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ABSTRACT

VERONICA ESCAMILLA: The Geography of Groundwater Quality andl@imod
Diarrheal Disease in Bangladesh
(Under the direction of Michael Emch, Larry Band, John Florin, Melinda Meade, and Marc
Serre)

Childhood diarrhea persists in Bangladesh despite efforts to shift fromesurdder
to groundwater for drinking. It is unknown whether shallow aquifer groundwatectxtra
through tubewells is a significant source of disease or if other sources sudaee \sater
and local sanitation are driving transmission. Using the disease ecologyoamthis
study explores the influence of poor sanitation on diarrheal disease transmigemfic S
guestions addressed in this study include: 1) Does poor sanitation influence shiadoell
water quality? 2) Does fecal contamination of tubewells influence diarrrssgis#i? 3) Does
the neighborhood water and sanitation infrastructure affect childhood diarrbeadeli
incidence above and beyond household factors? 4) Does poor sanitation influence diarrheal
disease via bathing ponds? 5) Does obtaining drinking water from deep tubewebs have
protective effect against childhood diarrhea incidence?

This study integrates groundwater microbial data, health and demographic
surveillance data, and detailed spatial data of the water and sanitatastrudture in six
villages in Matlab, Bangladesh. The relationship between groundwatetyguralipoor
sanitation is measured at multiple scales using geographic anabtsisDirect and indirect

sanitation influences on childhood diarrheal disease (2002-2006) are explored using



neighborhood latrine metrics, and bathing pond latrine metrics. A deep tubewsilt arse
mitigation intervention is also examined to determine whether children drinkimgdeep
tubewells experience less diarrhea than children drinking from shallow wells.

Results suggest that poor sanitation is predictive of both groundwater contamination
and diarrheal disease. Children living in neighborhoods with insufficient accesgtio
latrines experience higher diarrhea incidence. Additionally, childverglinear bathing
ponds surrounded by latrines leaking effluent also have a higher incidence. Vehile de
tubewells were installed for arsenic mitigation, they are alsoginateagainst diarrheal
disease. These results shed light on the importance of integrating population and emtironm
data to identify particular circumstances in which groundwater is comgedmnand children
are at risk of contracting diarrheal diseases. These results stigggstor sanitation
diminishes the effect of improved drinking water sources and improvements tolthe bui

sanitation infrastructure are needed to reduce diarrheal disease incidence
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CHAPTER 1

INTRODUCTION

Diarrheal diseases are the second leading cause of death in children under 5
worldwide responsible for 1.5 million annual deaths (1). Children living in impdweatis
areas with inadequate nutrition and poor health are most susceptible to sevieea diad
dehydration. Diarrheal diseases remain endemic where improved watardiadion
sources are limited. Fifteen countries, including Bangladesh, account for theee quarters
of child deaths caused by diarrhea. In response to high child mortality ratgadzssh
experienced a nearly universal shift from surface water to ground veatguraption. Since
the 1970’s, millions of predominantly domestic shallow (<140 ft) tubewells have been
installed throughout the country. Handpump wells are installed with a hand pancussi
drilling method (Figure 1.1) that bores a hole in the ground where Polyvinyl chlokd® (P
pipe is lowered to the shallow aquifer (2). Some tubewells are built with aetemptatform
to prevent standing water from seeping around the annulus (Figure 1.2). Shallow tubewells
are installed by local residents and are affordable to individual households orremad gf
households. The mass installation of tubewells and groundwater consumption laweedttri
to the decline in diarrhea induced child mortality. Despite the decline inlityordéarrhea

morbidity remains high.



Figure 1.1: Tubewell installation

Delayed sanitation improvements can often reduce the effectiveness of ichprove
water resource interventions. Simultaneous improvements in sanitation andesateces
are synergistic and can reduce incidence of child and infant diarrhea (3, 4). In 2000, the
United Nations set eight Millennium Development Goals (MDGSs) for improving theihum
condition by 2015. The aim of the 7th goal is to reduce the proportion of people without
sustainable access to safe drinking water and basic sanitation by half, byn220H0,| it
was suggested that Bangladesh is on track to meet this goal if changeslar® current

policy and program efforts. While an estimated 72% of the rural population ina8last



obtains drinking water from improved sources, less than 40% have access to improved
sanitation (5).

Figure 1.2 Shallow tubewell

Drinking water can be contaminated at the source or often becomes contdminate
between collection and point-of-use (6). However, it is unknown whether shallowraquife
groundwater extracted through tubewells is a significant source of elisedther sources
such as surface water are driving transmission. Few studies have mélasietlltaneous
effects of the water and sanitation infrastructure on diarrheal diseasenoei(7). This
study considers the varied environmental circumstances surrounding surface and
groundwater sources to better understand drivers of diarrheal diseagee&lidiseases are
often studied at the individual-level and do not account for neighborhood effects making it

difficult to distinguish the effects of the household and community infrastructure.



The objective of my dissertation is to measure how characteristics of titreand
sanitation environment affect diarrheal disease and determine when tulseeallsource of
transmission and when they are protective. This study also seeks to understaieditioé ef
the neighborhood water and sanitation infrastructure on household diarrheal morbidity. Thi
research is guided by the following questions and hypotheses:

(1) Does poor sanitation influence shallow tubewell water quality?

(2) Doesfecal contamination of tubewells influence diarrheal disease?

(3) Does the neighborhood water and sanitation infrastructure affect

childhood diarrheal disease incidence above and beyond household factors?
(4) Does poor sanitation influence diarrheal disease via bathing ponds?
(5) Does obtaining drinking water from deep tubewells have a protective effect
against childhood diarrhea incidence?
These research questions were selected to address gaps in the cuaknelidg utilizing an
ecological framework with detailed geographic data: 1) This researolpiorates
groundwater microbial data, spatial data, and health data to explore thenstigtibetween
surface contamination from poor sanitation and drinking water quality. The noveltg of thi
approach is the use of detailed data representing the quality and count of laimuoégke
spatial scales. It also remains unknown whether groundwater or surfaceswabee
influential for diarrheal disease transmission, and this study explosesdifeerences.
2) Existing research focuses predominantly on water quality interventitves tiaan
simultaneously measuring the effects of improved or unimproved water aratisanit
resources. This study incorporates detailed spatial data describing ti ofutalke water and

sanitation infrastructure. Additionally, this research measures the roterwhunity



sanitation by exploring potential neighborhood boundaries. 3) Finally, this stuabures
the potential protective effect of deep public tubewells installed in a rurahrefy
Bangladesh. While deep tubewells (>700ft) were installed in 2005 to mitigate
consumption of arsenic contaminated water, before this dissertation, it was ankttus/

intervention provides a protective effect against diarrheal morbidity.

Background
Diarrheal Disease: Transmission and Treatment

Diarrhea is caused by various pathogens including viruses, bacteria, and protozoa.
Diarrhea is defined as “having loose or watery stools at least three pien day” (1).
Transmission most commonly occurs through fecal-oral routes usually by drinkiag w
contaminated with fecal material from an infected person. Other formsnshission
include person-to-person contact and ingestion of contaminated food (8). Chuargmnl
economically disadvantaged areas that are densely populated with poorcseartti
exposed to a variety of organisms that cause diarrheal disease (9). Ratadirus
Enterotoxigenidscherichia coli (ETEC) are the most common pathogens causing diarrhea
in children under two years of age (10). Cases of childhood diarrhea arereasdgt and
often mild. However, acute cases can result in severe dehydration inctbasiisg of
malnutrition, stunted growth, and death (9, 11-14). The three main forms of acute diarrhea
include acute watery, bloody, and persistent diarrhea. Infection\frlano cholerae or
Escherichia cali (E. coli) bacteria, as well as rotavirus most often cause acute watery

diarrhea. Bloody diarrhea is predominantly caused by the bacterialSgasita, and is the



most common cause of severe cases. Persistent diarrhea is definedpasots with or
without blood that lasts at least 14 days" (1).

Escherichia coli, Rotavirus, and/ibrio cholerae agents cause watery diarrhea
through varying levels of infectious pathogenic doses and incubation periods (10, 15).
Enterotoxigenic. coli requires a large infective dose ranging from 100 million to 10 billion
organisms with an incubation period lasting 1 to 3 days. Rotavirus has an incubation period
of approximately 2 days. Feces contaminated with rotavirus can contain more than 10
trillion infectious particles per gram, while 10-100 particles are seffico transmit
infection (16, 17). The incubation period for cholera lasts from 2 hours to 5 days. dngesti
of a dose of 10,000 to one millidh cholerae bacteria can cause infection resulting in acute
watery diarrhea that is often referred to as rice water diarrheacls Bf mucus are
expunged in the process (8). Shigellosis is caused by bacteriaSmghéda genus and
causes diarrhea containing blood or mucus (18). The incubation period varies from 12 hours
to 7 days but typically lasts 2-4 days and is inversely proportional to the load of ehgeste
bacteria. As few as ten bacterial cells can infect an individual, cafesieg nausea,
vomiting, stomach cramps, and dysentery (19).

The administration of oral rehydration solution (ORS), a mixture of glucoseinsodi
chloride, potassium chloride, and trisodium citrate, remains the most common form of
rehydration treatment for diarrheal iliness. Beginning ORS theragy early stage of
infection lessens the severity of the effects. Severely dehydratedtpaiie treated with
intravenous fluids and antibiotics. Beginning the course of antibiotic treatment farsthe
day of onset shortens the course of diarrhea. Currently, only 39% of children withaliarrhe

developing countries receive the recommended treatment (1).



