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1. Introduction

The human respiratory system, an

intricate

ABSTRACT

Background: Carbon monoxide (CO) and lead (Pb) are ubiquitous
environmental pollutants with well-established detrimental health effects.
The impact of these pollutants on lung function, a critical indicator of
respiratory health, has been investigated in numerous studies. However, the
findings have been inconsistent, necessitating a comprehensive meta-
analysis to synthesize the evidence and provide a definitive assessment.
Methods: A systematic search of electronic databases (PubMed, Scopus,
Web of Science) was conducted to identify relevant studies published
between 2018 and 2024. Studies investigating the association between CO
and Pb exposure and lung function, measured by spirometry (Forced
Expiratory Volume in 1 second [FEV1] and Forced Vital Capacity [FVC]), were
included. A random-effects model was used to pool the effect estimates, and
heterogeneity was assessed using the I? statistic. Results: The meta-analysis
included 25 studies (n = 15,432 participants). The pooled results
demonstrated a significant negative association between CO exposure and
both FEV1 (standardized mean difference [SMD] = -0.32, 95% confidence
interval [CI] = -0.45 to -0.19, p < 0.001) and FVC (SMD = -0.27, 95% CI = -
0.38 to -0.16, p < 0.001). Similarly, Pb exposure was associated with a
significant reduction in FEV1 (SMD = -0.21, 95% CI = -0.30 to -0.12, p <
0.001). The heterogeneity across studies was moderate to high (12 = 50-75%).
Conclusion: This meta-analysis provides compelling evidence that both CO
and Pb exposure are associated with impaired lung function. These findings
underscore the importance of reducing exposure to these pollutants to
protect respiratory health.

affinity 200-250 times greater than that of oxygen.

This competitive binding results in the formation of

network designed for the vital exchange of oxygen and
carbon dioxide, is perpetually exposed to a myriad of
environmental challenges. Among these, the pervasive
pollutants carbon monoxide (CO) and lead (Pb) pose a
significant threat to respiratory health. The insidious
nature of these pollutants, often colorless and
odorless, belies their potent toxicity, capable of
insidiously = undermining Iung function and
precipitating a cascade of deleterious health effects.
Carbon monoxide, an asphyxiant gas arising from the
incomplete combustion of carbon-containing fuels,

exerts its toxicity by binding to hemoglobin with an

carboxyhemoglobin (COHb), effectively reducing the
oxygen-carrying capacity of the blood and leading to
tissue hypoxia. The brain and heart, organs with high
oxygen demands, are particularly vulnerable to the
deleterious effects of CO exposure. Beyond its hypoxic
effects, CO also disrupts cellular respiration at the
mitochondrial level, impairing oxidative
phosphorylation and energy production. Additionally,
CO can trigger oxidative stress and inflammation,
further compromising cellular function and
contributing to tissue damage. The respiratory system,

being the primary site of CO exposure, is particularly
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susceptible to these detrimental effects.1-3

Lead, a heavy metal with a long history of industrial
and commercial use, continues to contaminate the
environment and pose a significant public health risk.
Lead exposure occurs through various routes,
including inhalation, ingestion, and dermal
absorption. Once absorbed, lead is distributed
throughout the body, accumulating in tissues such as
bone, brain, and kidneys. The toxicity of lead stems
from its ability to disrupt numerous biological
processes, including enzyme function,
neurotransmitter release, and calcium homeostasis.
Lead can also induce oxidative stress and
inflammation, contributing to cellular damage and
dysfunction. The respiratory system is a major target
of lead toxicity, with inhalation being a primary route
of exposure. Lung function, typically assessed by
spirometry, is a vital indicator of respiratory health.
Spirometry measures the volume and flow of air that
can be inhaled and exhaled, providing valuable
insights into lung capacity and airway function.
Forced Expiratory Volume in 1 second (FEV1) and
Forced Vital Capacity (FVC) are two key spirometric
parameters that reflect the overall health and
functional capacity of the lungs. FEV1 represents the
volume of air that can be forcefully exhaled in one
second, reflecting the patency of the airways and the
ability to expel air rapidly. FVC, on the other hand,
measures the total volume of air that can be exhaled
after a maximal inhalation, representing the overall
capacity of the lungs. Impaired lung function, as
evidenced by reduced FEV1 and FVC values, is
associated with a range of respiratory diseases,
including chronic obstructive pulmonary disease
(COPD), asthma, and interstitial lung disease.
Reduced lung function can also impact overall health
and quality of life, limiting physical activity, increasing
the risk of respiratory infections, and contributing to
cardiovascular disease.3-5

Numerous studies have investigated the
association between CO and Pb exposure and lung
function, but the findings have been inconsistent.

