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Abstract

Background—Arsenic in drinking water has been associated with increases in lung disease, but
information on the long-term impacts of early-life exposure or moderate exposure levels are
limited.

Methods—We investigated pulmonary disease and lung function in 795 subjects from three
socio-demographically similar areas in northern Chile: Antofagasta, which had a well-described
period of high arsenic water concentrations (860 pg/L) from 1958-1970; Iquique, which had long-
term arsenic water concentrations near 60 pg/L; and Arica, with long-term water concentrations
<10 pg/L.

Results—Compared to adults never exposed >10 pg/L, adults born in Antofagasta during the
high exposure period had elevated odds ratios (OR) of respiratory symptoms (e.g., OR for
shortness of breath = 5.56, 90% confidence interval (Cl): 2.68-11.5), and decreases in pulmonary
function (e.g., 224 ml decrease in forced vital capacity in nonsmokers, 90% CI: 97-351 ml).
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Subjects with long-term exposure to arsenic water concentrations near 60 ug/L also had increases
in some pulmonary symptoms and reduced lung function.

Conclusions—Overall, these findings provide new evidence that 7 utero or childhood arsenic
exposure is associated with non-malignant pulmonary disease in adults. They also provide
preliminary new evidence that long-term exposures to moderate levels of arsenic may be
associated with lung toxicity, although the magnitude of these latter findings were greater than
expected and should be confirmed.
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Millions of people worldwide are exposed to arsenic-contaminated drinking water, and
ingested arsenic is an established cause of lung cancer (1). Studies have also linked it to non-
malignant lung disease, but most studies have involved subjects with recent exposures and
study areas with high exposure levels (2). To date, little is known about more moderate
exposure levels or whether exposures /in utero or in early childhood might lead to pulmonary
disease in adults.

Northern Chile is the driest habitable place on earth and almost all drinking water comes
from a small number of municipal supplies. Arsenic concentrations have been measured in
all of these, with measurements dating back 50 years or more. Arsenic concentrations in this
area have ranged from <10 to >800 pg/L and, except for in cities where arsenic treatment
plants have been installed, have been stable over time (3). Until recently, relatively few
people used bottled water or water filters (4). A consequence of all these factors is that one
simply needs to know the cities in which a person has lived, and when, to have a good
estimate of that person’s lifetime arsenic exposure. In the largest city in the region,
Antofagasta, to cater to a growing population, two rivers with high arsenic concentrations
(about 860 pg/L) were diverted to the city for drinking in 1958. In 1970, an arsenic treatment
plant was installed and arsenic concentrations quickly fell to about 100 pg/L and then, with
improvements to the treatment plant, more gradually to about 10 pg/L today (3), creating a
distinct period of very high exposure from 1958-1970.

Earlier studies reported high rates of bronchopulmonary disease in both adults and children
in Antofagasta during this high exposure period (5-8). More recently, we identified elevated
rates of lung cancer in adults who were born or were young children during this period (9,
10). We also identified evidence that people in neighboring areas with long-term exposures
near 60 pg/L have increases in lung cancer (11). Here, we further explored the long-term
impacts of early-life and moderate arsenic exposures by collecting data on pulmonary
symptoms, disease, and function in people born during the high exposure period who are
now adults, and in people with long-term exposures near 60 pg/L. This is the largest study
ever to examine the non-malignant pulmonary impacts associated with these two exposure
scenarios.
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METHODS

Subjects were recruited from three of the four largest cities in northern Chile: Arica, lquique,
and Antofagasta. As described above, Antofagasta had a distinct period of very high arsenic
water concentrations of about 860 pg/L from 1958-1970. Water concentrations in lquique
and Arica have been very stable over time at about 8-10 and 60 pg/L, respectively, until
recently when water concentrations in Iquique were lowered to <10 pg/L to meet new
regulations (3, 4). All subjects were randomly selected from the Chile Electoral Registry,
which contains >90% of all people over age 40 years, with an initial goal of selecting 200
people from Arica, 200 from Iquique, and 400 from Antofagasta. Only subjects of the ages
where they would have been born during the high exposure period in Antofagasta, and only
subjects who were born in and lived at least 80% of their lives in their respective cities were
recruited. The study was approved by institutional review boards in the US and Chile. All
participants gave written informed consent.

