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Purpose: Cigarette smoking is the most recognized risk factor of chronic obstructive pulmonary disease (COPD) in China. However,
there are no studies analyzing the impact of different smoking behaviors on pulmonary function and pulmonary hypertension (PH)
among Chinese male patients with COPD.

Patients and Methods: Chinese male smokers with COPD performed pulmonary function tests. Clinical characteristics, smoking
behavior features, spirometry and echocardiographic results were compared between the two groups stratified by initial smoking age
(18 years old) or complicated PH.

Results: The early-smoking group had more respiratory symptoms, more severe smoking behavior, worse pulmonary function with
lower FEV1%pre (38.5% vs 70.2%) and FEV1/FVC% (47.5% vs 63.8%), and higher systolic pulmonary artery pressure (sSPAP: 38.6
vs 33.9 mmHg) than the late-smoking group. Initiating smoking before adulthood was an independently contributing factor of
ventilatory dysfunction and Global Initiative for Obstructive Lung Disease (GOLD) stage escalation. It also had a significant
interaction with long smoking duration (=30 years), characterized by markedly decreased lung volumes (VC%pre: 64.0% vs
84.5%), impaired diffusing capacity (DLCO%pre: 58.0% vs 76.8%) and severe emphysema (RV/TLC%pre: 145.2% vs 130.2%).
COPD patients complicated with PH exhibited worse ventilatory function (FEV1%pre: 43.2% vs 56.2%), impaired diffusion capacity
(DLCO%pre: 56.7% vs 77.1%) and decreased lung volume (VC%pre: 67.67% vs 75.38%). Both severe smoking behaviors and
impaired pulmonary function had close correlations with sPAP.

Conclusion: The early-smoking group exhibited predominantly ventilation dysfunction and had complex interactions with long
smoking duration to further affect lung volume and diffusion capacity. Different smoking behaviors influenced variations of pulmonary
dysfunction and comorbid PH in patients with COPD.

Keywords: chronic obstructive pulmonary disease, pulmonary function, smoking behavior, initial smoking age, pulmonary
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Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by persistent airflow obstruction and multiple comorbid-
ities due to exposure to inhaled noxious particles, notably tobacco smoke.' According to forecasts by the World Health
Organization, COPD will become one of the three leading causes of death worldwide by 2030.> The China Pulmonary
Health study found that the direct medical cost of COPD accounted for 33.33—118.09% of the average annual income.”
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However, only 2.6% of the patients are aware of having COPD and 12% undergo pulmonary function tests.” The mortality
rate of COPD will keep increasing unless urgent action is taken to reduce underlying risk factors, particularly tobacco use.’

Cigarette smoking is the most recognized risk factor of COPD with an estimated 312 million Chinese who are
smoking.” Compared to smoking-related COPD, non-smokers have predominantly small airway dysfunction with less
emphysema, and slower rates of decline in ventilatory (FEV1) and diffuse function (DLCO/VA).”®* The pathogenesis of
smoking-related COPD includes the protease, anti-protease, oxidant-antioxidant hypotheses, and abnormal repair
processes.” The factors of smoking behavior (smoking habit, initial smoking age, smoking duration) influence the
occurrence of COPD.’ Since the decline in lung function occurs progressively after 25-35 years of age, the age factor
in the case of COPD plays a critical role in increased cell aging, increased oxidative stress, and protective pathways such
as autophagy.'®'" Smoking duration and pack-years may have negative impacts on FEV1%pre.'> Smoking causes serious
destruction of the lung parenchyma such as alveolar tissue. Thus, the variability of structural lung changes and
pulmonary dysfunction may be obvious among patients with different smoking behavior.

Perceptions about the risk and management of COPD differ between physicians and patients.'® Patients may under-
estimate the role of smoking in COPD, and relatively little is known about the impact of different smoking behavior on
COPD. Therefore, our study was designed to focus on the smoking behavior features, pulmonary function and
echocardiographic data in order to identify whether lung function impairments and pulmonary hypertension differ by
the impact of different smoking behaviors in Chinese male patients with COPD.

Materials and Methods
Study Design and Population

This cross-sectional study was conducted at the Department of Pulmonary Medicine, Xiamen Branch, Zhongshan hospital,
Fudan University between January 2019 and June 2022. All enrolled participants were Chinese male smokers, who had persistent
respiratory symptoms or a history of risk factors combined with an initial diagnosis of COPD based on the 2023 Global Initiative
for Obstructive Lung Disease (GOLD) diagnostic criteria.' The inclusion criterion included: 1) male current smokers >18 years
of age; 2) smoking duration >one year; 3) effective data of pulmonary function tests (PFTs) at Zhongshan Hospital; 4) forced
expiratory volume at one second/forced vital capacity (FEV1/FVC) <70% after inhalation of a bronchodilator. Exclusion criteria
were as follows: 1) pneumonia, lung cancer, acute respiratory failure, active pulmonary tuberculosis, bronchiectasis, pulmonary
embolism, pneumoconiosis, pulmonary edema, interstitial lung disease or other comorbid lung diseases; 2) only asthma or
restrictive ventilatory disorder; 3) previous thoracic surgery; 4) severe heart, liver or kidney dysfunction; 5) history of malignant
diseases; 6) systemic steroid use within the last two weeks or immunocompromised status; 7) idiopathic or secondary pulmonary
hypertension (PH) caused by congenital/valvular heart diseases or heart failure. All participants were provided written informed
consent, and this study was approved by the ethics review committee of Xiamen Branch, Zhongshan Hospital, Fudan University
(No. B2022-047) in accordance with the Declaration of Helsinki.

