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Background: Pulmonary tuberculosis (PTB) is increasingly recognized as a major precursor of chronic obstructive pulmonary disease
(COPD). However, validated tools to predict the risk of COPD following PTB cure remain limited. Early identification of individuals
at high risk is essential to facilitate targeted follow-up and preventive interventions.

Methods: This prospective cohort study was conducted at Hunan Chest Hospital. Adults with newly diagnosed PTB who completed
standard anti-tuberculosis treatment were enrolled between January and June 2023 and followed until June 2025. Follow-up
assessments were performed monthly during the first 3 months, quarterly from months 6 to 12, and every 6 months thereafter, with
standardized evaluation of respiratory symptoms and lung function. Incident COPD was defined as a post-bronchodilator FEV/FVC
ratio <0.70. Candidate predictors spanning demographic, clinical, inflammatory, and immunological domains were initially screened
using random forest ranking and least absolute shrinkage and selection operator regression, followed by multivariable logistic
regression. A prediction model was developed and internally validated using bootstrap resampling. Calibration was assessed using
calibration plots with 1000 bootstrap iterations, and clinical utility was evaluated by decision curve analysis.

Results: During follow-up, 83 of 324 participants (25.6%) developed COPD. Older age (=65 years), active smoking, cavitary PTB,
invasive fungal disease, dyspnea, an elevated systemic immune—inflammation index (SII), and a reduced CD4"/CD8" T-cell ratio were
independently associated with COPD development. A prediction model incorporating these seven variables demonstrated good
discrimination, with an area under the receiver operating characteristic curve of 0.806 (95% CI: 0.751-0.861), and satisfactory
calibration. Internal validation yielded a bootstrap-corrected concordance index of 0.787, indicating favorable clinical utility across a
broad range of decision thresholds.

Conclusion: More than one-quarter of patients developed COPD after PTB cure, highlighting the substantial burden of post-
tuberculosis respiratory sequelac. The proposed prediction model enables individualized risk stratification and may support early
surveillance and targeted preventive strategies, extending post-TB care beyond microbiological cure to long-term respiratory
outcomes.

Keywords: pulmonary tuberculosis, chronic obstructive pulmonary disease, risk prediction model, nomogram, receiver operating
characteristic analysis

Introduction

Chronic obstructive pulmonary disease (COPD) is currently the third leading cause of death worldwide and affects
hundreds of millions of individuals globally." Chronic respiratory diseases, particularly COPD, continue to impose a
substantial and increasing global health burden. Recent estimates from the World Health Organization indicate that
COPD will remain a major cause of morbidity and mortality, with important implications for health equity across regions
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(https://www.who.int/europe/publications/i/item/WHO-EURO-2025-12340-52112-79990). Modeling studies project that
the global number of people aged >25 years living with COPD will increase by approximately 23% between 2020 and

2050, reaching nearly 600 million cases by mid-century.” In 2019 alone, COPD accounted for an estimated 212.3 million
prevalent cases, 3.3 million deaths, and 74.4 million disability-adjusted life years (DALYs) globally,®> showing its
substantial and growing public health burden.

At the same time, post-tuberculosis lung disease (PTLD) represents a major yet underrecognized contributor to
chronic respiratory morbidity. PTLD is estimated to account for nearly 50% of the total DALY burden attributable to
tuberculosis (TB), imposing high social and economic costs.* Epidemiological evidence increasingly supports a strong
association between pulmonary TB (PTB) and subsequent COPD. A systematic review and meta-analysis showed that,
compared with individuals without TB, those with a history of PTB have a significantly increased risk of developing
COPD (odds ratio [OR] = 2.59, 95% confidence interval [CI]: 2.12-3.15; P< 0.001).” Despite high microbiological cure
rates with modern anti-tuberculosis chemotherapy, sputum conversion and radiographic improvement alone do not
signify complete recovery. Recent commentaries have therefore emphasized the need to explicitly define and incorporate
PTLD as a core long-term outcome in order to more comprehensively assess the enduring sequelae and functional
consequences of PTB.°

Growing evidence indicates that structural lung damage and functional impairment often persist after PTB cure, with
long-term implications for respiratory health.”® In a cohort of patients with confirmed TB, pulmonary function testing
revealed abnormalities in approximately three-quarters of those assessed, including obstructive, restrictive, and impaired
gas transfer patterns.” These abnormalities reflect the core pathophysiological features of COPD, supporting a mechan-
istic link between post-PTB pulmonary sequelae and incident COPD. During active infection, intense inflammatory
injury driven by Mycobacterium tuberculosis leads to parenchymal necrosis and tissue destruction.'” Notably, TB is

characterized by simultaneous tissue injury and repair processes,''

such that even after bacteriological cure, patients
frequently exhibit extensive fibrotic scarring, bronchiectasis, emphysema, and pleural thickening.'?> These residual
structural abnormalities disrupt normal lung architecture, impair pulmonary compliance and gas exchange, and create
a pathological substrate for chronic respiratory symptoms and recurrent infections.”'?

