chart of the study.
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characteristics, inclusion/exclusion criteria, drug exposure time,
interventions and outcome definition. Any disagreement
between reviewers was resolved by discussion. Tables including
the summary of findings of the studies included were generated.
The risk of bias (RoB) of each included study was assessed with
the ROBINS-I tool [9]. The quality of the studies was graded
according to the Newcastle-Ottawa Scale for quality assessment.
Discrepancies between reviewers regarding study selection, data
extraction and RoB assessment were resolved by discussion with
the methodologists.

Statistical analysis

The included studies were used for a meta-analysis to assess
the association between targeted therapy (b/tsDMARD) and
new cancer or cancer recurrence after prior cancer, the primary
outcome of all included studies. Heterogeneity between studies
was assessed with the I? calculation. Heterogeneity as well as
differences in the treatment used for every study (tumour necro-
sis factor (TNF) inhibitor, rituximab, vedolizumab or other) led
to the choice of a random-effects model to produce a combined
relative risk and its corresponding 95% CI. Given the limited
number of studies available for analysis, the Hartung-Knapp-
Sidik-Jonkman approximation was employed as a means of miti-
gating potential bias. Publication bias was assessed with a fun-
nel plot. When needed, the statistical results of the studies were
pooled and weighted according to their sample size. All analyses
were performed with R V.4.1.2. P<0.05 was considered statisti-
cally significant.

RESULTS
Primary analysis

Fifteen articles were included in the primary analysis, repre-
senting (disregarding any overlap between studies) 4428
patients and 15 062 patient-years in the group receiving tar-
geted therapy, and 13 698 patients and 41 160 patient-years in
the control group (typically receiving a csDMARD; table 1). The
flow chart of articles in the SLR is available in figure 1. Nine
studies used data from European registries, four studies used
data from US healthcare databases, one study was a retrospec-
tive single-centre study and one study was a retrospective multi-
centric study. According to the Newcastle-Ottawa Scale, the
overall quality of the studies was considered good, with a calcu-
lated score of >6 for all studies (online supplemental table 1).

The median age at cancer diagnosis was 52.5 years (min
—max range 49—57). In the 13 studies reporting the follow-up
duration, the median follow-up was 4.52 years (min—max range
9.8 months—8.8 years). The reported median time from the
index cancer to the initiation of b/tsDMARD treatment was
4 years. Six out of fifteen studies adjusted the reported HR for
general risk factors such as smoking, age and sex, and four stud-
ies additionally adjusted for specific cancer risk factors such as
cancer type and index cancer stage.

For all included studies, the primary objective was to analyse
cancer recurrence or new incident cancer in patients with a his-
tory of cancer-initiating a targeted therapy. In most studies
(>90%), previous cancers were solid tumours. Two studies
focused on breast cancer [10,11], one study on melanoma [12],
two studies on NMSC [13,14] and one study on squamous cell
carcinomas of the head and neck [15].

12 studies included patients with RA exclusively and 2 stud-
ies included patients with inflammatory bowel disease (IBD).
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One study included RA, IBD and psoriasis. The details of the tar-
geted therapies included are in table 2.

Most of the b/tsDMARDs studied evaluated TNF inhibitors
(4162 patients and 13 519 patient-years), but data on other
bDMARDs were also studied: vedolizumab (130 patients and
1087 patient-years), ustekinumab (66 patients and 228 patient-
years) and rituximab (100 patients and 261 patient-years). No
studies included tsDMARDs.

In total, 460 new cancers or cancer recurrences (46.2/1000
patient-years) were reported in the bDMARD-treated group: 428
in the TNF-inhibitor group (47.6/1000 patient-years), 9 in the
rituximab group (35.7/1000 patient-years), 19 in the vedolizu-
mab group (17.1/1000 patient-years) and 3 in the ustekinumab
group. A total of 1394 new cancers or cancer recurrences were
reported in the control csDMARD group (42.3/1000 patient-
years, 423/100 patient-years). The pooled HR for new incident
cancer or cancer recurrence between the bDMARD and control
group was 0.90 (95% CI 0.74 to 1.10) (figure 2).

In analyses by drug exposure, the pooled adjusted HR was
0.94 (95% CI 0.76 to 1.18)) for the TNF inhibitor group, 0.81
(0.35 to 1.89) for the rituximab group (figure 3) and 0.49 (0.14
to 1.65) for the vedolizumab group (online supplemental
figure 1).

Stratified analyses

Stratified analyses considered the histological type of initial
cancer, the time from the initial cancer diagnosis to the initia-
tion of targeted therapy and the duration of targeted therapy.

Six studies specifically studied patients with a history of solid
cancer (excluding NMSCs and melanomas). All compared the
occurrence of new incident cancer or cancer recurrence in
patients with a history of solid cancer who received a TNF inhib-
itor or csDMARD. Two studies specifically studied breast cancer
[10,11], one study focused on squamous cell carcinomas of the
head and neck [15] and three studies evaluated different types
of solid cancers [16—18]. The pooled adjusted random effects
meta-analysis HR for new cancer/cancer recurrence was 0.89
(95% CI 0.66 to 1.21) for patients with a history of solid cancer
who received a TNF inhibitor versus a csDMARD (online supple-
mental figure 1).

Three studies specifically analysed patients with a history of
NMSC [13,14,16] who received a TNF inhibitor. The pooled
adjusted random effects meta-analysis HR was 1.23 (95% CI
0.90 to 1.70) as compared with csDMARD users (online supple-
mental figure 3).

