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ABSTRACT:

Background and Objectives: Smoking remains a major preventable cause of morbidity and continues to
increase in Indonesia, especially among productive-age adults. Early identification of smoking-related
pulmonary impairment is crucial, as small-airway dysfunction may not be detected by standard spirometric
indices. This study aimed to evaluate the relationship between FEV/FVC ratio, FEF25—5%, and exhaled carbon
monoxide (eCO) as combined markers for early ventilatory impairment in smokers.

Materials and Methods: A comparative cross-sectional study was conducted in October 2025 among hospital
security officers. Purposive sampling yielded 49 smokers and 40 non-smokers. Spirometry assessed
FEV/FVC and FEF25—5%, and exhaled CO (eCO) was measured using a standardized analyzer. Data were
analyzed using Chi-square, t-test or Mann—Whitney U test, Spearman correlation, and simple linear regression,
with p<0.05 considered significant.

Results: Smokers exhibited significantly lower FEV/FVC and FEF2s—5% values and markedly higher eCO
levels than non-smokers (p<0.05). Among smokers, eCO levels demonstrated strong negative correlations with
both FEV/FVC (p up to —0.940) and FEF25—5% (p up to —0.682). Regression analysis indicated that every 1-
ppm increase in eCO was associated with a 2.13% reduction in FEVi/FVC and a 2.88% reduction in FEF2s—
75%. A positive correlation was observed between FEVi/FVC and FEF2s—5%, reflecting linked impairment of
central and peripheral airways.

Conclusions: Exhaled CO is significantly associated with reduced pulmonary function and serves as a
practical, non-invasive biomarker of smoking exposure. Combined interpretation of FEVi/FVC, FEF25—:%,
and eCO enhances early detection of smoking-related airway dysfunction and may support targeted cessation
interventions.

1. Introduction

Smoking remains one of the leading preventable causes
of morbidity and mortality worldwide, and Indonesia is
among the countries with the highest tobacco

Tobacco Survey (GATS) documented an increase of 8.8
million smokers over the past decade, from 60.3 million
in 2011 to 69.1 million in 2021, with the majority being
male [6]. These findings highlight the urgent need for
more comprehensive evaluations of tobacco exposure

consumption [1]. The Indonesia Health Survey (SKI)
2023 reported that the number of active smokers has
reached approximately 70 million people, indicating a
substantial and persistent public health burden [2]. Data
from the Global Youth Tobacco Survey (GYTS) further
revealed an increasing trend of smoking among
adolescents aged 13—15 years, rising from 18.3% in 2016
to 19.2% in 2019 [3-5]. In adults, the Global Adult
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and its impact on respiratory health in Indonesia.

Assessment of lung function plays a critical role in
identifying early physiological impairment caused by
smoking [7]. Spirometry is a widely used diagnostic tool
that evaluates airflow limitation through several key
parameters associated with morbidity, mortality, and
prognosis of pulmonary diseases [8]. Spirometric testing
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enables early detection of pulmonary abnormalities even
before the onset of clinically apparent symptoms [8, 9].
Commonly measured parameters include the Forced
Expiratory Volume in one second (FEV:), Forced Vital
Capacity (FVC), the FEV/FVC ratio, and Forced
Expiratory Flow at 25-75% of the pulmonary volume
(FEF25-75%) [10]. These parameters are essential for
detecting small airway dysfunction, peripheral airway
narrowing, and early features of bronchial
hyperresponsiveness [11, 12].

Among these indices, FEF2s-5% is recognized as a
sensitive marker of peripheral obstructive airflow
impairment [13]. A reduced FEF2s-7s% is frequently
observed not only in individuals with established airflow
limitation but also in those with normal spirometric
results, suggesting its potential role as an early
physiological indicator of small airway injury [14].
Previous studies have demonstrated significant
reductions in FEVi1, FVC, FEV/FVC ratio, FEF25-75%,
and PEFR among smokers compared with non-smokers,
with the magnitude of decline associated with the amount
and duration of cigarette exposure [15]. Heavy and long-
term smokers consistently exhibit lower FEF2s-15%
values, reinforcing its association with cumulative
tobacco exposure [16].

