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Predictors of 30-Day Pulmonary Readmissions in Patients with COPD: A Case-Control Study
Supplementary Methods
S1.1 Inverse Probability Weighting Using Propensity Scores
A propensity-score model estimated each patient's probability of case status using age, sex, and calendar period, the three variables originally specified for 1:1 matching (Methods, Section 2.2). Stabilized inverse-probability weights were calculated to emulate the intended matched comparison without discarding patients. Propensity-score and weight distributions were examined for extreme values. Covariate balance was assessed using standardized mean differences before and after weighting. Weighted logistic regression was then fitted for the five predictors of primary clinical interest: eosinophils ≥300 cells/µL, antidepressant use, inhaler step-up, follow-up attendance, and FEV₁.
S1.2 Firth Penalized Logistic Regression
Firth penalized logistic regression was applied to the primary multivariable model (n=135) as an additional sensitivity analysis addressing the limited events-per-variable ratio (EPV=3.4). Firth's method adds a Jeffreys-prior penalty to reduce small-sample bias and remains well behaved with sparse data or quasi-complete separation. Point estimates were obtained by maximizing the penalized likelihood, and 95% confidence intervals were derived using profile penalized likelihood.
S1.3 Multiple Imputation by Chained Equations
Multiple imputation was performed as a sensitivity analysis to the complete-case primary model because of missing FEV₁ (47.7%) and log-transformed pro-BNP (30.4%). Chained equations were applied across the full cohort (n=352). The imputation model included all primary-model predictors and auxiliary variables associated with missingness or with the incomplete variables: prior admissions, CAD, antipsychotic use, NIV requirement, pneumonia, severity score, comorbidity count, creatinine, eosinophil count, length of stay, dialysis, HFrEF, home oxygen, and discharge steroids. Twenty datasets were generated (m=20), with FEV₁ constrained to 10%–100% predicted. The primary logistic model was fitted within each dataset and pooled using Rubin's rules with Barnard–Rubin degrees-of-freedom adjustment. Fraction of missing information was calculated for each parameter.
S1.4 GOLD-Aligned Discharge Regimen
A post hoc binary variable was derived to distinguish any inhaler step-up from a simplified GOLD-aligned discharge regimen. The variable was positive for discharge on LABA+LAMA, or discharge on LABA+LAMA+ICS when admission eosinophils were ≥300 cells/µL. This operational definition reflects GOLD pharmacologic pathways after a severe exacerbation but does not adjudicate all patient-level considerations, including prior treatment response, asthma coexistence, contraindications, pneumonia history, access, adherence, or inhaler technique.
S1.5 Full Exploratory Analysis Specifications
Blood eosinophil count was examined across three pre-specified tiers (<100, 100 to 299, ≥300 cells/µL) and as a binary predictor (≥300 cells/µL) in logistic regression adjusted for age and FEV1, using the ≥300 cells/µL threshold as a clinically validated cut-off for ICS responsiveness in COPD. Given the wide confidence interval around this categorical estimate in the primary model, eosinophil count was additionally modeled continuously (per 100 cells/µL increase). To test whether the protective effect of ICS addition at discharge differed by eosinophil phenotype, a product term was entered into a logistic regression model alongside both main effects, with a stratified analysis additionally performed within the eosinophilic subgroup (n=25). The inhaler step-up association was examined in a model adjusted for age, FEV1, and GOLD stage. Prior admission burden was categorized into five ordinal tiers, with the Cochran-Armitage test used to assess linear trend and a continuous odds ratio per additional admission estimated by standard logistic regression. Antidepressant and antipsychotic use were examined through four sequential models of increasing covariate adjustment: unadjusted, adjusted for in-hospital severity markers, adjusted for comorbidity burden, and fully adjusted including prior admission burden. Cardiac biomarker profiles were examined by comparing log-transformed pro-BNP between cases and controls and fitting a joint logistic regression model including HFpEF, log(pro-BNP), FEV1, and NIV requirement, with a multiplicative interaction term between HFpEF and pro-BNP ≥1000 pg/mL tested separately.
S1.6 Full Variable Dictionary
This section provides the complete variable definitions condensed in main-text Methods Section 2.3. Citation numbers correspond to the main manuscript reference list.