Five studies [17,19—22], reported a median time from the
initial cancer diagnosis to the initiation of bDMARDs of less
than 5 years. One study focused on patients with an IBD, and the
other four studies focused on patients with RA. One study [21]
reported data with vedolizumab and TNF inhibitors, the other
studies reported on TNF inhibitors only. When analysing the
risk of new incident cancer or cancer recurrence on bDMARDs
initiated within 5 years of cancer diagnosis, the pooled adjusted
random effects meta-analysis HR was 0.88 (95% CI 0.64 to
1.21) as compared with csDMARD users (figure 4). Three studies
[11,17,23] reported a time from the initial cancer diagnosis to
the initiation of biological therapy of more than 5 years. One
study [23] reported rituximab and TNF-inhibitor data; the other
two studies reported TNF-inhibitor data only. When analysing
the risk of cancer recurrence on bDMARDs initiated after more
than 5 years of cancer diagnosis, the pooled adjusted random
effects meta-analysis HR was 0.82 (95% CI 0.47 to 1.44) as com-
pared with csDMARD users (online supplemental figure 4).
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Table 1

Details of the studies included in the systematic literature review

Author Year Country Group Number  Patient-  Cancer endpoint Inflammatory Events*  Rate/1000 HR (95% CI) Crude HR Adjusted HR Adjustments
years disease studied patient-years
Waljee et all6 2019 Denmark  TNF inhibitors 434 2376 Mixed cancer type RA, Pso, IBD 72 30.3 0.82(0.51t01.11) 0.86(0.66t01.12) 0.82(0.51to1.11) (1)
Biologic-naive =~ 4328 16 376 563 34.4 Reference
Mamtani et al 2016 USA TNF inhibitors 291 764 Breast cancer RA 17 22.3 1.13 (0.65t0 1.97) 1.13 (0.65 to 1.97) No covariates
[10] needed
c¢sDMARDs 1164 2466 48 19.5 Reference
Strangfeld et al 2010 Germany  TNF inhibitors 59 198 Mixed cancer type RA 9 45.5 1.4 (0.5t0 5.55) 1.4 (0.5 t0 5.55) None
[19]
csDMARDs 56 159 5 31.4 Reference
Strangfeld et al 2013 Germany Rituximab 77 180 Mixed cancer type RA 7 38.9 1.1(0.4t02.7) 1.1(0.4t02.7) None
[22]
csDMARDs 112 361 13 36 Reference
Scott et al[13] 2015 USA TNF inhibitors 1839 1465 NMSC RA 109 74.4 1.49 (1.03 to 2.16) 1.49 (1.03 t0 2.16) (2)
csDMARDs 4414 4631 335 72.3 Reference
Silva-Fernandez =~ 2016 UK TNF inhibitors 243 1591 Mixed cancer type RA 53 33.3 0.56 (0.36t0 0.88)  0.51 (0.33t00.79)  0.56 (0.36 to 0.88) 3)
etal[23]
Rituximab 23 81 2 24.7 0.44 (0.11 to 1.82) 0.45 (0.11 to 1.97) 0.44 (0.11 to 1.82)
csDMARDs 159 855 46 53.8 Reference
Raaschou et al 2018  Sweden TNF inhibitors 467 2471 Mixed cancer type RA 42 17.0 1.06 (0.73 to 1.54) 1.06 (0.73t01.54) (4)
[17]
Biologic-naive 2164 9394 155 16.5 Reference
Philipps et al 2015 USA TNF inhibitors 40 256 Head and neck cancer ~ RA 7 27.3 0.9 (0.4t02.1) 0.9 (0.4t02.1) None
[15]
csDMARDs 190 1195 35 29.3 Reference
Aaltonen et al 2015  Finland TNF inhibitors 100 233 Mixed cancer type RA 3 12.9 2.2(0.2t020.7) 2.2 (0.2t020.7) None
[18]
csDMARDs 77 169 1 5.9 Reference
Raaschou et al 2013  Sweden TNF inhibitors 54 271 Melanoma RA 3 11.1 3.2(0.8t013.1) 3.2(0.8t013.1) 5)
[12]
Biologic-naive 295 1370 10 7.3 Reference
Mercer et al 2012 UK TNF inhibitors 177 627 NMSC RA 29 46.3 0.7 (0.26 to 1.94) 0.7 (0.26 to 1.94) (6)
[14]
Biologic-naive 106 276 23 79.9 Reference
Raaschou et al 2014 Sweden TNF inhibitors 120 592 Breast cancer RA 9 15 1.1 (0.4t02.8) 0.8(0.3t02.1) 1.1 (0.4t02.8) 7)
[11]
csDMARDs 120 550 9 16 Reference
Axelrad et al 2016  USA TNF inhibitors 55 285 Mixed cancer type IBD 7 24.6 0.35(0.09 to 1.09) 0.35(0.09t01.09)  (8)
[20]
csDMARDs 149 852 46 852 Reference
Vedamurthy et 2022 USA Vedolizumab 96 821 Mixed cancer type IBD 18 22 0.72 (0.38 t0 1.39) 0.72(0.38 to 1.39) 9
al[21]
TNF inhibitors 184 1452 61 42 1.03 (0.65 to 1.64) 1.03 (0.65 to 1.64)
csDMARDs 183 1378 78 56 Reference
Hasan et al[34] 2022  Canada Vedolizumab 34 266 Mixed cancer type IBD 1 4 0.18 (0.03 to 1.35) 0.18 (0.03 to 1.35) (10)
Ustekinumab 27 164 3 18 0.88 (0.25 to 3.03) 0.88 (0.25 to 3.03)
TNF inhibitors 99 938 7 7 0.47 (0.20 to 1.12) 0.47 (0.20 t0 1.12)

Te 30 3eqqas g

Adjustments when done: (1) adjusted for sex; initial primary cancer type; diagnosis of inflammatory bowel disease (IBD), rheumatoid arthritis or psoriasis; age at diagnosis of IBD, rheumatoid arthritis or psoriasis; age at initial cancer
diagnosis; number of baseline hospital admissions; and number of baseline outpatient visits; (2) TNF exposure; (3) age-, sex- and smoking status-adjusted HR; (4) adjusted for the matching variables sex, birth year (+10 years), year of
diagnosis (+5 years) of the index cancer, cancer type and index cancer stage; (5) age and sex; (6) age, sex, smoking, exposure to cyclosporine or azathioprine, NSAIDs and baseline characteristics; (7) adjusted for breast cancer character-
istics (nodal state, type of surgery, chemotherapy) and comorbidities (diabetes mellitus, ischaemic heart disease, chronic obstructive pulmonary disease and joint surgery); (8) adjusted by recurrence risk type of prior cancer; (9) adjusted
for age at index cancer, IBD subtype, smoking history, antimetabolite exposure, cancer category, cancer stage and time to biological. Time to biological for the no immunosuppressant group was set as the median of the anti-TNF group;
(10) adjusted for recurrence risk, type of primary cancer, baseline demographics and disease characteristics.