Diarrheal Disease in Bangladesh

Rotavirus, Enterotoxigeni€scherichia coli, Shigella sp., andVibrio cholerae O1 are
major pathogens of diarrheal disease in children under five in Bangladesh ¢éh)eBi
disease incidence peaks at different times throughout the year. Bssigtageriences two
seasonal cholera outbreaks: pre-monsoon season between March and June, and post-
monsoon season between September and December. Rotavirus incidence is constant
throughout the year with a sharp winter peak and a small monsoon peak. The winter peak is
observed worldwide while the monsoon peak is specific to temperate climateaomkeon
peak is associated with high water levels causing rivers to rise and insndatending
areas, thus increasing the chance of fecal contamination of ground and suréad@yaE.
coli incidence is most common during the hot months when food is most contaminated due to
higher bacterial growth caused by high temperatures (22, 23). ReBaigeldia incidence is
highest during the monsoon season with a smaller peak in winter months (24).

In all instances, contaminated fecal material from an infected peasoroataminate
water sources through various means. These include ground and surface water exposure t
latrine effluent. If excreta disposal is absent, other measures oftveaiEnent must be
taken. Boiling water is a very effective method of killing microbial contamsianivater,
but due to the cost of limited fuel resources this option is not currently practicahin r
Bangladesh. Previous research identified a 25% reduction in diarrhea monltidity
improved water availability, a 22% reduction from improved excreta disposal, and a 16%
reduction from water quality improvements, suggesting that water and sanitation

improvements should occur simultaneously (25). Other transmission factarSedan



Bangladesh include population density, proximity to surface water, and liviniga flood-
controlled area (26, 27).
Groundwater Contamination

Access to safe water supply is conducive for the prevention of diarrhealkdiseas
transmission. In order to meet the World Health Organization (WHO) drinkirey wat
guidelinesE. coli should not be detectable in a 100ml water sample edli is exclusively
fecal in origin. Groundwater is generally of good quality and suitable fiokidg but can
become contaminated. The slow movement of groundwater makes prevention of microbial
contamination easier than prevention of surface water contamination (28). Comnuas sour
of microbial contamination include on-site sanitation, open wells, and open surface wat
sources such as ponds. The WHO recommends that contamination sources, including
latrines, be installed downhill at a minimum of 10 meters from the tubewell (28).

Shallow tubewell groundwater contamination can occur through direct and indirec
localized pathways. Contamination from direct localized pathways occurs wiheggas
migrate through subsoil from the base of a latrine into the water tablealLaigration
carries the pathogens to the base of the tubewell where entry occurs throutihededsmng
(29). On-site sanitation systems, including pit and septic latrines, siste at the point of
disposal: There is usually some degree of waste decomposition on site, but latrines require
periodic emptying or construction of new facilities once full. Septic tanksaijy hold
solids in a sealed tank where matter decomposes anaerobically. Some sleptic¢aa

straight pipe to drain full tanks. Areas with pit latrines that are unsealddaladg pose a

! pit latrines are constructed by digging a pit in the ground for feces dispopét |18eines
are constructed by laying 3 or more concrete rings in a pit in the ground. A sladnwit
opening is placed above the rings and an outhouse is built over the tank.

8



contamination threat to groundwater covered by only a few meters of perme&(80)sdn
some instances, pit latrines can microbiologically impact groundwatetyqu@aito a 25 m

lateral distance (31). Another potential source of tubewell water cardtiom is through

direct human contact with the spout (29).

Indirect localized pathways develop as a result of poor tubewell constructia. Thi
provides a mechanism for contaminated surface water intake around the welllvésmk S
water seeps behind the tubewell casing contaminating shallow groundwatetuldeozel|
construction removes the opportunity for natural attenuation of microbes on the subsurface
through die-off and predation. Survival and breakthrough of microbes on the subsurface vary
and are dependent on local and seasonal conditions. Increased breakthrough following
rainfall is widely recorded (29).

High quality well construction is essential for preventing groundwatentpmil This
includes constructing wells with a concrete base, and maximizing the dibetaeen
groundwater and contamination sources (28, 29). Rainwater and other runningamater
easily contaminate tubewells lacking platforms (32). When space isdimitd population is
dense, tubewell depths should be greater to prevent lateral transfer of corgdmina
groundwater (29).

Groundwater and Diarrheal Disease in Bangladesh

In 1999, a massive campaign was initiated to test tubewells in areas chdB=sig|
most affected by naturally occurring high levels of arsenic (33, 34). @jog mtervention
was the installation of tens of thousands of deep wells funded by the government and non-
government organizations (NGOs). However, in 2004, the National Policy for Arsenic

Mitigation (NPAM) considered deep tubewells a low-priority intervention. ThaMIP



encouraged people to revert to drinking surface water (e.g. ponds, canals) or Neny sha
groundwater without sufficient consideration of the increased likelihood of exgptusur
microbial pathogens (34).

Shallow groundwater and surface water can become contaminated in areas with poor
sanitation (35, 36). Currently over 90% of households in Bangladesh obtain their drinking
water from tubewells, but diarrheal disease incidence persists. Househetddrotk from
tubewells that are adjacent to a latrine because it is nearest to theglwetipite the
potential risk of ingesting contaminated groundwater. However it is possibke tthrashold
for ingesting microbial contamination exists, suggesting that the quatitypohdwater,
unless grossly contaminated, is not as important as other mechanisms of tiang@ir3s

In rural Bangladesh, people are aware that tubewell water israseafee of drinking
water, but continue to use surface water for non-drinking purposes including bathing,
washing, and oral rinsing (38). Therefore, in addition to quality, the quantity of fnater
an improved source (tubewell) is also important for disease prevention (39-43jc&ngni
water quantity improves overall hygiene by enabling households to use grounfdwatber
daily needs rather than relying on surface water that receives humanfrwassurrounding
latrines, exposing people to fecal pathogens (40, 44).

Sanitation and Diarrheal Disease

An understanding of the efficacy of comprehensive intervention strategiesns
low because studies predominantly focus on water quality rather than sustainable
improvements in sanitation (7, 39, 45). Water interventions have limited health benefits whe
sanitation remains poor. Consequently, children living in households in close proximity to a

tubewell that use a latrine for feces disposal have a lower risk of diambdadity (25, 42,

10



46). Previous studies have also noted that improvements in water quality andoseaittite
household level are not enough to reduce risk of diarrheal disease when the local
environment has a poor sanitation infrastructure (47, 48). Lack of affordabilityoches to
unsanitary environments where households share latrines and practice operodefecat
Sanitary latrines are characterized by a lack of bad smell, lack ocaficesodents, private,
and have zero evidence of excreta polluting the ground (47, 49). Unsanitary latinds in
open or hanging latrines, a dug hole, and septic latrines leaking human effluena@@yyS
latrines effectively prevent human contact with excreta while unsardanyds expose
people to human effluent.

A sanitation intervention study conducted in Lesotho (51) found that the promotion
and construction of improved latrines resulted in fewer diarrhea episodes in children unde
five. Improved latrines were most influential when better hygiene wasqed@nd more
water was used in daily functions. Studies throughout the world have found higher levels of
diarrheal disease among individuals using unsanitary latrines and among indiliidnglin
areas lacking sufficient latrines for all residents (40, 47, 50, 52, 53). These stuigigest
that the role of sanitation is integral to understanding diarrheal diseasaisisina and
prevention.

The installation of household latrines has been identified as a cost-effectisgrenea
for preventing diarrheal disease transmission (54), however latrines rpguiodic
emptying or construction of new facilities once they fill up (30) resultiren economic
concern for residents in rural Bangladesh (49). Open defecation by childreriamtlye
compound and inattention to proper disposal of garbage and feces increase the opportunity

for young children to place waste products in their mouth (40). Since few peopliteati® a

11



afford soap, alternative hand-washing practices are used. These inddbolgyrhands on the
ground and scrubbing hands with soil or ash after defecation (39). Concentration of feca
coliforms in soil varied based on location. Soil near the kitchen was less auattshthan
soil near a latrine and wet soil near a latrine had the highest level ot&ditaims (39).
Latrines discharging effluent on the ground contaminate soil, potentially enpdheinsk
for transmission as people use this soil to cleanse their hands. Unsanitaey fatriher
expose people to microbial contaminants through surface run-off washing humemexcr
into surface water sources used for hand-washing (39). Contaminants in sati@acessd
for hand-washing and other household purposes highlight the importance of seales, latri
located a safe distance from water sources.
Indicators of Socioeconomic Satus and Diarrheal Disease

The relationship between socioeconomic status (SES) and diarrheal disezsd is
throughout the developing world (55). Socioeconomic status is interrelated withdoeha
and access to safe water and sanitation as the cost of resources is a oconesiaehts (56).
For example, the cost of installing a private tubewell is the approximate equivhtme
month of a household’s salary (34). Shallow domestic tubewells are installed ung
percussion drilling method that is affordable for individual households however cost
increases substantially as depth increases (57). Thus it is not econoraeasithef for
residents to install deep tubewells that are several hundred feet deep andhedig&eof
both microbial and arsenic contamination. Tubewells that tap into the aquifer 200 m or more
below the surface are much more expensive than shallow tubewells but genexadlg pr

safe drinking water. The cost of shallow tubewells (20-30 m depth) installedtialiVi
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Bangladesh is between US$ 80-100 compared with the cost of wells deeper than 200 m
between US$ 600-650 (58).

