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Abstract
Purpose of Review Hundreds of millions of people worldwide are exposed to arsenic via contaminated water. The goal of this
study was to identify whether arsenic-associated lung function deficits resemble obstructive- or restrictive-like lung disease, in
order to help illuminate a mechanistic pathway and identify at-risk populations.
Recent Findings We recently published a qualitative systematic review outlining the body of research on arsenic and non-
malignant respiratory outcomes. Evidence from several populations, at different life stages, and at different levels of exposure
showed consistent associations of arsenic exposure with chronic lung disease mortality, respiratory symptoms, and lower lung
function levels. The published review, however, only conducted a broad qualitative description of the published studies without
considering specific spirometry patterns, without conducting a meta-analysis, and without evaluating the dose-response
relationship.
Summary We searched PubMed and Embase for studies on environmental arsenic exposure and lung function. We performed a
meta-analysis using inverse-variance-weighted random effects models to summarize adjusted effect estimates for arsenic and
forced expiratory volume in one second (FEV1), forced vital capacity (FVC), and FEV1/FVC ratio. Across nine studies, median
water arsenic levels ranged from 23 to 860 μg/L. The pooled estimated mean difference (MD) comparing the highest category of
arsenic exposure (ranging from > 11 to > 800 μg/L) versus the lowest (ranging from < 10 to < 100 μg/L) for each study for FEV1

was – 42 mL (95% confidence interval (CI) − 70, − 16) and for FVC was – 50 mL (95% CI − 63, − 37). Three studies reported
effect estimates for FEV1/FVC, for which there was no evidence of an association; the pooled estimatedMDwas 0.01 (95%CI −
0.005, 0.024). This review supports that arsenic is associated with restrictive impairments based on inverse associations between
arsenic and FEV1 and FVC, but not with FEV1/FVC. Future studies should confirm whether low-level arsenic exposure is a
restrictive lung disease risk factor in order to identify at-risk populations in the USA.
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Abbreviations
ATS American Thoracic Society
CFTR Cystic fibrosis transmembrane conductance
ERS European Respiratory Society
FEV1/FVC Ratio of FEV1 to FVC
FEV1 Forced expiratory volume in one second
FVC Forced vital capacity
PFT Pulmonary function test

Introduction

Arsenic exposure, through the consumption of naturally con-
taminated groundwater or food, threatens the health of mil-
lions of people in countries throughout the world [1]. Prior
research shows that chronic arsenic exposure has adverse
health effects in several organ systems, including the cardio-
pulmonary system [2]. The International Agency for Research
on Cancer classifies arsenic in drinking water as a type 1 lung
carcinogen, meaning there is sufficient evidence that arsenic
in water causes lung cancer [3]. There is also growing evi-
dence that arsenic is associated with non-malignant respirato-
ry disease [4]. Evidence from several populations, at different
life stages, and at different levels of exposure (generally com-
paring levels higher than 100 μg/L versus lower exposures)
showed consistent associations of chronic arsenic exposure
with chronic lung disease mortality [5–8], respiratory symp-
toms [9, 10], and lower lung function levels [11–13].
Although these epidemiologic observations provide support-
ive evidence of a link between arsenic and chronic lung dis-
ease morbidity and mortality, the specific pattern of lung dis-
ease associatedwith arsenic remains unclear.We recently pub-
lished a qualitative systematic review outlining the body of
research on arsenic and non-malignant respiratory outcomes
[4]. The published review, however, only conducted a broad
qualitative description of the published studies without con-
sidering specific spirometric patterns, without conducting a
meta-analysis, and without evaluating the dose-response
relationship.