* New incident cancer or recurrence of a previous cancer.csDMARD, conventional synthetic disease-modifying antirheumatic drug; IBD, inflammatory bowel disease; NMSC, non-melanoma skin cancer; Pso, psoriasis; RA, rheumatoid
arthritis; TNF, tumour necrosis factor.
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Table 2

Details of the targeted therapies included in

the study
Targeted therapy  Patients  Patient-years
TNF inhibitors 4162 13519
Vedolizumab 130 1087
Ustekinumab 66 228
Rituximab 100 261

TNF, tumour necrosis factor.

Four studies [12,15,17,23] reported a mean duration of
bDMARD exposure exceeding 5 years. All these studies focused
on treatment with TNF inhibitors. The pooled adjusted random
effects meta-analysis HR of new incident cancer or cancer recur-
rence was 0.87 (95% CI 0.63 to 1.19) as compared with
c¢sDMARD users (online supplemental figure 5). For the 11

Ann Rheum Dis 84 (2025) 643—652

studies with a duration of TNF-inhibitor exposure of less than
5 years, the pooled adjusted random effects meta-analysis HR
was 0.93 (95% CI 0.71 to 1.20) as compared with csDMARD
users (online supplemental figure 6).

Sensitivity analyses and RoB assessment

Furthermore, several sensitivity analyses were conducted.

A sensitivity analysis was conducted on the data set compris-
ing only patients with IA (12 studies), all of them having RA.
The overall risk of new incident cancer or cancer recurrence in
RA patients with a history of cancer treated with bDMARDs ver-
sus csDMARDs was 1.03 (95% CI 0.79 to 1.34) (figure 5).

In another sensitivity analysis, we retained only the most
recent study from each registry to limit the risk of taking into
account the same patients several times when the same registry
had published multiple reports. The following studies were

Weight  Weight
Study Events  Control events Hazard Ratio HR 95%-Cl (common) (random)
Waljee 2019 72 363 - 082 [056; 1.21]  144%  114%
Mamtami 2016 Y S | - —— 1.13 [0.65; 1.97) 7.1% 7.8%
Strangfeld 2010 SR S e 1.40 [0.42; 4.66) 1.5% 2.4%
Strangfeld 2013 % —_— 1.10 [0.42; 2.86) 24%  36%
Soot 2015 L = o= 149 [103,216]  159%  118%
_:Iva-Femandez 2016 = s 056 [0.36; 0.88] 10.9% 10.0%
Silva-Fernandez 2016 ) 16 — 044 [0.11; 1.79] 1.1% 1.8%
Raaschou 2018 2 155 - 1.06 [0.73; 1.54] 15.7% 11.8%
Philipps 2015 = o —— 0.90 [0.39, 2.08] 32% 45%
Aaltonen 2015 3 1 220 [0.22; 22 38] 0.4% 0.7%
Raaschou 2013 3 10 T— 320 [0.79,12.95] 1.1% 1.8%
Mercer 2012 o+ e —— 070 [0.26; 1.91] 22%  33%
Raaschou 2014 — 5 cebeo 1.10 [0.42; 291) 23%  34%
Axelrad 2016 7 6 —_— 035 [0.10; 1.22) 1.4% 2.3%
Vedamurthy 2022 T 78 —y 0.72 [0.38; 1.38] 52%  64%
Vedamurthy 2022 61 78 - 1.03 [065 1.64) 10.2% 9.6%
Hasan 2022 1 27 _— 0.18 [0.03; 1.21] 0.6% 1.0%
Hasan 2022 3 27 T 0.88 [0.25; 3.06] 1.4% 22%
Hasan 2022 7 7 — 047 [0.20; 1.11] 29% 4.2%
Common effect model 0.93 [0.81; 1.08] 100.0% ‘
Random effects model 0.90 [0.74; 1.10] 100.0%
Prediction interval o [0.54; 1.52]
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Figure 2. Overall risk of new cancer or cancer recurrence for patients receiving biologic disease-modifying anti-rheumatic drugs (- DMARDs) versus
conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) with the respective funnel plot of the studies. All bDMARDs versus

csDMARDs in patients with a history of cancer.
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Tumor necrosis factor (TNF) inhibitors

ght  Weight
Study Events  Control svents Hazard Ratio HR  95%-CI (comman) (random)
Wales 2010 12 2] - 082 056 121) 16.2% 131%
Mamtami 2016 LHd ] - 113 065 197) a0% ax%
Strangfeld 2010 ] | - -— 140 042, 488} 17% 0%
Scoft 2015 108 EE = 149 [1.03; 216) 178% 136%
Sibea-Fomander 2016 __ 82 L - 058 |036 088) 122% 16%
Raaschou 2018 3 106 [073; 154) 176% 135%
Philipps 20156 090 [039; 206) 36% 54%
Aatonen 2015 220 [022,2238) 05% 0%
Raaschou 2013 320 07912 95] 13% 27%
Mexrcer 2012 070 [0.26 1.:) 24% 40%
Raaschou 2014 110 042, 291) 25% %
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Rituximab
Weight  Weight
Study Events Control events  Hazard Ratio HR  85%.Cl {common) (random)
Strangfeid 2013 7 13 H 110 [042 288  683%  BE4%
Siva-Femandez 2016 z % —*l— 044 011,179 31T% 336%
Comman effect model = 082 [0.37; 1.81]  100.0% :
Random effects model f % 081 [0.35; 1.89] 100.0%
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Figure 3. Overall risk of new cancer or cancer recurrence in patients receiving biologic disease-modifying antirheumatic drugs (bDMARDs) versus
conventional synthetic disease-modifying antirheumatic drugs (csDMARDSs), stratified by type of bDMARD used (TNF inhibitors or rituximab).