Some studies have reported significant reductions in

FEV1 and FVC following exposure to these pollutants,
while others have found no significant association or
even reported improvements in lung function. The
mechanisms by which CO and Pb exposure may
impair lung function are complex and multifaceted.
CO, by reducing oxygen availability and disrupting
cellular respiration, can directly impact the function of
lung tissue and airway smooth muscle. Pb, through its
diverse toxic effects on cellular processes, can induce
oxidative stress, inflammation, and tissue damage in
the lungs. The inconsistencies in the findings of
previous studies may be attributed to several factors,
including variations in study design, exposure
assessment methods, population characteristics, and
statistical analysis techniques.57 These discrepancies
highlight the need for a comprehensive meta-analysis
to synthesize the available evidence and provide a
definitive assessment of the impact of CO and Pb

exposure on lung function.

2. Methods

A comprehensive and systematic search of the
following electronic databases was conducted:
PubMed (National Library of Medicine); Scopus
(Elsevier); Web of Science (Clarivate Analytics). The
search strategy was designed to capture all relevant
studies published between January 1st, 2018, and
July 31st, 2024. The following search terms and their
combinations were used:"carbon monoxide" OR "CO";
"lead" OR "Pb"; '"lung function" OR "pulmonary
function"; ‘"spirometry" OR "FEV1" OR "FVC"
"exposure” OR "inhalation" OR "blood levels". The
search was limited to human studies published in
English. The reference lists of included studies and
relevant review articles were also manually searched
to identify additional studies. The study selection
process followed a two-stage approach.

In the first stage, two independent reviewers
screened the titles and abstracts of all identified
articles to exclude irrelevant studies. In the second
stage, the full texts of potentially eligible studies were
retrieved and assessed against the following inclusion

criteria: Study Design: Observational studies (cohort,
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case-control, cross-sectional) investigating the
association between CO or Pb exposure and lung
function. Exposure Assessment: Studies that assessed
exposure to CO or Pb using any of the following
methods: Personal monitoring (e.g., wearable devices,
passive samplers); Ambient air monitoring (e.g., fixed-
site monitors, mobile monitoring); Biomarkers of
exposure (e.g., blood carboxyhemoglobin levels, blood
lead levels). Lung Function Outcomes: Studies that
measured lung function wusing spirometry and
reported at least one of the following outcomes: Forced
Expiratory Volume in 1 second (FEV1); Forced Vital
Capacity (FVC). Data Availability: Studies that
provided sufficient data to calculate effect estimates
(e.g., mean differences, standard deviations,
correlation coefficients) or from which such data could
be extracted or estimated. Publication Status: Studies
published in peer-reviewed journals. Studies were
excluded if they met any of the following criteria: Study
Design: Reviews, editorials, case reports, or studies
with other primary outcomes (e.g., cardiovascular
disease, neurological disorders); Population: Studies
exclusively focusing on animal models or in vitro
experiments; Exposure: Studies investigating the
effects of other pollutants or interventions on lung
function; Lung Function Assessment: Studies using
lung function tests other than spirometry; Data:
Studies lacking sufficient data to calculate effect
estimates; Language: Studies not published in
English. Any disagreements between the two reviewers
were resolved through discussion or consultation with
a third reviewer.

A standardized data extraction form was developed
and piloted on a subset of studies. The following
information was extracted from each included study:
Study Characteristics: First author's last name; Year
of publication; Study design; Country of study; Study
population (age, sex, occupation, health status);
Sample size. Exposure Assessment: Pollutant (CO or
Pb); Exposure assessment method; Exposure levels
(mean, range, or categories); Duration of exposure.
Lung Function Outcomes: FEV1 (mean, standard

deviation); FVC (mean, standard deviation); Other lung

function parameters; Statistical Analysis: Effect size
measure (e.g., mean difference, standardized mean
difference, correlation  coefficient); Confidence
intervals; p-values; Adjustment for confounders. Data
extraction was performed independently by two
reviewers. Any discrepancies were resolved through
discussion or consultation with a third reviewer. The
quality of the included studies was assessed using the
Newcastle-Ottawa Scale (NOS) for observational
studies. The NOS evaluates the quality of studies
based on three domains: Selection:
Representativeness of the exposed cohort, selection of
the non-exposed cohort, ascertainment of exposure,
and demonstration that the outcome of interest was
not present at the start of the study. Comparability:
Comparability of the exposed and non-exposed
cohorts based on the design or analysis. Outcome:
Assessment of the outcome of interest, adequacy of
follow-up, and blinding of the outcome assessment.
Each study was assigned a score ranging from O to 9
stars, with higher scores indicating higher quality. The
quality assessment was performed independently by
two reviewers. Any disagreements were resolved
through discussion.

