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ABSTRACT
Objectives: Takayasu arteritis (TAK) may lead to arterial stenosis/occlusion and aneurysms, occasionally requiring vascular 
interventions. We evaluated outcomes, restenosis, and complications after vascular interventions in TAK and explored factors 
associated with restenosis.
Methods: We retrospectively included TAK patients who underwent extracardiac endovascular or surgical vascular interven-
tions before or after TAK diagnosis across eight tertiary centers (1995–2024). Indications, disease activity status at the time of 
intervention, procedural characteristics, early/late outcomes, major complications, and restenosis were recorded. Restenosis was 
defined as > 70% stenosis on follow-up imaging performed ≥ 3 months after the procedure. Restenosis analyses were restricted 
to steno-occlusive lesions.
Results: We included 119 patients with 201 treated lesions (185 steno-occlusive lesions; 16 aneurysms/dissections). Of all proce-
dures, 61.2% (n = 123) were performed after TAK diagnosis under immunosuppressive therapy. Follow-up imaging was available 
for 170/185 steno-occlusive procedures, and restenosis status was evaluable in 168 procedures; restenosis occurred in 82/168 
(48.8%) with a median time to restenosis of 19.5 months. In exploratory Kaplan–Meier analysis, 1-, 3-, and 5-year restenosis-
free patency rates were 76.8%, 63.6%, and 56.5%, respectively. In analyses restricted to post-diagnosis steno-occlusive proce-
dures, crude restenosis was significantly less frequent under biologic therapy than without biologic therapy (30.8% vs. 53.1%; 
Fisher's exact p = 0.040); however, biologic therapy was not associated with time to restenosis in Cox regression (HR 1.01, 95% 
CI 0.51–1.99; p = 0.97) or patient-clustered Cox analysis (HR 1.01, 95% CI 0.47–2.18; p = 0.98). Major complication rates were 
3.9% for endovascular procedures and 12.5% for surgical procedures. Overall mortality was 11.8%, with two deaths attributed to 
procedure-related complications.
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Conclusions: Vascular interventions in selected patients with Takayasu arteritis were associated with acceptable major com-
plication rates. Among post-diagnosis steno-occlusive procedures, biologic therapy was associated with lower restenosis rates in 
crude analyses; however, this association was not sustained after accounting for restenosis timing. Therefore, the potential role of 
biologic therapy in improving post-interventional vascular outcomes should be interpreted cautiously and requires confirmation 
in prospective studies with standardized imaging surveillance.

1   |   Introduction

Takayasu arteritis (TAK) is a large vessel vasculitis character-
ized by granulomatous inflammation, although its etiopatho-
genesis remains incompletely understood [1]. The disease 
primarily affects the aorta and its major branches and is most 
commonly observed in young women aged 20 to 30. While 
TAK is a global disorder, its prevalence is remarkably higher 
in Asian populations—with Japan reporting up to 40 cases per 
million compared to only 0.9 cases per million in the United 
States [2].

The clinical presentation of TAK is highly variable. Some 
patients may remain asymptomatic, while others develop se-
rious complications such as hypertension, myocardial infarc-
tion, or stroke [3]. Traditionally, TAK is considered to progress 
through three distinct phases. The initial phase is marked by 
systemic inflammation and pre-stenotic changes; the second 
phase is characterized by the development of stenotic or an-
eurysmal arterial damage; and the final phase is a fibrotic, 
“burnt-out” stage. However, a pronounced systemic inflam-
matory response is not always evident, which can complicate 
a clear delineation of these phases. Consequently, diagnosis 
often occurs during the stenotic/aneurysmal phase or, in some 
cases, during the fibrotic phase, leading to a delay in identify-
ing significant arterial damage [4].

Recent advances in non-invasive imaging techniques and the 
adoption of combined immunosuppressive treatment strate-
gies have facilitated earlier diagnosis and more effective disease 
management [5, 6]. Early detection and appropriate treatment 
can significantly curb disease progression and minimize vascu-
lar complications. Glucocorticoids form the cornerstone of TAK 
treatment, while non-biologic disease-modifying antirheumatic 
drugs (DMARDs) are commonly used as steroid-sparing agents. 
In patients with relapsing or refractory disease despite conven-
tional DMARD therapy, biologic agents such as tocilizumab or 
TNF inhibitors may be considered. Interventional or surgical 
procedures, including endovascular or open techniques, are in-
dicated for symptomatic vascular lesions that persist despite 
medical therapy (for instance, arterial stenosis leading to limb 
claudication) or in scenarios where there is a risk of severe com-
plications over time (e.g., a rapidly expanding aortic aneurysm) 
[7]. Nonetheless, the long-term outcomes and complication 
rates associated with these interventions continue to be a mat-
ter of debate. Contemporary studies continue to show substan-
tial heterogeneity in post-interventional outcomes in TAK, with 
restenosis and long-term patency varying according to vascular 
territory, procedure type, disease activity, and follow-up duration. 
Recent cohorts, including large percutaneous intervention series 
and open/endovascular surgical cohorts, have emphasized that 

restenosis remains a major determinant of long-term outcome de-
spite high early technical success rates [8–10].

This study aimed to retrospectively evaluate the outcomes of 
vascular interventions performed in patients with Takayasu 
arteritis, with particular emphasis on restenosis, procedure-
related complications, and long-term efficacy. In addition, we 
aimed to assess factors associated with restenosis, including the 
potential impact of biologic therapies on post-interventional vas-
cular outcomes. These findings may help clarify optimal inter-
ventional and medical strategies to improve long-term vascular 
outcomes in patients with TAK.

2   |   Materials and Methods

2.1   |   Study Population

This retrospective cohort study included 119 patients with 
Takayasu arteritis who fulfilled the 1990 ACR and/or 2022 ACR/
EULAR classification criteria between 1995 and 2024, with a min-
imum post-intervention follow-up of at least 3 months. Patients 
with a history of extracardiac endovascular or surgical vascular in-
terventions before or after diagnosis were enrolled from eight ter-
tiary centers. The study was approved by the Marmara University 
Ethics Committee (Approval No: 09.2024.1330) and conducted in 
accordance with the Declaration of Helsinki.

Medical records were reviewed to document demographic char-
acteristics, angiographic subtype according to the Numano 
classification [11], disease activity status, and inflammatory 
markers [erythrocyte sedimentation rate (ESR) and C-reactive 
protein (CRP)] at the time of intervention. Disease activity sta-
tus at the time of intervention was retrospectively recorded as 
active or inactive based on physician global assessment (PGA) 
documented in the medical records. PGA reflected the treating 
physician's assessment and incorporated clinical findings, in-
flammatory markers, and available imaging information when 
documented.

Comorbidities, including hypertension (HT), diabetes mellitus 
(DM), hyperlipidemia (HL), coronary artery disease (CAD), 
and cerebrovascular disease (CVD), were recorded. Treatment 
regimens at the time of intervention included conventional 
synthetic DMARDs, such as methotrexate, azathioprine, 
and leflunomide, and biologic agents, such as infliximab, to-
cilizumab, and adalimumab. Glucocorticoid therapy before 
and during the intervention was classified by prednisone-
equivalent dose as low (< 7.5 mg/day), medium (≥ 7.5 to 
< 30 mg/day), and high (≥ 30 mg/day). Post-intervention an-
tithrombotic therapy, including antiplatelet therapy such as 
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acetylsalicylic acid and clopidogrel, and anticoagulant ther-
apy, was also documented.

2.2   |   Procedures

Intervention indications were based on clinical and radiological 
findings, including limb claudication, uncontrolled hyperten-
sion, neurological symptoms, aneurysm formation, and arterial 
dissection. Procedures included balloon angioplasty, stent place-
ment, bypass grafting, endarterectomy, and thoracic or abdom-
inal endovascular aneurysm repair (TEVAR/EVAR). Treated 
vessels were categorized as the aorta, renal arteries, subclavian 
arteries, carotid arteries, iliofemoral arteries, and other major 
vascular territories.

Early technical success for steno-occlusive lesions was defined as 
residual stenosis < 30%, in line with Society for Vascular Surgery 
reporting standards for endovascular arterial interventions [12]. 
For aneurysm or dissection procedures, early success was de-
fined as complete exclusion of the aneurysm or false lumen 
without endoleak. Late procedural outcomes for steno-occlusive 
lesions were evaluated using vascular patency and restenosis 
outcomes. Restenosis was defined as > 70% stenosis detected on 
follow-up imaging, including CT angiography, MR angiography, 
or Doppler ultrasonography, performed ≥ 3 months after inter-
vention. The > 70% threshold was selected to capture severe and 
clinically relevant restenosis, consistent with vascular practice 
in which ≥ 70% diameter narrowing is generally considered 
hemodynamically significant [13]. Restenosis analyses were 
restricted to steno-occlusive lesions; aneurysm and dissection 
procedures were excluded from these analyses. Follow-up im-
aging was performed according to symptoms, clinical suspicion, 
or physician decision rather than a standardized surveillance 
protocol. Therefore, restenosis outcomes represent clinically as-
sessed restenosis in routine practice rather than protocol-driven 
imaging surveillance.

Repeat procedures were assessed using the complete procedural 
dataset. A repeat procedure was defined as a vascular interven-
tion performed in a subsequent session after a previous inter-
vention in the same patient. Repeat procedures were classified 
as same-territory or different-territory interventions according 
to the recorded vascular territory.

2.3   |   Complications

In this study, minor complications were defined as events man-
ageable with short-term observation or conservative medical 
treatment, such as mild bleeding, hematoma formation, or tran-
sient blood pressure changes. Major complications were defined 
as those requiring prolonged hospitalization, interventional 
or surgical management, or those potentially resulting in per-
manent sequelae or death. This category included perforation, 
thromboembolic events, severe bleeding, infarction, vascular 
occlusion, and organ failure.

Because minor complications could not be comprehensively 
identified from retrospective patient records, only major compli-
cation rates were reported. Complication rates for endovascular 

and surgical procedures were analyzed separately to compare 
profiles between the intervention types.

2.4   |   Statistical Analysis

All statistical analyses were performed using SPSS version 
28.0. Continuous variables are presented as mean ± standard 
deviation (SD) or median (IQR 25–75), and categorical vari-
ables are presented as frequencies and percentages. Normality 
of distribution was assessed using the Kolmogorov–Smirnov 
or Shapiro–Wilk tests. Student's t-test was used for group 
comparisons of normally distributed continuous variables, 
whereas the Mann–Whitney U test was applied for non-
normally distributed variables. Categorical variables, includ-
ing restenosis, intervention timing (pre- vs. post-diagnosis), 
disease activity status, and biologic therapy use, were com-
pared using Chi-square or Fisher's exact tests, as appropriate. 
Treatment-related analyses, including glucocorticoid, con-
ventional synthetic DMARD, and biologic DMARD exposure, 
were restricted to procedures performed after the diagnosis 
of Takayasu arteritis. Analyses assessing the association be-
tween biologic therapy and restenosis were further restricted 
to post-diagnosis steno-occlusive procedures with available 
restenosis status. Because restenosis is a time-dependent out-
come, exploratory time-to-event analyses were performed for 
steno-occlusive procedures with available restenosis status 
and analyzable follow-up or restenosis time. Restenosis-free 
patency was estimated using Kaplan–Meier analysis, and 1-, 
3-, and 5-year patency rates were calculated. Cox proportional
hazards regression was used to evaluate the association be-
tween biologic therapy and time to restenosis. Cox propor-
tional hazards models evaluating biologic therapy were first
performed as univariable exploratory analyses. Additional
parsimonious adjusted Cox models were constructed using se-
lected clinically relevant covariates, including age, sex, disease 
activity at intervention, Numano type V disease, and athero-
sclerotic risk factors. Because some patients underwent more
than one vascular procedure, an exploratory Cox model with
patient-clustered robust standard errors was also performed
to account for intra-patient correlation. These time-to-event
analyses were considered exploratory because of the retrospec-
tive design, heterogeneous imaging intervals, and incomplete
time-to-event information in some procedures. A two-sided p
value < 0.05 was considered statistically significant.

3   |   Results

3.1   |   Patient Characteristics

The study included 119 patients, consisting of 101 females and 
18 males. Patient demographics, comorbidities, and angio-
graphic subtypes are summarized in Table 1. The median age 
at vascular intervention was 39 years (27–49), and the median 
age at diagnosis was 33 years (23–47). The median follow-up 
duration was 105 months (39–163), and the median diagnostic 
delay was 15.5 months (6–48). Patients who underwent inter-
ventions before diagnosis had significantly longer diagnostic 
delays than those treated after diagnosis (27 vs. 12 months, 
p < 0.001).
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According to the Numano classification, Type 5 was the most 
common angiographic subtype (55.5%). Hypertension was the 
most frequent comorbidity, and at least one coexisting athero-
sclerotic risk factor or disease was identified in 72% of patients. 
Current or former smoking was documented in 32.8%.

Among the 123 procedures performed after TAK diagnosis, most 
were performed under ongoing immunosuppressive therapy. At 
the time of post-diagnosis procedures, 88 procedures (71.5%) 
were performed under glucocorticoids, 103 (83.7%) under con-
ventional synthetic DMARDs, and 44 (35.8%) under biologic 
DMARDs. Post-procedure antiplatelet, anticoagulant, and sta-
tin treatments are summarized in Table  2. Median laboratory 
values at the time of intervention were CRP 3.4 mg/L (2.7–7.85) 
and ESR 19 mm/h (8.7–29).

3.2   |   Procedures

A total of 201 vascular lesions were included: 185 stenotic/oc-
clusive lesions and 16 aneurysm/dissection lesions. Overall, 123 
procedures (61.2%) were performed after TAK diagnosis. The 
most common indications for vascular intervention were limb 
claudication, uncontrolled hypertension, neurologic symp-
toms, aneurysm formation, and abdominal pain (Figure 1).

The distribution of procedure types and treated vascular terri-
tories is shown in Table 3. Endovascular procedures were more 
frequent than surgical procedures, with stent placement being 
the most common intervention. The overall early technical suc-
cess rate was 91.5% (n = 184).

Twenty-eight patients underwent vascular interventions in more 
than one procedural session. After excluding same-session in-
terventions, 49 later-session repeat procedures were identified, 
including 34 same-territory and 15 different-territory interven-
tions. Repeat procedures most commonly involved the iliofemo-
ral, renal, subclavian, and carotid territories.

3.3   |   Follow-Up and Restenosis

The median post-procedural follow-up duration was 106 months 
(34–165.5). Follow-up imaging was available for 170/185 (91.9%) 
steno-occlusive procedures, and restenosis status was evaluable 
in 168 procedures. Restenosis occurred in 82/168 procedures 
(48.8%), with a median time to restenosis of 19.5 months (6.0–
53.5). In exploratory Kaplan–Meier analysis including 161 steno-
occlusive procedures with analyzable time-to-event data, 1-, 3-, 
and 5-year restenosis-free patency rates were 76.8%, 63.6%, and 
56.5%, respectively. The median restenosis-free patency time was 
87 months.

Restenosis rates were comparable between procedures per-
formed before and after diagnosis (55% vs. 44%; p = 0.20) and 
between endovascular and surgical interventions (46% vs. 58%; 
p = 0.25). Restenosis varied by Numano angiographic subtype, 
as shown in Figure 2.

Among post-diagnosis steno-occlusive procedures with evalu-
able restenosis status and available disease activity data, 22/103 
(21.4%) were performed during physician-assessed active dis-
ease. Restenosis rates were comparable between procedures 
performed during active and inactive disease (10/22, 45.5% vs. 
36/81, 44.4%; Fisher's exact p = 1.000). Restenosis rates were also 

TABLE 1    |    Characteristics of patients with Takayasu arteritis 
(n = 119).

Female/Male (n/n) 101/18

Age at procedure, years, median (Q1–Q3) 39 (27–49)

Age at onset, years, median (Q1–Q3) 28 (20.8–41.3)

Age at diagnosis, years, median (Q1–Q3) 33 (23–47)

Comorbidity, n (%)

HT 75 (63%)

HL 22 (18.5%)

CVD 11 (9.2%)

DM 7 (5.9%)

CAD 7 (5.9%)

Type of vascular involvement, n (%) (Numano classification)

Type 1 21 (17.6%)

Type 2 12 (10.1%)

Type 3 8 (6.7%)

Type 4 12 (10.1%)

Type 5 66 (55.5%)

Abbreviations: CAD, coronary artery disease; CVD, cerebrovascular disease; 
DM, diabetes mellitus; HL, hyperlipidemia; HT, hypertension; IQR, interquartile 
range.

TABLE 2    |    Medical treatment at the time of procedure and post-
procedure antiplatelet/statin treatment.

Immunosuppressive therapy at the time of post-
diagnosis procedures (n = 123)

Treatment, n (%)

Glucocorticoids (prednisone-equivalent) 88 (71.5%)

Low dose (< 7.5 mg/day) 59 (48%)

Medium dose (≥ 7.5 to < 30 mg/day) 17 (14%)

High dose (≥ 30 mg/day) 12 (10%)

csDMARD 103 (83.7%)

bDMARD 44 (35.8%)

Post-procedure antiplatelet/statin treatment in steno-
occlusive procedures (n = 185)

Statin 82 (44%)

ASA monotherapy 85 (46%)

Clopidogrel monotherapy 7 (4%)

Dual antiplatelet therapy (ASA plus 
clopidogrel)

82 (44%)

Abbreviations: ASA, acetylsalicylic acid; bDMARD, biologic disease-modifying 
antirheumatic drug; csDMARD, conventional synthetic disease-modifying 
antirheumatic drug.
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comparable according to atherosclerotic risk factors, including 
hypertension, diabetes mellitus, hyperlipidemia, coronary ar-
tery disease, and cerebrovascular disease.

Among post-diagnosis steno-occlusive procedures with avail-
able restenosis and biologic treatment data, crude resteno-
sis was significantly less frequent in procedures performed 
under biologic therapy than in those performed without bi-
ologic therapy (12/39, 30.8% vs. 34/64, 53.1%; Fisher's exact 
p = 0.040) (Figure  3). Kaplan–Meier curves according to bi-
ologic therapy status are shown in Figure  4. However, this 
crude association was not confirmed in exploratory time-
to-event analyses. Of the 103 post-diagnosis steno-occlusive 
procedures with available restenosis and biologic treatment 
data, 100 had analyzable time-to-event information and were 
included in the Kaplan–Meier and Cox analyses. In univari-
able exploratory Cox regression analysis, biologic therapy was 
not significantly associated with time to restenosis (HR 1.01, 
95% CI 0.51–1.99; p = 0.97). Similar findings were obtained 
in the patient-clustered robust Cox model (HR 1.01, 95% CI 
0.47–2.18; p = 0.98). In parsimonious exploratory adjusted Cox 
models including selected demographic and clinically relevant 
covariates, biologic therapy remained unassociated with time 
to restenosis (Table  S2). Exploratory analyses did not show 
statistically significant associations between restenosis and 
glucocorticoid or conventional synthetic DMARD use in post-
diagnosis procedures.

To address potential confounding by indication, baseline 
and procedural characteristics were compared between post-
diagnosis steno-occlusive procedures performed with and with-
out biologic therapy at the time of intervention. Procedures 
performed under biologic therapy had longer disease duration 
at intervention, more frequent prior vascular intervention, 
shorter post-procedural follow-up, and a different Numano an-
giographic distribution compared with procedures performed 
without biologic therapy (Table S1).

3.4   |   Complications and Mortality

The major complication rate was 3.9% (n = 6) for endovas-
cular procedures and 12.5% (n = 6) for surgical procedures. 

FIGURE 1    |    Distribution of indications for vascular interventions (n = 201 procedures). Distribution of indications for vascular interventions 
(n = 201 procedures). The most frequent indication was limb claudication (36.3%; n = 73), followed by uncontrolled hypertension (25.9%; n = 52), 
neurologic symptoms (16.9%; n = 34), aneurysm (7.0%; n = 14), abdominal pain (4.0%; n = 8), other indications (7.5%; n = 15), pulmonary hypertension 
(1.5%; n = 3), and dissection (1.0%; n = 2).

TABLE 3    |    Distribution of arterial lesions and vascular interventions.

Arterial lesion type, n (%)

Stenosis 185 (92%)

Aneurysm/dissection 16 (8%)

Arterial territory, n(%)

Renal artery 52 (25.9%)

Subclavian artery 30 (14.9%)

Carotid artery 28 (13.9%)

Aorta 28 (13.9%)

Iliofemoral artery 27 (13.4%)

Mesenteric artery 8 (3.9%)

Pulmonary artery 3 (1.5%)

Brachial artery 3 (1.5%)

Axillary artery 3 (1.5%)

Truncus brachiocephalicus 2 (1%)

Other 17 (8.5%)

Type of procedure, n (%)

Stent 116 (57.7%)

Balloon angioplasty 33 (16.4%)

Bypass grafting 44 (21.9%)

Endarterectomy 4 (2%)

TEVAR/EVAR 4 (2%)

Abbreviation: TEVAR/EVAR, thoracic or abdominal endovascular aneurysm 
repair.
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Endovascular complications included femoral artery pseudo-
aneurysm, femoral artery dissection, hypotension requiring 
vasopressor support in the intensive care unit, and femoral 
artery embolism. Major surgical complications included graft 
leakage, graft infection, pericardial tamponade, gastroin-
testinal bleeding associated with antiplatelet use, and graft 
separation.

The overall mortality rate was 11.8% (14/119 patients), with 
two deaths attributed to intervention-related complications. 
One death occurred following abdominal aortic bypass, 

and another was due to intracranial hemorrhage after stent 
placement.

4   |   Discussion

Previous studies have reported heterogeneous results regarding 
the efficacy and durability of surgical and endovascular inter-
ventions in Takayasu arteritis. In this multicenter retrospec-
tive cohort, we evaluated early technical success, long-term 
restenosis-free patency, treatment-related factors, and major 

FIGURE 2    |    Restenosis rates by angiographic type in Takayasu arteritis. Stacked bar chart showing, for each angiographic type, the proportion of 
steno-occlusive procedures with restenosis (dark gray) and without restenosis (light gray). Percentages within the bars indicate the restenosis rate for 
each type; values are shown as n/N (%), and corresponding 95% confidence intervals are provided in the figure.

FIGURE 3    |    Restenosis rates in post-diagnosis steno-occlusive procedures with and without biologic therapy. Restenosis occurred in 53.1% of pro-
cedures not receiving biologic therapy versus 30.8% of procedures receiving biologic therapy (Fisher's exact p = 0.040).
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complications after vascular interventions in TAK. Given the 
limited long-term data on vascular interventions in this dis-
ease, our findings contribute to the real-world evidence on post-
interventional vascular outcomes in TAK.

Restenosis remains a major limitation after vascular interven-
tions despite advances in endovascular techniques. In periph-
eral artery disease, particularly involving the femoropopliteal 
region, primary vessel patency rates range between 30% and 
80% within 1–2 years depending on lesion complexity and pro-
cedural technique [14]. Similarly, long-term patency after revas-
cularization in TAK is variable and appears to be influenced by 
vascular territory, lesion characteristics, disease activity, and 
intervention type. Our 1-, 3-, and 5-year restenosis-free patency 
estimates highlight the need for long-term vascular surveillance 
after intervention.

Restenosis was numerically higher after surgery than after en-
dovascular intervention, without a statistically significant dif-
ference. Although several studies suggest superior long-term 
patency with surgery, the lack of a clear advantage in our cohort 
may relate to the smaller surgical sample and heterogeneity in 
lesion characteristics. In a 10-year retrospective analysis, Diao 
et  al. reported patency rates of 48.8% in surgically treated pa-
tients compared with 31.8% in those undergoing endovascular 
intervention, favoring surgery [15]. Likewise, a recently pub-
lished study demonstrated markedly improved patency rates 
after surgical intervention during the first three years of fol-
low-up [9].

Patency outcomes also differed substantially across vascular 
territories, supporting the concept that outcomes in TAK are 
influenced not only by intervention type but also by local vas-
cular anatomy, lesion characteristics, and follow-up strategy. In 

our cohort, restenosis was most frequent in the brachiocephalic 
artery, followed by the subclavian, mesenteric, and iliofemoral 
arteries. Joseph et al. showed that repeat percutaneous interven-
tions may improve overall success in patients with restenosis, 
although long subclavian artery lesions had lower initial success 
and higher reintervention rates [10]. Similarly, Gülcü et al. em-
phasized the importance of close surveillance and repeat inter-
ventions to maintain patency [16]. The concentration of repeat 
procedures in the iliofemoral territory in our cohort further sup-
ports the need for territory-specific long-term follow-up.

Beyond procedural approach, disease activity at the time of inter-
vention is an important consideration in TAK. Elective vascular 
interventions are generally recommended during quiescent dis-
ease whenever feasible; however, intervention may be necessary 
in selected patients with life-, organ-, or limb-threatening vascu-
lar lesions. Urgent interventions were uncommon in this series, 
consistent with previous reports indicating that critical ischemic 
manifestations, such as digital gangrene, are rare in TAK [17]. 
Glucocorticoid treatment is recommended in active or suspected 
active disease during the perioperative period [18]. Among post-
diagnosis procedures, most were performed under ongoing 
medical treatment, with glucocorticoid use in 71.5% of interven-
tions. In the analysis restricted to post-diagnosis steno-occlusive 
procedures with available disease activity data, restenosis rates 
were comparable between active and inactive disease. This find-
ing is consistent with Joseph et al., who reported that restenosis 
was not directly related to baseline disease activity, although 
persistent disease activity during follow-up was associated with 
restenosis [10]. Given the difficulty of assessing disease activ-
ity in TAK and the possibility of angiographic progression de-
spite apparent clinical remission, this negative finding does not 
override the recommendation to perform elective interventions 
during quiescent disease whenever feasible [19].

FIGURE 4    |    Kaplan–Meier curves for restenosis-free patency after vascular intervention according to biologic therapy exposure. The analysis 
included 100 post-diagnosis steno-occlusive procedures with analyzable time-to-event data: 64 without biologic therapy and 36 with biologic ther-
apy. Number-at-risk values are shown below the x-axis. Biologic therapy was not significantly associated with time to restenosis in the univariable 
exploratory Cox proportional hazards model.
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Early use of biologic therapies may reduce the subsequent need 
for surgical intervention in selected patients with TAK [5]. Porter 
et  al. also reported that early combined immunosuppression 
and timely transition to biologic therapy improved outcomes in 
patients with supra-aortic TAK presenting with cerebral isch-
emia [20]. Biologic therapy was associated with a significantly 
lower crude restenosis rate in post-diagnosis steno-occlusive 
procedures; however, this association was not sustained in Cox 
models incorporating the timing of restenosis. This discrepancy 
may reflect confounding by treatment era, follow-up intensity, 
lesion characteristics, disease severity, or timing of biologic 
initiation rather than a direct treatment effect. Although post-
interventional restenosis is partly driven by vascular remodeling 
and neointimal hyperplasia [21], our findings do not establish an 
independent protective effect of biologic therapy on restenosis.

Major complication rates were acceptable, particularly for endo-
vascular procedures. In the present study, major complications 
occurred in 3.9% of endovascular procedures and 12.5% of surgi-
cal procedures. In the general population, major complications 
after elective percutaneous peripheral revascularization are re-
ported at approximately 2.1% [22], whereas peripheral vascular 
surgery has been associated with complication rates of around 
30% [23]. Because TAK typically affects younger patients, age-
related surgical risks may be lower than in atherosclerotic 
vascular disease; however, vascular inflammation, complex 
anatomy, and previous interventions may increase procedural 
risk [24]. The presence of acute-phase elevation during inter-
vention has also been reported as an important risk factor for 
post-intervention complications [25], supporting the importance 
of inflammatory control before elective procedures.

Antiplatelet therapy has been proposed as part of peri-
interventional management to support patency after endo-
vascular procedures in TAK [24]. In the present study, dual 
antiplatelet therapy was prescribed in about half of the proce-
dures performed for steno-occlusive lesions, reflecting variation 
in practice across centers. However, the optimal antithrombotic 
strategy after endovascular or surgical procedures remains in-
sufficiently defined [26]. Furthermore, atherosclerotic comor-
bidities were common in this cohort. Chronic inflammation 
in TAK may accelerate atherosclerosis in the aorta and major 
branches [27]. Although traditional atherosclerotic risk factors 
were not significantly associated with restenosis, numerically 
higher rates among patients with coronary artery disease, diabe-
tes mellitus, or cerebrovascular disease suggest that coexisting 
atherosclerosis may still influence long-term vascular outcomes.

Our study has several limitations. Its retrospective multicenter 
design may have introduced missing data, observational bias, 
and heterogeneity in procedural techniques, medical treat-
ment, and timing of revascularization. Follow-up imaging was 
not performed according to a standardized surveillance pro-
tocol but was driven by symptoms, clinical need, or physician 
decision, which may have caused detection bias and underes-
timation of asymptomatic restenosis. Disease activity was as-
sessed retrospectively using physician global assessment rather 
than uniformly available ITAS2010 or Kerr's criteria, limiting 
standardization across centers. Treatment-related analyses, 
including exploratory adjusted Cox models, are limited by po-
tential residual confounding related to disease severity, lesion 

characteristics, treatment era, and follow-up intensity, as well 
as by the limited number of events, missing covariate data, re-
peated procedures within patients, and heterogeneous follow-up 
imaging.

In conclusion, vascular interventions in selected patients with 
Takayasu arteritis were associated with high early technical 
success and acceptable major complication rates, but restenosis 
remained common during long-term follow-up. Restenosis-free 
patency varied across vascular territories, supporting the need 
for individualized intervention planning and long-term vascu-
lar surveillance. Although biologic therapy was associated with 
lower crude restenosis rates in post-diagnosis steno-occlusive 
procedures, this association was not confirmed in time-to-event 
analyses. Prospective studies with standardized imaging fol-
low-up are needed to clarify whether biologic therapy improves 
post-interventional vascular outcomes.
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Dear Editor,
Calcinosis cutis is characterized by the deposition of insolu-
ble calcium salts in the skin and subcutaneous tissues and is 
most commonly associated with autoimmune connective tissue 
diseases (CTDs), particularly systemic sclerosis, and derma-
tomyositis [1]. In contrast, its occurrence in primary Sjögren's 
syndrome (pSS) is exceedingly rare and remains poorly charac-
terized [2]. This rarity presents a critical gap in understanding 
its clinical spectrum, pathogenesis, and management. Here, we 
report a case of calcinosis cutis in pSS with concomitant inter-
stitial lung disease (ILD), highlighting a potentially underrecog-
nized association.

A 69-year-old woman presented with inflammatory arthritis, 
sicca symptoms, and fatigue. Serologic evaluation demonstrated 
strongly positive anti-SSA/Ro antibodies (> 600 U/mL; ULN 7), 
while antinuclear antibody, anti-dsDNA, anti-Smith, anti-RNP, 
rheumatoid factor, and anti-cyclic citrullinated peptide antibod-
ies were negative. A diagnosis of pSS was established, and she 
was treated with hydroxychloroquine, tapering doses of pred-
nisone, and azathioprine, resulting in partial clinical improve-
ment and subsequent prednisone discontinuation.

Three years later, she developed a nonproductive cough and ex-
ertional dyspnea. Pulmonary function tests and high-resolution 
computed tomography (HRCT) demonstrated interstitial lung 
disease (ILD) with a usual interstitial pneumonia (UIP) pattern 
(Figure 1). Around this period, she also developed progressively 
enlarging, firm subcutaneous nodules over the left elbow, both 
wrists, hands, and upper back. Radiographs demonstrated 
extensive soft tissue calcifications in these areas (Figure  2), 
consistent with calcinosis cutis. With disease progression and 
development of ILD, azathioprine was switched to mycopheno-
late mofetil (MMF), with reintroduction of low-dose prednisone. 