Weight Weight
Study Events Control events Hazard Ratio HR 95%-Cl (common) (random)
Strangfeld 2010 72 563 1.40 [042; 466] 69% 6.9%
Strangfeld 2013 Fi 13 1.10 [0.42; 2.86] 11.0% 11.0%
Axelrad 2016 42 155 0.35 [0.10; 1.22] 6.4% 6.4%
Vedamurthy 2022 7 46 0.72 [0.38; 1.38] 238%  238%
Vedamurthy 2022 18 78 —ha 1.03 [0.65; 1.64] 46.7%  46.7%
Raaschou 2018 61 78 + 056 [0.14; 2 26] 51% 51%
Common effect model Z 0.88 [0.64; 1.21] 100.0% "
Random effects model 0.88 [0.64; 1.21] 100.0%
Prediction interval ( ] ] | ! [0.56; 1.38]

g2 05 1 2 5
FavoursbDMARD  Favours csDMARD

Heterogeneity : I? = 34.69%, T° = 0.1, p-value = 0.53

Figure 4. Risk of new cancer or cancer recurrence for patients receiving biologic disease-modifying antirheumatic drugs (b DMARDs) versus conven-
tional synthetic disease-modifying antirheumatic drugs (csDMARD:s) less than 5 years after initial cancer diagnosis. Use of bDMARD within 5 years of

cancer diagnosis.

removed in this sensitivity analysis: Strangfeld et al [22] and
Raaschou et al [11,12]. The overall risk of new incident or recur-
rent cancer in the sensitivity analysis was 0.87 (95% CI 0.70 to
1.09) (online supplemental figure 7).

In the last sensitivity analysis, we combined only RA patients
with the latest registry data available. The pooled adjusted HR
of new incident cancer or cancer recurrence in this sensitivity
analysis was 0.99 (95% CI 0.72 to 1.37) (online supplemental
figure 8).

The RoB, evaluated with the ROBINS-I tool, was considered
low. However, heterogeneity could have been impacted by a lot
more factors (besides the ones included in the I? calculation):
the studies were intrinsically heterogeneous because they
addressed different treatments and different diseases, and some
of them included a limited sample size, which affects the I* cal-
culation.

DISCUSSION

In this SLR and meta-analysis including a total of 15 studies
covering 4428 patients and 15 062 patient-years in the groups
receiving targeted therapies and 13 698 patients and 41 160
patient-years in the control groups, we found no indication of
increased risk of new cancer or cancer recurrence in patients
receiving targeted therapy.

The SLR aimed to analyse new incident cancer or cancer
recurrence (relapses of a previous cancer) not only in IA but also
in inflammatory skin and bowel diseases, yet it mainly identified
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data for patients with IA. Among patients with IA, all patients
had RA. The systematic review aimed to collect data on all tar-
geted therapies, but most studies enrolled only patients with a
history of cancer receiving TNF inhibitors. No study analysed
patients for whom the cancer was not in remission or presumed
to be in remission at the time of the initiation of targeted ther-
apy. This study aimed to assess the incidence of cancer between
targeted therapies and csDMARDs. However, some csDMARDs
might increase the risk of cancer in patients as compared with
healthy individuals, such as methotrexate for NMSCs [24]. Inde-
pendent of treatments, some rheumatic diseases are associated
with increased risk of some cancers [25,26], notably via disease
activity, autoimmunity, inflammation and comorbidities such as
smoking. Therefore, these results should not be extrapolated to
all clinical situations and need to be adapted individually to
each patient.

The limitations of this study are inherent in the use of obser-
vational data, with their higher RoB than randomised clinical
trials. The selected studies were all good quality, with a Newcas-
tle-Ottawa Scale score >6. No study on rheumatic diseases was
published after 2019, which may be related to the impact of the
pandemic on research priorities. All included studies were
observational studies, with their risk of confounding by indica-
tion (eg, more patients with a history of cancer-initiated rituxi-
mab vs other bDMARDs), confounding by other factors, under-
reporting or misclassification. Although such biases are certainly
possible, the results of our meta-analysis are homogenous and
do not suggest large variations in different settings. Of note,
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Weight Weight
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Figure 5. Sensitivity analysis restricted to patients with rheumatoid arthritis. bDMARDs, biologic disease-modifying antirheumatic drugs; csDMARDs,

conventional synthetic disease-modifying antirheumatic drugs.

most of the studies adjusted the reported HR on cancer-related
prognostic factors such as stage, metastatic status, alcohol con-
sumption and smoking persistence. A few studies focused on a
specific cancer, notably lymphomas. Some important data were
missing. 12 of 17 studies reported the time from cancer diagno-
sis to the initiation of a bDMARD. Only 4 of 17 studies reported
follow-ups on targeted therapy for longer than 5 years. Further-
more, the duration of the follow-up was limited, considering the
risk of cancer recurrence in the long term, ranging from 9.8
months to 8.8 years. Considering the clinical context covered by
the SLR and the current limitations of the literature, we empha-
sise that the absence of evidence of increased risk of new cancer
with targeted therapies versus csDMARDs is not evidence of
absence of increased risk.

Notwithstanding these limitations, data on TNF inhibitors in
patients with a history of cancer are consistent and reassuring.
Data in the literature allowed for comparing the risk of new can-
cer or cancer recurrence with a TNF inhibitor versus csDMARDs
based on the time from the cancer diagnosis to the initiation of
treatment (<5 or >5 years). Of note, we found no significant dif-
ference between therapies in new cancer or cancer recurrence,
even in patients treated less than 5 years since the diagnosis of
cancer. This result is particularly important because some
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previous guidelines recommended avoiding the use of targeted
therapies in patients with a recent cancer [27,28] which, as a
consequence, may make any selection away from b/tsDMARDs
stronger the shorter the time interval between the cancer and
the start of a b/tsDMARD. When evaluating the benefit/risk of
initiating or re-initiating a targeted therapy in patients with a
history of cancer, prioritising cancer-related risk factors for
recurrence might hold greater significance than focusing solely
on the time elapsed since the initial cancer diagnosis. In addi-
tion, from the collected data, longer exposure to a TNF inhibitor
>5 years was not associated with increased risk of a new cancer
or cancer recurrence as compared with csDMARD treatment.
Unexpectedly, despite the wide use of this bDMARD in cur-
rent practice [7], in patients with a history of cancer, limited
data were available for rituximab in patients with IA and a his-
tory of cancer. This absence of epidemiological data, along with
recent translational results showing the role of B lymphocytes in
tumour surveillance, should serve as an incentive to generate
more data on rituximab in this setting [29]. The limited or lack
of data on interleukin 12/23 (IL-12/23), IL-23 and IL-17 inhibi-
tors in patients with a history of cancer should also be added to
the collective research agenda. Data on abatacept and Janus
kinase/signal regulator and activator of transcription (JAK/
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STAT) inhibitors in patients with a history of cancer will be of
specific interest, given the results of some studies, out of scope
for this SLR because these studies reported data on patients
without a history of cancer. In the context of RA without a his-
tory of cancer, some observational studies reported an increased
risk of cancer with abatacept versus other targeted therapies [30
—32]. Of note, the mechanism of action of abatacept is the oppo-
site of that of ipilimumab used in cancer immunotherapy, which
warrants some heightened monitoring. JAK/STAT inhibitors
have also raised concerns regarding the risk of cancer after the
Oral-Surveillance study, which excluded patients with a history
of cancer [33].