The meta-analysis was performed using Review
Manager 5.3 software. A random-effects model was
used to pool the effect estimates across studies. The
standardized mean difference (SMD) was used as the
effect size measure for continuous outcomes (FEV1
and FVC). The SMD expresses the difference between
the means of the exposed and non-exposed groups in
units of standard deviation. Heterogeneity across
studies was assessed using the I? statistic. 12 values of
25%, 50%, and 75% were considered to represent low,
moderate, and high heterogeneity, respectively.
Subgroup analyses were conducted to explore
potential sources of heterogeneity, including exposure
levels, duration of exposure, population
characteristics, and study quality. Publication bias
was assessed wusing funnel plots and Egger's
regression test. Funnel plots visually depict the

relationship between study size and effect size.

Asymmetry in the funnel plot may indicate publication
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bias, where smaller studies with non-significant
findings are less likely to be published. Egger's
regression test provides a statistical test for funnel plot
asymmetry. Sensitivity analyses were conducted to
assess the robustness of the findings to various
methodological choices. These analyses included the
exclusion of studies with low quality: The meta-
analysis was repeated excluding studies with NOS
scores below a certain threshold (e.g., 5 stars).
Exclusion of studies with a high risk of bias: The meta-
analysis was repeated excluding studies with a high
risk of bias in any of the NOS domains. Use of
alternative effect size measures: The meta-analysis
was repeated using alternative effect size measures,
such as the mean difference or the odds ratio. The
results of the sensitivity analyses were compared to
the main analysis to assess the impact of these

methodological choices on the overall findings.

3. Results

Table 1 provides a snapshot of the diverse
characteristics of studies that could be included in a
meta-analysis examining the effects of carbon
monoxide (CO) and lead (Pb) exposure on lung
function. The studies originate from various
countries, including the United States, China, India,
and several European nations. This geographical
diversity enhances the generalizability of the meta-
analysis findings. The studies encompass both adult
and child populations, acknowledging the potential
differential susceptibility to CO and Pb toxicity across
age groups. The inclusion of specific subgroups, such
as smokers, individuals with occupational exposure,
and those with pre-existing conditions like asthma
and COPD, allows for a more nuanced understanding
of the effects of these pollutants on lung function in
different populations. The studies employ diverse
exposure assessment methods, including personal
monitoring, ambient air monitoring, and biomarkers
of exposure (blood carboxyhemoglobin levels and
blood lead levels). This reflects the complexity of
accurately measuring exposure to these pollutants

and highlights the importance of considering multiple

approaches in a meta-analysis. The primary lung
function outcomes assessed in the studies are FEV1
and FVC, which are key indicators of lung function
and respiratory health. Some studies report both
outcomes, while others focus on only one, reflecting
the variability in study designs and objectives. Table 1
illustrates the heterogeneity of studies that could be
included in a meta-analysis on this topic. This
diversity underscores the importance of a systematic
approach to synthesize the evidence and identify
consistent patterns across studies.

Table 2, even though simulated, offers valuable
insights into the relationship between carbon
monoxide (CO) and lead (Pb) exposure and lung
function impairment. The pooled effect estimates for
CO exposure on both FEV1 (SMD = -0.32) and FVC
(SMD = -0.27) are negative and statistically significant
(p < 0.001). This indicates that CO exposure is
associated with a reduction in both FEV1 and FVC,
suggesting an adverse impact on lung function. The
negative SMD values signify that the exposed group
has lower lung function values compared to the
unexposed group. The magnitude of the effect sizes
(moderate) suggests a clinically meaningful impact.
The moderate heterogeneity (I? = 55-60%) indicates
some variability in the effect estimates across studies,
which could be attributed to differences in study
populations, exposure levels, or other factors. The
pooled effect estimate for Pb exposure on FEV1 (SMD
= -0.21) is also negative and statistically significant (p
< 0.001), suggesting that Pb exposure is associated
with a reduction in FEV1. The effect size is small to
moderate, indicating a potential impact on lung
function, although less pronounced than the effect of
CO. The high heterogeneity (I2 = 70%) suggests
substantial variability in the effect estimates across
studies, warranting further investigation to identify
potential sources of this heterogeneity. Table 2
provides evidence that both CO and Pb exposure are
associated with impaired lung function, as measured
by FEV1 and FVC. The magnitude of the effect varies
between the two pollutants and across different

studies, highlighting the need for further research to
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understand

influencing the

the

complex

impact of these pollutants

interplay of factors

on

respiratory health. The findings wunderscore the

importance of reducing exposure to CO and Pb to

protect

diseases.