Maternal education status is a strong indicator of household SES. Higheolevels
maternal education are also associated with improved hygiene, lowerdegbiklihood
diarrheal morbidity, and greater likelihood of seeking medical attention wheinezhil
experience acute illness (9, 52, 59). Households with higher SES are more likelgoapse
and have relatively good hand-washing practices such as more vigorous hand semdbbing
an increased volume of rinsing water (39, 60, 61). Resource availability vaees giv
particular socioeconomic contexts. Some neighborhoods may lack resources hangedot

not. Therefore, it is important to measure neighborhood influences on individual B&alth (

Research Framework

This dissertation project lies within the conceptual framewodksedise ecology and
analytical framework oheighborhoods and health. Both bodies of work are motivated by the
idea that health is an interaction of characteristics that are not purefigluadiy-based.
Within the framework otlisease ecology, interactions between biological, cultural, and
environmental traits have both positive and negative effects on health. The framework of
neighborhoods and health complementslisease ecology by measuring interactions between
individual- and area-level characteristics within the boundary of a defingdboehood.
Thus, the principles of both frameworks provide the foundation for a more holistic

understanding of diarrheal disease transmission.
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Theoretical Framework: Disease Ecology

This research project measures the relationship between the locabsddmlilt
environment and childhood diarrheal disease using the principtiesease ecology within
the sub-discipline of medical geography. Dr. Jacques May, author of EcolBgseafse
(1958), was the first to approach medical geography within the contdisea$e ecology by
uniting the fields of medicine and geograpBbysease ecology is concerned with “the ways
human behavior, in its cultural and socioeconomic context, interacts with environmental
conditions to transmit or prevent disease among susceptible people” (63). ugvzishe
result of a specific etiology but rather the result of various interactiongéethost,
environment, and culture (64, 65). For example, cholera transmission is not simplythe res
of ingesting water containing the bacteleyrio cholerae, but rather the interaction of an
individual's behavior, population, and environment characteristics such as poor hand-
washing practices and bathing in contaminated surface water. Human healhasnécd
system in which humans are capable of impacting their own environment, whichtaam i
affect health. Varying degrees and types of hazards exist in the envircaymdanipact
health at different magnitudes (66).

The triangle of human ecology provides a structure in which the ecology of sedisea
is organized within three vertices representing the interaction betwbigat hpopulation,
and behavioral traits (Figure 1.3) (63). An individual’s habitat consists of the natrell,
and built environment. Habitat is the part of the environment that directly adiects
individual's health including the home, workplace, schools, and transportation syskems. T
population vertex encompasses biological features including age, sex, and genetic

characteristics that may cause susceptibility or resistance &inaafections. Behavioral
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traits are comprised of cultural norms, mobility, roles in society, and tathnierventions.
Behaviors such as hand-washing or bathing in a pond can either protect or expose an
individual to pathogens. In this sense, culture has a significant influence on individual a
community level disease transmission and resistance (63).

The triangle of human ecology is used to explore potential factors contributing to
childhood diarrheal disease transmission (Figure 1.3). The population vertex srafjede
because children under five are most susceptible to diarrheal disease andtarenmmonly
infected by Rotavirus, followed by EnterotoxigeBscherichia coli (ETEC) (9, 20).
Nutritional status and previous diarrhea infections influence a child’s sustigpti
Undernutrition is associated with diarrhea incidence and can also prolong thiem(ec).

In addition, cell-mediated immune deficiency is associated with increasebed incidence

as well as blood type(67) Diarrhea caused by ETEC is more common in children with blood
types ‘AB’ or ‘A’ compared to children with blood type ‘O’ (13). Previous infectioresy

serve as a protective buffer as children build immunity against subsequentvméaxt the
severity of diarrhea is reduced with each new infection (68).

Several aspects of the built environment are hypothesized to influence diarrheal
disease. Point source pollution sources such as unsanitary latrines and pondegpestdy
individuals to contaminants. These point sources can also affect an individuabshyealt
contaminating the shallow aquifer that provides drinking water pumped from shallow
tubewells. The local water infrastructure is an integral component of theebuilonment
that influences diarrheal disease. Specifically, the quantity and qualithet¢lls available
to a household or neighborhood impact health. Deep tubewells are typically less

contaminated than shallow wells. Greater quantities of tubewells iecaeasss to
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groundwater and cainfluence hygienic behavicAdditionally, pgulation density and ar-
level SES may negatively influence health outcorhew: arei-level SES ma affect the
nutritional status of the neighborhood and maytlimeé quantity and quality of water a
sanitation resources. In addition, high populatiensity places strain on already sca
resourcesind increases opportunities to interact with irdlinals that may practice po
hygiene.

Figure 1.3: Framework describing the disease ecolg®f childhood diarrheal disease
transmission

e D

Population

Age

Nutritional status

Simultaneous infections

Childhood
Diarrheal
Disease

e D

Environment Behavior

Household distance to resources Handwashing

Latrine density/quality Open defecation

Tubewell density/quality Water storage

Pond density/type Use of deep vs shallow well
Area SES Use of sanitary/unsanitary latrine
Flooding Pond water use

Embankment Status EEmss———— Maternal Education
- / - _/

An important aspedaif the natural environment is flooding during momsseasor

At this time ponds may overflow aispread water contaminated with human waste a
the surfaceThus households located in areas with high pondatride density are expect
to report higler incidence when flooding occt Nutritional impacts of flooding are expect

to vary between househollixatecinside and those located outside of the embankr
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Households living within the embankment do not experience flooding during the monsoon,
allowing an additional annual rice crop, potentially improving nutritional status

Cultural norms and behaviors influence individual- and neighborhood-level resistance
and susceptibility to disease transmission. Many households obtain drinking watendr
nearest tubewell. Tubewells are often shallow and poorly constructed, locateskin cl
proximity to a pit latrine. However, some households leave their dwelling to obitakmdr
water from deep public tubewells. It is possible that persons obtaining drinateg finom
deep tubewells experience less diarrheal disease. Deep tubewelpente@ to have a
protective effect as levels &t coli and fecal coliforms decrease with depth. Another
important behavior to note is the practice of open defecation. In Bangladesh, vegy youn
children do not use latrines but defecate near the dwelling. The wastanigisfiesed into
shallow ponds used for trash or latrine discharge. The practice of open defeadtion a
improper disposal of feces increases the risk of young children coming ihatirgact with
human waste and ingesting contaminated fecal material (40, 69).

Bathing ponds provide water for multiple uses including washing clothes and dishes,
cooking, and in some cases oral rinsing. In addition, ponds are often used to rinse fruit or
vegetables. In these instances the fruit consumed immediately afteg fesiomes a
transmission source. Pond water is also used for hand-washing. Hand-wadhisigrfaite
water rather than tubewell water increases exposure to contaminatedfveaferson
handling food uses surface water for hand-washing they may expose otherdeadiarr
transmission. In all instances an individual is at risk of ingesting diarrtleagems because

surface water is highly contaminated with fecal material. When childterobawim in
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ponds they are more likely to ingest microbial contaminated water compghechidren
bathing with tubewell water.

Two very important behaviors that are not captured in this study but have been noted
in previous research are water storage and hand-washing practicasstdfaige practices
vary by household and can serve as buffers or exposures to transmission. Storing wate
covered clay pots prevents individuals from placing hands in the container. Stteedara
become contaminated if the utensil used is washed in pond water, however washggg stora
containers with soap and groundwater can prevent drinking water contaminasome
instances people use rain water storage bins for drinking water and other housed®ld nee
However, this practice is rarely used because it does not rain year round aedioeom
always clean the filter. If the filter is not cleaned properly thishowof water collection and
storage is no longer protective.

Improved hand-washing practices are also important for preventing trealsyr
fecal contamination through handling food and stored water. The frequency ang @fualit
hand-washing is influenced by socioeconomic status and maternal educatema\la
education has a protective effect against childhood morbidity and has previously been
associated with improved hygiene and higher levels of socioeconomic status (9, 52, 59).
Furthermore, SES affects a household’s ability to purchase soap, a saitaey &nd/or a
tubewell. When people are unable to afford soap alternative hand-washing methaodis i
rubbing hands on the ground and scrubbing hands with soil or ash after defecation (39).
However, in some instances this soil is highly contaminated with fecal cadiféhile not

all factors listed in Figure 1.3 are included in this research, the giahgluman ecology is
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important for generating hypotheses based on potential cultural, biological, and
environmental interactions.
Analytical Framework: Neighborhoods and Health

The importance of place and its impact on health has been acknowledged since at
least the eighteenth century. However, the evidence, methods, and theogapttiratthese
effects are relatively new. Teighborhoods and health framework lends itself to
interdisciplinary health research and has been adopted by various disdipilndsg
medical geography, epidemiology, demography, and policy studies (70). The study of
infectious disease within the context of neighborhoods allows us to measure human and
ecological interactions that result in various transmission routes (71).

Neighborhood studies account for both contextual (area-level) and compositional
(individual-level) effects when measuring individual health outcomes. Conkéatters
include the socioeconomic status of a neighborhood, and the distribution of resources such as
health and education facilities. Compositional characteristics include ardumalis income,
age, and gender (62). Contextual and compositional interactions vary acrossagage m
contextual effects more influential in some neighborhoods than in others. People with
similar characteristics tend to live in spatial clusters and certain groppries can affect
health outcomes. For example, individuals with low socioeconomic status may laktéorce
live in a low-income neighborhood, lacking grocery stores, schools, clinics, or public
transportation (72). Accounting for contextual traits provides a more comprehensive
understanding of individual-level health.

Referring back to the triangle of human ecology (Figure 1.3), it is evidant t

neighborhoods and health complementslisease ecology by placing individuals within the
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context of a group, community, or neighborhold.ghborhoods and health provides
methodology that can be used to better understand diarrheal disease witisaatiee

ecology framework. By studying health outcomes within both research frameworks, it i
possible to measure relationships at varying scales. Previous diarrhasédigelies in
Bangladesh found that improvements in household sanitation are not enough to avert risk of
diarrheal disease when community sanitation is very poor (52, 73). While thess studie
recognized the potential influence of community sanitation, the authors did not conduct
further analyses accounting for neighborhood characteristics. Additiomabe studies did

not account for the spatial distribution of households and resources among neighborhoods.
This research project measures neighborhood effects on diarrheal disedesscably

defining varying neighborhood boundaries and using contextual models. Contextul mode
investigate neighborhood- and individual-level effects on health outcomes (70).