Baseline characteristics were defined as patient traits present prior to index admission, reflecting the patient's underlying disease burden and functional status. These included age, sex, smoking status, and comorbidities: chronic kidney disease (CKD), dialysis dependence, heart failure with reduced ejection fraction (HFrEF), heart failure with preserved ejection fraction (HFpEF), coronary artery disease (CAD), antidepressant use, and antipsychotic use. Antidepressant and antipsychotic use were included as proxies of psychiatric comorbidity and frailty, in accordance with evidence linking these medications to adverse COPD outcomes (15, 16). A comorbidity count variable was derived as the sum of all documented comorbidities and categorized into three groups (0, 1 to 2, ≥3). Home oxygen and home NIV use were recorded as binary indicators of baseline ventilatory support requirements. Home inhaler regimen was recorded as well. Spirometric data were captured as the most recent available FEV1 percentage predicted prior to or at the time of the index admission (1). GOLD stages were derived when FEV1 was available (Stage 1: FEV1 ≥80%; Stage 2: 50 to 79%; Stage 3: 30 to 49%; Stage 4: <30%). Missing FEV1 values were retained as missing in regression analyses (1).
Index admission severity variables were defined as clinical and laboratory parameters measured at or during the index COPD exacerbation hospitalization. Laboratory values included blood eosinophil count categorized at ≥300 cells/µL (18), serum creatinine as a marker of renal function and cardiorenal stress, pro-BNP as a marker of COPD exacerbation with cardiac involvement (14), and arterial PaCO₂ as a marker of hypercapnic burden (1). All these variables were collected from day-of-admission results. A composite severity score was calculated as the sum of NIV requirement, ICU admission, and intubation (range 0 to 3). Length of stay and ICU length of stay were recorded as continuous variables.
Discharge variables included inhaler regimen, oral steroid and antibiotic prescriptions, pulmonary rehabilitation referral, and follow-up attendance. Inhaler step-up indicated increased regimen intensity at discharge relative to the home regimen and was not adjudicated against GOLD recommendations. ICS addition indicated introduction of an ICS component in patients whose home regimen did not contain ICS. The separately derived post hoc GOLD-aligned discharge-regimen variable is described in Section S1.4.
S1.7 Linearity Assessment for Continuous Predictors
Prior to inclusion in regression models, continuous variables were assessed for the linearity-in-the-logit assumption using LOWESS-smoothed plots of the logit of the outcome against each predictor. Variables with evidence of non-linearity were either categorized (length of stay, comorbidity count) or log-transformed (prior admissions per year, pro-BNP). Prior admissions per year underwent log-transformation (log[admissions + 1]) given the presence of a significant log-linear interaction term (p=0.003).
Supplementary Results
S2.1 Inverse Probability Weighting
Propensity scores ranged from 0.24 to 0.62 and stabilized weights from 0.67 to 1.58, with no extreme weights. Weighting reduced absolute standardized mean differences from 0.227 to 0.028 for age, from 0.076 to 0.006 for sex, and to ≤0.004 for each calendar-period category. In the weighted complete-case analysis (n=184), all five predictors of primary clinical interest remained statistically significant and directionally consistent with the primary model (Supplementary Table ST1).
S2.2 Overfitting Diagnostics: VIF, EPV, and Firth Comparison
The primary multivariable model (n=135, 19 parameters, 62 events; EPV=3.4) showed no problematic multicollinearity (maximum VIF 5.16 for home triple therapy; mean VIF 1.89). Given the low EPV, Firth penalized logistic regression was performed as an additional sensitivity analysis. Direction and statistical significance were preserved for all five predictors of primary interest, with attenuation consistent with correction of small-sample bias (Supplementary Table ST2). The primary model was also markedly ill-conditioned, with a Hessian condition number of approximately 1.9 million and 27 of 135 fitted probabilities pinned below 0.01 or above 0.99, consistent with near-complete separation at this events-per-variable ratio. This provides a quantitative basis for interpreting the primary model's widest intervals, such as the eosinophil estimate, with caution, and for treating the Firth, multiple imputation, and larger-sample sensitivity analyses as the more stable estimates of effect size.
S2.3 Sensitivity Model Excluding FEV1 and Pro-BNP