Measurement of Pulmonary Function

Two experienced physicians independently collected spirometry data (VC, VC%pre, FVC, FVC%pre, FEV1, FEV1%pre,
FEV1/FVC%, FEV1/FVC%pre, PEF%pre, PEF25%pre, PEF50%pre, PEF75%pre, MMEF%pre, RV%pre, TLC%pre, RV/
TLC%pre, DLCO%pre, KCO%pre, bronchodilator reversibility (BDR)) and echocardiographic data (left atrium diameter,
interventricular septal thickness, systolic pulmonary artery pressure (sPAP), left ventricular ejection fractions). PFTs were
conducted for at least three manoeuvres in a standing position following standard procedures using the Jacger Master Screen
PFT System spirometer (CareFusion, Germany) until FVC and FEV1 were repeatable within 150 mL with the best measure
recorded.'® Spirometry was performed before bronchodilation and 15 minutes after inhalation of 400 pg of salbutamol to
assess postbronchodilator FEV1/FVC. BDR was defined as an increase of at least 12% and 200 mL in FEV1 or FVC. When
a patient underwent multiple spirometry measurements, the first test result was used to exclude the possible treatment effect on
spirometry results. All spirometry data were centrally reviewed by an expert panel to determine whether they fulfilled the
reproducibility and acceptability criteria of the American Thoracic Society/European Respiratory Society Task Force.'> The
European Community of Coal and Steel predicted equations were used to calculate predicted values.'®
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Variables and Definitions
Trained interviewers, blinded to the spirometry measurements, collected data from face-to-face interviews and electronic
medical records. Candidate variables included age, body mass index (BMI), smoking behavior, respiratory symptoms
(cough, phlegm, wheezing, dyspnea) and comorbid PH. The variable of age was grouped into two categories: adult (=18 to
<65 years old) and elderly (>65 years old). BMI was divided into three groups: <18.5 kg/m?, 18.5-23.9 kg/m? and >24 kg/
m?. Respiratory symptoms were combined into a three-level variable: no, one and >two respiratory symptom(s). PH was
defined by a resting mean pulmonary arterial pressure >25 mmHg. Ventilatory dysfunction included obstructive, restrictive
and mixed ventilatory disorder. Obstructive ventilatory disorder was defined as post-bronchodilator FEV1/FVC <0.70."
Restrictive ventilatory disorder was defined based on pre-bronchodilator spirometry as FEV1/FVC >0.70 and FVC%pre
<80%."” The severity of COPD was categorized as GOLD stage I (FEV1 >80% predicted), GOLD stage II (FEV1 >50% to
<80% predicted), GOLD stage III (FEV1 >30% to <50% predicted) and GOLD stage IV (FEV1 <30% predicted).'
Smokers were defined as smoking >100 cigarettes within one year, or smoking at least weekly two cigarettes for more
than one year in a row. Smoking behavior includes initial smoking age, smoking duration, cigarettes/day and pack-years
(packs/day multiplied by years of smoking). The variables of initial smoking age and smoking duration were respectively
divided into two groups: patients who initiated smoking at <18 years old (early-smoking) or >18 years old (late-smoking)
, and smokers with a history for <30 years or >30 years. Both cigarettes/day and pack-years were divided into two
groups: patients smoking <20 cigarettes/day or >20 cigarettes/day, and patients smoking <50 pack-years or >50 pack-
years. Physicians collected these variables and analyzed the relationship between candidate variables and pulmonary
function or echocardiographic data.

Statistical Analysis

The baseline characteristics of the study population were described and compared, such as early-smoking group versus late-
smoking group, and patients with PH versus without PH. Categorical data expressed as frequencies or percentages were
compared by the chi-squared test. Measurement data were tested for normality, and then normally distributed data were
expressed as mean + standard deviation and compared by -test between groups. Nonnormally distributed measurement data
were expressed as median (interquartile range) and compared by the Mann—Whitney U-test or Wilcoxon rank sum test. We
sought to explore the impact of different smoking behavior on pulmonary function and identify potential factors that were
associated with comorbid PH. As such, we analyzed the linearity relationship between variables (such as smoking behavior)
and spirometry measurements by the Pearson’s product-moment correlation for bivariate normal distribution data or the
Spearman’s rank correlation for ranked data or data without bivariate normal distribution. In order to screen independent
predictors for pulmonary function indexes or sPAP, we carried out multiple linear regression analysis for continuous
variables and multivariable logistic regression analysis for categorical variables after adjusting for age, BMI and other
variables. Furthermore, subgroup analysis was performed based on clinical variables and smoking behavior to examine their
interactions on pulmonary function indexes. The difference was considered statistically significant at P <0.05, and data
were analyzed using R, version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria).

