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Drinking water arsenic in northern Chile: high cancer risks 40
years after exposure cessation
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Abstract
Background—Millions of people worldwide are exposed to arsenic-contaminated water. In the
largest city in northern Chile (Antofagasta) >250,000 people were exposed to high arsenic
drinking water concentrations from 1958 until 1970 when a water treatment plant was installed.
Because of its unique geology, limited water sources, and good historical records, lifetime
exposure and long-term latency patterns can be assessed in this area with better accuracy than in
other arsenic-exposed areas worldwide.

Methods—We performed a population-based case-control study in northern Chile from October
2007 to December 2010 involving 232 lung and 306 bladder cancer cases and 640 age- and
gender-matched controls, with detailed information on past exposure and potential confounders,
including smoking and occupation.

Results—Bladder cancer odds ratios for quartiles of average arsenic concentrations in water
before 1971 (<11, 11–90, 91–335, and >335 µg/L) were 1.00, 1.36 (95% confidence interval, 0.78
to 2.37), 3.87 (2.25 to 6.64), and 6.50 (3.69 to 11.43), respectively. Corresponding lung cancer
odds ratios were 1.00, 1.27 (0.81 to 1.98), 2.00 (1.24 to 3.24), and 4.32 (2.60 to 7.17). Bladder and
lung cancer odds ratios in those highly exposed in Antofagasta during 1958–70 but not thereafter
were 6.88 (3.84 to 12.32) and 4.35 (2.57 to 7.36), respectively.

Conclusions—The lung and bladder cancer risks that we found up to 40 years after high
exposures have ended are very high.

Impact—Our findings suggest that prevention, treatment, and other mortality reduction efforts in
arsenic-exposed countries will be needed for decades after exposure cessation.
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Introduction
Millions of people worldwide are exposed to naturally-occurring arsenic in their drinking
water, including an estimated 50 million in Bangladesh, 30 million in India, 15 million in
China, and millions more in the U.S., Europe, and South and Central America (1).
Epidemiologic studies from Taiwan, Japan, Argentina, Chile, and elsewhere have identified
associations between arsenic in drinking water and cancer, and the International Agency for
Research on Cancer has classified ingested arsenic as cause of lung, bladder, and skin cancer
in humans (2, 3). Recent research suggests that the cancer and mortality risks from these
exposures are very high (4). One study in Bangladesh reported that exposure to arsenic
water concentrations >150 µg/L may cause a 68% increase in overall mortality (5). The
World Health Organization and others are making major efforts to reduce arsenic exposures
in developing countries and elsewhere. However, these may not be the only strategies
needed to reduce arsenic-associated health risks. If the latency period (the period from
exposure to the time of disease diagnosis) of arsenic-caused disease is long, efforts to reduce
mortality and morbidity, including cancer screening, reducing important co-exposures,
treatment and hospice resource planning, and public awareness, may be needed for many
years after high exposures are stopped. Information on the rate at which cancer risks fall
after exposures are stopped is only available for a few agents. For tobacco smoke, cancer
risks begin to decline within a few years after smoking cessation and approach the risks in
non-smokers within a few decades (6). However, arsenic may be different: some evidence
from highly exposed regions in Taiwan and Chile have suggested that the latency of arsenic-
caused cancers may be much longer than this (7, 8). To date, however, this evidence is based
only on ecologic studies without individual information on exposure levels, migration,
important confounders, or the exact timing when high exposures were stopped.

An unusual arsenic exposure scenario in northern Chile provides several key advantages for
investigating the long-term risks of arsenic-caused cancer. In the late 1950s, river water
from the nearby Andes Mountains containing high concentrations of naturally-occurring
arsenic was diverted to the largest city in the area (Antofagasta) for drinking (9). This
resulted in a 13-year period (1958–70) with an average arsenic concentration of 860 µg/L in
the city’s water supply. Installation of a treatment plant reduced these concentrations to <10
µg/L today (Figure 1). This exposure scenario, with its well-documented high exposure to a
well-known and potent carcinogen, large numbers of people exposed, and a distinct end to
the high exposure period, is unusual in environmental epidemiology and offers a rare
opportunity to study the long-term latency patterns of a widespread carcinogen like arsenic.