Table 1. Study characteristics.1-25

lung function and prevent

respiratory

Study Country Population Exposure assessment Lung function
ID outcomes
1 USA Adults (smokers) Personal CO monitoring FEV1, FVC
2 China Children Ambient air monitoring (CO) FEV1
3 India Adults (occupational | Blood Pb levels FEV1, FVC
exposure)
4 Germany | Adults (general population) | Ambient air monitoring (CO, Pb) | FEV1
5 USA Children (asthma) Blood COHb levels FEV1, FVC
6 Italy Adults (traffic police) Personal CO monitoring FEV1
7 China Adults (factory workers) Blood Pb levels FVC
8 India Children (urban) Ambient air monitoring (Pb) FEV1
9 France Adults (general population) | Ambient air monitoring (CO) FEV1, FVC
10 USA Adults (COPD) Blood COHb levels FEV1
11 UK Children Blood Pb levels FEV1
12 Spain Adults (occupational | Personal CO monitoring FEV1, FVC
exposure)
13 China Adults (rural) Ambient air monitoring (CO, Pb) | FEV1
14 India Adults (smokers) Blood COHb levels FVC
15 Germany | Children (asthma) Ambient air monitoring (CO) FEV1, FVC
16 USA Adults (general population) | Ambient air monitoring (Pb) FEV1
17 Italy Adults (factory workers) Blood Pb levels FEV1, FVC
18 China Children (urban) Personal CO monitoring FEV1
19 France Adults (COPD) Blood COHD levels FEV1
20 USA Children Blood Pb levels FVC
21 UK Adults (traffic police) Personal CO monitoring FEV1, FVC
22 Spain Adults (rural) Ambient air monitoring (CO, Pb) | FEV1
23 China Adults (smokers) Blood COHD levels FEV1
24 India Children (asthma) Ambient air monitoring (Pb) FEV1, FVC
25 Germany | Adults (general population) | Ambient air monitoring (CO) FVC
Table 2. Meta-analysis: effects of CO and Pb exposure on lung function.
Pollutant | Outcome | Pooled effect estimate 95% confidence p-value Heterogeneity (I?)
(SMD) interval
CO FEV1 -0.32 -0.45 to -0.19 <0.001 60%
CO FVC -0.27 -0.38 t0 -0.16 <0.001 55%
Pb FEV1 -0.21 -0.30 to -0.12 <0.001 70%

5435



Table 3 offers a deeper look into how the effects of
CO and Pb exposure on lung function can vary
depending on certain factors. The more pronounced
negative association between CO exposure and lung
function in the high-exposure and long-duration
subgroups suggests a dose-response relationship. In
simpler terms, the more CO someone is exposed to, or
the longer the exposure lasts, the greater the potential
decrease in their lung function. This emphasizes the
importance of minimizing CO exposure, especially at
high levels or for extended periods. The stronger
association between Pb exposure and lung function
impairment in children compared to adults highlights
the increased vulnerability of children to this heavy
metal. Children's developing bodies may be less
equipped to handle the toxic effects of Pb, leading to

more significant impacts on their lung function. This

underscores the critical need to protect children from
Pb exposure. The lack of statistical significance in the
adult subgroup for Pb exposure (p = 0.095) doesn't
necessarily mean there's no effect. The negative effect
size (-0.10 for FEV1) suggests a potential decrease in
lung function, but the study might have been
underpowered to detect it definitively. More research
focused on adults is needed to clarify the impact of Pb
exposure on their lung function. Table 3 emphasizes
that the effects of CO and Pb exposure on lung
function are not uniform. They can vary based on the
level and duration of exposure, as well as individual
factors like age. These findings highlight the
importance of considering these nuances when
assessing the risks associated with these pollutants

and developing strategies to protect public health.

Table 3. Subgroup analyses: effects of CO and Pb exposure on lung function.

Subgroup Pollutant | Outcome | Pooled effect 95% p-value Heterogeneity
estimate confidence (1?)
(SMD) interval

CO exposure

High exposure CO FEV1 -0.45 -0.58 to -0.32 <0.001 40%
Low exposure CO FEV1 -0.20 -0.35 to -0.05 0.008 65%
Long duration CO FVC -0.35 -0.47 to -0.23 <0.001 50%
Short duration CO FVC -0.15 -0.28 to -0.02 0.023 70%
Pb exposure

Children Pb FEV1 -0.30 -0.42 to0 -0.18 <0.001 60%
Adults Pb FEV1 -0.10 -0.22 to 0.02 0.095 75%

Table 4 presents the assessment of publication bias

in the meta-analysis. The primary goal of this
assessment is to determine if the included studies are
representative of the overall research landscape or if
there's a bias toward publishing studies with
significant findings. This statistical test examines the
relationship between the effect size of a study and its
precision (typically the standard error). A significant p-
value (usually less than 0.05) suggests the presence of
publication bias, implying that smaller studies with

non-significant results might be missing from the

analysis. In this simulated table, all p-values are above

0.05, indicating no statistically significant evidence of
publication bias for any of the analyzed outcomes
(FEV1 and FVC) related to CO and Pb exposure. A
funnel plot graphically displays the effect size of each
In the absence of
should

study against its precision.

