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Arsenic in drinking water is known to be a cause of lung, bladder, and skin cancer, and some studies report
cardiovascular disease effects. The authors investigated mortality from 1950 to 2000 in the arsenic-exposed region
II of Chile (population: 477,000 in 2000) in comparison with the unexposed region V. Increased risks were found for
acute myocardial infarction (AMI), with mortality rate ratios of 1.48 for men (95% confidence interval (CI): 1.37,
1.59; p < 0.001) and 1.26 for women (95% CI: 1.14, 1.40; p < 0.001) during the high-exposure period in region II
from 1958 to 1970. The highest rate ratios were for young adult men aged 30–49 years who were born during the
high-exposure period with probable exposure in utero and in early childhood (rate ratio ¼ 3.23, 95% CI: 2.79, 3.75;
p < 0.001). Compared with lung and bladder cancer, AMI mortality was the predominant cause of excess deaths
during and immediately after the high-exposure period. Ten years after reduction of exposures, AMI mortality had
decreased, and longer latency excess deaths from lung and bladder cancer predominated. With these three
causes of death combined, increased mortality peaked in 1991–1995, with estimated excess deaths related to
arsenic exposure constituting 10.9% of all deaths among men and 4.0% among women.

arsenic; Chile; lung neoplasms; mortality; myocardial infarction; urinary bladder neoplasms; water

Abbreviations: AMI, acute myocardial infarction; CI, confidence interval; ICD-9, International Classification of Diseases, Ninth
Revision; ICD-10, International Classification of Diseases, Tenth Revision; RR, rate ratio.

Arsenic in drinking water is classified as carcinogenic to
humans by the International Agency for Research on Cancer
on the basis of evidence that it causes skin, lung, and bladder
cancer (1). Chronic exposure to arsenic in drinking water is
also linked to an increased risk of various noncancer health
outcomes including dermal, reproductive, pulmonary, and
neurologic effects (2, 3). The first evidence of cardiovascu-
lar disease associated with arsenic in drinking water came
from Antofagasta in region II of Chile, with a case series of
17 deaths from myocardial infarction reported in subjects

under the age of 40 years (4). Later evidence mainly from
Taiwan suggested that long-term arsenic ingestion may be
associated with increased risk of circulatory disease mortal-
ity, including cardiovascular disease (5, 6), ischemic heart
disease (7–12), cerebrovascular disease (10, 13), and dis-
eases of the arteries, arterioles, and capillaries (14).

Region II of Chile, which had a population of 477,000 in
2000, is unique in the world for investigating the long-term
health effects of arsenic in drinking water. One reason is that
almost all drinking water in this region is supplied by a few
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large municipal water sources, with known arsenic concen-
trations for the past 50 years. This is in contrast to other
countries with high arsenic exposures, such as Argentina,
Bangladesh, China, India, Taiwan, and the United States,
where high arsenic exposures come primarily from wells.
Assessing exposure in these areas is extremely difficult be-
cause of the large number of wells, the high variability in
arsenic concentrations from well to well, and the general
lack of historical arsenic measurements.

The second unique aspect of arsenic exposure in region II
is that it involves a large population with a rapid onset of
very high arsenic exposure when rivers contaminated with
arsenic began to be used. Exposure was later sharply re-
duced around 1971 when installation of water treatment
plants began. This situation has not been seen before, will
probably never recur, and offers an important opportunity to
study the health impacts of arsenic. More than half of region
II’s population live in Antofagasta and Mejillones (current
population: 318,000) and were exposed to levels of arsenic
greater than 850 lg/liter for a 13-year period (1958–1970)
(figure 1).

We recently reported on lung and bladder cancer mortal-
ity in region II from 1950 to 2000 (15). We showed that
mortality rates from these cancers started to increase about
10 years after the high exposures commenced and did not
peak until about 20 years after the start of reductions in
exposure. The purpose of this study was to investigate cir-
culatory disease mortality in region II before, during, and
after the period of very high arsenic exposure and to com-
pare this mortality with that from lung and bladder cancer,
the two major established causes of mortality from arsenic
in drinking water. The a priori hypothesis was that circula-
tory disease mortality might be increased with arsenic ex-
posure, in particular, mortality from acute myocardial
infarction (AMI). Our aim was to investigate the latency
patterns between onset and decline of exposure and in-
creased circulatory disease mortality. We also planned to

assess separately those with in utero and early childhood
exposure and those exposed only as adults.

MATERIALS AND METHODS

Exposure data

Details concerning the arsenic concentrations in water in
region II have been reported previously (16–18). As shown
in figure 1, prior to 1958, the drinking water supply in the
major city of Antofagasta had an arsenic concentration of
about 90 lg/liter. A growing population and increased need
for water led to supplementation of Antofagasta’s water
supply with water from the Toconce and the Holajar rivers
that had arsenic concentrations of 800 lg/liter and 1,300 lg/
liter, respectively. The concentration of arsenic in Antofa-
gasta’s drinking water, along with that of Mejillones which
shared the same supply, increased in 1958 to an average of
870 lg/liter. About 90 percent of the population of region II
lives in cities and towns. The other towns in the region, with
the exception of Taltal, also had high concentrations of ar-
senic in their drinking water for various overlapping peri-
ods. The population-weighted average arsenic concentration
in drinking water for the entire region was about 580 lg/liter
for about 13 years from 1958 to 1970 (16). With the in-
troduction in 1971 of a water treatment plant, Antofagasta’s
water arsenic concentration dropped to about 110 lg/liter,
and further reductions occurred as a result of treatment plant
improvements. In recent years, Antofagasta’s water con-
tained about 40 lg of arsenic per liter (16, 17), and the
concentration is now below 10 lg/liter, which is the World
Health Organization guideline for arsenic in drinking water.
Other cities and towns also implemented water treatment
strategies or used alternative sources to reduce arsenic lev-
els. By the late 1980s, almost all of the towns with popula-
tions over 1,000 had water arsenic concentrations of less
than 100 lg/liter. The exception was San Pedro de Atacama
(population: 3,700), which has only recently had an arsenic
removal plant installed. In contrast, water sources in the rest
of Chile have had low levels of arsenic, generally less than
10 lg/liter. The major city of the comparison region V pop-
ulation, Valparaı́so, has water concentrations close to 1 lg/
liter (18).

