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Background: Persistent airflow limitation (PAL) is an increasingly recognized asthma phenotype, but its prevalence, determinants,
and prognostic significance in real-world settings remain unclear. This study evaluated the clinical characteristics and long-term
outcomes associated with PAL and its severity in asthma.

Methods: Multicenter analysis of combined retrospective and prospective cohorts in South Korea. PAL was defined as post-
bronchodilator FEV/FVC <0.70; severity was graded by STaging of Airflow obstruction by Ratio classification (STAR stage).
Outcomes included subsequent exacerbations and longitudinal lung function change.

Results: Among 849 patients with asthma, 640 (75.4%) had PAL. PAL was associated with older age, male sex, lower body mass index,
higher smoking intensity, lower FEV, history of tuberculosis, and less frequent allergic rhinitis. Optimal predictors of PAL were FEV | <83.7%
predicted, age >63.5 years, and smoking intensity >9.5 pack-years. During follow-up, severe exacerbations occurred more frequently in the
PAL group (13.0% vs 5.7%) with a 1.8-fold higher incidence (IRR 1.77, 95% CI 1.13-2.79). Risk increased with PAL severity, particularly at
STAR stage 4 vs stage 0 (aHR 3.32, 95% CI 1.60-6.89). Longitudinally, annual FEV, decline was slower in PAL than in non-PAL (—28.1 vs
—42.5 mL/year, P = 0.028), but within PAL, STAR stage 4 showed relatively faster declines in both FEV; and FVC.

Conclusion: PAL and its severity independently predict the risk of severe exacerbations and progressive lung function decline in

asthma, underscoring PAL as a key marker of disease progression and a potential target for early intervention.

Plain Language Summary: Persistent airflow limitation (PAL) has been increasingly recognized as a clinically important phenotype
on patients with asthma, however, its prevalence, determinants, and prognostic implications in real-world populations remain unclear.
This study demonstrates that the presence and severity of PAL independently predict the risk of severe exacerbations and accelerated
lung-function decline among patients with asthma. These findings highlight the need to assess both the presence and degree of PAL as
a key indicator of disease progression and as a potential target for early therapeutic intervention in asthma management.
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Introduction

Asthma is a heterogeneous chronic airway disease characterized by variable respiratory symptoms and reversible airflow
limitation. However, in a subset of patients, persistent airflow limitation (PAL) may develop despite appropriate treatment,
reflecting disease progression and structural changes within the airways. PAL, also referred to as fixed or incompletely reversible
airflow limitation, is defined as a reduced post-bronchodilator FEV/FVC ratio that persists despite adequate therapy, and is
commonly identified by a post-bronchodilator FEV,/FVC ratio below 0.70. PAL in asthma has been increasingly recognized as
a clinically important phenotype, with evidence indicating its association with accelerated lung function decline and a more severe
disease trajectory."

The pathogenesis of PAL in asthma is believed to involve repeated airway inflammation leading to airway remodeling,
including subepithelial fibrosis, smooth muscle hypertrophy, and mucus hypersecretion. These structural changes contribute to
a fixed component of airflow obstruction that is not fully reversible with bronchodilator therapy.> Patients with PAL often
exhibit more frequent exacerbations, greater symptom burden, and poorer quality of life compared to those with fully reversible
airflow limitation.* Recent studies have also identified specific clinical and biological factors—such as male sex, older age at
onset, type 2 inflammation, and small airway dysfunction—as being associated with the development of PAL."°

This study aimed to analyze the presence and severity of PAL in patients with asthma using real-world cohort data, with a focus
on the clinical characteristics, associated factors, and long-term clinical outcomes. Accordingly, this study sought to characterize
the phenotypic features and clinical trajectories of asthma patients with and without PAL, thereby enhancing the understanding of
this phenotype and informing individualized management strategies to lessen its impact on disease progression and clinical

outcomes.