Another unique feature of northern Chile is that it is the driest inhabited place on earth.
Because there are so few water sources, almost everyone in this area lives in one of the cities
or towns and drinks water from one of the few large public water supplies. In addition,
historical records of arsenic concentrations are available for each of these large supplies,
with many records dating back 40 years or more. This combination of factors means that a
person’s lifetime arsenic exposure in this area can be estimated with good accuracy simply
by knowing the cities or towns in which that person has lived. In all other known highly
exposed areas worldwide, many people obtain water from thousands of small domestic wells
with highly variable arsenic concentrations and few historic records, and many people may
use different water sources at home, school, and work (10). If the latency period between
exposure and disease is several decades or more, subjects and each of their various water
sources must be followed for many years, making it exceedingly difficult and costly to
accurately assess people’s true lifetime exposure. Northern Chile is different. Because of its
small number of water sources, lack of alternative water supplies, and good historical
records, retrospective estimates of lifetime exposure can be generated that are more accurate
than those from all other large, highly exposed areas worldwide.
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In this study, we use the unique features of northern Chile to examine the long-term latency
patterns of arsenic-related lung and bladder cancer. Lung cancer appears to be the most
common cause of arsenic-related death, and relative risks for bladder cancer are higher than
those for all other internal arsenic-related cancers (11). Our goal is to provide accurate
information on the long-term health burdens of arsenic exposure in order to inform both
policy-makers and the public on the long-term risks and needs for medical interventions in
arsenic-exposed areas.

Materials and Methods
Study area and participant selection

The study area comprises two contiguous regions (Regions I, II) in northern Chile with a
total population of 922,579 (12). The major cities in these Regions, including Antofagasta,
and the arsenic concentrations in their public water supplies are shown in Table 1. Cases
included people who: 1. Had primary lung or bladder cancer first diagnosed between
October 2007 and December 2010; 2. Lived in the study area at the time of diagnosis; 3.
Were over age 25 years at the time of diagnosis; and 4. Were able to provide interview data
or had a close relative who could. Cases were ascertained from all pathologists, hospitals,
and radiologists in the study area. Relatively few long-term residents leave the study area for
all of their medical care, since the nearest large medical facilities are in Santiago, 675 miles
away. The large majority of cases were histologically confirmed (98% for bladder cancer
and 72% for lung cancer), with the remaining diagnoses based on a combination of
radiologic (computed tomography) and physician’s clinical findings. Controls without lung
or bladder cancer who otherwise met these same criteria were randomly selected from the
Chilean Electoral Registry for the study area for the years 2007–2009, frequency matched to
cases by gender and five-year age group. Enrollment in the Electoral Registry was
mandatory during the 1970s and many people have remained on it since that time. Our
analysis of the registries used for this study showed that they contained >95% of people over
age 50 years when compared to the Chile national census.

The names of 370 lung and 289 bladder cancer cases were obtained from local pathologists,
radiologists, or hospitals. Of these, 46 lung and 23 bladder cancer cases were ineligible
based on age and residential criteria. Of the remaining, 4 lung (1.2%) and 12 (4.5%) bladder
cancer cases (or their next of kin) could not be located, had moved outside the study area, or
provided insufficient residential information. Of the remaining, 14 lung (4.4%) and 22
(8.7%) bladder cancer cases or their next of kin declined participation. The large majority of
cases were interviewed within 4–5 months of diagnosis, and 39.6% and 17.7% of lung and
bladder cancer cases had died prior to interview. Among 872 controls randomly selected
from the Electoral Registry with viable addresses, 78 (8.9%) no longer lived at the address
and could not be located, were ineligible due to illness, or gave insufficient information. Of
the remaining 794 people, 154 (19.4%) declined to participate. Controls who did not
participate were younger (63.7 vs. 66.0 years, respectively) and more likely to be male (72.5
vs. 67.3%) than those who did, but overall inclusion rates among controls were similar
among major exposure areas: 75.5% in highly exposed Antofagasta, 71.3% in moderately
exposed Iquique and Calama, and 74.5% in low exposure Arica.