Spirometry is an accurate and frequently used method for
assessing pulmonary function. Some of the most important
spirometry measures include the total volume of air forcefully
expelled after a full inhalation, the forced vital capacity
(FVC), the forced expiratory volume in the first second of
exhalation (FEV1), and the ratio of FEV1 to FVC (FEV1/
FVC). Although pulmonary function tests do not diagnose
specific lung diseases, different lung diseases are associated
with different patterns of abnormalities in pulmonary function
tests [14]. Obstructive lung diseases, like chronic bronchitis
and asthma, are associated with chronic inflammation and,
thus, obstruction of the airways. An obstructive pattern lung
function test is characterized by a reduced FEV1/FVC and
FEV1, but a preserved FVC. Alternatively, restrictive lung

disease, like pulmonary fibrosis, may develop from increased
formation of scar tissue in the lung and, thus, restricted lung
expansion. A restrictive pattern lung function test is generally
characterized by a reduced FEV1 and FVC, but a stable or
higher FEV1/FVC. Linking arsenic-associated lung function
deficits to a specific spirometry pattern (i.e., obstruction or
restriction) may further elucidate relevant pathophysiologic
pathways for environmentally related lung disease [15].

The goal of this analysis was to evaluate whether the pat-
terns of association between arsenic exposure and lung func-
tion measures from previously published observational epide-
miologic research are suggestive of restrictive deficits.

Methods

Search Strategy and Data Abstraction

This review followed the Meta-analysis of Observational
Studies in Epidemiology (MOOSE) guidelines [16]
(Supplementary Table 1). We attempted to identify all obser-
vational studies assessing the association between arsenic ex-
posure and lung function. Using keyword and MeSH/emtree
terms (search terms: arsenic OR arsenicals AND respiratory
function OR lung function OR forced expiratory volume OR
vital capacity OR Pulmonary function), we searched PubMed
and Embase through January 2017 with no language restric-
tions. In addition, we reviewed the references from all relevant
original research and review articles. Two investigators (TRS
and MP) screened each article using the study selection
criteria (Fig. 1). Epidemiologic studies with data on arsenic
exposure and lung function endpoints were included. We ex-
cluded non-peer-reviewed studies, non-original reports, ani-
mal studies, case reports and case studies, and studies without
adequate measures of arsenic exposure or lung function. For
arsenic exposure markers, eligible studies were included if
they measured arsenic in water, blood, or urine. We excluded
studies for which urinary arsenic was the only measure of
exposure that did not account for seafood arsenical levels, as
nontoxic seafood arsenicals may be a major source of bias
among study populations with moderate seafood consumption
[17]. We excluded studies that used the presence or absence of
arsenical skin lesions without another measure of arsenic ex-
posure from our primary analysis, as skin lesions, though
strongly associated with high levels of arsenic exposure,
may also be influenced by susceptibility and not exclusively
a result of arsenic exposure alone. We also excluded studies
where arsenic exposure occurred chemotherapeutically [18].
For lung function endpoints, we included all spirometry mea-
sures assessed in the individual studies but we only analyzed
the measures that were reported in at least three publications.
Two investigators (TRS, MP) independently abstracted study
data, including design, study population (location, age, and
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sex distribution), sample size, arsenic assessment and expo-
sure levels, lung function outcomes, study results (measures of
association), and other variables adjusted for in the statistical
analysis. Discrepancies were resolved by a third investigator
(AN). For studies with regression models with multiple levels
of adjustment, we abstracted the measure of association ob-
tained from the regression model that was adjusted for the
most variables (fully adjusted model) after confirming the
fully adjusted model did not have markedly different find-
ings compared to the more parsimonious model. Quality of
individual studies (Supplementary Table 2) was assessed
using similar methods as in a published systematic review
on arsenic [19].

Statistical Methods

Measures of association (comparisons of means, linear regres-
sion coefficients), their standard errors, and sample size were
abstracted or derived from published data [20]. For studies
only reporting group means and standard deviations of the
relevant outcome [13, 21], we constructed crude coefficient
estimates using the linear discriminant function method [20].
All analyses were performed using Stata software, version
14.1 (StataCorp, College Station, TX, USA). Figures were
created using R, version 3.4.0.

For our main analysis, we used an inverse-variance-
weighted random effects model to summarize (pool) the mea-
sure of association comparing mean lung function level in the
highest category of arsenic exposure versus the lowest cate-
gory of exposure for each study. When available, we used
measures of association for water arsenic. If water arsenic
was not reported, we used measures of association for urinary
arsenic (total urinary arsenic). For studies only reporting strat-
ified measures of association (i.e., by sex or smoking status)
[22, 23], we pooled the measures of association from each
stratum (males/females or smoking/non-smoking) using a
separate inverse-variance-weighted random effects model be-
fore including one summary measure per study in our overall
analysis [24].