To address selection bias arising from listwise deletion of patients with missing FEV1 and pro-BNP, the primary model was re-fit in the largest available sample with these two variables removed (n=348). All key associations were preserved and, in most cases, estimated with greater precision than in the primary model, consistent with the larger sample (Supplementary Table ST3).
S2.4 Multiple Imputation Results
Under multiple imputation (m=20, n=352), estimates for the five predictors of primary interest were consistent in direction and statistical significance with the complete-case and Firth models (Supplementary Table ST4). Fraction of missing information was 0.50 for FEV₁ and 0.28 for log(pro-BNP); all other parameters had FMI below 0.07. ICS addition (aOR 0.127, 95% CI 0.035–0.457; p=0.002) and male sex (aOR 1.92, 95% CI 1.06–3.48; p=0.033) reached significance under imputation, while discharge triple therapy did not retain significance.
S2.5 Per-100-Cell Eosinophil Odds Ratio
As a linear alternative to the categorical ≥300 cells/µL threshold, eosinophil count was modeled continuously. In univariate analysis (n=352), each 100 cells/µL increase was associated with an odds ratio of 2.85 (95% CI 2.13 to 3.80; p<0.001). In the sensitivity model (n=348, excluding FEV1 and log-pro-BNP), the association was OR 4.85 (95% CI 3.14 to 7.49; p<0.001). The continuous term did not converge reliably within the sparse primary model (n=135) and is not reported from that model; this instability is itself consistent with the primary model's limited events-per-variable ratio and supports interpreting the sensitivity model as the more reliable estimate of this association (Supplementary Table ST5).
S2.6 Readmission Characterization
Respiratory failure was not treated as a standalone readmission diagnosis. Readmissions coded as respiratory failure were classified according to their underlying cause, and the resulting distribution is presented in Supplementary Table ST6. COPD exacerbation was the most common reason (109/150, 72.7%), followed by pneumonia (78/150, 52.0%), with 37 readmissions (24.7%) attributed to both. Median time to readmission was 10 days (IQR 5 to 18). ICU admission occurred in 59 of 149 readmissions (39.6%) and did not differ significantly between exacerbation and pneumonia readmissions (41.7% vs 44.2%). Mortality during the readmission encounter was 16.1% (24/149).
S2.7 GOLD-Aligned Discharge Regimen and Regimen Distribution
The post hoc GOLD-aligned discharge regimen was received by 31/150 cases (20.7%) and 44/202 controls (21.8%). It was not associated with case status (OR 0.94, 95% CI 0.56–1.57; p=0.80). This result indicates that the pre-specified inhaler step-up variable and the simplified guideline-alignment measure capture different constructs. Full home and discharge regimen distributions are presented in Supplementary Table ST7.
S2.8 Cardiac Biomarkers
Both HFpEF and log-transformed pro-BNP were significantly associated with readmission in univariate analysis, but neither retained significance after adjustment for FEV1, indicating that their prognostic information was substantially shared with spirometric severity. The HFpEF and elevated pro-BNP interaction term approached but did not reach significance (OR 10.46; p=0.079). Full results are presented in Supplementary Table ST8.
S2.9 Prior Admission Burden
A clear monotonic relationship was observed between prior admission burden and readmission risk across five ordinal tiers (Cochran-Armitage trend z=6.29; p<0.001), with each additional prior admission associated with a 36% increase in readmission odds (OR 1.36, 95% CI 1.21 to 1.53; p<0.001; Supplementary Table ST9).
S2.10 Eosinophil Tier Distribution and ICS Interaction
Eosinophil count showed a markedly non-uniform tier distribution between groups: 60.4% of controls versus only 12.7% of cases had counts below 100 cells/µL, while 18.7% of cases had counts ≥300 cells/µL versus 6.9% of controls (chi-square p<0.001). No statistically significant interaction was detected between ICS addition and eosinophil phenotype (p=0.718), though within the eosinophilic subgroup ICS addition was associated with markedly reduced readmission odds (aOR 0.006; p=0.020), an estimate that should be interpreted with extreme caution given the small subgroup size (n=25) and should not be treated as a reliable effect estimate. Tier distribution and interaction estimates are presented in main-text Table 3.
S2.11 Psychiatric Medication Sequential Adjustment
Antidepressant and antipsychotic use each remained independently associated with readmission across all four sequential adjustment models, including full adjustment for disease severity, comorbidity burden, and prior admission history (antidepressants aOR 2.96, 95% CI 1.33 to 6.59; antipsychotics aOR 3.27, 95% CI 1.13 to 9.45). Full model sequence is presented in main-text Table 4.