Participant interviews
After obtaining informed consent, all participants were interviewed in person using a
standardized questionnaire. For deceased subjects, we interviewed the nearest relative
(proxy). The proportions of proxy interviews were 8.7% for controls, 20.3% for bladder
cancer, and 46.4% for lung cancer. Participants were asked to provide all residences at
which they (or the subject for proxy interviews) lived for six months or longer. They were
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also asked to describe all jobs held for six months or longer and exposure to specific
chemicals linked to lung or bladder cancer, including silica, asbestos, and arsenic. Particular
attention was paid to mining work, since this is a common occupation in northern Chile.
Questions regarding tobacco smoke covered age when smoking began, periods quit, total
years smoked, number of cigarettes smoked per day, and childhood or adult secondhand
smoke exposure. Subjects were also asked their typical amount of drinking water intake
currently (or one year before cancer diagnosis) and 20 years ago, including tap water used
for coffee, tea, and other beverages. When asked to recall past drinking water intake,
subjects were reminded of where they lived and worked and other major events in their lives
at the time. Previous research has shown that intake of dietary variables, including coffee
and tea, can be accurately recalled from the distant past (13).

Exposure indices based on arsenic water concentration
Arsenic exposure was based on either arsenic water concentrations, or on estimated arsenic
intakes. For analyses based on arsenic water concentrations, each city or town of residence
in Chile in which each subject lived was linked to a water arsenic measurement for that city
or town so that an arsenic concentration could be assigned to each year of each subject’s life
within Chile. The drinking water arsenic concentrations for each city or town in the study
area were collected from government agencies, research studies, and the water suppliers
themselves, and were available for >97% of all drinking water in the study area (14–20).
Arsenic measurements were also available for all large cities and towns in Chile outside the
study area, although almost all of these were <10 µg/L (11). Until recently, few people drank
bottled water or used water filters. The yearly arsenic concentrations were then used to
develop several different exposure indices for each subject, 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 yearly concentrations or intakes),
and average lifetime exposure (cumulative exposure divided by the age at cancer diagnosis
or study enrollment). Subjects were then categorized based on the quartiles of each index in
all subjects.

Exposure indices based on estimated arsenic intake
For analyses of arsenic intakes, each subject’s daily arsenic intake from water in µg/day was
estimated by multiplying each subject’s yearly arsenic concentration in µg/L (as calculated
above) by their self-reported daily water intake (L/day) (either current or 20 years ago,
whichever was closest to the year of residence). Proxy subjects were assigned the median
drinking water intake volume from all non-proxy subjects. Daily arsenic intake estimates
were then used to calculate each subject’s average daily intake over their lifetime or for
various periods (e.g., all intakes prior to 1971). Cumulative intake for each subject was
calculated by multiplying the subject’s average daily intakes for each year by 365 days/year
and then summing the results across all years. To account for possible latency effects,
arsenic exposures or intakes in the five years preceding cancer diagnosis (for cases) or
ascertainment (for controls) were not included in exposure calculations. Using a 10- or 15-
year period had little impact on results.

Statistical analysis
Odds ratios were calculated using unconditional logistic regression, separately for lung and
bladder cancer but combining all controls. Because the latency of arsenic-related cancer
appears to be at least several decades and because the very high exposures in Antofagasta
ended in 1970, separate analyses were done using only those exposures before 1971. To
investigate latency with even greater detail, further analyses were done comparing subjects
who lived in Antofagasta during the high exposure period, but who did not live in a high
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exposure city (e.g., Calama or San Pedro) afterwards, to subjects who never had water
concentrations >10 µg/L.

Potential confounding variables entered into logistic regression models included sex, age
(ten-year groups), smoking (highest average number of cigarettes smoked per day) (21),
mining work, race, body-mass index (BMI), and tertiles of socioeconomic status (SES)
scores. Following advice from experienced local researchers, SES scores were based on 12
items, including ownership of household appliances (e.g., refrigerator, microwave), car,
computer, and use of domestic help. Analyses adjusting for exposure to childhood or adult
secondhand smoke or occupational carcinogens (each entered as ‘yes’ or ‘no’ based on self-
reported exposure) were restricted to non-proxy respondents. Analyses were conducted in
SAS version 9.2 (SAS Institute Inc., Cary NC) and all p-values are two-sided. Analysis of
trends in odds ratios across quartiles of arsenic exposure were assessed using the Cochrane-
Armitage test for linear trend.