Despite growing recognition of PTB as a precursor to chronic airflow limitation, robust evidence regarding risk
factors for COPD development following PTB cure remains limited, and validated risk prediction models are lacking.
This knowledge gap hampers targeted long-term follow-up and the implementation of early preventive interventions in
clinical practice. Early identification and characterization of PTLD are therefore essential for tailored post-TB care,
including targeted surveillance, smoking cessation, pulmonary rehabilitation and early therapeutic intervention for
individuals at increased risk of long-term respiratory impairment.

To address this unmet need, the present prospective cohort study enrolled patients with newly diagnosed PTB who
completed standard anti-tuberculosis treatment and were followed after cure. The study aimed to identify factors
associated with COPD development after PTB cure and to develop an internally validated risk prediction model. This
model is intended to support individualized risk stratification, guide tailored follow-up strategies and inform early
preventive or therapeutic interventions, thereby improving clinical decision-making and long-term respiratory outcomes

after PTB.

Materials and Methods
Ethics

This prospective study was approved by the Institutional Ethics Committee of Hunan Chest Hospital (Approval No.
LS2025112602). Written informed consent was obtained from all participants prior to enrollment. The study was
conducted in accordance with the Declaration of Helsinki and applicable national regulations.

Participants
Between January and June 2023, consecutive adult patients with newly diagnosed PTB who presented at our hospital
were screened for eligibility. Patients were eligible if they were aged >18 years; met the diagnostic criteria for PTB
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according to the Chinese national standard Diagnosis for Pulmonary Tuberculosis (WS 288-2017);'* completed the full
standard anti-tuberculosis treatment regimen at our institution; had sputum smear negativity during the final month of
treatment; were able to understand the study procedures and comply with follow-up; and provided written informed
consent.

The study cohort was established after completion of anti-tuberculosis treatment. In this study, “baseline” refers to the
post-treatment assessment performed before hospital discharge and before the start of follow-up for incident COPD. This
time point was used to collect candidate predictor variables and to confirm that participants had completed treatment and
had no known COPD before follow-up. This investigation was designed as a prospective cohort study; therefore, no
participant matching was performed, because the objective was to evaluate predictors of incident COPD within a single
post-treatment PTB cohort.

Patients were excluded if they had a pre-existing diagnosis of COPD or other chronic respiratory diseases prior to
their current PTB diagnosis; concomitant infectious diseases (including hepatitis or HIV); malignancy or autoimmune
disease; pregnancy or lactation; incomplete clinical data or were lost to follow-up; or experienced a recurrence of PTB
during the follow-up period. Participants with incomplete outcome data or loss to follow-up were excluded from the final
analysis, and the number of excluded cases and reasons for exclusion are shown in the participant flow diagram.

Outcomes and Follow-Up

After completion of standard anti-tuberculosis treatment and discharge from hospital, participants were followed by
trained study personnel through scheduled outpatient visits until June 2025. Follow-up assessments were conducted
monthly during the first 3 months, every 3 months from months 6 to 12, and every 6 months thereafter.

At each follow-up visit, respiratory symptoms were assessed, and pulmonary function testing was performed. Incident
COPD was defined as persistent airflow limitation, indicated by a post-bronchodilator forced expiratory volume in one
second to forced vital capacity ratio (FEV/FVC) of less than 70% or below the lower limit of normal, in accordance with
international guidelines.'

Data Collection

Demographic and clinical information was collected using standardized case report forms based on structured patient
interviews and electronic medical record review. All data were obtained by trained clinicians and research staff according
to a predefined protocol. All candidate predictors used for model development were collected before the occurrence of
incident COPD during follow-up, thereby ensuring the temporal sequence between predictor assessment and outcome
development.

Demographic information was collected, including age, sex, height, weight, residential area, educational level, marital
status, smoking status, alcohol consumption, hypertension, diabetes, prior tuberculosis, Bacillus Calmette—-Guérin (BCQG)
vaccination status, and history of dust exposure. Smoking and alcohol consumption were assessed for the 6 months
before the baseline survey. Active smoking was defined as a lifetime consumption of >100 cigarettes or equivalent
tobacco exposure,'® whereas passive smoking was defined as exposure to secondhand smoke for more than 15 min per
day."” Alcohol consumption was defined as drinking at least once per week for a duration of six months'® or longer. Dust
exposure was defined as occupational or environmental exposure for at least one year, with an average weekly duration
exceeding 10 h."

Clinical variables included active PTB, cavitary PTB, invasive fungal disease (IFD), systemic corticosteroid use, and
pre-discharge symptoms (nutritional status, cough, dyspnea, chest tightness, and chest pain). Active and cavitary PTB
were defined based on the WS 288-2017 criteria and chest computed tomography findings. IFD was assessed using
serum galactomannan and (1—3)-B-D-glucan assays, combined with compatible clinical manifestations and radiologic
features.?® Nutritional status was evaluated using the Nutritional Risk Screening 2002 (NRS-2002) tool, with a score of
>3 indicating nutritional risk.*'

Fasting peripheral venous blood samples were collected at admission for complete blood counts and lymphocyte
subset analyses, including CD4" and CD8" T-cell counts. Blood cell-derived inflammatory indices, including the
neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), systemic immune-inflammation index (SII),
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and systemic inflammation response index (SIRI), were calculated. Immune dysfunction was defined as a CD4" T-cell
count <500 cells/uL or a CD4"/CD8" ratio <1.