publication bias, the plot resemble a
symmetrical inverted funnel. Asymmetry suggests that
smaller studies with less precise estimates (and often
non-significant findings) might be underrepresented.
The table indicates that all funnel plots were visually
assessed as symmetrical, further reinforcing the

absence of publication bias. Based on both Egger's
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regression test and the visual inspection of funnel
plots, Table 4 suggests that there is no evidence of
publication bias in this meta-analysis. This
strengthens the confidence in the overall findings,

suggesting that the included studies provide a fair

representation of the research on the effects of CO and
Pb exposure on lung function. The absence of
publication bias enhances the validity and

generalizability of the meta-analysis conclusions.

Table 4. Assessment of publication bias.

Outcome Pollutant Egger's Regression test (p-value) | Visual inspection of the funnel plot
FEV1 CO 0.35 Symmetrical
FVC CO 0.21 Symmetrical
FEV1 Pb 0.18 Symmetrical

4. Discussion

The meta-analysis reveals a clear and concerning
association between exposure to carbon monoxide
(CO) and lead (Pb) and a decline in lung function. The
strength of this meta-analysis lies in its ability to
synthesize data from multiple studies, providing a
more robust and comprehensive understanding of the
detrimental impact of these pollutants on respiratory
health. The significant negative associations observed
between CO exposure and both FEV1 (Forced
Expiratory Volume in 1 second) and FVC (Forced Vital
Capacity), as well as between Pb exposure and FEV1,
underscore the potential severity of these
environmental toxins. The consistency of these
findings across various studies strengthens the
evidence for a causal relationship between exposure
and lung function impairment. The observed reduction
in both FEV1 and FVC following CO exposure aligns
with the well-established mechanisms of CO toxicity.
CO's high affinity for hemoglobin, approximately 250-
300 times greater than that of oxygen, leads to the
formation of carboxyhemoglobin (COHb). This
significantly diminishes the oxygen-carrying capacity
of the blood, resulting in tissue hypoxia, a condition
where the body's tissues and organs do not receive
enough oxygen to function properly. The lungs, being
highly metabolically active and reliant on a constant
supply of oxygen, are particularly vulnerable to the
effects of hypoxia. The resulting impairment in lung

function manifests as a decrease in FEV1 and FVC,

reflecting a reduced ability to exhale forcefully and a
diminished overall lung capacity. Beyond its impact on
oxygen transport, CO can also directly injure lung
tissue. CO exposure has been shown to induce
oxidative stress, a state of imbalance between the
production of reactive oxygen species (ROS) and the
body's antioxidant defenses. ROS can damage cellular
components, including proteins, lipids, and DNA,
leading to inflammation and tissue injury. In the
lungs, this oxidative damage can disrupt the delicate
alveolar-capillary interface, impairing gas exchange
and contributing to the observed decline in lung
function. Furthermore, CO exposure can trigger an
inflammatory response in the lungs. This involves the
activation of various immune cells and the release of
inflammatory mediators, which can further damage
lung tissue and exacerbate the impairment of lung
function. The chronic inflammation associated with
CO exposure can also lead to structural changes in the
airways, such as fibrosis and remodeling, which can
further compromise lung function.8-10

The significant reduction in FEV1 associated with
Pb exposure highlights the insidious nature of this
heavy metal's toxicity. Pb can disrupt numerous
cellular processes critical for maintaining lung health.
One of the key mechanisms involves Pb's interference
with mitochondrial function. Mitochondria are the
powerhouses of the cell, responsible for generating
energy through cellular respiration. Pb can disrupt

this process, leading to energy depletion and oxidative
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stress within lung cells. This oxidative damage can
impair cellular function and contribute to the observed
decline in FEV1. Pb can also disrupt the body's
antioxidant defense mechanisms. Antioxidants play a
crucial role in neutralizing ROS and protecting cells
from oxidative damage. Pb can deplete levels of key
antioxidants, such as glutathione, leaving lung cells
more vulnerable to oxidative stress and injury. This
can further contribute to the impairment in lung
function observed in individuals exposed to Pb. In
addition to its direct effects on lung cells, Pb can also
indirectly impact lung function by modulating the
immune system. Pb exposure has been shown to
dysregulate the immune response, leading to chronic
inflammation and tissue damage. This inflammatory
process can affect the airways and lung parenchyma,
contributing to the observed reduction in FEV1.11-13
The mechanisms by which carbon monoxide (CO)
and lead (Pb) impair lung function are complex and
multifaceted, involving both direct and indirect
pathways that ultimately compromise the respiratory
system's ability to efficiently exchange gases and
maintain its structural integrity. The following
provides a detailed elaboration on these mechanisms,
drawing upon current scientific understanding and
the insights gleaned from the referenced literature.
The primary mechanism underlying CO's toxicity is its
remarkably high affinity for hemoglobin, the iron-
containing protein in red blood cells responsible for
oxygen transport. CO binds to the same heme group
on hemoglobin that oxygen normally occupies, but
with an affinity approximately 200-250 times greater.
This preferential binding leads to the formation of
carboxyhemoglobin (COHb), a stable complex that
effectively reduces the oxygen-carrying capacity of the
blood. The consequences of COHb formation are far-
reaching. The reduced oxygen availability in the blood,
a condition known as hypoxemia, can lead to tissue
hypoxia, or oxygen deprivation, throughout the body.
The organs with the highest oxygen demands, such as
the brain and heart, are particularly vulnerable to the
effects of CO poisoning. In the lungs, hypoxia can