Results
Subjects’ demographic characteristics are shown in Table 2. Although the distribution of
gender, age, SES, and mining work were similar, bladder and lung cancer cases were more
likely to be of European descent, ever-smokers, and exposed to higher arsenic
concentrations in water than controls (also see Supplementary Table 1). Table 3 shows the
bladder and lung cancer odds ratios by various metrics of arsenic exposure. In analyses of
average arsenic water concentrations before the end of high exposure period in 1970,
adjusted bladder cancer odds ratios from the lowest to highest quartile of exposure were
1.00, 1.36 (95% confidence interval (CI), 0.78–2.37), 3.87 (2.25–6.64), and 6.50 (3.69–
11.43), respectively. Corresponding odds ratios for lung cancer were 1.00, 1.27 (0.81–1.98),
2.00 (1.24–3.24), and 4.32 (2.60–7.17). In general, odds ratios were higher when only
exposures prior to 1971 were considered and when arsenic intakes, rather than just
concentrations, were evaluated (Table 3). The p-trend values for all analyses in Table 3 were
<0.001. In the analysis examining subjects who lived in Antofagasta during the high
exposure period 1958–70 but were not highly exposed afterwards, the odds ratios were 6.88
(3.84–12.32) and 4.35 (2.57–7.36) for bladder and lung cancer, respectively.

Bladder cancer odds ratios comparing the upper and lower tertiles of average arsenic
concentration prior to 1971 were higher in women (OR=23.67, CI=4.14–135.3) than in men
(OR=5.35, CI 2.84–10.06) (Figure 2 and Supplementary Table 2). And, odds ratios changed
only slightly when proxy respondents and non-histologically confirmed cases were
excluded. Additional adjustments for exposure to secondhand smoke or other known lung
carcinogens like asbestos or silica only had small effects on odds ratios (not shown in
Tables).

Discussion
Overall, clear evidence of dose-response relationships were identified between increasing
arsenic exposure and increasing odds ratios for lung and bladder cancer. These new findings
are important for several reasons. First, this is the largest study to date with data on cancer
incidence, rather than mortality, and individual rather than ecologic data on lifetime arsenic
exposure and confounders. The relatively large number of cases and wide range of
exposures provides dose-response estimates with good precision. Also, because the study
area has a limited number of water supplies and detailed records of arsenic concentrations
dating back many years, and because information was collected on major potential
confounders, the relative risk estimates generated here are likely more accurate than those
previously reported from other highly exposed areas worldwide.
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This is the first study to provide clear evidence that substantially increased risks of arsenic-
related cancer remain almost 40 years after cessation of high exposure. The lung and bladder
cancer odds ratios in people from Antofagasta who were last highly exposed in 1970, an
average of 38 years before their cancers were diagnosed, were about four to seven times
higher than those in people with low exposure. Although many studies of carcinogens other
than arsenic have examined latency patterns from the time exposures first began, few have
examined patterns after exposure cessation. For tobacco smoking, most studies show that
lung cancer relative risks fall below 2.0 within 10 to 30 years of smoking cessation (4). The
only exposure for which high cancer risks are known to continue for decades after exposure
cessation is asbestos-caused mesothelioma. In a case-control study involving 1041 cases,
Lacourt et al. reported odds ratios of 6.4 (3.2–12.9) for mesothelioma 30 years after
exposure cessation (22), but mesothelioma is a much rarer cancer than those we studied in
Chile. Overall our findings are unprecedented given the large relative risk estimates, the
long period of time after high exposures were stopped, and that they involved two very
common cancers. The mechanism by which arsenic may increase long-term cancer risks is
unknown, but arsenic has been linked to several epigenetic effects, such as global DNA and
gene specific hypo- and hyper-methylation, and it is possible these effects are permanent
and lead to long-term increased cancer risks (23).