Interviews and lung function tests were conducted by trained staff from 2009-2011. Each
participant was administered a structured questionnaire to assess lifetime residential and
occupational history, water sources, and medical history. Smoking histories included ages
started and quit, years smoked, and average cigarettes smoked per day. Information on
secondhand smoke included whether someone smoked regularly in the same room at home
(child or adult) or at work. Subjects were asked about types of fuels used at home, as well as
specific workplace exposures like asbestos, silica, and arsenic. Subjects were asked about
their typical diet and drinking water intakes currently and 20 years ago. Socioeconomic
(SES) scores were based on 12 items, including ownership of household appliances (e.qg.,
refrigerator, microwave), car, computer, and use of domestic help.

Questions on symptoms such as chronic cough and shortness of breath were derived from
the British Medical Research Council respiratory questionnaire and adapted to local Spanish
(12). Additional questions asked about physician-diagnosed asthma, bronchitis, emphysema,
and other pulmonary and medical conditions; all medications used; and childhood
hospitalizations.

After height and weight were measured by nurse-interviewers, lung function was assessed
per American Thoracic Society guidelines using an EasyOne spirometer (ndd Medical
Technologies, Zurich, Switzerland) in diagnostic mode (13). Subjects were asked to perform
3 to 8 maximum forced expiratory efforts while seated without a nose clip. The main lung
function values assessed were forced expiratory volume in 1 second (FEV1) and forced vital
capacity (FVC). Each subject’s best effort (largest sum of FEV1 and FVVC) was included in
the analyses.

Municipal drinking water arsenic records, obtained from water suppliers, government
agencies, and research studies, were linked with participants’ residential histories to obtain
estimated arsenic drinking water concentrations for each year of each subject’s life (3, 14).
These yearly arsenic concentrations were then used to develop several exposure indices,
including the highest exposure for any one year, the highest exposure averaged over any
contiguous 5-, 20-, or 40-year period, cumulative exposure (calculated by summing the
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yearly concentrations), average lifetime exposure (cumulative exposure divided by age at
interview), and the highest drinking water concentration during lung development (ages 0-
20). Subjects were then categorized by tertiles in all subjects or on the exposure distribution
of the main study cities. Water intake had little impact on categorizing subjects so was not
used here. Some subjects lived in cities other than the three recruitment cities at some points
in their lives, but arsenic water measurements were available for all large cities in Chile
(accounting for >90% of the country’s population) and these were also used to assign yearly
arsenic concentrations. Bottled water and residences without arsenic measurements were
assigned values of zero.

Logistic regression was used to calculate unadjusted and adjusted odds ratios (OR) for
respiratory symptoms and disease prevalence, comparing subjects with low, medium and
high levels of arsenic. Age (<44, 45-49, and 50+ years), sex, and smoking (never-smokers,
and average daily cigarettes smoked categories of 1-5, 6-19, and 20+) were entered in
models a priori. Additional adjustments were done for occupational exposures (ever vs.
never exposed to silica, asbestos, wood dust and other pulmonary toxins or mining work),
past daily fruit and vegetable intake (tertiles), body mass index (tertiles), household fuel
(wood, coal, kerosene, electricity as indicator variables), secondhand smoke (regular
exposure for >1 year), highest education achieved (less than high school, high school, some
post-high school, university), and race, but these had little impact and so were not included
in final models. Adjustments for pack-years and average cigarettes smoked as continuous
variables also had little impact. Interaction between smoking and arsenic was assessed using
stratified analyses and interaction terms.

Age (one-year intervals), height (meters) and gender-adjusted FEV1 and FVC residuals were
calculated using multiple linear regression (15), and mean residuals were compared across
arsenic exposure categories, using the lowest as the reference. Aymara were the common
indigenous population in our study, and Aymara ethnicity was included in final models since
the percentage of Aymara subjects differed across arsenic categories and Aymara subjects
had lower pulmonary function values. Adjusting for the other factors mentioned above or for
EasyOne quality scores had little impact on results. All data were analyzed using SAS 9.2
(SAS Institute Inc., Cary, NC).