Materials and Methods
Study Design and Participants

A multicenter cohort study was conducted using both retrospective and prospective data. The retrospective cohort enrolled adult
patients with asthma from two tertiary hospitals in South Korea between January 2013 and December 2019. Inclusion criteria for
this retrospective cohort were as follows: (1) a confirmed diagnosis of asthma based on variable expiratory airflow limitation
demonstrated by pulmonary function tests (positive bronchodilator response, positive bronchial provocation test, or significant
within-subject variability in lung function); (2) radiological evaluation with at least one chest computed tomography (CT) scan;
and (3) availability of at least two spirometric assessments during follow-up. Asthma diagnosis was made according to the Global
Initiative for Asthma (GINA) guidelines at the time of enrollment (Table S1).” All patients fulfilled the GINA criteria for asthma
on the basis of a history of characteristic respiratory symptoms together with objectively documented variable expiratory airflow
limitation — a positive bronchodilator response, a positive bronchial provocation test, or significant within-subject variability in
lung function — which represents the defining feature distinguishing asthma from COPD. All diagnoses were established and
confirmed by respiratory specialists at tertiary referral centers. Patients with a follow-up period less than 12 months were excluded
to ensure adequate evaluation of long-term outcomes. A portion of the retrospective cohort used in the present study was
previously analyzed in a study evaluating the impact of coexisting bronchiectasis on asthma outcomes.® In the present analysis, we
incorporated updated and extended follow-up data, extending the observation period through December 2023. During preparation
of the analytic dataset, the registry was systematically reviewed to improve data consistency and accuracy: continuous variables
were screened for outliers and physiologically implausible values, missing data were identified and checked against the source
records, and all spirometric measurements were re-verified. Discrepancies identified during this process were corrected by
reference to the primary medical records.

In addition, data from an ongoing multicenter prospective cohort of patients with severe asthma were merged with the
retrospective cohort to increase sample size and enhance the generalizability of the findings. This prospective cohort was
derived from Korean participants of the International Severe Asthma Registry (ISAR) cohort, an ongoing global prospective
observational cohort of patient s with severe asthma.”'® Patients with severe asthma have been consecutively enrolled from 8
tertiary referral hospitals since April 2018, and data collected through August 2023 were included in the present analysis.
Inclusion criteria for the ISAR cohort are detailed in Box S1, and has been published previously.’
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PAL was defined as a post-bronchodilator forced expiratory volume in 1 second (FEV,)/ forced vital capacity (FVC) ratio less
than 0.70 at baseline spirometry. Although PAL was classified at baseline spirometry, all patients with serial pulmonary function
tests were assessed for the temporal stability of the FEV1/FVC ratio. The baseline classification was consistently maintained
across up to five sequential tests over a mean follow-up of approximately four years (Table S2 and Figure S1), confirming that it

reflected persistent rather than transient airflow limitation. To further stratify airflow obstruction severity, patients were
categorized according to the STaging of Airflow obstruction by Ratio severity classification (STAR stage).'' STAR stage was
originally developed as an index to evaluate the progression of obstructive ventilatory disorder in general population and patients
with COPD, based on changes in the FEV,/FVC ratio.'* Previous studies have demonstrated that higher STAR stages are
associated with increased lung hyperinflation and air trapping.'' In the present study, we assessed the severity of PAL using the
STAR stage, which categorizes patients according to the FEV/FVC ratio as follows: stage 1, >0.60 to <0.70; stage 2, >0.50 to
<0.60; stage 3, >0.40 to <0.50; and stage 4, <0.40. Smoking intensity was expressed as pack-years, where one pack-year was
defined as smoking 20 cigarettes (one standard cigarette pack) per day for one year. The Charlson comorbidity index was
estimated to assess the burden of underlying comorbidities of participants.'* Baseline CTscans were reviewed to evaluate relevant
structural abnormalities that could contribute to the progression of obstructive ventilatory disorder, with a particular focus on the
presence and extent of bronchiectasis and tuberculosis (TB)-destroyed lung.'*'> TB-destroyed lung was defined as parenchymal
destruction involving at least one lobe, presumed to be associated with a prior history of TB.'® A history of TB and TB-destroyed
lung were reviewed and retained in the analysis, because prior TB is a recognized contributor to development of chronic airflow
obstruction, and may therefore represent a clinically relevant determinant of PAL.'®!” Given that South Korea is a region of
intermediate TB burden, in which prior TB and TB-destroyed lung are common among patients with asthma, these patients were
retained to preserve the generalizability of the findings to the real-world asthma population.