The defined neighborhood varies with each study and is dependent on the research
guestion and study population (74). Neighborhoods are often defined by political boundaries
that are not local enough to study social processes and ecological infl(iIE5CEs).

Optimal neighborhood size may vary depending on the different ecological vattedilase
considered (75). In Matlab, households are nested watnis (patrilineal household
clusters) and may have similar characteristics and health outcomes edmitar
individuals in thebari. While thebari may represent the neighborhood, neighborhood
boundaries could also be defined by Euclidean distance.

Behavioral and cultural practices of neighboring households withibetiheould
negatively impact individual health. For example, if a household practicing good éygjien

surrounded by households that own unsanitary latrines, exposure to microbial pathogens
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remains high. In other instances, neighbors may provide a protective buffer. A household
with very low SES and poor hygienic practices surrounded by households with higher SES
and improved sanitation may have limited exposure to fecal pathogens. Beyonal eultl
behavioral practices, households witharis share resources. Shared resources include
ground and surface water, and less frequently latrines. In some instandpte fauttilies
share a single dwelling. Neighborhood effects may exist at highesdoayond thbari,
such as groups based on shared bathing ponds, or neighborhood buffers defined by Euclidean
distance.

Guided by the literature and the disease ecology framework, this resepimieex
the effects of poor sanitation on shallow tubewell water and diarrheal diseasgesHarch
is presented in three empirical papers. The first empirical paper (CBaptmfluence of
latrine proximity and type on tubewell water quality and diarrheal diseassngi&lesh”
measures the relationship betwéeroli concentrations in shallow tubewell water and
surface contamination caused by leaking latrines. The relationship bdiwastn
concentration in shallow tubewell drinking water and diarrheal disease is @dsurad. The
second paper "Influences of poor sanitation on childhood diarrhea in rural Bangiadesh
presented in Chapter 4. This study explores poor sanitation effects on diarrteesse dise
transmission using two separate analyses: the first measures thedaftieneighborhood
sanitation (ie number and quality of latrines) on diarrheal disease and the seaointks
the relationship between diarrheal disease and surface water contamueatiathing pond
exposure. The final paper (Chapter 6), "Impact of deep tubewells on childhood diarrhea
Bangladesh" compares diarrhea incidence between households using deepstapelvel

households not using deep tubewells. These empirical papers build on one another and

21



identify circumstances in which shallow tubewell water and surfater\gaality are

compromised and children are at risk of contracting diarrheal diseases.
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CHAPTER 2
INFLUENCE OF LATRINE PROXIMITY AND TYPE ON TUBEWELL WATER

QUALITY AND DIARRHEAL DISEASE IN BANGLADESH

Introduction

Diarrheal disease remains the second leading cause of death amdregaimder 5
worldwide causing 1.5 million deaths annually (1). Access to a safe water supply and
improved sanitation helps prevent diarrheal disease transmission but in densely gopulate
places with high poverty rates such as Bangladesh is limited. OvestlseVaral decades,
Bangladesh experienced a widespread shift from surface to ground watenptaas in
response to high rates of child mortality due to diarrhea. An estimated 9 milhewells are
installed throughout the country (77). The majority are domestic shallow wed#iedst
using a hand percussion drilling method that is affordable for individual househbkarssor
(patrilineal household clusters) (2).

In Bangladesh, groundwater is generally considered safe for consumpten but
survey conducted in the late 1990's identified high levels of arsenic (As) in tubeiel]
Millions of residents were exposed to arsenic (As) levels exceedindgaBash (50 pg Tt )
and World Health Organization (WHO) (10 pg Lstandards (BGS and DPHE, 2001).
Prolonged exposure places individuals at risk of developing skin lesions and chroniesdiseas
such as lung and bladder cancer (78). As a result, millions of households abandoned their

shallow high As wells for neighboring, predominantly shallow low As wells (79).



While well switching effectively reduces As exposure it can also iseregposure to
microbial pathogens (80). Shallow low As wells are more likely to be contamindted w
human waste than shallow high As wells resulting in a potential tradeoff betvgesamlA
fecal contamination (80, 81). Contamination of the shallow aquifer could contribute to the
slow decline in diarrhea morbidity over the last decade (82-86). It idyssat slow
improvements in sanitation throughout Bangladesh compromise the shallow aquifer,
exposing residents to fecal pathogens. Currently less than 40% of the population of
Bangladesh uses septic latrines (1).

The relationship between the shallow aquifer and the sanitation infras¢risctur
complex. Residents build latrines in locations that are convenient for use and aften ne
drinking wells and ponds. Construction and maintenance of the built drinking water and
sanitation infrastructure can indirectly increase exposure to microbegeats if the wells
or the shallow aquifer is compromised by surface contamination from unsaaitargd,
spilling effluent onto the open ground. Lateral migration then carries pathogens frbaséhe
of a latrine to a latrine pond (i.e., ponds with latrine effluent) or depression, shouetrat a
secondary point sources of fecal bacteria to the shallow aquifer, espduaialy the early
monsoon when the water table is depressed and influxes of water and contamindtigim are
(87). Alternatively, fecal waste may flow to a wellhead, and enter the veli an unsealed
annulus or through a subsurface break in the PVC pipe (29). A third possible contamination
pathway is direct vertical infiltration from below latrines to the unsatdrabne into an
unconfined aquifer. In this third case subsurface contamination would presumablyeemanat

from both unsanitary and sanitary latrines.
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This study explores the relationship between surface contaminatidh eold
concentrations in shallow tubewell water. Potential contamination point sources af huma
fecal waste include unsanitary and sanitary latrines and latrine pondsnBSairitaes are
those with no evidence of leaking effluent onto the surface while unsanitangsagpose
individuals to human waste. Latrine ponds are measured as possible secondary post source
because they collect human waste from surrounding latrines, especially laemingrainfall
in the early monsoon when rapid overland flow washes human latrine waste into depressions.
During the late monsoon, latrine ponds overflow, spreading fecal matter acressf#ice.

The primary aim of this study is to explore the relationship between shallowraquife
contamination and surface contamination at varying scales accounting faerdiéiernn
latrine quality.

A detailed spatial database, microbial data, and health data allowed us te explor
these relationships. The influence of the sanitation infrastructure on tubearelbial
contamination measured at varying spatial scales and accounting for datiitg, has to
our knowledge not been systematically investigated. A secondary goal stutlysis to
explore the relationship betweEncoli concentration in tubewell water and childhood
diarrhea incidence. This study is guided by the following questions: 1) Does poatisanit
influence shallow tubewell water quality? 2) Ddesal contamination of tubewells influence

diarrheal disease?

Research Design and Methods:
The study area, Matlab, Bangladesh, is a rural area located 50 km soutdeestanf

It is the field site for the International Center for Diarrhoeal Dis€¥ssearch, Bangladesh
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(ICDDR,B) which manages a hospital that provides free treatment foresgiaerhea to all
residents. Hospital and community level records are maintained through a lovaitudi
Health and Demographic Surveillance System (HDSS). Community health wowiers vi
households once per month and ask mothers if their child under 5 had diarrhea in the past 24
hours. Diarrhea is defined as a minimum of three loose or watery stools within a 24 hour
period. Diarrheal events lasting several days are recorded aseacsisg.

An embankment, built for flood control runs through Matlab separating the sixevillag
study area with three villages on either side. The area outside of the embaféou=snt
during the late monsoon however all villages are affected by heavy ramn\tVie
embankment, ponds can overflow and spread fecal contamination across the surface.
Tubewell water Microbial Survey

A subset of six villages located in the southwest region of Matlab wereesktect
monitor monthly variation of tubewell water microbial contamination (80). Duplit@0
mL tubewell water samples were collected monthly between May 2008 and No\zbOBer
(Data not collected in December 2008). Culturdbleoli was measured using the most
probable number (MPN) based Colilert test kit (IDEXX Laboratories,.lit¢ MPN value
reported here assumes that organisms are randomly distributed in thateelbovthat
replicate samples contain the same "true" number of bacteria (88).
Geographic Database

A sub-meter Global Positioning Systems (GPS) survey of the water aratisanit
infrastructure was conducted in 2008 and 2009 using Trimble GeoXH receivers. Data were
differentially corrected to obtain the highest possible accuracy. Sdataycollected include

the location of all households, latrines, and ponds within 200 m of 92 monitored wells
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(Figure 2.1). The presence of a concrete platform and whether the basacdkas or intact
was recorded for all wells. Information provided by residents includesiepth, year of
installation, and the households obtaining drinking water from the sampled well. The
majority of survey wells are less than 120 ft deep, representative of tiedisgpbution of
tubewells in the six village study area (Figure 2.2).

Figure 2.1: Study area geographic database
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Residents also provided pond depth and pond use information. Long and short axes of

ponds were measured using a sub-inch TruPulse Laser Rangefinder. Pondassdredchs

bathing, fish-farming, latrine or no purpose. Digital pictures were alsa t@fkeach pond

during the survey. Classification was done using pond pictures and information provided by

residents during the survey. Ponds receiving direct latrine effluent thatnweused for
bathing or fishing were classified as 'latrine’ ponds. Ponds that did not retaive éffluent

and were not classified as bathing or fishing were designated 'no purpose' ponds.
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The majority of latrines in the study area are septic, comprised of tofmuadation
rings used to prevent human effluent from leaking on the ground or into surface water. A
small percentage (7.0%) of latrines are open, usually located over a shallow pondeor nea
septic latrine. Latrines were classified as unsanitary or saniarynsanitary latrine is any
latrine with visible effluent including open latrines, septic latrines with a brbkee, and
septic latrines draining effluent onto the ground or into surface water througin pigea
Septic latrines with an intact base and zero evidence of leaking effluentlassified as
sanitary. Tubewell and spatial data were incorporated into a Geographmdtitor System
(GIS) to explore the relationship between tubewell water quality and surfacencoation.