In order to examine associations at moderate arsenic exposures, we calculated symptom ORs
and spirometry results, comparing subjects with =30 years exposure at 60 pg/L (but never
higher, and they did not report bottled water consumption) to subjects never exposed >10
ug/L. Because we had a clear a priori hypotheses that arsenic would adversely impact lung
health, 90% confidence intervals (CI) and one-sided p-values are presented unless otherwise
indicated.

Of the 281, 257, and 442 subjects contacted about the study in Arica, lquique, and
Antofagasta, respectively, 37 (13.2%), 36 (14.0%), and 29 (6.6%) declined participation. Of
the remaining, 35 (16.7%), 26 (13.3%), and 22 (5.6%), respectively, were ineligible due to
residency or spirometry criteria. The remaining participants included 204, 208, and 383
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people with highest known arsenic water concentrations of <11 pg/L (median=10 pg/L,
range 0-10 pg/L), 11-200 pg/L (median=60 pg/L, range=14-110 pg/L), and >200 pg/L
(median=860 pg/L, range 250-860 pg/L). Mean ages, smoking rates, education, and SES
were similar across arsenic categories (Table 1). BMI and work-related exposures were
higher in subjects in the middle exposure category than the low and high categories, and
there were no subjects of Aymara descent in the high exposure category. The percentages of
subjects using gas for cooking 20 years ago in the low, medium, and high arsenic areas were
94.3, 96.7, and 97.6%, respectively, with even higher percentages currently (data not
shown). Everyone in the >200 pg/L category lived most of their lives in Antofagasta. The
large majority of people in the 11-200 pg/L category lived most of their lives in Iquique (60
ug/L), although eight people in this group lived in Antofagasta but reported using some
bottled water or other water source and had adjusted highest known exposures of 60-200
ug/L. Arsenic water measurements were available for residences comprising 97.9% of the
subjects’ lifetimes.

For shortness of breath, adjusted prevalence ORs for lifetime highest single year exposures
of <11, 11-200, and >200 pg/L were 1.00, 5.48 (90% CI, 2.55-11.8), and 5.56 (2.68-11.5),
respectively (Table 2). Similar ORs were seen when exposure categories were based on
highest known exposures during ages 0-20 years. For tertiles of lifetime cumulative
exposure, ORs were lower (OR=2.55, 90% ClI: 1.49-4.37 and OR=2.82, 90% CI: 1.63-4.88
for the middle and upper tertiles, respectively). ORs were also elevated for chronic cough,
chronic phlegm, childhood respiratory hospitalizations, and bronchitis in the highest
exposure categories. Too few subjects had emphysema (n=2), bronchiectasis (n=2), or other
pulmonary conditions to calculate robust ORs. Adjustments for workplace exposures, SES,
and other factors had little impact on ORs (Appendix Figure Al). For both asthma and
wheeze, elevated ORs were seen in the middle but not upper exposure categories. For
example, for highest single year exposure, ORs for wheeze for exposures of 11-200 pg/L
and >200 pg/L were 4.35 (90% CI: 2.00-9.46) and 2.05 (90% CI: 0.94-4.48) respectively.
Results in subjects with long-term exposures near 60 pg/L had ORs similar to those with
highest single year exposures between 11-200 pg/L (Table Al), although the number of
cases were small for some outcomes such as chronic cough and phlegm. Clear evidence of
interaction between arsenic and smoking was not seen for pulmonary symptoms.

Never-smokers with highest single-year arsenic water concentrations of 11-200 and >200
ug/L had adjusted FVC residuals of =175 ml (90% CI: —=303- —47) and —224 ml (90% CI:
—-351- -97), respectively (Table 3). A 224 ml decrease represents about a 6.1% decrease in
FVC (median FVC=3,681 ml). Similar decrements were not seen in smokers or for FEV1
(Table A2). Spirometry results in subjects with long-term exposures at 60 ug/L were similar
to those for the 11-200 pug/L group (Table 3).

DISCUSSION

Overall, we identified associations between high arsenic exposures in early-life and
increases in pulmonary symptoms and decrements in FVC, although the latter was only seen
in never-smokers. A number of other studies have also reported associations between arsenic
exposure and these same outcomes (16—26). Importantly, though, almost all of them have
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involved populations with fairly recent exposures. A novel aspect of our study is that it
includes adults with very high exposures /n utero and during early childhood, with much
lower exposures after, and as such provides novel new evidence that these early-life
exposures could have impacts that continue well into later life. This is the largest study to
date to report this type of finding.