Ethics Statement

All study procedures were approved by the Institutional Review Boards of the participating institutions. Written informed
consent was obtained from all participants in the prospective cohort. For the retrospective cohort, written informed
consent was waived because the analysis was based on anonymized retrospective data. The conduct of this study and the
confidentiality of patient data were maintained in accordance with the Declaration of Helsinki.

Outcomes
The primary outcome was the annual incidence of subsequent moderate-to-severe acute exacerbations. Exacerbations were
defined as an episode characterized by changes from the patient’s previous status, which required additional treatment.'®
A moderate exacerbation was defined as a worsening of asthma symptoms requiring systemic corticosteroids, whereas
a severe exacerbation was defined as an event necessitating hospitalization or emergency department visit. A frequent
exacerbator was regarded as a patient with a history of two or more moderate-to-severe acute exacerbations per year.19 In
addition, clinical courses after study enrollment were reviewed to assess the time-to-first exacerbation according to the
presence and severity of PAL, stratified by exacerbation severity.

The secondary outcome was the longitudinal change in lung function. Repeated spirometric measurements after cohort
enrollment were analyzed to evaluate lung function decline over time according to the presence and severity of PAL.

Statistical Analysis

Between-group differences were evaluated using the chi-square test or Fisher’s exact test for categorical variables and #-test or
Wilcoxon rank-sum test for continuous variables. Associations between PAL and clinical variables were analyzed using binary
logistic regression. Receiver operating characteristic (ROC) curve analysis was conducted to assess whether the identified
variables could predict PAL and to determine the optimal cut-off values of each variable that maximized predictive accuracy. The
associations between these variables, defined by their optimal cut-off values, and PAL were subsequently evaluated using
multivariable binary logistic regression adjusted for other clinical factors. The annualized incidence rate of acute exacerbations
during follow-up was analyzed using negative binomial regression. Time-to-first subsequent exacerbation after study enrollment
was evaluated with Kaplan—Meier curves and Cox proportional hazards regression. A restricted cubic spline model was applied
to explore the potential non-linear relationship between lung function index and the risk of subsequent severe exacerbations. The
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estimated hazard ratio was derived from a Cox proportional hazards regression model using a restricted cubic spline function.
Longitudinal changes in lung function were assessed using linear mixed-effects models, adjusted for age, sex, and baseline lung
function. A two-tailed P value <0.05 was considered statistically significant. Statistical analyses were performed using SPSS
software (version 26.0; IBM Corp., Armonk, NY, USA) and R statistical software (version 4.4.2).

Results

Baseline Characteristics of Study Population

A total of 849 patients with asthma were included in this study, comprising 667 from the retrospective cohort and 182 from the
prospective cohort. Of these, 640 patients (75.4%) had PAL at baseline, while 209 patients (24.6%) did not. Notably, the
baseline PAL classification was temporally stable: in the PAL group, the FEV1/FVC ratio remained below 0.70 at every
subsequent assessment across serial pulmonary function tests, and none reverted to a non-obstructive pattern, whereas it
remained above 0.70 throughout in the non-PAL group (Table S2 and Figure S1). The distribution of the study population
based on airflow limitation severity was further categorized using the STAR stage classification derived from baseline FEV
and FEV/FVC ratio (Figure S2). STAR 0 represented patients without PAL, whereas STAR stages 1 through 4 denoted
increasing severity among those with PAL, demonstrating substantial heterogeneity in airflow limitation.

Baseline demographic and clinical characteristics of the study population are presented in Table 1. Patients in PAL
group was significantly older, predominantly male, had a lower body mass index (BMI), and demonstrated a higher

Table | Baseline and Clinical Characteristics of the Study Population

Asthma with PAL | Asthma without PAL | P-value
(n = 640) (n=209)

Follow-up period, years 378 £ 1.72 342 £ |.68 0.007
Age, years 65.98 + 10.94 59.17 + 14.03 <0.001
Male sex, n (%) 499 (78.0) 91 (43.5) <0.001
Body mass index, kg/m? 23.79 + 3.54 24.77 + 431 0.003
Smoking status, n (%) <0.001

Never-smoker 169 (26.6) 126 (60.9)

Ex-smoker 357 (56.2) 60 (29.0)