Alendronate was initiated for osteoporosis prevention. Over 
2 years of follow-up, both ILD and calcinosis cutis remained 
clinically stable without significant progression, likely reflecting 
stabilization of the underlying autoimmune disease following 
adjustment of immunosuppressive therapy.

Calcinosis cutis is a recognized complication of CTDs, most fre-
quently observed in systemic sclerosis, dermatomyositis, and 
overlap syndromes. Calcium deposition within the skin, sub-
cutaneous tissue, and periarticular structures, often over bony 
prominences, may result in pain, ulceration, recurrent infection, 

© 2026 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons Australia, Ltd.

FIGURE 1    |    Chest CT scan with contrast showing subpleural retic-
ular densities with honeycombing of both lungs consistent with bilat-
eral interstitial lung disease with Usual Interstitial Pneumonia (UIP) 
pattern.
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and functional impairment, significantly affecting quality of 
life [1].

The occurrence of calcinosis cutis varies widely across auto-
immune disorders. It is reported in 18%–49% of patients with 
systemic sclerosis, 30%–37% in adult dermatomyositis (and up 
to 70% in juvenile dermatomyositis), and 3%–40% in systemic 
lupus erythematosus. In contrast, calcinosis cutis remains ex-
ceptionally rare in pSS with only seven reported cases in the lit-
erature to date [2–8].

This case highlights calcinosis cutis as a potentially underrecog-
nized manifestation of pSS occurring in association with ILD. 
The temporal relationship between onset of ILD and subsequent 
development of calcinosis cutis raises the possibility that calci-
nosis may reflect heightened systemic inflammatory activity or 
evolving disease severity in selected patients.

The clinical presentation of calcinosis cutis is heterogeneous. It 
may be localized (calcinosis circumscripta), typically confined 
to an extremity or periarticular region, or diffuse (calcinosis 
universalis), involving muscles and tendons [9]. In our patient, 
calcifications predominantly involved the upper extremities and 
upper back, consistent with the distribution described in previ-
ously reported pSS-associated cases  [2–6]. However, more ex-
tensive involvement, including the elbows, knees, gluteal–pelvic 
region, and thighs, has also been reported [7, 8].

The pathophysiology of dystrophic calcification remains in-
completely understood. Proposed mechanisms include chronic 
inflammation, tissue hypoxia, recurrent microtrauma, dysregu-
lation of bone matrix proteins, and persistent tissue injury pro-
moting aberrant calcium deposition [10, 11].

Management remains challenging because evidence is lim-
ited primarily to case reports and small case series, with vari-
able responses reported across therapies. Medical treatments 

including diltiazem, colchicine, bisphosphonates, probenecid, 
warfarin, minocycline, salicylates, aluminum hydroxide, car-
bon dioxide laser therapy, systemic glucocorticoids, as well as 
immunosuppressants such as methotrexate and MMF, and other 
immunomodulatory/targeted therapies such as intravenous im-
munoglobulin, rituximab, JAK inhibitors, and TNF inhibitors 
have demonstrated benefit in selected patients, although consis-
tent efficacy has not been established. Surgical excision may be 
considered for large, localized lesions associated with recurrent 
infection, ulceration, functional impairment, or cosmetic con-
cerns [1, 11]. In the absence of validated guidelines supporting 
the preferential use of one agent over another or identifying pa-
tients most likely to benefit from specific therapies, clinical man-
agement should primarily focus on controlling the underlying 
autoimmune disease and systemic inflammatory activity [12].

This case adds to the limited body of literature describing this 
rare association, particularly in the presence of interstitial lung 
disease. The paucity of data on its prevalence, clinical course, 
pathogenesis, and treatment underscores the need for further 
studies. Early recognition and individualized management are 
essential to prevent morbidity and improve patient outcomes.
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FIGURE 2    |    Lateral radiographs of the left elbow and both hands showing numerous calcifications in the subcutaneous tissue.
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Rheumatoid arthritis (RA) has long been treated as a single dis-
ease, yet its clinical heterogeneity is a daily challenge for rheu-
matologists. The current trial-and-error approach to therapy, 
often escalating from methotrexate to biologic agents, fails a sig-
nificant portion of patients, leading to delays in disease control 
and irreversible joint damage. This therapeutic gap stems from a 
fundamental disconnect: our common clinical measures of sys-
temic inflammation often fail to reflect the complex and varied 
molecular processes occurring within the diseased synovial tis-
sue. The field is now at a crucial inflection point, moving away 
from a systemic-only view and toward a new era of precision 
medicine guided by the synovium itself.

Recent advancements in single-cell technology have allowed 
us to deconstruct the synovial ecosystem, revealing that RA is 
not one disease, but several distinct “pathotypes.” This tissue-
centric view is critical. For instance, recent work has highlighted 
that stromal cells, particularly distinct synovial fibroblast sub-
types—such as PRIME (CD45−CD31−PDPN+ preinflamma-
tory mesenchymal) cells—are not passive bystanders but can 
actively drive a refractory, pro-fibrotic disease pathotype that is 
less responsive to traditional immune-suppressing biologics [1]. 
Concurrently, other studies focusing on T and B cell interactions 
have reinforced the idea of a “lymphomyeloid” pathotype, char-
acterized by ectopic lymphoid structures and a strong adaptive 
immune signature [2]. Understanding which pathotype domi-
nates a patient's joint is key to selecting the right therapy.

In this context, a pivotal study by Rivellese et  al. in Arthritis 
& Rheumatology provides a critical piece of the puzzle [3]. 

By performing a comparative analysis of immune cells from 
both peripheral blood (PB) and matched synovial biopsies in 
early, treatment-naive RA patients, the authors highlight this 
systemic-synovial divergence. They observed that circulating B 
cell levels, for example, showed a significant inverse correlation 
with markers of inflammation and disease activity, a paradox 
when compared to the B-cell-rich inflammation seen in many 
RA joints.

Most compellingly, the study by Rivellese et al. identifies T pe-
ripheral helper (Tph) cells as a unique subset that bridges this 
gap [3]. Tph cells were the only circulating immune cell type 
found to be positively correlated with both systemic inflam-
matory markers and the local synovial inflammation score. 
Furthermore, high circulating Tph levels were strongly associ-
ated with the lymphomyeloid synovial pathotype. This is a cru-
cial finding: it suggests that Tph cells could function as a “liquid 
biopsy,” allowing us to infer the underlying molecular pathology 
of the joint—a specific, T/B cell-driven inflammation—from a 
simple blood test.

The way forward now lies in integrating these insights. While 
multi-omics analysis of synovial tissue is powerful for defining 
these pathotypes [4], it is not clinically scalable for routine use. 
The true challenge is translating this tissue-level knowledge 
into actionable, non-invasive biomarkers. The Tph cell identi-
fied by Rivellese et al. is a prime candidate [3]. Other circulating 
markers, such as specific microRNA profiles, are also showing 
promise in predicting therapeutic response [5]. The future of RA 
care will likely involve classifying patients not by their clinical 
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symptoms alone, but by their dominant synovial pathotype. The 
work of Rivellese and colleagues is a vital step toward achieving 
this, providing a tangible biomarker that may 1 day allow us to 
bypass the biopsy and deliver the right drug to the right patient 
at the right time.
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Systemic lupus erythematosus (SLE) has long been regarded as 
the prototype of complex autoimmune diseases, characterized 
by protean manifestations and an unpredictable course. Over 
recent decades, improved survival has shifted the focus of SLE 
management from preventing mortality alone to achieving sus-
tained disease control while minimizing long-term treatment-
related harm. In this context, treat-to-target (T2T) has emerged 
as a guiding principle, yet its translation into routine clinical 
practice remains incomplete.

Despite its conceptual appeal, implementation of T2T in SLE 
remains more challenging than in rheumatoid arthritis, largely 
because of disease heterogeneity and the absence of a single uni-
fying target. More importantly, a critical gap persists between 
theoretical targets and real-world practice. Chronic glucocorti-
coid (GC) exposure continues to be accepted as part of routine 
disease control in many patients, even though GC exposure is 
independently associated with irreversible damage accrual in 
SLE [1]. This disconnect underscores the need to reexamine how 
T2T is interpreted and applied in contemporary SLE care.

1   |   The Targets: LLDAS and DORIS

Two major definitions have been developed to operationalize 
T2T in SLE: the lupus low disease activity state (LLDAS) and 
the Definition of Remission in SLE (DORIS).

DORIS remission, defined by clinical SLEDAI-2K = 0, Physician 
Global Assessment (PGA) < 0.5, stable background therapy, 
and low-dose glucocorticoids (prednisolone ≤ 5 mg/day), rep-
resents the ideal target [2]. However, this state remains difficult 
to achieve and sustain in a substantial proportion of patients in 
routine practice.

LLDAS has therefore emerged as a more pragmatic and attain-
able target. Defined by SLEDAI-2K ≤ 4 without major organ 
activity, no new disease activity, PGA ≤ 1, and prednisolone 
≤ 7.5 mg/day, LLDAS has been validated across multiple co-
horts, including landmark studies from the Asia-Pacific Lupus 
Collaboration (APLC). Patients who spend a greater proportion 
of time in LLDAS have a significantly reduced risk of damage 
accrual [3, 4].

Importantly, the glucocorticoid thresholds embedded within 
LLDAS and DORIS should be interpreted as upper limits rather 
than long-term therapeutic goals. In clinical practice, these 
thresholds are sometimes misconstrued as acceptable main-
tenance doses, which may inadvertently perpetuate chronic 
steroid exposure. In line with the 2023 EULAR update, glu-
cocorticoids should be minimized to the lowest feasible dose, 
with maintenance treatment ideally ≤ 5 mg/day prednisone 
equivalent and, whenever feasible, withdrawal [5]. In this sense, 
LLDAS should be viewed as a transitional target rather than a 
justification for indefinite exposure to 7.5 mg/day.

© 2026 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons Australia, Ltd.

https://doi.org/10.1111/1756-185x.70721
https://orcid.org/0009-0003-9095-8473
https://orcid.org/0000-0002-8285-1700
https://orcid.org/0000-0003-2220-0903
mailto:fiona.leong@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1756-185x.70721&domain=pdf&date_stamp=2026-06-05


2 of 3 International Journal of Rheumatic Diseases, 2026

2   |   The Therapeutics: Beyond Non-Specific 
Immunosuppression

Achieving these targets requires moving beyond the historical 
reliance on high-dose glucocorticoids and broad-spectrum im-
munosuppressive agents. The past decade has witnessed major 
advances in lupus therapeutics, with targeted therapies offering 
improved efficacy and a clearer steroid-sparing rationale.

Belimumab, a BLyS inhibitor, was the first biologic approved for 
SLE and has demonstrated additional benefit in lupus nephritis 
in the BLISS-LN trial, including improved renal response and a 
lower risk of renal-related events [6]. From a T2T perspective, 
the value of belimumab extends beyond disease control alone, as 
it may facilitate earlier and more sustained reduction in gluco-
corticoid exposure.

Anifrolumab, a monoclonal antibody targeting the type I in-
terferon receptor, addresses a key pathogenic pathway in SLE. 
In TULIP-2, anifrolumab improved disease activity using the 
BICLA endpoint and supported glucocorticoid tapering [7]. 
These findings highlight its role not only in suppressing disease 
activity but also in enabling steroid-sparing treatment strategies.

Voclosporin, a novel calcineurin inhibitor, has expanded the 
treatment armamentarium for lupus nephritis. The AURORA 1 
and AURORA 2 studies demonstrated more rapid and sustained 
reductions in proteinuria when voclosporin was added to stan-
dard therapy, without a detrimental long-term signal for renal 
function [8, 9]. This approach may also support earlier reduction 
of glucocorticoid exposure, which remains a central objective in 
T2T strategies.

3   |   The Frontier: CAR-T Cell Therapy

An emerging and potentially transformative approach in SLE 
is chimeric antigen receptor (CAR) T-cell therapy. Early reports 
of anti-CD19 CAR-T therapy in refractory SLE have shown re-
markable outcomes, including drug-free remission and disap-
pearance of autoantibodies [10, 11]. These findings raise the 
possibility of an “immunological reset” and suggest a therapeu-
tic paradigm fundamentally different from chronic suppression. 
Although questions remain regarding safety, cost, and scalabil-
ity, CAR-T therapy may represent a future strategy aimed at 
sustained remission without ongoing immunosuppression in 
highly selected patients.

4   |   The Challenge: Access and Implementation

Despite therapeutic advances, a substantial gap remains between 
treatment recommendations and real-world practice. Access to 
biologic and targeted therapies is uneven, and in many settings, 
these agents are still reserved for refractory disease rather than 
used earlier as steroid-sparing interventions.

This gap is particularly pronounced in the Asia-Pacific region. 
APLAR consensus statements and region-specific literature 
have emphasized that SLE in Asia-Pacific is shaped by substan-
tial variation in disease burden, healthcare access, tolerability, 

adherence, reimbursement systems, and availability of specialist 
care [12, 13]. These constraints may further limit the implemen-
tation of evidence-based care. As a result, many patients con-
tinue to rely on prolonged glucocorticoid therapy to maintain 
disease control, reflecting not only clinical need but also struc-
tural limitations within healthcare systems.

Addressing this gap requires a more pragmatic approach to T2T 
implementation. In our view, T2T in SLE should not be applied 
as a uniform framework, but rather adapted to local healthcare 
contexts. In resource-variable settings, prioritizing glucocorti-
coid tapering as an early treatment objective may be more feasi-
ble, even when access to biologic therapies is limited.

We propose that a stepwise approach to T2T may be more prac-
tical in the Asia-Pacific region, in which initial disease control 
is achieved with available therapies, followed by progressive re-
duction of glucocorticoids and, where possible, introduction of 
steroid-sparing agents. In parallel, strengthening referral path-
ways, clinician education, and longitudinal monitoring are es-
sential to improve implementation.

T2T should therefore be understood not as a rigid framework, 
but as a flexible strategy that balances ideal targets with real-
world constraints, while preserving its central aim: disease con-
trol with the least possible cumulative treatment toxicity.

5   |   Conclusion

The management of SLE has evolved substantially, with clearer 
treatment targets, better assessment tools, and an expanding 
range of therapeutic options. However, achieving these targets 
in practice requires more than formal endorsement of LLDAS 
or remission.

In contemporary SLE care, T2T should no longer be defined by 
stabilization on chronic low-dose glucocorticoids. Rather, suc-
cessful T2T must explicitly incorporate glucocorticoid minimi-
zation and, where possible, complete withdrawal as a central 
therapeutic objective. In this context, the true value of emerging 
therapies lies not only in improving disease control, but also in 
enabling a transition away from long-term steroid dependence. 
Bridging the gap between targets and practice, particularly 
in resource-variable settings such as the Asia-Pacific region, 
will be essential to improving long-term outcomes for patients 
with SLE.
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Dear Editor,
We report a rare case of eosinophilic granulomatosis with poly-
angiitis (EGPA) combined with allergic bronchopulmonary as-
pergillosis (ABPA), which started with purpura and edema of 
the lower limbs, with significant pleural effusion and gastroin-
testinal (GI) involvement, and edema of the lower limbs mani-
fested as lymphedema. This case highlights the diagnostic and 
management challenges and extends the known clinical spec-
trum of EGPA.

A 78-year-old male, with a history of bronchial asthma and 
ABPA diagnosed in 2019 (eosinophilia 13.2%, IgE 3550–3930 IU/
mL, Aspergillus fumigatus-specific IgE positive), was admitted 
on June 25, 2021. He presented with a 2-week history of limb 
edema, cutaneous purpura, fatigue, and progressive dyspnea. 
Emergency evaluation revealed striking peripheral eosino-
philia (WBC 14.67 × 109/L, 58.1% eosinophils). Initial CT scans 
showed bronchiectasis and left lower lobe infiltrates. Cardiac 
color Doppler ultrasonography indicated normal pulmonary ar-
tery pressure (35 mmHg) and cardiac chamber diameter, along 
with normal B—type natriuretic peptide (BNP) levels, thereby 
excluding cardiogenic edema. Biochemical examinations re-
vealed normal creatinine, urea, and electrolyte levels, ruling 
out nephrogenic edema. Vascular ultrasonography definitively 
excluded lower—extremity venous thrombosis. PET/CT charac-
teristics: The “multiple reticular shadows” in the subcutaneous 
fat space within the scanning scope represent the direct imag-
ing manifestations of lymphatic stasis, ruling out the transient 
interstitial edema induced by simple cardiac factors or hypo-
proteinemia. Lymphoscintigraphy revealed sluggish lymphatic 

drainage in both lower extremities, along with continuous de-
velopment of bilateral venous angles, indicating mechanical or 
inflammatory obstruction at the outlet level of the thoracic duct. 
Lymphatic surgery consultation posited that the edema was not 
merely a solitary reflux disorder but rather a manifestation of 
systemic lymphatic involvement within the context of vasculitis. 
Elucidation of ANCA status laboratory examinations indicated 
the presence of ANA and the absence of ANCA; specifically, 
both MPO—ANCA (p—ANCA) and PR3—ANCA (c—ANCA) 
were negative. Upon admission, the patient's condition deteri-
orated, accompanied by the emergence of new bilateral pleural 
effusions and atelectasis (Figure 1A).

The complex presentation, characterized by new systemic symp-
toms, pronounced hypereosinophilia, and pre-existing ABPA, 
necessitated a broad differential diagnosis. Initial consider-
ations included ABPA exacerbation, other hypereosinophilic 
syndromes, drug-induced eosinophilia, and systemic vasculi-
tis. Ultimately, Eosinophilic Granulomatosis with Polyangiitis 
(EGPA) was diagnosed. The rationale was based on persistent 
hypereosinophilia (peak 6.36 × 109/L), obstructive lung disease, 
nasal polyps, and bone marrow eosinophil infiltration, fulfilling 
the 2022 ACR/EULAR EGPA classification criteria (score = 11) 
[1]. It was considered that cutaneous purpura was caused by mi-
crovascular disease, but it was difficult to exclude the influence of 
ABPA in pleural effusion and lung involvement. Notably, ABPA 
preceded EGPA by two years. During the patient's hospitaliza-
tion, acute subxiphoid pain emerged. Colonoscopy revealed only 
mild chronic inflammation. Nevertheless, the patient presented 
evident imaging findings of “incomplete intestinal obstruction” 
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(air—fluid levels on PET/CT) and diffuse thickening of the peri-
toneum. After excluding other etiologies, this was ascribed to 
EGPA—related gastrointestinal involvement.

Treatment with intravenous methylprednisolone (40 mg) rapidly 
resolved abdominal pain and induced disease remission, evi-
denced by normalized eosinophils (0.06 × 109/L), resolved rash/
effusions, and abated edema. Although a skin biopsy was not 
conducted in this case [2], the diagnosis of EGPA was assigned 
a score as high as 11 according to the 2022 ACR/EULAR cri-
teria. Moreover, the therapeutic response was prompt: the ab-
dominal pain and rash subsided rapidly within 24 h subsequent 
to treatment with intravenous methylprednisolone, a notable 
diagnostic response that strongly implies a vasculitis etiology. 
Immunosuppression was transitioned to cyclophosphamide 
(1.0 g/month) plus oral steroids. At the same time, the anti-
aspergillus treatment of ABPA should be strengthened. During 
2021–2025 follow-up, sustained remission was achieved with 
step-down therapy, demonstrating complete biochemical nor-
malization and radiographic resolution of effusions (Figure 1B). 
No significant complications occurred. Table  1 presents a 

summary of the alterations in the crucial indicators of this pa-
tient throughout these six years.

Eosinophilic granulomatosis with polyangiitis (EGPA) is a rare 
anti-neutrophil cytoplasmic antibody (ANCA) associated vas-
culitis with a prevalence of 10.7–17.8 per million population 
[1]. The clinical manifestations are complex and diverse, often 
starting with prodromal symptoms such as asthma, allergic 
rhinitis and nasal polyps, and then may develop a variety of 
clinical manifestations such as pulmonary infiltrates, cardiac 
involvement, gastrointestinal symptoms, peripheral neuropathy 
and skin manifestations such as purpura. Nevertheless, the in-
cidence of concurrent ABPA in clinical practice is exceedingly 
low. Its clinical manifestations, particularly bronchial asthma 
and pulmonary radiological findings, often significantly overlap 
with those of other pulmonary diseases, thereby posing a con-
siderable challenge to accurate diagnosis [2]. The co-occurrence 
of ABPA and EGPA, particularly with severe GI involvement 
and generalized lymphedema, is rare and poses significant diag-
nostic and therapeutic challenges [2, 3]. This case suggests that 
chronic fungal antigen exposure in ABPA may act as a catalyst 

FIGURE 1    |    (A) Pulmonary imaging of the case at initial diagnosis. (B) Changes in pulmonary lesions after three years of standard treatment.

TABLE 1    |    Variations in key indicators for this case over the past six years.

Time point
Clinical symptoms 

and diagnosis Peripheral blood eosinophils Key laboratory tests/imaging

2019.08 Initial diagnosis of ABPA 0.67 × 109/L Bronchiectasis, high-attenuation 
mucus plugs, Af-IgE(+)

2020.01–08 Symptom fluctuation, 
itraconazole maintenance

Fluctuating increase CT showed bronchial wall thickening and 
slight progression of pulmonary nodules

2021.06.25 Admission for acute 
EGPA onset

8.53 × 109/L Cutaneous purpura, severe abdominal 
pain, bilateral pleural effusion

2021.06.30 EGPA confirmed 
(ACR score: 11)

6.36 × 109/L ANCA negative; Bone marrow 
eosinophil infiltration

2021.07.06 Lymphatic function 
assessment

Began to decrease post-treatment Lymphoscintigraphy showed slow drainage 
and thoracic duct outlet obstruction

After 2021.08 Induction of remission 
and maintenance therapy

Gradually normalized Abdominal pain relieved by 
methylprednisolone pulse, followed 
by CTX 1.0 g/month maintenance

2025.07 Follow-up for sustained 
clinical remission

0.06 × 109/L Re-examination showed full normalization 
of IgE, ESR, CRP, and Alb
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for ANCA-negative EGPA, potentially via shared Th2/Th17 im-
mune dysregulation and eosinophil activation [4]. Fungal spores 
have the capacity to induce a Th17 response. The IL-17 secreted 
by Th17 cells synergizes with Th2 cytokines to exacerbate vas-
cular endothelial damage [5]. In patients with IL-5 ABPA, the 
airway continuously generates high levels of IL-5. This cytokine 
stimulates the production of a substantial quantity of eosin-
ophils (Eos) in the bone marrow and extends their peripheral 
survival time [6], subsequently leading to systemic vasculitis. 
The lymphedema, a rare EGPA complication. It is hypothesized 
that EGPA complicated by lymphedema is attributable to eosin-
ophilic lymphangitis [7]. Eosinophils exert direct toxicity on the 
lymphatic endothelium by releasing major basic protein (MBP) 
and eosinophil cationic protein (ECP) via degranulation [8, 9]. 
Moreover, the IL-4/IL-13 produced in a Th2-polarized environ-
ment promotes perilymphatic fibrosis, resulting in mechanical 
occlusion of lymphatic vessels [10]. In this particular case, the 
obstruction at the thoracic duct outlet may be associated with 
EGPA inflammation in the mediastinal region, further expand-
ing the clinical spectrum and highlighting the need for early 
recognition and aggressive treatment of the underlying inflam-
matory condition [5]. Our findings underscore the complex 
interplay between allergic and autoimmune pathologies and 
emphasize the importance of vigilant monitoring for systemic 
symptoms in ABPA patients.

Conversely, the radiological features presented in Table 2 explic-
itly illustrate the dynamic progression of pulmonary imaging 
characteristics, commencing from ABPA and gradually overlap-
ping with those of EGPA.

We report a rare case of eosinophilic granulomatosis with poly-
angiitis (EGPA) co-occurring with allergic bronchopulmonary 
aspergillosis (ABPA), characterized by severe gastrointestinal 
involvement and generalized lymphedema. This challenging 
presentation underscores the diagnostic complexities and sug-
gests that chronic fungal antigen exposure in ABPA may catalyze 
ANCA-negative EGPA. Our findings emphasize the importance 
of vigilant monitoring for systemic vasculitis in ABPA patients, 
thereby expanding the known clinical spectrum of EGPA.
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Dear Editor,
Palmoplantar pustulosis (PPP) is a chronic and rare inflamma-
tory dermatosis, recognized as a subtype of pustular psoriasis 
[1]. The pathogenesis of PPP remains incompletely elucidated. 
Inherent heterogeneity of PPP often makes patients with the 
same diagnosis respond differently to agents. Here we re-
port a case of refractory PPP triggered and exacerbated by the 
COVID-19 vaccine, which showed significant improvement 
with combination therapy using the IL-36 receptor antagonist 
(IL-36Ra) spesolimab and the oral phosphodiesterase 4 (PDE4) 
inhibitor apremilast.

A 43-year-old male developed painful pustules, crusting, and 
scaling on the palms and soles after receiving his third dose of 
the inactivated COVID-19 vaccine. He also experienced per-
sistent pain in multiple areas, including the chest, ribs, lower 
back, and sacroiliac joints. Treatments with acitretin, cortico-
steroids, tripterygium glycosides, and topical corticosteroid oint-
ment were ineffective. In May 2023, the patient was diagnosed 
with PPP following a pathological examination (Figure  S1). 
The detailed clinical timeline is presented in Figure 1. He had 
a generalized pustular psoriasis physician global assessment 
(GPPGA) score of 3.0 and a generalized pustular psoriasis area 
and severity index (GPPASI) score of 10.9. After 5 weeks of 
secukinumab (300 mg weekly), pustules on the hands and feet 
persisted and arthralgia did not improve. A skin biopsy revealed 
eczema-like changes, leading to secukinumab discontinuation 
due to suspected immune shift (Figure S2).

In July 2023, the patient was admitted to the hospital due to re-
current exacerbations of pustules on the hands and feet, along 

with multiple nails showing irregular pitting, thickening, dis-
coloration, and oil-drop changes (Figure 2A). Laboratory tests 
revealed elevated blood glucose (8.81 mmol/L), glycated hemo-
globin (HbA1c: 7.7%), and immunoglobulin E (206 IU/mL). He 
started spesolimab (900 mg IV), but after initial symptom relief, 
the pustules worsened on the palms and soles, and there was 
no improvement in nail damage (Figure  2B), while arthralgia 
improved. In consideration of the fact that spesolimab demon-
strated a slower onset of efficacy and the patient required rapid 
disease control, oral apremilast was initiated on August 9 using 
a dose-escalation protocol (starting at 10 mg daily, increasing in-
crementally to a maintenance dose of 60 mg daily).

By November 2023, fewer pustules appeared, and nail improve-
ment was observed (Figure 2C). During the follow-up in August 
2024, the patient reported mild arthralgia and five to eight new 
pustules daily. However, erythema and scaling had largely re-
solved, and the nails had returned to their normal appearance 
(Figure 2D). The GPPGA and GPPASI scores were 1.0 and 1.1, 
respectively, with further improvement following the third infu-
sion of spesolimab.

PPP is a clinically and molecularly heterogeneous condition, 
often resistant to conventional treatments. Moreover, the 
patient's prolonged smoking habit may have contributed to 
aggravating the disease refractoriness. In this case, secuki-
numab induced eczema-like lesions, highlighting the com-
plexity of managing refractory PPP. Spesolimab can rapidly 
modulate dysregulated molecular pathways in generalized 
pustular psoriasis by blocking IL-36R and significantly reduc-
ing IL-36 pathway-related markers within 1 week. It decreases 
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CD3+ T cells, CD11c+ cells, and IL-36γ+ cells in lesions, ame-
liorates Th1/Th17 inflammatory responses, and suppresses 
neutrophil-mediated inflammation [2]. A Phase IIa clinical 
trial investigating spesolimab for the treatment of PPP sug-
gested potential efficacy; however, it was unsuccessful in 
meeting its primary endpoints [3]. Furthermore, another 
phase IIb clinical trial demonstrated that spesolimab provides 
modest improvements and exhibits favorable tolerability in 
the treatment of moderate-to-severe PPP [4]. Apremilast in-
dicated efficacy in reducing GPPASI scores and alleviating 

pruritus and pain, especially with long-term treatment [5]. 
The combination of spesolimab and apremilast resulted in 
substantial symptom relief, with reduced pustule formation 
and improved nail appearance. It is hypothesized that speso-
limab and apremilast target distinct pathways—antagonizing 
IL-36R and PDE4, respectively—and synergistically regulate 
inflammatory signaling in PPP. This therapeutic approach 
aligns with other studies reporting favorable outcomes using 
combination therapies for recalcitrant PPP, such as TNF block-
ers with ustekinumab [6].

FIGURE 1    |    The timeline of the GPPGA and GPPASI scores showed a progressive improvement in the patient's condition. GPPASI, generalized 
pustular psoriasis area and severity index; GPPGA, generalized pustular psoriasis physician global assessment.

FIGURE 2    |    Clinical images before and after initiation of therapy with spesolimab and apremilast in refractory palmoplantar pustulosis. (A) 
Before treatment with spesolimab, the palms and soles exhibited pronounced erythema, pustules, hyperkeratosis, and scaling. (B) After 4 weeks 
of spesolimab treatment, there was minimal improvement in the skin lesions. (C) After 3 months of combined oral apremilast, erythema, pustules, 
and scaling of the palms and soles improved. (D) Skin lesions on the palms and soles completely resolved after 1 year of combined spesolimab and 
apremilast treatment.
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Our case demonstrates the excellent efficacy of spesolimab com-
bined with apremilast in a patient with severe PPP, who had 
not responded adequately to treatments with acitretin, secuk-
inumab, topical steroids, and systemic therapies. Thus, the 
combination therapy may be a promising therapeutic option for 
refractory PPP that warrants further study.
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Dear Editor,
A 73-year-old man presented with gait disturbance and low back 
pain that had persisted for about 26 years. His symptoms began 
following a trauma to the vertebral column and spinal cord after 
being trapped under rubble during an earthquake. At that time, 
a vertebral fracture was diagnosed, although the specific level 
was not documented. He was treated conservatively with a brace 
and did not undergo surgical intervention.

Lumbar magnetic resonance imaging (MRI) revealed diffuse 
vertebral degeneration with approximately 50% height loss of 
vertebral height at the L1-L4 levels and multiple Schmorl's nodes 
(SNs) in the same region (Figure 1). Degenerative and inflamma-
tory changes were also noted around these nodes (Figure 1B). 
Previous brain MRI had revealed findings consistent with 
ependymoma and right lateral ventricular enlargement, which 
were considered clinically stable during follow-up. Despite these 
findings, the patient remained ambulatory with a walker and 
independent in daily activities.

On physical examination, vertebral tenderness was not ob-
served. Neurological evaluation revealed weaknesses in muscle 
strength of 1/5 in the left ankle and 1st toe dorsiflexion, and 3/5 
in the left hip abduction, with a positive Babinski sign on the 
left side. Osteoporosis risk factors were otherwise unremark-
able. Bone mineral densitometry (BMD) results demonstrated a 
T-score of 0.0 at the lumbar spine (L1-L4) and −1.0 at the left
femoral neck. FRAX analysis estimated a 10-year probability of
7.8% for a major osteoporotic fracture and 3.4% for a hip fracture. 
As quantitative computed tomography (QCT) for BMD assess-
ment was not available at our institution, we were unable to per-
form this evaluation. Based on these findings and FRAX score,

intravenous zoledronic acid 5 mg for a year and daily vitamin D 
supplementation were initiated.