Selection of the comparison population

Electronically stored mortality data were not available for
Chile from 1950 to 1970. It was impractical and prohibi-
tively expensive for the study team to nosologize all of the
death certificates for Chile for these years. Because of this, it
was necessary to select an alternative referent population to
span the whole study period, 1950–2000. It was desirable
that the referent population be significantly larger than that
of region II, in order to maximize statistical precision. After
careful consideration, region V, with a population about four
times that of region II, was selected. In 1980, the population
of region II was 314,807, while the population of region V
was 1,230,498. This ratio has been similar throughout the
study period of 1950–2000.
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FIGURE 1. Arsenic concentrations (lg/liter) in drinking water before
and after an arsenic removal plant was installed in 1971 for
Antofagasta and Mejillones (region II), Chile, 1950–2000.

1382 Yuan et al.

Am J Epidemiol 2007;166:1381–1391



To ensure that region V was an appropriate choice, pre-
liminary investigations were conducted to compare per cap-
ita income, smoking rates, and death certification among
region II, region V, and national data for the whole of Chile.
Per capita income in region V in 1990 was similar to that of
the rest of the country (US $2,053 vs. US $2,011). Region II
had higher per capita income (US $3,853), but this was the
result of exports generated by the mining industry rather
than signifying higher personal income. Smoking surveys
were carried out on random population samples in 1990 and
1992, both years giving similar data. In 1990, 26.6 percent
of men and 19.3 percent of women in Chile said they
smoked. The corresponding percentages from regions II
and V were similar: 27.4 percent and 28.5 percent for men
and 16.6 percent and 20.2 percent for women, respectively
(19). We also obtained information concerning death certi-
fication by health services regions in the country from
a study conducted in 1983 (20). For the whole country,
85.6 percent of the death certificates in that year were cer-
tified by a physician. The corresponding percentages in re-
gions II and V were 89.8 percent and 94.5 percent. Thus, the
large majority of death certificates were completed by
physicians, with both region II and region V having a higher
percentage than the national average. The information
above gave assurance that region V was a suitable referent
population for two major determinants of cardiovascular
morality, socioeconomic status and cigarette smoking, and

that it was also a suitable referent population based on qual-
ity of death certification.

Mortality data collection

For the years 1950–1970, all the death certificates for
region II and region V were photographed, displayed on
computer monitors, and coded by trained nosologists ac-
cording to the International Classification of Diseases,
Ninth Revision (ICD-9). Death certificates from both re-
gions were intermingled, and nosologists were kept blind
as to the region from which each death certificate originated.
Computerized mortality data first became available in Chile
in 1971. These data, already coded to ICD-9 for all regions
of Chile for the years 1971–1979 (excluding 1976), were
obtained from the Chilean National Institute of Statistics
(Instituto Nacional Estadisticas). For 1976, the information
that is normally stored on computer disk at the Institute was
never completed because of political unrest in the country.
Mortality data for all regions of Chile for the years 1980–
2000 were obtained from the Ministry of Health. ICD-9
codes had been used for 1980–1998, and International Clas-
sification of Diseases, Tenth Revision (ICD-10), codes had
been used for 1999 and 2000. These codes were used to
group cause-specific mortality into diseases of the circula-
tory system (ICD-9 codes 390–459; ICD-10 codes I00–I99);
hypertensive disease (ICD-9 codes 401–405; ICD-10 codes

TABLE 1. Numbers of circulatory disease deaths and person-years at risk for adults aged 20 years or above in region II (exposed) and

region V (unexposed), Chile, 1950–2000

Mortality, 1950–1957 Mortality, 1958–1970 Mortality, 1971–1985 Mortality, 1986–2000

Region II Region V Region II Region V Region II Region V Region II Region V

Male person-years 472,234 1,379,972 824,258 2,760,739 1,218,962 4,253,502 1,938,205 6,297,084

Male deaths

All circulatory diseases 1,803 7,052 3,656 13,467 4,362 18,338 4,604 21,425

Hypertensive disease 243 760 295 963 171 717 230 1,384

Ischemic heart disease 442 1,638 1,496 4,459 2,090 7,228 2,360 9,361

Acute myocardial infarction 321 1,253 1,352 3,618 1,592 5,204 1,736 6,686

Cerebrovascular disease 372 1,589 897 3,805 1,121 5,720 1,153 6,386

Cerebral hemorrhage 274 1,242 409 1,714 300 1,391 381 1,812

Cerebral infarction 67 250 445 1,796 658 3,443 599 3,520

Diseases of arteries, arterioles,
and capillaries 208 865 461 1,703 372 1,466 268 965

Female person-years 383,571 1,524,899 755,882 3,106,392 1,201,699 4,805,893 1,892,032 7,034,334

