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Diarrheal disease remains the second largest
cause of death for children worldwide, mak-
ing it a major threat to child health.1 Research
from a 6-village study area in Bangladesh
suggests that deep tube wells may help reduce
this disease burden because they access the
deep aquifer, which has lower levels of arse-
nic and may have lower levels of fecal con-
tamination.2 We have expanded on this work
by looking at the effect of deep tube well use
across a broader study area and by consid-
ering whether distance to a deep tube well
plays a role in childhood diarrheal disease
risk among deep tube well users.

During the 1970s and 1980s, rural Ban-
gladeshis made a nearly universal shift from
drinking surface water to drinking ground
water. The efforts of the United Nations In-
ternational Children’s Emergency Fund, the
Bangladesh Department of Public Health and
Engineering, and nongovernmental organi-
zations led to the installation of millions of
tube wells throughout the country.3 Most of
these tube wells tap into the shallow aquifer
(< 140 ft) and provide drinking water that
is generally considered safe. Tube wells are
installed with a hand percussion drilling
method that drives polyvinyl chloride pipe
to the aquifer; thus installation is inexpensive
and feasible for even relatively poor house-
holds. The Bangladeshi government and
the international community’s campaign in
the 1970s and 1980s to promote the use
of groundwater for drinking was effective: the
majority of rural residents were drinking tube
well water by the early 1990s. Coupled with
general improvements in hygiene and sanita-
tion, the shift from drinking surface water
to drinking groundwater is suggested to have
influenced the decline in diarrhea-induced
deaths observed in Bangladesh.4

Although the proliferation of tube wells ad-
dressed problems associated with drinking contam-
inated surface water, it exposed individuals to

a new health risk. Naturally occurring arsenic
levels exceeding the World Health Organiza-
tion’s and the government of Bangladesh’s
drinking water standards (10 lg/L and 50 lg/L,
respectively) were identified in the 1990s. An
estimated one half of the country’s population
was exposed to levels exceeding the World
Health Organization standard, and nearly one
third was drinking water exceeding the Ban-
gladesh standard.5

By 2000, an article in the Bulletin of the
World Health Organization had declared
a “public health emergency,” noting studies
that an estimated 1 in 10 people with pro-
longed exposure to drinking water containing
500 micrograms per liter of arsenic will even-
tually die of cancer.6 Even at lower doses,
long-term exposure to arsenic-contaminated
drinking water can lead to health problems
ranging from skin problems to cancer.7,8 In
response to these developments, nearly 5
million wells were tested for arsenic under the
Bangladesh Arsenic Mitigation and Water
Supply Program. Tube wells exceeding the

Bangladesh arsenic standard were painted
red, whereas safe wells were painted green.
This was intended to provide residents with
information about the relative danger or
safety of tube well water supplies and to allow
informed behavioral change. Bangladeshis’
primary mitigation response was to switch
from a shallow high-arsenic well to the nearest
shallow low-arsenic well. However, it has
been suggested that local hydrogeology and
poor sanitation have led to higher levels of
fecal contamination in shallow low-arsenic
wells,9 leading to concern that residents who
switch from shallow high-arsenic wells to
shallow low-arsenic wells may face higher
diarrheal disease risk.10 In fact, an increase
in diarrhea was recently shown among rural
households using shallow low-arsenic wells.11

Exposure to either high-arsenic concentra-
tions or high fecal contaminants in shallow
wells indicates a need for alternative drinking
water sources. After switching to a low-arsenic
shallow well, the second most common arsenic
mitigation strategy is to obtain drinking
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water from a deep tube well tapping into an
aquifer that is usually more than 500 feet
deep. Since 2000, an estimated 165 000
deep tube wells have been installed throughout
Bangladesh. Most deep tube wells are public
and are installed with aid from the Bangladesh
Arsenic Mitigation and Water Supply Program,
the Department of Public Health and Engi-
neering, and nongovernmental organizations.12,13

Private ownership of deep tube wells is rare
because of high installation costs. Public deep
tube wells are, therefore, often located near
a rural road or walking path where villagers
will have easy access.