Osteoporosis is a progressive metabolic disease characterized 
by decreased bone mass and deterioration of bone microar-
chitecture, leading to increased fracture risk. Early diagno-
sis and treatment are essential to prevent fragility fractures. 
Dual-energy X-ray absorptiometry (DXA) is the gold standard 
for BMD assessment; however, its accuracy at the lumbar spine 
(L1–L4) can be compromised by degenerative changes, orthope-
dic implants, or—most notably in our patient—vertebral frac-
tures [1–3].

Schmorl's nodes (SNs), defined as herniations of the nucleus 
pulposus through the cartilaginous and bony endplates into the 
adjacent vertebral body, are often asymptomatic and detected 
incidentally [4]. However, they can be associated with back 
pain and impairment of quality of life. In our patient, although 
overt symptoms were absent, MRI revealed multiple SNs and 
advanced vertebral degeneration accompanied by pronounced 
endplate inflammation.

Previous studies have shown a strong association between SNs 
and osteoporosis [5, 6]. Their presence should prompt further 
investigation for bone fragility [1, 2]. Large SNs, particularly 
when accompanied by inflammatory changes, may resemble os-
teoporotic compression fractures, complicating the differential 
diagnosis. However, SNs typically appear as localized endplate 
depressions with preserved vertebral height, distinguishing 
them from true compression fractures [7]. Nevertheless, due to 
their association with endplate fragility, multiple SNs may indi-
cate increased susceptibility to osteoporotic vertebral fractures. 
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This highlights the importance of comprehensive clinical and 
radiological evaluation. In our case, the coexistence of vertebral 
height loss and multiple SNs supported the diagnosis of osteopo-
rotic compression fractures.

In conclusion, degenerative spinal changes can significantly re-
duce the reliability of lumbar BMD measurements. Therefore, 
a holistic evaluation integrating clinical, radiological, and lab-
oratory data is warranted. Asymptomatic or “silent” osteoporo-
sis can easily be overlooked, yet it carries significant risks for 
diminished quality of life and increased morbidity. Needless to 
say, the identification of SNs should prompt clinicians to con-
sider underlying osteoporosis and possible vertebral compres-
sion fractures.
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Dear Editor,
Takayasu arteritis (TAK) is a rare type of large vessel vasculi-
tis that involves the aorta, its main branches, and the pulmo-
nary artery. Inflammatory lesions are characterized by arterial 
wall thickening and subsequent luminal stenosis, occlusion, 
dilatation, or aneurysm formation. Although the exact etiology 
of TAK remains unknown, genetic factors, environmental in-
fluences, infections, and autoimmune reactions are believed to 
play a role in its development. T cells, NK cells and γδ T cells 
have been implicated in TA pathophysiology because of their 
infiltration within arteries [1, 2]. Mucosa-associated invariant T 
(MAIT) cells are an innate-like subset of T cells that express the 
evolutionarily conserved semi-invariant T cell antigen receptor 
(TCR) α-chain Vα7.2-Jα33/Jα20/Jα12 in humans [3]. Mature 
MAIT cells are predominantly found in peripheral blood, intes-
tinal lamina propria lymphoid tissue, liver, and lungs and are 
restricted by major histocompatibility complex-like molecules 
(MR1) [4]. Human MAIT cells can be identified by specific MR1 
tetramers as well as surface markers such as TCR Vα7.2 and 
CD161 [5, 6]. Additionally, MAIT cells can be activated by mul-
tiple cytokines, including IL-2, IL-12, IL-15, and IL-18, indepen-
dent of their TCRs, leading to the release of interferon-gamma 
(IFNγ), tumor necrosis factor-alpha (TNFα), and IL-17, as well 
as inflammatory and cytotoxic molecules such as granzyme B 
and perforin, to rapidly mediate immune responses and provide 
protection against infection [7]. MAIT cells play important roles 
in infectious and autoimmune diseases [8]. However, there have 
been no studies on the changes of MAIT cells in TAK. In this 
study, we explored alterations in the frequency and phenotype of 
MAIT cells in patients with TAK to clarify their role in disease.

The study included 14 treatment-naive active patients, 8 in-
active TAK patients, and 22 healthy controls (HCs) (Table  1). 
Patients with active TAK had a shorter disease duration and 
elevated Indian Takayasu Clinical Activity Score (ITAS) 2010. 
Peripheral blood mononuclear cells (PBMCs) were obtained via 
Ficoll-Paque (GE Healthcare, USA) gradient centrifugation. 
PBMCs were first stained with a Zombie NIR Fixable Viability 
Kit (BioLegend, USA) to remove dead cells. Cell surface and in-
tracellular staining were performed with the following mono-
clonal antibodies (Abs): anti-TCR-Vα7.2, anti-CD3, anti-CD161, 
anti-CD69, anti-PD-1, anti-TNFα, anti-IFNγ, anti-IL-17, anti-
CCR2 (BioLegend, USA), and 5-OP-RU tetramer (NIH, USA). 
To detect cytokine production, PBMCs were cultured in RPMI 
medium supplemented with 10% fetal bovine serum and stim-
ulated with Leukocyte Activation Cocktail (BD Biosciences, 
USA) according to the manufacturer's instructions. Data were 
acquired via flow cytometry (BD LSR-Fortessa, USA) and an-
alyzed with FlowJo software version 10.8 (Ashland, OR, USA).

Statistical evaluations were performed with GraphPad Prism 9.0 
(GraphPad Software Inc., USA). Data are expressed as medians 
with interquartile ranges. The Kruskal–Wallis test with Dunn's 
correction was used for multiple comparisons. Correlations 
were assessed with Pearson correlation. Differences at p < 0.05 
were considered statistically significant.

MAIT cells were defined as CD3+ 5-OP-RU tetramer+ cells 
(Figure 1A). We found that the frequency of circulating MAIT 
cells (among CD3+ T cells) in the active TAK group was signifi-
cantly higher than that in the inactive TAK group (p = 0.002) 
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and the HC group (p = 0.018; Figure 1B). In all the TAK patients, 
the percentage of MAIT cells was positively correlated with 
ITAS 2010, but was not significantly correlated with erythro-
cyte sedimentation rate (ESR) or C reactive protein (CRP) level 
(Figure 1C). Next, we investigated the activation and chemok-
ine receptor expression of circulating MAIT cells in TAK pa-
tients. The frequency of MAIT cells expressing CD69 (an early 
activation marker) was lower in inactive TAK patients than in 
active TAK patients (p = 0.003) and HC (p = 0.026), while the 
expression of PD-1 (a late activation marker) was not signifi-
cantly different (Figure 1D). Compared with inactive patients, 
patients with active TAK had a higher frequency of C-C chemo-
kine receptor type 2 (CC2R)-expressing MAIT cells (p = 0.0002; 
Figure 1E), suggesting that MAIT cells exhibited weak chemo-
taxis after treatment. We subsequently examined the expression 
levels of IFNγ, TNFα, and IL-17 in TAK patients before and after 
treatment (Figure 1F). The results revealed that the percentages 
of MAIT cells that secreted these cytokines did not significantly 
differ among the three groups (Table 2).

This study explored alterations in immune dynamics and the po-
tential function of MAIT cells in patients with TAK. We found 
that the frequency of circulating MAIT cells in active TAK pa-
tients was elevated, but their levels decreased following treat-
ment. In fact, in most rheumatic diseases, including ANCA 
associated vasculitis and polymyalgia rheumatica, the frequency 
of MAIT cells in the peripheral blood is decreased, possibly 
because of recruitment to affected organs and overactivation-
induced exhaustion [9–12]. A previous study revealed that in 
giant cell arteritis (GCA), another type of large-vessel vasculitis, 
MAIT cells are not significantly altered in peripheral blood but 
are detected in affected temporal arteries [13]. In patients with 
GCA, MAIT cells are present in a higher proportion in the ar-
terial wall than in the blood [13]. However, our study revealed 

that the frequency of MAIT cells is increased in patients with 
active TAK. Furthermore, the expression of the late activa-
tion marker PD-1 did not significantly differ among the three 
groups, suggesting that MAIT cells do not exhibit an exhausted 
phenotype in TAK. Additionally, we observed a trend toward 
increased CCR2 expression on MAIT cells before treatment, 
which decreased after treatment. Previous studies have shown 
that CCL2 is elevated in the serum of patients with Takayasu ar-
teritis [14, 15]. These findings indicate that MAIT cells might be 
chemotactically attracted to the involved arterial wall in TAK. 
However, this needs to be verified by quantifying MAIT cells 
at arteritis sites. The observed alterations of MAIT cells in TAK 
necessitate further verification through larger-scale sample and 
longitudinal cohort studies.

CD69 expression of MAIT cells is reduced in inactive TAK pa-
tients than in active TAK patients and HCs. We speculate that 
the downregulation of CD69 expression on MAIT cells follow-
ing treatment may be associated with glucocorticoid and im-
munosuppressant therapy. Serum TNFα, IFNγ, and IL-17 levels 
are elevated in patients with Takayasu arteritis [16]. However, 
compared with those in HCs, the expression of activation 
markers and cytokines in MAIT cells in TAK patients did not 
significantly differ, suggesting that MAIT cells do not exhibit in-
creased activation characteristics in disease. Another possibility 
is that the small sample size was insufficient to achieve statis-
tical power. In rheumatic diseases such as rheumatoid arthri-
tis, systemic lupus erythematosus, systemic sclerosis, primary 
Sjögren's syndrome, and psoriatic arthritis, activated MAIT 
cells exhibit a distinct cytokine secretion profile  [12]. MAIT 
cell activation can be achieved through either a TCR-dependent 
mechanism or stimulation by cytokines such as IL-6, IL-18, and 
IFNα [17]. Larger sample sizes and further investigations into 
the function of MAIT cells in TAK are needed in future studies.

TABLE 1    |    Characteristics of TAK patients and healthy controls.

HC (n = 22) Active TAK (n = 14) Inactive TAK (n = 8)

Age (years, range) 43.5 (25–62) 39 (25–63) 42.5 (17–59)

Sex (male/female) 2/20 1/13 1/7

Duration (months, range) NA 6 (1–72) 60 (12–360)***

ITAS2010 NA 4.5 (2-6) 1 (0–1)****

CRP (mg/dL, range) NA 2.02 (0.20–7.68) 0.3 (0.1–0.62)*

ESR (mm/h) NA 45 (10–68) 16 (3–25)**

Corticosteroids Immunosuppressant NA No Yes

Cyclosporine A 1

Methotrexate 4

Mycophenolate Mofetil 4

Cyclophosphamide 1

Tocilizumab 1

Abbreviations: CRP, C reactive protein; ESR, erythrocyte sedimentation rate; HC, healthy controls; ITAS, Indian Takayasu Clinical Activity Score; NA, not applicable; 
TAK, Takayasu arteritis.
*p < 0.05. 
**p < 0.01. 
***p < 0.001. 
****p < 0.0001.
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FIGURE 1    |    Changes of peripheral blood MAIT cell frequency in TAK patients. (A) Gating strategy for MAIT cells. (B) MAIT cell frequency com-
parison among HC, active and inactive TAK patients. (C) Correlations between the MAIT cell frequency and clinical parameters (ITAS 2010, ESR, 
CRP) in TAK patients. (D) CD69 and PD-1 expression on MAIT cells in three groups. (E) Representative plot of CCR2 expression on MAIT cells, and 
comparison among HC, active as well as inactive TAK patients. (F) Cytokines production by MAIT cells from TAK patients, PMA plus ionomycin for 
5 h. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant. (active: N = 14, inactive: N = 8; HC: N = 22). The Kruskal–Wallis test with Dunn's correction 
was used for multiple comparisons. Correlations were analyzed using Spearman's correlation analysis.
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In summary, we present the first investigation of MAIT cell 
alterations in the peripheral blood of TAK patients. However, 
the study has several limitations, including a small sample size 
and a lack of involvement of affected tissues. Further mecha-
nistic studies are needed to elucidate the role of MAIT cells 
in TAK.
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Autoimmune diseases, such as primary Sjögren's syndrome 
(pSS) and systemic lupus erythematosus (SLE), pose a substan-
tial global health burden due to aberrant immune attacks on 
self-tissues. Increasing evidence indicates a pivotal role of IL-
17-producing CD4+ T helper 17 (Th17) cells in the pathogenesis 
of autoimmune disorders, in which Th17 cells promote autoim-
mune inflammation and tissue injury through the production 
of various effector molecules. The inflammatory microenviron-
ment critically governs Th17 cell plasticity, polarizing them into 
either pathogenic Th17 (pTh17) cells to produce potent effector 
molecules like IFN-γ and GM-CSF with highly inflammatory 
phenotypes or conventional Th17 (cTh17) cells that maintain 
tissue homeostasis via regulatory mediators such as IL-10. 
Functional studies demonstrate that pTh17 cells drive break-
down of immune tolerance and inflammatory tissue destruction 
in diseases such as multiple sclerosis and autoimmune arthri-
tis [1]. Although inflammatory cytokines including IL-6, IL-23, 
and IL-1β have been extensively studied in Th17 biology and 
disease pathology [2], the involvement of interleukin-18 (IL-18), 
a potent inflammasome-associated cytokine, in autoimmune 
pathogenesis has remained incompletely defined.

In a newly published paper in Cellular & Molecular Immunology, 
Tang et al. report a pivotal role for IL-18 as a potent driver in 
pTh17 cell responses in pSS and SLE [3]. The authors demon-
strate that IL-18 signaling stabilizes mRNA of the transcription 
factor basic helix–loop–helix family member e40 (Bhlhe40) in 
a Stat3-dependent manner, thereby promoting glycolytic re-
programming and production of GM-CSF and IL-17 (Figure 1). 
The identified IL-18/Stat3/Bhlhe40/glycolysis axis reprograms 
conventional “non-pathogenic” Th17 cells into highly proin-
flammatory effectors. Remarkably, neutralizing IL-18 markedly 

attenuated disease severity in murine models of experimental SS 
and lupus, providing robust preclinical evidence for IL-18 block-
ade as a therapeutic approach.

Over the past decades, IL-18 has been predominantly regarded 
as a proinflammatory cytokine favoring Th1 and natural killer 
(NK) cell responses, while its impact on Th17 cell biology has 
remained ambiguous, as indicated in previous studies that IL-
18 exerts an inhibitory function in regulating homeostatic Th17 
responses within the gut [4]. Tang and colleagues first observed 
that both human and murine Th17 cells express the highest levels 
of IL-18Rα among CD4+ T cell subsets, rendering them uniquely 
responsive to IL-18. In culture, the addition of exogenous IL-18 
to IL-6/TGF-β1-polarized cTh17 cells rapidly induced a patho-
genic phenotype characterized by elevated GM-CSF production, 
a hallmark of encephalitogenic and arthritogenic Th17 subsets 
in autoimmune development [5]. Mechanistically, IL-18 induced 
Stat3 phosphorylation, leading to enhanced Bhlhe40 mRNA sta-
bility and expression. Bhlhe40, previously linked to circadian 
and hypoxic responses, has emerged as a critical mediator of 
Th17 pathogenicity [6], while its knockdown abolished IL-18-
induced GM-CSF upregulation in Th17 cells. Furthermore, IL-
18-primed pTh17 cells exhibited increased glucose uptake via 
glucose transporter 3 (GLUT3) and glycolytic flux, with Bhlhe40 
directly controlling key glycolytic enzymes. These findings in-
tegrate transcriptional and metabolic reprogramming as inter-
twined features of Th17 pathogenicity.

In this study, the clinical relevance of these findings is further 
highlighted by the data from both plasma and saliva samples 
from patients. Levels of bioactive free IL-18 in saliva and plasma 
were elevated in pSS and SLE patients and associated closely 

© 2026 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons Australia, Ltd.
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with disease activity. IL-18 overexpression in salivary gland ac-
inar and renal tubular epithelial cells suggested non-canonical 
IL-18 production from non-hematopoietic sources, possibly me-
diated by toll-like receptor and type I interferon signaling in-
dependently of classical inflammasome pathways in immune 
cells. In mice with experimental SS, both local and systemic 
IL-18 blockade by anti-IL-18 monoclonal antibody improved sal-
ivary function, reduced autoantibody titers, suppressed pTh17 
infiltration, and ameliorated disease development. Similar ef-
fects of IL-18 neutralization were observed in lupus mice, show-
ing significantly attenuated disease progression.

This work has several critical translational implications. Firstly, 
it positions IL-18 as a core cytokine alongside established driv-
ers, such as IL-1β, IL-6, and IL-23, of Th17 pathogenicity, but 
through a distinct Bhlhe40-dependent metabolic axis. Moreover, 
the elevated salivary IL-18 level may serve as a promising, non-
invasive and accessible biomarker for glandular involvement in 
pSS. Therapeutically, these findings strongly support the rapid 
repurposing of existing IL-18 inhibitors such as recombinant IL-
18 binding protein (tadekinig alfa) [7] or anti-IL-18 antibodies 
[8] for potential clinical applications in treating pSS and SLE,
particularly in Th17-dominant or treatment-refractory patients.
As IL-18 signaling converges on Stat3, combining IL-18 block-
ade with the Janus kinase-signal transducer and activator of
transcription (JAK–STAT) inhibitors may provide synergistic
efficacy. Therefore, targeting IL-18 represents a promising up-
stream intervention with both biomarker-guided and combina-
torial therapeutic potential.

However, certain limitations from this study warrant further 
investigation. While available murine models may recapitulate 
key features of pSS and SLE, interspecies differences in IL-18 
signaling, such as human-specific isoforms or receptor affini-
ties, may affect translatability. Although the investigation cen-
ters on CD4+ T cells, the potential impact of IL-18 on IL-17 
production by innate lymphoid cells or γδ T cells, an important 

alternative source in mucosal and peripheral tissues [9], remains 
unexamined. Additionally, the reliance on bulk RNA sequenc-
ing may obscure heterogeneity within Th17 populations, po-
tentially averaging out subpopulation-specific signals, whereas 
single-cell analyses could more precisely define the Bhlhe40-
driven transcriptional signature. Finally, while the efficacies of 
IL-18 blockade are evident in preclinical experiments, long-term 
risks such as impaired host defense against intracellular patho-
gens require careful monitoring in future studies. Prospective 
comparisons with approved agents targeting the IL-17 axis (e.g., 
secukinumab), noted for paradoxically aggravating inflamma-
tory bowel diseases such as Crohn's disease [10], may facilitate 
further validation for IL-18-targeted interventions in autoim-
mune diseases and autoinflammatory disorders [11, 12].

In summary, these new findings have unveiled a pivotal role of 
the IL-18-Bhlhe40 axis in Th17 pathobiology, establishing IL-18 
neutralization as an attractive upstream intervention for Th17-
driven autoimmune diseases. With existing agents already in 
clinical use for other indications, targeting IL-18 offers a new 
venue from bench to bedside, potentially broadening treatment 
options for pSS, SLE, and related autoimmune disorders.

Author Contributions

Ming Liu: conceptualization, writing original draft. Yue Zhao: writ-
ing original draft. Mengna Zhao: writing original draft. Ligang Jie: 
writing original draft. Yuan Tang: review and editing. Liwei Lu: re-
view and editing, supervision, management. All authors have read and 
agreed to the published version of the manuscript.

Funding

This work was supported by National Natural Science Foundation of 
China (U25A6004), Hunan Provincial Natural Science Foundation 
of China (2025JJ81119), the Scientific Research Project of Hunan 
Provincial Department of Education (Excellent Youth Project, 24B0700) 
and the Shaoyang Science and Technology Bureau (2024PT4053).
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ABSTRACT
Objectives: Low bone mineral density (LBMD), a major osteoporotic fracture risk factor, disproportionately affects females 
globally. This study analyzing its burden through trends, health inequities, and predictive modeling.
Methods: Data from the Global Burden of Disease (GBD) 2021 were used to extract summary exposure values (SEV), mortality, 
and disability-adjusted life years (DALYs) for LBMD. Temporal trends, demographic and epidemiological changes, health ine-
qualities, and projections were analyzed.
Results: In 2021, the global age-standardized rate of SEV was 23.51 (0–100 scale), declining at an AAPC of −0.16 since 1990. 
The age-standardized mortality rate (ASMR) and age-standardized DALY rate (ASDR) were 5.65 (95% UI: 4.71, 6.40) and 204.99 
(95% UI: 168.92, 242.95) per 100 000 population, respectively, and both declined from 1990 to 2021. SEV was higher in females 
than males (28.56 vs. 18.08), while ASMR (4.99 vs. 6.45) and ASDR (196.37 vs. 211.01) were higher in males. Inequality slope 
indices in DALYs showed widening gaps between highest and lowest SDI countries, from −26.31 in 1990 to −53.34 in 2021. The 
absolute burden was mainly driven by population growth and aging, and ASMR and ASDR are expected to continue declining 
through 2050.
Conclusion: Although the age-standardized burden of LBMD declined from 1990 to 2021, the absolute burden remained sub-
stantial and was largely driven by population growth and aging. The burden was concentrated in low-SDI regions, while some 
high-SDI regions showed unfavorable trends. Females had higher exposure levels, whereas males bore a greater overall disease 
burden. Reducing the global LBMD burden requires improved nutrition and care in low-SDI regions, targeted prevention in 
postmenopausal women, and earlier detection and treatment in men.

1   |   Introduction

Osteoporosis is a chronic degenerative metabolic bone dis-
ease caused by an imbalance between osteoclasts and osteo-
blasts, characterized by low bone mineral density (LBMD). The 

progressive deterioration of bone microarchitecture and the 
concurrent reduction in bone strength increase bone fragility 
and fracture susceptibility [1, 2]. Bone mineral density (BMD) is 
usually measured with dual-energy x-ray absorptiometry (DXA) 
at the hip, lumbar spine, or femoral neck, which is most often 
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described as a T-score [3]. A T-score between −1.0 and −2.5 is 
defined as LBMD, and T-score at or below −2.5 is defined as os-
teoporosis [4]. For each one SD decrement in BMD, the risk of 
fracture increases by a factor of 2–3 [5].

Osteoporosis is a highly prevalent disease and leads to mas-
sive costs to both the individual and society through associ-
ated fragility fractures [6]. As life expectancy increases and 
the population ages, the burden of osteoporosis and associated 
fractures is expected to grow rapidly [7]. It is estimated that 
one in three females and one in five males over the age of 50 
worldwide will sustain an osteoporotic fracture [8]. In France, 
Germany, Italy, Spain, Sweden, and the United Kingdom 
alone, 2.68 million new fragility fractures occurred in 2017, 
leading to a loss of over one million quality-adjusted life years, 
costing an estimated €37.5 billion in healthcare [9, 10]. In 2030, 
over 3.3 million new fractures are anticipated across the same 
six countries, with accompanying total fracture-related costs 
approximating €47.4 billion [10]. The lifetime fracture risk 
of a patient with osteoporosis is as high as 40% [11] and ad-
verse fracture consequences include functional impairment, 
chronic pain, reduced quality of life, loss of independence, 
and premature mortality, especially after hip and vertebral 
fractures [12]. Therefore, LBMD should be identified early to 
mitigate future fracture risk and enable clinical intervention 
in high-risk patients prior to fracture occurrence.

Although previous studies have described the global, regional, 
and national burden of LBMD, little is known about the drivers 
of temporal changes, cross-country inequality, and future burden 
trends [13, 14]. Using GBD 2021 data, the present study extends 
prior analyses by not only updating long-term trends from 1990 
to 2021 but also incorporating decomposition analysis, cross-
country inequality assessment, and forecasting burden until 
2050. In addition, we examined sex- and age-specific patterns of 
LBMD burden, providing a more comprehensive understanding 
of how demographic change, epidemiological patterns, and so-
cioeconomic disparities shape the global burden of LBMD.

2   |   Methods

2.1   |   Data Sources and Data Collection

The GBD 2021 study synthesizes epidemiological data from 21 
GBD regions and 204 countries/territories from 1990 to 2021. 
The GBD network utilized DisMod-MR 2.1 within a Bayesian 
disease modeling meta-regression tool to leverage all avail-
able data to generate disease estimates, including LBMD [15]. 
According to the comparative risk assessment conceptual 
framework, the GBD 2021 study established a causal relation-
ship between LBMD and Levels 1–4 causes. Level 1 cause is in-
juries. Level 2 causes include unintentional injuries, transport 
injuries, self-harm, and interpersonal violence. Level 3 causes 
include animal contact, road injuries, other transport inju-
ries, falls, interpersonal violence, and exposure to mechanical 
forces. Level 4 causes include physical violence by other means, 
other road injuries, non-venomous animal contact, motor vehi-
cle road injuries, pedestrian road injuries, cyclist road injuries, 
motorcyclist road injuries, and other exposure to mechanical 
forces. Summary exposure values (SEVs) of LBMD, deaths, and 

disability-adjusted life years (DALYs) attributable to LBMD with 
95% uncertainty interval (UI) were extracted from the Global 
Health Data Exchange (GHDx).

2.2   |   Sociodemographic Index (SDI) and SEV

The SDI evaluates the socio-demographic status of a country or 
region based on its average income, educational attainment, and 
fertility rates [16]. The World Bank categorizes 204 countries and 
territories into five categories in terms of SDI: low SDI (< 0.46), 
low-middle SDI (0.46, 0.60), middle SDI (0.60, 0.70), high-middle 
SDI (0.70, 0.81), and high SDI (> 0.81). SEV is a population-level 
metric to quantify how far a population's exposure to a modifi-
able risk factor lies from the theoretical minimum-risk exposure 
distribution (TMRED) with a scale from 0 to 100. Zero indicates 
that the entire population is at the TMRED (no excess risk) but 
100 indicates that the entire population is at the highest ob-
served (or counterfactual) risk level [15].

2.3   |   Cross-Country Inequality Analysis

Countries and territories were ranked by SDI from lowest to 
highest. The slope index of inequality (SII) and relative concen-
tration index (RCI) were used to assess absolute and relative 
cross-country inequality in LBMD burden, respectively. The 
SII was estimated by regressing country-level age-standardized 
DALY and mortality rates on the relative SDI rank, defined by 
the midpoint of the cumulative population distribution. The RCI 
was derived from the concentration curve, which relates the cu-
mulative proportion of age-standardized DALY and mortality 
rates to the cumulative proportion of the population ranked by 
SDI. Negative SII or RCI values indicated that the burden was 
concentrated in lower-SDI countries, whereas positive values in-
dicated a greater burden in higher-SDI countries [17].

2.4   |   Decomposition Analysis

To quantify the factors contributing to changes in the absolute 
burden of LBMD over the past 30 years, we conducted a decom-
position analysis. The change in DALYs or deaths was partitioned 
into population growth, population aging, and epidemiological 
change, reflecting changes in population size, age structure, and 
age-specific rates, respectively. This approach was used to esti-
mate the relative contribution of each component to changes in 
LBMD burden at the global level and across regions.

2.5   |   Predictive Analysis

To forecast the global LBMD burden from 2021 to 2050, we 
applied a Bayesian age-period-cohort (BAPC) model with in-
tegrated nested Laplace approximation (INLA). Based on GBD 
2021 data on SEV, mortality, and DALYs from 1990 to 2021, the 
model incorporated age, period, and cohort effects to estimate 
future numbers and age-standardized rates (ASRs) through 
2050. Uncertainty was summarized as UIs within the Bayesian 
framework. The future standard population was derived from 
GBD 2017 population projections [18].
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2.6   |   Statistical Analysis

To determine trends in various epidemiological indicators 
over time, the Joinpoint Regression Program (version 5.1.0.0; 
National Cancer Institute, Rockville, MD, USA) was used. The 
average annual percent change (AAPC) and its accompanying 
95% confidence interval (CI) from 1990 to 2021 were calculated 
for a comprehensive appraisal of the observed trends. All proce-
dures for analysis and graphic representation were performed 
utilizing the open-source software R (version 4.3.3).

3   |   Results

3.1   |   Global and Regional SEV of Low Bone 
Mineral Density

Globally, the ASR of SEV for LBMD was 23.51 (95% UI: 18.01, 
30.26) per 100 population in 2021. However, the ASR of SEV 
decreased from 1990 to 2021 (AAPC = −0.16, 95% CI: −0.17, 
−0.15). Gender disparities were evident, with females (28.56,
95% UI: 22.77, 35.30) showing a higher SEV rate than males
(18.08, 95% UI: 12.86, 24.68) in 2021 (Table 1).

By SDI category, the highest SEV rate was observed in low-SDI 
regions (29.01, 95% CI: 23.22, 36.06) (Table 1, Figure 1). Of note, 
all SDI regions demonstrated declining trends of SEV, with the 
quickest in the middle SDI (AAPC = −0.31, 95% CI: −0.24, −0.47) 
(Table 1).

Substantial regional variations were also observed, with the 
highest SEV rate recorded in Western Sub-Saharan Africa 
(31.50, 95% UI: 25.54, 38.35), followed closely by Central Sub-
Saharan Africa (30.81, 95% UI: 24.56, 38.21) and the lowest in 
Western Europe (17.61, 95% UI: 12.50, 24.03). The SEV rate 
declined in all regions except High-income North America, 
where it slightly increased (AAPC = 0.06, 95% CI: 0.02, 0.10), 
driven primarily by females (AAPC = 0.26, 95% CI: 0.23, 0.29) 
(Table 1).

At the national level, Guinea, Togo, and Sierra Leone had the 
highest SEV rates, with Guinea (35.45, 95% UI: 28.91, 42.57) 
showing the peak value. While most countries exhibited de-
creasing trends since 1990, some (e.g., Afghanistan, Nauru, 
Northern Mariana Islands, and United States) showed in-
creases, with Afghanistan experiencing the most pronounced 
rise (AAPC = 0.24, 95% CI: 0.23, 0.25) (Table S1, Figure 2).

3.2   |   Global and Regional DALYs and Deaths 
of Low Bone Mineral Density

In 2021, the global DALYs and deaths attributable to LBMD 
were approximately 17 310 085 and 459 661, respectively, with an 
ASDR of 204.99 and an ASMR of 5.65 per 100 000 population. 
Although both ASDR and ASMR showed decreasing trends from 
1990 to 2021, with AAPCs of −0.51 and −0.28, respectively, the 
absolute numbers remained high worldwide (Tables S2 and S3; 
Figure S1). Females accounted for a higher number of DALYs 
and deaths, whereas males had higher ASDR and ASMR (ASDR: 
211.01 vs. 196.37; ASMR: 6.45 vs. 4.99) (Tables S2 and S3).

At the SDI, regional, and national levels, the patterns and trends 
in DALYs and deaths were generally similar to those of SEV. 
Higher ASDR and ASMR were predominantly observed in 
low-SDI regions and countries, particularly in Central Africa, 
the Middle East, and South Asia. In contrast, several high-SDI 
regions and countries, such as High-income North America 
and Australia, showed worsening trends over time (AAPC > 0) 
(Tables S2–S5; Figures S2–S5).

3.3   |   The Age Effect of Low Bone Mineral Density

In 2021, the SEV rate increased progressively with age, peaking in 
the 85–89 age group (26.09, 95% UI: 17.75, 34.75) before declining. 
Negative AAPCs were observed across all age groups, demonstrat-
ing that the SEV rate declined over the past 30 years in every co-
hort. Notably, the rate of decline accelerated with age, reaching its 
maximum in the 70–74 age group (AAPC = −0.24, 95% CI: −0.26, 
−0.23) (Table S6; Figure S6). Relative to SEV, the ASDR and ASMR 
increased sharply with age, reaching a peak at 95 plus group
(ASDR: 5945.32; ASMR: 418.11). From 1990 to 2021, the decline in 
ASDR and ASMR gradually diminished with age, and over 85–89
age group, the AAPC became positive, suggesting an increasing
trend in both ASDR and ASMR (Tables S7 and S8; Figure S8).