Results

Baseline Characteristics and Clinical Features

Of the total 356 participating adults, 272 eligible male participants undergoing PFTs were included in the analysis, of whom
127 patients (46.7%) initiated smoking <18 years old (early-smoking group) and 145 (53.3%) initiated smoking >18 years
old (late-smoking group) (Supplementary Figure 1). Eighty-four patients were excluded because of improper spirometry,

comorbid diseases or failing to meet the 2023 GOLD diagnostic criteria. Table 1 shows the clinical features of the two
groups separated by initial smoking age without statistical differences in terms of age and BMI. The initial smoking age of
the two groups was 15.9£2.6 years old and 28.2+8.7 years old, respectively. The earlier the patients initiated smoking, the
higher the probability of developing no less than two respiratory symptoms (37.0% vs 13.8%, P < 0.001). The early-
smoking group underwent more severe smoking status than the late-smoking group based on smoking duration (48.6+10.8
vs 34.0£10.9 years, P < 0.001) and tobacco exposure (72.7 +£42.9 vs 46.9+28.2 pack-years, P < 0.001).
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Table | Comparison of the Baseline Characteristics Between Early-Smoking Group and Late-Smoking Group in

Chinese Male Smokers with COPD

Clinical features, PFTs and All (n = 272) Initial smoking age Statistic P-value
echocardiographic data <18 (n=127) | >I8 (n = 145)
Age (years old) 65.57£10.07 68.15+8.37 66.32£10.9 2.128 0.313
BMI (kg/m2) 22.39+3.42 22.19+£3.77 22.56+3.09 —0.857 0.392
Respiratory symptoms 21.297 <0.001

No 172 (63.2) 62 (48.8) 110 (75.9)

Yes 100 (36.8) 65 (51.2) 35 (24.1)
Number of respiratory symptoms 23.46 <0.001

0 172 (63.2) 62 (48.8) 110 (75.9)

| 33 (12.1) 18 (14.2) 15 (10.3)

22 67 (24.6) 47 (37) 20 (13.8)
Duration of respiratory symptoms (years) 3.43+£5.75 4.91+6.07 2.1445.13 4.028 <0.001
Cigarettes/day 28.78+15.08 30.21%16.52 27.52%13.63 1.474 0.142
Smoking duration (years) 40.83+13.04 48.58+10.81 34.03£10.87 11.039 <0.001
Pack-years 58.96+37.97 72.73+42.85 46.9+28.17 5.784 <0.001
VC (L) 2.86+0.83 2.43+0.66 3.24+0.78 —9.234 <0.001
VC%pre 75.36%18.6 64.4%154 84.97+15.64 —-10.899 <0.001
RV%pre 116.61+27.88 116.3+33.32 116.83+23.48 —0.104 0917
TLC%pre 83.87+13.39 78.24+11.95 87.8+13 —4.443 <0.001
RV/TLC%pre 137.01£23.06 145.64+24.32 130.99+20.19 3.896 <0.001
FVC (L) 2.71+0.85 2.24+0.63 3.12+0.81 —10.103 <0.001
FVC%pre 74.93+20.17 62.15£15.14 86.12£17.17 —12.133 <0.001
FEVI (L) 1.6+0.78 1.1+£0.48 2.05£0.71 —-13.074 <0.001
FEV1%pre 55.37+23.56 38.48+14.64 70.17£19.62 —-15.21 <0.001
FEVI/FVC% 56.18+13 47.52£10.13 63.77x10.21 —-13.144 <0.001
FEVI/FVC%pre 72.2+16.18 61.89+13.66 81.23+12.41 —12.231 <0.001
PEF%pre 50.84+23 37.94%17.15 62.15+21.5 —-10.322 <0.001
PEF25%pre 35.36+24.96 19.14+14.15 49.56+23.7 —13.029 <0.001
PEF50%pre 27.38£19.19 14.52+9.28 38.64+18.55 —13.809 <0.001
PEF75%pre 31.09+16.49 21.55%9.45 39.38+16.84 —10.924 <0.001
MMEF%pre 27.7£16.07 16.79+8 37.17+15.31 —-13.93 <0.001
DLCO% pre 70.46+23.46 59.2420.67 78.33£22.14 =5.19 <0.001
KCO%pre 78.02+21.42 70.18+21.28 83.5£19.87 —3.805 <0.001

(Continued)
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Table | (Continued).

Clinical features, PFTs and All (n = 272) Initial smoking age Statistic P-value
echocardiographic data <18 (n=127) | >18 (n = 145)
Bronchodilator reversibility 9.565 0.023
Suspicious positive 20 (7.4) 14 (11) 6(4.1)
Positive 32 (11.8) 20 (15.7) 12 (8.3)
Negative 152 (55.9) 66 (52) 86 (59.3)
Types of pulmonary ventilation dysfunction 102.493 <0.001
Obstructive 132 (48.5) 20 (15.7) 112 (77.2)
Mixed 140 (51.5) 107 (84.3) 33 (22.8)
GOLD stage 122.551 <0.001
[ 56 (20.6) 2 (1.6) 54 (37.2)
Il 87 (32) 21 (l6.5) 66 (45.5)
1 83 (30.5) 62 (48.8) 21 (14.5)
v 46 (16.9) 42 (33.1) 4(2.8)
Left atrium diameter (mm) 35.03+4.67 34.68+4.44 35.38+4.9 —0.93 0.354
Interventricular septal thickness (mm) 9.88%1.69 9.81%1.92 9.95%1.42 —0.508 0.612
Systolic pulmonary artery pressure (mmHg) 36.28+12.97 38.62+14.94 33.86+10.08 2.336 0.021
Left ventricular ejection fractions (%) 0.65+0.05 0.65+0.04 0.65+0.05 —0.044 0.965
Pulmonary hypertension 3412 0.065
No 101 (37.1) 46 (36.2) 55 (37.9)
Yes 54 (19.9) 33 (26) 21 (14.5)

Abbreviations: COPD, chronic obstructive pulmonary disease; PFTs, pulmonary function tests; BMI, body mass index; GOLD, Global Initiative for
Obstructive Lung Disease.