For studies which reported measures of association using
arsenic as a categorical and continuous variable [11, 25], we
confirmed that both approaches (categorical or continuous)
were consistent with one another by using measures of asso-
ciation for continuous arsenic rather than categorical arsenic,
again using a random effects model. Although most of the
included studies used water arsenic as their main marker of
exposure, two studies only had urinary arsenic [13, 26, 13, 25]
and another study reported measures of association for both
[11]. To confirm results using water arsenic or urine arsenic
were generally consistent with one another, we stratified

Fig. 1 Study identification and
inclusion/exclusion criteria for
study selection

246 Curr Envir Health Rpt (2018) 5:244–254



studies by exposure measure (water and urine). Consistency
was determined as the confidence intervals for categorical and
continuous approaches overlapped.

We used the I2 statistic to quantify heterogeneity, which
describes the proportion of total variation in summary esti-
mates due to heterogeneity. To examine the relative influence
of each study on summary estimates, we omitted one study at
a time. We also assessed publication bias graphically using
funnel plots [27] and statistically using Egger’s [27] and
Begg’s test [28].

There was a wide range of arsenic exposure levels and cut
points between and within studies. Although we were unable
to conduct a formal dose-response meta-analysis [29] due to
limitations in reported data (lack of information on means and
standard deviations for all levels of exposure including the
reference group), we assessed the exposure-response relation-
ship graphically. First, we identified the mean/median within
each exposure category of a given study. If a measure of cen-
tral tendencywas not available for exposure categories and the
category was bounded, we used the midpoint, and for upper
categories with unbound maxima, we estimated what the me-
dian would be by assuming the category had the same width
as the category immediately below it. Next, we organized all
measures of association (i.e., using all exposure categories
from every study) into one of the three different exposure
groups: low exposure (< 100 μg/L), moderate exposure
(100–400 μg/L), and high exposure (> 400 μg/L). We used
an inverse-variance-weighted random effects model to pro-
duce summary estimates for each category.

We conducted subgroup analyses by sex, smoking status,
and early life exposure (looking at early life exposure and lung
function in children and early life exposure and lung function
in adults). For studies with measures of association stratified
by sex or smoking status, we first used an inverse-variance-
weighted random effects model to summarize the association
between arsenic and lung function stratified by sex or smoking
status, and second, used meta-regression to test whether strat-
ified summary estimates were different from each other. Meta-
regression is used to examine the extent to which statistical
heterogeneity between results of multiple studies can be
related to one or more characteristics of the studies [30].
We evaluated whether sex, smoking status, or timing of
exposure were significant effect modifiers using the
metareg command in STATA (Supplementary Figure 3
and Supplementary Table 4).

Results

Study Characteristics

After screening titles, abstracts, and/or full texts of 807 unique
references identified in the literature search, nine publications

met the inclusion criteria (Fig. 1). Studies were conducted in
five countries, including Bangladesh, Chile, India, Mexico,
and Pakistan, and they were published between 2005 and
2017 (Table 1). The sample size of individual studies ranged
from 97 to 942 participants, and across studies, the total num-
ber of participants was 4699. Participants ranged from 7 to
65 years of age and included both men and women, except
one study that only included men [21]. By study design, there
were two prospective cohort studies [11, 26], three retrospec-
tive studies [12, 23, 25], which reconstructed early life arsenic
exposure from historical measures of water arsenic, and four
cross-sectional studies [13, 21, 22, 31]. Studies were charac-
terized by a wide range of arsenic exposure, although in most
studies the majority of the arsenic-exposed population was
exposed to water arsenic levels above 100 μg/L. Five studies
assigned exposure based on the levels of arsenic in the public
water supply for the town or city in which the subjects lived
[12, 21–23, 31] and two studies assigned exposure based on
the arsenic level measured in each participant’s primary well
[11, 25]. Three studies included exposure based on partici-
pants’ total urinary arsenic levels [11, 13, 26]. One used ma-
ternal urinary arsenic levels during gestation as a proxy for in
utero exposure and lung function among children 9 years of
age [26]. For the study outcomes, nine studies reported FEV1

and FVC. Three studies also reported measures of association
between arsenic and FEV1/FVC. Two studies reported
measures of association for arsenic and the forced expi-
ratory flow between 25 and 75% of FVC and the peak
expiratory flow rate.