Regarding sex differences, females consistently exhibited 
higher SEV rates than males across all age groups (Figure S6). 
Conversely, males demonstrated higher ASMR across all age 
groups and higher ASDR years (Tables S7 and S8; Figure S7).

3.4   |   The Association Between ASR, SDI, 
and AAPC

In 2021, there was a negative correlation between the SDI level 
and the ASR of SEV across both 21 GBD regions and 204 countries 
and territories (ρ = −0.808, p < 0.001) (Figure S9). Similar negative 
correlations were observed in ASDR and ASMR (Figures  3A,B 
and S10). In 1990, AAPC showed a positive correlation with 
ASR of SEV in 1990 (ρ = 0.21, p = 0.003) (Figure  S9), whereas 
both ASDR and ASMR demonstrated negative correlations with 
AAPC (Figures 3C and S10). Furthermore, a significant negative 
correlation was found between the AAPC of SEV and the SDI in 
2021 (ρ = −0.395, p < 0.001) (Figure S9). Notably, regions with SDI 
below 0.80 maintained negative correlations between SDI and 
both ASDR and ASMR, but this relationship gradually reversed in 
regions with SDI above 0.80 (Figures 3D and S10).

3.5   |   The Disease Burden Attributable to Low Bone 
Mineral Density

Falls from unintentional injuries showed the strongest correla-
tion with LBMD-related disability and mortality, followed by 
road injuries from transport injuries (Figures S11 and S12).

From 1990 to 2021, the ASR of LBMD-related disability due 
to falls remained above 120 per 100 000 population, while 
that attributed to road injuries fluctuated around 55 per 
100 000. All six causes showed a downward trend over this 
period, with falls exhibiting the least pronounced reduction 



4 of 13 International Journal of Rheumatic Diseases, 2026

T
A

B
L

E
 1

    
|    

G
lo

ba
l a

nd
 re

gi
on

al
 a

ge
-s

ta
nd

ar
di

ze
d 

ra
te

 a
nd

 a
bs

ol
ut

e 
nu

m
be

r o
f s

um
m

ar
y 

ex
po

su
re

 v
al

ue
 a

tt
ri

bu
ta

bl
e 

to
 lo

w
 b

on
e 

m
in

er
al

 d
en

si
ty

 in
 2

02
1 

an
d 

th
e 

te
m

po
ra

l t
re

nd
s f

ro
m

 1
99

0 
to

 2
02

1.

L
oc

at
io

n

B
ot

h 
se

xe
s

Fe
m

al
e

M
al

e

20
21

 (9
5%

 U
I)

A
A

P
C

 (9
5%

 C
I)

20
21

 (9
5%

 U
I)

A
A

P
C

 (9
5%

 C
I)

20
21

 (9
5%

 U
I)

A
A

P
C

 (9
5%

 C
I)

G
lo

ba
l

23
.5

1 
(1

8.
01

 to
 3

0.
26

)
−

0.
16

 (−
0.

17
 to

 −
0.

15
)

28
.5

6 
(2

2.
77

 to
 3

5.
30

)
−

0.
07

 (−
0.

07
 to

 −
0.

06
)

18
.0

8 
(1

2.
86

 
to

 2
4.

68
)

−
0.

30
 (−

0.
32

 to
 −

0.
29

)

SD
I r

eg
io

ns

H
ig

h 
SD

I
20

.3
9 

(1
5.

09
 to

 2
6.

93
)

−
0.

14
 (−

0.
15

 to
 −

0.
12

)
24

.0
5 

(1
8.

42
 to

 3
0.

81
)

−
0.

04
 (−

0.
05

 to
 −

0.
03

)
16

.4
6 

(1
1.

35
 to

 2
2.

90
)

−
0.

20
 (−

0.
22

 to
 −

0.
19

)

H
ig

h-
m

id
dl

e 
SD

I
22

.0
0 

(1
6.

69
 

to
 2

8.
60

)
−

0.
16

 (−
0.

17
 to

 −
0.

14
)

27
.0

9 
(2

1.
43

 to
 3

3.
84

)
−

0.
06

 (−
0.

06
 to

 −
0.

05
)

16
.3

2 
(1

1.
18

 to
 2

2.
75

)
−

0.
26

 (−
0.

28
 to

 −
0.

23
)

M
id

dl
e 

SD
I

24
.1

1 
(1

8.
67

 to
 3

0.
79

)
−

0.
31

 (−
0.

32
 to

 −
0.

30
)

29
.6

7 
(2

3.
61

 to
 3

6.
29

)
−

0.
24

 (−
0.

24
to

 −
0.

23
)

18
.1

4 
(1

2.
93

 to
 2

4.
79

)
−

0.
47

 (−
0.

49
 to

 −
0.

45
)

Lo
w

-m
id

dl
e 

SD
I

25
.5

1 
(1

9.
74

 to
 3

2.
45

)
−

0.
19

 (−
0.

20
 to

 −
0.

18
)

30
.4

9 
(2

4.
42

 to
 3

7.
30

)
−

0.
18

 (−
0.

19
 to

 −
0.

17
)

20
.2

6 
(1

4.
68

 to
 2

7.
29

)
−

0.
28

 (−
0.

29
to

 −
0.

26
)

Lo
w

 S
D

I
29

.0
1 

(2
3.

22
 to

 3
6.

06
)

−
0.

14
 (−

0.
15

 to
 −

0.
13

)
34

.9
1 

(2
8.

99
 to

 4
1.

63
)

−
0.

14
 (−

0.
15

 to
 −

0.
14

)
22

.9
6 

(1
7.

09
 to

 3
0.

08
)

−
0.

20
 (−

0.
21

 to
 −

0.
19

)

G
BD

 re
gi

on
s

Ea
st

er
n 

Eu
ro

pe
18

.1
2 

(1
2.

86
 

to
 2

4.
27

)
−

0.
28

 (−
0.

29
to

 −
0.

26
)

22
.9

9 
(1

7.
37

 to
 2

9.
69

)
−

0.
20

 (−
0.

22
 to

 −
0.

19
)

11
.6

8 
(6

.9
6 

to
 1

7.
54

)
−

0.
29

 (−
0.

35
 to

 −
0.

25
)

O
ce

an
ia

23
.9

3 
(1

7.
92

 to
 3

0.
61

)
−

0.
05

 (−
0.

06
 to

 −
0.

04
)

30
.6

7 
(2

4.
05

 to
 3

7.
53

)
−

0.
07

 (−
0.

09
to

 −
0.

07
)

17
.5

9 
(1

2.
04

 to
 2

4.
46

)
0.

01
 (0

.0
0 

to
 0

.0
3)

So
ut

he
as

t A
si

a
26

.7
1 

(2
1.

25
 to

 3
3.

45
)

−
0.

23
 (−

0.
24

to
 −

0.
22

)
34

.5
6 

(2
8.

47
 to

 4
1.

46
)

−
0.

17
 (−

0.
18

 to
 −

0.
17

)
17

.9
3 

(1
2.

64
 to

 2
4.

55
)

−
0.

35
 (−

0.
37

 to
 −

0.
33

)

Ea
st

 A
si

a
24

.5
9 

(1
8.

95
 to

 3
1.

40
)

−
0.

35
 (−

0.
37

 to
 −

0.
34

)
30

.0
6 

(2
4.

23
 

to
 3

6.
84

)
−

0.
22

 (−
0.

23
 to

 −
0.

21
)

18
.7

5 
(1

3.
36

 to
 2

5.
71

)
−

0.
54

 (−
0.

56
 to

 −
0.

52
)

C
en

tr
al

 A
si

a
18

.1
1 

(1
2.

80
 to

 2
4.

17
)

−
0.

31
 (−

0.
32

 to
 −

0.
29

)
22

.6
9 

(1
6.

79
 to

 2
9.

32
)

−
0.

27
 (−

0.
28

to
 −

0.
26

)
12

.8
2 

(8
.0

7 
to

 1
9.

18
)

−
0.

31
 (−

0.
34

 to
 −

0.
29

)

So
ut

h 
A

si
a

25
.2

6 
(1

9.
66

 to
 3

2.
26

)
−

0.
20

 (−
0.

21
 to

 −
0.

18
)

29
.8

7 
(2

4.
09

 to
 3

6.
60

)
−

0.
20

 (−
0.

21
 to

 −
0.

19
)

20
.5

7 
(1

4.
86

 to
 2

7.
81

)
−

0.
27

 (−
0.

29
 to

 −
0.

25
)

H
ig

h-
in

co
m

e 
N

or
th

 A
m

er
ic

a
21

.6
9 

(1
6.

08
 to

 2
8.

34
)

0.
06

 (0
.0

2 
to

 0
.1

0)
25

.0
5 

(1
9.

11
 to

 3
1.

80
)

0.
26

 (0
.2

3 
to

 0
.2

9)
17

.9
4 

(1
2.

40
 to

 2
4.

76
)

−
0.

18
 (−

0.
23

 to
 −

0.
13

)

C
en

tr
al

 E
ur

op
e

17
.9

0 
(1

2.
78

 to
 2

4.
30

)
−

0.
37

 (−
0.

38
 to

 −
0.

35
)

24
.7

6 
(1

8.
92

 to
 3

1.
31

)
−

0.
32

 (−
0.

32
 to

 −
0.

31
)

10
.5

1 
(5

.6
4 

to
 1

7.
38

)
−

0.
38

 (−
0.

41
 to

 −
0.

34
)

A
us

tr
al

as
ia

19
.5

0 
(1

3.
51

 to
 2

6.
41

)
−

0.
41

 (−
0.

42
 to

 −
0.

40
)

21
.0

7 
(1

4.
65

 to
 2

7.7
3)

−
0.

39
 (−

0.
39

 to
 −

0.
38

)
17

.7
7 

(1
1.

98
 to

 2
5.

21
)

−
0.

41
 (−

0.
42

 to
 −

0.
40

)

W
es

te
rn

 E
ur

op
e

17
.6

1 
(1

2.
50

 to
 2

4.
03

)
−

0.
28

 (−
0.

29
to

 −
0.

26
)

20
.7

1 
(1

5.
39

 to
 2

7.
39

)
−

0.
22

 (−
0.

23
 to

 −
0.

21
)

14
.2

3 
(9

.2
7 

to
 2

0.
65

)
−

0.
29

 (−
0.

32
 to

 −
0.

27
)

(C
on

tin
ue

s)



5 of 13International Journal of Rheumatic Diseases, 2026

L
oc

at
io

n

B
ot

h 
se

xe
s

Fe
m

al
e

M
al

e

20
21

 (9
5%

 U
I)

A
A

P
C

 (9
5%

 C
I)

20
21

 (9
5%

 U
I)

A
A

P
C

 (9
5%

 C
I)

20
21

 (9
5%

 U
I)

A
A

P
C

 (9
5%

 C
I)

H
ig

h-
in

co
m

e 
A

si
a 

Pa
ci

fic
22

.6
0 

(1
7.

24
 to

 2
9.

40
)

−
0.

29
 (−

0.
35

 to
 −

0.
26

)
26

.7
1 

(2
0.

57
 to

 3
3.

54
)

−
0.

23
 (−

0.
27

to
 −

0.
20

)
18

.1
9 

(1
2.

91
 to

 2
4.

96
)

−
0.

29
 (−

0.
36

 to
 −

0.
23

)

N
or

th
 A

fr
ic

a 
an

d 
M

id
dl

e 
Ea

st
22

.4
1 

(1
6.

80
 to

 2
8.

95
)

−
0.

22
 (−

0.
24

 to
 −

0.
21

)
25

.6
8 

(2
0.

07
 to

 3
2.

14
)

−
0.

23
 (−

0.
24

to
 −

0.
22

)
19

.2
8 

(1
3.

77
 to

 2
6.

07
)

−
0.

22
 (−

0.
23

to
 −

0.
20

)

C
ar

ib
be

an
19

.1
7 

(1
3.

68
 to

 2
5.

51
)

−
0.

33
 (−

0.
34

 to
 −

0.
32

)
22

.2
9 

(1
6.

50
 to

 2
8.

75
)

−
0.

29
 (−

0.
30

 to
 −

0.
28

)
15

.7
7 

(1
0.

61
 to

 2
2.

40
)

−
0.

42
 (−

0.
43

 to
 −

0.
41

)

C
en

tr
al

 L
at

in
 A

m
er

ic
a

21
.2

3 
(1

5.
89

 to
 2

7.
85

)
−

0.
27

 (−
0.

28
to

 −
0.

26
)

27
.3

0 
(2

1.
35

 to
 3

3.
79

)
−

0.
21

 (−
0.

22
 to

 −
0.

20
)

14
.3

5 
(9

.4
8 

to
 2

0.
69

)
−

0.
48

 (−
0.

50
to

 −
0.

46
)

A
nd

ea
n 

La
tin

 A
m

er
ic

a
18

.7
7 

(1
3.

10
 to

 2
5.

18
)

−
0.

41
 (−

0.
42

 to
 −

0.
39

)
23

.3
9 

(1
6.

98
 to

 3
0.

18
)

−
0.

35
 (−

0.
36

 to
 −

0.
34

)
13

.8
6 

(8
.7

5 
to

 1
9.

88
)

−
0.

55
 (−

0.
57

 to
 −

0.
52

)

So
ut

he
rn

 L
at

in
 A

m
er

ic
a

21
.1

4 
(1

5.
66

 to
 2

7.
69

)
−

0.
27

 (−
0.

28
to

 −
0.

26
)

24
.9

6 
(1

9.
07

 to
 3

2.
15

)
−

0.
25

 (−
0.

26
to

 −
0.

24
)

16
.6

6 
(1

1.
19

 to
 2

3.
75

)
−

0.
30

 (−
0.

32
 to

 −
0.

29
)

Tr
op

ic
al

 L
at

in
 A

m
er

ic
a

22
.1

2 
(1

6.
61

 to
 2

8.
91

)
−

0.
44

 (−
0.

45
 to

 −
0.

43
)

27
.0

9 
(2

0.
87

 to
 3

3.
92

)
−

0.
41

 (−
0.

42
 to

 −
0.

40
)

16
.4

9 
(1

1.
23

 to
 2

2.
97

)
−

0.
53

 (−
0.

55
 to

 −
0.

52
)

W
es

te
rn

 S
ub

-S
ah

ar
an

 A
fr

ic
a

31
.5

0 
(2

5.
54

 to
 3

8.
35

)
−

0.
16

 (−
0.

17
 to

 −
0.

15
)

39
.5

1 
(3

3.
44

 to
 4

6.
29

)
−

0.
21

 (−
0.

22
 to

 −
0.

21
)

22
.6

7 
(1

6.
86

 to
 2

9.
78

)
−

0.
30

 (−
0.

31
 to

 −
0.

29
)

So
ut

he
rn

 S
ub

-S
ah

ar
an

 
A

fr
ic

a
26

.3
5 

(2
0.

45
 to

 3
3.

26
)

−
0.

21
 (−

0.
22

 to
 −

0.
19

)
29

.7
3 

(2
3.

44
 to

 3
6.

53
)

−
0.

16
 (−

0.
16

 to
 −

0.
15

)
22

.2
0 

(1
6.

42
 to

 2
9.

19
)

−
0.

29
 (−

0.
32

 to
 −

0.
28

)

C
en

tr
al

 S
ub

-S
ah

ar
an

 A
fr

ic
a

30
.8

1 
(2

4.
56

 to
 3

8.
21

)
−

0.
09

 (−
0.

10
 to

 −
0.

08
)

36
.1

2 
(2

9.
41

 to
 4

3.
13

)
−

0.
07

 (−
0.

08
to

 −
0.

06
)

24
.9

0 
(1

8.
67

 to
 3

2.
39

)
−

0.
10

 (−
0.

11
 to

 −
0.

10
)

Ea
st

er
n 

Su
b-

Sa
ha

ra
n 

A
fr

ic
a

30
.1

4 
(2

4.
22

 to
 3

7.
04

)
−

0.
22

 (−
0.

23
 to

 −
0.

21
)

36
.0

7 
(2

9.
95

 to
 4

2.
87

)
−

0.
20

 (−
0.

20
 to

 −
0.

19
)

23
.8

0 
(1

7.
95

 to
 3

0.
93

)
−

0.
30

 (−
0.

31
 to

 −
0.

29
)

A
bb

re
vi

at
io

ns
: A

A
PC

, a
ve

ra
ge

 a
nn

ua
l p

er
ce

nt
 c

ha
ng

e;
 C

I, 
co

nf
id

en
ce

 in
te

rv
al

; S
D

I, 
so

ci
od

em
og

ra
ph

ic
 in

de
x;

 U
I, 

un
ce

rt
ai

nt
y 

in
te

rv
al

.

T
A

B
L

E
 1

    
|    


(C

on
tin

ue
d)



6 of 13 International Journal of Rheumatic Diseases, 2026

(AAPC = −0.12, 95% CI: −0.14, −0.11). With respect to gender, 
females had a higher ASR of LBMD-related disability due to 
falls, while males showed a higher ASR of LBMD-related dis-
ability caused by road injury (Table S2; Figure S12). Across all 
age groups, the proportion of disability cases attributable to 
falls from unintentional injuries increased with age, in con-
trast to the decreasing trend observed in road injuries from 
transport injuries (Figures S13 and S14).

A similar pattern in sex distribution and temporal trends was ob-
served in LBMD-related mortality, although certain differences 
were noted. Specifically, mortality due to falls (AAPC = 0.03, 
95% CI: −0.02, 0.06) exhibited an increasing trend over the past 
30 years, while the other five causes declined. Additionally, 
males showed a slight predominance in LBMD-related mortality 
attributed to falls (Table S3; Figures S11–S14).

3.6   |   The SII and RCI of Low Bone Mineral Density 
in 1990 and 2021

As indicated by the SII, the absolute gap in ASDR between the 
highest and lowest SDI countries increased from −26.31 (95% 

CI: −59.10, 6.48) in 1990 to −53.34 (95% CI: −76.88, −29.80) in 
2021, highlighting that countries with lower SDI bore dispropor-
tionately higher burdens. In contrast, the relative gradient in-
equality, measured by the RCI, was −0.04 (95% CI: −0.07, −0.02) 
in 1990 and −0.06 (95% CI: −0.09, −0.04) in 2021, indicating a 
consistent concentration of the burden among the poorer popu-
lations (Table S9, Figure 4). Between 1990 and 2021, both the SII 
and the RCI of mortality were negative, exhibiting only modest 
changes over time (Table S9, Figure S15).

3.7   |   The Decomposition Analysis of Low Bone 
Mineral Density

The last 30 years have experienced a substantial increase in 
DALYs globally, with the most pronounced increase found in 
middle-SDI. Aging, population, and epidemiological changes 
contributed 14.67%, 113.59%, and −28.26%, respectively, to this 
overall increase. The impact of population was particularly 
prominent in high-middle SDI (147.41%) and low SDI (118.30%) 
regions, while the contributions of aging and epidemiologi-
cal changes were most notable in high SDI (34.62%) and high-
middle SDI regions (−70.80%), respectively (Tables  S10–S12; 

FIGURE 1    |    Age-standardized rate of summary exposure value attributable to low bone mineral density by five SDI regions at global level, from 
1990 to 2021. (A) Age-standardized rate of summary exposure value attributable to low bone mineral density by five SDI regions at global level, for 
both sexes. (B) Age-standardized rate of summary exposure value attributable to low bone mineral density between males and females in regions 
with high SDI. (C) Age-standardized rate of summary exposure value attributable to low bone mineral density between males and females in regions 
with high-middle SDI. (D) Age-standardized rate of summary exposure value attributable to low bone mineral density between males and females in 
regions with middle SDI. (E) Age-standardized rate of summary exposure value attributable to low bone mineral density between males and females 
in regions with low-middle SDI. (F) Age-standardized rate of summary exposure value for low bone mineral density between males and females in 
regions with low SDI. SDI, sociodemographic index.
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FIGURE 2    |     Legend on next page.
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Figure  S16). Similar contribution patterns were observed in 
mortality as well (Tables S13–S15; Figure S17).

3.8   |   The Predictive Analysis of Low Bone Mineral 
Density Through 2050

Globally, the ASDR and ASMR attributable to LBMD are pro-
jected to continue declining until 2050, whereas the absolute 

numbers of DALYs and deaths are expected to increase steadily 
over the same period (Figures S18 and S19).

4   |   Discussion

LBMD remains a substantial and growing public health chal-
lenge, yet it has received insufficient attention over the past 
three decades. In this study, we provide an updated and more 

FIGURE 2    |    Global map of summary exposure value for low bone mineral density in 204 countries and territories for both sexes. (A) Global map 
in age-standardized rate of summary exposure value attributable to low bone mineral density, 2021. (B) Global map in average annual percent change 
in age-standardized rate of summary exposure value attributable to LBMD, 1990–2021. SEV, summary exposure value.

FIGURE 3    |    The association between age standardized rate of disability-adjusted life years, sociodemographic index, average annual percent 
change across global burden of disease regions and countries and territories. (A) ASR of DALYs attributable to LBMD per 100 000 persons for SDI 
by 21 global burden of disease regions, 2021. Black line represents expected values based on SDI and disease rates across 21 GBD regions; each point 
shows observed ASR of DALYs for specified region in 2021. (B) ASR of DALYs attributable to LBMD per 100 000 persons for SDI by 204 countries and 
territories, 2021. Black line represents expected values based on SDI and disease across 204 countries and territories, each point shows observed ASR 
of DALYs for specified country in 2021. (C) The correlation between AAPC and ASR of DALYs attributable to LBMD in 1990 across 204 countries and 
territories. The size of circle is increased with the absolute number of LBMD. The ρ indices and p values were derived from Pearson correlation analy-
sis. (D) The correlation between AAPC and SDI attributable to LBMD in 2021 across 204 countries and territories. The size of circle is increased with 
the absolute number of LBMD. The ρ indices and p values were derived from Pearson correlation analysis. AAPC, average annual percent change; 
ASR, age-standardized rate; DALYs, disability-adjusted life years; GBD, global burden of disease; LBMD, low bone mineral density.
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FIGURE 4    |     Legend on next page.
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comprehensive assessment of temporal trends, inequality, fu-
ture projections, and sex- and age-specific differences in LBMD 
burden. Five major findings emerge from our analysis.

Our findings showed that although the age-standardized bur-
den of LBMD declined over the past three decades, the absolute 
burden still increased and was largely driven by population 
growth and aging.

First, the global population will grow to 8.5 billion by 2030 
and 9.7 billion by 2050 and the share of global population at 
ages 65 and above is projected to rise from 10% in 2022 to 16% 
in 2050 [19]. Given LBMD is an age-related degenerative dis-
ease, population growth and aging are expected to increase 
the burden of LBMD. Second, glucocorticoids, longstanding 
anti-inflammatory or immunosuppressive agents, might be 
another key factor [20]. Approximately 1% of UK and USA 
adults receive long-term oral glucocorticoids [21], yet excess 
exposure inhibits osteoblast formation, leading to reduced 
BMD and fragility fracture [22]. A meta-analysis showed glu-
cocorticoid use with a nearly threefold higher risk of vertebral 
fracture and doubled hip fracture risk [21]. Third, the wide-
spread adoption of DXA has facilitated earlier detection of 
LBMD [23]. Fourth, non-pharmaceutical interventions, such 
as smoking cessation, weight maintenance, regular physical 
activity, and moderation of alcohol intake, have been widely 
advocated [24, 25]. Particularly, regular physical activity may 
prevent bone mass loss during old age [26]. The decline in ASR 
might be attributed to the promotion of physical activity, in-
creased awareness of calcium and vitamin D supplementation 
[8], and a growing number of governments have identified os-
teoporosis prevention as a national health priority [27].

Our findings indicate that the burden of LBMD is not only 
concentrated in poor areas, but also increasing in rich areas. 
On the one hand, smoking prevalence and excessive alcohol 
consumption rates are markedly higher in lower socioeco-
nomic groups [28]. Nicotine exposure and alcohol misuse can 
affect the activity of osteoblasts, diminish calcium absorption, 
and thus impair bone formation [24]. In persons with chronic 
alcoholism, fractures are four times as common as in healthy 
controls [29], while smokers face 16%–20% elevated fracture 
risk relative to non-smokers [30]. Populations in low SDI re-
gions commonly have inadequate intake of calcium, vitamin 
D, and protein, which triggers systemic bone homeostasis im-
balances. Low vitamin D and protein intake reduce intestinal 
calcium absorption, inducing secondary hyperparathyroidism 
that heightens bone remodeling and compromises skeletal 
health [31]. Among low body mass index (BMI) individuals, 
insufficient body fat reduces estrogen levels, accelerating bone 
resorption [32]. This challenge is compounded by a severe 
shortage of medical resources in less-developed countries, 
with fewer than one DXA machine per million population 
[27]. As a result, individuals with LBMD were less likely to 

undergo BMD measurements and to receive timely bone-
protective medications [33]. On the other hand, the increased 
burden of LBMD in high SDI may stem from a more serious 
aging population and longer life expectancy, which leads to 
a higher proportion of elderly females [34]. Additionally, the 
lower prevalence of manual labor and unemployment among 
high SDI might imply a higher proportion of white-collar pro-
fessionals, whose work typically involves more sedentary be-
haviors [35]. Such sedentary work patterns have already been 
reported as a risk factor for hip fracture [36], as they increased 
bone resorption and decreased bone formation [37].

Our study also highlights an important sex disparity in LBMD, 
with higher exposure levels in females but a greater attributable 
disease burden in males. Among males, age-related bone loss 
and androgen deficiency after age 50 contribute to trabecular 
thinning and muscle mass loss, which increase the propensity 
to falls and thus fractures [38]. Fractures in males most com-
monly occur in the hip and spine [39], both strongly associ-
ated with osteoporosis-related disability and mortality [40]. 
Moreover, males with fractures tend to have more comorbid-
ities (e.g., cardiovascular disease, chronic obstructive pulmo-
nary disease) and higher rates of infection (e.g., pneumonia, 
septicaemia) [41]. A prospective observational cohort study 
showed that males with a hip fracture have an increased mor-
tality risk of dying from cardiovascular disease and pneumonia 
at fivefold and 2.4-fold, respectively [42]. Another contributing 
factor is the widespread misconception that osteoporosis affects 
only females [43], compounded by inadequate physician aware-
ness, as experts have not yet reached a consensus regarding 
screening guidelines in males [44]. These factors lead to early 
underdiagnosis and consequent undertreatment of osteoporosis 
in males. In addition, males frequently have secondary osteo-
porosis caused by medications (e.g., glucocorticoids), diseases 
(e.g., hypogonadism), or unhealthy lifestyle factors  (e.g., alco-
holism, smoking, sedentary lifestyle) [45], further complicating 
treatment and increasing the risk of disability and mortality. On 
the female side, the higher prevalence of osteoporosis is partly 
due to their longer life expectancy [46], leading to a greater pro-
portion of females in the elderly population where the disease is 
most common [47]. Postmenopausal estrogen deficiency further 
accelerates bone resorption by osteoclast overactivation, result-
ing in bone mineral loss [48]. Moreover, females accumulate 
less bone mass during a shorter pubertal growth period, leading 
to lower peak bone mass which is a key risk factor for osteoporo-
sis [49]. To mitigate this gender disparity in LBMD burden, post-
menopausal women are advised to increase calcium, vitamin D, 
and protein intake [49], while high-risk males should improve 
osteoporosis awareness [43] and strengthen postfracture care 
and prognosis [50].

Our study has several limitations beyond the inherent weak-
nesses of the GBD methodology. First, the burden of LBMD 
in lower-income countries is likely underestimated due to 

FIGURE 4    |    Health inequality regression curves and concentration curves for low bone mineral density in terms of disability-adjusted life years. 
(A) Health inequality regression curves of disability-adjusted life years for low bone mineral density worldwide, 1990 and 2021. (B) Concentration
curves of disability-adjusted life years for low bone mineral density worldwide, 1990 and 2021. DALYs, disability-adjusted life years; SDI, sociode-
mographic index.
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insufficient awareness of LBMD and the relative inadequacy 
of screening equipment. Besides, in this study, the TMRED of 
LBMD was derived from the age- and sex-specific 99th percentile 
of the NHANES 1988–2014. This approach may underestimate 
LBMD exposure in older populations compared to definitions 
established by the WHO, NOF, and ISCD guidelines. Finally, 
the temporal scope of our study was limited by data availability, 
leading to the omission of recent LBMD statistics. Subsequent 
research efforts should prioritize incorporating the most up-to-
date data to ensure a more accurate description of the changing 
global trends in LBMD.
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Dear Editor,
In Sjogren's disease (SjD), the immune system targets the sali-
vary and lacrimal glands, causing chronic inflammation, glan-
dular dysfunction, and reduced tear and saliva production, 
leading to xerostomia and keratoconjunctivitis sicca [1, 2]. Key 
immune mechanisms include B cell hyperactivity, character-
ized by elevated circulating anti-SSA (Ro60 and Ro52), anti-
SSB (La), and rheumatoid factors (RFs: IgM-RF, IgA-RF, and 
IgG-RF), increased expression activation and proliferation 
markers (e.g., CD86, CD38, HLA-DR, and Ki67), and enhanced 
secretion of IL6, BAFF, along with CD4+ T cell-driven inflam-
mation and the formation of ectopic lymphoid structures due 
to immune infiltration, all contributing to sustained autoim-
munity [1, 2].

To fully understand the role of autoreactive B cells in SjD, it is 
essential to determine whether they exhibit dynamic changes or 
persist along specific developmental trajectories in response to 
inflammatory cues from CD4+ T cells [3]. Key factors to explore 
include B cell subpopulation dynamics, BCR repertoire evolu-
tion [4], gene usage patterns, and autoreactive antibody produc-
tion, alongside interactions with T cells and antigen-presenting 
cells (APCs) subsets. CD40-CD40L signaling and T follicular 
helper (Tfh) cells sustain B cell activation, driving the formation 
of ectopic lymphoid structures (ELSs) within salivary glands. 
These structures facilitate germinal center-like reactions, fos-
tering clonal selection, somatic hypermutation (SHM), and af-
finity maturation, which may sustain persistent autoreactivity. 
Additionally, BAFF, APRIL, IFN-γ, and IL-21 play crucial roles 
in autoreactive B cell survival and dysregulation. Leveraging 
single-cell RNA sequencing (scRNA-seq), BCR repertoire 

analysis, and multi-omics approaches will be key to mapping B 
cell trajectories and designing targeted SjD therapies.