Pulmonary Function Features Differ in Patients with Different Smoking Behavior
Table 1 shows lower FEV1%pre (38.5% vs 70.2%, P < 0.001) and FEVI/FVC% (47.5% vs 63.8%, P < 0.001) in the early-
smoking group, and significant results in the distribution of GOLD stage between the early-smoking group versus the late-
smoking group (GOLD stage III: 48.8% vs 14.5%; GOLD stage IV: 33.1% vs 2.8%; P < 0.001). Other ventilatory function
indicators (FEV1, FVC, FVC%pre, FEV1/FVC%pre) were also significantly lower among early-smoking subjects. They
exhibited decreased lung volume with lower VC%pre (64.4% vs 85.0%, P < 0.001), more severe emphysema with higher
RV/TLC%pre (145.6% vs 131.0%, P < 0.001), and worse diffusion capacity with lower DLCO%pre (59.2% vs 78.3%, P <
0.001) than late-smoking subjects. Thus, the prevalence of mixed ventilatory dysfunction increased from 22.8% in the late-
smoking group to 84.3% in the early-smoking group. The rate of the bronchodilator response in the early-smoking group was
higher than in the late-smoking group. When comparing the echocardiographic data, no differences were found between the two
groups except for sSPAP which was higher in the early-smoking group (38.6 vs 33.9 mmHg, P = 0.021). Early-smoking subjects
experienced more severe airway obstruction and emphysema with decreased lung volume and diffusion capacity, suggesting the
significant impact of initial smoking age on pulmonary function.

Supplementary Table 1 shows the correlation analysis between clinical variables and pulmonary function indexes.

FEV1%pre was negatively correlated with age (r = —0.333), respiratory symptoms (r = —0.388), smoking duration (r =
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—0.454) and pack-years (r = —0.25), but positively correlated with BMI (r = 0.181) and initial smoking age (r = 0.458)
with P < 0.001 (Figure 1A-E). Similar results were detected between smoking behavior and other spirometry parameters
such as VC%pre, TLC%pre, FEV1/FVC% and FEV1/FVC%pre (Supplementary Figure 2). Meanwhile, both RV/TLC%
pre (r=-0.279) and GOLD stage (r = —0.571) were negatively correlated with initial smoking age (Figure 1F and G).

These results demonstrated that the earlier the smokers initiated heavy tobacco exposure, the worse the lung function
would be, especially for lung volume and ventilation function.

Smoking Behavior Has a Predicted Value in Pulmonary Function Among COPD

Patients

In the regression analysis, initial smoking age was positively associated with FEV1%pre, FEV1/FVC%, TLC%pre, MMEF
%pre, and DLCO%pre, but negatively correlated with RV/TLC%pre and GOLD stage (Supplementary Tables 2 and 3).
Similar positive correlations were observed in the analysis of BMI. Conversely, smoking duration and pack-years had

a positive impact on decreased lung volume, impaired ventilatory function and GOLD stage escalation, with the same effect
as age and respiratory symptoms. We adjusted age, BMI, respiratory symptoms and smoking behavior in the multiple linear/
logistic regression analysis (Table 2). The initial smoking age was a significant influencing factor of VC%pre (0.625 [0.338,
0.912]), TLC%pre (0.347 [0.072, 0.621]), FVC%pre (0.821 [0.523, 1.119]), FEV1%pre (1.043 [0.711, 1.375]), FEV1/FVC
% (0.494 [0.313, 0.675]), MMEF%pre (0.566 [0.330, 0.802]) and GOLD stage (—0.115 [-0.154, —0.075]). The variable of
age exhibited an adverse effect compared to initial smoking age, while smoking duration and pack-years were not
significantly associated with pulmonary function indexes. BMI affected ventilatory function indexes, including FEV1%
pre and FEVI/FVC%, but not lung volume indexes. Therefore, the variable of initial smoking age has an independently
predicted value in the occurrence and severity of COPD, as well as age and BMI.

Table 3 shows the results of our subgroup analysis. VC%pre in patients with smoking duration <30 years was
not statistically different between the early-smoking versus the late-smoking groups. However, when the subjects
were exposed to cigarette smoking >30 years, the early-smoking group had significantly lower VC%pre than the
late-smoking group (64.0% vs 84.5%, P < 0.001). Similar results were observed in TLC%pre, RV/TLC%pre and
DLCO%pre. For ventilatory function indexes (FVC%pre, FEV1%pre, FEV1/FVC%, MMEF%pre), significant
differences existed between the two groups no matter how long they were exposed to cigarette smoking. These
results indicate that initial smoking age is closely associated with ventilatory function, while smoking duration
exhibits a significant interaction with initial smoking age in affecting lung volume, diffusion capacity and
emphysema. The late-smoking group with a BMI >18.5 showed a significantly greater increase in VC%pre and
TLC%pre compared to the early-smoking group, suggesting BMI >18.5 was a potential protective factor of lung
volume in the late-smoking group. Both elderly (>65 years old) and heavy-smoke exposure (>20 cigarettes/day)
could exacerbate emphysema with greater RV/TLC%pre among the early-smoking group. Overall, smoking
behaviors take effect independently and interact with each other to influence pulmonary function among COPD

patients.

Smoking Behaviors Impact Comorbid Pulmonary Hypertension in COPD Patients
The characteristics of patients with PH were somewhat different from those without PH (Supplementary Table 4).