Most studies adjusted for sex, age, and height. One study,
however, did not adjust for any potential confounders [21].
Although spirometry is an effort-dependent test, all except
one study [22] explicitly stated they performed lung function
tests in accordance with international guidelines set forth
jointly by the American Thoracic Society and the European
Respiratory Society, which facilitate spirometry maneuver
standardization (Table 1) [32, 31]. Most studies also con-
trolled for established lung function risk factors including
smoking status and education.

Summary Estimates and Sensitivity Analyses

Forest plots illustrate the summary (pooled) estimates for the
mean FEV1 and FVC levels comparing the highest to the
lowest arsenic exposure categories from individual studies
(Fig. 2). The pooled estimated mean difference comparing
arsenic exposure categories was – 42 mL (95% confidence
interval (CI): − 70, − 16) for FEV1 and – 50 mL (95% CI −
63, − 37) for FVC. Statistical heterogeneity was relatively
high for FEV1 (I

2 = 80%) but moderate for FVC (I2 = 34%)
but the direction of the association between arsenic and FEV1
and FVC for all nine studies was consistent (mean differences
for all nine studies were less than zero). Of the three studies
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that reported a measure of association for arsenic and FEV1/
FVC, the pooled estimated mean difference for FEV1/FVC
was 0.01 (95% CI − 0.005, 0.024). Statistical tests of publica-
tion bias were non-significant (Supplementary Figure 1).

In sensitivity analyses, there were two studies that influ-
enced the results of our meta-analysis. After removing the two
studies [13, 21] for which we had calculated the standard error
from unadjusted group means and standard deviations as the
original publications did not report adjusted mean differences
and standard errors, the pooled estimated mean difference
comparing arsenic exposure categories was – 58 mL (95%
CI − 99, − 17) for FEV1 and was – 87 mL (95%CI − 151, −
23) for FVC (n = 7 studies). Test for publication bias for FEV1

was P = 0.04 and for FVC was P = 0.06, if we excluded those
two studies. Stratifying pooled estimates by exposure medium
(i.e., water/urine) resulted in similar findings. Using arsenic as
a continuous predictor rather than categorical predictor atten-
uated the associations (Supplementary Figure 2 and
Supplementary Table 3).

Exposure-Response Analysis

Six of the nine included studies reported measures of associ-
ation at multiple exposure levels for FEV1 and FVC; however,
the available data for FEV1/FVC was insufficient for an
exposure-response evaluation due to the lack of reported data
for FEV1/FVC at multiple arsenic exposure levels. For FEV1,

the pooled estimated mean difference was – 30mL (95%CI −
55, − 6, n = 4 studies) for the low exposure group (<
100 μg/L), − 36 mL (95% CI − 68, − 4, n = 6 studies) for the
moderate exposure group (100–400 μg/L), and – 54mL (95%
CI − 147, 38, n = 5 studies) for the high exposure group (>
400 μg/L). For FVC, the pooled estimated mean difference
was – 29 mL (95% CI − 75, 18, n = 4 studies) for the low
exposure group, − 50 mL (95% CI − 94, − 5, n = 6 studies)
for the moderate exposure group, and – 123 mL (95% CI −
257, 10, n = 5 studies) for the high exposure group (Fig. 3).