Female deaths

All circulatory diseases 1,375 6,947 2,508 13,673 3,540 19,003 4,082 21,762

Hypertensive disease 260 898 312 1,311 182 948 287 1,859

Ischemic heart disease 205 1,037 700 3,268 1,304 6,079 1,597 8,228

Acute myocardial infarction 141 770 576 2,332 804 3,608 862 5,185

Cerebrovascular disease 255 1,830 727 4,415 1,132 7,061 1,298 7,369

Cerebral hemorrhage 181 1,424 324 1,967 238 1,688 376 1,876

Cerebral infarction 61 304 373 2,082 744 4,151 702 4,244

Diseases of arteries, arterioles,
and capillaries 168 930 329 1,882 363 1,863 260 1,021
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I10–I15); ischemic heart disease (ICD-9 codes 410–414;
ICD-10 codes I20–I25); AMI (ICD-9 code 410; ICD-10
codes I21–I22); cerebrovascular disease (ICD-9 codes
430–438; ICD-10 codes I60–I69); subarachnoid and intra-
cerebral hemorrhage (ICD-9 codes 430–432; ICD-10 codes
I60–I62); cerebral infarction (ICD-9 codes 434 and 436;
ICD-10 code I63); and diseases of the arteries, arterioles,
and capillaries (ICD-9 codes 440–448; ICD-10 codes
I70–I78).

Annual estimates of the population living in regions II
and V stratified by age and gender for the period 1950–
2000 were obtained from the National Institute of Statistics.
The estimates were obtained by linear interpolation between
census data collected approximately every 10 years.

Statistical analysis

To investigate the temporal relation of mortality to
changes in the concentration of arsenic, we categorized cal-
endar years into four time periods on the basis of period of
high exposure in region II: 1950–1957 (preexposure), 1958–
1970 (high exposure), 1971–1985 (intermediate exposure),
and 1986–2000 (low exposure). We estimated mortality rate
ratios using Poisson regression analysis for each cause of
death, comparing region II with region V in each exposure
time period for men and women separately and age adjusted
in 10-year age strata from 20 to greater than 80 years.

Poisson regression analysis was performed using the
PROC GENMOD procedure provided in SAS, version 8.2,
software (SAS Institute, Inc., Cary, North Carolina). Anal-
yses were conducted with the link function as the log and the
offset as the log of the total population in each region, sex,
and age stratum. To further help identify the trends in mor-
tality rate ratios, we calculated and plotted 5-year Poisson
regression rate ratios for the entire study period, 1950–2000.

A separate analysis was done to evaluate the impacts of
early life arsenic exposure on the risks of AMI mortality
later in life. To do this, we defined two birth cohorts based
on the high-exposure period in region II (1958–1970): those
born during the high-exposure period and those born in
1950–1957, just before the high-exposure period. Those
born during the high-exposure period would have experi-
enced exposure in utero, as well as early childhood, while
those born just before 1958 would have experienced high
exposure during childhood but not in utero. In this analysis,
we focused on the age group 30–49 years, since all of these
subjects would be aged 50 years or younger by the end of
our study period (the year 2000). For the years 1989–2000,
deaths and population estimates were available for two ma-
jor cities in region II, Antofagasta and Mejillones, which
had the highest arsenic exposure. We therefore were able to
compare mortality rates in Antofagasta and Mejillones with
those of region V, using Poisson regression estimation of
rate ratios, and also with the rest of Chile using standardized

TABLE 2. Age-adjusted rate ratios for circulatory disease mortality for region II (exposed) compared with region V (unexposed),

Chile, for 1950–1957 (before the peak exposures in region II), 1958–1970 (the peak exposure period), 1971–1985 (after an arsenic

removal plant was installed in the major city of Antofagasta), and 1986–2000

Mortality, 1950–1957 Mortality, 1958–1970 Mortality, 1971–1985 Mortality, 1986–2000

Rate
ratio

95%
confidence
interval

p
value

Rate
ratio

95%
confidence
interval

p
value

Rate
ratio

95%
confidence
interval

p
value

Rate
ratio

95%
confidence
interval

p
value

Males

All circulatory diseases 0.90 0.82, 0.99 0.03 1.09 1.06, 1.12 <0.001 1.11 1.06, 1.16 <0.001 1.03 0.98, 1.08 0.28

Hypertensive disease 1.15 0.98, 1.35 0.08 1.25 1.06, 1.46 <0.01 1.12 0.98, 1.28 0.08 0.84 0.70, 1.00 0.06

Ischemic heart disease 0.93 0.81, 1.07 0.31 1.34 1.22, 1.47 <0.001 1.35 1.24, 1.48 <0.001 1.21 1.05, 1.39 <0.01

Acute myocardial infarction 0.88 0.74, 1.03 0.11 1.48 1.37, 1.59 <0.001 1.41 1.27, 1.56 <0.001 1.21 1.00, 1.47 0.05

Cerebrovascular disease 0.81 0.68, 0.97 0.02 0.95 0.87, 1.03 0.22 0.91 0.81, 1.03 0.13 0.86 0.81, 0.92 <0.001

Cerebral hemorrhage 0.75 0.65, 0.88 <0.001 0.94 0.84, 1.05 0.25 0.94 0.84, 1.05 0.28 0.90 0.78, 1.04 0.16

Cerebral infarction 0.97 0.73, 1.30 0.86 1.01 0.90, 1.13 0.87 0.91 0.76, 1.07 0.25 0.85 0.78, 0.91 <0.001

Diseases of arteries, arterioles,
and capillaries 0.94 0.73, 1.21 0.64 1.14 0.96, 1.36 0.14 1.25 1.04, 1.49 0.02 1.40 1.07, 1.83 0.01

Females

All circulatory diseases 0.96 0.86, 1.07 0.50 0.94 0.90, 0.99 0.02 1.01 0.97, 1.05 0.61 1.01 0.95, 1.08 0.73

Hypertensive disease 1.42 1.27, 1.59 <0.001 1.24 1.15, 1.33 <0.001 1.05 0.93, 1.20 0.42 0.85 0.69, 1.03 0.10