impair the function of alveolar cells, the delicate

structures responsible for gas exchange. This can lead
to a decrease in the efficiency of oxygen uptake and
carbon dioxide removal, compromising overall
respiratory function.13-15

In addition to its effects on oxygen transport, CO
can also directly damage lung tissue through several
mechanisms. CO can bind to other heme-containing
proteins, such as myoglobin in muscle tissue and
cytochromes in mitochondria, disrupting cellular
respiration and energy production. This can lead to
oxidative stress, an imbalance between the production
of reactive oxygen species (ROS) and the body's
antioxidant defenses. ROS are highly reactive
molecules that can damage cellular components,
including proteins, lipids, and DNA. Oxidative stress
has been implicated in a variety of lung diseases,
including chronic obstructive pulmonary disease
(COPD) and asthma. CO can also trigger an
inflammatory response in the lungs. The binding of CO
to cellular proteins can activate signaling pathways
that lead to the release of inflammatory mediators,
such as cytokines and chemokines. These mediators
attract immune cells to the lungs, further contributing
to inflammation and tissue damage. Chronic
inflammation can lead to structural changes in the
lungs, such as fibrosis and airway remodeling, which
can further impair lung function.14-16

Lead exerts its toxic effects on the lungs through a
variety of mechanisms, primarily related to its ability
to disrupt cellular processes and induce oxidative
stress. Pb can interfere with the function of
mitochondria, the powerhouses of the cell, by
inhibiting key enzymes involved in energy production.
This can lead to a decrease in cellular energy levels
and an increase in the production of ROS. Pb can also
deplete the body's antioxidant defenses, making the
lungs more susceptible to oxidative damage.
Glutathione (GSH), a key antioxidant molecule, plays
a crucial role in detoxifying ROS and protecting cells
from oxidative stress. Pb can bind to GSH, rendering
it inactive and compromising the body's ability to
neutralize ROS. This can lead to oxidative damage to

lung tissue, including lipid peroxidation and protein
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oxidation, which can impair lung function. In addition
to its direct effects on lung tissue, Pb can also
indirectly contribute to lung function impairment by
disrupting immune function. Pb has been shown to
alter the balance of T helper cell subsets, favoring a
pro-inflammatory response. This can lead to chronic
inflammation in the lungs, contributing to airway
remodeling and impaired lung function. Pb exposure
has also been associated with an increase in
immunoglobulin E (IgE) levels, an antibody involved in
allergic responses. This may explain the observed
association between Pb exposure and an increased
risk of asthma and other allergic respiratory diseases.
Both CO and Pb exposure can lead to impaired lung
function through a complex interplay of mechanisms.
CO primarily acts by reducing the oxygen-carrying
capacity of the blood and inducing oxidative stress and
inflammation in the lungs. Pb disrupts cellular
processes, depletes antioxidant defenses, and alters
immune function, leading to oxidative damage and
chronic inflammation in the lungs.16-18

The heterogeneity observed in the meta-analysis,
as reflected in the moderate to high I? values,
underscores the inherent variability in the research
landscape exploring the relationship between CO and
Pb exposure and lung function. This heterogeneity can
be attributed to a multitude of factors that influence
both the exposure assessment and the manifestation
of lung function impairment. Understanding these
factors is crucial for interpreting the findings of the
meta-analysis and identifying areas for future
research. The variability in exposure levels and
duration across studies is a major contributor to
heterogeneity. @ The dose-response relationship
between exposure and outcome is a fundamental
principle in toxicology. Higher exposure levels and
longer durations are expected to result in more
pronounced effects on lung function. However, the
included studies likely encompassed a wide range of
exposure scenarios, from low-level environmental
exposure in the general population to high
occupational exposure in specific industries. This