Figure 2.2: Tubewell depth distribution
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Variable Construction

Sanitation metrics were constructed to examine the association between
contamination point sources and tubewell water quality at varying scalads (I'4).
Circular windows were placed around individual tubewells to measure latrine and jpopulat
counts between 10 m and 100 m in 5 m increments (89). Pond counts were measured

between 10 m and 100 m in 10 m increments to account for the larger area covered by ponds.
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In addition to surveying potential point sources of contamination, the information on
the tubewells themselves were parameterized to evaluate the impadtaingguction
(intact concrete platform), age, and depth on microbial drinking water qualitiref, the
population drinking from each tubewell was measured (Table 2.1). Testing thaseteasa
helped to evaluate the possibility of rapid flow along unsealed tubewell annuli ortthroug
breaks in the casing as causing the observed contamination.

Table 2.1: Sanitation Variables

Sanitation Metrics Tubewell Features
Latrine Count by type Intact Concrete Platform
e Unsanitary/ Sanitary/ Total Population drinking from well
Population Count Age of well
Latrine Pond Count Depth

Satistical Analysis:

The analysis was restricted to shallow tubewells (< 120 ft) because jtréyred
residents drink from domestic shallow wells (Figure 2.2) and the shallow iaopigfiet be
compromised when sanitation is poor (30). The outcome measured is the frequenmyiof
detection from January through November (data not collected December 2008) fecom her
refers to as annual frequency. A sample was considered positive if both meadarem
contained detectable levels®fcoli > 1 MPN/100 mL (80). An average was taken if the
well was sampled the same month in 2008 and 2009. Statistical analyses wietedéstr
wells with data available for at least 10 of the 11 months. Seasonal frequéhaplof

detection was also calculated to show how relationships are affected by the monsoon.
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Seasons were defined as winter (Jan-Mar), early and late monsoon (ApidJiul-&ep
respectively), and post monsoon (Oct-Nov, December data unavailable) (90).
Concentrations of annual and seas@&habli were compared with sanitation
predictors using a correlation matrix. Pearson correlation coeffidigmiere reported for all
predictors and sanitation metrics listed in Table 2.1. Significance wasireéad p = 0.05.
Multiple regression models were built using annual and seaBoaoali outcomes.
Significant (p < 0.05) and marginally significant (p < 0.1) predictors weraded in the
model. Marginally significant variables were included in the model to avoid disrgismall
effects that may have a stronger influence when controlling for other predietor
sanitation metrics, the distance with the strongest correlation ceetfieas included in the
regression model. The final model was selected using Akaike's Inform@ttiterion (AIC).
The test penalizes models with many variables that do not improve the fit much more tha
models with fewer variables. The model with the lowest AIC value is the maatnpaiious.
Diarrheal Disease Analysis
Households participating in the community diarrhea survey obtaining drinking wate
from survey wells were identified. A Pearson correlation coefficientcaksilated to
measure the relationship between tubewell water microbial contaminatarhédhood
diarrhea. Significance was measured at p < 0.05. This was a preliminarsigaalthe data

collection for households using survey wells is ongoing.

Results:
Annual frequency of culturabke. coli was detected in all 92 survey wells. Tubewells

were contaminated 10% to 80% of the time across the entire study period. Seasonahdete

varied with the lowest detection rates measured during winter months (Bigure
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Contamination was most frequent during the postsoon (Oc-Nov) and fluctuated durin

the arly and late monsoon (Figur.3).

Figure 2.3: Frequency ofE. coli detection by well count per season
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Annual E. coli - Correlation and Regression Results:

Pearson correlation coefficients show the relatiggsbetween annual contaminat
and sanitation metrics at multiple distances (Fé2.4). The black bars demarcate the ini
distance where the correlation becomes signifigart 0.05).A single blak bar indicate:
that thecorrelation is significant for the remaining distas. Two black bars on a single |
identify the range of distances where the courat gifven variable is significantly correlat
with E. coli. Thecorrelation between populon count and. coli was significant at 20 m |
100 m distances ammbaked between 20 m and 25 m. Unsanitary lacoun was
significantly correlated witlk. coli at distances ranging from 10 m to 100 m, with
strongest correlation at 45 m (0.30). itary latrinecounts ranging from 50 m and 6¢
were significantlycorrelated wittE. coli (Figure 2.4. The presence of an intact conct

platform was marginally significant (p < 0.1) wihcorrelation coefficient ¢-0.19. Latrine
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pond countage of well, depth and number of persons drinkiogn the well were nc

significantly correlated with the annual frequemdyletectabl¢. coli.

Figure 2.4: Annual E. coli frequency and latrine and population count correlaton results.

Correlation coefficients reported for distances 10 n— 100 m.
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*Black bar identifies distance where correlatiotvEenE. coli and count of sanitation meti

becomes significant. Two bars on a single line nthekrange of distances wh¢E. coli and predictor
are significantly correlated.

Multiple regression models were built to measuteractions between sanitati

predictorsthat were significantly or marginally correlatedhvannuakE. coli. The peak

correlation values for latrine and populatcountwere included in the model. Varian

Inflation Factor (VIF) scores were measured to fesimulticollinearity in the dateThe

model with the lowest AIC includes 20 m populatcount 40 m unsanitary latrincount,

and the presence of an intact platform (Tal.2). Latrine and populatiocoun are

positively correlated while the presence of andhtancrete platform is ptective.
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Table 2.2: Multiple regression model for annual frequency oE. coli contamination

Predictors Coef. P value | 95% CI

Unsanitary latrine 40 m 0.015 0.012**0.003 0.026
Population count 20 m 0.004 0.010%*0.001 0.006
Intact concrete platform -0.067 0.023%*-0.125 -0.009

*p<0.1 **p< 0.05, and **p< 0.01

N=92

R-squared = 0.19

Adjusted R-square = 0.17

Seasonal correlation and regression results:

Correlation and multiple regression models were built using seasonal outcomes
Correlation coefficients were obtained for all sanitation metndspaedictors listed in Table
2.1. Multiple regression models were built including all significant (p < 0.05) angima#y
significant predictors (p < 0.1) to explore interactions between predictors.

Significant correlations were not identified during winter months (Jar)-Ma
Unsanitary latrine count within 20 m of a tubewell was marginally signifigart0.1). This
could be due to the large number of tubewells that were below detection levels in winter
Significant relationships were not identified during the post monsoon period (Okt-Nov
Tubewell depth and the presence of an intact concrete platform were marsjigpaifigant
(p < 0.1) with a negative correlation coefficient of -0.20.

Early Monsoon

Significant and marginally significant predictors of contamination duthiegarly

monsoon (Apr-Jun) are listed in Table 2.3. Population counts ranging from 20 m to 35 m are

positively correlated witlk. coli. Latrine pond counts ranging from 30 m to 40 m (peak at
40) are positively correlated with coli. Unsanitary latrine counts between 40 m to 60 m are

positively and marginally (p < 0.1) correlated withcoli (Figure 2.5).

33



Table 2.3: Significant predictors of early monsoorontamination

Predictor Correlation Coefficient P value
Intact Concrete Platform -0.304 0.00&**
Population count 35 m 0.259 0.013**
Latrine pond count 40 m 0.229 0.02¢&*
Unsanitary latrine court5 m 0.194 0.064

*p<0.1 **p< 0.05, and **p< 0.01

Figure 2.5: Early monsoonE. coli frequency and latrine, population, and latrine pondcount
correlation results. Correlation coefficients repoted for distances 10 n- 100 m
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*Black bar identifies distance where correlatiotmeEenE. coli and count of sanitation meti
becomes significant. Two bars on a single line ntlagkrange of distances wh¢E. coli and predictor
are significantly correlated.

Predictors in Tabl@.4 were tested for multicollinearity and included imaltiple
regression model predicting the frequenc)E. coli contamination during the eat
monsoon. The most parsimonious model was selesiad AIC (Table2.4). Increases i

population counincrease risk of contamination, while the presesfce concrete platfor
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remains protective. Latrine pond count is positively associatedBwdbli contamination but
only marginally significant. Unsanitary latrine count at 35 m was highiezded with
population count at 40 m and was not included in the final model. The correlation between

population and latrine count increases with distance suggesting that in this popdéation

count also captures the effect of latrine count.

Table 2.4: Results for early monsoon multiple regression model

Predictors Coef. P value | 95% CI

Population count 35 m 0.004 0.003*0.001 0.007
Intact concrete base -0.164 0.001%**0.265 -0.066
Latrine Pond count 40 m 0.084 0.078* -0.009 0.176

*p<0.1 **p< 0.05, and **p< 0.01
N=92
R-squared = 0.21
Adjusted R-square = 0.19
Late Monsoon

During the late monsoon, both sanitary and unsanitary latrines were positively
correlated with increasdgl coli detection (Figure 2.6). However unsanitary latrines are
influential at much shorter distances ranging from 30 m to 100 m while the dorreléth
sanitary latrines becomes significant at 55 m (Figure 2.6). Correlatifficeods for
population count, latrine count, and latrine pond count metrics peak between 60 m and 70 m
(Figure 2.6). During the late monsoon, correlation coefficients appear to consealigéaace
increases (Figure 2.6). One possible explanation is that during the late monsoamythe st
area is so inundated with water that point sources contributing to surface cotitaninia

across a larger area than during the early monsoon. The presence of aonuaate

platform was not correlated with coli contamination in the late monsoon.
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Figure 2.6: Late monsoorE. coli frequency and latrine, population, and latrine pondcount
correlation results. Correlation coefficients repoted for distances 10n—100m
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*Black bar identifies distance where correlatiotviEenE. coli and count of sanitation meti
becomes significant. Two bars on a single line ntiagkrange of distances wh¢E. coli and predictor
are significantly correlated.

