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Arsenic in drinking water is known to cause cancer and noncancer diseases, but little is known about its association
with age at exposure. Here, we investigated age at arsenic exposure and mortality in Antofagasta, Chile, 30–40 years
after a distinct period of very highwater arsenic concentrations (1958–1970).We calculated standardizedmortality ratios
(SMRs) comparingAntofagastawith the rest of Chile for 2001–2010 by sex and age at potential first exposure. A remark-
able relationship with age at first exposure was found for bronchiectasis, with increased risk in adults 30–40 years after
exposure being confined to those whowere in utero (SMR = 11.7, 95% confidence interval (CI): 4.3, 25.4) or aged 1–10
years (SMR = 5.4, 95%CI: 1.1, 15.8) during the high-exposure period. Increased SMRs for lung, bladder, and laryngeal
cancer were evident for exposures starting at all ages, but the highest SMRs were for exposures beginning at birth (for
bladder cancer, SMR = 16.0 (95%CI: 10.3, 23.8); for laryngeal cancer, SMR = 6.8 (95% CI: 2.2, 15.8); for lung cancer,
SMR = 3.8 (95% CI: 2.9, 4.9)). These findings suggest that interventions targeting early-life arsenic exposure could
havemajor impacts in reducing long-termmortality due to arsenic 30–40 years after exposure ends.

age at first exposure; arsenic; Chile; drinking water

Abbreviations: CI, confidence interval; ICD-9, International Classification of Diseases, Ninth Revision; SMR, standardized mortality
ratio.

Arsenic is a naturally occurring element in the earth’s crust
and is frequently detected in drinking water. Millions of peo-
ple around the world are exposed to arsenic through drinking
water (1). Arsenic is classified by the International Agency for
Research onCancer as a human carcinogen, and there is sufficient
evidence that it can cause cancer of the lung, urinary bladder, and
skin (2). Many noncancer diseases have been found to be associ-
ated with arsenic exposure, including reproductive, cardiovascu-
lar, pulmonary, neurological, and dermal effects (3).

Northern Chile is the driest habitable place on earth, and
almost all of the population there relies exclusively on public
water systems, with no other significant water sources such as
bottled water or private wells (4). Antofagasta (Figure 1) is the
largest city in northern Chile (population 378,244 in 2015 (5)).
Before 1958, the arsenic concentration in its water supply was
90 μg/L (6). In 1958, because of population growth, the city’s
water source was changed to the Toconce and Hojalar rivers,
which emanate as geothermal water (a type of groundwater)

from the Andes mountains. This water contains high levels of
arsenic, resulting in city water arsenic concentrations of approxi-
mately 860 μg/L (6–8). In 1970 a treatment plant was installed,
and water arsenic levels decreased dramatically to about 100 μg/L.
Current concentrations are less than 10 μg/L, following improve-
ments to the arsenic removal plant.

Relatively few people in other studies have been exposed to
arsenic concentrations over 500 μg/L. For example, in a study
carried out in southwestern Taiwan, 8,251 participants were
exposed to water arsenic levels over 600 μg/L (9). In a study
in northeastern Taiwan, 698 people were exposed to water
arsenic levels over 300 μg/L (10). In a study conducted in the
South 24 Parganas district of West Bengal, India, 902 people
drank well water with arsenic concentrations over 500 μg/L
(11). InMatlab, a rural area in Bangladesh, 10,430 participants
were exposed to arsenic levels over 300 μg/L from drinking
water (12). However, in Antofagasta, approximately 125,000
residents were exposed to arsenic at concentrations of 860 μg/L

2297 Am J Epidemiol. 2018;187(11):2297–2305

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article-abstract/187/11/2297/5063615 by U

niversity of C
alifornia, Berkeley/LBL user on 02 January 2019



from the city’s only water source until 1970, with over 10 times
more people being exposed to high arsenic concentrations than
in any other study. Since there was no other water source, all
residents were exposed to the same high level of arsenic. This
scenario, with its distinct high-exposure period (1958–1970),
large population, good exposure records, and appropriate
latency period, provided us with a unique opportunity to
investigate the long-term consequences of arsenic expo-
sure (13).