The findings presented here have some direct public health relevance to exposed populations
in India, Bangladesh, Taiwan, China, Chile, Europe, the U.S. and elsewhere. The
extraordinarily long latency means that the incidence of arsenic-related cancer in these areas
is likely to remain very high for many years after arsenic exposures have ended. This very
long latency period not only highlights the importance of eliminating exposures as soon as
possible, it also underscores the potentially important role public health interventions may
have for many years after exposures have stopped. Possible long-term interventions include
cancer screening, public awareness campaigns, or long-term treatment or hospice resource
planning. For example, research has shown that agents like tobacco smoke, poor nutrition,
and certain occupational exposures can markedly increase the risks of arsenic-related disease
(17, 24, 25). Public awareness campaigns aimed at reducing these important co-exposures or
improving nutrition might help reduce long-term arsenic-related morbidity and mortality.
Also, routine screening with low-dose lung computed tomography has been shown to reduce
mortality in heavy smokers (26), raising the possibility that similar screening might also be
effective in people with high arsenic exposure. Overall, given the tens of millions of people
exposed worldwide and the very high and persistent cancer risks seen here, reducing
exposures as soon as possible, as well as early planning for long-term interventions, could
have major impacts on the burdens of arsenic-related disease for many years to come.

Another important aspect of this study is that it helps confirm several key findings
previously reported from northern Chile. This includes novel findings regarding arsenic-lung
cancer dose-response relationships, synergy with smoking, and early life exposure effects
(17, 27, 28). The fact that the bladder and lung cancer results of this study, with individual
data on exposure and confounders, are similar to the results of this previous research
supports the validity of these earlier findings.

Some exposure misclassification is likely in this study. But because arsenic exposure in this
area can be determined primarily by the cities or towns in which the subjects lived, and
errors in recalling this information is expected to be minimal, the impact of this bias is likely
small. Proxy interviews were more common among cases than controls, and less accurate
recall among proxies than living subjects could have produced some differential exposure
misclassification. However, previous studies have shown that proxy respondents can provide
reasonably accurate residential histories (29). In addition, odds ratios for both bladder and
lung cancer were very similar, regardless of whether proxy subjects were included or
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excluded, suggesting that the inclusion of proxy respondents caused little bias. Arsenic
levels were not collected for residences outside Chile, but the large majority of subjects
spent their whole lives in Chile and none lived in those other countries with known high
exposure. Errors may also occur in assessing past drinking water intake. However, odds
ratios were similar whether or not these data were used. Arsenic may also come from food,
air, or work, but a previous analysis has shown that these exposures are relatively low (e.g.,
<2% of total arsenic intake) compared to arsenic intake from water during the high exposure
period in Antofagasta (30). Also, adjustments for mining or self-reported arsenic exposure at
work had little effect on results. Similarly, exposure misclassification could occur if
drinking water exposures outside the residence were missed; however, this is not a major
concern in northern Chile, since each city and town has essentially only one water supply
and few people commuted elsewhere for work or school. Confounding from factors not
adjusted for (e.g., diet, radon) is also possible, but there is no evidence that these were
strongly enough related to both cancer and arsenic to cause the high odds ratios identified
(31).

In conclusion, this study provides evidence of four-fold increases in lung cancer and almost
seven-fold increases in bladder cancer 35–40 years after high arsenic exposures ended.
These findings could help public health agencies in planning long-term strategies and
obtaining the resources needed to reduce the long-term impacts of arsenic-related disease.
Importantly, the fact that odds ratios are still fairly high suggests that it may be many more
years before these increased risks fall to zero. Further research in Antofagasta, with its
distinct period of high exposure many years in the past and good data on historical exposure,
would help determine the number of years or decades these risks are likely to remain high.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
Funding: This work was supported by grants R01 ES014032-01 and P42 ES04705 from the US National Institute
of Environmental Health Sciences.

References
1. Ravenscroft, P. Predicting the global distribution of natural arsenic contamination of groundwater.