Current smoker 109 (17.2) 21 (10.1)
Smoking intensity, pack-years 30.04 + 28.18 11.92 + 21.70 <0.001
Charlson comorbidity index 1.21 £ 1.05 1.05 + 1.02 0.109
History of tuberculosis, n (%) 101 (19.0) I5(11.1) 0.031
Allergic rhinitis, n (%) 97 (15.2) 48 (23.0) 0.011
Eczema, n (%) 3 (0.5) 2 (1.0 0.602
Baseline lung function*

FEV,, L 1.76 + 0.54 221 £0.72 <0.001

FEV,, % predicted 71.83 £ 18.56 93.12 £ 18.13 <0.001

FVC, L 3.38 £ 0.87 2.87 £0.93 <0.001

FVC, % predicted 96.57 *+ 18.19 91.06 + 18.98 <0.001

FEV,/FVC ratio, % 52.88 + 10.66 7733 £ 6.15 <0.001

Dico, mL/mmHg/min 14.49 + 5.20 15.30 + 5.21 0.214

Dico % 83.54 +22.32 84.12 £ 19.66 0.820
FeNO, ppb 35.12 £ 27.11 46.09 + 46.37 0.053
Blood eosinophil count, cells/uL 268.45 + 299.39 303.84 + 408.15 0.286
Blood eosinophil count, % 340 £ 3.76 3.40 + 3.84 0.991
Blood neutrophil/lymphocyte ratio 3.58 £ 5.96 3.54 + 832 0.958
Chest CT findings, n (%)

Bronchiectasis 208 (39.1) 43 (31.9) 0.136

Tuberculosis-destroyed lung 28 (5.3) 1 (0.7) 0.017

Notes: Data are presented as n (%) or mean * standard deviation. *Post-bronchodilator.

Abbreviations: CT, computed tomography; D co, diffusing capacity of the lungs for carbon monoxide; FeNO,
fractional exhaled nitrogen oxide; FEV|, forced expiratory volume in | second; FVC, forced vital capacity; PAL,
persistent airflow limitation.
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prevalence of ever-smokers and greater smoking intensity compared with non-PAL group. The comorbidity index was
similar between the groups; however, PAL group had a significantly higher prevalence of prior TB and a lower
prevalence of allergic rhinitis. Compared with non-PAL group, PAL group exhibited significantly lower FEV, and
FEV/FVC ratio, but higher FVC, and tended to have lower fractional exhaled nitrogen oxide (FeNO) levels, although
the difference was not statistically significance. On baseline CT, the prevalence of bronchiectasis was similar, but TB-
destroyed lung, although present in only a small proportion of patients, was significantly more frequent in PAL group (28
(5.3%) vs 1 (0.7%); P=0.017). Asthma medication uses according to PAL status is presented in Table S3. Patients with
PAL more frequently received long-acting muscarinic antagonist (LAMA) (41.4% vs 9.6%) and LAMA-LABA (long-
acting P,-agonist) (25.0% vs 5.9%), whereas the use of any inhaled corticosteroid (ICS) (68.0% vs 80.0%), ICS
monotherapy (18.6% vs 30.4%), and leukotriene receptor antagonist (LTRA) (17.7% vs 34.1%) was less frequent, and
the ICS medication possession ratio was lower (0.49 vs 0.58) in the PAL group.

Baseline characteristics of the study population stratified by STAR stage are presented in Table S4. As STAR stage
increased, patients tended to be older with lower BMI, while the proportions of ever-smokers, smoking intensity, prior TB, and
TB-destroyed lung progressively increased. In contrast, the prevalence of allergic rhinitis decreased, and pulmonary function
showed lower FEV, and higher FVC. These trends indicate that the clinical features associated with PAL became progres-

sively more pronounced according to airflow limitation.

Clinical Factors Associated with PAL

We analyzed clinical factors associated with PAL in patients with asthma (Table 2). In univariable analyses, older age,
male sex, smoking intensity, and a history of TB had significantly positive association with PAL, whereas BMI, allergic
rhinitis, FEV;, and FeNO showed negative associations. In the multivariable analysis adjusted for relevant clinical
factors, PAL remained independently associated with male sex, lower BMI, higher smoking intensity, lower FEV,, and
absence of allergic rhinitis.