In previous studies, we found that mortality from lung, blad-
der, laryngeal, and kidney cancers and from noncancer diseases
such as acute myocardial infarction had increased after the high
arsenic exposure period of 1958–1970 inChile’s region II (14–17).
In several analyses, we examined mortality among adults who
were in utero or were young children at the time of the high-
exposure period in Antofagasta (1958–1970) and found espe-
cially high mortality ratios for lung, bladder, liver, and laryngeal
cancers, chronic renal disease, and bronchiectasis in adulthood,
even before age 50 years (13, 18–20). These previous early-life
arsenic exposuremortality findings involved the years 1989–2000
(14–20), and in the present study,which involvedmortality during
the years 2001–2010, we were able to again assess the impact of
early-life arsenic exposure with nonoverlapping mortality data. In
addition, only limited information concerning the impact of age at
first exposure has been published so far. Herewe present evidence
concerning age at potential first arsenic exposure and mortality
from arsenic-related causes of death 30–40 years later in the larg-
est population in the world with a distinct period of high exposure
to arsenic in drinkingwater.

METHODS

Exposure data

Historical data on water arsenic levels in Chile have been
provided in previous studies (4, 6) (Figure 2). After the water

source change in the city of Antofagasta, the average arsenic
concentration in the public water supply increased greatly, up
to 860 μg/L, between 1958 and 1970, until a water treatment
plant commenced operations in 1970. Now arsenic concentra-
tions in Antofagasta are below 10 μg/L, theWorld Health Orga-
nization guideline for arsenic in drinking water (21). Antofagasta
and Mejillones are neighboring cities that share the same water
system, so in this article, “Antofagasta” refers to both cities
together, accounting for more than 65% of the population of
region II in Chile. Although the rest of region II also had arse-
nic in drinking water, the degree of contamination was less than
that in Antofagasta. The “rest of Chile” in this paper is defined
as any part of Chile outside of region II, which had low arsenic
concentrations of generally less than 10 μg/L.

Exposure data in this paper were based on the locations where
subjects died, without detailed histories of residential location
over the years. Since some people will havemigrated intoAnto-
fagasta later in life, when we identify “early-life exposure” it
means that there was potential for early-life exposure if the
person was living in Antofagasta at that time. The impact of
migration into Antofagasta from elsewhere in Chile would
have the effect of biasing estimates of association towards
the null, which is not of concern given the major increases in
risk we report.

Mortality data

Mortality data were computerized and provided by the Chi-
lean Ministry of Health for all regions of Chile for the years
2001–2010 (T.R., Ministry of Health of Chile, unpublished
data, 2015). The causes of death were based on death certifi-
cates signed by physicians, and trained nosologists coded them ac-
cording to the International Classification of Diseases, Tenth
Revision. Nosologists were blinded to the place of death of
subjects to prevent bias.We converted InternationalClassification

Figure 2. Concentrations of drinking water arsenic in Antofagasta,
Chile, 1950–2010. New water sources with high levels of arsenic were
used from 1958 onward, and a water treatment plant for arsenic removal
was installed in 1970, with improved removal efficiency thereafter. The
current concentration of arsenic in drinking water in Antofagasta is below
theWorldHealthOrganization standard of 10 μg/L (21).
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Figure 1. Map of Chile showing the locations of the study cities,
Antofagasta andMejillones, in region II.
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of Diseases, Tenth Revision, codes to International Classification
ofDiseases, Ninth Revision (ICD-9) codes for our analysis in order
to compare results obtained over the years with previous findings.
In this study, we focused on lung cancer (ICD-9 code 162), blad-
der cancer (ICD-9 code 188), kidney cancer (ICD-9 code 189),
laryngeal cancer (ICD-9 code 161), and the noncancer diseases
of bronchiectasis (ICD-9 code 494), acute myocardial infarction
(ICD-9 code 410), and chronic renal failure (ICD-9 codes 582,
585, 586, and 587), all of which are reported to be associated
with arsenic exposure. ICD-9 code 189 includes both renal cell
carcinoma and transitional cell carcinoma, so those conditions
could not be separated for this analysis. “Chronic renal disease”
combines related diseases such as chronic renal failure, unspec-
ified renal failure, chronic glomerulonephritis, and renal sclero-
sis (18).