Recently, Lee et al., have characterized self-reactive clones from 
five major B cell subsets; transitional (Tr; IgD−, CD27−, CD10+, 
CD38+), mature naïve (MN; IgD+, CD27−, CD10−), switched 
memory (Mem; IgD−, CD27+, IgM−, CD38−), double negative 
(DN; IgD−, CD27−), and plasmablasts (PB; IgD−, CD27+, IgM−, 
CD38hi) B cells from SjD patients and healthy controls [1]. B cell 
sorting followed by in vitro culture and expansion is a standard 
approach for discovering antigen-specific B cells. This study 
opens new avenues for the discovery and validation of autore-
active B cell clones and antigen-specific antibodies, particularly 
anti-Ro52, anti-Ro60, anti-La, and anti-RF antibodies, which 
play a crucial role in SjD pathogenesis. Discovering and validat-
ing these antigen-specific clones is essential. However, Lee et al. 
observed that none of the IgG-positive supernatants were reac-
tive to Ro52, Ro60, or La antigens, highlighting the challenges 
in identifying specific autoreactive clones (Figure 1). Even after 
a robust immune response, antigen-specific B cells typically 
represent only 0.01%–0.1% of the total B cell population at any 
given time, posing a significant challenge in identifying autore-
active clones within the immune repertoire. This challenge may 
be addressed through selective enrichment techniques such as 
MACS/FACS using antigen-specific tetramers or multimers, 
single-cell RNA sequencing to profile individual cells, and af-
finity selection to isolate autoreactive B cells with high affinity 
for self-antigens. Additionally, performing longitudinal analysis 
can provide deeper insights into autoreactive B cell dynamics. 
However, antigen-specific enrichment approaches such as te-
tramer or dextramer-based isolation have inherent limitations, 
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including potential alterations in antigen conformation affect-
ing epitope recognition, affinity thresholds that may exclude 
low-affinity but biologically relevant clones, and the risk of non-
specific binding. In the case of SjD, a more effective approach for 
discovering autoreactive B cells would involve selecting Ro60, 
Ro52, and La antigen-specific B cells from the Tr, MN, Mem, 
DN, and PB B cell populations of both SjD patients and healthy 
controls [5]. To isolate antigen-specific B cells from SjD patients, 
Ro60, La, and Ro52 antigen tetramers and multimers can be 
used. These antigens are generally produced in bacterial, insect, 
and mammalian cells, with HA tags for protein purification 
and AviTags for biotinylation. Biotinylated antigens are then 
assembled into tetramers and multimers (such as Dextramer). 
Longitudinal analysis of these antigen-specific B cells using 
dual fluorophore-conjugated antigen dextramers assemblies can 
provide insights into the dynamics of autoreactive B cells in SjD 
patients and enable the discovery of rare low-affinity antigen 
specific B cells [3]. According to Lee et al., none of the 34 self-
reactive B cell clones (8 from healthy controls and 26 from SjD 
patients) identified via Sanger sequencing were reactive to Ro60, 
Ro52, and La. This suggests that other antigens beyond Ro60, 
Ro52, La, and RF play a role in SjD pathogenesis. The presence 
of autoreactive clones in healthy controls indicates that such 
clones are not specific to SjD, pointing to ambiguity in defining 

self-tolerance breaches [6]. The 34 clones are not clonally ex-
panded, nor do they overlap with bulk RNA sequencing, though 
DN B cells and PB cell clones exhibit longer CDRH3 regions. The 
processes of V(D)J recombination, somatic hypermutation, class 
switch recombination, positive/negative selection, self-tolerance 
mechanism, cross-reactivity, and clonal expansion generate di-
versity in the B cell repertoire [7]. In autoimmune conditions 
like SjD, lupus, systemic sclerosis, the self-tolerance mecha-
nisms are dysregulated, and breach of self-tolerance mecha-
nism can contribute to the development of autoreactive B cells. 
Therefore, isolating and characterizing antigen-specific B cells 
is critical for identifying SjD-specific autoreactive clones [8]. It 
is crucial to accurately define reference controls for studying 
autoreactive B cells in SjD patients. Rather than using healthy 
controls, sicca controls—individuals with dry eye symptoms but 
without SjD—are more appropriate. These controls help better 
differentiate autoreactive B cells specific to SjD, providing a 
clearer understanding of the disease's pathogenesis [1, 2, 4, 8]. 
Apart from sorting antigen-specific B cells, quantitative and 
qualitative analyses of B cell subsets in SjD patients have greater 
implications for understanding SjD pathogenesis.

In summary, a comprehensive B cell subpopulation analy-
sis of autoreactive B cells in SjD is crucial for characterizing 

FIGURE 1    |    Workflow for analysis of antigen-specific autoreactive B cells in Sjögren's disease (SjD). (A) Genes encoding autoantigens (e.g., Ro60, 
Ro52, and La) are cloned into expression vectors for protein production in insect (BEVS), mammalian (pCDNA3.1, pCEP4), and bacterial (pET21/pE-
T32a/pET28a) systems. These vectors enable expression in Sf9, Sf21, High Five, Expi293, HEK293F, Rosetta-DE3, and BL21-DE3 cells. For high-yield 
expression, genes are placed under strong promoters, and an AviTag is incorporated for biotinylation. (B) HA-tagged proteins are purified using Ni2+/
Co2+ affinity chromatography columns on an HPLC system. (C) Blood samples from SjD patients and sicca controls are processed to isolate periph-
eral blood mononuclear cells (PBMCs), followed by isolation of untouched B cells via negative selection. Autoantigens are loaded onto dextramers for 
specific labeling. (D) Dextramer-labeled antigen-reactive B cells are identified and flow-sorted. (E) Flow-sorted antigen-specific autoreactive B cells 
are subjected to single-cell RNA sequencing, and their clonal and transcriptomic profiles are analyzed. Subpopulation-specific differences between 
SjD patients and sicca controls are further evaluated for antibody discovery and validation of disease-associated clones.
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antigen-specific B cells. Flow cytometry enrichment of antigen-
specific B cells using a dextramer backbone enables binding of 
multiple antigens and facilitates low-affinity BCR binding to au-
toantigens by flow cytometry (Figure 1). Flow-sorted cells are 
processed by paired single-cell gene expression and B cell recep-
tor sequencing analysis for discovery and validation of antigen-
specific autoreactive clones.
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Dear Editor,
Rheumatology represents one of the most complex domains in 
internal medicine. Diseases such as rheumatoid arthritis, sys-
temic lupus erythematosus, and spondyloarthritis are charac-
terized by heterogeneous immune mechanisms, fluctuating 
inflammatory activity, delayed structural manifestations, and 
variable therapeutic response [1]. Despite advances in imag-
ing, biomarkers, and targeted biologics, routine care remains 
episodic, data-fragmented, and often reactive. The increasing 
volume of multimodal data—from radiographs and Magnetic 
Resonance Imaging (MRI) to laboratory markers and electronic 
health records (EHRs)—has exceeded the limits of unaided 
clinical cognition [2, 3]. Artificial intelligence (AI) has therefore 
emerged not merely as a technical innovation but as a structural 
necessity.

This perspective is based on a narrative synthesis of contempo-
rary literature on artificial intelligence applications in rheuma-
tology, with emphasis on translational validity, implementation 
barriers, and clinical utility rather than algorithmic develop-
ment alone. Current literature demonstrates rapid expansion of 
AI applications across rheumatology [3, 4]. Machine learning 
models have been developed for diagnostic classification, radio-
graphic scoring, prediction of therapeutic response, flare fore-
casting, and risk stratification [3, 5, 6]. Deep learning systems 
have achieved high performance in automated detection of joint 
damage and inflammatory features on radiographs [7]. Natural 
language processing approaches have successfully extracted dis-
ease phenotypes from unstructured EHR data, demonstrating 
improved case identification from routine clinical documenta-
tion [8]. Large language models (LLMs) have been evaluated for 
treatment-related information delivery and vignette-based deci-
sion support [9]. Collectively, these studies establish technical 
feasibility and an existing persistent translational gap between 

algorithmic performance in controlled environments and mea-
surable impact on real-world clinical outcomes. However, the 
central limitation remains fragmentation. Most investigations 
report algorithmic performance in controlled settings, typically 
expressed through AUROC (Area Under the Receiver Operating 
Characteristic curve) or accuracy metrics, yet stop short of ex-
amining how such tools alter clinical pathways, improve longi-
tudinal outcomes, or integrate into routine workflow. The field 
risks accumulating high-performing models without achieving 
systemic transformation.

This editorial aims to reframe the evaluation of artificial intel-
ligence in rheumatology from isolated performance metrics to-
ward its ability to influence clinical decision-making, workflow 
integration, and longitudinal patient outcomes. This editorial 
proposes a pathway-centered framework for AI integration in 
rheumatology, structured across five interdependent domains: 
early detection, diagnostic augmentation, prognostic strati-
fication, precision therapeutics, and continuous monitoring. 
Figure 1 represents an overview of the AI-enabled pathway in 
Rheumatology Care.

2   |   Early Detection and Referral Optimization

Delayed diagnosis remains a major contributor to irreversible 
structural damage, particularly in inflammatory arthritis where 
early therapeutic intervention alters long-term disease trajectory 
[1]. Machine learning models applied to EHR data have demon-
strated potential to identify at-risk individuals prior to overt 
radiographic change [10]. The translational priority, however, 
is not discrimination performance alone, but embedding such 
systems within primary care and referral networks to reduce di-
agnostic latency and inappropriate referral burden.
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3   |   Diagnostic Augmentation Through Imaging AI

Radiographic scoring remains labor-intensive and subject to in-
terobserver variability. Deep learning systems and automated 
mSASSS (Modified Stoke Ankylosing Spondylitis Spinal Score) 
scoring models have shown strong concordance with expert 
assessments in osteoarthritis, inflammatory arthritis and an-
kylosing spondylitis classification, and further demonstrate 
feasibility for longitudinal structural monitoring [11]. Yet eval-
uation must extend beyond agreement metrics to include repro-
ducibility across imaging protocols, interoperability with PACS 
infrastructure (Picture Archiving and Communication System), 
and impact on treat-to-target strategies. Without workflow in-
tegration, imaging AI remains parallel rather than embedded 
within clinical systems.

A pertinent example is the RBknee algorithm; while it demon-
strates expert-level accuracy in structural radiographic grad-
ing, its clinical utility is limited by a significant ‘actionability 
gap,’ as structural severity frequently fails to correlate with 
symptomatic disease, and the model exhibits technical fragil-
ity (e.g., 13%–22% disagreement upon image flipping) that can 
erode clinician trust and disrupt established diagnostic work-
flows [10].

4   |   Prognostic Stratification

Predicting structural progression, hospitalization risk, or flare 
probability represents a core objective of precision rheumatol-
ogy. Machine learning models using longitudinal EMR data 
have achieved moderate predictive performance for struc-
tural progression in ankylosing spondylitis and hospitaliza-
tion in systemic lupus erythematosus [11, 12]. Flare prediction 
systems incorporated into clinical tools have demonstrated 
promising AUROC values and improved clinician confidence 
[13]. Nonetheless, external validation and calibration across 

heterogeneous populations remain limited [5]. Prognostic AI 
must evolve from retrospective modeling toward prospective tri-
als demonstrating outcome modification.

A concrete illustration of this gap is found in Rheumatoid 
Arthritis flare prediction models; for instance, a machine-
learning-based decision support tool achieved high predictive 
accuracy (AUROC 0.80) but led to a decline in physician accep-
tance (NPS dropped from +40% to −20%) because it prioritized 
data points that differed from clinical priorities. Such tools often 
provide structurally accurate but clinically non-actionable out-
puts, failing to synchronize with the complex, shared decision-
making process required to change prescribing habits in 
real-world rheumatology practice [13].

5   |   Precision Therapeutics

Treatment-response heterogeneity in rheumatoid arthritis per-
sists despite biologic advances. Multiple studies have applied 
machine learning to predict methotrexate or biologic response, 
with AUROC values commonly ranging from 0.72 to 0.84 [14]. 
Registry-based models incorporating explainable AI approaches 
have identified drug-specific predictors of non-response [9]. 
These findings suggest feasibility of individualized therapeu-
tic selection by considering clinical and genetic characteristics 
of patients using AI [15]. However, predictive models must 
be operationalized within prescribing workflows and shared 
decision-making contexts to reduce ineffective drug exposure 
and healthcare expenditure.

6   |   Continuous Monitoring and Digital 
Phenotyping

Wearable-derived physical activity metrics correlate with func-
tional outcomes in rheumatic diseases [8]. AI-enabled clinical 

FIGURE 1    |    Conceptual framework illustrating the integration of artificial intelligence across the rheumatology care continuum, spanning early 
detection, diagnosis, prognostication, therapeutic decision-making, and continuous monitoring.
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decision support systems that integrate longitudinal patient-
reported outcomes and laboratory trends can enhance flare 
detection and guide dose tapering strategies [13]. Such tools 
represent a shift from episodic clinic-based assessment toward 
dynamic disease management.

7   |   Structural Imperatives for Integration

Three structural priorities should define the next phase of AI 
development in rheumatology. Table 1 provides the implementa-
tion priorities for AI in various domains of Rheumatology.

TABLE 1    |    From algorithm performance to clinical impact: Implementation priorities for AI in rheumatology.

Domain
Predominant focus of 

current evidence

Key 
methodological 

and translational 
gaps

Strategic priorities for 
clinical integration

Diagnosis Discriminative performance 
metrics (AUROC, sensitivity, 

specificity) derived from structured 
datasets and imaging cohorts

Limited external 
validation; 

spectrum bias; 
underrepresentation 
of early or atypical 
disease; minimal 

assessment of 
calibration and 
clinical utility

Multicenter external validation 
across heterogeneous populations; 

calibration reporting; decision-
curve analysis; integration into 

referral and triage workflows with 
real-world impact assessment

Prognosis Retrospective modeling of 
radiographic progression, 

flare risk, or hospitalization 
using registry or EHR data

Inadequate temporal 
validation; limited 

calibration and 
risk stratification 

thresholds; absence 
of prospective 

outcome evaluation

Prospective cohort validation; 
dynamic risk updating models; 

evaluation of impact on treatment 
escalation decisions; pragmatic trials 

assessing outcome modification

Treatment Response 
Prediction

Biomarker-driven or clinical-
variable–based prediction of response 

to methotrexate or biologics

Poor interoperability 
with prescribing 
systems; limited 

explainability; lack 
of head-to-head 

comparison with 
clinician judgment

Embedding predictive tools within 
EHR prescribing interfaces; 

explainable AI outputs supporting 
shared decision-making; randomized 

or quasi-experimental evaluation 
of therapeutic optimization

Flare Prediction & 
Monitoring

Supervised learning models 
predicting flare events using 

longitudinal clinical data

Limited real-world 
deployment; low 
integration with 
patient-reported 

outcomes (PROs) and 
remote monitoring; 

insufficient 
implementation 
science evidence

Integration with digital PRO 
platforms and wearable data 
streams; adaptive monitoring 
systems; cluster-randomized 

implementation studies assessing 
reduction in preventable flares

Large Language 
Models (LLMs)

Evaluation of informational accuracy 
and question-answering performance 

in rheumatology contexts

Hallucination risk; 
lack of domain-

specific fine-
tuning; absence 
of governance 

frameworks; unclear 
medico-legal 

accountability

Development of rheumatology-
specific benchmark datasets; 
standardized evaluation and 
human-in-loop frameworks 
for hallucination detection; 

domain-specific fine-tuning and 
validation against curated clinical 
datasets. Institutional governance 

policies; formal evaluation of 
impact on clinician workload 
and patient education quality
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7.1   |   First, Data Harmonization 
and Interoperability

Rheumatology datasets are inherently multimodal, spanning 
imaging, serology, transcriptomics, and narrative documen-
tation. Heterogeneous diagnostic criteria and evolving disease 
definitions complicate generalizability [3]. Beyond structural 
variability, there is a restricted scope and representativeness 
of training datasets. Models developed on narrow or homoge-
neous data are more likely to encode systematic bias and show 
performance degradation when applied to broader clinical pop-
ulations. Addressing this requires not only standardized ontol-
ogies and harmonized data capture, but also deliberate efforts 
to aggregate data across institutions through well-defined data-
sharing frameworks. Building datasets that reflect variation in 
ethnicity, geography, and clinical practice patterns is essential 
to ensure that model outputs remain reliable, generalizable, and 
clinically applicable across diverse real-world settings [15].

7.2   |   Second, Interpretability and Clinical Trust

Black-box models hinder adoption in chronic immune-mediated 
diseases requiring nuanced clinical reasoning. Explainable AI 
techniques enhance transparency and facilitate clinician en-
gagement [14]. Interpretability should be considered founda-
tional to implementation.

7.3   |   Third, Outcome-Centered Validation

High AUROC values do not guarantee improved patient out-
comes. In this context, a truly actionable output refers to a pre-
diction that directly informs or alters a clinical decision—such 
as anticipating response to a specific biologic therapy—rather 
than merely identifying a state already evident to the clinician, 
such as high disease activity. Future investigations should pri-
oritize clinically meaningful endpoints, including reduced di-
agnostic delay, decreased flare frequency, improved functional 
status, optimized drug persistence, and lower hospitalization 
rates. Implementation science—not algorithmic novelty alone—
should define progress.

8   |   Generative AI and Governance

While diagnostic and predictive AI applications continue to face 
challenges related to real-world integration and clinical impact, 
administrative and generative AI tools are currently demonstrat-
ing more immediate utility in supporting clinician workflows. 
The rapid emergence of LLMs underscores the need for disci-
plined integration. GPT-based systems can provide generally ac-
curate treatment-related responses [9, 16]. However, limitations 
including hallucinated citations and outdated training data ne-
cessitate strict human oversight [17, 18]. In rheumatology, where 
therapeutic decisions often depend on subtle immunologic in-
terpretation, generative systems must remain adjunctive rather 
than authoritative.

From a regulatory perspective, the clinical deployment of AI 
aligns with the framework of Software as a Medical Device 

(SaMD), which follows a total product lifecycle approach encom-
passing development, validation, deployment, and continuous 
monitoring. Guidance from regulatory agencies such as the U.S. 
Food and Drug Administration (FDA), along with international 
SaMD frameworks, emphasizes adherence to Good Machine 
Learning Practice (GMLP), including data quality, model trans-
parency, reproducibility, and rigorous clinical validation. A key 
emerging concept is the Predetermined Change Control Plan 
(PCCP), which allows for predefined, regulator-approved mod-
ifications to machine learning models post-deployment while 
maintaining safety and effectiveness. This is particularly rel-
evant for adaptive AI systems, enabling controlled model up-
dates without requiring repeated full regulatory submissions. 
In parallel, these frameworks mandate structured post-market 
surveillance to monitor real-world performance, detect algo-
rithmic drift, and generate real-world evidence across diverse 
populations [19]. The European Union Artificial Intelligence 
Act further introduces a risk-based classification system, requir-
ing high-risk clinical AI systems to meet stringent standards for 
human oversight, technical robustness, auditability, and data 
governance [20]. Alignment with these evolving regulatory 
principles is essential to ensure that generative AI systems are 
deployed in a manner that safeguards patient privacy, maintains 
clinical accountability, and supports reliable integration into 
healthcare workflows.

9   |   Conclusion

AI in rheumatology has progressed from exploratory experi-
mentation to proof-of-concept validation across diagnosis, prog-
nosis, and therapeutic optimization [3, 4]. The specialty now 
stands at a strategic inflection point. The central question is no 
longer whether algorithms can detect erosions or predict treat-
ment response, but whether rheumatology can systematically 
integrate these tools to redesign care pathways.

Transitioning from model-level innovation to system-level im-
plementation will determine whether AI meaningfully reduces 
diagnostic delay, enhances therapeutic precision, and improves 
long-term outcomes. A pathway-centered, governance-aware, 
outcome-driven framework provides a structured direction for 
achieving that transformation.
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Dear Editor,
Antineutrophil cytoplasmic antibody (ANCA)-associated vas-
culitis (AAV) consists of three major subtypes: microscopic 
polyangiitis (MPA), granulomatosis with polyangiitis (GPA), 
and eosinophilic granulomatosis with polyangiitis (EGPA). 
Because of rarity and heterogeneity, randomized control trials 
are difficult to conduct.

Administrative claims databases are widely used in epidemi-
ologic and health services research, including studies of AAV 
on disease frequency, healthcare utilization, and medical costs 
[1, 2]. A key limitation of administrative claims data is the lack 
of detailed clinical information; although the validity of identi-
fying AAV using International Classification of Diseases (ICD) 
codes alone has been examined overseas, rigorous algorithm 
development and validation against chart review remain es-
sential. Because healthcare systems and data structures differ 
substantially between Japan and other countries, algorithms 
created abroad cannot be directly applied. This study aimed to 
develop and validate practical, reliable algorithms for identify-
ing patients with AAV in Japanese claims data using decision 
tree methods.

This retrospective cross-sectional study was conducted at six 
tertiary care institutions (Table S1). We focused on outpatients 
because outpatient and inpatient populations may represent 
different clinical contexts of AAV and may therefore require 

different identification algorithms. We identified outpatients 
who had at least one visit between 1 November and 31 December 
2023 and extracted their administrative claims data for the pre-
ceding 12 months. The study population was randomly divided 
into training (n = 8199) and testing (n = 3512) sets, and an inde-
pendent external validation cohort (n = 1827) was obtained from 
Kyoto Prefectural University Hospital.

In this study, we adopted the all possible cases approach. In 
this approach, the population defined by the International 
Classification of Diseases, 10th revision (ICD-10) for MPA 
(M31.7), GPA (M31.3), EGPA (M30.1), or other specified nec-
rotizing vasculopathies (M31.8) was regarded as the candidate 
universe. All potential cases underwent chart review to con-
firm the diagnosis. AAV was considered present if any of the 
following applied: (1) prior participation in a clinical study, (2) 
fulfillment of established AAV classification criteria [3–6], or (3) 
clinical confirmation by two independent physicians.

A decision tree model was used to identify patients with AAV. 
The analysis was performed for the overall AAV cohort as well 
as separately for the MPA/GPA and EGPA subgroups to exam-
ine disease-specific discriminative features. When applied to 
the training set, the decision tree primarily split on AAV-related 
ICD-10 codes. Therefore, to improve subtype discrimination, 
an additional tree was constructed using only patients with 
these codes.
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A total of 30 predictor variables were evaluated (Table S2), and 
only variables retained by all three selection methods (least ab-
solute shrinkage and selection operator [LASSO], Boruta, and 
recursive feature elimination [RFE]) were included.

The diagnostic performance of the simplified classification rules 
derived from the decision tree was assessed by comparison with 
chart-confirmed AAV diagnoses in the testing and external val-
idation sets. Model performance was evaluated using accuracy, 
sensitivity, specificity, positive predictive value (PPV), and neg-
ative predictive value (NPV). The F1 score was also calculated 
as a summary metric of precision and recall. All analyses were 
conducted using R version 4.4.1 (R Foundation for Statistical 
Computing, Vienna, Austria) and Stata version 17.0 (StataCorp, 
College Station, TX, USA).

Of enrolled patients, 3%–5% of patients in each dataset were 
confirmed to have AAV by chart review, with similar propor-
tions across the training, testing, and external validation sets 
(Table  S3). Fifteen candidate variables were consistently se-
lected (Table S2) and used to construct a decision tree.

When the model was restricted to patients with AAV diagnosis 
codes in the training set (n = 413), ANCA testing emerged as the 
primary split. Among patients without ANCA testing (n = 170), 
classification was further determined by the presence of bronchial 
asthma, whereas among those with ANCA testing (n = 243), the 
next split was anti-double-stranded DNA (anti-dsDNA) antibody 
testing (Figure 1). In the full decision tree, additional lower-level 
splits included CRP, tacrolimus use, and ICD-10 code for SLE; 
however, these were not included in the final simplified rule-based 
algorithms, which were constructed to improve interpretability 
and practical applicability. Three simplified classification rules 
derived from the decision tree were evaluated (Table  1). Across 
both the testing and external validation datasets, Rule 3 showed 
the most favorable overall performance (Table S4).

From 27 candidate variables, excluding AAV diagnosis codes 
other than EGPA, six were selected to contract the MPA/GPA 

model. Among 242 patients with diagnosis codes for MPA/GPA 
in the training set, ANCA testing emerged as the primary split, 
followed by the absence of an EGPA diagnosis code among those 
with ANCA testing (Figure  S1). The three derived rules were 
shown in Table 1. For the MPA/GPA model, Rule 3 performed 
best in testing, whereas Rule 2 showed the most favorable bal-
ance on external validation (Table S5).

Among 28 candidate variables (excluding AAV codes other than 
MPA/GPA), five were selected for decision tree construction for 
EGPA. Among 110 patients with EGPA codes in the training set, 
bronchial asthma emerged as the primary split, followed by the ab-
sence of MPA/GPA codes among those without asthma (Figure S2). 
The three simplified rules were shown in Table 1. For EGPA, Rule 1 
performed best in testing, whereas Rules 2 and 3 showed the most 
favorable balance on external validation (Table S6).

In this study, to improve the PPV for identifying AAV cases, we 
incorporated additional criteria beyond disease codes, specif-
ically ANCA testing, bronchial asthma, and anti-dsDNA anti-
body testing. The inclusion of ANCA testing appears particularly 
appropriate in Japan, where a high proportion of patients with 
AAV are myeloperoxidase-ANCA-positive [7] and routine ANCA 
monitoring is recommended [8]. In contrast, approximately half 
of patients with EGPA are ANCA-negative [9]; thus, incorporat-
ing bronchial asthma likely improved sensitivity by capturing 
EGPA cases without ANCA testing. Anti-dsDNA antibodies are 
highly specific for systemic lupus erythematosus (SLE), in which 
ANCA positivity occurs in about 10% of patients [10]. Therefore, 
excluding patients undergoing ANCA monitoring for SLE effec-
tively increased PPV in our algorithm.

The algorithms may undercapture patients with mild disease 
or those managed outside specialist care, who are underrepre-
sented in tertiary hospital claims data. However, reliance on 
diagnosis codes and laboratory tests, rather than medications, 
may reduce bias related to treatment intensity. Nevertheless, 
this study was limited to outpatients, and the findings may not 
be directly generalizable to inpatient settings, where patients 

FIGURE 1    |    Decision tree for case identification of ANCA-associated vasculitis Each node is labeled with the predicted class (0 = negative, 1 = pos-
itive), the proportion of positive cases within the node, and the percentage of the total cohort classified into the node. Node color indicates the pre-
dicted class and node purity: Green shades indicate nodes classified as positive, blue shades indicate nodes classified as negative, and darker shades 
indicate greater purity. ANCA, antineutrophil cytoplasmic antibody; CRP, C-reactive protein; dsDNA, double-stranded DNA; ICD, International 
Classification of Diseases; SLE, systemic lupus erythematosus.
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may more often be in the remission-induction phase and may 
require a separate identification algorithm.

In conclusion, this study demonstrates that simple rule-based 
algorithms, developed through a systematic and data-driven 
approach integrating disease codes, ANCA testing, bronchial 
asthma, and anti-dsDNA antibody testing, can reliably and val-
idly identify patients with AAV in Japanese claims data.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Decision tree for case iden-
tification of microscopic polyangiitis/granulomatosis with polyangiitis. 
Each node is labeled with the predicted class (0 = negative, 1 = positive), 

TABLE 1    |    Rule-based algorithms for ANCA associated vasculitis, 
microscopic polyangiitis/granulomatosis with polyangiitis, and 
eosinophilic granulomatosis with polyangiitis.

AAV Rule 1 AAV diagnosis codes only

Rule 2 Rule 1 and ANCA testing

Rule 3 Rule 1 and ((ANCA testing 
and no anti-dsDNA antibody 
testing) or (no ANCA testing 

and bronchial asthma))

MPA/GPA Rule 1 MPA/GPA diagnosis codes only

Rule 2 Rule 1 and ANCA testing

Rule 3 Rule 2 and no diagnosis 
code for EGPA

EGPA Rule 1 EGPA diagnosis codes only

Rule 2 Rule 1 and bronchial asthma

Rule 3 Rule 1 and (bronchial asthma or 
no MPA/GPA diagnosis code)
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the proportion of positive cases within the node, and the percentage of 
the total cohort classified into the node. Node color indicates the pre-
dicted class and node purity: green shades indicate nodes classified as 
positive, blue shades indicate nodes classified as negative, and darker 
shades indicate greater purity. ANCA, antineutrophil cytoplasmic an-
tibody; EGPA, eosinophilic granulomatosis with polyangiitis; ICD, 
International Classification of Diseases. Figure S2: Decision tree for 
case identification of eosinophilic granulomatosis with polyangiitis. 
Each node is labeled with the predicted class (0 = negative, 1 = positive), 
the proportion of positive cases within the node, and the percentage of 
the total cohort classified into the node. Node color indicates the pre-
dicted class and node purity: green shades indicate nodes classified as 
positive, blue shades indicate nodes classified as negative, and darker 
shades indicate greater purity. GPA, granulomatosis with polyangiitis; 
ICD, International Classification of Diseases; MPA, microscopic poly-
angiitis. Table  S1: Research group developing Japanese claims-based 
algorithms for connective tissue diseases. Table  S2: Candidate vari-
ables selected for analysis. Table S3: Distribution of ICD-10-based and 
chart-confirmed cases in the training, testing, and external validation 
datasets. Table  S4: Diagnostic performance of rule-based algorithms 
for ANCA-associated vasculitis in the testing and external validation 
datasets. Table  S5: Diagnostic performance of rule-based algorithms 
for microscopic polyangiitis/granulomatosis with polyangiitis in the 
testing and external validation datasets. Table  S6: Diagnostic perfor-
mance of rule-based algorithms for eosinophilic granulomatosis with 
polyangiitis in the testing and external validation datasets. 
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ABSTRACT
Objective: We investigated the role of GLI3, a transcription factor highly expressed in the pathogenic THY1+CD34− sublining 
subset of rheumatoid arthritis synovial fibroblasts (RASFs), in regulating their pathogenic behavior.
Methods: GLI3 protein levels were quantified in freshly isolated RASF subsets by Western blotting. Bulk RASFs were subjected 
to siRNA-mediated knockdown (KD) of GLI3 or GLI1, followed by RNA sequencing. The effects of GANT61 on RASF prolif-
eration, cell-cycle progression, migration, viability, and apoptosis were assessed using EdU/PI analysis, scratch assays, CCK-8 
assays, and Annexin V/PI flow cytometry.
Results: GLI3 expression was enriched in THY1+CD34− RASFs at both mRNA and protein levels. GLI3 KD increased GLI1 
expression and upregulated genes involved in inflammation, matrix remodeling, and cell cycle regulation, including IL6, IL11, 
IL24, IL33, MMP3, PLAU, CCNA2, and E2F1. Pathway enrichment analysis revealed activation of ECM–receptor interaction, 
PI3K–Akt, and TNF signaling. Co-silencing GLI1 with GLI3 blunted the induction of IL11, IL24, IL33, CCNA2, E2F1, and 
PLAU observed with GLI3 KD alone, indicating that GLI1 mediates a subset of the transcriptional effects induced by GLI3 loss. 
GANT61 suppressed CCNA2 and E2F1 expression, inhibited RASF proliferation and migration, and did not markedly increase 
apoptosis.
Conclusion: GLI3 functions as a negative regulator of GLI1 and its downstream targets that drive the pathogenic behavior of 
RASFs. Targeting the GLI1–GLI3 axis may represent a promising therapeutic strategy to modulate fibroblast-driven inflamma-
tion and joint destruction in RA.

Abbreviations: b/tsDMARDs, biologic or targeted synthetic disease-modifying antirheumatic drugs; D2T RA, difficult-to-treat rheumatoid arthritis; DEGs, 
differentially expressed genes; GLI3-FL, full-length GLI3; GLI3-R, repressor form of GLI3; HH, Hedgehog; KD, knockdown; qPCR, quantitative polymerase chain 
reaction; RA, rheumatoid arthritis; RASF, rheumatoid arthritis synovial fibroblast; RNA-seq, RNA sequencing; siRNA, small interfering RNA; TNF-α, tumor necrosis 
factor alpha.
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1   |   Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disorder 
characterized by persistent synovial inflammation, in which 
pathological interactions between immune and stromal cells—
particularly synovial fibroblasts (SFs)—drive progressive joint 
destruction, including cartilage degradation and bone ero-
sion [1, 2]. The advent of targeted therapies, such as inhibitors 
of pro-inflammatory cytokines (e.g., TNF-α and IL-6) and 
small-molecule inhibitors of the JAK–STAT signaling path-
way, has markedly improved disease outcomes for many pa-
tients. However, a subset of individuals—estimated to be up 
to 20%—experience inadequate therapeutic responses or drug 
intolerance despite treatment with multiple classes of biologic 
or targeted synthetic disease-modifying antirheumatic drugs (b/
tsDMARDs), a condition now classified as difficult-to-treat RA 
(D2T RA) [3–5]. The molecular basis underlying this treatment 
resistance remains poorly understood, underscoring the urgent 
need for alternative therapeutic strategies.