Ischemic heart disease 0.96 0.73, 1.25 0.75 1.11 0.99, 1.24 0.08 1.18 1.12, 1.24 <0.001 1.06 0.93, 1.22 0.37

Acute myocardial infarction 0.88 0.67, 1.14 0.33 1.26 1.14, 1.40 <0.001 1.21 1.11, 1.31 <0.001 0.90 0.71, 1.14 0.37

Cerebrovascular disease 0.67 0.61, 0.73 <0.001 0.84 0.79, 0.90 <0.001 0.86 0.81, 0.92 <0.001 0.94 0.86, 1.03 0.16

Cerebral hemorrhage 0.60 0.55, 0.66 <0.001 0.82 0.74, 0.92 <0.01 0.72 0.64, 0.81 <0.001 0.98 0.89, 1.08 0.72

Cerebral infarction 0.99 0.78, 1.27 0.95 0.93 0.86, 1.01 0.10 0.97 0.91, 1.04 0.46 0.90 0.80, 1.02 0.10

Diseases of arteries, arterioles,
and capillaries 0.95 0.80, 1.14 0.59 0.95 0.84, 1.07 0.36 1.10 0.91, 1.33 0.33 1.42 1.19, 1.69 <0.001
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mortality ratios, since computerized mortality data were
available for the whole county for these years.

The numbers of excess deaths due to AMI, lung cancer,
and bladder cancer in region II for the years 1950–2000
were estimated. We grouped 1950–1957 because it was
the preexposure period. The high-exposure period 1958–
1970 was divided roughly in half into two periods, 1958–
1964 and 1965–1970. We first estimated rate ratios for AMI,
lung cancer, and bladder cancer, comparing region II with
region V in each grouped time period for men and women
separately, and age adjusted in 10-year age strata from age
20 to age 80 years or more using Poisson regression analy-
sis. Then, the estimated numbers of excess deaths for each
cause of death were calculated for each grouped time pe-
riod: ((rate ratio (RR) � 1)/RR) 3 N, where N is the total
number of deaths from the cause of death in that time period
in region II.

RESULTS

Table 1 presents the numbers of the circulatory disease
deaths and person-years at risk. The age-adjusted mortality
rate ratios comparing region II with region V are shown in
table 2 formen andwomen separately. Themortality rates for
AMI in region II were increased during the high-exposure
period 1958–1970 (men: RR ¼ 1.48, 95 percent confidence
interval (CI): 1.37, 1.59 (p < 0.001); women: RR ¼ 1.26,
95 percent CI: 1.14, 1.40 (p < 0.001)). Region II rates re-
mained elevated during the immediate postexposure period
1971–1985 (men: RR ¼ 1.41, 95 percent CI: 1.27, 1.56
(p < 0.001); women: RR ¼ 1.21, 95 percent CI: 1.11, 1.31
(p < 0.001)) and then gradually decreased during the final
study period 1986–2000 (men: RR ¼ 1.21, 95 percent CI:
1.00, 1.47 (p ¼ 0.05); women: RR ¼ 0.90, 95 percent CI:
0.71, 1.14 (p ¼ 0.37)). Figure 2 presents the time pattern
using 5-year mortality rate ratio estimates.

Hypertensive disease mortality in men increased during
the high-exposure period 1958–1970 (RR ¼ 1.25, 95 per-
cent CI: 1.06, 1.46 (p< 0.01)) and then gradually decreased
during the intermediate-exposure period 1971–1985 (RR ¼
1.12, 95 percent CI: 0.98, 1.28 (p ¼ 0.08)) (table 2). The
temporal relation between arsenic exposure and hyperten-
sive disease mortality was not evident in women. Rate ratios
for cerebrovascular disease mortality were not increased in
region II for any time period. Indeed, the rate ratios for
cerebral hemorrhage in region II were reduced in all study
periods, especially among women, without evidence of
a temporal pattern related to arsenic exposure. Increases in
mortality from diseases of the arteries, arterioles, and capil-
laries—which includes peripheral vascular disease—can be
seen among men and women, especially in the final period
1986–2000.

Table 3 presents AMI rate ratios by age group. Leaving
aside the age group 20–29 years that involves small num-
bers, there was a general pattern of an inverse relation of rate
ratios with age in the high-exposure and following time
periods. The highest rate ratios among both men and women
were for the age group 30–39 years.

We next estimated rate ratios comparing Antofagasta and
Mejillones with region V for AMI mortality in two birth

cohorts, those born in 1950–1957 just before the high-
exposure period and those born in 1958–1970 during the
high-exposure period, for ages at death of 30–39 and 40–
49 years separately and combined and for men and women
separately (table 4). Compared with those for region V, the
rate ratios for Antofagasta and Mejillones men aged 30–49
years were increased for those born in the period 1950–1957
(RR¼ 2.56, 95 percent CI: 1.26, 5.18 (p< 0.001)) and those
born in the period 1958–1970 (RR ¼ 3.23, 95 percent CI:
2.79, 3.75 (p < 0.001)). Table 4 also shows standardized
mortality ratios comparing Antofagasta and Mejillones with
the rest of Chile, with findings similar to the comparisons
with region V. For men born in 1950–1957, the standardized
mortality ratio for those aged 30–49 years was 2.51 com-
pared with a rate ratio of 2.56 for the comparison with re-
gion V. For men born in 1958–1970, the standardized
mortality ratio was 2.72 compared with a rate ratio of 3.23
for the comparison with region V. The relative risk estimates
for females are generally lower than the estimates for men,
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FIGURE 2. Age-adjusted mortality rate ratios and 95% confidence
intervals for acute myocardial infarction for males and females, region
II (exposed) compared with region V (unexposed), Chile, 1950–2000.
Each point represents an estimate for 5 years and is plotted at the
midpoint of the 5-year period, starting with the estimate for 1950–
1954, which is plotted at the year 1952. (Note: The years 1950–1957
were prior to exposure, followed by high exposure from 1958 to 1970.
During 1971–1985, there was intermediate exposure, and in 1986–
2000, low exposure.)
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TABLE 3. Numbers of deaths from acute myocardial infarction and rate ratios according to sex and age for region II (exposed) compared with region V (unexposed), Chile, for