Other work in northern Chile supports these findings. In ecologic analyses, we found high
rates of bronchiectasis (standardized mortality ratio (SMR)=18.4, 95% CI: 10.3-30.4) and
other chronic obstructive pulmonary disease (SMR=2.9, 95% CI: 1.7-4.5) mortality in
Antofagasta in those born during or just before the high exposure period (14). And, in an
earlier pilot study in Arica and Antofagasta, we reported preliminary evidence that early-life
arsenic exposure was associated with increases in respiratory symptoms and declines in
FVC, with the latter also being greater in never-smokers (27). Decrements were also seen for
FEV1, although sample sizes were small (n=32) and subjects were a convenience sample of
mostly health care workers. A number of findings support the biologic plausibility of our
results. For example, ingested arsenic is known to cross the placenta (28), and is known to
accumulate in the lung more than in most other organs, possibly due to its binding affinity to
sulfhydral groups abundant in lung tissue (28). Also, ingested arsenic is an established
human carcinogen of the lung; it not only reaches this organ, but causes toxicity there (29).

The reason we saw arsenic-associated FVC declines in never-smokers but not in smokers is
unknown. One possibility could be that the toxic effects of smoking may mask those due to
arsenic but this is speculative. Several studies have reported evidence of positive synergy
between smoking and arsenic for lung cancer (3, 30, 31), but evidence for similar effects for
non-malignant lung disease is less clear. For example, in the large Health Effects of Arsenic
Longitudinal Study in Bangladesh, arsenic-associated FVC declines were similar in smokers
and non-smokers (25). Overall, further research is needed to more clearly delineate the
impact of smoking on non-malignant lung disease related to arsenic.

After the treatment plant was installed in Antofagasta in 1970, arsenic concentrations
decreased rapidly from about 860 pug/L to about 100 pg/L. Improvements in the treatment
process have resulted in gradual reductions from 100 pg/L to <10 pg/L today. It’s possible
that some of the associations we identified in subjects from Antofagasta were due to the
more moderate exposures (e.g., 10-100 pg/L) that occurred after 1971. For shortness of
breath, the magnitude of the associations in those with high early-life exposure were similar
to those in subjects with long-term exposure at 60 pg/L. Importantly, though, this was not
the case for most of the outcomes we assessed. For chronic cough, chronic phlegm,
childhood respiratory hospitalizations, and FVC, effect sizes were higher in those with high
early-life exposure than in those with long-term moderate exposures. These differences
provide some evidence that the adverse outcomes identified in Antofagasta were at least
partially due to the specific effects of early-life exposure.

Although there is abundant evidence linking high arsenic water concentrations (e.g., >100
Hg/L) to adverse health effects, the toxicity at lower concentrations is less clear. We
identified five-fold increases in shortness of breath and 2—4-fold increases in wheeze and
asthma in subjects with long-term moderate exposures near 60 pg/L. These findings were
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unexpected, since most studies identifying clear associations between arsenic and respiratory
symptoms have reported much lower relative risks (16, 21, 25, 32). For example, in the
prospective Health Effects of Arsenic Longitudinal Study in Bangladesh, the hazard ratio for
having any respiratory symptom was 1.39 (95% Cl, 1.19-1.63) for arsenic water
concentrations of 40-90 ug/L and 1.43 (1.22-1.68) for arsenic concentrations of >178 ug/L
(24). The reason why we identified higher relative risks in our moderately exposed group is
unknown. However, almost everyone in our moderately exposed group was exposed at birth
and remained exposed throughout most of their lives, and it’s possible this early-life and/or
long-term continuous exposure resulted in the high relative risks we identified. Most other
studies only assessed exposure at one or only a few points in time, so early-life exposure or
lifetime exposure patterns are unknown and could differ in these other studies.