In summary, this SLR informing the EULAR PTC on the initia-
tion of targeted therapies in patients with IA and a history of
cancer shows that overall, the targeted therapies and clinical
context covered by the included studies were not associated
with increased risk of new cancer or cancer recurrence as com-
pared with csDMARDs. We further found no significant risk by
type of cancer, time from cancer to the initiation of a bDMARD
and treatment duration.

Results of the present meta-analysis based on studies evaluat-
ing the risk of recurrent or new cancer after targeted therapy ini-
tiation with a very limited follow-up should be interpreted with
caution. Additional data are needed regarding inflammatory
rheumatic diseases other than RA, treatments other than TNF
inhibitors as well as longer durations of follow-up and exposure
to targeted therapies. Improving the data collection, notably on
non-TNF targeted therapies, and improving the reporting, differ-
entiating relapses of a previous cancer from new incident can-
cers, and extending the follow-up of patients are needed in
future studies, for patients and clinicians.
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Letter

Teclistamab in relapsed
systemic sclerosis after
autologous haematopoietic
stem cell transplantation

To the editor,

Systemic sclerosis (SSc) is a devastating autoimmune disease
characterised by tissue fibrosis and obliterative vasculopathy.
Presence of specific autoantibodies suggests a central role of B-
cells and plasma cells (PCs), which are enriched in affected skin
lesions [1] and might contribute to tissue fibrosis, with LGR5-
expressing fibroblasts playing a major role [2]. CD19 chimeric
antigen receptor (CAR)-T cell therapy has recently provided a
novel therapeutic approach in refractory SSc through deep B-
cell depletion [3], but its widespread use is limited by the expen-
sive and time-consuming production process and the require-
ment of conditioning-regimens. Bispecific antibodies may
represent an alternative therapeutic option given their high
potency in target cell killing. They have dual binding sites
directed against CD3 and a target cell antigen, such as CD19 or
B-cell maturation antigen (BCMA), resulting in CD3 ™" T-cell acti-
vation and subsequent target cell killing. Their use in SSc
recently provided remarkable responses in 2 reported cases
[4,5].

With this background, we utilised teclistamab, a CD3 and
BCMA-bispecific antibody, approved for the treatment of multi-
ple myeloma [6], in a 48-year-old female patient with severe
SSc. She showed disease progression with worsening skin
involvement and interstitial lung disease (ILD) despite previous
treatments with azathioprine, cyclophosphamide, mycopheno-
late mofetil (MMF), and nintedanib. After an initial response to
autologous haematopoietic stem cell transplantation (HSCT),
she relapsed 12 months later with progressive diffuse skin dis-
ease, disabling contractures, ILD, and new-onset myocardial
involvement. Due to rapid disease progression refractory to
combination therapy with rituximab (RTX) and MMF and an
American College of Rheumatology Composite Response Index
in Systemic Sclerosis (ACR-CRISS) score of 0% probability of
improvement, we decided to treat her with teclistamab. She
received a step-up dosage of subcutaneous teclistamab at 0.06,
0.3 and 0.8 mg/kg before receiving the full dose of 1.5 mg/kg
at weeks 2, 3 and 4. Treatment with MMF was discontinued and
peripheral blood B-cells were undetectable following the previ-
ous administration of 2000 mg of RTX 5 months prior to
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teclistamab. Adverse events observed included a grade 1 cyto-
kine release syndrome (Common Terminology Criteria for
Adverse Events [CTCAE] grade 1), hypogammaglobulinemia
(CTCAE grade 2), gastroenteritis (CTCAE grade 1), and common
cold (CTCAE grade 2); no serious adverse events were observed.

After teclistamab treatment, skin fibrosis rapidly improved
with a reduction of the modified Rodnan skin score from 36 at
baseline to 21 at week 20 (Fig, A). In addition, her lung function
gradually improved with normalisation of forced vital capacity
at week 16 and regression of morphologic signs of pulmonary
inflammation and fibrosis on chest computed tomography (CT)
and fibroblast-activated protein (FAPI)-positron emission
tomography (PET) (Fig, A; Supplementary Fig S1). Myocarditis
also improved, reflected by normalisation of troponin T levels
and of left ventricular ejection fraction, along with a reduction
of gadolinium late enhancement on cardiac magnetic resonance
imaging and decreased fibroblast activation protein (FAP) activ-
ity on PET imaging of the myocardial septum (Fig, A). Further-
more, we observed a recovery of acral perfusion following a
standardised cold-water challenge (Supplementary Fig S2).
Cumulatively, these changes resulted in a significant improve-
ment in health-related quality of life (Supplementary Fig S3)
and reduction in disease activity indices (Supplementary Fig
S4). The beneficial clinical responses were accompanied by a
reduction of antinuclear and anti-Scl-70 antibodies, both of
which nearly normalised (Fig, B). In parallel, serum immuno-
globulin G (IgG) and vaccine titres also declined (Fig, B; Supple-
mentary Fig S5), suggesting a depletion of large fractions of
autoreactive as well as of protective PCs. Indeed, PCs and B-cells
were completely eradicated from the bone marrow at week 8
(Supplementary Fig S6), and largely depleted in affected skin
(Fig, C). Skin biopsies also showed an abrogation of FAP expres-
sion and disappearance of LGR5-expressing fibroblasts, as
well as revascularisation and a recovery of vascular architecture
(Fig, C).