Subgroup Analyses

Several studies reported measures of association on arsenic
and lung function (FEV1 and FVC only) stratified by sex
[11, 12, 22, 26] or smoking status [11, 12, 22, 23]. Half of
the studies also examined early life exposure [12, 13, 23, 25,
26] (Supplementary Table 4). Stratifying by sex, the pooled
estimated mean differences comparing arsenic exposed versus
unexposed for FEV1 was – 8 mL (95%CI − 22, 5) for females
and – 67 mL (95% CI − 129, − 5) for males, and for FVC it
was – 12 mL (95% CI − 31, 7) for females and – 47 mL (95%
CI − 102, 7) for males (subgroup differences: FEV1 P = 0.33,
FVC P= 0.55, n = 4 studies). Stratifying by smoking status,
the pooled estimated mean difference comparing arsenic-
exposed group versus the reference group for FEV1 was
– 56 mL (95% CI − 164, 52) for smokers and – 51 mL

Fig. 2 Mean difference (MD) in forced expiratory volume in the first
second (FEV1) and forced vital capacity (FVC) comparing the highest
to lowest categories of arsenic exposure, organized by year of publication.
The size of each filled square was calculated using inverse-variance
weighting. Horizontal lines represent 95% confidence intervals.

Diamonds represent summary estimates from inverse-variance-weighted
random effects models. Open diamonds represent summary estimate
including all nine publications. Filled diamonds represent summary
estimate excluding two influential studies
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(95% CI − 97, − 5) for non-smokers, and for FVC it was
– 50 mL (95% CI − 155, 55) for smokers and – 92 mL
(95% CI − 187, 2) for non-smokers (subgroup differences:
FEV1 P = 0.86, FVC P = 0.63, n = 4 studies). Categorizing
studies by timing of exposure, the pooled estimated mean
difference for FEV1 was – 14 mL (95% CI − 25, − 5, n = 5
studies) for studies of early life exposure and – 66 mL (95%
CI − 106, − 25, n = 4 studies) for studies with exposure in
adulthood, and for FVC it was – 46 mL (95% CI − 56, − 36,
n = 5 studies) for early life exposure studies and – 95mL (95%
CI − 172, − 19, n = 4 studies) for studies with exposure in
adulthood (subgroup differences: FEV1 P = 0.01, FVC
P = 0.58). Stratifying by age at lung function test yielded
results similar to stratifying by early life exposure.

Discussion

In this meta-analysis of lung function spirometry outcomes,
arsenic exposure was associated with lower FEV1 and FVC

levels but not with FEV1/FVC. These findings support that
arsenic exposure is associated with restrictive lung deficits. A
dose-response relationship between increasing arsenic expo-
sure levels and decreasing FEV1 and FVC was strongly sug-
gested, although the information available did not allow the
conduction of a formal dose-response meta-analysis. The re-
sults held in several sensitivity analyses and we found limited
evidence of differential association by sex or smoking status,
although the associations were stronger among men.

The consistent negative relationships between arsenic and
decrements in FVC support that arsenic exposure is likely
associated with a restrictive pattern lung disease; however,
given the small number of studies reporting data on FEV1/
FVC, we are unable to entirely rule out whether arsenic-
associated lung function deficits also resemble obstruction,
which can be characterized by a reduced FEV1/FVC. Two
studies that were excluded from the meta-analysis discussed
findings for the association of arsenic with FEV1/FVC. One
study was conducted among 2460 adults from the Wuhan
cohort across China [33] and it was excluded because the only

Fig. 3 Mean difference (MD) in forced expiratory volume in the first
second (FEV1) and forced vital capacity (FVC) organized into three
arsenic exposure subgroups (high > 400, moderate 100–400, low <
100 μg/L) compared to the lowest exposure category of each study,
including measures of association from all exposure categories from all
studies using an inverse-variance-weighted random effects model.
Exposure subgrouping was determined by the mean/median within each
exposure category of a given study. If a measure of central tendency was