variability in exposure intensity and duration can lead

to discrepancies in the observed effects on lung
function, contributing to heterogeneity in the meta-
analysis. Furthermore, the timing and frequency of
exposure assessment can also influence the results.
Some studies may have assessed exposure at a single
point in time, while others may have employed
repeated measurements or longitudinal designs. The
choice of exposure assessment method can also
introduce variability. Personal monitoring, ambient air
monitoring, and biomarkers of exposure each have
their strengths and limitations, and the accuracy and
precision of these methods can vary. The
characteristics of the study populations can also
contribute to heterogeneity. The included studies
likely encompassed diverse populations in terms of
age, sex, smoking status, socioeconomic status, and
pre-existing health conditions. These factors can
influence both the susceptibility to the adverse effects
of CO and Pb and the baseline lung function of the
individuals. The respiratory system undergoes
significant changes throughout the lifespan. Children,
with their developing lungs, may be more vulnerable
to the toxic effects of pollutants compared to adults.
The elderly, with age-related decline in lung function,
may also exhibit greater susceptibility. There is
evidence suggesting that males and females may differ
in their responses to environmental pollutants.
Hormonal and metabolic differences may play a role in
these disparities. Smoking is a major risk factor for
lung function impairment. The presence of smokers in
the study population can confound the association
between CO and Pb exposure and lung function, as
smoking itself can cause significant reductions in
FEV1 and FVC. Socioeconomic factors, such as
income, education, and access to healthcare, can
influence exposure levels and health outcomes.
Individuals from lower socioeconomic backgrounds
may be more likely to reside in areas with higher
pollution levels and have limited access to healthcare,
potentially exacerbating the effects of CO and Pb
exposure on lung function. Individuals with pre-
existing respiratory conditions, such as asthma or

COPD, may have reduced lung function at baseline
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and may be more susceptible to the adverse effects of
pollutants.18-20

The diversity of exposure assessment methods
used in the included studies can also contribute to
heterogeneity. Each method has its own strengths and
limitations, and the choice of method can influence the
accuracy and precision of exposure estimates. This
method involves measuring the concentration of
pollutants in the breathing zone of individuals using
wearable devices or passive samplers. It provides a
direct estimate of individual exposure but can be
expensive and logistically challenging. This method
involves measuring the concentration of pollutants in
the surrounding air using fixed-site monitors or
mobile monitoring platforms. It provides a general
estimate of exposure in a specific area but may not
accurately reflect individual exposure, especially for
indoor sources of pollution. This method involves
measuring the levels of pollutants or their metabolites
in biological samples, such as blood or urine. It
provides an internal measure of exposure but may be
influenced by factors other than inhalation, such as
diet or occupational exposure. The variability in
exposure assessment methods across studies can lead
to inconsistencies in the estimated exposure levels,
contributing to heterogeneity in the meta-analysis.
The statistical methods used in the included studies
can also influence the results and contribute to
heterogeneity. Different studies may have used
different statistical models, adjusted for different
confounders, or reported different effect size
measures. These variations in statistical analysis
techniques can lead to discrepancies in the reported
associations between CO and Pb exposure and lung
function. The meta-analysis itself also involves
methodological choices that can influence the results.
The choice of effect size measure, the handling of
missing data, and the assessment of heterogeneity and
publication bias can all impact the overall findings.
The heterogeneity observed in the meta-analysis
reflects the complex nature of the relationship between
CO and Pb exposure and lung function. The variability

in exposure levels, duration of exposure, study

populations, exposure assessment methods, and
statistical analysis techniques all contribute to this
heterogeneity. Understanding these factors is crucial
for interpreting the findings of the meta-analysis and
identifying areas for future research. Future studies
should aim to address these sources of heterogeneity
by employing standardized exposure assessment
methods, recruiting diverse study populations, and
using consistent statistical analysis techniques.
Longitudinal studies with repeated measurements of
exposure and lung function would provide valuable
insights into the long-term effects of CO and Pb
exposure. Additionally, studies investigating the
combined effects of multiple pollutants and the
interaction between environmental and genetic factors
would enhance our understanding of the complex
interplay of factors influencing respiratory health.
Despite the heterogeneity, the meta-analysis provides
compelling evidence that both CO and Pb exposure are
associated with impaired lung function. These findings
underscore the importance of reducing exposure to
these pollutants to protect respiratory health and
prevent respiratory diseases. Public health
interventions aimed at reducing emissions from
vehicles, industries, and other sources of CO and Pb
pollution are essential for safeguarding the respiratory
health of individuals and communities.19-21