In conclusion, we demonstrate rapid and sustained improve-
ment across all clinical SSc disease domains in response to teclis-
tamab treatment, which was accompanied by deep tissue
depletion of B-cells and PCs, as well as a decrease in hyperactive
fibroblasts as the major hallmark of SSc. These data provide a
first signal that teclistamab is a promising therapeutic option,
provided that larger prospective and controlled studies confirm
these findings and that immunological side effects do not pose
unacceptable risks. Specific caution should be given to immuno-
globulin levels and vaccine titres, with IVIG use and revaccina-
tion carefully evaluated.
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Figure. (A) The modified Rodnan skin score (upper left), forced vital capacity (middle), and troponin levels in blood (right) in relation to the patient’s
medication history. HSCT refers to autologous haematopoietic stem cell transplantation after conditioning with 200 mg/kg cyclophosphamide and
23.5 mg/kg rabbit anti-thymocyte globulin (Grafalon). Teclistamab (X 6) refers to the 6 doses that were administered. Below are representative images
from a fibroblast-activated protein (FAPI)-positron emission tomography (PET) performed at baseline and week 12 in the affected skin (right upper
arm), lung and heart, complemented by computed tomography (CT) scans of the lung (middle) and cardiac magnetic resonance imaging (MRI) (right)
that revealed an improvement in left ventricular ejection fraction and reduction of myocardial tracer uptake in the myocardium of the septum. On
FAPI-PET of the lungs we saw a reduction of standardised uptake value (SUV)peak (right lung 2.89 to 2.65; left lung 2.44 to 2.47), SUVmean (right
lung 2.5 to 2.2; left lung 2.2 to 1.9) and MAV (right lung 259.20 ccm to 223.10 cemy; left lung 259.20 cem to 204.67 ccm). On FAPI-PET of the myocar-
dial septum, the SUVpeak decreased from 1.58 at baseline to 1.28 at follow-up and the SUVmean from 1.29 to 1.00, respectively. (B) Changes in the
serum levels of antinuclear antibodies (ANA), anti-Scl-70 antibodies, immunoglobulin G, and vaccine titres for rubella. The dotted lines indicate the
upper limit of the normal range for ANA and anti-Scl-70 and the lower limit of normal for IgG and vaccine titres. (C) Representative results of immuno-
histochemistry from skin biopsies of affected skin (left lateral upper arm) at baseline and week 12 with depletion of tissue-infiltrating CD20* B-cells
and CD138™ plasma cells (left), reduction of FAP-alpha and LRG5-expression, 2 markers expressed by fibroblasts (middle), and CD31" endothelial
cells (right), demonstrating improvement of the initially damaged microvasculature.

Competing interests

JH received speakers fee or honoraria from Janssen-Cilag. JK
received honoraria and support for attending meetings from

654

Johnson & Johnson. DS received grants or contracts from John-
son & Johnson and consulting fees from Janssen-Cilag. AK
received consulting fees from Janssen Pharmaceutica. UK
received travel support, honoraria for advisory boards and



U. Keller et al.

invited lectures from Johnson & Johnson/Janssen Germany. GK
received honoraria for advisory boards and invited lectures
from Johnson & Johnson. TA received a study grant from John-
son & Johnson. ES, RB, MD, CF, SF, MP, FD, TWR, AF, AW, AB,
EW, ACP, AK, and GRB declared no conflict of interest in rela-
tion to this manuscript.

Acknowledgements

We thank Skander Elleuche from EUROIMMUNE AG for the
assessment of anti-topoisomerase antibodies and Klaus Engel
from Siemens Healthineers for cinematic rendering of the FAPI-
PET images.

Funding

Supported by a grant from the European Union (Horizon 2020
ERC-2020-CoG 101001866-INSPIRE) to Dr. Gerhard Kronke.

Patient consent for publication

Not applicable

Ethics approval
Not applicable
Provenance and peer review
Not applicable
Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.ard.2025.01.043.

Orcid

Robert Biesen: http://orcid.org/0000-0002-0434-7832
Maria Dzamukova: http://orcid.org/0000-0002-2389-3222
Meike Probst: http://orcid.org/0009-0004-3390-6789
Felix Doellinger: http://orcid.org/0000-0003-3661-8569
Ann-Christin Pecher: http://orcid.org/0000-0003-0201-
0686
Jorg Henes: http://orcid.org/0000-0002-8385-6861
Tobias Alexander: http://orcid.org/0000-0003-1193-0097

REFERENCES

[1] Whitfield ML, Finlay DR, Murray JI, Troyanskaya OG, Chi JT, Pergamenschi-
kov A, et al. Systemic and cell type-specific gene expression patterns in sclero-
derma skin. Proc Natl Acad Sci U S A. 2003;100(21):12319-24.

Gur C, Wang SY, Sheban F, Zada M, Li B, KharoufF, et al. LGR5 expressing skin
fibroblasts define a major cellular hub perturbed in scleroderma. Cell
2022;185(8):1373-1388.e1320.

Auth J, Miiller F, Volkl S, Bayerl N, Distler JHW, Tur C, et al. CD19-targeting
CAR T-cell therapy in patients with diffuse systemic sclerosis: a case series.
Lancet Rheumatol 2025;7(2):e83-93.

Subklewe M, Magno G, Gebhardt C, Biicklein V, Szelinski F, Arévalo HJR, et al.
Application of blinatumomab, a bispecific anti-CD3/CD19 T-cell engager,
in treating severe systemic sclerosis: A case study. Eur J Cancer 2024;
204:114071.

Hagen M, Bucci L, Boltz S, Nothling DM, Rothe T, Anoshkin K, et al. BCMA-tar-
geted T-cell-engager therapy for autoimmune disease. N Engl J Med 2024;391
(9):867-9.

Moreau P, Garfall AL, van de Donk N, Nahi H, San-Miguel JF, Oriol A, et al.
Teclistamab in relapsed or refractory multiple myeloma. N Engl J Med
2022;387(6):495-505.

