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Study objective: To investigate the possible relation between bladder cancer mortality among white men
and women and private water use in New England, USA, where rates have been persistently raised and
use of private water supplies (wells) common.
Design: Ecological study relating age adjusted cancer mortality rates for white men and women during
1985–1999 and proportion of persons using private water supplies in 1970. After regressing mortality
rates on population density, Pearson correlation coefficients were computed between residual rates and
the proportion of the population using private water supplies, using the state economic area as the unit of
calculation. Calculations were conducted within each of 10 US regions.
Setting: The 504 state economic areas of the contiguous United States.
Participants: Mortality analysis of 11 cancer sites, with the focus on bladder cancer.
Main results: After adjusting for the effect of population density, there was a statistically significant positive
correlation between residual bladder cancer mortality rates and private water supply use among both men
and women in New England (men, r = 0.42; women, r = 0.48) and New York/New Jersey (men, r = 0.49;
women, r = 0.62).
Conclusions: Use of well water from private sources, or a close correlate, may be an explanatory variable
for the excess bladder cancer mortality in New England. Analytical studies are underway to clarify the
relation between suspected water contaminants, particularly arsenic, and raised bladder cancer rates in
northern New England.

he Atlas of Cancer Mortality in the United States, 1950–1994
shows persistently raised rates for bladder cancer among
both men and women in the north eastern states (fig 1A
and 1B), most notably in northern New England.1 (A colour
version of the figure is available on line http://www.jech.com/
supplemental). A number of established bladder cancer risk
factors, such as smoking and occupational exposures, may
have contributed to these increased rates.2 Recent smoking
prevalence rates in northern New England are similar to
national rates3; however, data on per capita cigarette sales tax
from 1950 to 1975 show that cigarette sales in this region
were higher than those for the United States overall.4
Although this finding suggests that smoking may explain
part of the regional excess in bladder cancer mortality, the
geographical patterns for lung cancer mortality do not show a
similar persistent excess in New England,1 suggesting that
other factors may be involved. Although occupational
exposures in the leather and textile industries, and from
truck driving, have been linked to bladder cancer in New
England, they account for only a small fraction of the excess
mortality in this region and would not explain the continued
increase in recent years.5 6
Private supplies served as the primary source of drinking
water for 15.1% of the New England population in 1970,
increasing to 20.8% in 1990.7 The US census did not collect
these data in 2000. In the three northern states of New
England (Maine, New Hampshire, Vermont), 34.3% of the
1970 population was served by private supplies. Unlike public
water supplies, private wells are not subject to federal
drinking water standards. In New England, private wells
are most commonly drilled into fractured crystalline bedrock
aquifers where geochemical conditions may promote the
mobilisation of natural contaminants. Thus, the use of
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private wells may provide a key to the raised bladder cancer
mortality in northern New England.
To investigate whether the bladder cancer excess in
northern states of New England may be related to private
well use, we examined the correlation between the prevalence of private well use and bladder cancer mortality rates
in the region, using the state economic area (SEA) (a group
of similar counties) as the unit of analysis. For comparative
purposes, we performed this analysis for other selected
cancer sites within each of 10 standard regions of the
contiguous United States, as defined by the US Office of
Management and Budget, and used by many Federal
agencies in the United States.8 Each region includes several
states, and between 23 and 107 SEAs (see table 1).

METHODS
Sources of data
We obtained age adjusted bladder cancer mortality rates
(1970 US standard) for white men and white women for the
period 1985–1999, for counties and SEAs, based on data from
the Atlas of Cancer Mortality (fig 1A and 1B), updated through
1999.1 There are 504 SEAs in the contiguous United States,
each composed of one or more counties within a state with
similar economic and cultural characteristics. We conducted
the analysis at the SEA level because SEAs have larger
populations and more stable mortality rates than individual
counties. The median population size of SEAs in 1970 was
231 350 (interquartile range = 144 4502377 400. The mean
population size was 379 548 (standard deviation = 644 454).
We obtained water use data for 1970 from the US Bureau
of the Census,9 which reports the number of housing units in
each county served by public and by private drinking water
supplies. Data from 1970 were chosen because it was the first
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Table 1 Correlation coefficients between 1985 and 1999, age adjusted cancer mortality rates (adjusted for population
density), and proportion of the population using self supplied water, by state economic area (SEA)
RegionÀ