To evaluate the predictive performance of clinical factors associated with PAL, ROC curve analyses were conducted
using age, smoking intensity, and the inverse of FEV % predicted (Figure 1). Among these variables, the inverse of FEV,
% predicted demonstrated the highest predictive ability (AUC, 0.80; 95% CI, 0.76-0.83; P<0.001), followed by smoking
intensity (AUC, 0.71; 95% CI, 0.67-0.75; P<0.001) and age (AUC, 0.65; 95% CI, 0.60-0.69, P<0.001).

Based on these results, we estimated the optimal cut-off values that maximized predictive accuracy and calculated the
corresponding sensitivity and specificity (Table S5). In the multivariable analysis, age > 63.5 years, smoking intensity >
9.5 pack-years, and FEV,% predicted < 83.7% were each significantly associated with an increased risk of PAL, with
adjusted odds ratios of 3.91 (95% CI, 2.63-5.81), 3.16 (95% CI, 2.16-4.62), and 10.59 (95% CI, 7.10-15.79),
respectively.

Table 2 Factors Associated with PAL Among Patients with Asthma

Variable Univariable Multivariable
OR (95% CI) | P-value | aOR (95% CI) | P-value

Age 1.05 (1.03-1.06) | <0.001

Male sex 4.59 (3.30-6.39) | <0.001 11.0 (6.31-19.3) | <0.001
Body mass index, kg/m? 0.93 (0.90-0.97) 0.001 0.95 (0.90-0.99) 0.029
Smoking intensity, pack-year | 2.69 (2.06-3.50) | <0.001 1.01 (1.00-1.03) 0.010
History of tuberculosis 1.88 (1.05-3.34) 0.033

Allergic rhinitis 0.60 (0.41-0.88) 0.010 0.58 (0.36-0.96) 0.032
FEV,, L 0.31 (0.23-0.41) | <0.00l | 0.12 (0.08-0.18) | <0.00I
FeNO, ppb 0.99 (0.98-0.99) 0.032

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; FeNO, fractional exhaled nitric oxide;
FEV|, forced expiratory volume in | second; OR, odds ratio.
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Figure | Receiver operating characteristic curves for predicting PAL in asthma patients using age, smoking intensity (pack-year), and inverse of FEV,% predicted. Among the
three variables, the inverse of FEV,% predicted showed the highest discriminatory ability (AUC 0.80, 95% CI 0.76—0.83, P<0.001), followed by smoking intensity (AUC 0.71,
95% Cl 0.67-0.75, P<0.001) and age (AUC 0.65, 95% CI 0.60-0.69, P<0.001).

Risk of Subsequent Acute Exacerbations According to PAL Status and Severity
The history of acute exacerbations by PAL status is summarized in Table 3. No significant differences were found between
groups in the occurrence, annual incidence rate of moderate or overall acute exacerbations and proportion of frequent
exacerbator according to PAL status. However, during follow-up, PAL group had significantly more severe exacerbations
than non-PAL group (13.0% vs 5.7%; P=0.046) and a higher annual incidence rate of severe exacerbations (0.10 + 0.31
events/year vs 0.05 + 0.21 events/year; P=0.041). These findings were consistent when stratified by STAR stage, showing
significant differences in both the occurrence and annual incidence rate of severe exacerbations (Table S6). Notably, STAR
stage 4 patients had the highest occurrence and annual frequency of severe exacerbations across all other stages.
Associations of PAL status and severity (STAR stage) with annual acute exacerbation rates were evaluated using
negative binomial regression (Table 4). PAL was not associated with the incidence of moderate or overall acute
exacerbations, but was significantly associated with a higher incidence of severe exacerbations (IRR, 1.77; 95% CI,
1.13-2.79; P=0.014). When stratified by STAR stage, stage 1, 2, and 4 were significantly associated with approximately
1.8-fold, 1.7-fold, and 2.4-fold higher risks of severe exacerbations, respectively, compared with stage 0. The risk of
moderate or overall exacerbations was not significantly associated with STAR stage. Across STAR stages, the risk of
severe exacerbations increased progressively with advancing severity of airflow limitation, with the highest risk observed
at STAR stage 4.