Pulmonary function tests were conducted prior to discharge using standardized procedures. Measured parameters
included FVC, peak expiratory flow (PEF), FEV,, and the FEV/FVC ratio. Spirometry was performed by certified
respiratory technicians and interpreted by experienced pulmonologists according to American Thoracic Society/European
Respiratory Society guidelines.

Statistical Analysis

The final cohort comprised 324 participants, of whom 83 developed COPD during follow-up. This yielded an events-per-
variable ratio of approximately 11.9 for the final seven-predictor model, exceeding the commonly used minimum
threshold of 10 events per variable for multivariable logistic regression.”> This supported the adequacy of the sample
size for the final model and helped reduce the risk of model overtfitting.

Statistical analyses were performed using IBM SPSS Statistics version 25.0, R version 4.3.3, and MedCalc. The
normality of continuous variables was assessed using the Shapiro—Wilk test. Normally distributed data are presented as
mean + standard deviation, whereas non-normally distributed data are presented as median (interquartile range).
Categorical variables are reported as counts and percentages. Univariate comparisons between participants who devel-
oped COPD and those who did not were conducted using Student’s ¢-test, the Mann—Whitney U-test, or the y>-test, as
appropriate. Variables with P< 0.05 were considered for subsequent analyses.

To address collinearity among blood cell-derived inflammatory indices, a random forest model was used to rank their
relative importance based on the percentage increase in mean squared error (%IncMSE). Least absolute shrinkage and
selection operator (LASSO) regression was then applied to identify potential predictors among demographic, clinical,
and laboratory variables. Variables retained in the most parsimonious model were entered into a multivariable binary
logistic regression model to determine independent risk factors for post-PTB COPD.

A prediction model was constructed from the identified independent predictors and visualized using a nomogram.
Model performance was evaluated using receiver operating characteristic (ROC) curves, area under the curve (AUC),
sensitivity, specificity, and the Youden index. Internal validation was performed using bootstrap resampling with 1000
iterations. Discrimination was quantified using the concordance index, and calibration was assessed using bootstrap-
corrected calibration plots comparing predicted and observed probabilities.”” The Hosmer—Lemeshow goodness-of-fit
test was additionally performed. Clinical utility was evaluated using decision curve analysis, which quantified net benefit
across a range of threshold probabilities. All statistical tests were two-sided, and P value <0.05 was considered
statistically significant.

Results

Baseline Characteristics

A total of 697 patients with newly diagnosed PTB were initially screened. Of these, 373 were excluded for the following
reasons: pre-existing COPD or other chronic respiratory diseases before the current PTB diagnosis (n = 60), concomitant
infectious diseases such as hepatitis or HIV infection (n = 31), malignancy or autoimmune disease (n = 5), pregnancy or
lactation (n = 10), incomplete clinical data (n = 75), loss to follow-up (n = 172), or recurrent PTB during follow-up (n =
22). Finally, 324 participants were included in the analysis. The participant selection process is shown in Figure 1.
Baseline characteristics were compared between included and excluded patients and are presented inSupplementary
Table 1. No statistically significant differences were observed between the two groups, indicating that the final analytic
cohort was broadly comparable with the initially eligible population.

The baseline characteristics of the 324 included participants are shown in Table 1. The mean age was 51.8+15.9
years, with 23.8% aged >65 years, and 69.8% were male. The mean body mass index was 22.0+3.5kgm 2. Active
smoking was reported by 53.4% of participants and passive smoking by 58.0%. Hypertension and diabetes were present
in 32.1% and 29.3%, respectively, and 87.3% had documented BCG vaccination.
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Inclusion criteria:

» Age> 18 years.

» Newly diagnosed with pulmonary tuberculosis.

» Completed full standard anti-tuberculosis treatment at our institution.

» Tested negative on sputum smear in the last treatment month.

A total of 697 patients newly diagnosed with pulmonary tuberculosis
at our hospital from January to June 2023 were initially enrolled.

Excluded:
» Pre-existing COPD and other respiratory diseases(#=60).

» Concurrent other infectious diseases(e.g., hepatitis, HIV)(n=31).

» Malignancies and other immune disorders(n=5).
» Pregnant or breastfeeding women(n=10).

» Incomplete data/information(n=73) or lost to follow-up(n=172).

» PTB recurrence during follow-up(n=22).

A total of 324 patients were finally included in this study.

Figure | Flow diagram of participant screening, inclusion, and exclusion.

Among them, pulmonary function tests showed a mean FVC 0of 2.6 £ 0.2 L, FEV, of 1.8 £ 0.2 L, PEF of 72.7 £ 6.7 L/
min, and FEV/FVC ratio of 69.1 £ 7.8%. During follow-up, 83 of 324 participants developed COPD, corresponding to a
cumulative incidence of 25.6%.