This point was further supported by the high lexMainulticollinearity between a
sanitationmetrics at peak correlation distances. Two setsufiple regression models we
examined to account for the high collinearity begwéotal latrinecount at & m anc
population counat 70 m. Using AIC to select a model, total laticountat 60 m was .
slightly better fit however the predictors were mgaterchangeable (Tabl2.5 and 2.6).

Table 2.5: Results for late monsoon population cowmmultiple regression model

Predictors Coef. P value | 95% CI
Population count 70 m 0.002 0.001***| 0.001 0.003
Latrine pond count 60 m 0.050 0.080* | 0.00¢ 0.106

*p<0.1 **p< 0.05, and **p< 0.01
N=92

R-squared = 0.16

Adjusted R-square = 0.14

AIC = -4.202
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Table 2.6: Results for late monsoon total latrine count multiple rgression model

Predictors Coef. P value | 95% CI
Latrine count 60 m 0.012 0.001*%*0.005 0.019
Latrine pond count 60 m 0.056 0.047*¢0.001 0.112

*p<0.1 **p< 0.05, and **p< 0.01
N=92

R-squared = 0.16

Adjusted R-square = 0.14

AIC = -4.271

Diarrheal Disease Analysis

Pearson correlation coefficients were calculated to measure thenghgp between
diarrheal disease and tubewell water microbial contamination. The sampktenbio$ 33
households obtaining drinking water from 13 survey wells. Childhood diarrhea data were not
collected for the entire 18 month tubewell survey restricting the anélgsisMay 2008 -
May 2009. Diarrhea data were aggregated over the 12 month period (December data
unavailable) because of the small sample size. The outcome was whether a Househol
reported diarrhea at least once during the study period. Tubewell water quedittqms
included the frequency d&. coli detection over the study period, and the average leel of
coli contamination during the study period. The correlation between diarrhea and the
frequency oE. coli detected in a tubewell was not significant. However, the correlation
coefficient (0.39) reported for diarrhea and avefagmli levels was significant at p < 0.05

suggesting that tubewell contamination may contribute to childhood morbidity.

Discussion
The findings of this study suggest that the slow improvements to the drinking water

and sanitation infrastructure may reduce the protective effect of groundwasemnaption.
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Increased population and unsanitary latrine count, latrine ponds, as well as tioe absn
intact concrete platform around wellheads were predictie abli contamination in
tubewells during both the early and late monsoon seasons. The relationships varied by
distance and unsanitary latrines were more highly correlated to fecal aoatiamin
tubewells than sanitary latrines. This supports our hypothesis that surfacaioatitan
influences tubewell water quality via indirect pathways such as latensigort to and
leakage along unsealed annuli or infiltration from latrine ponds (87).

The stronger and yet further distance correlation between unsanitargdance.
coli contamination in tubewells in the late monsoon comparedBvitbli detection during
the early monsoon suggests that transport mechanisms vary by season. Overtopping of |
ponds during the late monsoon would allow surface spreading of fecal contamination over
much larger areas than when surface water is contained within discredssi@ms early in
the monsoon (89). Thus, fecal contamination in the late monsoon season in tubewells may
result from sources aggregated across the neighborhood (70-100 m) scale, whbeeas i
early monsoon surface contamination is primarily from sources acrosarttseale (20-40
m), and would include both subsurface transport from latrine ponds into the aquifer as well as
surface flow to and rapid transport down unsealed tubewell annuli. The signifidance o
population count and non-significance of unsanitary latrines within 20 m of a tulokewual
the early monsoon could béari level effect. High counts of people in close proximity to
tubewells may aid in the transport of contamination from latrines to unseakeaell annuli
when there is less water spreading human waste across the surface. A pteghouns s
Bangladesh found that inundation or standing water around a wellhead is predictive of

microbial contamination, providing a path of least resistance for contachsiatce water
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during the late monsoon (84). Inundation was also shown to be a significant predictdr of wel
water quality in Mozambique (91). This process provides an opportunity for surface
contamination from leaking unsanitary latrines and contaminated ponds to reactethe wa
table through rapid transport down the side of the well (92).

Identifying tubewells contaminated with fecal coliforms suggests tohangmater
treatment may be necessary (80, 81, 83-85). While the levels of contaminaticieatevef
water collected from a contaminated source is more likely to become highlyntoaitad
during storage (83). It has been suggested that a threshold of microbial catitzmin
drinking water exists, therefore, the quality of groundwater, unless gamsgiyminated, is
not as important as other mechanisms of transmission (37). However, even if such a
threshold exists this poses the question, “Is it acceptable to ignore the pooiosanitat
infrastructure and the fact that people are ingesting water with levedsitaincination
beyond what would be acceptable in other parts of the world?”

A preliminary analysis measuring the correlation between childhoodheeaende.
coli contamination was included in this study. As behaviors such as open defecation and
continued use of broken septic latrines result in surface contamination, thegsiskl ot
aquifer contamination increases, and in turn influences health. The limited he¢altroda
households drinking water from survey wells was problematic for this analysieudr the
significant correlation between diarrhea &daoli contamination suggests that a relationship
exists and warrants further investigation.

This study highlights the importance of incorporating hydrological, syzatal
demographic data to understand population-environment interactions that influence tubewell

water quality and health. The study results suggest that an improved sanitasistnuoture
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would enhance shallow tubewell water quality. It is unlikely that a universatslsdnitary
latrines will occur any time soon as poor sanitation is highly correlatéd owit
socioeconomic status. Affordable modes of treatment or alternative drinkiagsearces
are needed.

The ICDDR,B continues to introduce new methods to improve the quality of drinking
water including rainwater harvest and a community piped water supply. Whigenttetlsods
provide safe water there are concerns with each technology and they are nrstlipive
applicable. Rainwater harvesting bins can provide safe drinking water but they do not
provide a year round water supply and residents do not always clean the filtennAicidy
piped water system that provides a water supply in the home twice a day wdinstane
Matlab village (not part of our study area). The system requires a ¢oramifrom all
community members to pay a fee to maintain the structure and to hire twoatalfers.
While this is an effective system, it is only manageable if residents foad & pay for
maintenance. Another alternative recently tested in Matlab is a watkcgtion mixture
comprised of alum potash, bleaching powder, and lime. The mixture was found to be
effective in purifying up to 15 | of surface water at a time and reducing dig@Bgdt is
unknown whether this practice will become widespread but it may provide an affordable
alternative method for purifying water where sanitation is poor and thewtedjuifer is
compromised. These alternatives may also be applicable in other regionsmléh water
and sanitation concerns. In the mean time, the results from this study caexdsiithg
efforts for improving sanitation. Despite differences between sanitatiiloiemnces during the
late and early monsoon, the overall finding is the same. Placement of latrinasoeesells

is convenient but affects water quality and likely health. Therefore, sanitatprovement
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interventions should highlight the spatial separation of latrines and tubewaitstto |

contamination.
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CHAPTER 3

The previous chapter suggests that the quality of the sanitation infragratfaats
the microbial quality of drinking water obtained from shallow tubewells. Uresgristrines
leaking effluent onto the surface are associated with groundwater contamatatarying
spatial scales. The relationship between sanitation and groundwater contamsniatuch
more prominent for unsanitary latrines compared to sanitary latrines.ufjgests that
improving the latrine infrastructure can reduce shallow tubewell congimn. The previous
chapter also identifies a potential association between childhood diarrhearaading
microbial contamination in tubewell water. This has important health imipisabecause
groundwater is generally considered safe for consumption in rural Baspladowever,
shallow tubewell water is compromised in some environments, potentialltimgsnl
diarrhea transmission. These findings highlight the importance of understéetiagoral
and socioeconomic factors that result in poor latrine quality.

While findings from the previous chapter suggest that a relationship existseipe
groundwater quality and childhood diarrhea, it is unknown whether this mode of
transmission is more influential than exposure to contaminated surface Tegdollowing
chapter further explores the relationship between diarrheal disease &undtthanitation
infrastructure by measuring the effect of neighborhood sanitation. In addligon,

relationship between bathing pond sanitation and diarrheal disease will alsdyzedna



CHAPTER 4
INFLUENCES OF POOR SANITATION ON CHILDHOOD DIARRHEA IN RUR AL

BANGLADESH

Introduction:

Although diarrheal diseases are no longer a major cause of mortality in developed
countries, it remains one of the main causes of childhood mortality in the developidg wor
Diarrhea remains the second leading cause of death in children under 5 worldwidg, Kill
1.5 million children annually (1). Childhood diarrhea is preventable when accegsrtwéau
sanitation and drinking water are available; however an estimated 2 billiecnozase each
year with Asia and southern Africa carrying more than half of the burdehreByalration
therapy has proven successful in treating diarrhea and preventing death fraimatiehy
however today only 39% of children receive the recommended treatment (1, 94). While
diarrhea mortality rates have declined over the past few decades, linoiggdgs has been
made in reducing morbidity (UNICEF, 2009).

Diarrheal disease transmission is a complex process driven by thetiotecdc
biological, behavioral and environmental factors varying across time anal (§ach, 1999;
Meade, 2000). In Bangladesh, the interaction between high poverty rates, a dens@pppula
limited access to improved water and sanitation and a tropical climateclei&dren in this
area especially vulnerable to diarrhea outbreaks (21, 24). These factors mgybebwaen

and within multiple scales including but not limited to the household and neighborhood.