Table 3 Classification and History of Subsequent Exacerbation According to PAL

Asthma with PAL | Asthma without PAL | P-value
(n = 640) (n=209)
Exacerbation during follow-up, n (%)
Moderate 196 (30.6) 62 (29.7) 0.053
Severe 83 (13.0) 12 (5.7) 0.046
Moderate-to-severe 219 (34.2) 64 (30.6) 0.190
Annual incidence rate of acute exacerbation
Moderate 0.24 £ 0.47 0.30 £ 0.53 0.223
Severe 0.10 £ 0.31 0.05 + 0.21 0.041
Moderate-to-severe 0.34 + 0.63 0.35 £ 0.60 0.800
Frequent exacerbator, n (%) 19 (3.0) 524 0.941

Abbreviation: PAL, persistent airflow limitation.
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Table 4 Association of PAL and Its Severity with Annualized Rate of Subsequent Acute
Exacerbation Among Asthma Patients

Moderate Severe Moderate-to-severe

IRR (95% CI) | P-value | IRR (95% CI) | P-value | IRR (95% CI) | P-value

PAL 0.87 (0.66-1.16) | 0346 | 1.77 (1.13-2.79) | 0014 | 1.02 (0.78-1.33) | 0.894

STAR 0 | (ref) I (ref) I (ref)

STAR | | 0.81 (0.57—1.14) 0.230 1.82 (1.08-3.06) 0.025 0.95 (0.69-1.31) 0.753
STAR 2 | 0.91 (0.65—-1.27) 0.581 1.71 (1.01-2.88) 0.044 1.03 (0.75—-1.42) 0.854
STAR 3 | 0.73 (0.51-1.05) 0.091 1.45 (0.82-2.57) 0.206 0.88 (0.62—1.24) 0.457

STAR 4 | 120 (0.79-1.82) | 0387 | 2.35(1.29-431) | 0.006 | 1.39 (0.94-2.06) | 0.097

Notes: All analyses were adjusted by inhaled corticosteroid medication possession ratio with negative binomial
regression analysis.

Abbreviations: Cl, confidence interval; IRR, incidence rate ratio; PAL, persistent airflow limitation; STAR, STaging of
Airflow obstruction using Ratio severity classification.

To further evaluate the association of PAL status and its severity with severe exacerbations, we analyzed time to first
severe exacerbation during follow-up (Figure 2). Kaplan—Meier analysis for time to severe exacerbation demonstrated
a non-significant trend toward higher cumulative hazard in PAL group compared with non-PAL group (P=0.090). When
stratified by STAR stage, significant differences were observed across the stages (P=0.006). In the multivariable Cox
regression analysis, PAL showed a trend toward an increased risk of severe exacerbations (adjusted hazard ratio (aHR),
1.81; 95% CI, 0.99-3.32), although this did not reach statistical significance (Table S7). Among STAR stages, stage 4
was significantly associated with a more than threefold higher risk of severe exacerbations compared with stage 0 (aHR,
3.32; 95% CI, 1.60-6.89), whereas stages 1-3 did not show significant associations.

We further analyzed the associations between major lung function indices and severe exacerbation risk, stratified by
PAL status (Figure 3). The risk of severe exacerbations increased with decreasing FEV, and FVC. Within the range of
FEV,; and FVC values below 100% predicted, PAL group consistently exhibited a higher risk of severe exacerbations
compared with non-PAL group, with the differences progressively widening as FEV,| and FVC declined. Restricted cubic
spline modeling revealed a non-linear association between FEV/FVC ratio and the risk of severe exacerbations, with
a marked increase in risk at lower ratios, and disproportionate increase in risk below a ratio of approximately 0.70,
indicating that the degree of airflow limitation carries graded prognostic significance.