Statistical analysis

We estimated standardized mortality ratios (SMRs) for deaths
occurring over the age of 30 years in Antofagasta by dividing the
observed number of deaths by the expected number of deaths for
each age group at potential first exposure: birth, 1–10 years,
11–20 years, 21–30 years, 31–40 years, and≥41 years. Age at
potential first exposure was identified on the basis of birth cohort:
births occurring during 1958–1970 (the high-exposure period in
Antofagasta), 1948–1957, 1938–1947, 1928–1937, 1918–1927,
and before 1918. The expected number of deaths in Antofagasta
was calculated on the basis of the population of the rest of Chile
using indirect age standardization. Population data by age (in 10-
year age groups) and sex were obtained from Chilean census
data for 1992, 2002, and 2012 (T.R., National Statistics Insti-
tute of Chile, unpublished data, 2015) and were interpolated
linearly to estimate person-years for Antofagasta and the rest
of Chile in 2001–2010. Exact 95% confidence intervals and
P values for the SMRs were calculated on the basis of the
Poisson distribution. Average percent changes for trends in
SMRs by age group at first exposure were evaluated using the
linear Poisson regression model (22, 23). One-sided statistical
tests were used because there is a clear direction in the hypothe-
sis that arsenic increases mortality from the selected diseases.
All statistical analyses were conducted with SAS software (ver-
sion 9.4; SAS Institute, Inc., Cary, North Carolina).

RESULTS

Table 1 shows the SMRs for lung, bladder, kidney, and
laryngeal cancers by age at potential first exposure and sex for
2001–2010, comparing Antofagasta with the rest of Chile. The
highest lung cancer SMR among males was 5.0 (95% confi-
dence interval (CI): 4.3, 5.8) for persons likely to have been first
exposed to arsenic at ages 1–10 years. In women, the SMR for
lung cancer was 5.1 (95% CI: 3.4, 7.3) when they had probably
been exposed to arsenic at birth, and the risk remained elevated
over all age groups, even when they were first exposed at age
41 years or older (SMR = 2.7, 95% CI: 1.6, 4.2). For men and
women combined, the lung cancer SMRs gradually decreased
with likely age of exposure, with an 11% reduction for each 10-
year increase in age (P for trend < 0.001) (Figure 3).

Bladder cancer SMRs for men and women who were prob-
ably exposed very early in their lives were extremely high. For

people exposed at birth, the SMR was 16.8 (95% CI: 9.8,
27.0) in men and 13.6 (95% CI: 5.5, 27.9) in women. For men
and women combined, the SMRs dropped at a rate of 17% for
each 10-year increase in age (P for trend < 0.001) (Figure 3)
but remained elevated in all groups of age at first exposure,
within a range of 4–10. Laryngeal cancer showed a similar
trend as bladder cancer when subjects were probably exposed
starting in early life. Among cancer causes of death, laryngeal
cancer showed the strongest relationshipwith age at first expo-
sure, with a 23% reduction in SMRs for each 10-year increase
in age at exposure (P for trend = 0.03) (Figure 3). SMRs for
all of the cancers above combined were increased in all age
groups at first exposure (Table 1).

Table 2 presents the SMRs for arsenic-related noncancer
deaths in Antofagasta from bronchiectasis, acute myocardial
infarction, and chronic renal disease. The SMRs for all of these
diseases were elevated only when subjects had been exposed
starting at younger ages. For bronchiectasis, mortality was greatly
increased in the group probably exposed to arsenic in early life (at
birth and ages 1–10 years). In fact, the SMR for bronchiectasis
was not elevated for persons who were probably exposed to arse-
nic only at age 11 years ormore.Mortality from acutemyocardial
infarctionwas increased in those exposed to high levels of arsenic
before age 21 years. The SMR for chronic renal diseasewas high-
est in those exposed to arsenic before age 31 years. The SMRs for
acutemyocardial infarction and chronic renal failure decreased by
17% and 18%, respectively, for each 10-year increase in age at
first exposure (P for trend < 0.001) (Figure 3). Mortality from all
of these noncancer diseases combined was increased with ex-
posure starting early in life. Mortality from all other noncancer
diseases not associated with arsenic did not differ between An-
tofagasta and the rest of Chile in any age group at first expo-
sure (Table 2).

DISCUSSION

We found especially strong relationships with age at first
exposure for bladder cancer, laryngeal cancer, bronchiectasis,
myocardial infarction, and chronic renal disease. Persons born
during the high-exposure period (1958–1970) had a nearly
12-fold increase in mortality from bronchiectasis in 2001–2010
(SMR = 11.7, 95% CI: 4.3, 25.4), 30–40 years after the high
exposure ceased. We previously reported that in the years
1989–2000, this same birth cohort had a bronchiectasis SMR
of 46.2 (95% CI: 21.1, 87.7; P < 0.001) (19). Thus, 2 non-
overlapping studies with nonoverlapping mortality data both
demonstrated an astonishingly increased risk of death from
bronchiectasis following early-life arsenic exposure. Persons
first exposed at ages 1–10 years had a 5-fold increased risk of
mortality, but if exposure to arsenic did not start until after age
10 years, there was no meaningful increase in mortality from
bronchiectasis (although the numbers were small and confi-
dence intervals wide). In our previous study, we did not assess
children with first exposure after age 10 years, and we are not
aware of any other studies with data on age at first exposure
that separated out persons first exposed only after age 10 years.
The findings we report here suggest that arsenic may affect the
growing lung, making it particularly susceptible to bronchiec-
tasis in later years.
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Bladder cancer also had a remarkably strong relationship to
early-life exposure (for persons exposed from birth, SMR =
16.0, 95% CI: 10.3, 23.8). This finding is also consistent with