Despite these findings, evidence remains limited
regarding the combined use of FEVi/FVC ratio,
FEF25-75%, and carbon monoxide (CO) levels measured
through breath analysis as integrated parameters to assess
smoking-related pulmonary function impairment [11,
17]. CO levels are known to reflect recent smoking
intensity and may serve as an objective biochemical
marker of exposure [18]. A more comprehensive analysis
integrating spirometric parameters with CO levels may
provide a clearer depiction of early airway dysfunction
in smokers. Therefore, this study aims to examine the
relationship between the FEVi/FVC ratio, FEF2s—5%,
and carbon monoxide levels in smokers, offering a more
robust evaluation of pulmonary impairment associated
with tobacco exposure.

2. Materials and Methods

Study Design

This study employed an analytical observational design
using a comparative cross-sectional approach.
Measurements were conducted once for each participant
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to assess the FEV/FVC ratio, FEF25—5%, and CO levels
among smokers and non-smokers.

Study Setting and Period

Data collection was carried out at Dr. Wahidin
Sudirohusodo Hospital and affiliated network hospitals
in Makassar. Sampling and measurement procedures
focused on hospital security officers who use
conventional cigarettes. The study was conducted in
October 2025.

Study Population and Sample Size

The study population consisted of all hospital security
officers on duty during October 2025. Participants were
recruited using purposive sampling, whereby all
individuals meeting the inclusion and exclusion criteria
and completing all required assessments were enrolled.
Sample size was calculated using the formula for
comparing two independent means with 95% confidence
and 80% power. Parameters from previous studies were
applied, yielding required sample sizes of 30 per group
for FEF25—15%, 28 per group for FEV/FVC, and 23 per
group for CO levels; thus, the largest requirement (30 per
group) was used. To account for a potential 20-25%
drop-out rate, the final target sample was increased to 49
smokers and 40 non-smokers.

Inclusion and Exclusion Criteria

The inclusion criteria for this study required participants
to be older than 18 years, to be active smokers consuming
more than one cigarette per day, to have a smoking
history of more than one year, and to demonstrate
willingness to participate by signing informed consent.
Participants were excluded if they presented with
respiratory symptoms such as cough or dyspnea, worked
in industrial environments with additional inhalation
exposures, or had a known history of pulmonary
diseases, including tuberculosis, chronic obstructive
pulmonary disease (COPD), or asthma.

Data Collection Procedures

Eligible participants were first identified and screened
using a brief questionnaire to ensure compliance with the
established inclusion criteria. After screening, each
participant underwent two main assessments. The first
assessment involved the measurement of exhaled carbon
monoxide levels using a standardized CO analyzer to
quantify carbon monoxide as an indicator of recent
smoking exposure. The second assessment consisted of a
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spirometry examination performed with a calibrated
spirometer to obtain key parameters, including FEV,,
FVC, the FEV/FVC ratio, and FEF25—5%. In this
procedure, the FEV1/FVC ratio was used to assess large-
airway function, whereas FEF2s—5% provided an
evaluation of small-airway involvement. All data
obtained during these assessments were documented
using standardized case report forms before progressing
to the analysis stage.

Data Processing and Statistical Analysis

Data were entered into Microsoft Excel and analyzed
using SPSS. The management process included editing
for completeness, coding of categorical variables,
tabulation, and data cleaning to ensure accuracy.
Univariate analysis summarized variable distributions,
while bivariate analysis evaluated associations between
smoking-related parameters and lung function. The Chi-
square test was applied for categorical variables, and
independent t-tests or Mann—Whitney U tests were used
for continuous variables according to data normality. A
p-value <0.05 was considered statistically significant.

Ethical Considerations

This study received ethical approval from the Health
Research Ethics Committee, Faculty of Medicine,
Universitas Hasanuddin, under approval number
843/UN4.6.4.5.31/PP36/2025. The protocol registered as
UH25100802 was reviewed through an expedited
process and granted approval on 24 October 2025. All
participants were informed about the study objectives
and procedures, provided written informed consent prior
to participation, and were assured that the confidentiality
of their personal data would be strictly maintained.