1950–1957 (before the peak exposures in region II), 1958–1970 (the peak exposure period), 1971–1985 (after an arsenic removal plant was installed in the major city of

Antofagasta), and 1986–2000

Mortality, 1950–1957 Mortality, 1958–1970 Mortality, 1971–1985 Mortality, 1986–2000

Region
II

deaths

Region
V

deaths

Rate
ratio

95%
confidence
interval

p
value

Region
II

deaths

Region
V

deaths

Rate
ratio

95%
confidence
interval

p
value

Region
II

deaths

Region
V

deaths

Rate
ratio

95%
confidence
interval

p
value

Region
II

deaths

Region
V

deaths

Rate
ratio

95%
confidence
interval

p
value

Males
(years)

20–29 6 11 1.43 0.53, 3.86 0.48 10 22 1.41 0.67, 2.98 0.36 10 16 1.98 0.90, 4.35 0.09 8 17 1.42 0.61, 3.30 0.41

30–39 14 50 0.80 0.44, 1.44 0.46 57 77 2.27 1.61, 3.20 <0.001 43 65 2.08 1.42, 3.06 <0.001 49 65 2.14 1.48, 3.10 <0.001

40–49 59 162 1.13 0.84, 1.52 0.42 151 313 1.65 1.36, 2.00 <0.001 139 297 1.61 1.31, 1.97 <0.001 157 229 2.07 1.69, 2.54 <0.001

50–59 80 282 0.89 0.70, 1.15 0.37 297 758 1.47 1.29, 1.68 <0.001 337 804 1.66 1.46, 1.89 <0.001 339 839 1.46 1.29, 1.66 <0.001

60–69 91 399 0.74 0.59, 0.93 0.01 406 1,150 1.41 1.26, 1.58 <0.001 435 1,455 1.37 1.24, 1.53 <0.001 497 1,735 1.27 1.15, 1.41 <0.001

70–79 64 256 1.01 0.77, 1.33 0.93 328 934 1.47 1.30, 1.67 <0.001 398 1,666 1.24 1.11, 1.39 <0.001 465 2,177 1.12 1.02, 1.24 0.02

�80 7 93 0.43 0.20, 0.92 0.03 103 364 1.35 1.09, 1.69 <0.01 230 901 1.31 1.14, 1.52 <0.001 221 1,624 0.80 0.70, 0.92 <0.01

Females
(years)

20–29 5 10 1.77 0.60, 5.17 0.30 6 16 1.37 0.53, 3.49 0.52 1 6 0.58 0.07, 4.80 0.61 4 0

30–39 7 33 0.81 0.36, 1.84 0.62 20 30 2.51 1.43, 4.42 <0.01 12 24 1.80 0.90, 3.59 0.10 5 12 1.36 0.48, 3.87 0.56

40–49 8 67 0.50 0.24, 1.03 0.06 38 135 1.20 0.84, 1.72 0.32 31 117 1.07 0.72, 1.60 0.72 34 89 1.37 0.92, 2.03 0.12

50–59 37 130 1.27 0.88, 1.84 0.19 98 339 1.38 1.10, 1.72 <0.01 81 316 1.19 0.93, 1.52 0.16 79 285 1.16 0.90, 1.49 0.25

60–69 31 223 0.65 0.45, 0.95 0.02 142 631 1.15 0.96, 1.38 0.14 196 772 1.36 1.17, 1.60 <0.001 223 846 1.30 1.12, 1.50 <0.001

70–79 33 213 0.81 0.56, 1.17 0.26 162 693 1.22 1.03, 1.44 0.03 262 1,177 1.24 1.09, 1.42 <0.01 247 1,656 0.83 0.73, 0.95 <0.01

�80 20 94 1.26 0.78, 2.04 0.36 110 488 1.32 1.07, 1.63 <0.01 221 1,196 1.08 0.93, 1.24 0.31 270 2,297 0.69 0.61, 0.79 <0.001
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but it should be noted that the upper limits of the confidence
intervals of the estimates for women are very high.

Table 5 shows the estimated numbers of excess deaths
from AMI, lung cancer, and bladder cancer in region II
for the years 1950–2000. During the study period, 38 per-
cent of the excess deaths in men and 32 percent in women
were from AMI. Figure 3 shows the number of those excess
deaths divided by all deaths. From 1958 to 1979, the ma-
jority of excess deaths among both men and women were
from AMI. After 1979, the excess deaths associated with
AMI decreased, while those associated with lung cancer and
bladder cancer continued to increase and remained elevated
up to the year 2000. Table 5 also presents the percentage
of all deaths estimated to be excess deaths attributable to
arsenic. For both men and women, the peaks were in the
period 1991–1995, more than 30 years after the high expo-
sures commenced and about 20 years after the installation of
an arsenic removal plant for Antofagasta and Mejillones.
The peak for men was 10.9 percent, which means that just
over one of 10 deaths among men in the period 1991–1995
is attributable to arsenic in drinking water, assuming a causal

relation and no bias. The peak for women was lower, reach-
ing 4 percent of all deaths in 1991–1995, suggesting that
one of 25 deaths among women might be attributable to
arsenic.