Use of a deep tube well may increase
walking distance for water collection, given
their location in public areas rather than near
households. Prior research indicates that vil-
lagers may be willing to walk only up to 150
meters to obtain drinking water.14 Additionally,
it is possible that longer distances to a deep
tube well increase the chances of fecal con-
tamination of stored water supplies, as people
who walk farther for water may collect more
water at any given time and store it for longer
to minimize trips to the well. Any risk of
contamination during storage, however, may
be balanced by the decreased likelihood of
contamination during water extraction from
a deep tube well.

Such a protective association between deep
tube well use and childhood diarrhea inci-
dence has been identified in a study in 6 villages
in rural Bangladesh,2 but the sample was small
in that study. We built on those findings by
measuring the relationship between deep tube
well use and childhood diarrheal disease in
an expanded study area. We also investigated
the role played by distance to a deep tube well.

METHODS

The study area was the 142 villages of
Matlab, a rural region in Bangladesh with
a population of 220 000. Households are
situated in patrilineal clusters called “baris.”
Matlab is the field site for the International
Centre for Diarrhoeal Disease Research, Ban-
gladesh, whose hospital is located in Matlab,
where residents receive treatment for severe
diarrhea and other health conditions free of
charge. A health and demographic surveil-
lance system, in place since 1966, maintains

records of all births and migration into the
study area.

Between 2000 and 2006 the International
Centre for Diarrhoeal Disease Research, Ban-
gladesh, conducted a community-level child-
hood diarrheal disease survey. Community
health research workers collected monthly
diarrheal disease data by asking mothers
whether any child younger than 5 years in the
household experienced diarrhea (defined as
3 or more loose or watery stools) during
the past 24 hours. The health and demo-
graphic surveillance system also conducted
a socioeconomic survey in 2005, collecting
household-level asset and maternal education
information.

In addition, between 2002 and 2004, the
International Centre for Diarrhoeal Disease
Research, Bangladesh, conducted a compre-
hensive survey of Matlab’s 12 018 tube wells.
Surveyors collected tube well locations using
global positioning system receivers and infor-
mation on tube well depth from well owners,
who generally know the length of polyvinyl
chloride pipe used to install the well. Then, in
2009, community health research workers
supplemented their monthly data collection
by asking people to identify any deep com-
munity tube well in or adjacent to their bari.
Deep tube wells were assigned the same geo-
graphic coordinates as the closest bari and were
added to the existing tube well database.

We measured whether childhood diarrheal
disease incidence in 2005 and 2006 was
different for baris using deep versus shallow
tube wells. We included 5279 baris in the
analysis. Although diarrheal disease data
were available starting in 2000, the majority
of deep tube wells in the study area were
installed in 2005, making it difficult to

separate the effect of time (i.e., the generally
declining rates of diarrheal disease in Matlab)
from the effect of deep tube well use on
diarrhea. We did not extend our study be-
yond 2006 because the total community-
level diarrhea survey was replaced by a sam-
ple of households in 2007.

Definition of Deep Tube Well Use and

Variable Construction

We measured the distance from each bari
to the nearest deep tube well in a geographic
information system. We assigned baris with
a deep tube well a distance of zero. We defined
deep and shallow tube well use according to
the following assumptions (Figure 1): (1) if
a deep tube well was installed in a bari, then we
assumed residents of the bari used that deep
tube well, regardless of shallow well arsenic
concentration; and (2) if individuals resided in
a bari without access to a low-arsenic tube
well (< 50 l/L) but had access to a deep tube
well within 150 meters from their bari, then
we assumed those individuals used a deep
tube well. If neither of these assumptions were
met, we assumed individuals used a shallow tube
well. We derived these assumptions from pre-
vious studies suggesting that individuals are
willing to walk up to 150 meters for drinking
water.2,14 To test the accuracy of these as-
sumptions, we built a logistic regression model
using these assumptions to predict deep tube
well use in the 6 villages Escamilla et al. sur-
veyed, where they asked people which tube
wells they got their drinking water from.2

We correctly classified deep tube well use
for 76% of the 179 baris that appear in both
study areas.