our previously published findings for bladder cancer mortality
in 1989–2000 (SMR = 18.1, 95% CI: 11.3, 27.4) (18). How-
ever, unlike bronchiectasis, bladder cancer mortality continued

Table 1. Observed and Expected Numbers of Deaths and StandardizedMortality Ratios for Cancer According to Age at Potential First Exposure
to High Levels of Arsenic in DrinkingWater, Antofagastaa, Chile, 2001–2010

Disease and Age at First
Exposure, years

Total Men Women

Obs Exp SMR 95%CI P
Valueb Obs Exp SMR 95%CI P

Value Obs Exp SMR 95%CI P
Value

Lung cancer

Birth 57 15.1 3.8 2.9, 4.9 <0.001 27 9.3 2.9 1.9, 4.2 <0.001 30 5.9 5.1 3.4, 7.3 <0.001

1–10 237 52.4 4.5 4.0, 5.1 <0.001 178 35.8 5.0 4.3, 5.8 <0.001 59 17.4 3.4 2.6, 4.4 <0.001

11–20 417 101.6 4.1 3.7, 4.5 <0.001 328 69.2 4.7 4.2, 5.3 <0.001 89 32.9 2.7 2.2, 3.3 <0.001

21–30 457 122.1 3.7 3.4, 4.1 <0.001 322 77.7 4.1 3.7, 4.6 <0.001 135 43.1 3.1 2.6, 3.7 <0.001

31–40 176 62.6 2.8 2.4, 3.3 <0.001 112 33.8 3.3 2.7, 4.0 <0.001 64 27.6 2.3 1.8, 3.0 <0.001

≥41 28 13.6 2.1 1.4, 3.0 <0.001 9 5.6 1.6 0.7, 3.0 0.12 19 7.1 2.7 1.6, 4.2 <0.001

P for trendc <0.001 0.001 0.006

Bladder cancer

Birth 24 1.5 16.0 10.3, 23.8 <0.001 17 1.0 16.8 9.8, 27.0 <0.001 7 0.5 13.6 5.5, 27.9 <0.001

1–10 35 4.8 7.4 5.1, 10.3 <0.001 28 3.5 7.9 5.3, 11.5 <0.001 7 1.3 5.3 2.2, 11.0 <0.001

11–20 59 9.3 6.3 4.8, 8.1 <0.001 32 6.7 4.8 3.3, 6.8 <0.001 27 2.7 9.9 6.5, 14.5 <0.001

21–30 112 16.6 6.7 5.5, 8.1 <0.001 65 11.1 5.9 4.5, 7.5 <0.001 47 5.3 8.8 6.5, 11.7 <0.001

31–40 80 15.6 5.1 4.1, 6.4 <0.001 39 8.8 4.4 3.1, 6.0 <0.001 41 6.4 6.4 4.6, 8.7 <0.001

≥41 22 5.3 4.2 2.6, 6.3 <0.001 13 2.6 4.9 2.6, 8.4 <0.001 9 2.5 3.6 1.6, 6.8 0.001

P for trend <0.001 <0.001 0.01

Kidney cancer

Birth 8 6.2 1.3 0.6, 2.5 0.28 4 4.5 0.9 0.2, 2.3 0.50 4 1.8 2.2 0.6, 5.6 0.11

1–10 25 14.4 1.7 1.1, 2.6 0.007 18 10.8 1.7 1.0, 2.6 0.03 7 3.9 1.8 0.7, 3.7 0.10

11–20 49 21.5 2.3 1.7, 3.0 <0.001 32 15.3 2.1 1.4, 3.0 <0.001 17 6.4 2.6 1.5, 4.2 <0.001

21–30 46 26.1 1.8 1.3, 2.4 <0.001 29 16.7 1.7 1.2, 2.5 0.009 17 9.0 1.9 1.1, 3.0 0.01