Number

Bladder

Lung

Kidney

Oesophagus Stomach

Colon

Rectum

Pancreas

Leukaemia

Prostate

Men
1
2
3
4
5
6
7
8
8`
9
10

25
26
53
107
99
72
44
30
25
25
23

0.42*
0.49*
0.02
0.06
0.12
0.09
0.03
0.41*
0.18
0.27
20.04

0.41*
0.58*
0.39*
0.31*
20.20
0.43*
0.10
0.51*
0.11
0.60*
0.01

0.59*
0.68*
0.17
20.03
20.05
20.24*
20.22
0.56*
0.48*
0.74*
20.15

0.38
0.31
0.14
20.15
0.07
20.15
20.05
0.42*
0.11
0.38
0.09

20.27
20.55*
20.43*
0.08
0.09
0.03
20.06
0.43*
0.15
0.08
20.14

0.09
0.40*
20.18
0.02
0.02
0.17
0.27
0.79*
0.70*
0.27
0.34

0.09
0.38
20.09
20.05
0.13
0.00
0.18
0.40*
0.09
0.42*
0.25

0.14
20.03
0.15
0.12
20.08
0.06
20.40*
0.51*
0.29
0.31
20.19

20.01
0.17
20.04
0.03
0.11
0.04
20.14
0.39*
0.28
20.10
0.12

20.04
0.32
0.03
20.16
0.34*
0.03
20.03
0.29
0.39
0.52*
0.08

Number
25
26
53
107
99
72
44
30
25
25
23

Bladder
0.48*
0.62*
20.09
0.03
0.01
0.33
0.00
0.35
0.07
0.16
20.13

Lung
0.33
0.79*
0.26
20.18
20.16
0.15
20.20
0.34
20.17
0.44*
0.13

Kidney
0.02
0.40*
0.16
20.13
0.03
20.06
0.11
0.13
20.15
0.50*
0.18

Oesophagus
0.24
0.36
20.23
20.24*
0.12
20.14
20.17
0.29
20.10
0.18
20.29

Stomach
20.42*
20.42*
20.47*
0.08
20.05
20.03
0.11
0.19
0.02
0.08
0.25

Colon
0.41*
0.65*
20.11
20.03
0.07
0.37*
0.44*
0.52*
0.27
0.30
0.51*

Rectum
0.12
0.20
20.01
20.06
0.05
20.12
0.33*
0.52*
0.31
0.22
0.38

Pancreas
0.07
0.11
20.45*
20.11
0.09
0.14
20.34
0.46*
0.16
0.13
20.13

Leukaemia
0.19
0.04
20.28*
0.07
0.03
20.04
0.16
20.03
20.13
0.37
20.17

Breast
20.05
20.02
20.03
20.12
20.05
0.12
0.34*
0.52*
0.31
0.19
20.10

Women
1
2
3
4
5
6
7
8
8`
9
10

* p,0.05. US regions: (1) CT, ME, MA, NH, RI, VT; 2) NJ, NY; (3) DE, MD, PA, VA, WV, DC; (4) AL, FL, GA, KY, MS, NC, SC, TN; (5) IL, IN, MI, MN, OH, WI;
(6) AR, LA, NM, OK, TX; (7) IA, KS, MO, NE; (8) CO, MT, ND, SD, UT, WY; (9) AZ, CA, NV; (10) ID, OR, WA. `Region 8, after omitting the five SEAs in Utah.

census year to distinguish between private and public supply
on a county level, and represents a period at least 15 years
before the cancer mortality data used in the analysis. In the
United States, and New England specifically, almost all
(98%) domestic water supplied by private sources is derived
from groundwater obtained from private wells.10 We aggregated county level data to the SEA level. For each SEA, we
calculated the proportion of the 1970 housing units using
private water supplies under the assumption that the
proportion of housing units on private sources in each SEA
was a good approximation of the population proportion using
this type of water supply. A parallel calculation was made for
population density, in this case summing county populations
and land areas.

Statistical analyses
We first adjusted the regional mortality rates for the effect of
population density at the national level, because population
density is positively associated with bladder cancer mortality
rates in the United States.2 11 12 We regressed the SEA specific
bladder cancer mortality rates (per 100 000) on the logarithms of population density (1970, in persons per square
mile) for all SEAs of the contiguous United States. The
Pearson correlation coefficient for the association between
log population size and bladder cancer rate (1970) was 0.40
for men and 0.35 for women. Subsequent analyses used
residuals (observed minus predicted rates) from this regression. Residuals represent bladder cancer rates after adjustment for effects related to population density. Pearson
correlation coefficients of bladder cancer mortality rate
residuals and the percentage of people served by private
wells were then computed within New England and the other
US regions, using SEA level data.9
For comparative purposes, we carried out similar analyses
for other sites of cancer. We selected several cancers other
than the urinary bladder that are related to smoking or
associated with drinking water contaminants, as well as
cancer sites that have not been associated with these
exposures.2 13–15