To control for the potential confounding
role played by socioeconomic status, we
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FIGURE 1—Schematic representation of deep tube well use definition.

RESEARCH AND PRACTICE

1288 | Research and Practice | Peer Reviewed | Winston et al. American Journal of Public Health | July 2013, Vol 103, No. 7



created maternal education and wealth in-
dices using data collected in the 2005 health
and demographic surveillance system. We
constructed the wealth index variable using
principal components analysis. The score re-
flects a composite of 5 variables representing
ownership of household assets (bed, bicycle,
blanket, lamp, and watch) and 1 variable
representing household wall material. We
divided the composite index into quintiles.11,15

Maternal education represents the average
number of years of education of all mothers
in a bari.

Statistical Analysis

We fit a longitudinal logistic regression
model to the data using generalized estimat-
ing equations under the assumption of an
exchangeable correlation matrix. The out-
come of interest was occurrence of childhood
diarrhea in the year, which was a binary
variable.

We used the wealth index, maternal edu-
cation, population of children younger than 5
years, and year as covariates and a binary
variable for deep tube well use as the main
predictor of interest. We conducted all sta-
tistical analyses with the R statistical software,
using the geepack package (R Foundation
for Statistical Computing, Vienna, Austria).16,17

RESULTS

We documented 1920 and 1294 cases of
childhood diarrhea in 2005 and 2006, re-
spectively, and we estimated between-year
correlation of diarrhea occurrence in baris at
0.494 (SE = 0.0542). Overall, we found the
distribution of counts of childhood diarrhea to
be wider and more variable for shallow tube
well users than for deep tube well users
(Figure 2). After controlling for maternal edu-
cation, wealth index, population, and year, we
found deep tube well use to be significantly
associated with lower childhood diarrheal
disease occurrence (Figure 3). Baris that we
assumed used deep tube wells were 48.7%
(95% confidence interval [CI] = 27.8%,
63.5%) less likely to have a case of childhood
diarrhea in the year than were baris that we
assumed used shallow tube wells (Figure 3).

We assessed the relationship between dis-
tance to the nearest deep tube well among

deep tube well users and disease occurrence
through the incorporation of an interaction
term, but we did not find the interaction
between distance and use to be significant. In
other words, if we assume individuals from
a given bari to make use of a deep tube well
within 150 meters of the bari, the distance
required to travel from the bari to the deep
tube well does not significantly affect disease
risk. When we interpreted it as a separate
term, we found the distance to the nearest
tube well to be significantly associated with
diarrheal disease; however, this statistically
significant association is of little epidemio-
logical relevance, as the effect size was close
to zero and significance was probably associated
with deep tube well use, which includes
distance in its definition.

DISCUSSION

The use of deep tube wells has a protective
effect against childhood diarrhea incidence.
The risk of diarrhea occurrence among chil-
dren living in baris that we assumed were using
deep tube wells was less than that for those
that we assumed were using shallow wells.

Although we did not ask bari residents to identify
their drinking well, a strong correspondence
with known tube well use in the 6-village
sample Escamilla et al.2 used supported our
tube well assignment when residents explic-
itly identified their respective drinking wells.

A secondary finding indicates that, at least
within 150 meters, distance does not have
an effect on childhood diarrheal disease in-
cidence among users of deep tube wells. This
suggests that, even if longer walking distances
increase water storage time, they do not
necessarily increase the risk of enteric disease.
It is possible, however, that distance to a deep
tube well will affect diarrheal disease at distances
greater than 150 meters. This finding rein-
forces the importance of improved water
supply in diarrheal disease risk mitigation
and may assist public health practitioners in
locating ideal future deep tube well locations
by allowing them to site deep public wells
within 150 meters of the maximal number
of individuals.