3. Results

Sample Characteristics

The characteristics of the study participants are
summarized in Table 1. A total of 89 respondents were
included, consisting of 49 smokers and 40 non-smokers.
The mean age of all participants was 41.97 £ 12.91 years
(range: 19-65). Among smokers, the average smoking
duration was 21.63 years, with a mean consumption of
13.47 cigarettes per day and an average Brinkman Index
of 300.15.

Table 1. Characteristics of Study Participants

Variables Mean + SD Min Max

Age (years) 41.97+12.91 19.0 65.0

Duration of Smoking (years) 21.63 +£7.96 3.0 50.0
Number of Cigarettes/Day (sticks) 13.47 +5.12 2.0 30.0
Brinkman Index 300.15 £ 176.02 5.0 950.0
FEV/FVC (%) 80.24 £12.16 55.1 100.6

FEF25—15 (%) 86.92 £ 18.04 38.0 130.0

CO Level (ppm) 7.06 £ 5.52 0.5 40.0

The mean FEV/FVC ratio was 80.24% (range: 55.1—
100.6%), while the mean FEF25—5% was 86.92% (range:
38-130%). The average exhaled carbon monoxide level
was 7.06 £ 5.52 ppm, reflecting considerable variation in
smoking exposure. Overall, these findings describe a
predominantly adult working population with long-term
smoking habits and lung function ranging from normal
to mildly obstructive.

According to Table 2, most smokers were aged 35-50
years (51.0%), followed by those aged 19-34 years
(36.7%) and 51-65 years (12.2%). The majority had
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smoked for 18-33 years (53.1%), while 32.7% had
smoked for 2—17 years and 14.3% for 34-50 years. Daily
cigarette consumption was predominantly within the 10—
19 cigarettes/day category (46.9%), followed by 1-9
cigarettes/day (38.8%) and >20 cigarettes/day (14.3%).
Brinkman Index values <200 were observed in 51.0% of
subjects, while 34.7% fell within 200-600 and 14.3%
exceeded 600.
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Table 2. Distribution and Demographic Characteristics of Smoker Participants

Variables Category n %

Age (years) 19-34 18 36,7

35-50 25 51,0

51-65 6 12,2

Duration of Smoking (years) 2-17 16 32,7

18-33 26 53,1

34-50 7 14,3

Number of Cigarettes per Day (sticks) 1-9 19 38,8

10-19 23 46,9

>20 7 14,3

Brinkman Index <200 25 51,0

200-600 17 34,7

>600 7 14,3

FEV/FVC (%) <70 2 4,1

>70 47 95,9

FEF25—75 (%) <60 8 16,3

>60 41 83,7

Exhaled CO Level (ppm) <6 9 18,4

>6 40 81,6
In terms of lung function, only 4.1% of smokers levels were elevated (>6 ppm) in 81.6% of participants,

demonstrated an FEV/FVC ratio <70%, while 95.9% confirming active smoking exposure.
remained above this threshold. A reduction in FEF25—5% Comparison of Pulmonary Function Characteristics
(<60%) was present in 16.3% of smokers, indicating Between Smokers and Non-Smokers

small-airway impairment. Additionally, exhaled CO

Table 3. Comparison of Pulmonary Function Characteristics Between Smokers and Non-Smokers

Variables Category S?l"():;: )r s NonI-lS(r;)o)kers

Age (years) 1934 18 (36,7%) 17 (42,5%)
35-50 25 (51,0%) 21 (52,5%)

51-65 6 (12,2%) 2 (5,0%)

FEV/FVC (%) <70 2 (4,1%) 8 (20,0%)
70 47 (95,9%) 32 (80,0%)
FEFas—s (%) <60 8 (16,3%) 14 (35,0%)
60 41 (83,7%) 26 (65,0%)
CO Levels (ppm) <6 9 (18,4%) 40 (100,0%)

>6 40 (81,6%) 0 (0%)

*Chi-square test
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Following the descriptive analysis of the smoker group,
comparisons were made between smokers and non-
smokers regarding age distribution, FEV/FVC ratio,
FEF25—5%, and exhaled CO levels. The results of this
comparison are presented in Table 3.