COPD patients with PH were older with lower BMI, more respiratory symptoms and longer smoking duration.
Initial smoking age, cigarettes/day and pack-years had no significant differences between the two groups. Patients
with PH exhibited significantly worse ventilatory function with lower FVC%pre (65.1% vs 74.7%), FEV1%pre
(43.2% vs 56.2%), FEV1/FVC% (49.6% vs 57.3%) and MMEF%pre (21.1% vs 28.1%) than the other group, as well
as worse diffusion capacity with lower DLCO%pre. The parameters of VC%pre and TLC%pre were found to be
markedly lower in patients with PH, resulting in more mixed ventilatory disorder than patients without PH (72.2%
vs 53.5%). No statistical differences were found in terms of echocardiographic data except for sPAP between the

two groups.
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Figure | The correlations between spirometry parameters or GOLD stage and clinical characteristics. The correlation analysis has shown the relationship between FEV 1%
pre and age (A), smoking duration (B), pack-years (C), BMI (D), and initial smoking age (E); between RV/TLC%pre and initial smoking age (F); and between GOLD stage and

initial smoking age (G) or smoking duration (H).
Abbreviations: BMI, body mass index; GOLD, Global Initiative for Obstructive Lung Disease.
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Table 2 Regression Analysis of Independent Variables Associated with Pulmonary Function Indexes in COPD Patients

PFTs Variables B Std. error | Statistic P-value 95% ClI R? Adjust R?
FVC%pre Age (years old) -0.713 0.137 —5.194 <0.001 (-0.983,-0.442) 0.353 0.33
BMI (kg/m2) -0.245 0.298 -0.822 0412 (-0.831,0.341)
Initial smoking age (years old) 0.821 0.151 5.421 <0.001 (0.523,1.119)
Smoking duration (years) 0.036 0.195 0.185 0.853 (-0.348,0.42)
Pack-years 0.03 0.104 0.291 0.771 (-0.174,0.234)
FEV1%pre Age (years old) —0.651 0.153 —4.266 <0.001 (-0.952,-0.351) 0.412 0.392
BMI (kg/m2) 0.896 0.331 2.703 0.007 (0.243,1.548)
Initial smoking age (years old) 1.043 0.169 6.187 <0.001 (0.711,1.375)
Smoking duration (years) 0.038 0217 0.176 0.861 (-0.389,0.465)
Pack-years -0.011 0.115 -0.093 0.926 (-0.238,0.217)
FEVI/IFVC% Age (years old) -0.29 0.083 —3.483 0.001 (-0.455,-0.126) 0.424 0.405
BMI (kg/m2) 1.133 0.181 6.258 <0.001 (0.776,1.489)
Initial smoking age (years old) 0.494 0.092 5.364 <0.001 (0.313,0.675)
Smoking duration (years) 0.061 0.119 0.513 0.608 (-0.173,0.294)
Pack-years —0.054 0.063 —0.858 0.391 (-0.178,0.07)
FEVI/IFVC%pre Age (years old) —0.164 0.105 -1.57 0.118 (-0.37,0.042) 0.415 0.395
BMI (kg/m2) 1.73 0.227 7617 <0.001 (1.283,2.177)
Initial smoking age (years old) 0.636 0.116 5.507 <0.001 (0.409,0.864)
Smoking duration (years) 0.098 0.149 0.66 0.51 (-0.195,0.391)
Pack-years -0.072 0.079 —-0.904 0.367 (-0.227,0.084)
MMEF%pre Age (years old) —-0.444 0.108 —4.091 <0.001 (-0.657,-0.23) 0.374 0.352
BMI (kg/m2) 0.671 0.235 2.853 0.005 (0.208,1.135)
Initial smoking age (years old) 0.566 0.12 4.723 <0.001 (0.33,0.802)
Smoking duration (years) —-0.027 0.154 —-0.172 0.863 (-0.33,0.277)
Pack-years —0.016 0.081 —0.195 0.846 (—0.176,0.145)
VC%pre Age (years old) -0.62 0.132 —4.699 <0.001 (-0.88,-0.36) 0.296 0.272
BMI (kg/m2) -0.165 0.286 -0.578 0.564 (-0.729,0.398)
Initial smoking age (years old) 0.625 0.146 429 <0.001 (0.338,0.912)
Smoking duration (years) —0.063 0.188 -0.336 0.737 (—0.432,0.306)
Pack-years 0.07 0.1 0.704 0.482 (—0.126,0.267)
TLC%pre Age (years old) -0.507 0.129 -3.926 <0.001 (-0.763,-0.252) 0.232 0.179
BMI (kg/m2) -0.077 0.301 -0.256 0.798 (-0.672,0.518)
Initial smoking age (years old) 0.347 0.139 2.497 0.014 (0.072,0.621)
Smoking duration (years) —0.168 0.176 —0.955 0.341 (-0.517,0.18)
Pack-years 0.151 0.099 1.529 0.129 (-0.044,0.346)
(Continued)
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Table 2 (Continued).

PFTs Variables B Std. error Statistic P-value 95% ClI R? Adjust R?
Variables estimate std.error statistic p-value 95% ClI
GOLD stage Age (years old) 0.049 0.016 8.934 0.003 (0.017,0.081)
BMI (kg/m2) —0.114 0.035 10.64 0.001 (-0.182,-0.045)
Initial smoking age (years old) —=0.115 0.02 32.875 <0.001 (—0.154,-0.075)
Smoking duration (years) 0 0.023 0 0.991 (—0.044,0.044)
Pack-years —0.001 0.012 0.007 0.934 (-0.025,0.023)

Abbreviations: COPD, chronic obstructive pulmonary disease; PFTs, pulmonary function tests; BMI, body mass index; GOLD, Global Initiative for Obstructive Lung
Disease; Cl, confidence interval.