DISCUSSION

This 50-year mortality study has demonstrated a clear
increase in deaths from AMI, with increased risks at the
same time that high exposures to arsenic in drinking water
started and declining risks about 10 years after exposures
were reduced (figure 2). We believe this is an important
addition to the body of evidence linking increased mortality
from AMI with arsenic in drinking water (4, 7–12), and it is
the first study to map out latency from onset of exposure.
The study is by far the largest to date on circulatory disease
mortality, with more than 8,000 AMI deaths in the exposed
population, over 10 times more than those in the largest
study in Taiwan. This is also the first study to show that
excess AMI deaths predominated during the high-exposure
period and for about 10 years thereafter (figure 3). Later,

TABLE 4. Rate ratios* and standardized mortality ratiosy for acute myocardial infarction mortality in the years 1989–2000 for children

born in 1950–1957 and in 1958–1970, the peak exposure periods in Antofagasta and Mejillones, Chile

Born in 1950–1957 Born in 1958–1970

Region II
deaths

Region V
deaths

Rate
ratio

95%
confidence
interval

p
value

Region II
deaths

Region V
deaths

Rate
ratio

95%
confidence
interval

p
value

Antofagasta and Mejillones
(region II) vs. region V

Males (years)

30–39 6 28 1.11 0.46, 2.68 0.82 18 28 3.32 1.84, 6.01 <0.001

40–49 47 81 3.06 2.14, 4.39 <0.001 2 4 2.61 0.48, 14.2 0.27

Pooled 53 109 2.56 1.26, 5.18 <0.001 20 32 3.23 2.79, 3.75 <0.001

Females (years)

30–39 0 5 0 2 6 1.95 0.39, 9.68 0.41

40–49 8 33 1.47 0.68, 3.18 0.33 0 0

Pooled 8 38 1.27 0.55, 2.94 0.57 2 6 1.95 0.39, 9.68 0.41

Born in 1950–1957 Born in 1958–1970

Observed
deaths

Expected
deaths

Standardized
mortality
ratio

95%
confidence
interval

p
value

Observed
deaths

Expected
deaths

Standardized
mortality
ratio

95%
confidence
interval

p
value

Antofagasta and Mejillones
vs. the rest of Chile

Males (years)

30–39 6 3.73 1.61 0.59, 3.50 0.17 18 6.11 2.94 1.74, 4.65 <0.001

40–49 47 16.7 2.81 2.06, 3.73 <0.001 2 1.24 1.62 0.20, 5.84 0.35

Pooled 53 21.1 2.51 1.88, 3.29 <0.001 20 7.35 2.72 1.66, 4.20 <0.001

Females (years)

30–39 0 0.86 0 2 1.34 1.49 0.18, 5.38 0.39

40–49 8 4.59 1.74 0.75, 3.43 0.09 0 0.16 0

Pooled 8 5.58 1.43 0.62, 2.83 0.20 2 1.51 1.33 0.16, 4.80 0.44

* Rate ratios for Antofagasta and Mejillones compared with region V.

y Standardized mortality ratios for Antofagasta and Mejillones compared with the rest of Chile.
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lung cancer and bladder cancer became the predominant
contributors to excess deaths. Interestingly, smoking causes
both lung and bladder cancer with long latencies, but the
risk of AMI associated with smoking increases rapidly (as
evidenced by high relative risks in young adults) and also
declines rapidly following cessation of smoking (21). How-
ever, we have no explanation for the longer continuation of
increased risks among men than among women following
reduction in arsenic exposure (figure 2).

The main potential limitation of this study is the ecologic
design. Potential biases that can result from the lack of in-
dividual data on exposure and confounding factors are well
known (22). However, we do not believe that ecologic bias
is a problem in our study. The first reason for this confidence
in our results relates to exposure, since essentially everyone
living in region II was exposed to arsenic at high concen-
trations while those in region V and the rest of Chile were
not. This exposure contrast is markedly different from that
of most ecologic studies in which it is unclear if the indi-
viduals who get disease are those who were actually ex-
posed or not. In our study in Chile, we can state that there
were increased rates of AMI in region II (where virtually
everyone was exposed to high concentrations of arsenic in
drinking water) compared with region V (where all drinking

water sources contained low arsenic concentrations). Some
people who died in region II would have recently migrated
from another part of Chile where they were not exposed, and
some from region II may have migrated in the opposite di-
rection. However, the effect of such migration would be to
dilute exposure contrasts andwould, therefore, reduce, rather
than cause, the positive associations we identified. From
1965 to 2000, annual internal migration among regions was
only 0.6 percent, compared with 1.2 percent in Argentina,
3.1 percent in the United Kingdom, and 6.6 percent in United
States (23). To conclude, although our ecologic study lacks
individual data on exposure, the only likely ecologic bias
would be a small bias toward the null from migration.

Our study also did not have individual data on confound-
ing factors, but for two reasons it is very unlikely that our
findings could be due to confounding. The first reason re-
lates to timing. For confounding factors to explain the rise
and fall inAMImortality that we saw, theywould have to have
a similar relation in time to the rise and fall in arsenic concen-
trations. For example, if smoking were to explain the increas-
ing and then decreasingmortality rate ratios between regions II
and V, therewould have to be a sudden rise in smoking rates in
region II compared with region V in the 1950s, followed by
a return to similar smoking rates in the 1970s.