Table 3 demonstrates significant differences between
smokers and non-smokers in FEV/FVC ratio, FEF2s—
75%, and exhaled CO levels (p < 0.05), indicating a
measurable impact of smoking habits on pulmonary
function. Age distribution was similar between groups:
among smokers, 51.0% were aged 35-50 years, 36.7%
were aged 19-34 years, and 12.2% were aged 51-65
years. In the non-smoking group, the proportions were
52.5%, 42.5%, and 5.0%, respectively.

Pulmonary function differed notably between groups. An
FEV/FVC ratio <70% was observed in 4.1% of smokers
but in 20.0% of non-smokers. Reduced FEF2s—s5%
(£60%) was also more common among non-smokers
(35.0%) compared with smokers (16.3%). As expected,

exposure indicators differed markedly: elevated exhaled
CO levels (>6 ppm) were present in 81.6% of smokers,
while all non-smokers demonstrated CO levels below 6
ppm.

Association Between Demographic Characteristics and
Brinkman Index

This analysis aimed to evaluate the relationship between
demographic characteristics and pulmonary function
parameters across different smoking severity levels
categorized by the Brinkman Index. Variables assessed
included age, duration of smoking, daily cigarette
consumption, FEV/FVC ratio, FEF25—5%, and exhaled
CO levels. The findings summarized in Table 4
demonstrate that increasing smoking severity is
significantly associated with differences in all major
variables. A clear dose—response pattern was observed,
in which greater smoking exposure corresponded to
reduced lung function and higher CO levels.

Table 4. Association Between Demographic Characteristics and Brinkman Index

Variables <200 (Mild) 200-600 (Moderate) >600 (Severe) p-Value
Age (years) 37.8 +£10.2 43.5+£9.8 472+£85  0.041
Smoking Duration (years) 14.1+6.3 245+7.6 32.7+7.8 <0.001
Cigarettes/Day (sticks) 89+39 145+4.7 23.1+£59 <0.001
FEV/FVC (%) 86.4+7.8 79.2 +8.1 73.8+89  0.003
FEF25—5 (%) 97.8 +14.2 86.1+15.9 70.5+18.1  0.004
CO Levels (ppm) 6.1+3.1 9.7+4.2 153+48 <0.001

*One-Way ANOVA

Age, duration of smoking, and daily cigarette
consumption increased progressively with higher
Brinkman categories. Heavy smokers had the longest
duration of smoking (mean 32.7 years), compared with
moderate (24.5 years) and light smokers (14.1 years).
Daily cigarette use also rose markedly, from 8.9
cigarettes per day among light smokers to 23.1 cigarettes
among heavy smokers (p < 0.001).

Pulmonary function parameters showed a consistent
decline across smoking severity levels. The mean

24

FEV/FVC ratio decreased from 86.4% in light smokers
to 73.8% in heavy smokers (p = 0.003), while FEF25—s%
declined from 97.8% to 70.5% (p = 0.004). Exhaled CO
levels increased sharply across categories, rising from
6.1 ppm in light smokers to 15.3 ppm in heavy smokers
(p <0.001). These findings confirm that heavier smoking
exposure is directly associated with worsening
pulmonary function and elevated CO levels.
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Table 5. Results of the Analysis of the Relationship Between Demographic Characteristics and Smoking Severity

Variables F p-Value
Age (years) 4.12 0.041
Smoking Duration (years) 23.64 <0.001
Cigarettes/Day (sticks) 21.58 <0.001
FEV/FVC (%) 7.34 0.001
FEF25—5 (%) 6.98 0.002
CO Levels (ppm) 17.93 <0.001

*Post Hoc - Tukey HSD

To further assess the strength of these associations, an
ANOVA was performed, followed by Tukey’s HSD
post-hoc test to determine between-group differences.
The results, presented in Table 5, indicate significant
differences across all primary variables. Age showed a
significant association with smoking severity (F = 4.12;
p = 0.041), while smoking duration demonstrated the
strongest relationship (F = 23.64; p < 0.001). Daily
cigarette consumption also showed a highly significant
association (F =21.58; p <0.001).