Recent advances in transcriptomic profiling, including single-
cell RNA sequencing, have revealed substantial inter-patient 
variability in the cellular composition of the inflamed sy-
novium, which may significantly influence treatment re-
sponses. Notably, the R4RA trial—the first precision medicine 
trial in RA guided by synovial biopsy transcriptomics—un-
expectedly highlighted the contribution of synovial fibroblast 
subsets to therapeutic resistance [6]. Specifically, synovial 
tissues enriched with fibroblast-associated gene expression 
signatures were found to respond poorly to conventional im-
munosuppressive therapies, including IL-6 receptor blockade 
and B cell–targeted therapies. These findings suggest that 
strategies directly targeting SF activity may complement cur-
rent immunomodulatory approaches. Pathogenic rheumatoid 
arthritis synovial fibroblasts (RASFs) exhibit tumor-like prop-
erties, such as unchecked proliferation, enhanced migratory 
and invasive potential, angiogenic support, and the secretion 
of inflammatory mediators that perpetuate chronic synovitis 
and joint destruction. Despite their pivotal role in RA patho-
genesis, no approved therapies to date specifically target SFs, 
emphasizing the need to elucidate the molecular pathways 
governing their pathogenic behavior [7, 8].

To identify transcription factors (TFs) that drive the patholog-
ical features of SF subsets—including excessive proliferation, 
invasion, angiogenesis, and cytokine production—we previ-
ously performed microarray-based transcriptomic profiling 
of the three major RASF subsets: THY1−CD34− lining cells, 
THY1+CD34− sublining cells, and THY1+CD34+ sublining 
cells [9–13]. These subsets are anatomically and functionally 
distinct, with THY1−CD34− lining RASFs enriched for tissue-
destructive programs, THY1+CD34− sublining RASFs showing 
prominent inflammatory and immune-interacting features, 
and THY1+CD34+ sublining RASFs exhibiting a comparatively 
less inflammatory, stromal-supportive phenotype [9–13]. More 
recent single-cell and spatial studies suggest that these major 
subsets are further diversified by inflammation-associated 
states, including HLA-DRAhigh RASFs with inflammatory and 
antigen-presentation-related features, ITGA5+ RASFs linked 
to proinflammatory niche formation, and COMPhi fibrogenic 
RASFs associated with treatment resistance [14–16]. Against 

this evolving framework, GLI3 emerged as one of the most 
highly expressed transcription factors in the THY1+CD34− sub-
lining subset, which is consistently associated with aggressive 
fibroblast phenotypes.

The Hedgehog (HH)–GLI signaling pathway is an evolution-
arily conserved regulatory cascade that orchestrates embryonic 
development, tissue patterning, and cellular proliferation, dif-
ferentiation, and oncogenesis [17]. In mammals, the three GLI 
transcription factors—GLI1, GLI2, and GLI3—mediate the 
transcriptional outputs of HH signaling. GLI1 primarily acts as 
a transcriptional activator, whereas GLI2 and GLI3 may func-
tion as either full-length activators (FL) or as truncated repres-
sors (R), depending on their post-translational processing. In 
the absence of HH ligands, GLI3 is phosphorylated and partially 
degraded to yield GLI3-R, which acts as a repressor by compet-
itively binding to GLI target sequences and antagonizing GLI1 
activity. Upon HH ligand stimulation, this repression is relieved 
through the degradation of GLI3-R and/or the stabilization of 
GLI3-FL, thereby enabling transcriptional activation of HH tar-
get genes [17, 18] (Figure 1A).

While previous studies have demonstrated upregulated expres-
sion of HH pathway components—particularly GLI1—in RA sy-
novial tissue [19–24], the role of GLI3 in RASFs remains largely 
unexplored. Intriguingly, recent studies in cancer have revealed 
that GLI3 can regulate cellular proliferation and invasion 
through non-canonical, HH-independent pathways, suggesting 
that its effects are context-dependent [25]. In the present study, 
we aimed to elucidate the functional role of GLI3, the most 
highly expressed TF in the aggressive THY1+CD34− sublining 
RASF subsets. Our findings uncover a reciprocal GLI3–GLI1 
regulatory axis and suggest that targeting this pathway may rep-
resent a promising strategy to suppress fibroblast-driven inflam-
mation and joint damage in RA.

2   |   Materials and Methods

2.1   |   Patient Recruitment

This study was conducted in accordance with the Declaration 
of Helsinki and approved by the Medical Research Ethics 
Committee of the Institute of Science Tokyo (M2000-979); sy-
novial tissue was obtained from RA patients undergoing arthro-
plasty after written informed consent [13].

2.2   |   Synovial Cell Isolation and Culture

After mincing, synovial tissues were enzymatically di-
gested in DMEM at 37°C using 2 mg/mL collagenase type IV 
(Worthington, NJ, USA), 0.8 mg/mL dispase II, and 0.1 mg/mL 
DNase I (Roche, Basel, Switzerland) with gentle agitation. The 
supernatant was collected every 15 min and replaced with fresh 
enzyme solution four times. After ACK lysis, cells were pro-
cessed along two predefined routes:

Subset-sorted SFs (ex vivo) for Western blotting and microar-
ray: Live CD45−CD235a−CD31−PDPN+ cells were sorted into 
THY1−CD34−, THY1+CD34−, and THY1+CD34+ subsets 
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using FACSAria III (BD Biosciences, CA, USA) as previously 
described [9, 12, 13], and the gating strategy of SF subsets was 
shown in Figure S1. These cells were used without in vitro pas-
saging for Western blotting. Microarray data from our previous 
work [9, 13] were reanalyzed for the expression of HH-GLI path-
way component genes.

Bulk RASFs (cultured) for RNA-seq and functional assays: Cell 
suspensions were plated in DMEM supplemented with 10% FBS 
and penicillin/streptomycin and passaged weekly to avoid over-
confluence. Cells at passages 6–10 were used for RNA-seq and 
functional assays, including scratch migration, EdU incorpora-
tion, and cell cycle analysis, Annexin V/PI apoptosis assays, and 
cell viability assays.

2.3   |   Antibodies and Reagents

The following reagents and antibodies were used for the 
analysis of synovial cells with flow cytometry, cell sorting, 
and several in  vitro assays: anti-CD45-APC-H7 (2D1, BD 
Biosciences, CA, USA), anti-CD235a-APC-Alexa Fluor750 
(11E4B-7-6, Beckman Coulter, FL, USA), anti-CD31-PE-
Cyanine7 (WM-59, eBioscience, CA, USA), anti-CD146-APC 
(P1H12, eBioscience), anti-CD34-PE (4H11, eBioscience), anti-
PDPN-PerCP-eFluor710 (NZ-1.3, eBioscience), anti-THY1-
FITC (5E10, BD Biosciences), anti-CD73-PE-CF594 (AD2, BD 
Biosciences), anti-CD271-APC (ME20.4, eBioscience), anti-
CD54-PE-CF594 (HA58, BioLegend, CA, USA), anti-CD44-
APC (G44-26, BD Biosciences), anti-CD29-APC (TS2/16, 

FIGURE 1    |    Expression of GLI3 protein in RASF subsets. (A) Schematic diagram of the Hedgehog–GLI signaling pathway. Canonical SHH–
PTCH1 signaling promotes the nuclear translocation of the transcriptional activators GLI1, GLI2, and full-length GLI3 (GLI3-FL). In contrast, in 
the absence of ligand, GLI3-FL undergoes proteolytic processing into the truncated repressor form GLI3-R, thereby maintaining a balance between 
activation and repression within the HH–GLI pathway. (B) Heat map showing the expression of HH/GLI-related components in three RASF subsets. 
Microarray data from THY1−CD34−, THY1+CD34−, and THY1+CD34+ subsets derived from three RA and three OA patients were previously pub-
lished [9, 13]. Among the components, only GLI3 was significantly upregulated in the THY1+CD34− subset (log2FC > 0.5, p < 0.05, FDR < 0.01). (C) 
Western blotting analysis of GLI3 in freshly isolated RASF subsets. Full-length GLI3 (GLI3-FL, 190 kDa) and repressor GLI3 (GLI3-R, 83 kDa) are 
indicated by arrows. β-Actin was used as a loading control. Band intensities were quantified using ImageJ, normalized to β-Actin, and expressed as 
fold changes relative to the THY1−CD34− subset, whose GLI3-FL level was set to 1.0.
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BioLegend), human TruStain FcX (BioLegend), Live/Dead 
fixable aqua dead cell stain kits (Molecular Probes, Thermo 
Fisher Scientific, MA, USA), anti-GLI3 (AF3690, R&D 
Systems, Minneapolis, MN, USA), anti-β-actin (AC-15, Sigma-
Aldrich, St. Louis, MO, USA), horseradish peroxidase (HRP)-
conjugated mouse IgG and HRP-conjugated rabbit IgG (7074 
and 7076, Cell Signaling Technology, Danvers, MA, USA), and 
the GLI1 inhibitor GANT61 (HY-13901, MedChemExpress, 
Monmouth Junction, NJ, USA).

2.4   |   Gene Knockdown by siRNA

Bulk RASFs were seeded onto plates and transfected with 
siRNA using Lipofectamine RNAiMAX (Thermo Fisher 
Scientific, Waltham, MA, USA) according to the manufactur-
er's instructions. After 72 h, the transfected cells were stim-
ulated with 10 ng/mL TNF-α for 24 h. The siRNAs used were 
siGLI1 (Thermo Fisher Scientific, Silencer Select: s5815), siGLI3 
(Thermo Fisher Scientific, Silencer Select: s5822), and siCtrl 
(Thermo Fisher Scientific, Silencer Select Negative Control 
siRNA No. 2). The siRNA knockdown efficiencies are shown in 
Figure S2.

2.5   |   RNA-Sequencing Analysis

Poly(A)+ RNA was extracted from siGLI3-, siGLI1- and siCtrl-
transfected bulk RASF derived from three independent RA 
donors (n = 3 biological replicates per group) using the RNeasy 
Mini Kit (Qiagen, Hilden, Germany). Strand-specific mRNA 
libraries were prepared with the BGI Optimal Dual-mode 
mRNA Library Prep Kit according to the manufacturer's proto-
col. In brief, poly(A)+ RNA was captured with oligo(dT) beads, 
fragmented, converted to cDNA, and second-strand synthesis 
incorporated dUTP to preserve strandedness. After end repair, 
A-tailing, adaptor ligation, PCR amplification, and quality con-
trol with an Agilent 2100 Bioanalyzer, double-stranded libraries 
were circularized, amplified by Φ29 rolling-circle replication
to generate DNA nanoballs (~300 copies each), and sequenced
as paired-end 100-bp reads on a DNBSEQ-G400 platform (BGI, 
Hong Kong). Raw reads were filtered with SOAPnuke v2.2.1
to remove adaptors and low-quality or ambiguous bases, and
clean reads were aligned to the GRCh38.p12 human reference
genome using Bowtie2 v2.4.5, and gene-level read counts and
expression values (TPM, FPKM) were obtained with RSEM
v1.3.1. For differential expression analysis, the gene-by-sample
read-count matrix from RSEM was imported into DESeq2
v1.34.0, and genes with a false discovery rate (FDR) ≤ 0.05 were 
considered significantly differentially expressed. TPM and
FPKM values were used only for descriptive purposes (e.g., vi-
sualization). The full read-count matrix used as DESeq2 input
is provided in Table  S1. Volcano plots were generated using
GraphPad Prism 10. Functional enrichment of differentially
expressed genes (DEGs) for Gene Ontology (GO) and KEGG
categories was assessed using the hypergeometric test (R func-
tion phyper), and Benjamini–Hochberg–adjusted Q-values 
≤ 0.05 were considered significant. RNA-seq data is provided
in Table S1.

2.6   |   Real-Time Quantitative Polymerase Chain 
Reaction

RNA was extracted from bulk RASFs using the RNeasy Mini Kit 
(Qiagen, Hilden, Germany), and complementary DNA (cDNA) 
was synthesized using the QuantiTect Reverse Transcription Kit 
(Qiagen). Quantitative polymerase chain reaction (qPCR) was 
performed on a LightCycler 96 (Roche) using SYBR Green PCR 
Master Mix (Qiagen). Primer sequences for all genes analyzed 
are listed in Table S2.

2.7   |   Western Blotting

Freshly isolated RASF subsets were lysed in 2% SDS sample 
buffer containing complete mini protease inhibitor (Roche) and 
phosphatase inhibitor cocktail (Sigma-Aldrich). Cell lysates 
were boiled with 5% 2-mercaptoethanol at 95°C for 5 min and 
subjected to SDS-PAGE. The PVDF membrane was blocked 
with 5% bovine serum albumin in TBS-T for 1 h at room tem-
perature, incubated overnight at 4°C with primary antibod-
ies (GLI3: 1:1000, β-actin: 1:5000) in Can Get Signal Solution 
1 (NKB-301, TOYOBO, Osaka, Japan), and then incubated 
with HRP-conjugated secondary antibody (1:5000) in Can 
Get Signal Solution 2 (NKB-301, TOYOBO). Signals were de-
tected using ECL Prime Western blotting Detection Reagent 
(Amersham Biosciences, GE Healthcare, Little Chalfont, UK) 
and ImageQuant LAS-4000 (FUJIFILM Life Science, Tokyo, 
Japan). Band intensities of GLI3-FL and GLI3-R were quanti-
fied using ImageJ (NIH, Bethesda, MD, USA) following a stan-
dard protocol. Mean gray values were background-corrected, 
normalized to β-actin in the same lane, and expressed as fold 
changes relative to the THY1−CD34− subset, whose GLI3-FL 
level was set to 1.0.

2.8   |   Scratch Assay

To assess cell migration ability, bulk RASFs (1.0 × 105 cells/mL) 
were plated in 1 mL DMEM in a 12-well plate. After overnight 
incubation in 5% CO2 at 37°C, a sterile 1000 μL pipette tip was 
used to create a scratch in the cell monolayer. The cells were 
washed with PBS to remove debris, and fresh DMEM was 
added. Two days before harvest, the cells were pretreated with 
0, 5, or 10 μM GANT61, followed by stimulation with 0 or 10 ng/
mL TNF-α for 24 h. Images were captured using BZ-9000 All-in-
One Fluorescence Microscope (KEYENCE, Osaka, Japan), and 
the closure rate was analyzed using ImageJ (NIH, Bethesda, 
MD, USA).

2.9   |   EdU Incorporation and Cell Cycle Analysis

To evaluate DNA synthesis and cell cycle distribution, bulk 
RASFs were cultured under the same conditions and treatment 
schedule as described for the scratch assay. 20 μM EdU was added 
together with TNF-α for the final 24 h. Cells were then harvested 
and stained using the Click-iT Plus EdU Alexa Fluor 647 Flow 
Cytometry Assay Kit (C10634, Invitrogen, Carlsbad, CA, USA) 
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and FxCycle PI/RNase Staining Solution (F10797, Invitrogen, 
Carlsbad, CA, USA). Flow cytometric data were acquired using 
FACSLyric (BD Biosciences, CA, USA) and analyzed to deter-
mine EdU incorporation and cell cycle distribution (G0/G1, S, 
and G2/M phases) based on EdU incorporation and DNA con-
tent. Relative EdU incorporation was calculated by normalizing 
to the untreated control and used for figure presentation.

2.10   |   Annexin V/PI Apoptosis Assay

To assess apoptosis, bulk RASFs were cultured under the same 
conditions and treatment schedule as described for the scratch 
assay, and apoptosis was evaluated in TNF-α-stimulated cells 
with or without GANT61. Untreated cells served as a nega-
tive control, and cells treated with 10 μg/mL actinomycin D 
plus 10 ng/mL TNF-α for 24 h served as a positive control. 
Cells were then harvested and stained using the Dead Cell 
Apoptosis Kit with Annexin V Alexa Fluor 488 and Propidium 
Iodide (PI) (Thermo Fisher Scientific, Waltham, MA, USA). 
Flow cytometric data were acquired using FACSLyric and an-
alyzed to determine the proportions of viable, apoptotic, and 
necrotic cells.

2.11   |   Cell Viability Assay

To evaluate cell viability, bulk RASFs were cultured under the 
same treatment schedule as described for the scratch assay, ex-
cept that cells were seeded in 96-well plates. Cell viability was 
assessed using the Cell Counting Kit-8 (Dojindo Molecular 
Technologies, Rockville, MD, USA). Relative viability was cal-
culated by normalizing to the untreated control and used for 
figure presentation.

2.12   |   Statistical Analysis

Data in bar graphs are presented as mean ± standard deviation 
(SD). For comparisons between two matched groups, paired t-
tests were used. For comparisons among three or more matched 
groups, one-way ANOVA followed by Bonferroni's multiple-
comparison test was performed. A p < 0.05 was considered sta-
tistically significant. Statistical analyses were performed using 
Prism 10 (GraphPad Software).

3   |   Results

3.1   |   GLI3 Is Preferentially Expressed in 
the THY1+CD34− RASF Subset

We previously compared the mRNA expression levels of TFs 
across three major SF subsets obtained from 3 RA and 3 os-
teoarthritis (OA) patients—THY1−CD34−, THY1+CD34−, and 
THY1+CD34+—to identify regulators involved in IL-6 pro-
duction [13]. Among 65 differentially expressed TFs, GLI3 was 
significantly upregulated in the THY1+CD34− sublining sub-
set, which is associated with aggressive pathogenic behavior 

(Figure  1B). GLI3 is a transcription factor functioning down-
stream of the Hedgehog (HH)–GLI signaling pathway and can 
act either as a full-length activator (GLI3-FL) or as a truncated 
repressor (GLI3-R), depending on the presence of HH ligands 
(Figure 1A) [17]. Consistent with these findings, re-analysis of 
a publicly available single-cell RNA-seq dataset of RA synovial 
tissue [11] showed that GLI3 expression was preferentially en-
riched in the THY1+ sublining RASF subsets from patients with 
clinically active RA, whereas those in sustained remission ex-
hibited lower GLI3 expression (Figure S3).

Interestingly, in our microarray dataset, other HH–GLI path-
way components—including SHH, SMO, SUFU, PTCH1, and 
other GLI family members (GLI1, GLI2)—showed no statisti-
cally significant differences in expression among the SF subsets 
(Figure 1B). This suggests that the upregulation of GLI3 in the 
THY1+CD34− subset may occur largely independently of canon-
ical HH pathway activation.

We further evaluated GLI3 protein expression in freshly iso-
lated RASF subsets from RA synovial tissue (Figure  1C and 
Figure  S6). Because GLI3-R (83 kDa) is generated by post-
translational, PKA/GSK3β-dependent proteolysis of GLI3-FL 
(190 kDa), its abundance cannot be inferred from transcriptomic 
analysis. We therefore assessed the expression of GLI3-FL and 
GLI3-R by Western blotting with an antibody recognizing the 
common N-terminal domain of both forms. Both GLI3-FL and 
GLI3-R were more abundantly expressed in the THY1+CD34− 
subset compared to the THY1−CD34− and THY1+CD34+ sub-
sets. Notably, GLI3-R was the predominant detectable form in 
all subsets, while both GLI3-FL and GLI3-R were most abun-
dant in the THY1+CD34− subset. These results indicate that 
both GLI3-FL and GLI3-R were highly expressed in the patho-
genic THY1+CD34− subset.

3.2   |   GLI3 Represses Pro-Inflammatory 
and Proliferative Gene Programs in RASFs

To investigate the functional role of GLI3 in RASFs treated with 
TNF-α, we performed siRNA-mediated knockdown (KD) of 
GLI3 followed by RNA-seq analysis. Among the genes upreg-
ulated upon GLI3 KD, GLI1, a canonical target and effector of 
the HH–GLI pathway, exhibited one of the largest fold changes 
(Figure 2A). In addition, genes associated with the pathogenic 
behavior of RASFs—including IL6, IL11, IL24, IL33, CCNA2, 
E2F1, MMP3, and PLAU—were also significantly upregulated 
in GLI3-deficient cells (Figure 2A).

KEGG pathway enrichment analysis of the upregulated gene 
set revealed significant enrichment in pathways involved in 
ECM–receptor interaction, PI3K–Akt signaling, focal adhesion, 
TNF signaling, and cytokine–cytokine receptor interaction 
(Figure 2B).

qPCR analysis in an independent set of samples confirmed the 
same directional changes in selected DEGs identified by RNA-
seq (Figure 2C). These results suggest that GLI3 functions pri-
marily as a transcriptional repressor in RASFs, suppressing 
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FIGURE 2    |    Identification of GLI3 target genes by RNA-seq in RASFs. (A) Volcano plot showing differentially expressed genes between siCtrl- 
and siGLI3-transfected RASFs (log2FC > 0.5, FDR < 0.05). Bulk RASFs derived from three independent RA donors were transfected with siCtrl or 
siGLI3, followed by stimulation with 10 ng/mL TNF-α for 24 h after 72 h of transfection. Total RNA was subjected to bulk RNA-seq, and differential 
expression was assessed using DESeq2 v1.34.0 on the RSEM-derived read-count matrix (n = 3). (B) KEGG pathway enrichment analysis of genes up-
regulated by siGLI3 (DESeq2, siGLI3 vs. siCtrl). The top nine significantly enriched pathways (Benjamini–Hochberg–adjusted Q < 0.05) are shown. 
(C) qPCR validation of selected differentially expressed genes identified by RNA-seq in an independent set of bulk RASF samples (n = 4 biological 
replicates). Gene expression levels were normalized to the internal control and are presented relative to the siCtrl group. Data represent mean ± SD. 
*p < 0.05, **p < 0.01 by paired t-test.
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genes associated with inflammatory, proliferative, and migra-
tory behavior.

3.3   |   GLI1 Mediates a Subset of Gene Induction 
Following GLI3 Knockdown

Given the strong upregulation of GLI1 and multiple pathogenic 
genes upon GLI3 KD, we hypothesized that GLI1 may mediate 
the transcriptional effects induced by GLI3 loss. To test this, 
we performed RNA-seq following siRNA knockdown of GLI1 
alone, and dual knockdown of GLI3 and GLI1. Knockdown of 
GLI1 alone had minimal impact on gene expression, likely due 
to its low basal expression in RASFs (Figure 3). In contrast, the 
co-silencing of GLI1 with GLI3 significantly attenuated the in-
duction of IL11, IL24, IL33, CCNA2, E2F1, and PLAU observed 
with GLI3 KD alone (Figure  3), suggesting that these genes 
are positively regulated by GLI1. In contrast, the expression of 
IL6 and MMP3, while elevated upon GLI3 KD, remained unaf-
fected by the additional knockdown of GLI1, indicating a GLI1-
independent regulatory mechanism.

These findings indicate that GLI1 acts as a transcriptional acti-
vator for a subset of GLI3-repressed genes, and that the GLI3–
GLI1 axis plays a selective role in the regulation of inflammatory 
and proliferative genes in RASFs.

3.4   |   Pharmacological Inhibition of GLI1 
Suppresses RASF Proliferation and Migration

The observation that GLI1 KD showed a modest suppressive ef-
fect on CCNA2, E2F1, and PLAU—genes involved in cell prolif-
eration and migration—suggested a role for GLI1 in promoting 
the aggressive phenotype of RASFs. To evaluate whether phar-
macological inhibition of GLI activity could reproduce these 
effects, we treated RASFs with GANT61, a small-molecule 
inhibitor of GLI1 transcriptional activity  [26]. Scratch assays 
showed that GANT61 significantly impaired RASF migration 
(Figure  4A). Consistently, EdU/PI cell-cycle analysis demon-
strated a dose-dependent reduction in EdU incorporation and 
in the S-phase fraction, indicating suppressed proliferative 
activity (Figure  4B and Figure  S4). At 5 μM, GANT61 did not 
significantly reduce cell viability in CCK-8 assays (Figure 4C). 
In parallel, GANT61 decreased the expression of the cell-cycle–
associated genes CCNA2 and E2F1 (Figure  4D). Moreover, 
Annexin V/PI analysis showed no significant increase in total 
apoptosis under these conditions (Figure 4E and Figure S5).

Taken together, these results suggest that GLI1—normally re-
pressed by GLI3 in RASFs—contributes to the proliferative 
and migratory phenotype of RASFs, and that pharmacological 
GLI inhibition suppresses these pathogenic properties without 
marked apoptosis induction.

FIGURE 3    |    Involvement of GLI1 in GLI3-mediated gene regulation in RASFs. Bulk RASFs derived from three independent RA donors were 
transfected with siCtrl, siGLI3, siGLI1, or a combination of siGLI3 and siGLI1, followed by stimulation with 10 ng/mL TNF-α for 24 h after 72 h of 
transfection. Total RNA was analyzed by bulk RNA-seq, and gene expression was quantified as TPM using RSEM v1.3.1. Bar graphs summarize 
RSEM-derived TPM values (mean ± SD; n = 3) for selected GLI3-mediated genes identified in the RNA-seq analysis. Statistical significance was de-
termined by one-way ANOVA with Bonferroni's multiple comparison test. *p < 0.05, **p < 0.01; ns, not significant.
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FIGURE 4    |     Legend on next page.
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4   |   Discussion

In this study, we identified a reciprocal regulatory relationship 
between GLI1 and GLI3 in the aggressive behaviors of RASFs. 
While previous studies have demonstrated that GLI1 promotes 
the inflammatory and invasive characteristics of RASFs, and 
that its inhibition ameliorates RA pathology in both in vitro and 
in  vivo models [27–29], our findings identify GLI3—which is 
highly expressed in the pathogenic subset—as a negative reg-
ulator of GLI1 activity in RASFs. These results expand our un-
derstanding of GLI family transcriptional dynamics and suggest 
that dysregulated GLI1–GLI3 interactions may contribute to 
RASF pathogenicity, presenting a potential therapeutic target 
(Figure 5).

Among the transcription factors identified by microarray-
based profiling across SF subsets, GLI3 was one of the few 
significantly upregulated in the THY1+CD34− population, a 
subset particularly associated with inflammatory pathogenic 
features in RA. This interpretation should be integrated with 
the current view that the pathogenic sublining RASF subsets 
contain multiple functionally distinct states, including in-
flammatory, immune-interacting, and fibrogenic populations 
[14–16]. While GLI1 expression is well known to be induced 
by canonical HH/GLI signaling, the regulatory mechanisms 
governing GLI3 expression are far less understood. Recent 
studies have reported elevated GLI3 expression in various 
cancer cell types, driven by epigenetic mechanisms such as 
promoter methylation and post-transcriptional regulation by 
specific microRNAs [25]. Additionally, developmental studies 
have implicated Wnt/β-catenin/Tcf and Notch/RBPJ signal-
ing pathways in the transcriptional activation of GLI3 during 

neural differentiation [30–32]. Given that both Wnt and Notch 
signaling are involved in the differentiation and activation 
of RASF subsets, it is plausible that these pathways contrib-
ute to the elevated GLI3 expression observed in the patho-
genic THY1+CD34− subset. Moreover, recent work in innate 
immune cells has shown that GLI3 can be induced by LPS 
via the TLR4–TRIF–IRF3 axis [33]. It remains possible that 
pro-inflammatory cytokines and growth factors involved in 
RASF activation contribute to GLI3 upregulation. These ob-
servations raise the possibility that elevated GLI3 expression 
in the pathogenic subset reflects a negative feedback mech-
anism aimed at restraining excessive GLI1-driven transcrip-
tional activity. It is also possible that the GLI1–GLI3 axis is 
not uniform within the broader THY1+CD34− RASF subset, 
which may encompass functionally distinct fibroblast states. 
Further subdivision of this subset may therefore help clarify 
whether GLI3-mediated regulation differs among pathogenic 
RASF subpopulations.

GLI3 can function either as a transcriptional activator 
(GLI3-FL) or repressor (GLI3-R), depending on the presence 
or absence of HH ligands. In the context of canonical HH sig-
naling, its primary role is to repress HH target genes under 
basal conditions, and GLI3 is preferentially processed into 
the repressor form under ligand-poor conditions. Although 
this study did not directly determine the mechanism un-
derlying the predominance of GLI3-R over GLI3-FL in the 
THY1+CD34− subset, our results are compatible with a state in 
which canonical HH ligand input is limited. However, recent 
evidence from cancer research suggests that GLI3 may also 
exhibit oncogenic functions, promoting tumor cell prolifera-
tion and invasion [25]. For instance, in prostate cancer cells, 

FIGURE 4    |    Suppression of RASF proliferation and migration by the GLI1 inhibitor GANT61. (A) Scratch assay of bulk RASFs treated with 
GANT61. Representative images and quantification of relative migration are shown (n = 4 biological replicates). (B) EdU incorporation and cell cycle 
analysis of bulk RASFs treated with GANT61. Representative plots and quantification of relative EdU incorporation and S-phase fraction are shown 
(n = 4 biological replicates). (C) Cell viability of bulk RASFs treated with GANT61, as assessed by CCK-8 assay (n = 3 biological replicates). (D) qPCR 
analysis of CCNA2 and E2F1 expression in bulk RASFs treated with GANT61 (n = 4 biological replicates). (E) Annexin V/PI apoptosis assay of bulk 
RASFs treated with GANT61. Representative plots and quantification of viable, early apoptotic, late apoptotic, total apoptotic, and necrotic cell frac-
tions are shown (n = 3 biological replicates). Data are presented as mean ± SD. Statistical significance was assessed by one-way ANOVA followed by 
Bonferroni's multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

FIGURE 5    |    Hypothetical model of the reciprocal regulation between GLI1 and GLI3 in pathogenic RASFs. In the pathogenic RASF subset, 
GLI3-FL/R is highly expressed and inhibits GLI1 activity via competitive binding to GLI sites, thereby suppressing the transcription of GLI1 target 
genes involved in proliferation, migration, and inflammation. GANT61 inhibits GLI1-DNA binding and may serve as a therapeutic agent targeting 
RASF-mediated pathology.
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GLI3-R has been shown to promote proliferation through in-
teraction with the androgen receptor [34]. According to our 
siRNA experiments in RASFs, GLI3 acted predominantly as a 
transcriptional repressor of GLI1 target genes, consistent with 
its canonical function. This suggests that the THY1+CD34− 
subset may retain responsiveness to HH ligands. In addition 
to canonical HH signaling, several other pathways—including 
PKA, GSK3β, and Notch—have been shown to regulate GLI3 
processing and shift the balance between its repressor and ac-
tivator forms [25]. These non-canonical inputs may also con-
tribute to fibroblast activation by modulating the GLI1–GLI3 
axis. Although GLI2 expression did not differ significantly 
among SF subsets in our data, previous studies have shown 
that GLI2 mediates fibroblast activation and tissue fibrosis, 
particularly in response to TGF-β signaling, suggesting that 
GLI2 may modulate RASF behavior under specific inflamma-
tory or fibrotic conditions.