Symposium on arsenic: the geography of a global problem. London: Royal Geographical Society;
2007. http://www.geog.cam.ac.uk/research/projects/arsenic/symposium/S1.2_P_Ravenscroft.pdf

2. NRC. Arsenic in Drinking Water 2001 Update. Washington, DC: Subcommittee to Update the 1999
Arsenic in Drinking Water Report. National Research Council; 2001.

3. IARC. Some Drinking-water Disinfectants and Contaminants, Including Arsenic. Vol. Volume 84.
Lyon: International Agency for Research on Cancer; 2004.

4. Sohel N, Persson LA, Rahman M, Streatfield PK, Yunus M, Ekstrom EC, et al. Arsenic in drinking
water and adult mortality: a population-based cohort study in rural Bangladesh. Epidemiology.
2009; 20:824–830. [PubMed: 19797964]

5. Argos M, Kalra T, Rathouz PJ, Chen Y, Pierce B, Parvez F, et al. Arsenic exposure from drinking
water, and all-cause and chronic-disease mortalities in Bangladesh (HEALS): a prospective cohort
study. Lancet. 2010; 376:252–258. [PubMed: 20646756]

6. Steinmaus C, Balmes JR. Government laboratory worker with lung cancer: comparing risks from
beryllium, asbestos, and tobacco smoke. Environ Health Perspect. 2000; 108:1003–1006. [PubMed:
11049824]

Steinmaus et al. Page 7

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.geog.cam.ac.uk/research/projects/arsenic/symposium/S1.2_P_Ravenscroft.pdf


7. Chiu HF, Ho SC, Yang CY. Lung cancer mortality reduction after installation of tap-water supply
system in an arseniasis-endemic area in Southwestern Taiwan. Lung Cancer. 2004; 46:265–270.
[PubMed: 15541810]

8. Marshall G, Ferreccio C, Yuan Y, Bates MN, Steinmaus C, Selvin S, et al. Fifty-year study of lung
and bladder cancer mortality in Chile related to arsenic in drinking water. J Natl Cancer Inst. 2007;
99:920–928. [PubMed: 17565158]

9. Fraser B. Cancer cluster in Chile linked to arsenic contamination. Lancet. 2012; 379:603. [PubMed:
22355811]

10. Smith AH, Steinmaus CM. Health effects of arsenic and chromium in drinking water: recent
human findings. Annu Rev Public Health. 2009; 30:107–122. [PubMed: 19012537]

11. Smith AH, Goycolea M, Haque R, Biggs ML. Marked increase in bladder and lung cancer
mortality in a region of Northern Chile due to arsenic in drinking water. Am J Epidemiol. 1998;
147:660–669. [PubMed: 9554605]

12. Instituto Nacional de Estadisticas. Resultados Generales Censo 2002. Santiago, Chile:
Departmento de Comunicaciones, Departmento de Estadisticas Demografias y Sociales, Servicio
de Registro Civil e Identificacion, Ministerio de Salud; 2002.

13. Byers T, Marshall J, Anthony E, Fiedler R, Zielezny M. The reliability of dietary history from the
distant past. Am J Epidemiol. 1987; 125:999–1011. [PubMed: 3578258]

14. Borgono JM, Venturino H, Vicent P. [Clinical and epidemiologic study of arsenicism in northern
Chile (author's transl)]. Revista Medica de Chile. 1980; 108:1039–1048. [PubMed: 7244449]

15. Rivara MI, Cebrian M, Corey G, Hernandez M, Romieu I. Cancer risk in an arsenic-contaminated
area of Chile. Toxicol Ind Health. 1997; 13:321–338. [PubMed: 9200798]

16. Zaldivar R. Arsenic contamination of drinking water and foodstuffs causing endemic chronic
poisoning. Beitr Pathol. 1974; 151:384–400. [PubMed: 4838015]

17. Ferreccio C, Gonzalez C, Milosavjlevic V, Marshall G, Sancha AM, Smith AH. Lung cancer and
arsenic concentrations in drinking water in Chile. Epidemiology. 2000; 11:673–679. [PubMed:
11055628]