not available for exposure categories, the midpoint was used if the
category was bounded or the lower bound was used for categories with
unbound maxima. The size of each square represents the overall weight
of the observation via inverse-variance weighting. Horizontal lines
represent 95% confidence intervals. Open diamonds represent subgroup
summary estimates from inverse-variance-weighted random effects
models. Closed black diamonds represent overall summary estimates
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measure of arsenic exposure, total urinary arsenic, was not
adjusted for seafood intake (the primary source of nontoxic
seafood arsenicals) among a population for which seafood
consumption is common and could have resulted in major
exposure misclassification [17]. In that study (mean urinary
arsenic = 29.1 μg/L), arsenic was not associated with FVC,
and there was an association with increased FEV1 and in-
creased FEV1/FVC [33]. The other study was conducted
among 159 adults in West Bengal, India, and it was excluded
because skin lesion status was the only measure of arsenic
exposure. In that study, participants with arsenic-induced skin
lesions had lower mean FEV1, FVC, and FEV1/FVC com-
pared to participants without lesions [34]. This study was con-
sistent with our findings indicating a mixed or restrictive pat-
tern lung disease.

Biological Plausibility

Evidence suggests that pulmonary fibrosis, a restrictive lung
disease, is preceded by lung injury, inflammation, altered
wound repair, and extracellular matrix remodeling [35].
These mechanisms have also been linked to arsenic exposure
[36–38]. Cystic fibrosis and arsenic have both shown to be
associated with bronchiectasis, a rare lung disease [6, 39],
suggesting that arsenic may act through similar mechanisms.
Cystic fibrosis is an autosomal recessive genetic lung disease
caused by mutations in the cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene. As the CFTR protein regu-
lates fluid transport in the lungs, CFTR dysregulation can
result in an insufficient clearance of lung pathogens and air-
way inflammation. Interestingly, an epidemiologic study from
Bangladesh found elevated sweat chloride levels (the diagnos-
tic test for cystic fibrosis) among persons exposed to arsenic
but who lacked a genetic diagnosis of cystic fibrosis [40••].
Cell studies have also found that arsenic exposure promotes
multiubiquitination of CFTR resulting in CFTR degradation
[41]. Further, toxicological studies also show that when tra-
cheal epithelial cells and alveolar macrophages are exposed to
arsenite, cellular injury is induced by reactive oxygen species
generation and synthesis of stress proteins [42, 43]. Clara cell
16 (CC16) is one of the 20 proteins secreted by Clara cells in
the lung’s alveolar epithelium that protects the respiratory tract
against oxidative stress and inflammation [44]. In humans,
urine arsenic levels have been associated with decreased se-
rum levels of CC16 [45]. Evidence also shows that arsenic
exposure activates inflammatory markers. For instance, hu-
man and in vivo studies have found that arsenic exposure is
inked to increased levels of matrix metalloproteinase-9 [36, 46],
a biomarker of lung inflammation and airway remodeling [47].

Smoking, another environmental exposure associated with
lung inflammation and interstitial lung disease [48], maymod-
ify the relationship between arsenic and the respiratory sys-
tem. Previous epidemiologic studies examining the interaction

between smoking, arsenic, and lung cancer generally support
the presence of a synergistic interaction [49, 50]. Less is
known, however, for non-malignant lung disease. In our sub-
group meta-analysis, among the four studies that stratified their
results by smoking status, the association between arsenic and
FVC was slightly stronger among non-smokers than smokers.
It is, however, unclear why the association between arsenic and
FEV1 was comparable among smokers and non-smokers while
the magnitude of the association between arsenic and FVC was
greater among non-smokers. None of the studies reported the
association between arsenic and FEV1/FVC by smoking status.

In our subgroup meta-analysis among the four studies that
stratified their results by sex, men appeared to have stronger
pooled effect estimates for FEV1 and FVC compared to wom-
en. The findings are consistent with more general evidence
from the 2015 Global Burden of Disease that shows males
are more likely than females to be affected by chronic lung
disease, both in terms of disability-adjusted life years and
deaths [51].