Table 3 Subgroup Analysis of Pulmonary Function Indexes According to Smoking
Behavior and Clinical Variables

PFTs Smoking duration | Early-smoking | Late-smoking | P-value
(years)
VC%pre <30 72.18+12.17 86.23+17.85 0.053
230 63.95+15.48 84.5+14.81 <0.001
TLC%pre <30 82.47+7.85 90.37+15.56 0.334
230 77.93x12.19 86.7+11.71 <0.001
RV/TLC%pre <30 151.89£19.72 132.93£18.87 0.074
230 145.17£24.72 130.15£20.83 0.001
FVC%pre <30 71.59+12.51 87.83+18.8l 0.034
230 61.6x15.15 85.49+16.57 <0.001
FEV1%pre <30 51.19+9.33 72.92+21.71 <0.001
230 37.74£14.57 69.16+18.8 <0.001
FEVI/FVC% <30 56.36+2.71 65.65+10.97 <0.001
230 47+10.17 63.08+9.88 <0.001
FEVI/FVC%pre <30 72.79+3.49 82.58+13.21 0.06
230 61.26+13.76 80.73+12.13 <0.001
MMEF%pre <30 21.78+5.6 40.7£17.26 <0.001
230 16.49+8.04 35.85+14.39 <0.001
DLCO%pre <30 75.91+28.64 81.81+20.13 0.61
230 57.96x19.76 76.84+22.95 <0.001
KCO%pre <30 83.55+30.15 85.87+21.64 0.851
230 69.19+20.52 82.48+19.17 0.001
PFTs BMI (kg/m2) Early-smoking | Late-smoking | P-value
VC%pre <185 64.38+13.9 72.87+18.16 0.121
(Continued)
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Table 3 (Continued).

PFTs Smoking duration | Early-smoking | Late-smoking | P-value
(years)
18.5~23.9 66.12£16.91 86.92+14.73 <0.001
224 61.32£13.02 85.01£15.01 <0.001
TLC%pre <185 81.47+9.56 84.44+13.19 0.541
18.5~23.9 76.85%12.99 88.33+£12.28 <0.001
224 78.32£11.79 88.28+14.88 0.031
PFTs Cigarettes/day Early-smoking | Late-smoking | P-value
RVITLC%pre <20 139.92+18.13 134.71£31.55 0.685
220 146.55+25.2 130.47+18.37 <0.001
PFTs Age (years old) Early-smoking | Late-smoking | P-value
RV/TLC%pre <65 146.37+26.04 133.6£19.51 0.057
265 145.41+24.06 128.3+20.76 0.001

Abbreviations: PFTs, pulmonary function tests; BMI, body mass index.

sPAP was positively correlated with age, respiratory symptoms, smoking duration and GOLD stage, and negatively
correlated with VC%pre, FVC%pre, FEV1%pre, FEV1/FVC% and FEV1/FVC%pre (Supplementary Table 5, Figure 2).
The regression analysis on influencing factors associated with sPAP was similar with the correlation analysis

(Supplementary Table 6). Multiple linear regression analysis by adjusting those variables yielded only one statistically

independent factor, duration of respiratory symptoms, with a R? of 0.386 (data not shown). In the subgroup analysis
according to initial smoking age (Table 4), FEVI/FVC%pre was significantly lower in patients with PH than those
without PH (72.6% vs 81.7%, P = 0.004) among the late-smoking population rather than the early-smoking population.
Similar results were detected in FEV1%pre, FEVI/FVC% and MMEF%pre. Significant differences of pulmonary
function indicators were also found between patients with and without PH in the subgroups with heavier cigarette-
smoking exposure or longer smoking duration. Notably, the proportion of patients with initial smoking age <18 years old
and cigarette exposure >50 pack-years in patients with PH was higher than those without PH (42.6% vs 32.7%). Thus,
smoking behavior, pulmonary function and their significant interactions consistently impact SPAP and complicated PH in
COPD patients.

Discussion

To the best of our knowledge, this is the first analysis of the impact of smoking behavior on pulmonary function and PH
among Chinese male smokers with COPD. The main findings of this study include: (1) Pulmonary function features
differ in patients with different smoking behaviors. (2) Initial smoking age has significant predicted value in the
occurrence and severity of COPD. (3) Smoking duration exhibits a significant interaction with initial smoking age,
further affecting lung volume, diffusion capacity and emphysema. (4) Smoking behavior, pulmonary function and their
significant interactions impact sPAP and complicated PH in COPD patients.

Current smokers and pack-years were selected as significant variables for identifying a high-risk population of
patients with COPD.'®'” Male (odds ratio (OR) = 6.333), smoking (OR = 5.1318), initial smoking age <15 years old (OR
= 12) or >15 years old (OR = 3.647), and smoking for >30 years (OR = 8.857) influenced the incidence of COPD.’
Severe smoking behavior, including early initial smoking, long smoking duration and heavy cigarette-smoking exposure,
may further promote pulmonary function decline. However, there are no studies analyzing the differences stratified by
initial smoking age and explaining the contributions of smoking behavior features in the severity of airway obstruction
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Figure 2 The correlations between systolic pulmonary artery pressure and smoking behavior or spirometry parameters.

among COPD patients. Our study found that early-smoking subjects had more severe airway obstruction and emphysema
with decreased lung volume and diffusion capacity. Initiating smoking before adulthood had an independently predicted
value in the occurrence and severity of COPD. Since the lungs still develop until 20 years old, smoking in childhood and
adolescence caused irreversible lung damage which could not be dramatically decreased through quitting smoking.*® The
damage caused by smoking included emphysema, severe lung parenchymal and diffusion damage through inflammation,
oxidative stress and elevated protease activity.?' Emphysematous destruction of the lung parenchyma involved narrowing
with an obliteration of the small airways.?* Thus, governments should reinforce the role of tobacco control campaigns
and policies regarding age restrictions on the purchase of cigarettes.