Supplementary Tables
Supplementary Table ST1. Inverse probability weighting using propensity scores based on the original matching variables (age, sex, and calendar period).
Weighted complete-case logistic regression, n=184. Propensity scores ranged from 0.24 to 0.62 and stabilized weights from 0.67 to 1.58. All post-weighting absolute standardized mean differences were <0.03. aOR = adjusted odds ratio; CI = confidence interval.
	Predictor
	Weighted aOR (95% CI)
	p

	Eosinophil ≥300 cells/µL
	7.36 (2.31 to 23.47)
	<0.001

	Antidepressant use
	2.94 (1.32 to 6.54)
	0.008

	Inhaler step-up
	0.09 (0.04 to 0.23)
	<0.001

	Follow-up attendance
	0.10 (0.03 to 0.32)
	<0.001

	FEV1 (per 1% predicted)
	0.96 (0.93 to 0.99)
	0.004


Supplementary Table ST2. Overfitting diagnostics: variance inflation factors and Firth penalized regression compared with the standard primary model.
Bold p-values indicate p<0.05. Model as specified in Methods Section 2.4, n=135.
	Predictor
	Standard aOR (95% CI)
	Standard p
	Firth aOR (95% CI)
	Firth p

	Eosinophil ≥300 cells/µL
	38.01 (3.51 to 411.9)
	0.003
	12.82 (2.21 to 110.60)
	0.004

	Antidepressant use
	4.61 (1.28 to 16.62)
	0.020
	3.21 (1.07 to 10.36)
	0.037

	Inhaler step-up
	0.06 (0.01 to 0.39)
	0.003
	0.119 (0.02 to 0.54)
	0.005

	FEV1 (per 1% predicted)
	0.933 (0.89 to 0.98)
	0.005
	0.951 (0.91 to 0.99)
	0.010

	Follow-up attendance
	0.154 (0.03 to 0.79)
	0.025
	0.232 (0.05 to 0.88)
	0.031

	Model collinearity: maximum VIF 5.16 (home triple therapy); all other predictors <2.6; mean VIF 1.89


Supplementary Table ST3. Sensitivity analysis: multivariable model excluding FEV1 and log(pro-BNP), fit in the largest available sample.
Multivariable logistic regression, n=348. Bold p-values indicate p<0.05. aOR = adjusted odds ratio; CI = confidence interval.
	Predictor
	aOR (95% CI)
	p

	Eosinophil ≥300 cells/µL
	8.97 (3.30 to 24.34)
	<0.001

	Antidepressant use
	2.15 (1.16 to 3.97)
	0.015

	Inhaler step-up
	0.16 (0.07 to 0.35)
	<0.001

	Follow-up attendance
	0.32 (0.16 to 0.67)
	0.002

	ICS addition at discharge
	0.13 (0.04 to 0.45)
	0.001

	Sex (male)
	2.00 (1.12 to 3.55)
	0.018


Supplementary Table ST4. Multiple imputation by chained equations (m=20), pooled by Rubin's rules, compared with the complete-case primary model.
FMI = fraction of missing information. Bold p-values indicate p<0.05. A dash indicates a value not applicable or not directly comparable.
	Predictor
	Complete-case aOR (95% CI)
	MI-pooled aOR (95% CI)
	MI p
	FMI

	Eosinophil ≥300 cells/µL
	38.01 (3.51 to 411.88)
	11.77 (4.05 to 34.24)
	<0.001
	0.09

	Antidepressant use
	4.61 (1.28 to 16.62)
	2.22 (1.17 to 4.21)
	0.014
	0.05

	Inhaler step-up
	0.061 (0.010 to 0.388)
	0.162 (0.071 to 0.367)
	<0.001
	0.04

	FEV1 (per 1% predicted)
	0.932 (0.887 to 0.979)
	0.970 (0.943 to 0.998)
	0.034
	0.50

	Follow-up attendance
	0.160 (0.033 to 0.791)
	0.347 (0.161 to 0.747)
	0.007
	0.06

	ICS addition at discharge
	not significant
	0.127 (0.035 to 0.457)
	0.002
	0.06

	Sex (male)
	not significant
	1.92 (1.06 to 3.48)
	0.033
	0.03

	Discharge triple therapy
	significant
	not significant
	—
	0.07

	log(pro-BNP)
	—
	—
	—
	0.28


Supplementary Table ST5. Blood eosinophil count modelled continuously (per 100 cells/µL increase) as a linear alternative to the ≥300 cells/µL threshold.
Bold p-values indicate p<0.05.
	Model
	OR per 100 cells/µL (95% CI)
	p
	n
	Note