Another possible cause of the associations we identified in Iquique is an over-reporting bias,
although we know of no obvious reason why symptoms would be over-reported here. The
same standardized questionnaire was used in all cities, interviewers were instructed not to
over-interpret questions or lead subjects, and staff from all three cities attended the same
training sessions. Major selection bias is unlikely since recruitment protocols were the same
in the three study cites and the relatively small differences in participation rates across the
three cities is unlikely to cause the high symptom odds ratios or fairly large spirometric
declines we identified. Confounding is another possible explanation. However, we adjusted
for the most prevalent determinants of lung health and function including age, gender,
height, ethnicity, smoking, second hand smoke, and occupational exposures and these had
little impact on results. All three cities are coastal cities with somewhat elevated albeit
similar PM, s levels (e.g. 10-20 pg/m?3) (33, 34). No obvious source of allergens is known in
Iquique. We did not have detailed data on other air pollutants (NO,, ozone) or traffic
patterns, although these factors typically are associated with effect sizes that are fairly low.
For example, in the U.S. Sister Study (n=50,884), interquartile range increases in PM5 5 and
NO, (3.6 pg/m3 and 5.8 ppb, respectively), were associated with ORs for wheeze of 1.14
(95% ClI: 1.04-1.26) and 1.08 (1.00-1.17), respectively (35). In Los Angeles children, PM5 5
differences of 30 pg/m?3 were associated with shortness of breath and wheeze ORs of 1.08
(95% ClI: 1.00-1.17) and 1.06 (1.01-1.11), respectively (36). These ORs are much lower
than the ORs of 2-5 we identified in our study, suggesting that these air pollutants were not
responsible for the associations reported here.

Exposure misclassification in this study could have resulted from missing exposure data,
inaccurate recall, or arsenic from non-water sources. Because exposure was assessed
similarly in all subjects, most of this was likely non-differential and biased ORs towards the
null. In addition, exposure was based mostly on residences, and errors in recalling this
information are likely minimal. Adjustments for occupational arsenic exposure had little
impact on our results and arsenic air concentrations in the three cities are similar (37). Most
food in this area comes from outside the region, and non-differential misclassification due to
arsenic inherent in this outside food would likely bias results towards the null (37, 38).
Arsenic intake may result from the use of contaminated water to grow local crops or to
prepare foods. While this does not alter our conclusions regarding arsenic water-lung disease
associations, it would need to be considered in risk assessments seeking to examine dose-
response relationships for total arsenic intake.
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Overall, we identified evidence of associations in both adults with very high exposures in
early-life, and in subjects with long-term, moderate exposures. A variety of information
from other studies and data on biologic plausibility support our early-life findings. Major
reporting bias or confounding seem unlikely but cannot be ruled out. Our findings regarding
moderate exposure levels are particularly novel in that they are the first with lifetime
exposure information to show these types of associations. Given this novelty, and given the
fact that tens of millions of people worldwide are exposed to levels close to this, it would be
especially important to confirm these findings in a population with similar exposure levels,
good information on relevant confounders, and accurate data on arsenic exposure during all
life stages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding

This work is supported by the National Institutes of Health [P42ES004705, RO1ES014032 and RO1ES017463].

References

1. IARC. Some drinking-water disinfectants and contaminants, including arsenic. Vol. 84. International
Agency for Research on Cancer; Lyon: 2004.

2. NRC. Critical Aspects of EPA’s IRIS Assessment of Inorganic Arsenic: Interim Report. National
Research Council; 2014. [June 2, 2014]; Available from: www.nap.edu/catalog.php?
record_id=18594

3. Ferreccio C, Gonzalez C, Milosavjlevic V, Marshall G, et al. Lung cancer and arsenic concentrations
in drinking water in Chile. Epidemiology. 2000; 11(6):673-79. [PubMed: 11055628]

4. Steinmaus CM, Ferreccio C, Acevedo Romo J, Yuan Y, et al. Drinking water arsenic in northern
Chile: high cancer risks 40 years after exposure cessation. Cancer Epidemiol Biomarkers Prev.
2013; 22:623-30. [PubMed: 23355602]

5. Borgono JM, Vicent P, Venturino H, Infante A. Arsenic in the drinking water of the city of
Antofagasta: epidemiological and clinical study before and after the installation of a treatment plant.
Environ Health Perspect. 1977; 19:103-05. [PubMed: 908283]

6. Zaldivar R. Arsenic contamination of drinking water and foodstuffs causing endemic chronic
poisoning. Beitr Pathol. 1974; 151(4):384-400. [PubMed: 4838015]

7. Zaldivar R. Ecological investigations on arsenic dietary intake and endemic chronic poisoning in
man: dose-response curve. Zentralbl Bakteriol [Orig B]. 1977; 164(5-6):481-4.