Our data using GANT61, a selective GLI1 inhibitor, further 
support the critical role of GLI1 in regulating RASF prolif-
eration and migration. In our in vitro system, GANT61 sup-
pressed migration, EdU incorporation, S-phase entry, and the 
expression of CCNA2 and E2F1, without marked apoptosis 
induction. The lack of a significant viability decrease at 5 μM 
further suggests that these inhibitory effects were not merely 
due to nonspecific toxicity. GANT61 has been shown to re-
duce disease severity in collagen-induced arthritis (CIA) mod-
els by inhibiting cell proliferation and inducing apoptosis [35], 
partly consistent with our in vitro findings. Similarly, cyclopa-
mine, a classical HH pathway inhibitor, has been reported to 
suppress SHH, PTCH1, SMO, and GLI1 expression, induce G1 
cell cycle arrest, and inhibit RhoA/Rac1 signaling and cyclin 
D1 expression in RASFs [36, 37]. These effects contribute to 
impaired RASF migration and enhanced cartilage protection 
in antigen-induced arthritis (AIA) models [19]. Currently, a 
range of HH/GLI pathway inhibitors—including HH ligand 
blockers, PTCH and SMO antagonists, and GLI transcrip-
tional inhibitors—are under investigation in oncology [38]. 
Our findings support the translational relevance of the GLI1–
GLI3 regulatory axis in RA and provide a rationale for explor-
ing GLI1-specific inhibition as a novel therapeutic approach 
targeting fibroblast-driven pathology.

This study has several limitations. First, the precise molecular 
mechanisms underlying GLI3 upregulation in specific RASF 
subsets remain incompletely defined. Second, due to inter-
patient heterogeneity in RA, the relatively small sample size 
may not fully capture the diversity of disease subtypes. Third, 
functional assays were performed using cultured bulk RASFs, 
which may obscure subset-specific effects and limit the extrap-
olation to in  vivo contexts. Lastly, although our findings are 
consistent with non-canonical regulation of GLI3, we did not 
directly examine the effects of canonical Hedgehog (HH) ligand 
stimulation and therefore cannot fully exclude its potential in-
volvement. It is also possible that GLI1 is upregulated in the 
pathogenic subset via HH signaling in certain RA cases. Future 
studies incorporating single-cell analyses and ligand-based per-
turbations will be necessary to further clarify the regulation and 
function of GLI3 in RA pathogenesis.

5   |   Conclusion

We identified GLI3 as a negative regulator of GLI1 in RASFs. 
Dysregulated activity of GLI family transcription factors con-
tributes to the overproduction of inflammatory mediators, as 
well as to the aberrant proliferation and migration of RASFs. 
These findings highlight the GLI1–GLI3 reciprocal regulatory 
axis as a novel pathogenic mechanism and a promising thera-
peutic target in RA.
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ABSTRACT
Objectives: Enthesitis-related arthritis (ERA) is a form of chronic inflammatory arthritis. Even when administered with a 
combination of non-steroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic drugs (DMARDs), and bi-
ologics, some patients remain in an active disease state. Antecedent studies have revealed that interleukin-17 (IL-17) plays an 
important role in the pathogenesis of ERA and have demonstrated the efficacy of IL-17 inhibitors. This real-world, retrospective 
study aimed to assess the efficacy and safety of secukinumab in patients with ERA.
Methods: This was a retrospective, single-center cohort study of 31 Chinese patients who had been diagnosed with ERA and 
treated with secukinumab for at least 3 months. The primary outcomes were the proportion of patients achieving JIA ACR 
30/50/70/90/100 response criteria and ACR inactive disease, as well as the change in Juvenile Spondyloarthritis Disease Activity 
(JSpADA) Index from baseline. Secondary outcomes included changes in the number of joints with active arthritis and enthesitis, 
C-reactive protein (CRP), and erythrocyte sedimentation rate (ESR). Outcomes were assessed every 3 months after secukinumab 
initiation. The Wilcoxon signed-rank test and paired t-test were used to analyze the data.
Results: Male predominance (24/31, 77.4%), late disease onset, HLA-B27 positivity (13/31, 41.9%), and enthesitis (10/31, 32.3%)
were the key characteristics of our cohort. The median follow-up duration was 0.9 years (ranging from 0.4 to 2.7 years). At the last 
follow-up, ACR 30/50/70/90/100 response rates were 87% (27/31), 68% (21/31), 65% (20/31), 32.3% (10/31) and 12.9% (4/31); 25.8%
(8/31) of patients achieved ACR inactive disease. JSpADA scores decreased from baseline (median 5.0, IQR: 3.5–5.0) to month
3 (median 3.5, IQR: 2.5–4.0; median difference = 1.25, Z = −4.26, p < 0.001, 95% CI: 0.8 to 2.0), to month 6 to 3.0 (IQR: 2.0–4.0;
median difference = 1.5, Z = −3.85, p < 0.001, 95% CI: 1.0 to 2.3), month 9 to 3.0 (IQR: 1.0–3.0; median difference = 2.3, Z = −3.09,
p = 0.002, 95% CI: 1.5 to −3.0) and month 12 to 2.5 (IQR: 1.0–3.0; median difference = 2.25, Z = −2.95, p = 0.003, 95% CI: 1.5 to 3.3). 
The mean active joint count decreased from 9.3 ± 0.7 at baseline to 3.3 ± 0.5 at 12 months. Normalization of C-reactive protein
(CRP) and erythrocyte sedimentation rate (ESR) was observed.
Conclusion: In this retrospective, single-center study, secukinumab appears to be associated with improvement in arthritis and 
disease activity in Chinese children with ERA. Further studies are needed to investigate the correlation between IL-17 and ERA.
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1   |   Introduction

Juvenile idiopathic arthritis (JIA) is a chronic inflammatory 
arthritis affecting patients under 16 years of age, with a dis-
ease course lasting more than 6 weeks and an unknown exact 
cause. Enthesitis-related arthritis (ERA) is a subgroup of 
JIA [1] and accounts for 30% of pediatric patients with JIA 
in Asia [2]. ERA is more common in patients older than six. 
Characteristic manifestations of ERA include involvement of 
the peripheral joints, entheses, and axial skeleton, and it is 
considered a similar disease to adult-onset spondyloarthrop-
athies [3]. Other manifestations include acute anterior uveitis, 
fever, gastrointestinal symptoms, seronegativity for rheuma-
toid factor (RF), human leukocyte antigen-B27 (HLA-B27) 
positivity, and a familial aggregation tendency. Compared 
with other subtypes of JIA, patients with ERA have higher 
pain intensity, a longer disease course, and poorer health sta-
tus. Additionally, ERA patients are more difficult to reach and 
maintain clinical remission [4–6].

In accordance with the 2019 treatment recommendations from 
the American College of Rheumatology (ACR), non-steroidal 
anti-inflammatory drugs (NSAIDs) are recommended as first-
line therapy [7]. Disease-modifying anti-rheumatic drugs 
(DMARDs) such as methotrexate or sulfasalazine are also used. 
Methotrexate is preferred, and sulfasalazine is effective in pe-
ripheral arthritis but has shown limited efficacy in axial disease 
[8]. Tumor necrosis factor inhibitors (TNFi) have demonstrated 
improvements in active arthritis. Adalimumab yielded 65% ACR 
30 response and 53% ACR 70 response after 12 weeks of treat-
ment. Etanercept showed 93% ACR 30 response and 93% ACR 50 
response at Week 24 [9, 10]. However, a number of patients re-
main in an active disease state. Thus, more intensive treatment 
options are called for.

Recently, there has been an emerging interest in the role of in-
terleukin (IL)-17A in the pathogenesis of ERA. IL-17 is essential 
in arthritis as well as cartilage and bone destruction. The serum 
level of IL-17 in JIA is significantly higher than that of healthy 
controls. Moreover, the level of IL-17 is positively correlated with 
disease activity and inflammatory markers [11]. Secukinumab, 
a monoclonal antibody targeting IL-17A, has yielded satisfactory 
responses in the treatment of adult-onset ankylosing spondylitis 
(AS). In a phase 3 clinical trial of AS, 58.3% of patients reached 
ASAS20 response after 16 weeks of treatment [12]. In a phase 
3 double-blind, placebo-controlled clinical trial in ERA and 
juvenile psoriatic arthritis, 67.4% of patients achieved ACR70 
response, 34.9% achieved clinical inactive disease and there 
was a notable reduction in Juvenile Arthritis Disease Activity 
Score with 27 Joints (JADAS27) scores [13]. Although secuki-
numab has demonstrated efficacy in ERA, real-world evidence, 
particularly in Chinese children, remains limited. Moreover, 
it remains unclear whether the efficacy observed in clinical 
trials translates directly into Chinese clinical practice, where 
disease phenotypes, HLA-B27 prevalence and prior treatment 
exposures may differ. A total of 31 ERA patients were included 
herein. This retrospective study aimed to: (1) evaluate the effi-
cacy of secukinumab in Chinese ERA patients; (2) describe the 
safety profile in this population; and (3) provide real-world clini-
cal data to support the use of secukinumab in Chinese pediatric 
rheumatology practice.

2   |   Method

2.1   |   Study Population

This study was a single-center, retrospective cohort study 
conducted from April 1 to December 31 in the year of 2024. 
Inclusion criteria were: (1) diagnosed of ERA based on the 
2001 JIA criteria of the International League of Associations 
for Rheumatology (ILAR) [1]; (2) received at least 3 months of 
secukinumab treatment; and (3) regularly followed up at Beijing 
Children's Hospital, Capital Medical University. Exclusion crite-
ria were: (1) received less than 3 months of secukinumab treat-
ment; (2) had other rheumatic diseases or secondary arthritis. 
Consecutive patients meeting eligibility criteria were included 
to minimize selection bias. Indication for starting secukinumab 
was persistent disease activity for more than 6 months without 
response to one or more DMARDs, NSAIDs, or biologics. Prior 
biologic exposure was defined as inadequate response (failure 
to achieve ACR30 after 3 months of treatment) or intolerance to 
at least one TNFi. Both TNFi-naïve and TNFi-experienced pa-
tients were included.

2.2   |   Secukinumab Dosing Regimen

Secukinumab was administered subcutaneously. The loading 
regimen was 75 mg for body weight < 50 kg and 150 mg for body 
weight ≥ 50 kg, once weekly for 4 weeks (Weeks 0, 1, 2, 3, 4), fol-
lowed by a maintenance regimen of the same dose every 4 weeks 
thereafter. The dose was increased from 150 mg to 300 mg when 
an inadequate response was observed after at least 3 months of 
treatment.

2.3   |   Concomitant Therapies

Concomitant medications, including NSAIDs, DMARDs and, 
corticosteroids, were permitted. Doses of concomitant therapies 
were required to be stable for at least 4 weeks prior to secuk-
inumab initiation and remained unchanged throughout the 
study period, unless clinically indicated for safety reasons. Any 
changes in concomitant medications during follow-up were 
recorded.

2.4   |   Ethics Statement

This study has gained approval from the Ethics Committee of 
Beijing Children's Hospital on April 22, 2025 ([2025]-E-060-R). 
Written informed consent was obtained from patients and their 
legal guardians.

2.5   |   Data Collection, Outcomes and Assessments

Clinical information regarding disease onset, disease course, 
clinical manifestations, laboratory tests and previous treat-
ment was collected. Laboratory tests such as complete blood 
count, C-reactive protein (CRP), erythrocyte sedimentation 
rate (ESR), urinalysis, liver function, kidney function and co-
agulation profile were performed. HLA-B27 and autoantibody 
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(e.g., RF and antinuclear antibody) testing were performed. 
Primary outcomes were: proportion of patients achieving JIA 
ACR 30/50/70/90/100 response [14], ACR inactive disease [15] 
and change from baseline in Juvenile Spondyloarthritis Disease 
Activity (JSpADA) score [16] at each follow-up timepoint. 
Secondary outcomes were: (1) reduction in active arthritis joint 
count and enthesitis count; (2) change from baseline in labo-
ratory parameters (CRP, ESR) at each follow-up timepoint; (3) 
safety outcomes (adverse events) throughout the study period. 
Assessment timepoints were baseline (secukinumab initiation) 
and at 3, 6, 9, 12, 15 and 18 months after treatment initiation; 
long-term follow-up up to 32 months. Ocular involvement was 
investigated through intraocular pressure measurement, slit 
lamp examination and fundus photography. Nasopharyngitis, 
nausea, diarrhea, cough, headache, and injection-site reaction 
were common adverse effects of secukinumab and were moni-
tored carefully at each 3-month follow-up.

2.6   |   Statistical Analysis

All data in the study were analyzed using SPSS 27.0. Normality 
of the continuous variable data was tested using the Shapiro–
Wilk test. Continuous variables with a normal distribution were 
presented as mean ± standard deviation (SD) and compared 
using the parametric test (paired t-test), while those with a 
non-normal distribution were reported as median with inter-
quartile range (IQR) and compared using the non-parametric 
test (Wilcoxon signed-rank test). Categorical variables were pre-
sented as numbers (percentages), where appropriate. Missing 
data were handled using complete-case analysis. As an explor-
atory and hypothesis-generating study, no formal sample size 
calculation was performed. A two-sided p-value < 0.05 indicated 
a significant difference; 95% confidence intervals (CI) were 
reported.

3   |   Results

3.1   |   Baseline Information

Of all cases assessed, 24 were male and the ratio of male-to-
female was 3.43:1, indicating male predominance. All cases 
were Han Chinese. Six patients (19.4%) had a first-degree rel-
ative with a history of rheumatic disease. Table 1 summarizes 
the general information at baseline. The mean age at disease 
onset was 10.0 ± 0.5 years (ranging from 4.3 to 15.8 years). At the 
time of the first prescription, the hip was the most frequently 
involved joint (24/31, 83.9%) followed by the ankle (25/31, 80.6%) 
and sacroiliac joint (24/31, 77.4%). JSpADA scores ranged from 
3 to 6, with a median score of 5.0 (IQR: 3.5–5.0). JSpADA scores 
did not differ significantly between HLA-B27-positive and 
HLA-B27-negative patients (median difference = 0.0, Z = −0.46, 
p = 0.695, 95% CI: −1.0 to 0.5). The mean number of joints with 
active arthritis was 9.3 ± 0.7. The median number of enthesitis 
cases was 3 (IQR: 2–4). One patient (3.2%) was diagnosed with 
anterior uveitis accompanied by decreased visual acuity. All pa-
tients were tested for HLA-B27 and 13 (41.9%) were tested pos-
itive. Regarding inflammatory markers, the mean serum levels 
of CRP and ESR were 17.03 ± 3.71 mg/L and 21.4 ± 2.9 mm/h.

3.2   |   Prior Treatments

All patients received a combination of NSAIDs and DMARDs 
as first-line treatment. A total of 24 patients (77.4%) had used 
TNFi as therapy. Eight of them (25.8%) had been treated 
with more than one type of TNFi. Two patients switched to 
a JAK inhibitor (baricitinib) owing to TNFi ineffectiveness 
(Table 2).

TABLE 1    |    General information at baseline.

Feature

Number (%) or 
mean ± SD or 
median [IQR]

Sex

Male 24 (77.4%)

Female 7 (22.6%)

Ethnicity

Han Chinese 31 (100%)

Family history 6 (19.4%)

Mean age at disease onset 10.0 ± 0.5 years

Mean age at first prescription 11.4 ± 0.5 years

Manifestation

Arthritis 31 (100%)

Hip 26 (83.9%)

Ankle 25 (80.6%)

Sacroiliac joint 24 (77.4%)

Knee 23 (74.2%)

Spine 12 (38.7%)

Enthesitis 10 (32.3%)

MCP/PIP 9 (29.0%)

Shoulder 6 (19.4%)

Elbow 5 (16.1%)

Wrist 4 (12.9%)

Mean number of active arthritis 9.3 ± 0.7

Median number of enthesitis 3 [2, 4]

Median JSpADA score 5 [3.5, 5]

Pulmonary involvement 7 (22.6%)

Uveitis 1 (3.2%)

HLA-B27 positivity 13 (41.9%)

Mean serum level of CRP mg/L 17.03 ± 3.71

Mean serum level of ESR mm/h 21.4 ± 2.9

Note: Data were presented as n (%), mean ± SD, or median [IQR] as appropriate.
Abbreviations: CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; 
HLA-B27, human leukocyte antigen B27; IQR, interquartile range; JSpADA, 
Juvenile Spondyloarthritis Disease Activity Index; MCP, metacarpophalangeal 
joint; PIP, proximal interphalangeal joint; SD, standard deviation.
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3.3   |   Secukinumab Efficacy

Indication of starting secukinumab was sustained active ar-
thritis for more than 6 months and failure of previous treatment 
with NSAIDs, DMARDs, and biologics. The mean disease du-
ration before secukinumab initiation and mean treatment du-
ration with secukinumab were 1.7 ± 0.3 years (ranging from 0 
to 5.2 years) and 0.9 ± 0.1 years (ranging from 0.4 to 2.7 years), 
respectively. One patient received secukinumab at the first pre-
scription due to a long disease history and high disease activity. 
The dose of secukinumab was increased from 150 mg to 300 mg 
in 2 patients (6.5%) due to high disease activity.

All 31 patients were followed up every 3 months after secuki-
numab initiation. Follow-up patient numbers were as follows: 31 
at 3 months, 24 at 6 months, 19 at 9 months, 17 at 12 months, 8 at 
15 months, 3 at 18 months, and 1 at 32 months. At baseline, the 
median JSpADA score was 5.0 (IQR: 3.5–5.0), and it decreased 
significantly at month 3 to 3.5 (IQR: 2.5–4.0; median differ-
ence = 1.25, Z = −4.26, p < 0.001, 95% CI: 0.8 to 2.0), month 6 to 
3.0 (IQR: 2.0–4.0; median difference = 1.5, Z = −3.85, p < 0.001, 
95% CI: 1.0 to 2.3), month 9 to 3.0 (IQR: 1.0–3.0; median differ-
ence = 2.3, Z = −3.09, p = 0.002, 95% CI: 1.5 to −3.0) and month 
12 to 2.5 (IQR: 1.0–3.0; median difference = 2.25, Z = −2.95, 
p = 0.003, 95% CI: 1.5 to 3.3; Figure  1). As for joints with ac-
tive arthritis, a significant decrease was observed at month 
3 (4.7 ± 0.5, mean difference = 4.6, t = 3.37, p = 0.002, 95% CI: 
3.4 to 5.8), month 6 (4.4 ± 0.5, mean difference = 5.4, t = 3.881, 
p < 0.001, 95% CI: 3.7 to 7.1), month 9 (3.26 ± 0.5, mean differ-
ence = 6.1, t = 5.90, p < 0.001, 95% CI: 4.3 to 7.9) and month 12 
(3.29 ± 0.5, mean difference = 6.4, t = 5.72, p < 0.001, 95% CI: 4.2 
to 8.5; Figure 2). The median number of enthesitis cases dropped 
from 2 (IQR: 2–3) at secukinumab initiation to 2 (IQR: 0–2) at 
the last follow-up visit. A significant improvement in enthesitis 

was observed in month 12 (median difference = 1.5, Z = −2.23, 
p = 0.026, 95% CI: 1.0 to 2.0). The patient with anterior uveitis 
at baseline showed improvement in ocular manifestations. 
Regarding inflammatory markers, normalization of CRP and 
ESR was observed. The ESR level was 21.4 ± 2.9 mm/h at month 
0 and decreased significantly at 3, 6, 9 and 12 months (Figure 3). 
At the last follow-up, ACR 30/50/70/90/100 response rates 
were 87.1% (27/31), 67.7% (21/31), 64.5% (20/31), 32.3% (10/31), 
and 12.9% (4/31), respectively; 25.8% (8/31) achieved ACR in-
active disease (Table 3), including one patient on secukinumab 
monotherapy.

TABLE 2    |    Medication at baseline, before the start and during secukinumab.

Treatment
Treatment at first 

prescription
Treatment before the 
start of Secukinumab

Treatment during 
follow-up visit

Glucocorticoid 2 (6.5%) 3 (9.7%) 1 (3.2%)

NSAIDs 31 (100%) 20 (64.5%) 16 (51.6%)

Methotrexate 4 (12.9%) 5 (16.1%) 5 (16.1%)

Sulfasalazine 28 (90.3%) 28 (90.3%) 26 (83.9%)

Leflunomide 1 (3.2%) 3 (9.7%)

Iguratimod 6 (19.4%) 6 (19.4%)

Hydroxychloroquine 1 (3.2%)

Baricitinib 2 (6.5%)

Thalidomide 3 (9.7%) 4 (12.9%)

Tumor necrosis factor inhibitor

Etanercept 5 (16.1%) 12 (38.7%)

Adalimumab 4 (12.9%) 10 (32.3%)

Infliximab 5 (16.1%) 13 (41.9%)

Note: Data were presented as n (%). Patients could receive more than one concomitant medication.
Abbreviation: NSAIDs, non-steroidal anti-inflammatory drugs.

FIGURE 1    |    Median JSpADA score at secukinumab initiation 
and follow-up visit. JSpADA scores were presented as median (IQR). 
Baseline (Month 0) n = 31; (Month 3) n = 31; (Month 6) n = 24; (Month 
9) n = 19; (Month 12) n = 17; (Month 15) n = 8; (Month 18) n = 3; (Month 
32) n = 1. Significant reductions were observed at Months 3 (median dif-
ference 1.25, p < 0.001), 6 (median difference 1.5, p < 0.001), 9 (median 
difference 2.3, p = 0.002), and 12 (median difference 2.25, p = 0.003).
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3.4   |   Adverse Effect

Over a mean follow-up of 0.9 years, no serious adverse event 
(SAE) or adverse event (AE) prompting discontinuation of 
secukinumab was reported. One patient (3.2%) experienced a 
mild injection-site reaction (redness and itching) which resolved 
spontaneously. No cases of uveitis, inflammatory bowel disease, 
or other predefined AEs (nasopharyngitis, nausea, diarrhea, 
cough, and headache) were observed.

4   |   Discussion

This retrospective study included 31 ERA patients with male 
predominance. Patients' characteristics including late disease 
onset, HLA-B27 association and enthesitis were consistent with 
previous reports [1]. The proportion of HLA-B27 positivity in 
our study (41.9%) falls within the lower range of the 40%–90% 
reported in other ERA cohorts [17]. No significant differences 
in JSpADA scores were found between HLA-B27-positive and 
HLA-B27-negative patients, which may be attributed to the lim-
ited sample size. Peripheral arthritis occurs in nearly 90% of 
ERA patients, with oligoarthritis being the most common pat-
tern. Knees and ankles are the most frequently affected joints. 
Axial arthritis (e.g., sacroiliac and spine arthritis) is observed 
in 30%–60% of patients [18]. Among patients with axial involve-
ment, hip involvement is more frequent [19]. In our study, our 
patients had axial involvement and a high frequency of hip joint 
involvement. As for peripheral joints, ankles and knees were 
most frequently involved. Antecedent researchers have uncov-
ered that hip involvement, tarsitis, older age at disease onset, 
enthesitis, sacroiliitis and HLA-B27 positivity are predictors of 
poor outcome [20]. Consequently, most patients included in our 
study were classified as having severe disease at baseline, which 
was associated with a poor outcome.

FIGURE 2    |    Mean number of joints with active arthritis at secukinumab initiation and follow-up visit. Data were presented as mean ± SD. 
Significant reductions were observed at Months 3 (mean difference 4.7, p = 0.002), 6 (mean difference 5.4, p < 0.001), 9 (mean difference 6.1, p < 0.001), 
and 12 (mean difference 6.4, p < 0.001).
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FIGURE 3    |    Median value of ESR at secukinumab initiation and follow-up visit. Data were presented as mean (SD). Significant reductions were 
observed at Months 3 (p = 0.01), 6 (p = 0.008), 9 (p = 0.003), and 12 (p = 0.004).
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TABLE 3    |    ACR 30/50/70/90/100 response and ACR inactive disease 
at most recent follow-up visit.

ACR response Number (%)

ACR 30 response 27 (87.1)

ACR 50 response 21 (67.7)

ACR 70 response 20 (62.5)

ACR 90 response 10 (32.3)

ACR 100 response 4 (12.9)

ACR inactive disease 8 (25.8)

Note: Data were presented as n (%).
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After at least 3 months of secukinumab treatment, this real-world 
retrospective study of ERA confirms that secukinumab delivers 
meaningful improvement in disease activity, arthritis, enthesi-
tis, and inflammatory markers. ACR30/50/70/90/100 response 
rates were 87.1%/67.7%/64.5%/32.3%/12.9%, and 25.8% of patients 
achieved ACR inactive disease. Among patients who achieved ACR 
inactive disease, one patient received secukinumab monotherapy, 
suggesting potential efficacy of secukinumab as monotherapy. 
Inflammatory markers such as CRP and ESR are indicators of dis-
ease activity [21]. ESR decreased significantly after secukinumab 
treatment, indicating reduced disease activity. The treatment was 
well tolerated, with no SAEs or treatment discontinuation.

IL-17 plays a central role in ERA pathogenesis by mediating 
synovial inflammation, cartilage damage and bone destruc-
tion, with elevated levels detected in patients' serum and sy-
novial fluid [22] and correlated with disease activity  [23–25]. 
Secukinumab has been licensed by the U.S. Food and Drug 
Administration (FDA) for the treatment of ERA in patients 
aged 4 years and older, blocks proinflammatory signal and re-
duces joint and entheseal inflammation. Our work supports this 
mechanistic framework. However, the precise relationship be-
tween IL-17 expression, HLA-B27 status and long-term struc-
tural progression in ERA remains incompletely understood and 
warrants further investigation.

Our findings align well with the phase 3 multinational clinical 
trial of secukinumab in ERA and pediatric psoriatic arthritis, 
which reported 67.4% ACR 70 response and 34.9% clinical inac-
tive disease at Week 52, accompanied by significant reduction in 
JADAS 27 [13]. Despite differences in study design (real-world 
retrospective versus randomized controlled trial), ethnicity 
(Chinese versus multinational), and baseline disease severity 
(our cohort had greater prior biologic exposure and higher ac-
tivity), our ACR70 response (64.5%) and inactive disease rate 
(25.8%) are broadly comparable, reinforcing the external validity 
of secukinumab for ERA across diverse populations. Our results 
also align with real-world studies in anti-TNF-refractory ERA 
patients, which showed significant JSpADA and disease activ-
ity score reduction [26, 27]. Notably, our study included a high 
proportion of patients with prior TNFi exposure (77.4%), and 8 
had received more than one TNFi. These real-world datasets 
support secukinumab efficacy in TNFi-insufficient patients, 
complementing controlled trial evidence and filling gaps in pe-
diatric evidence specific to Chinese cohorts and underscoring 
secukinumab's practical value as a second-line or later biologic 
for patients unresponsive to standard therapies.

Secukinumab effectively improved clinical outcomes in ERA 
patients without severe adverse effects, making it a promising 
treatment option for ERA patients. However, these findings re-
quire validation in larger prospective controlled studies to fur-
ther clarify ERA pathogenesis and treatment efficacy.

4.1   |   Limitations

This study has several limitations. First, due to its retrospec-
tive, single-center design without a control or comparator 
group, causal inference and the ability to compare the relative 
efficacy of secukinumab against other treatments (e.g., TNF 

inhibitors) are limited. Second, power calculation was not per-
formed prior to the study. The sample size was determined by 
the number of patients meeting the inclusion criteria rather 
than by a priori power estimation. The small sample size, 
particularly the limited number of patients with long-term 
follow-up (e.g., only three patients at 18 months), precludes 
subgroup analyses and reduces the precision of our efficacy 
and safety estimates. Third, the follow-up duration (median 
0.9 years, range 0.4–2.7 years) may be insufficient to fully as-
sess long-term safety events or sustained radiographic out-
comes. Fourth, a diagnostic limitation is the use of the 2001 
ILAR criteria (widely used clinically) rather than the newer 
2019 PRINTO criteria. Finally, the severity of sacroiliac ar-
thritis can be assessed using the Spondyloarthritis Research 
Consortium of Canada (SPARCC) and Hip Inflammation MRI 
Scoring System (HIMRISS) scoring systems based on Magnetic 
Resonance Imaging (MRI). The lack of such MRI scores pre-
vented us from assessing joint involvement radiographically.

5   |   Conclusion

In this retrospective study, secukinumab treatment was asso-
ciated with improvements in arthritis and disease activity in 
Chinese children with ERA. The treatment was well-tolerated, 
with no severe adverse reactions reported. Due to the observa-
tional design and limited sample size, these findings are explor-
atory. Larger and controlled prospective studies are needed to 
confirm long-term efficacy and safety.
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ABSTRACT
Background: The purpose of this study is to evaluate the global burden of hip osteoarthritis (OA) and investigate its risk factors 
using Global Burden of Disease (GBD) 2021 data and Mendelian randomization (MR).
Methods: Hip OA burden was assessed by region, age, sex, and Socio-Demographic Index (SDI). Temporal trends were evaluated 
using Joinpoint regression-derived average annual percentage change (AAPC). Two-sample MR and mediation analysis explored 
causal risk factors. Future burden from 2022 to 2050 was primarily projected using a Bayesian age-period-cohort (BAPC) model, 
with autoregressive integrated moving average (ARIMA) analysis used as a sensitivity comparison.
Results: The global age-standardized hip OA prevalence was 416.01/100000 in 2021. The incidence and prevalence varied widely 
across countries. Males who were above 70 years old had a greater incidence of hip OA. The incidence and prevalence positively 
correlated with SDI, with the largest rise in incident cases occurring in middle SDI regions. Joinpoint analysis showed that the 
global burden of hip OA increased significantly from 1990 to 2021, with AAPCs of 0.2206 for incidence, 0.1879 for prevalence, 
and 0.1846 for DALYs. The most pronounced increases were observed in low-middle and middle SDI regions. High body mass 
index (BMI) contributed to a 21.2% increase in disability-adjusted life years (DALYs) from 1990 to 2021. MR mediation supported 
a positive association between higher BMI and hip OA and suggested that palmitoyl sphingomyelin may represent a potential 
mediator. The primary BAPC model suggested that the burden of hip OA would remain substantial through 2050, whereas com-
parison with ARIMA indicated model-dependent uncertainty in the long-term magnitude of the forecasts.
Conclusions: Our study provides valuable insights into the global epidemiological trends and risk factors of hip OA. These find-
ings can help formulate policies and allocate resources, although long-term projections should be interpreted cautiously because 
they are sensitive to model choice.

1   |   Background

Osteoarthritis (OA) is a chronic degenerative joint disease char-
acterized by the deterioration of articular cartilage, synovial 

inflammation, and bone remodeling [1]. It most commonly af-
fects the hip, knee, and hand joints and is a leading cause of 
chronic pain and long-term disability in adults [2, 3]. The dys-
function and reduced quality of life associated with OA impose 
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a significant burden on both individuals and society [4, 5]. The 
disease burden caused by OA demands urgent attention, and 
research on early intervention and preventive strategies has be-
come a critical focus in public health.

In recent years, the disease burden of OA has been extensively 
studied [4, 6–8]. OA is a heterogeneous, multifactorial chronic 
condition, and the progression of joint involvement over time 
varies among individuals. Hip and knee OA are the leading 
causes of disability worldwide. Most studies to date have focused 
on the knee, with results often extrapolated to the hip, which 
extends to treatment recommendations in clinical guidelines 
[9, 10]. Extrapolating results from studies of knee OA may limit 
our understanding of disease characteristics specific to hip OA, 
thereby limiting the development and implementation of effec-
tive treatments [11]. The Global Burden of Disease (GBD), Injury, 
and Risk Factors Study is the only comprehensive framework 
for estimating global disease burden, providing metrics such as 
age-standardized incidence, prevalence, and disability-adjusted 
life years (DALYs) for hip OA [12]. Fu et al. analyzed the global 
burden of hip OA using GBD 2019 data but did not explore the 
causal relationships between risk factors and the disease [13]. 
Additionally, these studies were based on pre-2021 GBD data 
and focused on specific age groups and regional or national dis-
ease burdens [14–16]. Another study utilized the World Health 
Organization's disease burden database to report the global bur-
den of OA from 1990 to 2021, but did not specifically address 
hip OA or examine its burden in relation to country, region, 
gender, age, or the Socio-demographic Index (SDI) [17]. With the 
increasing availability of global hip OA health data and updates 
to the GBD database, a comprehensive analysis of the global bur-
den of hip OA is necessary.