	Univariate
	2.85 (2.13 to 3.80)
	<0.001
	352
	Full cohort

	Sensitivity model
	4.85 (3.14 to 7.49)
	<0.001
	348
	Excludes FEV1, log(pro-BNP)

	Primary model
	did not converge reliably
	—
	135
	Consistent with low EPV; not reported


Supplementary Table ST6. Characterization of 30-day respiratory readmissions among cases.
n=150 cases; overlap between causes was permitted, so percentages sum to more than 100%. Respiratory failure was not treated as a standalone diagnosis; such readmissions were classified by their underlying cause. ICU and mortality denominators are 149 owing to one missing record. IQR = interquartile range.
	Characteristic
	n / total
	%

	Readmission cause

	COPD exacerbation
	109 / 150
	72.7%

	Pneumonia
	78 / 150
	52.0%

	Both exacerbation and pneumonia
	37 / 150
	24.7%

	Timing and severity

	Median time to readmission, days (IQR)
	10 (5 to 18)

	ICU admission during readmission
	59 / 149
	39.6%

	     among exacerbation readmissions
	—
	41.7%

	     among pneumonia readmissions
	—
	44.2%

	Mortality during readmission encounter
	24 / 149
	16.1%


Supplementary Table ST7. Home and discharge inhaler-regimen distribution by case-control status and post hoc GOLD-aligned discharge regimen.
GOLD-aligned discharge regimen was defined as LABA+LAMA, or LABA+LAMA+ICS when admission eosinophils were ≥300 cells/µL. LABA = long-acting beta-agonist; LAMA = long-acting muscarinic antagonist; ICS = inhaled corticosteroid.
	Inhaler regimen
	Home (baseline)
	Discharge

	
	Cases n (%)
	Controls n (%)
	Cases n (%)
	Controls n (%)

	None
	44 (29.3%)
	70 (34.7%)
	21 (14.0%)
	5 (2.5%)

	LAMA (mono)
	11 (7.3%)
	20 (9.9%)
	12 (8.0%)
	10 (5.0%)

	LABA+LAMA
	12 (8.0%)
	16 (7.9%)
	20 (13.3%)
	38 (18.8%)

	LABA+ICS
	19 (12.7%)
	25 (12.4%)
	15 (10.0%)
	38 (18.8%)

	Triple therapy (LABA+LAMA+ICS)
	51 (34.0%)
	49 (24.3%)
	54 (36.0%)
	107 (53.0%)

	Nebulisers
	13 (8.7%)
	22 (10.9%)
	28 (18.7%)
	4 (2.0%)

	Post hoc GOLD-aligned discharge regimen — cases 31/150 (20.7%); controls 44/202 (21.8%); OR 0.94 (95% CI 0.56–1.57); p=0.80


Supplementary Table ST8. Cardiac biomarkers and readmission: univariate associations and estimates after adjustment for FEV1.
Univariate n=352 for HFpEF and n=245 for log(pro-BNP); adjusted model n=136. Bold p-values indicate p<0.05. HFpEF = heart failure with preserved ejection fraction.
	Marker
	OR (95% CI)
	p
	Model

	HFpEF
	2.00 (1.20 to 3.32)
	0.007
	Univariate

	HFpEF
	1.44 (0.54 to 3.83)
	0.469
	Adjusted for FEV1

	log(pro-BNP)
	1.27 (1.09 to 1.48)
	0.002
	Univariate

	log(pro-BNP)
	1.22 (0.94 to 1.59)
	0.138
	Adjusted for FEV1

	HFpEF × pro-BNP ≥1000 pg/mL
	10.46
	0.079
	Interaction term


Supplementary Table ST9. Prior hospitalization burden and 30-day respiratory readmission: dose-response across ordinal tiers.
Case rate = cases / (cases + controls) within each tier. Cochran-Armitage test for linear trend z=6.29; p<0.001. Continuous odds ratio per additional prior admission 1.36 (95% CI 1.21 to 1.53); p<0.001.
	Prior admissions in index year
	Controls, n
	Cases, n
	Case rate

	0
	72
	22
	23.4%

	1
	48
	22
	31.4%

	2
	39
	23
	37.1%

	3 to 4
	25
	55
	68.8%

	≥5
	18
	28
	60.9%