Risk Factors for COPD After PTB

Univariate Analysis

Baseline demographic characteristics, clinical features, and laboratory indices in the non-COPD and COPD groups are
shown in Table 2. Participants who developed COPD were older and more likely to report active smoking, passive
smoking, dust exposure, and absence of BCG vaccination (all P<0.05). They also had higher prevalences of cavitary
pulmonary tuberculosis, IFD, systemic corticosteroid use, cough, and dyspnea. Laboratory analyses revealed lower
lymphocyte counts, higher neutrophil counts, elevated inflammatory indices (NLR, PLR, SII, and SIRI), and a reduced
CD4"/CDS8" T-cell ratio (all P<0.05). Correlation analyses showed positive associations between COPD occurrence and
inflammatory indices (Supplementary Figure 1). Random forest analysis identified SII as the most influential inflamma-

tory marker and selected it for subsequent modeling (Supplementary Figure 2).

Identification of Candidate Predictors Using LASSO Regression

Thirteen variables associated with COPD occurrence in univariate analyses (P<0.05) were entered into a LASSO
regression model (Table 3). As shown in Figure 2, regression coefficients were progressively shrunk toward zero to
minimize overfitting. Using ten-fold cross-validation, the most parsimonious model retained 11 variables with non-zero
coefficients: age, active smoking, dust exposure, BCG vaccination status, cavitary pulmonary tuberculosis, IFD, systemic
corticosteroid use, cough, dyspnea, SII, and the CD4"/CD8" T-cell ratio.

Multivariable Logistic Regression Analysis

The 11 variables selected by LASSO regression were subsequently entered into a multivariable logistic regression model.
Collinearity diagnostics showed variance inflation factors <2 for all predictors, indicating no significant multicollinearity
(Supplementary Table 2). The omnibus test of model coefficients was significant (¥2>=90.270, P<0.05). Model calibration

was satisfactory, as indicated by the Hosmer—Lemeshow goodness-of-fit test (}*=3.553, P=0.895).
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Table | Baseline Demographic Characteristics of Subjects in This Study

(n = 324)

Variable n (Mean £ SD) or Percentage (%)
Age, years 324 519+ 159
Age group, n (%)

< 65 years 247 76.2

2 65 years 77 238
Sex, n (%)

Male 226 69.8

Female 98 30.2
Body mass index, kg m 2 324 220+ 35
Residence, n (%)

Urban 99 30.6

Rural 225 69.4
Educational level, n (%)

Primary school or below 106 327

Junior high/technical school 106 327

Senior high/vocational school 69 21.3

College or above 43 133
Marital status, n (%)

Married 224 69.2

Divorced or widowed 6l 18.8

Unmarried 39 12.0
Active smoking, n (%)

No 151 46.6

Yes 173 53.4
Passive smoking, n (%)

No 136 42

Yes 188 58
Alcohol consumption, n (%)

No 181 55.9

Yes 143 44.1
Dust exposure, n (%)

No 292 90.1

Yes 32 9.9
Hypertension, n (%)

No 220 67.9

Yes 104 32.1
Diabetes mellitus, n (%)

No 229 70.7

Yes 95 29.3
BCG vaccination, n (%)

No 41 12.7

Yes 283 87.3

As shown in Table 4, seven variables were independently associated with the development of COPD after PTB cure.
Participants aged >65 years had a higher risk of COPD compared to those aged <65 years (OR 2.512, 95% CI 1.258-
5.016; P=0.009). Active smoking was associated with an almost threefold increased risk (OR 2.815, 95% CI 1.505—
5.263; P=0.001). Cavitary pulmonary tuberculosis was also an independent risk factor (OR 2.689, 95% CI 1.305-5.541;
P=0.007), as was IFD (OR 1.923, 95% CI 1.039-3.560; P=0.037).

Dyspnea was significantly associated with increased COPD risk (OR, 2.796, 95% CI 1.201-6.510; P=0.017).
Higher SII values were independently associated with a greater risk of COPD (OR, 1.001; 95% CI, 1.0005-1.002;
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Table 2 Comparison of Baseline Demographic Characteristics, Clinical Features,
and Laboratory Indices Between Non-COPD Group and COPD Group (n=324)

Variable Non-COPD Group COPD Group P
(n = 241) (n=83) value
Demographic
Age, years 50.0+154 57.7+16.1 <0.001
Age group, n (%) <0.001
< 65 years 200 (83.0) 47 (56.6)
2 65 years 41 (17.0) 36 (43.4)
Sex, n (%) 0.175
Male 173 (71.8) 53 (63.9)
Female 68 (28.2) 30 (36.1)
Body mass index, kg m2 22.1 £35 21.8+34 0.419
Residence, n (%) 0.353
Urban 77 (32.0) 22 (26.5)
Rural 164 (68.0) 61 (73.5)
Educational level, n (%) 0.808
Primary school or below 76 (31.5) 30 (36.1)
Junior high/technical school 80 (33.2) 26 (31.3)
Senior high/vocational school 51 (21.2) 18 (21.7)
College or above 34 (14.1) 9 (10.9)
Marital status, n (%) 0.292
Married 170 (70.5) 54 (65.1)
Divorced or widowed 46 (19.1) 15 (18.1)
Unmarried 25 (10.4) 14 (16.9)
Medical history
Active smoking, n (%) <0.001
No 129 (53.5) 22 (26.5)
Yes 112 (46.5) 61 (73.5)
Passive smoking, n (%) 0.023
No 110 (45.6) 26 (31.3)
Yes 131 (54.4) 57 (68.7)
Alcohol consumption, n (%) 0.388
No 138 (57.3) 43 (51.8)
Yes 103 (42.7) 40 (48.2)
Dust exposure, n (%) 0.04
No 222 (92.1) 70 (84.3)
Yes 19 (7.9) 13 (15.7)
Hypertension, n (%) 0.36
No 167 (69.3) 53 (63.9)
Yes 74 (30.7) 30 (36.1)
Diabetes mellitus, n (%) 0.052
No 178 (73.9) 52 (62.7)
Yes 63 (26.1) 31 (37.3)
BCG vaccination, n (%) 0.004
No 23 (9.5) 18 (21.7)
Yes 218 (90.5) 65 (78.3)
Symptoms and underlying
conditions
Cough, n (%) 0.049
No 186 (77.2) 55 (66.3)
Yes 55 (22.8) 28 (33.7)