Our study showed that initial smoking age had a predictive value in the development of COPD. However, the
relationship between smoking behavior and pulmonary function is not a simple linear relationship, reflecting the
heterogeneity and complexity of COPD pathogenesis. We also found that significant differences of VC%pre, DLCO%
pre and VC/TLC%pre were observed between early-smoking and late-smoking groups in patients who smoked >30 years
but not those <30 years. That is to say, long-term exposure to cigarette smoking exhibited a significant interaction with
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Table 4 Subgroup Analysis of Pulmonary Function Indexes According to Smoking
Behavior and Complicated Pulmonary Hypertension

Initial smoking age Without PH With PH P-value
(years old)
FEV%pre <18 38.6413.16 33.17+10.56 0.052
>18 70.78+19.31 58.93+£24.35 0.029
FEVI/FVC% <18 49.55+10.18 45.21+£9.93 0.063
>18 63.76+9.31 56.37£9.92 0.003
FEVI/FVC%pre <18 64.67+13.33 59.09£13.9 0.075
>18 81.68£11.78 | 72.55x12.41 0.004
MMEF%pre <18 16+7.18 16.84+8.67 0.645
>18 38.07£14.78 | 27.61£14.05 0.007
Cigarettes/day Without PH | With PH P-value
VC%pre <20 78.52+17.14 | 65.42+18.29 0.132
220 75.11£183 68.25+18.91 0.046
FVC%pre <20 76.06£19.22 | 62.34+20.58 0.159
220 74.59+20.34 | 65.76£19.76 0.019
FEVI%pre <20 51.26£17.92 | 42.25£22.99 0.37
220 56.57£23.62 | 43.43%21.06 0.002
FEVI/FVC% <20 51.67£12.18 | 49.65%10.33 0.701
220 57.77£11.93 | 49.53%11.6l 0
FEVI/FVC%pre <20 67.29£12.97 | 65.56x14.01 0.788
220 745%15.17 64.01£15.12 0
MMEF%pre <20 23.98+11.88 22.86+9.95 0.826
220 28.5+16.57 20.65+12.8 0.003
Smoking duration (years) | Without PH With PH P-value
VC%pre <30 83.54£17.92 | 87.82£33.75 0.702
230 73.62£17.82 | 65.61%15.57 0.01
TLC%pre <30 89.37£16.46 | 93.94%14.53 0.621
230 84.31£11.85 77.78+13.34 0.021
FVC%pre <30 82.67£19.53 | 88.59+£35.35 0.622
230 72.98+20 62.66+16.25 0.002
FEVI%pre <30 65.39+£23.83 70.76+35.84 0.693
230 54.14+22.71 40.37£17.44 0
FEVI/FVC% <30 61.99+11.76 | 59.22+13.22 0.654
230 56.27+11.88 | 48.57£10.71 0
(Continued)
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Table 4 (Continued).

Initial smoking age Without PH | With PH P-value
(years old)
FEVI/FVC%pre <30 7849145 75.96+16.33 0.74
230 72.95%15.1 63.14x14.27 0
MMEF%pre <30 35.3%19.13 34.19+19.63 091
230 26.57+15.23 19.74£10.58 0.003
Pack-years Without PH With PH P-value
VC%pre <50 80.6+18.83 72.76x20.59 0.109
=50 71.36x16.67 | 62.94£15.56 0.028
FVC%pre <50 80.06+21.09 70.07+23.4 0.07
=50 70.57+18.56 60.42+14.64 0.013
MMEF%pre <50 32421832 | 24.73%13.61 0.052
250 24.78+13.66 17.87+9.96 0.0l
Initial smoking age <50
<18 years old 13 (29.5) 10 (38.5) 0.443
>|8 years old 31 (70.5) 16 (61.5)
=50
<18 years old 33 (57.9) 23 (82.1) 0.027
>18 years old 24 (42.1) 5(17.9)

Abbreviation: PH, pulmonary hypertension.

initial smoking age, further damaging lung volume and diffuse capacity, and exacerbating emphysema. The mechanism
behind these results could be a sequence of events that first cause bronchial inflammation, small airway stenosis and
alveolar rupture leading to emphysema due to long smoking duration. Secondly, changes in the network of curled
collagen fibers surrounding the alveoli led to alveolar enlargement, alveolar compliance decrease and a severe reduction
in the amounts of functional alveolar-capillary units. Thirdly, an increase of age and smoking duration was associated
with decreased diaphragm curvature, causing decreased respiratory muscle mass and airway function due to extrathoracic
causes.”® Ji et al also found that patients with tobacco smoke exposure exhibited predominantly emphysema, while
patients with biomass smoke and tobacco smoke exposure exhibited predominantly airway obstruction.”* These findings
provide insights into variations of pulmonary function disorders under different exposure factors or smoking behaviors,
which are valuable in providing clinicians with better evidence for treatment decisions.