RESULTS
Table 1 shows the Pearson correlation coefficients for bladder
cancer mortality rate residuals and percentage private well
use. Results for rate residuals for 10 other cancers are also
presented (lung, kidney, oesophagus, stomach, colon, rectum, pancreas, leukaemia, prostate, and female breast).
Among men, bladder cancer rate residuals were significantly
correlated with private well use in New England (region 1),
as well as in regions 2 (NY and NJ) and 8 (six Western
states). Among women, significant associations for bladder
cancer mortality residuals were found in New England and
region 2. Lung and kidney cancers in both sexes were
positively correlated with private well use within regions 2
and 9, and among men in region 1. The other significant
results within New England were a positive association for
colon cancer and a negative association for stomach cancer
among women. There was also a positive association for
colon cancer in both sexes in region 2. Other findings varied.
Notable was the lack of association for leukaemia in any
region, with the exception of a significant negative finding
among women in region 3 and a positive association among
men in region 8 (including Utah). In region 8, we found
significant positive associations for 9 of 10 cancer sites among
men and 4 of 10 among women. Utah, with 5 of the 30 SEAs
in region 8, has long been recognised for its low mortality
rates for bladder and other cancers, attributable primarily to
low prevalence of smoking and drinking among members of
the Church of Latter-day Saints (Mormons).16 All Utah SEAs
were below the median for both bladder cancer residual rates
and proportion using a private water source. Residual bladder
cancer rates in four of five Utah SEAs were negative, and in
the remaining Utah SEA, the rate was close to zero. In
addition, private well use in Utah is low: In three SEAs, less
than 4% of the population used a private water source and
less than 15% in the remaining two. Thus, when we omitted
the five Utah SEAs from the calculation for region 8, male
bladder cancer mortality was not correlated with private well
use. Overall, there were only two significant findings among
men and none among women.
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Cancer mortality rates by state economic area
(age adjusted 1970 US population)
Bladder: white men, 1950–69

Cancer mortality rates by state economic area
(age adjusted 1970 US population)
Bladder: white women, 1950–69

US = 7.38/100 000

B

US = 2.64/100 000

8.17–17.31

2.97–4.60

7.05–8.17

2.64–2.97

5.68–7.05

2.29–2.64

4.65–5.68

1.91–2.29

2.18–4.65

0.85–1.91

Sparse data

Sparse data

Cancer mortality rates by state economic area
(age adjusted 1970 US population)
Bladder: white men, 1970–94

Cancer mortality rates by state economic area
(age adjusted 1970 US population)
Bladder: white women, 1970–94

US = 1.87/100 000

US = 6.56/100 000

Figure 1

7.27–10.84

2.10–3.74

6.46–7.27

1.87–2.10

5.82–6.64

1.69–1.87

5.00–5.82

1.49–1.69

3.16–5.00

0.75–1.49

Sparse data

Sparse data

Bladder cancer mortality rated by state economic areas (A) 1950–1969 and (B) 1970–1994.

DISCUSSION
A link between bladder cancer mortality and population
density (urbanicity) in the United States was described by
Hoover et al12 and by Blot and Fraumeni,11 based on data for
1950–1969. The urban excess of bladder cancer, among men
and women, is also evident in more recent data (1970–1994)
and in the 1985–1999 data from the Atlas of Cancer Mortality in
the United States, 1950–1994, as updated through 1999 and
analysed in our study.1 Blot and Fraumeni also saw a rural
excess of bladder cancer in the north eastern United States in
1950–1969 that was also apparent in our more recent data.11
After adjusting for the potential influence of population
density on bladder cancer mortality rates, we found a
significant correlation between bladder cancer mortality
and the prevalence of private well use among both men
and women in the north east (regions 1 and 2). A significant
correlation was also seen among men in region 8 (six Rocky
Mountain and northern Great Plains states), which disappeared with the omission of Utah SEAs. These correlations
could be related to consumption of ground water from private
wells containing increased levels of a bladder cancer
carcinogen(s). Alternatively, some other factor that is more
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prevalent among private well users might pose an increased
risk of bladder cancer mortality in these regions.
In the north east, it has been common practice to drill
private wells into fractured crystalline bedrock aquifers. The
proportion of private wells drilled into bedrock, as compared
with unconsolidated surficial deposits, has increased over
time, reaching 80% in New England in 1990.7 Although some
anthropogenic contaminants such as nitrate are found in
bedrock aquifer wells, natural contaminants such as inorganic arsenic, fluoride, iron, manganese, and radionuclides
(for example, dissolved radon gas, radium isotopes, and
uranium) are more common.17 18 Raised arsenic levels have
been observed in private wells in parts of region 1,
particularly in northern and eastern New England, where
the prevalence of private well use is high relative to the rest of
the country.17 19 20
In region 1 (New England), significant positive correlations
with private well use were also found for cancers of the lung
and kidney (men only). These cancers have been associated
with smoking, raising the possibility that smoking, rather
than drinking water contamination, is the important underlying factor. This would be plausible if smoking were more
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Ever since the 1950s, when the National Cancer
Institute started enumerating cancer mortality by county
in the United States, an excess of bladder cancer
mortality has been noted in northern New England.
The reasons for this excess are unknown, and are
deserving of investigation.
In seeking possible explanations for this phenomenon,
in this paper we examined the association between
cancer mortality rates in New England (by state
economic area, aggregations of similar counties) and
the proportion of the population that used private wells.
We found a strong correlation between population
density adjusted bladder cancer mortality and the
extent of private well use in New England among both
men and women. This finding is consistent with the
notion that inorganic arsenic or other water contaminants found predominantly in private water supplies
may be related to the excess cancer mortality noted.
For comparative purposes, we also examined the
association of private well use with bladder cancer in
nine other regions of the United States, as well as
associations for 10 other cancer sites in each of the 10
US regions.