To provide an updated and integrated perspective on hip osteo-
arthritis burden, we analyzed GBD 2021 data across locations, 
age groups, sexes, and SDI strata from 1990 to 2021. We system-
atically examined age-standardized rates (ASRs) in 204 countries 
and 21 regions and evaluated temporal trends using Joinpoint 
regression-derived average annual percentage change (AAPC). 
In addition to describing epidemiological patterns, we examined 
BMI-attributable burden and included supplementary Mendelian 
randomization (MR) analyses as genetics-based triangulation ev-
idence for the BMI-hip OA association. Our aim was not to rede-
fine the established burden framework, but to extend the current 
literature by integrating burden patterns, inequality, BMI-related 
burden, and complementary genetic evidence.

2   |   Methods

2.1   |   Data Source

The GBD 2021 study, conducted by the Institute for Health Metrics 
and Evaluation (IHME) at the University of Washington, compre-
hensively evaluated the burden of 369 diseases and 88 risk factors 
across 204 countries and territories from 1990 to 2021 [18]. The 
Global Health Data Exchange (GHDx, https://​www.​healt​hdata.​
org/​) provides interactive access to this wealth of data, allowing 
researchers and policymakers to explore and analyze the findings. 
The data regarding hip OA incidence, prevalence, and DALYs, 
along with the corresponding 95% uncertainty intervals (UIs) and 

the corresponding ASRs, were obtained from the GBD 2021 [12]. 
This dataset encompasses all age groups from 45 to 95 years and 
older, spanning the period from 1990 to 2021.

2.2   |   Average Annual Percent Change

Temporal trends in the age-standardized incidence, prevalence, 
and DALY rates of hip OA were assessed using Joinpoint regres-
sion analysis. The annual percent change (APC) for each time 
segment and the average annual percent change (AAPC) for the 
overall study period were calculated with 95% confidence in-
tervals. A positive AAPC indicated an overall increasing trend, 
whereas a negative AAPC indicated an overall decreasing trend.

2.3   |   Socio-Demographic Index

The SDI assesses the state of development of an area in relation 
to health outcomes by measuring factors such as fertility rates, 
per capita income, and education levels. For the GBD 2021 study, 
the SDI values were multiplied by 100 to create a scale ranging 
from 0 to 100 and categorized into five classes (low, low-middle, 
middle, high-middle, and high).

2.4   |   Decomposition Analysis

To examine key drivers behind variations in hip OA metrics be-
tween 1990 and 2021, we performed a decomposition analysis. 
We first divided these metrics by SDI, then used the Das Gupta 
method to assess the proportional contributions of epidemiolog-
ical shifts, population growth, and aging to the changes [19].

2.5   |   Mendelian Randomization and Mediation 
Analysis

MR is a statistical method that employs genetic variations 
(single-nucleotide polymorphisms, SNPs) as instrumental vari-
ables (IVs) for investigating causal relationships [20]. Two-step 
MR was conducted to determine the relation of body mass index 
(BMI) to the predicted risk of hip OA and whether human blood 
metabolites could mediate this association. The first step is 
evaluating the causal effect of BMI and blood metabolite signa-
tures on hip OA with a two-sample MR and screening out blood 
metabolite signatures highly related to the risk of hip OA. The 
second step is evaluating the causal effect of BMI on the blood 
metabolites' signatures and calculating the proportion of me-
diation of each mediator for BMI's effect on hip OA. We used 
Inverse Variance Weighted (IVW) as the main analysis method. 
Sensitivity analyses were conducted employing Cochran's Q sta-
tistic and MR-Egger regression to test for heterogeneity among 
SNPs (p < 0.05 indicating heterogeneity), and MR-Egger regres-
sion to detect horizontal pleiotropy (p < 0.05 indicating pleiot-
ropy). Leave-one-out sensitivity analysis was employed to assess 
whether any single SNP disproportionately influenced the 
causal relationship between exposure and outcome.

Data for BMI was derived from finngen_R10_BMI_IRN. Data 
for hip OA (ebi-a-GCST007091) were from the GWAS Catalog 
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(Genome-wide association studies, https://​gwas.​mrcieu.​ac.​uk/​) 
[21], featuring 15 704 cases and 378 169 controls. All participants 
in the study were from Europe. Data for 486 human blood me-
tabolites were also from the GWAS Catalog [22]. The research 
objects should not overlap, meaning the SNP represented expo-
sure and outcome should be from different research sources.

2.6   |   Bayesian Age-Period-Cohort (BAPC) 
and ARIMA Projection Analyses

The BAPC model is a statistical approach widely used in ep-
idemiological and biostatistical research to examine temporal 
trends in disease burden [23, 24]. By integrating sample data 
with prior knowledge, this method generates reliable parame-
ter estimates, ensuring statistically robust results. In this study, 
we stratified the population by gender and employed the BAPC 
package to project hip OA incidence trends from 2022 to 2050.

To assess the stability of long-term forecasting results, we addi-
tionally performed an autoregressive integrated moving average 
(ARIMA) analysis as a sensitivity analysis based on the same an-
nual time series. For ARIMA model validation, data from 1990 to 
2015 were used as the training set, and data from 2016 to 2021 were 
used as the test set. Forecasting agreement between ARIMA and 
BAPC was further evaluated by comparing projected values for 
2022–2050 using Pearson correlation coefficients, mean absolute 
percentage error (MAPE), and root mean square error (RMSE). 
Because BAPC explicitly models age-period-cohort structure and 
demographic change, it was retained as the primary forecasting 
framework, whereas ARIMA was used as a complementary time-
series model to evaluate model-dependent uncertainty.

3   |   Results

3.1   |   Global Burden Analysis From 1990 to 2021

Globally, the burden of hip OA increased from 1990 to 2021. 
Specifically, the age-standardized prevalence rate (ASPR) in-
creased from 391.66 (95% UI 303.26–496.51) cases per 100 000 

individuals in 1990 to 416.01 (95% UI 321.23–529.74) cases per 
100 000 individuals in 2021, showing an overall upward trend 
with an AAPC of 0.19 (95% CI 0.15–0.23). Similarly, the inci-
dent cases of hip OA in 2021 were around 1.8 million (95% UI 
1.4–2.3), with an age-standardized incidence rate (ASIR) in-
creased from 19.27 per 100 000 (95% UI 14.72–24.41) to 20.67 per 
100 000 (95% UI 15.76–26.19) over the same period, showing an 
overall upward trend with an AAPC of 0.22 (95% CI 0.18–0.26). 
Moreover, the number of DALYs as a result of hip OA was 1.14 
million (95% UI 0.54–2.31), with an age-standardized DALYs 
rate (ASDR) of 13.19 (95% UI 6.20–26.65) per 100 000 popu-
lation. The ASDR also showed a significant overall increase 
from 1990 to 2021, with an AAPC of 0.18 (95% CI 0.15–0.22) 
(Table 1).

At the regional level in 2021, the highest ASIR, ASPR, and 
ASDR were recorded in high-income North America (ASIR: 
45.62 per 100 000, ASPR: 901.22 per 100 000, ASDR: 28.34 per 
100 000), while East Asia demonstrated comparatively lower 
epidemiological metrics (ASIR: 13.81 per 100 000, ASPR: 
259.20 per 100 000, ASDR: 8.32 per 100 000) (Table  1 and 
Figure  S1). Notably, although East Asia demonstrated com-
paratively lower epidemiological levels across all three param-
eters, it showed one of the most pronounced upward temporal 
patterns over the study period (Table 1).

In GBD 2021, China, the United States of America, India, 
and Japan had the largest numbers of hip OA cases, which 
were approximately 5.47 million (95% UI 4.19–7.11 million), 
5.20 million (95% UI 3.95–6.73 million), 3.70 million (95% UI 
2.80–4.70 million), and 1.42 million (95% UI 1.08–1.79 mil-
lion), respectively. In addition, the United States of America 
(ASIR: 47.32; ASPR: 937; ASDR: 29.42), Iceland (44.24; 850; 
27.39), and the United Kingdom (41.80; 810; 25.89) demon-
strated the highest age-standardized incidence, prevalence, 
and DALYs rates per 100 000 population among 204 coun-
tries and territories, maintaining consistent ranking patterns 
across all three metrics (Figure  1A). Among these nations, 
the United Arab Emirates and Qatar need special attention 
because of the significantly increasing burden of hip OA ob-
served from 1990 to 2021 (Figure 1B).

TABLE 1    |    The regions ranked the highest and lowest in ASRs in 1990 and 2021, along with the AAPC.

Location ASR (95% UI) 1990 ASR (95% UI) 2021 AAPC (95% UI)

Prevalence Global
High-income 

North America
East Asia

391.66 (303.26–496.51)
794.20 (600.76–1014.57)
202.95 (155.63–260.08)

416.01 (321.23–529.74)
901.22 (679.89–1166.61)
259.20 (199.36–334.02)

0.19 (0.15–0.23)
0.40 (0.27–0.54)
0.85 (0.81–0.88)

Incidence Global
High-income 

North America
East Asia

19.27 (14.72–24.41)
39.79 (29.95–51.20)
10.66 (8.02–13.63)

20.67 (15.76–26.19)
45.62 (34.22–58.44)
13.81 (10.39–17.59)

0.22 (0.18–0.26)
0.40 (0.27–0.54)
0.85 (0.81–0.88)

DALYs Global
High-income 

North America
East Asia

12.43 (5.86–25.21)
25.27 (12.05–51.60)

6.54 (3.01–13.11)

13.19 (6.20–26.65)
28.34 (13.46–57.59)

8.32 (3.85–16.56)

0.18 (0.15–0.22)
0.32 (0.26–0.38)
0.78(0.76–0.81)

Abbreviations: AAPC, Average annual percent change; ASR, age-standardized rate per 100 000 people; UI, uncertainty intervals.

https://gwas.mrcieu.ac.uk/
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3.2   |   Age and Sex Patterns

Globally in 2021, hip OA incidence increased with age, with a peak 
in both sexes within the age range of 55–59 years. Concurrently, 
the prevalence of hip OA had a parallel temporal pattern, peak-
ing in both sexes at ages 65–69 years (Figure S2). Among patients 
who were below 70 years old, the ASIR of female patients was 
greater than that of male patients, but the opposite pattern was 
found for patients who were above 70 years old (Figure 2A). Yet, 
there was no notable difference in the prevalence of hip OA be-
tween the two sexes or across age groups (Figure 2B).

The DALYs of hip OA in both men and women were unimodally 
distributed across different age groups; both sexes within the age 
range of 65–69 years had the highest number of DALYs (83 228 fe-
male cases vs. 76 855 male cases) (Figure 2C). Both genders experi-
enced a consistent surge in ASIR, ASPR, and ASDR between 1990 
and 2019, followed by a gradual decline through 2021 (Figure S3).

3.3   |   Burden by Sociodemographic Index

From 1990 to 2021, the global burden of hip OA was significantly 
influenced by the SDI. In 2021, the ASIR and ASPR attributable 
to hip OA were higher in the high SDI quintiles than in the high–
middle, middle, low-middle, and low SDI quintiles, with an ASIR 
of 35.05 cases per 100 000 people and an ASPR of 687.17 per 100 000 
people (Figure 3A). However, Joinpoint analysis showed that the 
most rapid increases over time were observed in low-middle and 
middle SDI regions rather than in high SDI regions. For incidence, 
the AAPC was 0.6577 (95% CI 0.6460–0.6694) in low-middle SDI 
regions and 0.6470 (95% CI 0.6321–0.6619) in middle SDI regions, 
compared with 0.3683 (95% CI 0.2681–0.4687) in high SDI re-
gions. Similar patterns were observed for prevalence and DALYs. 
For prevalence, the AAPCs were 0.6500 (95% CI 0.6336–0.6664) 
in low-middle SDI regions and 0.6322 (95% CI 0.6188–0.6456) in 
middle SDI regions. For DALYs, the corresponding AAPCs were 
0.6519 (95% CI 0.6338–0.6699) and 0.6270 (95% CI 0.6121–0.6420), 

FIGURE 1    |    Global burden analysis of hip osteoarthritis from 204 countries and territories. (A) The age-standardized incidence, prevalence, and 
DALYs rates of hip osteoarthritis in 2021; (B) The percent of the change in the number of incidence, prevalence, and DALYs cases from 1990 to 2021. 
DALYs, disability-adjusted life years.
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respectively (Figure 3B and Supplementary Table 1). These find-
ings indicate that although the absolute burden remained highest 
in high SDI settings, the most pronounced long-term increases oc-
curred in transitional SDI regions.

Decomposition analyses for the global population indicated that 
population growth was the predominant factor behind the in-
creased burden of hip OA. Specifically, population growth con-
tributed 85.37%, 84.87%, and 85.18% to the increase of global 

FIGURE 2    |    Gender disparities in the burden of hip osteoarthritis in different age groups. (A) Global number and age-standardized rates of inci-
dence (A), prevalence (B), and DALYs (C) of hip osteoarthritis by age and sex, from 1990 to 2021. DALYs, disability-adjusted life-years.
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incidence, prevalence, and DALYs during 1990–2021, respec-
tively. Notably, in disparate SDI regions, the trends exhibited 
consistency with the global trend across the majority of region 
groups. However, the situation in middle SDI regions diverged 
from the global trend, with the aging exerting a facilitating ef-
fect on the hip OA burden (Figure S4). This may be attributed to 
the relatively elderly population in middle SDI regions and the 
insufficient medical support for the aging population.

The hip OA health inequalities during 1990–2021 were further 
analyzed. For DALYs, the slope index changed from −1.11 to 

−2.17, and the concentration index increased from 0.03 to 0.1
(Figure  3C). These data suggest that during this period, the
health inequalities of hip OA burden continued to aggravate.
This increased inequality may be related to inadequate health
care resources in low SDI areas.

3.4   |   Influence of Risk Factors on Burden of Hip OA

Globally in 2021, 35.5% of DALYs resulting from hip OA were 
attributable to high BMI, an increase of 21.2% between 1990 

FIGURE 3    |    Temporal trend for the burden of hip osteoarthritis by Sociodemographic Index from 1990 to 2021. (A, B) Age-standardized rates 
(A) and numbers (B) of DALYs, incidence, and prevalence of hip osteoarthritis grouped by different Sociodemographic Index from 1990 to 2021; (C) 
Health inequality regression curves and concentration curves of DALYs in hip osteoarthritis globally. DALYs, disability-adjusted life-years.



7 of 12International Journal of Rheumatic Diseases, 2026

and 2021. For sex Patterns, the risk factor in terms of risk-
attributable DALYs globally was high BMI in females (risk-
attributable DALYs = 36.9%), especially the largest increase in 
percentage (by 8.8%) was recorded in Southern Sub-Saharan 
Africa. Regionally, high-income North America, North Africa 
and the Middle East, and Southern Latin America showed 
the highest percentages of age-standardized DALYs due to 
high BMI, which were 46.2%, 45.1%, and 44.6%, respectively 
(Figure  4A). The most significant increase in percentage 
increase (by 13.1%) was recorded in East Asia. Nationally, 
Kuwait, Qatar, and Tonga showed the highest percentages of 
age-standardized DALYs attributed to high BMI, which were 
52.0%, 50.7%, and 50.5%.

3.5   |   Mendelian Randomization Mediation 
Analysis

The two-sample MR analysis was further conducted to assess 
the relationships between higher BMI and hip OA. Both IVW 
method and Weighted median method revealed that higher 
BMI was associated with an increased risk of hip OA (IVW: 
OR = 1.44, 95% CI: 1.31–1.58; Weighted median: OR = 1.47, 
95% CI: 1.29–1.68) (Figure  4B). Further, no single SNP seri-
ously violated GM's overall impact on hip OA in the leave-
one-out sensitivity analysis. Next, we performed a reverse MR 
analysis. Results proved that no obvious causal effect of hip 
OA on BMI (OR = 1.043, 95% CI: 0.962, 1.132) was detected 
(Figure 4C).

Studies indicate that changes in BMI are significantly asso-
ciated with levels of multiple metabolites in plasma, which 
are involved in lipid metabolism, amino acid metabolism, 
energy metabolism, and inflammatory pathways, among oth-
ers. We next detected mediation effects of the blood metab-
olites between BMI and hip OA. Analysis revealed the total 
effect of elevated BMI on hip OA risk was β = 0.3719 (95% CI: 
0.2737–0.4701). Mediation testing identified blood metabolite 
palmitoyl sphingomyelin (PSM) as the significant mediator 
(β = 0.0183, 95% CI: 0.0002–0.0365), accounting for 4.9% of 
the total effect, while the direct effect remained statistically 
significant (β = 0.3536, 95% CI: (0.2537–0.4534)) (Figure  4D 
and Table  S2). Product of coefficients tests supported result 
robustness (p = 0.041), suggesting that dysregulation of pal-
mitoyl sphingomyelin may represent a key biological pathway 
linking BMI to hip OA (Table S2).

3.6   |   Projections of Hip OA-Related Disease 
Burden Using BAPC and ARIMA

The BAPC model was used as the primary approach to proj-
ect the future burden of hip OA from 2022 to 2050. Under 
the BAPC framework, the age-standardized incidence and 
prevalence of hip OA were projected to remain at relatively 
high levels through 2050, with only modest declines over time 
and a persistently greater burden in males than in females 
(Figure 5A,B).

As a sensitivity analysis, ARIMA models were additionally 
constructed. Temporal validation using data from 1990 to 2015 

for training and 2016–2021 for testing showed that ARIMA 
did not fully reproduce the observed fluctuations in later years 
(Figure S5). Long-term ARIMA forecasts also differed substan-
tially from the BAPC projections, generally yielding much lower 
values (Figure S6). These results suggest that the precise magni-
tude of future burden is model-dependent, although the overall 
burden is expected to remain substantial.

4   |   Discussion

In this study, we presented an updated global assessment of 
the incidence, prevalence, and DALYs of hip OA from 1990 to 
2021, and conducted a comprehensive assessment of the disease 
burden through comparative, trend, decomposition, health in-
equality, and predictive analyses. Our findings revealed that 
the burden of hip OA increased over time globally and in most 
regions and countries. High-income North America shows the 
greatest burden of disease in 2021, while China and Thailand 
need special attention because of the increasing burden of hip 
OA observed from 1990 to 2021. Additionally, the incidence 
and prevalence of hip OA increased with age and revealed fe-
male preponderance and geographic diversity. High BMI was 
a risk factor for numerous diseases, including hip OA. In this 
study, we additionally performed MR analyses as supplemen-
tary genetics-based triangulation, which supported the posi-
tive association between higher BMI and hip OA. The primary 
BAPC model suggested that the burden of hip OA would re-
main substantial through 2050, although model comparison 
indicated uncertainty in the precise long-term magnitude of 
the forecasts.

Most cases of hip OA occur in older adults [25]. The primary 
reason for this phenomenon may be attributed to age-related 
degenerative changes in joint cartilage, which are strongly asso-
ciated with epigenetic alterations, telomere attrition, mitochon-
drial dysfunction, and changes in the mechanical properties of 
the cell [26, 27]. Researchers have also proposed a potential link 
between the elevated prevalence in aging populations and life-
long mechanical stress from obesity or occupational joint load-
ing [28, 29]. Additionally, early joint injuries or developmental 
abnormalities, such as hip dysplasia, were found to significantly 
increase the likelihood of developing hip OA in later life [30, 31]. 
Studies on interventions to delay cartilage degeneration and im-
prove functional outcomes in hip OA patients need to be priori-
tized for these reasons.

The study revealed a marked positive association between 
SDI and both ASIR and ASPR of hip osteoarthritis, contrast-
ing with an inverse relationship observed between SDI and 
ASDR. This epidemiological pattern may be potentially driven 
by optimized health system performance and expanded access 
to therapeutic interventions in high-SDI settings, effectively 
mitigating disease-related mortality risks. Notably, middle-
SDI regions demonstrated the most pronounced increase in 
incident cases, where aging emerged as a key amplifier of OA 
burden. These populations face critical challenges, includ-
ing underdeveloped healthcare infrastructure, limited social 
safety nets for chronic musculoskeletal conditions, and con-
strained capacity to manage treatment-related expenditures. 
Addressing these disparities through targeted health policy 
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FIGURE 4    |    Influence and Mendelian randomization analysis of BMI on the burden of hip OA. (A) Proportion of hip osteoarthritis DALYs at-
tributable to high BMI in 1990 and 2021 from different regions and sex. (B) The associations of BMI with risk of hip osteoarthritis; (C) A reverse MR 
analysis showed no causal role of hip osteoarthritis on BMI. (D) MR mediation analysis showed the mediation effect of palmitoyl sphingomyelin 
between BMI and hip osteoarthritis. DALYs, disability-adjusted life years; BMI, body mass index.
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interventions should constitute a priority in global OA man-
agement strategies, particularly within transitional socioeco-
nomic development gradients.

Obesity is considered to be the primary risk factor for OA [32, 33]. 
Our study established that high BMI is also associated with an 
increase in the risk of hip OA, accounting for around 35.5% of 
the DALYs attributable to hip OA, and we further evaluated this 
association with MR analysis. Some studies have indicated that 

obesity is more prevalent in high-income countries or regions 
[34, 35]. This explains why the disease burden is greater in high-
SDI areas as well. Our study also revealed that the most signif-
icant impact of high BMI on DALYs was in high-income North 
America, North Africa, and the Middle East, exceeding 45% in 
these regions, indicating the importance of obesity control pro-
grams. These findings not only enhance our understanding of 
the complexity of the disease but also provide a strong foun-
dation for developing more effective public health measures, 

FIGURE 5    |    Projection of age-standardized incidence, prevalence, and DALYs of hip osteoarthritis from 2022 to 2050 based on the primary BAPC 
model. (A) Male; (B) Female. DALYs, disability-adjusted life years. Blue shades are the corresponding confidence intervals.
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optimizing resource allocation, fostering international cooper-
ation, and advancing scientific research. These efforts aim to 
improve the quality of life of patients with hip OA and reduce 
the overall burden of the disease.

Emerging evidence highlights a significant association between 
elevated BMI and perturbations in sphingolipid metabolism [36]. 
Asano et al. demonstrated that sphingomyelin synthases modu-
late lipid raft composition, with sphingomyelin enrichment re-
ducing responsiveness to CXCL12/CXCR4 signaling pathways 
critical for cell migration and inflammatory regulation [37]. 
Meanwhile, the CXCL12/CXCR4 axis is a critical mediator in 
OA progression, primarily through its roles in inflammation, 
cartilage degradation, and subchondral bone remodeling [38, 39]. 
However, the causal directionality of the BMI–sphingomyelin 
relationship remains debated. Future research should prioritize 
tissue-specific analyses to investigate the tripartite relationship 
among obesity, phospholipid metabolism, and osteoarthritis. We 
recommend employing an approach that integrates population-
based studies with animal experiments. This dual strategy will 
not only validate and corroborate our Mendelian randomization 
findings but also provide mechanistic insights into how lipid met-
abolic pathways modulate joint degeneration. Such multidisci-
plinary investigation could ultimately facilitate the development 
of targeted therapeutic interventions for metabolic osteoarthritis.

The comparison between BAPC and ARIMA forecasts provides 
additional Insight into the uncertainty of long-term disease 
burden prediction. In our analysis, ARIMA-based projections 
diverged substantially from BAPC projections, with nearly 
inverse forecast trajectories and markedly lower ARIMA esti-
mates in later years. This discrepancy is likely attributable to 
the different statistical assumptions underlying the two models. 
BAPC explicitly incorporates age-period-cohort structure and is 
therefore better suited to long-term epidemiological forecasting 
in settings where demographic transition and population aging 
are major drivers of disease burden. In contrast, ARIMA relies 
primarily on autocorrelation and recent time-series behavior, 
making it more sensitive to short-term fluctuations and recent 
changes in the observed data. Therefore, although ARIMA 
served as a useful sensitivity analysis and short-term validation 
framework, BAPC was considered more appropriate as the pri-
mary model for long-term burden projection in this study.

This study has several limitations. First, as with all GBD-
based analyses, the estimates depend on the quality and 
completeness of the underlying data sources and modeling 
framework. Second, some descriptive burden analyses over-
lap with recently published GBD 2021-based hip OA studies; 
therefore, the present work should be interpreted as an inte-
grative extension rather than a wholly novel epidemiological 
description. Third, because the GWAS datasets used for MR 
were primarily derived from individuals of European ances-
try, the generalizability of the genetic findings to other pop-
ulations is limited. Fourth, although high BMI was identified 
as an important contributor to hip OA burden, other relevant 
risk factors, such as hip dysplasia, occupational loading, and 
a history of hip injury or surgery, could not be quantitatively 
assessed within the current GBD framework. Finally, the me-
diation effect explained by palmitoyl sphingomyelin was mod-
est, suggesting that additional mediators are likely involved; 

therefore, this finding should be interpreted as exploratory 
rather than definitive.

5   |   Conclusions

Our study provides an updated overview of the global epidemio-
logical trends and risk factors for hip osteoarthritis. These findings 
help formulate policies and allocate resources. Further research 
is necessary to investigate additional risk factors to inform early 
prevention strategies at the earliest stages of the disease.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Regional distribution of 
the burden of hip osteoarthritis. Age-standardized incidence, DALY, 
and prevalence rates of hip osteoarthritis across different GBD regions. 
Bars indicate estimated age-standardized rates, and error bars indicate 
the corresponding 95% uncertainty intervals. Figure S2: Age-specific 
burden of hip osteoarthritis. Numbers and age-standardized rates of 
hip osteoarthritis-related incidence, DALYs, and prevalence across dif-
ferent age groups. The left panels show the number of cases, and the 
right panels show the corresponding age-standardized rates. Error 
bars indicate 95% uncertainty intervals. Figure S3: Temporal trends in 
the sex-specific burden of hip osteoarthritis from 1990 to 2021. Age-
standardized incidence, DALY, and prevalence rates of hip osteoarthri-
tis are shown by sex from 1990 to 2021. Lines represent estimates for 
both sexes combined, females, and males. Figure S4: Decomposition 
analysis of changes in the hip osteoarthritis burden from 1990 to 2021. 
Changes in the number of incident cases, prevalent cases, and DALYs 
attributable to hip osteoarthritis were decomposed into the contribu-
tions of population growth, population aging, and epidemiological 
change across global and SDI regions. Stacked bars indicate the con-
tribution of each component, and black dots indicate the overall net 
change. Figure S5: Temporal validation of ARIMA models for hip os-
teoarthritis burden estimates. ARIMA models were trained using age-
standardized rates from 1990 to 2015 and validated against observed 
data from 2016 to 2021. The panels show validation results for inci-
dence, prevalence, and DALYs stratified by sex. Blue dashed lines indi-
cate ARIMA-predicted values, and black solid lines indicate observed 
values. Figure S6: Robustness comparison between BAPC and ARIMA 
projections for hip osteoarthritis burden. Projected age-standardized 
rates of hip osteoarthritis-related incidence, prevalence, and DALYs 
from 2022 to 2050 were compared between Bayesian age-period-cohort 
and ARIMA models by sex. Red solid lines indicate BAPC projections, 
and blue dashed lines indicate ARIMA projections. Table S1: Change 
in the number of incidence cases among different SDI regions, with the 
AAPC from 1990 to 2021. Table S2: Mediation effect of BMI on hip OA 
via blood metabolites. 
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A 3-year-old girl presented fever, rash and polyarthritis, and 
was diagnosed with systemic juvenile idiopathic arthritis (s-
JIA). She exhibited resistance to tocilizumab, canakinumab, 
tacrolimus, cyclosporine (CyA), colchicine and iguratimod fol-
lowing a glucocorticoids (GCs)-dependent course with frequent 
relapses complicated with macrophage activation syndrome 
(MAS). At the age of 11 years, she developed MAS refractory 
to high-dose GCs and CyA was referred to us. Cardiac ultra-
sound examination performed at admission showed pericar-
dial effusion. The patient received treatment with ruxolitinib 

in combination with high-dose GCs and CyA and achieved 
remission. Echocardiography for pericardial effusion reassess-
ment 4 months later showed no effusion but revealed a new, non-
mobile, adhesive, hyperechoic lesion measuring 1.2 cm × 1.2 cm 
in the inferior vena cava (IVC) distal to the hepatic vein junc-
tion (Figure 1a). Blood tests indicated no significant abnormal 
findings. Contrast-enhanced computed tomography revealed 
no thrombosis but showed low density adipose tissue with no 
contrast enhancement surrounding the IVC protruding into the 
IVC at the level of the liver (Figure  1b). From these findings, 

© 2026 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons Australia, Ltd.

Abbreviation: IVC, inferior vena cava.

FIGURE 1    |    Cardiac ultrasound finding. A non-mobile, adhesive, hyperechoic lesion measuring 1.2 cm × 1.2 cm was found in the inferior vena 
cava (IVC) distal to the hepatic vein junction. Contrast-enhanced computed tomography finding. Low density adipose tissue with no contrast en-
hancement surrounding the inferior vena cava was observed protruding into the inferior vena cava at the level of the liver (yellow arrow).

https://doi.org/10.1111/1756-185x.70719
https://orcid.org/0000-0003-1077-7772
https://orcid.org/0000-0003-3628-5039
mailto:mshimizu.ped@tmd.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1756-185x.70719&domain=pdf&date_stamp=2026-05-28


2 of 2 International Journal of Rheumatic Diseases, 2026

the diagnosis of pericaval fat collection was made. The patient's 
height, weight, and body mass index were 108.3 cm, 31.3 kg, and 
26.7, respectively.

Pericaval fat collection is a normal variant in which fatty tissues 
surrounding the IVC protrude into the IVC at the level of the 
liver, and fat from around the esophagus or stomach may extend 
into the IVC, resembling a tumor or thrombus. They are most 
commonly located at the confluence of the hepatic veins and 
can be oval, round, or linear in shape [1–4]. Pericaval fat collec-
tion is observed in 0.5%–5% of normal individuals but is more 
common in patients with chronic liver disease, cirrhosis, and 
obesity [1–4]. Pericaval fat collection may be rare in children, 
but it should be considered in pediatric patients with rheumatic 
diseases receiving high-dose GCs.
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CORRECTION

Correction to “The Asia-Pacific League of Associations 
for Rheumatology Consensus Recommendations on 
the Management of Juvenile Idiopathic Arthritis (JIA): 
Polyarticular Course JIA, Temporomandibular Joint 
Arthritis, Imaging, and Non-Pharmacologic Therapies”

T. Arkachaisri, K. L. Teh, S. Vilaiyuk, et al., “The Asia-Pacific League of Associations for Rheumatology Consensus Recommendations 
on the Management of Juvenile Idiopathic Arthritis (JIA): Polyarticular Course JIA, Temporomandibular Joint Arthritis, Imaging,
and Non-Pharmacologic Therapies,” International Journal of Rheumatic Diseases 29, no. 4 (2026): e70640, https://​doi.​org/​10.​1111/​
1756-​185x.​70640​.

The above article was published as “Review”. It should be “Guideline”.

The online article has been corrected.
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