TABLE 5. Excess deaths due to acute myocardial infarction, lung cancer, and bladder cancer for males

and females, region II (exposed) compared with region V (unexposed), Chile, for the preexposure period

1950–1957, high-exposure period 1958–1970, intermediate-exposure period 1971–1985, and low-exposure

period 1986–2000

Years
Total
deaths

Excess deaths
due to acute
myocardial
infarction

Excess
deaths due
to lung
cancer

Excess deaths
due to bladder

cancer

Total
excess
deaths

Excess deaths
as a percentage

of total
deaths (%)

Males

1950–1957 5,604 29 17 10 56 1.00

1958–1964 5,650 222 9 6 237 4.19

1965–1970 5,025 230 62 11 303 6.03

1971–1979* 7,966 267 229 20 516 6.48

1980–1985 6,285 195 303 64 562 8.94

1986–1990 5,152 154 305 60 519 10.07

1991–1995 5,639 115 412 86 613 10.87

1996–2000 5,944 40 358 73 471 7.92

Total 47,265 1,252 1,695 330 3,277 6.93

Females

1950–1957 3,722 9 4 5 18 0.48

1958–1964 3,596 45 7 5 57 1.59

1965–1970 3,251 84 12 5 101 3.11

1971–1979* 5,158 137 41 17 195 3.78

1980–1985 3,998 12 39 39 90 2.75

1986–1990 3,793 8 84 50 142 3.85

1991–1995 4,079 5 92 65 162 4.00

1996–2000 4,568 0 113 69 182 3.36

Total 32,165 300 392 255 947 2.94

* Excluding 1976 data that were not available.
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The second reason for rejecting confounding as an expla-
nation relates to the magnitude of mortality rate ratios iden-
tified. The rate ratio estimate for AMI mortality among
men in region II was 1.48 (95 percent CI: 1.37, 1.59) during
the high-exposure period, compared with region V (table 2).
We estimated the magnitude of differences in smoking prev-
alence between region II and region V that would be needed
to produce a mortality rate ratio of 1.48 between the regions
using the method first proposed by Axelson (24). We ob-
tained a relative risk estimate for smokers from a large co-
hort study of about 140,000 men that found that the AMI
mortality rate ratio was 2.11 for current cigarette smokers
who have smoked more than 20 pack-years compared with
never smokers (25). Using relative risk estimates for smok-
ers, we estimated that, if 20 percent of men smoked in re-
gion V, then at least 70 percent of men in region II would
have to smoke to produce a rate ratio of 1.45 or more. If 15
percent of men had smoked in region V, then at least 60

percent would have to have been smokers in region II to
result in a population rate ratio of at least 1.43. Such tem-
porary differences in smoking practices are extremely un-
likely when the data we have from 1990 show no evidence
of any difference in smoking between the regions. Given
this example with a strong risk factor such as smoking, it
is also unlikely that other confounding factors, including
diet and exercise or a combination of them, could produce
the magnitude of rate ratios that we found and their trends
over time. For all these reasons, we believe that confounding
is unlikely and, although the study is ecologic in design, that
it provides strong evidence of a causal relation between
arsenic in drinking water and AMI mortality.

An important finding from this mortality study is the large
number of excess deaths attributed to arsenic. In 1991–
1995, around 35 years after the highest arsenic exposures
commenced, this amounted to about 10 percent of all deaths
among men in this period and 4 percent among women.

FIGURE 3. Excess deaths as a percentage of total deaths due to acute myocardial infarction, lung cancer, and bladder cancer for males and
females, region II (exposed) compared with region V (unexposed), Chile, 1950–2000. (Note: The years 1950–1957 were prior to exposure, followed
by high exposure from 1958 to 1970. During 1971–1985, there was intermediate exposure, and in 1986–2000, low exposure.)
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Such high proportions of deaths are unprecedented for any
long-term general population environmental exposures. The
higher impact on men than women could partly be due to
the synergistic effect of arsenic exposure with cigarette
smoking, which has already been demonstrated for lung
cancer (17).

This study is the first epidemiologic study to report the
impact of early life arsenic exposure on mortality from
AMI. We recently reported markedly increased mortality
from lung cancer and bronchiectasis in the same birth cohort
of young adults aged 30–49 years in region II of Chile after
probable exposure to arsenic in utero and in early childhood,
a finding which we noted provided ‘‘some of the first human
evidence of effects from environmental exposures to toxic
chemicals in utero and early childhood resulting in disease
in adults’’ (26, p. 1296). With the current findings, we can
add mortality from AMI in young adults as another possible
consequence of early life arsenic exposure.

Evidence of associations between arsenic in water sup-
plies and circulatory disease mortality has previously been
found in several high-dose studies from Taiwan (5, 6, 8–13).
Previous systematic reviews concerning arsenic in drinking
water and cardiovascular disease have been inconclusive as
to whether or not there is a causal relation (27, 28). We
believe that the clear-cut evidence concerning AMI mortal-
ity that has emerged from this mortality study in Chile
makes an important addition to our knowledge about arsenic
and cardiovascular disease.

Concerning other circulatory disease outcomes, we found
no evidence of increased cerebrovascular disease mortality
and little evidence of an increase in peripheral vascular
disease mortality and hypertensive heart disease mortality.
Regarding cerebrovascular disease, findings in Taiwan in
relation to arsenic are weaker than the evidence concern-
ing cardiovascular disease mortality (6, 10). Interestingly,
Hertz-Picciotto et al. (29) presented evidence from studies
of workers inhaling arsenic in the workplace showing that
there might be increased mortality from cardiovascular dis-
ease and not from cerebrovascular disease.

We conclude that the major impact of arsenic in drinking
water on circulatory disease involvesAMIand that, in the initial
years, it is the main cause of death from arsenic in drinking
water, superseded in later years by excess mortality from lung
and bladder cancer. Based on the large proportion of excess
deaths that we identified, the overall increase in mortality due
to arsenic in drinking water in the population of region II of
Chile is greater than ever found for mortality from any other
environmental exposure in any other population in the world.

ACKNOWLEDGMENTS

This research was supported by National Institute of
Environmental Health Sciences grants R01 ES10033-03
and P42-ES04705 and by the University of California
Center for Occupational and Environmental Health.