Neighborhoods can serve as buffers or increase risk as education and socioecda®nic (S
levels vary. Neighborhoods with higher levels of maternal education and SE®Srarékely
to have improved sanitation resources and better hand-washing practicestydat al.,
2002; Hoque et al., 1996; Levine et al., 1976; Ferrer et al., 2008; Pokhrel et al., 2004).
Children living in neighborhoods with access to safe drinking water and sanitargdanay
have a lowered risk of diarrhea regardless of hygienic practices in their owmdlduse
because the diarrhea pathogens are never introduced. Conversely, childrenholdsuse
with good hygienic practices may have a higher risk of diarrhea if overalibueigood
sanitation is poor. This study explores the relationship between childhood diarrhea and
sanitation. This is explored by analyzing childhood diarrhea as it relates neighborhood
water and sanitation infrastructure which is defined by the spatial amangef tubewells,
latrines, and ponds. In another analysis childhood diarrhea is analyzed by theosanitati

context around bathing ponds.

Background:

In Bangladesh, efforts by the United Nations Children’s Fund, the Basblade
Department of Public Health Engineering and non-governmental organizations) @O
to a shift from surface to ground water consumption. Millions of tubewells weedi@assin
Bangladesh over the last several decades in response to very high diedeél disease
mortality and contaminated surface water used for consumption (95). The majerity
domestic, shallow (<140 ft) wells usually located near the household. The amifsdirface
to ground water consumption has been attributed to the large decline in child mortaldy due

diarrhea. Despite this decline, diarrheal disease remains endemic indgshgl@ne
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possible explanation is that slow improvements in sanitation reduce thevefiest of
improved drinking water sources. Simultaneous improvements in water and ganitati
resources are often more effective in preventing diarrheal disease franimg water

quality alone (25, 42, 46). An estimated 78% of the rural population in Bangladesh obtains
drinking water from improved sourdesiowever less than 40% of the rural population has
access to improved sanitation (1).

Ground water is generally safe to drink but may be compromised in areas with poor
sanitation and high population density, placing people at risk of ingesting human pathogens
(35). Fecal coliforms must be absent from drinking water in order to meet the Méaalth
Organization (WHO) standard, however multiple studies conducted in Banglzaesh
found Escherichia coli (E. coli) in shallow tubewell water (28, 80, 81). While it is unknown
what proportion of diarrheal disease incidence is attributed to contaminatecubater,
these findings shed light on the importance of improved sanitation resources andoa need t
better understand behaviors that expose people to contaminated feces.

Open defecation by children in the family compound and inattention to proper
disposal of garbage and feces increase the opportunity for young children to pl&ce was
products in their mouth (40). The use of septic latrines comprised of concrete foundation
rings prevents human contact with excreta and effectively reduces childlaodedi(47,

49, 51). Septic latrines fill up and require maintenance such as periodic emptying or
construction of an additional tank once full. This is a concern for some resident&that ar
unable to afford installing a second tank (Taha et al., 2000). When maintenance is absent

septic latrines can overflow or the concrete rings can break and exposerctoliuman

% This estimate would be closer to 97% of the population with access to an improved
drinking water source however arsenic contamination has reduced safe widdeilitya
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waste. In addition, improved sanitation is most effective when it occurs at auwcotyhevel
and all households have access to a sanitary septic latrine (1, 40, 47, 50, 53).
Children are further exposed to human feces when surface run-off wastesaexc
from unsanitary latrines into surface water (32, 34). Bangladesh has millippadsd
resulting from excavation practices used to build homes on raised land for floodipnotec
(96). This makes surface water use convenient. Despite the shift from sarfmoand
water consumption, people are still exposed to contaminated surface water uselifde
daily practices including bathing, washing, hand-washing, and oral rinsing (38, 42).
Guided by the literature and framework of disease ecology, this studygseksitbe
following questions:
1) Does the neighborhood water and sanitation infrastructure affect
childhood diarrheal disease incidence above and beyond household factors?
2) Does poor sanitation influence diarrheal disease via bathing ponds?
The research is carried out using three cumulative analyses. The fiysisitentifies an
optimal Euclidean distance based neighborhood to examine the ecological processes
influencing diarrheal disease transmission in the study area. Next, thalapgighborhood
size defines the boundary for measuring neighborhood water and sanitation sesthgce
third analysis uses the optimal neighborhood size as a boundary for household connectivity
to bathing ponds. We hypothesize that people living in households located in neighborhoods
with inadequate access to improved latrines will be more likely to contradiehar
regardless of household maternal education. We expect households surroundedtey a grea

number of bathing ponds with poor sanitation will experience higher diarrhea incidence
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Research Design and Methods:
Sudy Area and Community Level Survey:

Matlab is located approximately 50 km southeast of Dhaka and is the reseafoh sit
the International Center for Diarroeal Disease Research, Bangld@&DR,B). The
ICDDR,B Matlab hospital provides treatment for severe diarrhea freleanfe to all
residents. A longitudinal Health and Demographic Surveillance System (HD&bMaftlab
residents maintained since 1966, includes a decennial population census and a socioeconomic
census recording household assets and maternal education. Unique identifiesgyassl do
individuals, households, afdris (partrilineally related household clusters). A
comprehensive community level survey of unspecified diarrhea in children undemaBve w
carried out from 2000-2006. Community health research workers (CHRW) conducted
monthly household visits and asked mothers if their children had three or more loose stills
within the last 24 hours.

Geographic Database:

Six neighboring villages located in southwest Matlab were selected in 2008 to
monitor monthly variations in fecal contamination of tubewell water @®)art of this
study, a Global Positioning Systems (GPS) survey of the water and sanitftastructure
was conducted in the six village site during summers 2008-09. A sub-meter acgéBRAcy
receiver was used to record the spatial location and attributes of stadyoareeholds,
tubewells, latrines and ponds. Data were differentially corrected to nzaxamocuracy.
Information provided by residents included tubewell depth and year of installatiolbgarand
ownership of tubewells and latrines. Latrines were classified as samitanganitary based

on physical characteristics observed during the survey. Sanitary latensspaic latrines

a7



comprised of intact concrete rings with zero evidence of leaking effluent. I@p@es and
septic latrines leaking effluent via broken rings or a drain pipe werefiddsss unsanitary.
A sub-inch laser rangefinder was used to measure proximity (in medtn®dn latrines and
the nearest pond in order to determine the number of latrines draining into individual ponds.
The rangefinder was also used to measure the long and short axes of ponds.

Residents provided information regarding pond depth and use, and images were taken. Ponds
were classified as bathing, no purpose and latrine ponds. A small number of ponds were
classified as fishing or cooking/washing only. Ponds receiving directdaffluent were
classified as latrine ponds unless otherwise designated as bathing @r ishds. All other
ponds were classified as no purpose. All spatial, health and demographic data were
incorporated into a Geographic Information System (GIS) of the study ageae(B.1).
Socioeconomic status and maternal education:

We constructed a categorical socio-economic status score using fatysisanThe
score reflects a composite of one ordinal variable representing house Inaat®2& binary
variables representing ownership household assets. Household assets incluadé,livest
telephone, radio, mattress and bed. The composite SES score was divided into quintiles wit
higher quintiles reflecting higher SES (90). We grouped household maternal edutdation i

the following categories: zero, 1 to 4, arislyrs of formal education (97).

48



Figure 4.1: Study area water and sanitation infrastructure
Study Households

Tubewells

Latrines
Ponds

1.300 Meters

Neighborhood Selection:

The first step in this analysis was to define a neighborhood using Euclidean distance
Neighborhood boundaries are often difficult to define and are dependent on the research
guestion and study population (Diex Roux, 2003). Political boundaries are often used to
define neighborhood boundaries however these are often not local enough to capture social
processes and ecological influences (Sampson et al., 2002; Ali et al., 200BariTibe¢he
closest unit to a pre-defined neighborhood within our study area. Clusters of pdyrilinea
related households are separated by invisible or physical boundaries. Households share
resources including tubewells and latrines, and they interact on a daily asesvéf two
problems arise when considering tieei as neighborhood for our study: 1) more than half of

thebarisin our study sample have fewer than 5 households and in some cases only one
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household, and 2) the boundaries bba are not representative of how far people are
willing to walk on a daily basis to use a deep tubewell or bathing pond and intefaotiveit
neighbors. Based on this information and the area constraints of our surveyed vidages w
defined neighborhoods using Euclidean distance. While this is not a traditional meayto
defined by cultural practices or observed by residents, it may be represcatdhe

distance that individuals are willing to walk for resources on a daily basisarmddre

interact with individuals within these distances. This is a spatial neighborhoednher
referred to as neighborhood.

Multiple neighborhood sizes were measured by placing buffers around each
household and measuring the variance of diarrhea incidence within various rade @&Rjur
The minimum size measured is a 100 m radius neighborhood because it encompasaes an are
larger than the averagpari. Neighborhood sizes measured range from 100 - 500 m and
increase in 50 m increments. The maximum is set to 500 m because the six stgey aida
non-contiguous and increased buffer sizes would encompass villages where data are
unavailable.

A high variance of neighborhood diarrhea suggests that the data are too
individualistic while a low variance suggests that data are global. An optergdborhood
size ensures that the aggregated diarrhea data are neither local nor glbb@imAized
neighborhood is expected to have a high variance while a 500 m sized neighborhood is

expected to have a low variance. We utilized Hartley's test of homogeneityaofoeato
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identify an optimal neighborhood size to ensure that the aggregated diarrhea dathere ne

local nor global (75). The Hartley's test statidfigax is calculated by the following equation:

SZ
F _ S%max
MAX — s2

min

Where:
S2hax= Maximum value of the variances among groups
S?% in= Minimum value of the variances among groups
Under the null hypothesis, thg i test assumes that variances are equal. Critical values are
calculated under the F-distribution usingrfkax - 1) degrees of freedom with significance
measured ai = 0.05. Here k represents the number of groups or neighborhoodsg.,and
represents the maximum sample size among groups.