(Continued)
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Table 2 (Continued).

Variable Non-COPD Group COPD Group P
(n = 241) (n=83) value
Dyspnea, n (%) <0.001
No 224 (92.9) 62 (74.7)
Yes 17 (7.1) 21 (25.3)
Chest tightness or pain, n (%) 0.089
No 228 (94.6) 74 (89.2)
Yes 13 (5.4) 9 (l10.8)
Malnutrition, n (%) 0.085
No 208 (86.3) 65 (78.3)
Yes 33 (13.7) 18 (21.8)
Active pulmonary tuberculosis, 0.078
n (%)
No 105 (43.6) 27 (32.5)
Yes 136 (55.4) 56 (67.5)
Cavitary pulmonary <0.001
tuberculosis, n (%)
No 201 (83.4) 52 (62.7)
Yes 40 (16.6) 31 (37.3)
Invasive fungal disease, n (%) 0.008
No 125 (51.9) 29 (34.9)
Yes 116 (48.1) 54 (65.1)
Systemic corticosteroid use, n 0.004
(%)
No 220 (91.3) 66 (79.5)
Yes 21 (8.7) 17 (20.5)
Laboratory examinations
White blood cell count, x 10%/L 7.7 (6.0, 9.0) 8.5 (6.6,9.2) 0.022
Lymphocyte count, x |0%/L 1.5 (1.2, 1.7) 1.4 (1.1, 1.6) 0.002
Neutrophil count, x10%/L 4.0 (34, 4.9) 4.9 (3.8, 5.9) 0.001
Monocyte count, x10%/L 1.0 (0.5, 2.3) 1.4 (0.6, 2.0) 0.459
Platelet count, x 10%/L 343.0 (273.0, 409.0) 352.0 (288.0, 0.063
444.0)
Neutrophil-to-lymphocyte ratio 2.8 (2.2, 3.8) 3.6 (2.6, 4.5) <0.001
(NLR)
Platelet-to-lymphocyte ratio 241.6 (180.6, 286.1) 252.2 (230.2, 0.002
(PLR) 331.8)
Systemic immune-inflammation 864.2 (663.4, 1338.2) 1257.6 (920.5, <0.001
index (Sll) 1617.5)
Systemic inflammation response 3.0 (1.4, 6.6) 4.6 (2.2, 8.2) 0.019
index (SIRI)
CD4"/CD8" T-cell ratio 1.8 (1.2, 2.3) 1.2 (0.8, 2.0) <0.001

P<0.001), whereas a lower CD4"/CD8" T-cell ratio was also a significant predictor of increased risk (OR, 0.692,
95% CI 0.487-0.981; P=0.039).

Development and Validation of the Prediction Model
A prediction model incorporating age, active smoking, cavitary pulmonary tuberculosis, IFD, dyspnea, SII, and the CD4
*/CD8" T-cell ratio was developed and visualized as a nomogram (Supplementary Table 3 and Figure 3). Model
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Table 3 Coding Scheme for Variables Included in the Regression Analyses

Factors Variable Code | Coding Scheme
Age group Xl < 65 years = |; 2 65 years =2
Active smoking X2 No =0; Yes = |
Passive smoking X3 No =0; Yes = |
Dust exposure X4 No = 0; Yes = |
BCG vaccination X5 No = 0; Yes = |
Cavitary pulmonary tuberculosis X6 No =0; Yes = |
Invasive fungal disease X7 No =0; Yes = |
Systemic corticosteroid use X8 No =0; Yes = |
Cough X9 No =0; Yes = |
Dyspnea X10 No = 0; Yes = |
White blood cell count X1 Continuous variable
Systemic immune-inflammation index (SII) X12 Continuous variable
CD4"/CD8" T-cell ratio X13 Continuous variable
Post-treatment COPD Y No = 0; Yes = |

discrimination was assessed using ROC analysis (Figure 4). The AUC was 0.806 (95% CI, 0.751-0.861), with a
sensitivity of 74.7%, specificity of 78.8%, and a Youden index of 0.535.