31–40 38 14.1 2.7 1.9, 3.7 <0.001 16 7.4 2.2 1.2, 3.5 0.004 22 6.5 3.4 2.1, 5.1 <0.001

≥41 7 3.4 2.0 0.8, 4.2 0.06 3 1.5 2.0 0.4, 5.9 0.19 4 1.9 2.1 0.6, 5.4 0.12

P for trend 0.12 0.24 0.39

Laryngeal cancer

Birth 5 0.7 6.8 2.2, 15.8 0.001 3 0.6 4.8 1.0, 14.1 0.03 2 0.1 14.4 1.3, 51.9 0.009

1–10 6 2.6 2.3 0.8, 4.9 0.05 5 2.4 2.1 0.7, 4.8 0.10 1 0.3 3.3 0.1, 18.3 0.26

11–20 17 5.3 3.2 1.9, 5.1 <0.001 15 4.8 3.1 1.7, 5.1 <0.001 2 0.5 3.7 0.4, 13.2 0.10

21–30 12 7.6 1.6 0.8, 2.7 0.09 10 6.5 1.5 0.7, 2.8 0.12 2 1.0 2.1 0.3, 7.5 0.25

31–40 8 3.9 2.1 0.9, 4.1 0.04 6 3.0 2.0 0.7, 4.3 0.09 2 0.7 2.9 0.4, 10.6 0.15

≥41 1 0.8 1.3 0.1, 7.1 0.50 1 0.5 1.9 0.1, 10.3 0.42 0 0.2 0

P for trend 0.03 0.18 0.06

All cancers

Birth 94 23.5 4.0 3.2, 4.9 <0.001 51 15.5 3.3 2.4, 4.3 <0.001 43 8.4 5.1 3.7, 6.9 <0.001

1–10 303 74.2 4.1 3.6, 4.6 <0.001 229 52.5 4.4 3.8, 5.0 <0.001 74 22.9 3.2 2.5, 4.1 <0.001

11–20 542 137.8 3.9 3.6, 4.3 <0.001 407 95.9 4.2 3.8, 4.7 <0.001 135 42.6 3.2 2.7, 3.8 <0.001

21–30 627 172.5 3.6 3.4, 3.9 <0.001 426 112.0 3.8 3.4, 4.2 <0.001 201 58.4 3.4 3.0, 4.0 <0.001

31–40 302 96.1 3.1 2.8, 3.5 <0.001 173 53.1 3.3 2.8, 3.8 <0.001 129 41.2 3.1 2.6, 3.7 <0.001

≥41 58 23.0 2.5 1.9, 3.3 <0.001 26 10.9 2.4 1.6, 3.5 <0.001 32 11.7 2.7 1.9, 3.9 <0.001

P for trend <0.001 0.002 0.06

Table continues
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to be increased for older ages at first exposure, even for first ex-
posures after age 40 years (Table 1). The finding for laryngeal
cancer was rather similar (for exposure from birth, SMR = 6.8,
95% CI: 2.2, 15.8), although increased risks were evident only
if exposure started before age 41 years. Once again, we con-
firmed the earlier finding for mortality in 1989–2000 follow-
ing exposure from birth (SMR = 8.1, 95%CI: 3.5, 16.0) (18).

Lung cancer SMRs were increased with all ages at first expo-
sure, with a small trend downward by age, but kidney cancer
showed an upward trend with age at first exposure (P for trend =
0.12). This finding could have been due to chance, but it was sur-
prising since in 1989–2000 we reported a kidney cancer SMR of
3.5 (95%CI: 2.1, 5.4) for potential exposure frombirth (18).Mor-
tality from myocardial infarction and chronic renal disease both

trended downward with increasing age. Increased numbers of
myocardial infarction deathswere only evident if exposure started
before age 21 years, but some increase in chronic renal disease
persistedwith exposure starting at older ages.

The observed trends by age group at first exposure for bladder
cancer, laryngeal cancer, bronchiectasis, myocardial infarction,
and chronic renal diseasewere very strong andwere beyondwhat
could be attributed to unaccounted potential bias.