Longitudinal Changes in Lung Function According to PAL Status and Severity

Longitudinal lung function trajectories \stratified by PAL status and STAR stage were evaluated with linear mixed-effects
models adjusted for age, sex, and baseline lung function (Figure 4). The annual decline in FEV was significantly slower
in PAL group than in non-PAL group, both in absolute volume (—28.1 £ 2.9 mL/year vs —42.5 + 6.4 mL/year; P=0.028)
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Figure 2 Risk of severe exacerbations according to PAL status and severity (STAR stage). (A) Cumulative hazard curves for severe exacerbation comparing patients with
and without PAL (log-rank P=0.090). (B) Cumulative hazard curves according to STAR stage (log-rank P=0.006).
Abbreviations: PAL, persistent airflow limitation; STAR, STaging of Airflow obstruction using Ratio severity classification.
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Figure 3 Associations between lung function indices and the risk of severe exacerbations. (A) Predicted risk of severe exacerbations according to FEV,% predicted,
stratified by PAL status. (B) Predicted risk of severe exacerbations according to FVC % predicted, stratified by PAL status. (C) Restricted cubic spline model demonstrating
the non-linear association between FEV|/FVC ratio and the risk of severe exacerbations. The solid blue line represents the estimated hazard ratio derived from a Cox
proportional hazards model, and the horizontal dashed line indicates the reference level of risk.
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Figure 4 Longitudinal trajectories of lung function according to the presence of PAL and STAR stage classification in patients with asthma. Predicted lung function over time
was estimated using linear mixed-effects models adjusted for age, sex, and baseline lung function. (A) Annual decline in FEV, stratified by PAL status. (B) Annual decline in
FVC stratified by PAL status. (C) Annual decline in FEV, stratified by STAR stage. (D) Annual decline in FVC stratified by STAR stage.

and % predicted (—0.04 £ 0.14%/year vs —0.68 + 0.33%/year; P=0.035) (Table S8). In contrast, annual changes in FVC,
FEV,/FVC ratio, and D| ¢ did not differ significantly between groups.

Changes by STAR stage revealed more heterogeneous patterns with increasing PAL severity (Table S9). Patients in
STAR 0 and STAR 4 exhibited the most pronounced annual declines in FEV, whereas intermediate stages showed more
modest reductions. FVC decline was most pronounced in STAR 4, while reduction in FEV/FVC ratio, as an indicator of

obstructive ventilatory disorder, was greatest in STAR 0. D o changes did not differ significantly across STAR stages.

Discussion

In this multicenter cohort of asthma patients, incorporating both retrospective and prospective data, PAL was a common
feature encompassing a wide range of airflow limitation. At baseline, approximately three-quarters of patients exhibited PAL.
Previous studies reported that the prevalence of PAL is approximately 20% in general asthma populations and up to 60%
among those with severe or refractory disease.”’ The reported prevalences of PAL in asthma patients vary depending on the
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study population, the definition applied, and disease severity.>' The relatively high prevalence in our study likely reflects the
inclusion of patients treated at tertiary referral centers, who typically have more severe disease than the broader asthma
population. Moreover, PAL in our cohort was a temporally consistent phenotype rather than a cross-sectional finding: serial
pulmonary function tests confirmed that the baseline classification remained stable over a mean follow-up of approximately
four years, with the PAL group consistently maintaining an FEV1/FVC ratio below 0.70 and none reverting to a non-
obstructive pattern, reinforcing its relevance as a stable clinical phenotype in a real-world asthma population.

Patients with PAL were characterized by older age, male sex, lower BMI, greater smoking exposure, and lower FEV,
whereas type 2 inflammation—related features, including allergic rhinitis and FeNO, showed negative associations with PAL. The
pattern of medication use was consistent with the clinical profile of PAL. The greater use of long-acting bronchodilators (LAMA
and LAMA-LABA), together with lower use of ICS and LTRA and lower ICS adherence, accords with a phenotype
characterized by fixed airflow limitation and a predominantly non—type 2 inflammatory background. Dominant eosinophilic
inflammation in asthma reflects increased disease activity and uncontrolled airway inflammation, and may accelerate airway
remodeling leading to PAL.*> However, a neutrophilic inflammation—dominant endotype may also contribute, particularly in
populations characterized by smoking, advanced age, and infection-related factors, which are linked to a neutrophil-
predominance and reduced FEV, reversibility.>*** Factors associated with PAL in this study—including smoking intensity,
older age, prior TB, and TB-destroyed lung—suggest that the development of PAL in this cohort may be predominantly driven
by non-type 2 and neutrophilic inflammatory pathways. Collectively, these findings suggest that recurrent and chronic airway
inflammation across diverse endotypes in asthma may result in PAL development. Even among patients with similar PAL
severity, therapeutic strategies may need to be individualized according to the underlying endotype, underscoring the need for
further research.