Internal validation using bootstrap resampling (1000 iterations) yielded a concordance index of 0.806 before
optimism correction and 0.787 after correction, indicating stable discriminative performance. Calibration analysis
showed close agreement between predicted and observed risks, with a mean absolute error of 0.025 (Supplementary
Figure 3). Decision curve analysis demonstrated that the prediction model provided a net clinical benefit across a wide
range of threshold probabilities (0.08—0.94). Within this range, the model consistently outperformed both the treat-all and
treat-none strategies, supporting its favorable clinical utility for risk stratification after PTB cure (Supplementary

Figure 4).

Discussion

Approximately 60% of individuals experience persistent pulmonary function impairment following the completion of
PTB treatment, highlighting the substantial burden of PTLD.” Although the diagnostic criteria for chronic respiratory
diseases such as COPD continue to evolve, persistent airflow limitation remains a central feature of their definition.
Despite growing international evidence linking PTB to the subsequent development of COPD, validated tools for
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Figure 2 Variable selection for predictors of post-tuberculosis COPD using LASSO regression. (A) Coefficient profiles of candidate predictors as a function of the
penalization parameter (). (B) Ten-fold cross-validation for selection of the optimal A, resulting in retention of || variables with non-zero coefficients.
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Table 4 Multivariable Logistic Regression Analysis of Factors Associated with COPD After PTB Cure

Variable p Coefficient s.e. Wald »* Odds Ratio (95% CI) P value
Age group
< 65 years Reference 1.00 (Reference)

2 65 years 0.921 0.353 6.815 2.51 (1.26-5.02) 0.009
Active smoking
No Reference - - 1.00 (Reference) -
Yes 1.035 0.319 10.506 2.82 (1.51-5.26) 0.001
Dust exposure
No Reference - - 1.00 (Reference) -
Yes 0.837 0.492 2.89 2.31 (0.88-6.06) 0.089
BCG vaccination

No Reference - - 1.00 (Reference) -

Yes —0.574 0.45 1.626 0.56 (0.23-1.36) 0.202
Cavitary PTB

No Reference - - 1.00 (Reference) -

Yes 0.989 0.369 7.194 2.69 (1.31-5.54) 0.007

Invasive fungal disease
No Reference - - 1.00 (Reference) -
Yes 0.654 0.314 433 1.92 (1.04-3.56) 0.037

Systemic corticosteroid use

No Reference - - 1.00 (Reference) -

Yes 0.309 0.479 0416 1.36 (0.53-3.48) 0.519
Cough

No Reference - - 1.00 (Reference) -

Yes 0.585 0.337 3.022 1.80 (0.93-3.47) 0.082
Dyspnea

No Reference - - 1.00 (Reference) -

Yes 1.028 0.431 5.686 2.80 (1.20-6.51) 0.017
Sl 0.001 <0.001 12.541 1.001 (1.0005-1.002) <0.001

CD4%/CD8" T-cell ratio —0.369 0.179 427 0.69 (0.49-0.98) 0.039

Abbreviations: Cl, confidence interval; OR, odds ratio; PTB, pulmonary tuberculosis; SE, standard error; SlI, systemic immune—
inflammation index.

predicting the risk of COPD after PTB cure remain limited. Early identification is clinically important, as it enables
timely intervention. However, post-TB COPD is clinically heterogeneous, often presenting with overlapping respiratory
symptoms and, in some cases, residual tuberculosis-related systemic manifestations, which complicate early recognition
and management.* These challenges highlight the need for reliable risk-prediction tools.

This prospective cohort study was therefore designed to identify risk factors for COPD following PTB cure and to
develop a clinically applicable prediction model. During follow-up, 83 of 324 participants (25.6%) developed COPD,
confirming the substantial burden of post-tuberculosis respiratory sequelae. Multivariable analysis identified older age
(>65 years), active smoking, cavitary PTB, IFD, dyspnea, an elevated SII, and a reduced CD4"/CD8" T-cell ratio as
independent predictors. By integrating these seven variables, we constructed and internally validated a prediction model
that demonstrated good discrimination (AUC = 0.806; 95% CI, 0.751-0.861), satisfactory calibration, and favorable
clinical utility as evidenced by decision curve analysis. Compared with previous studies that relied primarily on cross-
sectional or retrospective designs to identify risk factors for post-tuberculosis airflow limitation, the present study
provides prospective evidence and integrates these predictors into a unified, clinically applicable risk prediction
model. The model therefore extends existing knowledge by offering a pragmatic framework for individualized risk

assessment and informed clinical decision-making in post-TB care.
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Figure 3 Nomogram for predicting the risk of chronic obstructive pulmonary disease after pulmonary tuberculosis cure. The nomogram integrates age, active smoking
status, cavitary pulmonary tuberculosis (CPTB), invasive fungal disease, dyspnea, systemic immune-inflammation index (Sll), and the CD4"/CD8" T-cell ratio to estimate
individualized COPD risk.