Our findings on lung and bladder cancer are consistent with
the results of a previous case-control study of incident cancer
we conducted in the same area (13). In a case-control study of
221 lung cancer patients and 160 bladder cancer patients with
508 matched controls from northern Chile for the years
2007–2010, we observed that the risks of lung and bladder cancer
were elevated with early-life arsenic exposure in a dose-response
manner (13). The trends with age of exposure in the case-control
studywere similar to thosewe report for cancermortality here. For
lung cancer, high odds ratios for males and females combined
were seen in the case-control study for arsenic exposures incurred
at birth and up to approximately age 20 years, with a gradual
decline in odds ratios for exposures incurred at age 21 years
and beyond. In this paper, for males and females combined,
the highest SMRs were seen for ages 1–20 years, also with a
decline in relative risk for exposure after these ages. For blad-
der cancer, the highest odds ratios in the case-control study
were seen for exposure at birth, with a marked decrease in rela-
tive risk for exposure at older ages. A similar pattern was seen
for mortality here, with the highest SMRs by far being seen for
likely exposure at birth and markedly lower SMRs being seen
for first exposure at older ages.

In this study, we considered the subjects exposed if they died
in Antofagasta or Mejillones during 2000–2010 and were of
ages at which they would have been born or lived in Antofagas-
ta during the high-exposure period (1958–1970). Because our
study design was ecological, we considered the possibility that
exposure misclassification might have affected our results. As
we mentioned above, the region of Chile containing Antofagas-
ta (region II) receives very little rainfall, and there are very few
water sources in the area. Because of this, essentially everyone

Table 1. Continued

Disease and Age at First
Exposure, years

Total Men Women

Obs Exp SMR 95%CI P
Valueb Obs Exp SMR 95%CI P

Value Obs Exp SMR 95%CI P
Value

All other cancers

Birth 278 238.8 1.2 1.0, 1.3 0.007 133 97.3 1.4 1.1, 1.6 <0.001 145 138.2 1.0 0.9, 1.2 0.29

1–10 454 389.2 1.2 1.1, 1.3 <0.001 239 170.0 1.4 1.2, 1.6 <0.001 215 216.9 1.0 0.9, 1.1 0.53

11–20 652 614.7 1.1 1.0, 1.1 0.07 353 308.8 1.1 1.0, 1.3 0.007 299 305.7 1.0 0.9, 1.1 0.64

21–30 833 803.2 1.0 1.0, 1.1 0.15 453 420.0 1.1 1.0, 1.2 0.06 380 378.5 1.0 0.9, 1.1 0.48

31–40 604 582.6 1.0 1.0, 1.1 0.19 305 274.9 1.1 1.0, 1.3 0.04 299 301.0 1.0 0.9, 1.1 0.53

≥41 166 189.5 0.9 0.7, 1.0 0.95 68 75.7 0.9 0.7, 1.1 98 112.3 0.9 0.7, 1.1 0.91

P for trend 0.001 <0.001 0.37

Abbreviations: CI, confidence interval; Exp, expected number; Obs, observed number; SMR, standardizedmortality ratio.
a All data presented for Antofagasta include neighboringMejillones, which had the samewater sources.
b One-sidedP value for mortality being increased in Antofagasta as compared with the rest of Chile.
c Two-sidedP value for linear trend in the SMRs for each 10-year increase in age at first exposure in Antofagasta.
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Figure 3. Change in the standardized mortality ratio (SMR) for
selected diseases per 10-year increase in age at first exposure to drink-
ing water arsenic, Antofagasta, Chile, 2001–2010. Among cancers, the
strongest relationship with age at first exposure was for cancer of the
larynx, with a 23% reduction in the SMR for each 10-year increase in
age (P for trend = 0.03). Among noncancer diseases, the strongest
age relationship was for bronchiectasis, with a 49% reduction for each
10-year increase in age at first exposure (P for trend < 0.001). P values
for trends are provided in Table 2. Bars, 95% confidence intervals. AMI,
acutemyocardial infarction; CRD, chronic renal disease.

Am J Epidemiol. 2018;187(11):2297–2305

Age at Exposure to Arsenic inWater andMortality 2301

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article-abstract/187/11/2297/5063615 by U

niversity of C
alifornia, Berkeley/LBL user on 02 January 2019



Table 2. Observed and Expected Numbers of Deaths and StandardizedMortality Ratios for Noncancer Diseases According to Age at Potential First Exposure to High Levels of Arsenic in
DrinkingWater, Antofagastaa, Chile, 2001–2010

Disease and Age at First
Exposure, years

Total Men Women

Obs Exp SMR 95%CI P Valueb Obs Exp SMR 95%CI P Value Obs Exp SMR 95%CI P Value

Bronchiectasis

Birth 6 0.5 11.7 4.3, 25.4 <0.001 4 0.2 24.9 6.8, 63.7 <0.001 2 0.3 5.9 0.7, 21.3 0.05