8. Zaldivar R, Ghai GL. Clinical epidemiological studies on endemic chronic arsenic poisoning in
children and adults, including observations on children with high- and low-intake of dietary arsenic.
Zentralbl Bakteriol [B]. 1980; 170(5-6):409-21.

9. Smith AH, Marshall G, Yuan Y, Ferreccio C, et al. Increased mortality from lung cancer and
bronchiectasis in young adults after exposure to arsenic in utero and in early childhood. Environ
Health Perspect. 2006; 114(8):1293-6. [PubMed: 16882542]

10. Steinmaus C, Ferreccio C, Acevedo J, Yuan Y, et al. Increased lung and bladder cancer incidence in
adults after in utero and early-life arsenic exposure. Cancer Epidemiol Biomarkers Prev. 2014;
23:1529-38. [PubMed: 24859871]

11. Steinmaus C, Ferreccio C, Yuan Y, Acevedo J, et al. Elevated lung cancer in younger adults and
low concentrations of arsenic in water. Am J Epidemiol. 2014; 180(11):1082-7. [PubMed:
25371173]

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Steinmaus et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Page 9

Cotes JE. Medical Research Council Questionnaire on Respiratory Symptoms (1986). Lancet.
1987; 2(8566):1028.

ATS. Standardization of Spirometry, 1994 Update. American Thoracic Society. Am J Respir Crit
Care Med. 1995; 152(3):1107-36. [PubMed: 7663792]

Smith AH, Marshall G, Liaw J, Yuan Y, et al. Mortality in young adults following in utero and
childhood exposure to arsenic in drinking water. Environ Health Perspect. 2012; 120(11):1527-31.
[PubMed: 22949133]

Willett, W., Stampfer, M. Implications of total energy intake for epidemiologic analysis. In: Willett,
W.,, editor. Nutritional Epidemiology. Oxford University Press; New York: 1998. p. 273-301.

Milton AH, Rahman M. Respiratory effects and arsenic contaminated well water in Bangladesh.
Int J Environ Health Res. 2002; 12(2):175-79. [PubMed: 12400554]

Olivas-Calderon E, Recio-Vega R, Gandolfi AJ, Lantz RC, et al. Lung inflammation biomarkers
and lung function in children chronically exposed to arsenic. Toxicol Appl Pharmacol. 2015;
287(2):161-7. [PubMed: 26048584]

Parvez F, Chen Y, Brandt-Rauf PW, Bernard A, et al. Nonmalignant respiratory effects of chronic
arsenic exposure from drinking water among never-smokers in Bangladesh. Environ Health
Perspect. 2008; 116(2):190-5. [PubMed: 18288317]

Rahman A, Vahter M, Ekstrom EC, Persson LA. Arsenic exposure in pregnancy increases the risk
of lower respiratory tract infection and diarrhea during infancy in Bangladesh. Environ Health
Perspect. 2011; 119(5):719-24. [PubMed: 21147604]

Smith AH, Yunus M, Khan AF, Ercumen A, et al. Chronic respiratory symptoms in children
following in utero and early life exposure to arsenic in drinking water in Bangladesh. Int J
Epidemiol. 2013; 42:1077-1086. [PubMed: 24062297]

von Ehrenstein OS, Mazumder DN, Yuan Y, Samanta S, et al. Decrements in lung function related
to arsenic in drinking water in West Bengal, India. Am J Epidemiol. 2005; 162(6):533-41.
[PubMed: 16093295]

Das D, Bindhani B, Mukherjee B, Saha H, et al. Chronic low-level arsenic exposure reduces lung
function in male population without skin lesions. Int J Public Health. 2014; 59(4):655-63.
[PubMed: 24879317]

Farzan SF, Li Z, Korrick SA, Spiegelman D, et al. Infant infections and respiratory symptoms in
relation to arsenic exposure in a U.S. cohort. Environ Health Perspect. 2015