Thanks to Robert Engel for his useful comments and
advice.

Conflict of interest: none declared.

REFERENCES

1. International Agency for Research on Cancer. Some drinking-
water disinfectants and contaminants, including arsenic. Lyon,
France: World Health Organization, 2004.

2. National Research Council. Arsenic in drinking water: 2001
update. Washington, DC: National Academy Press, 2001.

3. National Research Council. Arsenic in drinking water.
Washington, DC: National Academy Press, 1999.

4. Zaldivar R. A morbid condition involving cardio-vascular,
broncho-pulmonary, digestive and neural lesions in children
and young adults after dietary arsenic exposure. Zentralbl
Bakteriol [B] 1980;170:44–56.

5. Chen CJ, Wu MM, Lee SS, et al. Atherogenicity and carci-
nogenicity of high-arsenic artesian well water. Multiple risk
factors and related malignant neoplasms of blackfoot disease.
Arteriosclerosis 1988;8:452–60.

6. Wu MM, Kuo TL, Hwang YH, et al. Dose-response relation
between arsenic concentration in well water and mortality
from cancers and vascular diseases. Am J Epidemiol 1989;
130:1123–32.

7. Tsuda T, Nagira T, Yamamoto M, et al. An epidemiological
study on cancer in certified arsenic poisoning patients in Tor-
oku. Ind Health 1990;28:53–62.

8. Chen CJ, Chiou HY, Chiang MH, et al. Dose-response rela-
tionship between ischemic heart disease mortality and long-
term arsenic exposure. Arterioscler Thromb Vasc Biol 1996;
16:504–10.

9. Hsueh YM, Wu WL, Huang YL, et al. Low serum carotene
level and increased risk of ischemic heart disease related to
long-term arsenic exposure. Atherosclerosis 1998;141:
249–57.

10. Tsai SM, Wang TN, Ko YC. Mortality for certain diseases in
areas with high levels of arsenic in drinking water. Arch En-
viron Health 1999;54:186–93.

11. Tseng CH, Chang CK, Tseng CP, et al. Long-term arsenic ex-
posure and ischemic heart disease in arseniasis-hyperendemic
villages in Taiwan. Toxicol Lett 2003;137:15–21.

12. Chang CC, Ho SC, Tsai SS, et al. Ischemic heart disease
mortality reduction in an arseniasis-endemic area in south-
western Taiwan after a switch in the tap-water supply system.
J Toxicol Environ Health A 2004;67:1353–61.

13. Chiou HY, Huang WI, Su CL, et al. Dose-response relation-
ship between prevalence of cerebrovascular disease and in-
gested inorganic arsenic. Stroke 1997;28:1717–23.

14. Engel RR, Smith AH. Arsenic in drinking water and mor-
tality from vascular disease: an ecologic analysis in 30
counties in the United States. Arch Environ Health 1994;
49:418–27.

15. Marshall G, Ferreccio C, Yuan Y, et al. Fifty-year study of lung
and bladder cancer mortality in Chile related to arsenic in
drinking water. J Natl Cancer Inst 2007;99:920–8.

16. Smith AH, Goycolea M, Haque R, et al. 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:
660–9.

17. Ferreccio C, Gonzalez CA, Milosavjlevic V, et al. Lung cancer
and arsenic concentrations in drinking water in Chile. Epide-
miology 2000;11:673–9.

18. Hopenhayn C, Ferreccio C, Browning SR, et al. Arsenic ex-
posure from drinking water and birth weight. Epidemiology
2003;14:593–602.

19. CASEN. Illa Encuestra CASEN (Caracterizacion Socio
Economica Nacional). Santiago, Chile: Ministerio de
Planificacion y Cooperacion Nacional Republica de Chile,
1992.

1390 Yuan et al.

Am J Epidemiol 2007;166:1381–1391



20. Castillo B, Mardones G. Medical certification of deaths in the
health services of Chile. (In Spanish). Rev Med Chil 1986;
114:693–700.

21. Teo KK, Ounpuu S, Hawken S, et al. Tobacco use and risk
of myocardial infarction in 52 countries in the INTERHEART
study: a case-control study. Lancet 2006;368:647–58.

22. Morgenstern H, Thomas D. Principles of study design in en-
vironmental epidemiology. Environ Health Perspect 1993;
101(suppl 4):23–38.

23. Soto R, Torche A. Spatial inequality, migration, and economic
growth in Chile. Cuad Econ 2004;41:401–24.

24. Axelson O. Aspects of confounding and effect modification in
the assessment of occupational cancer risk. J Toxicol Environ
Health 1980;6:1127–31.

25. Henderson SO, Haiman CA, Wilkens LR, et al. Established
risk factors account for most of the racial differences in car-

diovascular disease mortality. PLoS ONE 2007;2:e377. (DOI:
10.1371/journal.pone.0000377).

26. Smith AH, Marshall G, Yuan Y, et al. Increased mortality from
lung cancer and bronchiectasis in young adults following ex-
posure to arsenic in utero and early childhood. Environ Health
Perspect 2006;114:1293–6.

27. Engel RR, Hopenhayn-Rich C, Receveur O, et al. Vascular
effects of chronic arsenic exposure: a review. Epidemiol Rev
1994;16:184–209.

28. Navas-Acien A, Sharrett AR, Silbergeld EK, et al. Arsenic
exposure and cardiovascular disease: a systematic review
of the epidemiologic evidence. Am J Epidemiol 2005;162:
1037–49.

29. Hertz-Picciotto I, Arrighi HM, Hu SW. Does arsenic exposure
increase the risk for circulatory disease? Am J Epidemiol
2000;151:174–81.

Arsenic Exposure and Myocardial Infarction Mortality 1391

Am J Epidemiol 2007;166:1381–1391