[2]

[3

=

[4

=

[5

=

[6

[}

655

Ann Rheum Dis 84 (2025) 653—656

Elise Siegert, Robert Biesen
Department of Rheumatology and Clinical Immunology, Charité
— Universitatsmedizin Berlin Corporate Member of Freie Universitat
Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany

Maria Dzamukova
Department of Rheumatology and Clinical Immunology,
Charité — Universitatsmedizin Berlin Corporate Member of Freie
Universitat Berlin and Humboldt-Universitat zu Berlin, Berlin,
Germany
German Rheumatology Research Centre (DRFZ) Berlin, a Leibniz
Institute, Berlin, Germany

Christian Furth

Department of Nuclear Medicine, Charité — Universitdtsmedizin
Berlin corporate member of Freie Universitat Berlin and Humboldt-
Universitat zu Berlin, Berlin, Germany

Meike Probst
Department of Infectious Diseases, Respiratory and Critical Care
Medicine, Charité — Universitatsmedizin Berlin corporate member of
Freie Universitat Berlin and Humboldt-Universitat zu Berlin, Berlin,
Germany

Felix Doellinger(®’, Thula Walter-Rittel

Department of Radiology, Charité — Universitatsmedizin Berlin
corporate member of Freie Universitat Berlin and Humboldt-
Universitat zu Berlin, Berlin, Germany

Anja Fleischmann, Artur Wilhelm, Anne Elisabeth Beenken
Department of Rheumatology and Clinical Immunology, Charité

— Universitatsmedizin Berlin Corporate Member of Freie Universitat
Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany
German Rheumatology Research Centre (DRFZ) Berlin, a Leibniz
Institute, Berlin, Germany

Edgar Wiebe

Department of Rheumatology and Clinical Immunology, Charité

— Universitatsmedizin Berlin Corporate Member of Freie Universitat
Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany

Ann-Christin Pecher(”’, Jorg Henes
Center for Interdisciplinary Rheumatology, Immunology and
Autoimmune Diseases (INDIRA) and Department for Internal
Medicine IT (Hematology, Oncology, Rheumatology and
Immunology), Universitatsklinikum Tiibingen, Tubingen, Germany

Stefan Florian

Institute of Pathology, Charité — Universitatsmedizin Berlin
corporate member of Freie Universitat Berlin and Humboldt-
Universitat zu Berlin, Berlin, Germany

David Simon, Arnd Kleyer

Department of Rheumatology and Clinical Immunology, Charité

— Universitatsmedizin Berlin Corporate Member of Freie Universitat
Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany

Gerd-Rudiger Burmester

Department of Rheumatology and Clinical Immunology, Charité

— Universitatsmedizin Berlin Corporate Member of Freie Universitat
Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany
German Rheumatology Research Centre (DRFZ) Berlin, a Leibniz
Institute, Berlin, Germany


https://doi.org/10.1016/j.ard.2025.01.043
http://orcid.org/0000-0002-0434-7832
http://orcid.org/0000-0002-2389-3222
http://orcid.org/0009-0004-3390-6789
http://orcid.org/0000-0003-3661-8569
http://orcid.org/0000-0003-0201-0686
http://orcid.org/0000-0003-0201-0686
http://orcid.org/0000-0002-8385-6861
http://orcid.org/0000-0003-1193-0097
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0001
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0001
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0001
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0002
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0002
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0002
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0003
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0003
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0003
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0003
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0003
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0004
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0004
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0004
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0004
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0004
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0004
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0005
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0005
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0005
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0005
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0005
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0006
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0006
http://refhub.elsevier.com/S0003-4967(25)00196-7/sbref0006
http://orcid.org/0000-0002-0434-7832
http://orcid.org/0000-0002-0434-7832
http://orcid.org/0000-0002-2389-3222
http://orcid.org/0000-0002-2389-3222
http://orcid.org/0009-0004-3390-6789
http://orcid.org/0009-0004-3390-6789
http://orcid.org/0000-0003-3661-8569
http://orcid.org/0000-0003-3661-8569
http://orcid.org/0000-0003-0201-0686
http://orcid.org/0000-0003-0201-0686
http://orcid.org/0000-0002-8385-6861
http://orcid.org/0000-0002-8385-6861
http://orcid.org/0000-0002-8385-6861

G. Kronke et al. Ann Rheum Dis 84 (2025) 653—656
Ulrich Keller, Jan Kronke Gerhard Kronke, Tobias Alexander

Department of Hematology, Oncology and Cancer Immunology, Department of Rheumatology and Clinical Immunology, Charité

Charité — Universitatsmedizin Berlin corporate member of Freie — Universitatsmedizin Berlin Corporate Member of Freie Universitit

Universitat Berlin and Humboldt-Universitat zu Berlin, Berlin, Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany

Germany German Rheumatology Research Centre (DRFZ) Berlin, a Leibniz

German Center for Translational Cancer Research (DKTK), Institute, Berlin, Germany

Partner Site Berlin, Berlin, *Correspondence to Dr Tobias Alexander, Department of

Germany Rheumatology and Clinical Immunology, Charitéplatz 1, Charité,

Universitatsmedizin Berlin, Germany
E-mail address: tobias.alexander@charite.de (T. Alexander).

656


http://orcid.org/0000-0003-1193-0097
mailto:tobias.alexander@charite.de

Ann Rheum Dis 84 (2025) e19—e20

journal homepage: https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases

Contents lists available at ScienceDirect

Annals of the Rheumatic Diseases

: "'waﬂﬁ] ;

DISEASES

Correspondence

Why the term nr-axSpA
should not be used for
diagnosis

Dear Sir,

We read with great interest the recent impressive immunohisto-
logic description of a patient with axial spondyloarthritis
(axSpA) and cardiac valve involvement [1]. Inflammation at
this site is rare but a well-known feature of radiographic axSpA
(r-axSpA), which is equivalent to ankylosing spondylitis (AS)
[2]. In this report on a female patient with axSpA for 24 years,
the authors stress that they have “diagnosed” nonradiographic
(nr) axSpA [1]. However, if this classification is important (“first
report”), the absence of erosions in the sacroiliac joints (SIJs)
and the degree of axial inflammation and bone formation should
also be reported. It is necessary to have an estimate of the mus-
culoskeletal burden of the disease of the patient, which is more
important than a rather artificial classification based on the
assumption of a fundamental difference between the 2 subtypes.