Approximately 40% of COPD patients continue to smoke despite knowing they have the disease.”> These patients
seeking medical advice were at advanced stages and actively smoke despite severe symptoms and functional
impairment.'? Smoking cigarettes over a long period could deplete the antioxidant mechanism, inhibit alveolar macro-
phage function and lead to hypertrophy and hyperplasia of the mucus excreting gland.® Long-term cigarette smoking
ultimately result in tissue damage and disease progression with a negative impact on prognosis of COPD. Our study
demonstrated that long smoking duration resulted in impaired ventilatory function and GOLD stage escalation, interact-
ing with early initial smoking age in damaging lung volume and diffusion capacity. These results emphasize the
influential effect of a long duration of tobacco habit on functional parameters. Since smoking habit is closely related

to lung function decline and symptoms worsening, smoking cessation allows an improvement of clinical and functional
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parameters.”® Pezzuto et al found that smoking cessation confirmed its efficacy leading to an improvement of all
respiratory functional parameters including symptoms (mMRC test) and obstructive parameters in both large and
small airways (FEV1, FEF25/75) in the short term.*® For COPD patients with smoking, both pharmacological therapy
and non-pharmacological measures should be described, starting with smoking cessation. The GOLD 2023 report
recommends that healthcare providers should strongly enforce the need for smoking cessation at all times for patients
who continue to smoke.! Government should spread the message about the dangers of smoking and the necessity of
quitting smoking, especially in adolescence.

Patients with PH in our analysis had longer smoking duration and worse pulmonary function compared to those
without PH, consistent with the correlation analysis between sPAP and pulmonary function indicators. Elderly, male and
long-term exposure to cigarette smoking were reported to be the most important risk factors for COPD complicated with
PH.?” In our study, patients with heavy cigarette exposure (>50 pack-years) and early initial smoking age (<18 years old)
had the highest probability of developing PH, suggesting the significant impact and interactions between different
smoking behavior on sPAP. Long-term exposure to cigarette smoking from an early age induced diverse inflammatory
responses and oxidative stress, which might influence lung development, pulmonary hypertension or remodeling, and
vascular permeability.”® This could explain why initiating smoking in adulthood could be a potential protective factor of
pulmonary function among patients without PH in our analysis. Severe smoking behavior and their significant effect on
pulmonary function may affect SPAP and promote the development of PH.

Clinical variables, including advanced age, male sex, the absence of overweight, and dyspnea, were predictors of
airflow obstruction.”’ > In our analysis, elderly, lower BMI and respiratory symptoms showed negative effect on
pulmonary function and sPAP in male smokers, which was in line with previous studies. We found that the early-
smoking group had a higher possibility of developing >two respiratory symptoms with advanced GOLD stages.
A reasonable explanation was that chronic smoking from an early age caused irreversible small airway obstruction,
tissue injury and epithelial remodeling, resulting in chronic cough, expectoration and impaired ventilatory
function.®? Inadequate dietary intake and malnutrition were prevalent in COPD patients.>* BMI >18.5 was
a potential protective factor of lung volume in late-smoking subjects of our study. BMI <18.5 indicated airway
disease-predominant pattern and great increase in residual volume, suggesting severe small airways obstruction and
gas trapping.”* The worse lung function observed among patients with lower BMI could be explained by smaller
lungs and more emphysema whose presence has been shown to be a strong determinant of rapid decline in lung
function. Use of other early predictive markers appeared to be promising in analyzing the association between
nicotine metabolites and COPD diagnosis.’® Fast metabolizers with greater CYP2A6 activity had a higher occur-
rence of COPD, so that they could be aware of an increased “personal” risk and consistently strengthen the self-
commitment to smoke cessation.>

The present study has some limitations. First, this study only analyzed the effect of several factors due to realistic
conditions. Further analysis should involve as many potential influencing factors as possible including occupational
exposure which are critical for pulmonary function. Secondly, this study did not analyze these results based on the clinical
phenotypes of COPD (non-exacerbators, asthma-COPD overlap syndrome, exacerbators with emphysema, exacerbators
with chronic bronchitis), which were closely associated with disease severity and comorbidities. Thirdly, we failed to
involve comorbidities of COPD (eg, lung cancer, infection) as cofactors due to the exclusion criteria of our study and
incomplete data. The participants with missing spirometry data were not included, and our analysis focused on male current
smokers, which might not be applicable to female patients. As the importance of risk factors for COPD differs in variable
economic and cultural context, our study population may be different from that of primary or secondary care settings.
Finally, owing to cross-sectional design, the recall bias and defect in causal inference are inevitable The association between
smoking behavior and prognosis of COPD has not been explored, as well as the causal relationship between smoking
cessation and pulmonary function. Further longitudinal follow-up studies are required to clarify these associations.

Conclusion
This study revealed the impact of different smoking behaviors on pulmonary function and PH in Chinese male patients with
COPD. Compared to the late-smoking group, the early-smoking group has more respiratory symptoms, more severe smoking
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behaviors, and worse pulmonary function. Initiating smoking before adulthood is a significant influencing factor of
ventilatory function, predicting the occurrence and severity of COPD. Smoking duration exhibits a significant interaction
with initial smoking age, further affecting lung volume, diffusion capacity and emphysema. COPD patients with PH exhibit
longer smoking duration and worse pulmonary function than those without PH. Severe smoking behaviors and their
significant effect on pulmonary function impact sPAP and comorbid PH. Variations of pulmonary function disorders
under different smoking behaviors may provide useful evidence for treatment decisions and tobacco control.
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