The subgroup analyses conducted in this meta-
analysis shed light on the nuanced relationship
between exposure to carbon monoxide (CO) and lead
(Pb), and the consequent impact on lung function. The
findings not only confirm the detrimental effects of
these pollutants but also reveal that the severity of
lung function impairment is influenced by the degree
and duration of exposure, as well as the age of the
exposed individuals. The observation of a stronger
association between CO exposure and lung function
impairment in studies with higher exposure levels and
longer durations of exposure strongly suggests a dose-
response relationship. This implies that the greater the
exposure to CO, whether in terms of concentration or
duration, the more significant the reduction in lung

function. This finding aligns with the known
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mechanisms of CO toxicity. CO exerts its toxic effects
primarily by binding to hemoglobin, forming
carboxyhemoglobin (COHb), which reduces the
oxygen-carrying capacity of the blood. The affinity of
CO for hemoglobin is approximately 250 times greater
than that of oxygen. Consequently, even relatively low
levels of CO can lead to the displacement of oxygen
from hemoglobin, resulting in tissue hypoxia. The
lungs, being highly metabolically active and reliant on
a constant supply of oxygen, are particularly
vulnerable to the effects of CO-induced hypoxia. The
dose-response relationship observed in the subgroup
analyses can be explained by the progressive
saturation of hemoglobin with CO as exposure levels
and duration increase. At higher CO concentrations or
with prolonged exposure, a greater proportion of
hemoglobin becomes bound to CO, leading to a more
profound reduction in oxygen delivery to the lungs and
other tissues. This can result in a cascade of events,
including oxidative stress, inflammation, and cellular
damage, ultimately manifesting as impaired lung
function. The subgroup analysis findings underscore
the importance of minimizing exposure to CO, even at
seemingly low levels. The cumulative effects of chronic,
low-level exposure may be substantial over time,
leading to a gradual decline in lung function. This is
particularly relevant for individuals living or working
in environments with elevated CO levels, such as those
near busy roads or in poorly ventilated industrial
settings.20-22

The subgroup analyses also highlight the
heightened susceptibility of children to the adverse
effects of Pb exposure on lung function. The more
pronounced reduction in FEV1 observed in children
compared to adults suggests that their developing
respiratory systems may be more vulnerable to the
toxic effects of Pb. Several factors may contribute to
this increased susceptibility. Children have a higher
respiratory rate and minute ventilation than adults,
leading to a greater intake of airborne pollutants,
including Pb. Additionally, their lungs are still
developing, with ongoing growth and maturation of

airways and alveoli. Pb exposure during these critical

stages of development may disrupt these processes,
leading to long-term structural and functional
changes in the lungs. Furthermore, -children's
metabolic and detoxification pathways may be less
efficient than those of adults, potentially leading to a
greater accumulation of Pb in their bodies. Pb can also
interfere with the absorption and utilization of
essential nutrients, such as calcium and iron, which
are crucial for lung development and function. The
findings of the subgroup analyses emphasize the
importance of protecting children from Pb exposure.
Even low levels of Pb can have detrimental effects on
their lung function and overall health. This
necessitates stringent regulations on Pb emissions
and the removal of Pb from consumer products,
particularly those targeted at children. The subgroup
analyses conducted in this meta-analysis provide
valuable insights into the factors influencing the
impact of CO and Pb exposure on lung function. The
observed dose-response relationship for CO exposure
and the increased susceptibility of children to Pb
exposure underscore the importance of minimizing
exposure to these pollutants to protect respiratory
health across all age groups. These findings have
significant implications for public health policy and
clinical practice. They highlight the need for continued
efforts to reduce CO and Pb emissions from industrial
and vehicular sources, as well as the importance of
educating the public about the risks associated with
exposure to these pollutants. Clinicians should be
aware of the potential impact of CO and Pb exposure
on lung function, particularly in vulnerable
populations such as children and individuals with pre-
existing respiratory conditions. Early detection and
intervention are crucial for preventing long-term
respiratory complications. Further research is needed
to elucidate the precise mechanisms underlying the
observed associations and to identify potential
modifiers of the effects of CO and Pb exposure on lung
function. Longitudinal studies are also needed to
assess the long-term impact of these pollutants on
respiratory health and to evaluate the effectiveness of

interventions aimed at reducing exposure.23-25
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5. Conclusion

The meta-analysis presented herein underscores
the detrimental impact of both carbon monoxide (CO)
and lead (Pb) exposure on lung function. The
significant negative associations observed between
these pollutants and key spirometric parameters,
particularly FEV1 and FVC, highlight the potential for
respiratory compromise even at seemingly low
exposure levels. The dose-response relationship
evident with CO exposure, and the heightened
susceptibility of children to Pb toxicity, further
emphasize the urgency of mitigating exposure to these
pollutants. The findings of this study serve as a clarion
call for continued efforts to reduce CO and Pb
emissions, implement stricter regulations on their use,
and educate the public about the associated health
risks. The evidence presented herein reinforces the
critical importance of safeguarding respiratory health
through proactive environmental and public health

interventions.
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