Parvez F, Chen Y, Brandt-Rauf PW, Slavkovich V, et al. A prospective study of respiratory
symptoms associated with chronic arsenic exposure in Bangladesh: findings from the Health
Effects of Arsenic Longitudinal Study (HEALS). Thorax. 2010; 65(6):528-33. [PubMed:
20522851]

Parvez F, Chen Y, Yunus M, Olopade C, et al. Arsenic exposure and impaired lung function.
Findings from a large population-based prospective cohort study. Am J Respir Crit Care Med.
2013; 188(7):813-9. [PubMed: 23848239]

Recio-Vega R, Gonzalez-Cortes T, Olivas-Calderon E, Lantz RC, et al. In utero and early
childhood exposure to arsenic decreases lung function in children. J Appl Toxicol. 2015; 35(4):
358-66. [PubMed: 25131850]

Dauphine DC, Ferreccio C, Guntur S, Yuan Y, et al. Lung function in adults following in utero and
childhood exposure to arsenic in drinking water: preliminary findings. Int Arch Occup Environ
Health. 2011; 84(6):591-600. [PubMed: 20972800]

NRC. Subcommittee on Arsenic in Drinking Water. National Research Council; Washington, DC:
1999. Arsenic in Drinking Water; p. 229-50.

IARC. International Agency for Research on Cancer. Vol. 100C. International Agency for Research
on Cancer; Lyon: 2012. A review of human carcinogens: arsenic, metals, fibres, and dusts.

Chen CL, Hsu LI, Chiou HY, Hsueh YM, et al. Ingested arsenic, cigarette smoking, and lung
cancer risk: a follow-up study in arseniasis-endemic areas in Taiwan. JAMA. 2004; 292(24):2984—
90. [PubMed: 15613666]

Ferreccio C, Yuan Y, Calle J, Benitez H, et al. Arsenic, tobacco smoke, and occupation:
associations of multiple agents with lung and bladder cancer. Epidemiology. 2013; 24(6):898-905.
[PubMed: 24036609]

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Steinmaus et al.

32.

33.

34.

35.

36.

37.

38.

Page 10

Guha Mazumder DN, Haque R, Ghosh N, De BK, et al. Arsenic in drinking water and the
prevalence of respiratory effects in West Bengal, India. Int J Epidemiol. 2000; 29:1047-52.
[PubMed: 11101546]

Ministerio del Medio Ambiente. Sistema de Informacién Nacional de Calidad del Aire. Gobierno
de Chile. 2015. [12/01/2015]; Available from: http://sinca.mma.gob.cl/

WHO. Ambient Air Pollution Database. World Health Organization; May. 2014 http://
www.who.int/phe/health_topics/outdoorair/databases/cities/en/

Young MT, Sandler DP, DeRoo LA, Vedal S, et al. Ambient air pollution exposure and incident
adult asthma in a nationwide cohort of U.S. women. Am J Respir Crit Care Med. 2014; 190(8):
914-21. [PubMed: 25172226]

Ostro B, Lipsett M, Mann J, Braxton-Owens H, et al. Air pollution and exacerbation of asthma in
African-American children in Los Angeles. Epidemiology. 2001; 12(2):200-8. [PubMed:
11246581]

Ferreccio C, Sancha AM. Arsenic exposure and its impact on health in Chile. J Health Popul Nutr.
2006; 24(2):164-75. [PubMed: 17195557]

Sancha, AM., Frenz, P. Estimate of current exposure of the urban population of northern Chile to
arsenic. In: Reichard, E.Hauchman, F., Sancha, A., editors. Interdisciplinary Perspectives on
Drinking Water Risk Assessment and Management; Proceedings of the Santiago (Chile)
Symposium; September 1998; Wallingford: International Association of Hydrological Sciences;
2000. IAHS Publ. no. 260

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 December 15.


http://sinca.mma.gob.cl/
http://www.who.int/phe/health_topics/outdoorair/databases/cities/en/
http://www.who.int/phe/health_topics/outdoorair/databases/cities/en/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Steinmaus et al.

Page 11

Highlights

. Based on its unique geology, lifetime arsenic exposure
can be assessed in north Chile.

. Signs and symptoms of lung disease were associated
with early-life arsenic exposure.

. Evidence of lung disease was also associated with
moderate arsenic exposure.
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