Similarly, pulmonary function parameters varied
significantly across Brinkman Index categories. The
FEV/FVC ratio (F = 7.34; p = 0.001) and FEF25—5% (F
=6.98; p=0.002) both declined with increasing smoking
severity. Exhaled CO levels showed one of the strongest
associations (F = 17.93; p < 0.001), reinforcing its role
as an objective marker of smoking intensity. Post-hoc
analysis confirmed significant pairwise differences,
particularly between light and heavy smokers.

Overall, these findings underscore a clear dose-response
relationship in which increasing tobacco exposure, as

measured by the Brinkman Index, is associated with
older age, longer smoking duration, higher daily cigarette
consumption, declining pulmonary function, and
elevated CO levels.

Association Between FEVi/FVC Ratio, FEF:s—5%,
and Exhaled Carbon Monoxide (eCO) Among Smokers
This analysis examined the relationship between the
three main parameters of interest, FEVi/FVC ratio,
FEF25—5%, and exhaled carbon monoxide (¢CO), among
smokers. Spearman’s correlation was applied to assess
the strength and direction of these associations. The
results, summarized in Table 6, demonstrate significant
relationships between eCO levels and lung function
parameters.

A significant positive correlation was found between
FEV/FVC and FEF2s—5% within the subgroup of
smokers with FEVi//FVC <75% (p = 0.612; p = 0.041),
indicating a moderate association between large- and
small-airway function. A weaker but still significant
correlation was also observed in those with FEV/FVC
>75% (p=10.146; p = 0.030).

Table 6. Correlation of Variables Assessing Decline in Lung Function Among Smokers

Variables Category n Spearman p p-value
FEV/FVC and FEF2s—s <70 2 0.612 0.041
>70 47 0.146 0.030
CO (ppm) and FEV/FVC <60 8 —0.745 0.016
>60 41 -0.940 <0.001
CO (ppm) and FEF2s—s <6 10 —0.682 0.027
=6 39 —0.659 <0.001

*Spearman Correlation
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In contrast, eCO levels showed a strong negative
correlation with the FEV1/FVC ratio in both FEF25—5%
subgroups. Among individuals with reduced small-
airway function (FEF2s—5% <60%), the correlation
reached p = —0.745 (p = 0.016), while an even stronger
association was observed in those with FEF2s—5% >60%
(p = —0.940; p < 0.001). These findings indicate that
higher CO levels are consistently associated with lower
FEV/FVC values. Similarly, eCO levels were negatively
correlated with FEF2s—s% across both low (<6 ppm) and
high (=6 ppm) CO categories, with moderate to strong
correlation coefficients (p =—0.682 and —0.659; both p <
0.05).

Overall, the correlation patterns presented in Table 6
confirm that higher CO levels, reflecting greater
exposure to cigarette smoke, are closely associated with
declines in both large- and small-airway ventilatory

function. These findings emphasize the sensitivity of
eCO as a biomarker of smoking intensity and its potential
clinical relevance in detecting early airway impairment
among smokers.

Correlation Between Exhaled Carbon Monoxide (eCO)
and the Degree of Pulmonary Function Decline in
Smokers

To evaluate the extent to which eCO levels reflect the
severity of pulmonary dysfunction, an analysis was
performed examining the relationship between CO
concentration (ppm) and the degree of ventilatory
impairment, calculated from combined reductions in
FEV/FVC and FEF2s—5%. This assessment aimed to
determine whether eCO can serve as an objective
predictor of impaired ventilation among smokers. The
results of the linear correlation and regression analysis
are presented in Table 7.

Table 7. Association Between CO Levels and Lung Function Decline Index

Variables Slope (1) Pearson r 95% CI p-value
CO vs FEV/FVC -2.132 —0.950 —2.332 --1.932 <0.001
CO vs FEF25—5 -2.878 —0.646 -3.850 ——1.905 <0.001
FEV/FVC ~ FEF25—5 1.167 0.588 0.708 — 1.627 <0.001

*Pearson Correlation

As shown in Table 7, Pearson correlation and simple
linear regression analysis demonstrated a significant
negative association between eCO levels and both
pulmonary function indices. Each 1-ppm increase in CO
was associated with a 2.13% decrease in the FEV/FVC
ratio (p < 0.001) and a 2.88% decline in FEF25—5% (p <
0.001). These findings indicate that higher CO levels
consistently correspond to a greater degree of functional
impairment.