1–10 3 0.6 5.4 1.1, 15.8 0.02 1 0.4 2.4 0.1, 13.5 0.34 2 0.2 13.2 1.6, 47.7 0.01

11–20 1 0.7 1.3 0.1, 7.5 0.50 1 0.4 2.6 0.1, 14.6 0.32 0 0.4 0

21–30 2 1.7 1.2 0.1, 4.3 0.50 0 0.9 0 2 0.8 2.4 0.3, 8.8 0.20

31–40 0 2.0 0 0 0.8 0 0 1.2 0

≥41 1 1.1 0.9 0.1, 5.1 0.50 1 0.4 2.6 0.1, 14.2 0.32 0 0.7 0

P for trendc <0.001 0.004 0.006

Myocardial infarction

Birth 94 51.5 1.8 1.5, 2.2 <0.001 74 44.4 1.7 1.3, 2.1 <0.001 20 9.2 2.2 1.3, 3.4 0.001

1–10 171 107.3 1.6 1.4, 1.9 <0.001 139 86.5 1.6 1.4, 1.9 <0.001 32 23.3 1.4 0.9, 1.9 0.05

11–20 231 188.2 1.2 1.1, 1.4 0.001 162 137.7 1.2 1.0, 1.4 0.02 69 51.9 1.3 1.0, 1.7 0.01

21–30 275 260.3 1.1 0.9, 1.2 0.19 181 158.9 1.1 1.0, 1.3 0.05 94 98.9 1.0 0.8, 1.2 0.33

31–40 220 228.6 1.0 0.8, 1.1 0.70 113 108.5 1.0 0.9, 1.3 0.34 107 117.5 0.9 0.7, 1.1 0.82

≥41 69 112.1 0.6 0.5, 0.8 0.99 27 36.7 0.7 0.5, 1.1 0.94 42 75.6 0.6 0.4, 0.8 0.99

P for trend <0.001 <0.001 <0.001

Chronic renal disease

Birth 23 9.4 2.5 1.6, 3.7 <0.001 13 5.9 2.2 1.2, 3.8 0.008 10 3.6 2.8 1.3, 5.2 0.004

1–10 39 16.6 2.3 1.7, 3.2 <0.001 19 10.1 1.9 1.1, 2.9 0.008 20 6.7 3.0 1.8, 4.6 <0.001

11–20 60 34.1 1.8 1.3, 2.3 <0.001 33 19.2 1.7 1.2, 2.4 0.003 27 15.0 1.8 1.2, 2.6 0.003

21–30 106 61.5 1.7 1.4, 2.1 <0.001 54 32.2 1.7 1.3, 2.2 <0.001 52 28.8 1.8 1.3, 2.4 <0.001

31–40 77 61.0 1.3 1.0, 1.6 0.03 38 28.4 1.3 0.9, 1.8 0.05 39 31.9 1.2 0.9, 1.7 0.12

≥41 24 29.8 0.8 0.5, 1.2 0.83 10 10.9 0.9 0.4, 1.7 0.53 14 18.7 0.7 0.4, 1.3 0.84

P for trend <0.001 0.02 <0.001

All noncancer diseases

Birth 123 61.3 2.0 1.7, 2.4 <0.001 91 50.5 1.8 1.5, 2.2 <0.001 32 13.1 2.4 1.7, 3.4 <0.001

1–10 213 124.5 1.7 1.5, 2.0 <0.001 159 97.0 1.6 1.4, 1.9 <0.001 54 30.2 1.8 1.3, 2.3 <0.001

11–20 292 223.1 1.3 1.2, 1.5 <0.001 196 157.2 1.2 1.1, 1.4 0.002 96 67.2 1.4 1.2, 1.7 <0.001

21–30 383 323.4 1.2 1.1, 1.3 <0.001 235 192.0 1.2 1.1, 1.4 0.001 148 128.5 1.2 1.0, 1.4 0.05

31–40 297 291.6 1.0 0.9, 1.1 0.38 151 137.7 1.1 0.9, 1.3 0.13 146 150.7 1.0 0.8, 1.1 0.63

≥41 94 143.0 0.7 0.5, 0.8 0.99 38 48.0 0.8 0.6, 1.1 0.92 56 95.0 0.6 0.4, 0.8 0.99

P for trend <0.001 <0.001 <0.001
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who lived inAntofagasta during the high-exposure period received
their drinking water from the single public water source supply-
ing the city. Detailed records of historical arsenic water con-
centrations are available, including those from the high-exposure
period, and until recently bottled water use was minimal (4). In a
case-control study we are currently conducting among 296 par-
ticipants whowere living in region II before 1970, only 1 person
reported using bottled water while residing in region II (17).