common among private well users (that is, rural residents)
than people served by public water supplies, specifically in
New England. This seems not to be the case, based on data
for 615 control subjects from an ongoing population based
case-control study of bladder cancer in New Hampshire
showing that smokers tend to live in more densely populated
areas than non-smokers (Karagas, personal communication).
We were unable to adjust directly for smoking in our analysis
because scale appropriate, sex specific data on cigarette
consumption are unavailable. However, the correlation
between bladder cancer mortality and intensity of private
well use was seen after adjusting for population density,
which is a partial surrogate for smoking, based on national
data.21 22 Cancers of the bladder, lung, and kidney have been
linked to arsenic in drinking water in studies from Taiwan,
Chile, Argentina, and elsewhere.23 An interaction between
smoking and ingested arsenic in the aetiology of bladder
cancer is suggested by several recent studies, and may help
explain our findings, even in the absence of increased
smoking rates.24–26
In region 2 (New York and New Jersey), the correlation
between increased bladder cancer mortality rates and private
water supply use is more difficult to interpret. Unlike region
1, region 2 has a smaller proportion of private supply users
than the country overall (13% compared with 18%).9
However, there is an excess of bladder cancer mortality as
in northern New England. Kidney, lung, and colon cancers
were also significantly correlated with private well use in
both men and women in region 2. The factor(s) underlying
these associations are unclear.
In region 8, mortality rates for 9 of 10 cancer sites among
men and 4 of 10 among women were significantly associated
with private well use. Region 8 includes the state of Utah.
Utah is unusual in having the lowest cancer mortality rates,
for many anatomic sites, of any state in the United States,
because of the religious prohibition of tobacco and alcohol
use among its predominantly Morman population.16 Private
well use in the Utah SEAs happens also to be low. Inclusion
of the Utah SEAs in the calculation for region 8 thus resulted
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in strong positive, but probably spurious, associations with
private well use. When data from the five SEAs of Utah were
omitted from the region 8 calculation, only two cancer sites
among men, and none among women, were significantly
associated with private well use, suggesting that inclusion of
the Utah SEAs, with their unusually low rates and low
private well use, indeed resulted in specious findings.
In summary, we found positive significant associations
between excess mortality from bladder cancer and private
well use within US regions 1, 2 (both sexes), and 8 (men
only, including Utah data) after adjustment for population
density. Whether these correlations are attributable to the
presence of a bladder cancer carcinogen(s) in private wells in
these regions, or to another factor correlated with private well
use, cannot be determined from this ecological study. Private
well use by SEA is a crude indicator of exposure and it is not
possible to identify the specific contaminant in well water
(for example, inorganic arsenic, manganese, radionuclides,
nitrate) that may be related to bladder cancer mortality, or to
exclude the influence of an unknown correlate. Our study
shares limitations common to ecological studies,27 particularly our inability to directly control for the potential
confounding effect of smoking. This study is based on
mortality, not incidence, and access to medical care could be
an issue. Individual information is needed to fully evaluate
the effects of drinking private well water and other risk
factors on bladder cancer risk in northern New England.
Ongoing studies in New Hampshire and in three New
England states (Maine, New Hampshire, Vermont) are
designed to evaluate whether consumption of private well
water contributes to the excess bladder cancer mortality in
northern New England, and if so, to identify the specific
carcinogens responsible.28 29
A colour version of the figure is available on line
(http://www.jech.com/supplemental).
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