There is increasing recognition of the importance of early
life arsenic exposure to disease in adulthood [52, 53]. Prenatal
arsenic exposure may influence the lungs through altered
wound repair and extracellular matrix remodeling. Mice ex-
posed to 100 μg/L arsenic prenatally showed increased airway
smooth muscle, decreased collagen content, and increased air-
way reactivity [37]. An increase in smooth muscle is associ-
ated with an altered expression of extracellular matrix compo-
nents, including collagen and elastin [54], leading to a more
disorganized and expanded matrix around the airways and
blood vessels in the lining of the lung [55•]. Mice prenatally
exposed to much lower levels of arsenic (10 μg/L in maternal
drinking water) also showed impaired parenchymal lung me-
chanics and function during infancy; however, alterations to
lung mechanics recovered by adulthood [56], supporting the
possibility that early respiratory dysfunction associated with
arsenic exposure may be reversible if exposure is eliminated.
In our subgroup meta-analysis categorizing studies by timing
of arsenic exposure (i.e., early life versus adulthood), pooled
effect estimates showed that while early life arsenic exposure
had a lasting influence on lung function, arsenic exposure in
adulthood was also important. Although this subgroup analy-
ses could not rule out the possibility that in some studies
children were not only exposed in early life but also exposed
chronically, results were similar for our subgroup meta-
analysis categorizing studies by age at lung function test, with
adults again showing larger FEV1 deficits than children. This
finding could support the relative importance of chronic ex-
posure or the possibility that even if exposure occurs early in
life, the respiratory consequences associated with arsenic may
be at least partially reversible if exposure is eliminated.

Together, the toxicological evidence supports the biologi-
cal plausibility of the observed associations in this meta-
analysis and indicates that the lung is sensitive to arsenic.
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Further, our findings are suggestive of a dose-response rela-
tionship between arsenic and both FEV1 and FVC. While the
included studies characterized a wide range of arsenic expo-
sure levels, in most studies, the majority of the population was
exposed to water arsenic levels ten times higher than the cur-
rent World Health Organization guideline and U.S.
Environmental Protection Agency standard of 10 μg/L.

Limitations

Only nine publications on arsenic exposure and lung function
met the inclusion criteria. The included studies were mostly
among populations exposed to high levels of arsenic exposure
(> 100 μg/L). Less is thus known about the relation between
arsenic and lung function at exposure levels common in the
USA (< 10 μg/L). Our analysis was also limited by the selec-
tive reporting of outcomes within studies, particularly the lack
of reporting a measure of association for FEV1/FVC and the
different approaches used to analyze and interpret lung func-
tion data across studies. As such, comparing point estimates
for arsenic to other lung toxicants, like smoking, was compli-
cated by the lack of an acceptable spirometry reference equa-
tion for each of the populations studied. Further, the summary
estimates of this meta-analysis should be used in a descriptive
rather than in an inferential manner since all studies included
in this meta-analysis were observational and highly heteroge-
neous. As with all systematic reviews, our study may be sub-
ject to publication bias. After visually assessing funnel plots,
there was a suggestion of publication bias but statistical tests
of publication bias were non-significant (Supplementary
Figure 1). Most studies controlled for potential confounders,
including age, sex, height, smoking, and education; however,
residual confounding may have affected our meta-analysis
and contributed to the statistical heterogeneity between stud-
ies. Only three of the included studies provided some infor-
mation on participants’ existing disease status and/or medica-
tion use. In a study in Chile, the few participants who reported
having physician-diagnosed emphysema or bronchiectasis
were included [23]. In a study in Bangladesh, only participants
with respiratory symptoms, including chronic cough shortness
of breath or blood in the sputum during 5 years of follow-up,
were included [11]. In a study in Mexico, participants with
asthma were excluded [13]. These differences may also ex-
plain the heterogeneity of our results.

Conclusions

This meta-analysis evaluated the relationship between arsenic
exposure and lung function spirometry measures. We identi-
fied an inverse association between arsenic exposure and both
FEV1 and FVC, but no association for FEV1/FVC. These
findings show that arsenic exposure may be associated with

a restrictive pattern lung disease. However, an obstructive or a
mixed pattern lung function deficit cannot entirely be ruled
out as our analysis is limited by the small number of studies
reporting measures of association with FEV1/FVC.
Identifying a specific lung function deficit pattern associated
with arsenic exposure, like restriction, and potential effect
measure modifiers, like smoking and sex, can guide future
research aimed at understanding relevant pathophysiological
pathways and at-risk populations.
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