At present, evidence on the development of COPD following successful treatment of PTB remains limited, primarily
derived from cross-sectional studies and retrospective analyses. For example, Park et al** reported that a history of PTB
adversely affected COPD severity and that this effect persisted for several years, ultimately leading to poorer long-term
outcomes. Similarly, Wang et al>> demonstrated that COPD patients with prior PTB exhibited more severe airflow
limitation and a greater symptom burden. Long-term functional impairment after PTB has also been documented by
Nishi et al,® who showed that residual parenchymal destruction following cure leads to impaired lung compliance,
peripheral airway collapse, air trapping, and progressive decline in pulmonary function. Imaging-based studies further
support these observations. Salvagno et al?’ identified residual fibrotic lesions and bronchiectasis after PTB as key
anatomical substrates driving COPD-like pathological changes, particularly among patients with multilobe involvement
or cavitary disease. Collectively, these findings indicate a clear association between PTB and subsequent COPD.
Consistent with this evidence, our prospective cohort demonstrated that a substantial proportion of newly diagnosed
PTB patients developed COPD after completing standard anti-tuberculosis therapy, with an incidence of 25.6% (83/324).
These results align with recent prospective data from a Chinese cohort,”® which reported a considerable burden of post-
tuberculosis obstructive disease even among never-smokers, and with a multicentre study from Romania®® showing that
prior PTB accelerates both the onset and severity of COPD, with cavitary disease identified as a significant risk factor.
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Figure 4 Discriminative performance of the prediction model for chronic obstructive pulmonary disease after pulmonary tuberculosis cure. Receiver operating
characteristic curve illustrating the ability of the prediction model to discriminate between participants who did and did not develop COPD after pulmonary tuberculosis
cure. The area under the curve was 0.806 (95% Cl 0.751-0.861). At the optimal cut-off value, the model achieved a sensitivity of 74.7% and a specificity of 78.8%,
corresponding to a Youden index of 0.535. The diagonal line represents the reference line of no discrimination.

Together, these prospective findings strengthen the evidence for a temporal and potentially causal relationship between
PTB and COPD.

In the present study, older age and active smoking emerged as independent risk factors for COPD following PTB
cure. Patients aged >65 years had a significantly higher risk of developing COPD than younger individuals, consistent

131

with the established epidemiological characteristics of COPD and prior reports by Wang et al*® and Guo et al*' Age-

related physiological changes, including reduced lung elastic recoil and progressive small airway dysfunction, may
synergize with PTB-induced structural lung injury, collectively accelerating the progression of airflow limitation.’*?
Unlike most previous studies that focused solely on active smoking, we evaluated both active and passive tobacco
exposure. Although both were associated with COPD occurrence in univariate analyses, only active smoking remained
significant in multivariable models. Toxic components of cigarette smoke directly damage the airway epithelium and
lung parenchyma while amplifying the chronic inflammatory milieu that persists after PTB cure, resulting in a synergistic
detrimental effect on lung structure and function.***> While smoking is a well-recognized risk factor for COPD,?**” the
potential contribution of passive smoking should not be overlooked, particularly in susceptible populations.*® Emerging
evidence further indicates that COPD in low- and middle-income countries is increasingly driven by factors beyond
smoking, including prior pulmonary infections such as tuberculosis, environmental exposures, and socioeconomic
determinants.>*** These observations underscore the relevance of tuberculosis as a key contributor to chronic airflow
limitation and reinforce the clinical importance of identifying at-risk individuals following PTB cure.

We further identified cavitary pulmonary tuberculosis, IFD, and dyspnea as independent predictors of COPD
following PTB cure. Cavitary PTB represents one of the most destructive forms of tuberculosis and plays a pivotal
role in post-PTB COPD development. Extensive parenchymal destruction and fibrosis associated with cavitary disease
result in ineffective ventilation and irreversible airway distortion, leading to dynamic airflow limitation.*'** Even after
mycobacterial clearance, the fibrotic and granulomatous cavity wall may persist as a chronic, non-infectious inflamma-
tory focus,*® continuously releasing inflammatory mediators that promote ongoing tissue remodeling and systemic
immune activation, thereby providing a clear anatomical and biological basis for persistent airflow obstruction.

Emerging evidence suggests that IFD is a novel risk factor for COPD development after PTB cure.**** Residual
cavities and bronchiectatic airways provide an optimal environment for fungal colonization or infection. Persistent fungal
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burden may trigger recurrent local immune activation, resulting in airway wall thickening, mucus retention, and
progressive functional impairment.*® Such a “secondary insult” may play a critical role in the pathophysiological
evolution of PTB-associated COPD.

Dyspnea persisting after PTB cure likely reflects early airflow limitation or impaired pulmonary reserve and may
serve as a readily identifiable clinical signal of impending COPD. Its inclusion as a predictor highlights the importance of
symptom-based surveillance for early risk identification.