This study contributes to the growing body
of literature on the role of arsenic mitigation
on diarrheal disease risk.10,11,18---20 Findings
vary, with recent studies suggesting that

5
10

15
20

Shallow tube well use Deep tube well use Shallow tube well use Deep tube well use

2005 2006

Ch
ild

ho
od

 D
ia

rr
he

a 
Co

un
t

Note. Width of plots corresponds to probability densities, white dots represent medians, and black rectangles correspond to

interquartile ranges of observed distributions. The longer tails associated with the distribution of childhood diarrhea cases

among shallow tube well users across both years indicate that disease incidence is both higher and more variable among

baris (patrilineal clusters) that primarily used shallow tube wells than is that among those that primarily used deep tube
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FIGURE 2—Distributions of childhood diarrhea counts for shallow and deep tube well users:

Matlab, Bangladesh, 2005–2006.
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switching to shallow low-arsenic wells increases
risk10,21 and that water quality at the source is
less important than is water storage.18 Al-
though sanitation and hygiene practices such
as water storage are important,22 the quality of
water at the supply remains integral to the
process of ensuring safe drinking water.23

Additionally important to water quality at the
source is the extent and ease of access for
user populations. Although we investigated the
potentially confounding effects of travel dis-
tance up to 150 meters, future studies should
explore other aspects of access, including ease
of use and greater distances, for predicting
optimal installation locations.

These findings suggest that deep tube wells
are protective for childhood diarrhea; how-
ever, further development of the deep tube
well infrastructure in rural Bangladesh re-
quires several considerations. The continued
involvement of both nongovernmental orga-
nizations and the government is needed, as

it is not economically feasible for most rural
Bangladeshi families to install deep tube
wells.24 Community training on deep tube
well maintenance is also needed to avoid
unsafe practices such as priming with water
from a contaminated source.19 The sustain-
ability of deep groundwater quality must also
be evaluated.25 Groundwater flow modeling
suggests that deep irrigation pumping could
induce downward flow from high-arsenic
regions, resulting in deep groundwater arsenic
contamination. However, these studies also sug-
gest that deep hand-pumped wells could provide
arsenic-free water for hundreds of years if use
is restricted to domestic rather than agricultural
supply.26,27 If deep groundwater quality is
sustainable, deep tube well interventions
may target low-arsenic regions with poor
water quality and high diarrhea incidence.

The main limitation of this study is our
assumption regarding deep tube well use. We
assumed that people would use a deep tube

well if they lived in a bari with a deep tube well
or if they lived in a bari without access to
a shallow low-arsenic tube well but within
150 meters of a deep tube well. These as-
sumptions correctly classified 76% of the
baris from a small subsample of the study area
for which interview data are available.

We ran a sensitivity analysis to determine
how our definition of deep tube well use
might affect inferences if incorrectly specified.
Specifically, we randomly selected 25% of
the sample baris for which to reclassify deep
tube well use. We then reran the analysis
using a modified use variable that incorpo-
rated the reclassification of 25% of the baris.
Results were consistent with those obtained
using the original data, except that the pro-
tective effect of deep tube well use was lower
(odds ratio = 0.789; 95% CI = 0.642, 0.971)
although still significantly below 1.0 (data
available as a supplement to the online ver-
sion of this article at http://www.ajph.org).
Thus, the inferences we made using our data
appear to be robust for detecting a significant
protective effect of deep tube well use when
the misclassification rate is approximately
25%; however, the magnitude of the effect
size will be sensitive to the accuracy of deep
tube well use classification.

Our findings indicate a fortunate side effect
in policy implementation. Although the goal
of the Bangladesh Arsenic Mitigation and
Water Supply Program, the Department of
Public Health and Engineering, and nongov-
ernmental organizations has been to provide
water with lower arsenic levels, deeper tube
wells also have served to decrease levels
of diarrhea among children in a rural study
area. This analysis has important implications
for health policy throughout Bangladesh
and in parts of South and Southeast Asia,
where diarrhea and groundwater arsenic
remain great public health concerns. Increas-
ing access to deep tube wells in rural Ban-
gladesh requires careful consideration to
ensure sustainability but could have the
dual effect of reducing both exposure to
arsenic contamination and childhood diar-
rheal disease. j
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