Notably, PAL was significantly associated with an increased risk of subsequent severe exacerbations in asthma. Previous
asthma cohort studies showed that severe exacerbations accelerate FEV,; decline and promote future exacerbations, thereby
worsening long-term disease trajectories.”>2® Especially, STAR stage 4 group, representing the most advanced PAL, had
a higher risk of severe acute exacerbations and a shorter time to first severe exacerbation compared with non-PAL group.
These findings align with previous studies showing that PAL, even at comparable disease control, may contribute to increase
risk of acute exacerbations,' supporting the concept that PAL reflects cumulative airway remodeling in asthma. As structural
changes progress—airway wall thickening, smooth muscle hypertrophy, and parenchymal destruction—airflow obstruction
becomes less reversible and more impactful on long-term clinical outcomes.?

The difference in severe exacerbation risk between PAL and non-PAL groups widened as FEV,| and FVC declined,
suggesting that PAL itself may serve as a prognostic factor, and its prognostic value becomes increasingly independent as
the disease advances. The sharp rise in severe exacerbation risk with decreasing FEV|/FVC ratio indicates that both the
presence and severity of PAL have prognostic importance. Accordingly, the FEV/FVC ratio may be a practical marker
for monitoring disease progression and guiding therapeutic decisions in asthma. These findings highlight the need for
early detection and intervention to prevent the development and progression of PAL in the asthma management.

In longitudinal analysis, lung function trajectories differed by PAL status and severity. Paradoxically, PAL group
exhibited a significantly slower annual decline in FEV; than non-PAL group, which may be attributable to their
substantially lower baseline FEV,. Consistent with COPD cohort studies, faster annual FEV, decline is typically
observed in mild-to-moderate disease, whereas the decline attenuates in more advanced stages—Ilikely reflecting
diminishing physiological reserve for further loss and reduced reversibility as disease progresses.”’ Long-term follow-
up studies in asthma, extending over a 10-year observation period, similarly show a steep early decline in FEV, that
subsequently decelerates, aligning with the pattern observed in our cohort.”® However, when lung function trajectories
were stratified by STAR stage, patients in STAR 4 demonstrated a distinct pattern, showing significantly faster declines
in both FEV; and FVC compared with the other stages. This finding may be explained by the higher proportion of ever-
smokers, greater smoking intensity, and higher frequency of severe acute exacerbations observed in the STAR 4 group.
Smoking can accelerate lung-function decline by inducing recurrent and persistent airway inflammation,” while severe
and frequent exacerbations contribute to cumulative airway and parenchymal injury, thereby being linked to excess short-

and long-term FEV, decline.?>~°
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The clinical course observed in the STAR 4 group suggests that PAL represents a difficult-to-treat phenotype associated
with airway remodeling and adverse outcomes, including accelerated lung-function decline and increased morbidity. These
findings indicate that PAL may not simply serve as a cross-sectional descriptor but rather as a longitudinal risk phenotype, with
its presence and severity conveying important information about future airflow trajectories and exacerbation risk.

This study has several limitations. First, the study population comprised a mixture of retrospective and prospective
cohorts that differed in enrollment criteria, data collection, and follow-up, which may have introduced heterogeneity
within these cohorts. Second, because participants were recruited from tertiary referral hospitals, selection bias cannot be
excluded, and the generalizability of these findings to the general asthma population may be limited. Third, given the
inherent nature of an observational study design, our analysis cannot establish definitive causal relationships between
PAL and clinical outcomes. Fourth, a substantial proportion of patients with PAL were ever-smokers, a concomitant
COPD component or asthma—COPD overlap cannot be entirely excluded. Nonetheless, all patients met objective GINA
criteria for asthma with documented variable expiratory airflow limitation, and diagnoses were confirmed by respiratory
specialists; accordingly, our analysis focused on PAL as a phenotype within physician-diagnosed asthma.

In conclusion, our study demonstrates that PAL is highly prevalent among patients with asthma and represents a clinically
meaningful phenotype characterized by distinct inflammatory pathways, increased risk of severe exacerbations, and hetero-
geneous patterns of lung-function decline. The presence and severity of PAL convey important prognostic information beyond
cross-sectional lung function, underscoring its role as a longitudinal risk phenotype. Assessing PAL and its severity may
therefore aid risk stratification and prognostication in clinical practice. Further studies are warranted to determine whether
earlier identification of PAL or endotype-based management strategies can improve long-term outcomes.
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