A significant positive correlation was also observed
between the two lung function parameters themselves,
where each 1% increase in FEF2s—5% was associated
with a 1.17% increase in the FEV//FVC ratio (p <0.001),
highlighting the interdependence between large- and
small-airway performance. Overall, these results
demonstrate that elevated eCO levels have a direct and
measurable impact on the decline of both large and small
airway function. Clinically, eCO may serve as a
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quantitative and practical marker for assessing the
severity of smoking-related ventilatory impairment.

4. Discussion

The study population, with a mean age of 41.97 years,
represents productive adults with substantial smoking
exposure, consistent with the Indonesia Health Survey
2023 reporting peak smoking prevalence among
individuals aged 31-50 [2].
demographic is often driven by social and occupational

Smoking in this

stressors, strengthening the relevance of assessing early
respiratory impairment. The long duration of smoking
(mean 21.63 years) and consumption of 13.47
cigarettes/day reflect chronic cumulative exposure,
aligning with WHO 2024 reports that duration and
intensity of smoking predict progressive lung-function
decline and COPD development, a trend similarly
observed in Dai et al. (2022) within developing-country
populations [19, 20]. The mean Brinkman Index of
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300.15 indicates moderate-to-heavy exposure according
to PDPI criteria, supporting the biological plausibility of
chronic small-airway inflammation, mucus
accumulation, and epithelial remodeling associated with
cumulative tobacco exposure [21].

The mean FEV/FVC ratio (80.24%) suggests preserved
overall ventilatory function despite early signs of
obstruction, consistent with findings from Graham et al.
(2019), who noted that values between 70-80% are
typical among active smokers with subtle ventilatory
impairment [22]. This aligns with Oh et al. (2018), who
reported that middle-aged adults may exhibit normal
spirometry despite reduced pulmonary reserve due to age
and chronic exposure [23]. Although the mean FEF2s5—s
remained within normal ranges (86.92%), 16% of
participants demonstrated values <60%, reinforcing the
utility of this index as a sensitive marker of early small-
airway dysfunction'*. Evidence from Kwon et al. (2020)
and Alobaidi et al. (2022) further supports the predictive
value of FEF2s—s reduction for preclinical airflow
limitation among active smokers [14, 24].

Exhaled CO was elevated (>6 ppm) in 80% of smokers,
reflecting increased carboxyhemoglobin levels and
reduced oxygen transport capacity, consistent with
studies by Ezeigbo et al. (2024) and Herath et al. (2021)
showing linear increases in CO with smoking intensity
[25, 26]. These findings collectively support GOLD 2017
and Adatia et al. (2021), which emphasize that
physiological impairment and elevated biomarkers of
exposure often precede spirometry-defined COPD [27].