Consequently, if a person resided in Antofagasta during the
high-exposure period, we can be assured that he or she was
highly exposed to arsenic. A few other areas in the rest of Chile,
the site of our comparison population, had measurable arsenic
levels in drinking water, but these areas were relatively few,
and none of the arsenic levels approached anything near those
seen in Antofagasta. Because of this unique situation, operation
of the ecological fallacy in our study is virtually inconceivable.

Migration is another issue we considered. Because we did not
have people’s full residential history, we could not account for
people moving in and out of Antofagasta. However, both migra-
tion into and out of Antofagasta during our study period would
most likely have biased our results towards the null, not towards
the large SMRs we identified. In addition, the migration rate in
Chilewas low (only 0.6%per year) during the studyperiod (18, 24).

Another potential concern is that the associations we identified
might have been affected by confounding. For example, smoking
is the main risk factor for bladder cancer, but it is not possible
that our results for this cancer could have been due to confound-
ing by smoking. In a meta-analysis based on 83 studies carried
out in many different countries (25), the pooled relative risk of
bladder cancer mortality for smokers versus nonsmokers was
approximately 1.5. Given this, even if all subjects in Antofagasta
were smokers and all subjects in the rest of Chile were nonsmok-
ers (a highly improbable exaggerated scenario), the SMR due to
confounding by smoking would only be around 1.5. However,
our results showed that SMRs for bladder cancer were much
higher (e.g., SMR = 16.0 in people potentially first exposed at
birth). In fact, data from the Chile National Health Survey (26)
and elsewhere show that smoking rates do not differ between
region II and the rest of Chile (Table 3). In our previous paper,
we also reported similar smoking patterns in region II and all of
Chile, even showing lower smoking rates in region II in some
years between 1990 and 2014 (17).

Overall, given the very high SMRs we identified and the fact
that no major differences in smoking rates were observed between
Antofagasta and the rest ofChile,we can conclude that the associa-
tions we identified here were not due to confounding by smoking.
Relatively small differences in other demographic and risk factors
were seen between region II and the rest of Chile (Table 3). In
addition, there is no notable occupational or environmental expo-
sure that is sufficiently prevalent or sufficiently strongly related to
the outcomes we assessed to cause the very high SMRswe identi-
fied. Our previous lung and bladder cancer case-control study in
this same area showed that age, sex, smoking, diet, occupational
exposure, socioeconomic status, and obesity had little influence on
the arsenic-cancer associations identified (13).

Some outcomes appeared to show differences in SMRs by
sex. For example, the SMRs for laryngeal cancer in men were
lower than those for women. However, there was considerable
overlap in the confidence intervals. Additionally, the relative
risks for men were lower because they had a much higherT
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background rate of laryngeal cancer (2.86 deaths per 100,000
in men and 0.41 deaths per 100,000 in women for the rest of
Chile) due to smoking and alcohol drinking, which are major
risk factors for laryngeal cancer.

In this study, for most outcomes we found higher relative
risks for exposures occurring in early life, and there are several
plausible mechanisms that may explain this finding. The fetus
and young children may have undeveloped immune systems
and may undergo metabolic, excretory, and other pharmacoki-
netic processes that decrease their ability to counteract early
toxic effects (27). They have greater exposure per body weight
for a given level of toxicant in water, and rapid organ growth
also makes them more vulnerable to toxicants (27). In addition,
molecular changes, including epigeneticmodification, may result
in increased risk of diseases in later life (28, 29). We found that
age was an effect modifier in diseases associated with arsenic ex-
posure 30–40 years after cessation. Cancer mortality remained
elevatedwith exposure commencing at older ages, althoughmor-
tality from most noncancer diseases was increased during this

period only in people who had early-life arsenic exposure. For
bronchiectasis, bladder cancer, and laryngeal cancer, young age
at first exposure was associated with major increases in mortality
in adults.

Overall, thefindingswe present here for the 2001–2010 period,
combined with the very high SMRs associated with early-life
exposure we previously published for the 1989–2000 period
(14–20), provide strong evidence that the fetus and young
children are particularly susceptible to arsenic exposure. Mil-
lions of people worldwide are exposed to high concentrations
of arsenic in drinking water. Although attempts should be
made to decrease these exposures in all population groups, our
results suggest that reducing exposures in pregnant women and
young children could have major impacts on reducing the long-
termmortality risks from arsenic, even 30–40 years after exposure.
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