In addition to clinical and radiological factors, elevated SII and a reduced CD4"/CD8" T-cell ratio were independently
associated with COPD development following PTB cure. Previous studies have highlighted the roles of neutrophils,
cytokines, and other inflammatory mediators in lung injury and PTLD.*”* Inflammatory biomarkers have also been
implicated in tuberculosis-associated obstructive pulmonary disease; for example, the systemic inflammation response
index (SIRI) has been shown to predict an increased risk of obstructive disease in patients with tuberculosis, supporting
the biological plausibility of inflammation-driven airway remodeling.*” SII, a composite index integrating neutrophil,
platelet, and lymphocyte counts, provides a more comprehensive reflection of systemic inflammatory status and immune

1°° and Mammadova et al’' higher SII levels were associated with an

balance. Consistent with findings from Yu et a
increased risk of COPD, likely reflecting sustained systemic inflammation that exacerbates chronic lung injury and
aberrant repair processes.”> This inflammatory milieu may synergize with structural lung damage, directly promoting
airway remodeling and emphysematous changes.”® Notably, SII has also been linked to PTB disease severity and may
serve as a predictive biomarker.>* The CD4"/CD8" T-cell ratio is a central indicator of immune homeostasis.”> A reduced
CD4"/CD8" T-cell ratio suggests immune imbalance, potentially related to immunosenescence or chronic immune
activation leading to T-cell exhaustion.’®>” The persistence of this imbalance after PTB cure implies incomplete immune
recovery and a shift toward chronic immune dysregulation, which may impair the immune-mediated regulation of lung
repair and regeneration.>®*° Together, the dominance of inflammatory injury (as indicated by high SII) and the relative
deficiency in immune repair capacity (reflected by a low CD4'/CDS8" ratio) constitute a key pathophysiological frame-
work driving COPD development and progression following PTB.

In this study, we developed a prediction model incorporating seven variables—age, active smoking, cavitary
pulmonary tuberculosis, IFD, dyspnea, SII, and the CD4"/CD8" T-cell ratio—and demonstrated good discriminative
performance, with an AUC of 0.806 (95% CI, 0.751-0.861). The model exhibited stable and reliable predictive
performance, suggesting a reasonable degree of generalizability. This robustness can be attributed to the rigorous
methodological framework employed. Specifically, machine-learning—assisted variable selection was combined with
multivariable logistic regression, and model performance was comprehensively evaluated using complementary indices
of discrimination, calibration, and clinical utility.

This approach facilitated the identification of an optimal and parsimonious model while mitigating overfitting and
selection bias. In addition, the contribution of individual predictors was quantified using SHAP values, enhancing model
transparency and interpretability. From a clinical perspective, the integration of demographic, behavioral, disease
severity—related, inflammatory, and immune parameters enables a multidimensional and pragmatic approach to risk
assessment. This model enables the rapid estimation of individual risk following PTB cure and supports early risk
stratification. Its application may facilitate targeted follow-up, early warning, and timely preventive interventions in
routine clinical practice, thereby improving long-term respiratory outcomes and advancing comprehensive post-tubercu-
losis care. Importantly, the proposed model is intended for risk stratification and clinical prediction rather than for
establishing causal relationships. Given the observational design and the application of multiple variable selection
techniques, including random forest ranking and LASSO regression, the identified predictors should be interpreted as
indicators of risk rather than direct causal determinants of post-PTB COPD.

Despite its strengths as a prospective, disease-specific cohort study with comprehensive risk assessment, several
limitations merit consideration. First, this was a single-center study without external validation; however, internal
validation using bootstrap resampling was performed to maximize data utilization and ensure model robustness, and
the adequate number of outcome events relative to predictors further mitigated the risk of overfitting. Second, given the
chronic and progressive nature of COPD, the relatively short follow-up period may have led to an underestimation of
COPD incidence. Third, exclusion of participants with missing data or loss to follow-up may have introduced selection
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bias; nevertheless, the prospective design with structured follow-up and the relatively low proportion of excluded
participants likely attenuated this impact. Fourth, other incident respiratory diseases during follow-up, such as asthma,
bronchiectasis, or interstitial lung disease, were not systematically evaluated and may have contributed to airflow
limitation, potentially leading to outcome misclassification and affecting the accuracy of incidence estimates and the
predictive performance of the model. Fifth, patients with recurrent PTB after cure were excluded to ensure cohort
homogeneity; however, these individuals represent a particularly high-risk group for chronic pulmonary sequelae,
potentially limiting the generalizability of the findings. Moreover, differences in tuberculosis prevalence, smoking
behaviors, comorbidity profiles, and healthcare resources across clinical settings and countries may influence model
performance. External validation in independent cohorts from diverse geographic regions and clinical environments is
therefore essential before widespread clinical implementation. Finally, the formal definition of PTLD was published in
2025, after the study was designed; consequently, COPD cases were not classified according to PTLD criteria.®® Future
studies should incorporate standardized PTLD definitions to enhance comparability and interpretability across
investigations.

Conclusion

In conclusion, this prospective cohort study showed that COPD was common among patients after completion of
treatment for newly diagnosed PTB. Older age, active smoking, cavitary PTB, invasive fungal disease, dyspnoea,
elevated SII and a reduced CD4"/CD8" T-cell ratio were independently associated with COPD development. By
integrating these clinical, radiological, inflammatory and immunological predictors, we developed and internally vali-
dated a risk prediction model with good discrimination and satisfactory calibration. This model may provide a practical
framework for individualized risk stratification and risk-guided post-TB follow-up. However, given the single-centre
design, lack of external validation and relatively limited follow-up duration, the findings should be interpreted with
caution. External validation in independent and geographically diverse cohorts is warranted before broader clinical
implementation.
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