Comparisons with non-smokers revealed significant
differences in FEV/FVC, FEF2s—s, and exhaled CO,
reinforcing the substantial respiratory burden of tobacco
smoke. Despite the unexpected finding of a higher
proportion of non-smokers with FEV/FVC <70%, this
may reflect environmental exposures, genetic
susceptibility, or passive smoking. Age-related
reductions described by Oh et al. (2018) and
environmental influences described by Alobaidi et al.
(2022) may further explain variations in non-smoker
spirometry [14, 23]. The strong discriminatory capacity
of CO, elevated in 81.6% of smokers and absent in non-
smokers, supports its role as a robust biomarker of recent
tobacco exposure, as established in earlier studies [25,
26].
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The Brinkman Index demonstrated a clear dose—response
gradient: increasing smoking levels were associated with
longer smoking duration, higher daily cigarette
consumption, lower FEV/FVC and FEF2s—s values, and
rising CO levels. This gradient is consistent with national
epidemiology, PDPI 2024 recommendations, and global
descriptions of cumulative tobacco burden [1, 20]. The
progressive decline in FEVW/FVC across smoking
categories mirrors ATS/ERS-defined airflow obstruction
and emerging evidence that gradual declines often
precede diagnostic thresholds [23]. Similarly, reductions
in FEF2s—s reflect early small-airway disease, a well-
documented precursor to COPD [28, 29]. The steep rise
in CO (6.1 to 15.3 ppm) across severity groups parallels
international findings and reflects increased oxidative
stress, impaired mucociliary clearance, and epithelial—
mesenchymal transition associated with chronic smoke
exposure [21, 30]. These mechanisms align with
GOLD’s conceptualization of persistent inflammation as
the driver of progressive airflow limitation [31, 32].
Correlation analyses demonstrated a moderate positive
association between FEV/FVC and FEF2s-7s (p=0.612),
reflecting their shared mechanical underpinnings in
global and peripheral airway resistance [22, 29].
Evidence indicates that FEF2s—s declines earlier due to
the vulnerability of terminal bronchioles to inflammatory
and oxidative damage [28, 29]. Negative correlations
between exhaled CO and both FEV/FVC and FEF2s—s,
particularly at higher CO levels, underscore the
deleterious impact of tobacco exposure on central and
peripheral airway function, consistent with GOLD 2017
and mechanisms involving carboxyhemoglobin-induced
hypoxia, ROS accumulation, and airway remodeling [21,
30]. These findings are supported by Sukmawati & Amin
(2016) and by population studies demonstrating linear
CO increases with smoking intensity [25, 26].
Regression analysis further confirmed the linear effect of
CO on ventilatory decline, with each 1-ppm CO
increment associated with a 2.13% reduction in
FEV/FVC and a 2.88% reduction in FEFas—s,
reinforcing earlier findings [13, 32]. Similar associations
were reported by Dutt S et al. (2021) and Anand et al.
(2014), who consistently documented lower spirometric
values among smokers with elevated CO [33, 34]. These
findings further support CO as a quantitative marker of
tobacco exposure and a useful adjunct to spirometry for
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early detection and cessation monitoring, as emphasized
in PDPI 2024 [35].

Overall, the results provide consistent evidence linking
smoking exposure with early declines in both central and
peripheral airway function. The combined use of
FEV/FVC, FEF2s—s, and exhaled CO enhances early
detection of smoke-induced impairment and supports the
integration of these indices in smoking-cessation
programs and routine screening, particularly among
productive-age adults at high risk of cumulative
exposure.

5. Limitation

This study has several limitations that should be
considered when interpreting the findings. First, the use
of a cross-sectional design limits the ability to establish
causal relationships between smoking exposure,
spirometric parameters, and CO levels; the results only
reflect associations at a single point in time. Second, the
study population consisted exclusively of hospital
security officers, which may reduce generalizability to
broader or more diverse populations with different
occupational exposures or lifestyle patterns. Third,
smoking status and history relied partly on self-reported
data, which may introduce recall bias or underreporting,
particularly regarding cigarette consumption and
duration of smoking. Fourth, lung function was assessed
using single-time spirometry measurements, which may
be influenced by participant effort or short-term
physiological variations. Additionally, the study did not
account for potential environmental confounders, such as
passive smoking, air pollution, or recent respiratory
infections, which may affect FEV/FVC and FEF25—5%
values. Finally, carbon monoxide levels primarily reflect
recent smoking behavior rather than long-term exposure,
thereby limiting their ability to fully represent
cumulative tobacco burden. Despite these limitations, the
study provides important insights into early pulmonary
function changes associated with smoking.

6. Conclusion

This study demonstrates that eCO is significantly
associated with impaired pulmonary function among
active smokers. Elevated CO levels show a strong
negative correlation with both FEVi/FVC and FEF2s—s,
indicating that increased tobacco exposure directly
contributes to declining ventilatory capacity in both
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central and peripheral airways. The earlier decline of
FEF25—5 compared with FEV/FVC supports the concept
that small-airway dysfunction represents the initial phase
of smoking-induced ventilatory impairment. The
positive association between FEVI/FVC and FEF2s—s
across all smoking categories further illustrates the
progressive continuum from peripheral obstruction
toward global airflow limitation. The dose-response
pattern observed across Brinkman Index categories
reinforces the cumulative impact of smoking on lung
function and CO accumulation. Overall, eCO serves as a
practical and non-invasive biomarker that correlates
strongly with spirometric decline, making it a valuable
tool for early detection of smoking-related ventilatory
impairment and for monitoring smoking-cessation
programs.
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