18. Smith AH, Arroyo AP, Guha-Mazumder DN, Kosnett MJ, Hernandez AL, Beeris M, et al.
Arsenic-induced skin lesions among Atacameno people in Northern Chile despite good nutrition
and centuries of exposure. Environ Health Perspect. 2000; 108:617–620. [PubMed: 10903614]

19. Sancha AM, O'Ryan R. Managing hazardous pollutants in Chile: arsenic. Rev Environ Contam
Toxicol. 2008; 196:123–146. [PubMed: 19025095]

20. CONAMA. Technical Information Sheet: Analysis of Human Exposure to Arsenic in Large Cities
(Study No. 21-0022-002). Santiago: Comisión Nacional del Medio Ambiente; 2000.

21. Lubin JH, Caporaso N, Wichmann HE, Schaffrath-Rosario A, Alavanja MC. Cigarette smoking
and lung cancer: modeling effect modification of total exposure and intensity. Epidemiology.
2007; 18:639–648. [PubMed: 17700253]

22. Lacourt A, Leffondré K, Gramond C, Ducamp S, Rolland P, Gilg Soit Ilg A, et al. Temporal
patterns of occupational asbestos exposure and risk of pleural mesothelioma. Eur Respir J. 2012;
39:1304–1312. [PubMed: 22075480]

23. Ren X, McHale CM, Skibola CF, Smith AH, Smith MT, Zhang L. An emerging role for epigenetic
dysregulation in arsenic toxicity and carcinogenesis. Environ Health Perspect. 2011; 119:11–19.
[PubMed: 20682481]

24. Melkonian S, Argos M, Pierce BL, Chen Y, Islam T, Ahmed A, et al. A prospective study of the
synergistic effects of arsenic exposure and smoking, sun exposure, fertilizer use, and pesticide use
on risk of premalignant skin lesions in Bangladeshi men. Am J Epidemiol. 2011; 173:183–191.
[PubMed: 21098630]

25. Zablotska LB, Chen Y, Graziano JH, Parvez F, van Geen A, Howe GR, et al. Protective effects of
B vitamins and antioxidants on the risk of arsenic-related skin lesions in Bangladesh. Environ
Health Perspect. 2008; 116:1056–1062. [PubMed: 18709164]

26. Aberle DR, Adams AM, Berg CD, Black WC, Clapp JD, Fagerstrom RM, et al. Reduced lung-
cancer mortality with low-dose computed tomographic screening. New Engl J Med. 2011;
365:395–409. [PubMed: 21714641]

Steinmaus et al. Page 8

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



27. Smith AH, Marshall G, Yuan Y, Ferreccio C, Liaw J, von Ehrenstein O, 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; 114:1293–1296. [PubMed: 16882542]

28. Smith AH, Marshall G, Liaw J, Yuan Y, Ferreccio C, Steinmaus C. Mortality in young adults
following in utero and childhood exposure to arsenic in drinking water. Environ Health Perspect.
2012; 120:1527–1531. [PubMed: 22949133]

29. Nelson L, Longstrentch W, Koepsell T, Checkoway H, van Belle G. Completeness and accuracy of
interview data from proxy respondents: demographics, medical, and lifestyle factors.
Epidemiology. 1994; 5:204–217. [PubMed: 8172996]

30. Ferreccio C, Sancha AM. Arsenic exposure and its impact on health in Chile. J Health Popul Nutr.
2006; 24:164–175. [PubMed: 17195557]

31. Axelson O. Aspects on confounding in occupational health epidemiology. Scand J Work Environ
Health. 1978; 4:85–89.

Steinmaus et al. Page 9

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Arsenic concentrations in the drinking water in Antofagasta, northern Chile
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Figure 2.
Bladder and lung cancer odds ratios* including only cases with histologic confirmation, in
non-proxy subjects, and in males and females comparing subjects in the upper to lower
quartiles of average lifetime arsenic concentration prior to 1971.
*Odds ratios are adjusted for age, sex, smoking, mining work, race, body-mass index, and
socioeconomic status. For display purposes, the bladder cancer odds ratio in females of 23.6
(95% CI, 4.14 to 135.3) is truncated.
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