The recent Assessments in axial SpondyloArthritis interna-
tional Society statement contained expert agreement on axSpA
as being the overall term for the disease [2]. The use of the term
nr-axSpA for diagnosis does not make sense for different rea-
sons. Most important is the known difficulty in quantifying
radiographic changes in the SIJs [3] since the cutoff between r-
axSpA and nr-axSpA (<grade 2 according to the 1984 modified
New York [mNY] criteria) is too subjective, and the differentia-
tion is not reliable. Furthermore, the prevalence of erosions in
the SIJs, as detected by magnetic resonance imaging (MRI), was
not much different between subtypes. Conventional radiography
is likely to be soon replaced by MRI as the main tool to assess not
only active but also structural changes in the SILJs [4]. The 2 sub-
types are clearly part of one disease, even though there are some
differences. The favourable outcomes reported in recent cohort
studies may be due to the time point at which patients were
included [5].

The main reason for the introduction and use of the term nr-
axSpA more than a decade ago was the historical situation in
which biologic disease modifying antirheumatic drug approved
for active AS (fulfilling mNY criteria) could not be used for early
patients. In contrast, the 2009 Assessments in axial SpondyloAr-
thritis international Society classification criteria enabled the
classification of axSpA patients without radiographic changes in
the SIJs. Thus, based on the need to obtain approval for early
disease, the term nr-axSpA was established. In trials on nr-

DOI of original article: http://dx.doi.org/10.1016/j.ard.2024.12.003.
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axSpA, authorities perform quality checks on the degree of
radiographic SIJ changes. This has and may still lead to the
exclusion of patients differently scored by central readers
(patients with r-axSpA are not allowed in the study) as a matter
of classification.

Furthermore, nr-axSpA patients may well have syndesmo-
phytes; the prevalence was almost 10% in a cohort study, and in
another cohort study, 24% of patients without sacroiliitis had
evidence of spinal inflammation. This mixture makes it hardly
possible for a clinician to use the term nr-axSpA for diagnosis.

The main thought behind putting SIJ changes so much in the
foreground is based on the mNY criteria, which served well for
some decades because the vast majority of AS patients recognised
at that time did have radiographic SIJ changes. However, the
functional relevance of such changes was shown to be limited
[6]. For axSpA patients, the most important outcome, next to the
level of pain and stiffness, is the degree of spinal involvement
—first by inflammation and later by syndesmophytes and ankylo-
sis, both strongly associated with function and mobility. The lat-
ter is due to bone formation, which is usually irreversible.

Taken together, the term nr-axSpA should not be used for
diagnosis [2]. Nevertheless, the involvement of the heart in
axSpA is a very interesting special feature of the disease that
needs more sophisticated research—such as provided by the
authors [1].
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Response to Correspondence
on ‘Why the term nr-axSpA
should not be used for
diagnosis’

We were pleased to receive Dr Braun’s thoughtful comments
on our publication describing the cell biology of cardiac valvuli-
tis in a patient with nonradiographic axial spondyloarthritis [1].
Dr Braun raises some timely comments on nomenclature in this
field because it is a changing landscape. A recent publication
proposes that the term ankylosing spondylitis be supplanted by
axial spondyloarthritis in future publications. We are in full
agreement with that, and indeed one of us (R.1.) is a coauthor on
that proposal [2]. In the clinical sphere, the domain of axSpA
has been stratified into those with diagnostic radiographs
(radiographic axSpA [r-axSpA]) and those with other confirma-
tory tests, most commonly magnetic resonance imaging (MRI)
(nonradiographic axSpA [nr-axSpAl). In our case, pelvic radio-
graphs did not fulfill the modified New York criteria for r-axSpA,
nor were there any syndesmophytes on spinal X-rays. The MRI
documented subchondral bone marrow edema in the sacroiliac
joints, without inflammatory lesions detected in the spine.

It should also be acknowledged that the tendency to conflate
classification criteria with diagnostic criteria has added another
dimension to these discussions [3].

From the early recognition of these categories, there has been
discussion whether these clinical subsets constitute distinct dis-
eases or a different expression of a single disease entity [4]. Our
report reports the occurrence of aortic valve inflammation in nr-
axSpA, which has previously been reported only in r-axSpA.
This provides further supportive evidence that both clinical sub-
sets are part of a common disease entity, namely, axSpA. Fur-
thermore, our immune profiling identifies cellular components
in the inflamed cardiac valves, which recapitulates those which
we have identified in the joints of r-axSpA patients [5].

Acknowledging biologic commonalities between r-axSpA and
nr-axSpA, is there any clinical utility in splitting rather than
lumping? One of the consequences of splitting in the first
instance was that it provided clinicians with the opportunity to
initiate biologic therapies in axSpA patients who did not fulfill
the modified NY criteria for r-axSpA. This also led to random-
ized clinical trials in nr-axSpA, which subsequently demon-
strated in these patients the effectiveness and safety of tumor
necrosis factor (TNF) inhibitors [6,7], interleukin (IL)-17 inhibi-
tors [8], and Jak inhibitors [9,10]. Second, the subdivisions
have revealed some differential response patterns when r-axSpA

https://doi.org/10.1016/j.ard.2024.12.003
Received 5 December 2024; Accepted 9 December 2024

is compared with nr-axSpA, as we have recently reported
[11,12].

Our study demonstrates the value of imaging mass cytometry
in dissecting the cell biology underlying target tissues in axSpA.
The finding of integrin-expressing cells in the cardiac valve
implicates the possibility of gut-heart trafficking in this lesion,
by analogy with gut-joint trafficking [13]. Furthermore, the spa-
tial immune profiling documented proximity of CD8+ T cells
and macrophages support the notion of local antigen presenta-
tion to T cells, as has also been supported in studies of r-axSpA
by the oligoclonality of T-cell receptor profiling [14]. Further
studies incorporating advanced spatial transcriptomics and pro-
teomics hold the promise of future insights in to the pathogene-
sis of axSpA.
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