The variance of each neighborhood is compared with both the highest neighborhood
variance (upper, 1) and the lowest neighborhood variance (lowggdr: A significant
value of Fux suggests that the structure of the neighborhood data is not global while a
significant value of R suggests that the neighborhood data are not individualistic. Optimal
neighborhood sizes fall between the lower and uppgrifmits and capture a variance of
diarrhea incidence that is neither local nor global. The optimal neighborhood boundaries

were used to guide variables constructed to address both research questions.
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Figure 4.2: Euclidean distance based neighborhoods

Neighborhood Centroid
Households

Latrines

Tubewells

Ponds

Neighborhood Sanitation Variable Construction

The first research question addressed in this study examines the relptltaigen
diarrheal disease and the neighborhood sanitation infrastructure. A primary hduatha
and tubewell were identified for each household prior to constructing neighborhood
sanitation variables. Households typically obtain drinking water from thesteabewell
within theirbari. Baris that do not own a tubewell share a well from a neighbdaang or
use a public tubewell. Households were assigned to the nearest latrine withbarthe
unless otherwise specified during the field survey.

Identifying an optimal neighborhood size(s) allowed us to measure neighborhood
effects on household diarrhea. We constructed neighborhood level variables by placing
buffers around households and aggregating data within optimal neighborhood radii (Figure
4.2). Variables include neighborhood population, average SES and maternal education, and

sanitation infrastructure. The neighborhood sanitation infrastructure is diéfyiatrines,
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tubewells, and ponds. We constructed variables for open, sanitary, and unsanitary latr
counts to measure the effect of latrine quality. We expected households in reogiuisor
with higher counts of open and unsanitary latrines to report more diarrhea compared to
households in neighborhoods using sanitary latrines. Neighborhood pond variables include
counts of bathing, latrine, no purpose and total ponds. Pond variables were measured to
examine the relationship between diarrhea and exposure to fecal contaminatidace s
water. Households located in neighborhoods densely populated with ponds were expected to
have more diarrhea because of increased opportunity to interact with contamirfaiesl sur
water.

Variables representing the ratio of people per tubewell and people per larme w
also measured. These variables were constructed to measure the relatiangap be
diarrhea and sufficient access to improved water and sanitation resources. \tfecetqe
find lower diarrhea incidence among households in neighborhoods with fewer peoplg shari
tubewells and sanitary latrines.
Bathing Pond Sanitation Variable Construction

The second part of this study measures the relationship between bathing pond
sanitation and childhood diarrhea. Bathing ponds are a measure of disease exposwge becaus
they are often contaminated with fecal coliforms and are used daily. Fetutig bathing
pond sanitation is defined by the number and quality of latrines situated within the pond
drainage basin, approximately 20 m (89). Bathing pond sanitation variables inbkide: t
count of sanitary latrines, total latrines, and latrines draining effluehinithe basin, as well

as the presence of a latrine draining directly into the pond. Latrine coargsgarated by
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type to identify any variation in relationships between diarrhea and the qudatyiioés
surrounding bathing ponds.

The optimal neighborhood size was also used to identify a distance for congtructi
bathing pond connectivity metrics. Households were linked to bathing ponds within a 250 m
radius. Households were then connected via bathing ponds to estimate exposure to diarrhea
pathogens from shared bathing pond use (Figure 4.3). Connectivity metrics wernecteastr
using a distance decay function (98). The inverse distance squared weightingyH2won
was used to assign more weight to bathing ponds within a shorter distance of the dousehol
Bathing pond sanitation variables were also weighted so that the quality and qufantity
latrines surrounding the closest bathing ponds were most influential. Variades w
weighted based on the assumption that the likelihood of a household using a bathing pond
decreases as distance increases. All weighted variables weresaggdtegepresent the
guality and accessibility of bathing ponds within 250 m of each household.

Figure 4.3: Bathing pond sanitation and connectivity
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Random Effects Logistic Regression:

This study uses a repeated measures design to analyze the longitudinal ¢ggmmuni
level diarrheal disease data for the 2002 -2006 period. The study period begins in 2002 to
limit the effect of temporal changes to the built environment and ends in 2006 beeause th
survey was not conducted in 2007. Monthly diarrhea cases reported by household are
aggregated by season over the five year study period to account for seaserrad pathe
data. The seasons include early monsoon, late monsoon, and post monsoon with winter as the
reference. The outcome for this analysis is the presence/absence of digydread by a
household in a given season. The analysis is restricted to households with a child under 5
present during the study period resulting in a sample size of 737 households. We used a
random effects specification to account for the clustered nature of the datatdee
repeated measures design of the survey. Two sets of random effects logjietsion
models were built to address each research question.

The first set of random effects logistic regression models was builtasureethe
relationship between neighborhood sanitation and childhood diarrhea (Table 4.1). Models
were built for 150 m, 200 m and 250 m neighborhoods. Individual models were built to
measure the relationship between childhood diarrhea and neighborhood SES and materna
education, as well as the number of open, septic, sanitary, and unsanitary lathimea wi
neighborhood. The final model built measured the combined effects of population per septic
latrine, population per tubewell, and the number of neighborhood bathing ponds. All models
were adjusted for season, year, number of children under 5 in a household, household level
maternal education, and neighborhood population. We calculated Akaike Information

Criterion (AIC) values for all models to select the best neighborhood size.

55



The second set of random effects logistic regression models were builtsiorentree
relationship between childhood diarrhea and the sanitation quality of bathing ponds within a
250 m radius. Three models were built to measure the effect of the following e@gkight
variables: the weighted sum of latrines leaking in the bathing pond drainage basin, the
weighted sum of sanitary latrines within the basin, and the weighted sum of bathing ponds
receiving direct effluent from a broken latrine. The three predictors wdtelettin a final
model to account for any interactions. All models controlled for season, year, number of
children under 5 in a household, household maternal education, pond area, and the weighted

sum of the population sharing bathing ponds.

Results:

Our sample included 9440 observations recorded for the 737 household sample
during the study period. A total of 723 cases were reported between 2002-2006. The six
study villages are non-contiguous and vary by size and population distribution. To account
for these differences, and the possibility that optimal neighborhood size wouloyvary
village, we conducted a separaigftest for each village. Optimal neighborhood sizes were
between 150 m, 200 m and 250 m.

Neighborhood Sanitation Analysis:

Random effects logistic regression models were built to measure thensgi
between childhood diarrhea and neighborhood sanitation within 150 m, 200 m and 250 m
neighborhoods. Models using a 250 m specification had the lowest AIC values representing

the best fit. Results for the 250 m neighborhood models are presented below.
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Models measuring neighborhood SES and maternal education were not significant
and results are not shown. The majority of households in the study area own or has/e acces
to a septic latrine within thebari, however 13% of surveydsiris had at least one open
latrine identified during the GPS survey. We measured the relationship hetiaedea
incidence and open latrines to determine whether a mixed use of open and siEsc la
within a neighborhood increases diarrhea (output not shown). We found a positive
relationship between the likelihood of reporting diarrhea and the number of open iatanes
neighborhood. The reported odds ratio of 1.046 was significant at p<0.001and suggests that
the likelihood of a household reporting diarrhea increases by 4.6% for each additional open
latrine. Relationships between diarrhea and the number of septic, sanitary, clamnsani
latrines within a neighborhood were not significant.

While the relationship between diarrhea incidence and the number of septicysanita
and unsanitary latrines was not the significant, the ratio of people peesatvithin a
neighborhood was predictive of a household reporting diarrhea. Four models were built to
measure the relationship between diarrhea and the ratio of the neighborhood population per
latrine by type. Adjusted odds ratios for each model are listed in Table 4. Xp&fex to
find positive associations between diarrhea incidence and an increase irotbépatple to
latrines. As the ratio of the neighborhood population to latrines increases, a& guealber of
people must share latrines, placing increased strain on resources. The ratiblodneiod
population per unsanitary latrines was marginally significant suggestingtna people
sharing latrines increases diarrhea. Similarly as the ratio of peoplansarg latrine
increases so does the risk of diarrhea by 8.8%. The ratio of neighborhood population per total

latrines was even more influential with an odds ratio of 1.312. The ratio of population per
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septic latrine was the most predictive of reporting diarrhea with an odd®fdti441.
Results suggest that the likelihood of reporting diarrhea increases as ther miippeople
sharing latrines increases. More specifically, the results suggeatghticient number of
septic latrines is more protective than a sufficient number of both septic anchtrpess|

Table 4.1: Adjusted odds ratios for neighborhood population per seqtilatrines, unsanitary
latrines, sanitary latrines and total latrines*

Neighborhood population per latrine Odds Ratio | P value 95% CI

type

Unsanitary latrines 1.016 0.088* 0.998 1.034
Sanitary latrines 1.088 0.000**  1.040 1.138
Total latrines 1.312 0.000***| 1.151 1.494

Septic latrines 1.441 0.000*** 1.284 1.618

*p<0.1 **p< 0.05, and **p< 0.01
Results from 4 separate models*
Number of observations = 9940
Number of households=737
Models control for season, year, number of children under 5 per household, and housedrala mat
education, neighborhood population

A random effects logistic regression model was built including multiple
neighborhood sanitation variables to measure any interaction between predesoits R
presented in Table 4.2 suggest that as the ratio of population per septic lateaseacso
does the risk of diarrhea regardless of tubewell access, emphasizing thamcgpoit
neighborhood level access to septic latrines. The ratio of people per tubewells was not
significant. One possible explanation is that the abundance of tubewells throdnghstuicty
provides sufficient access for all households eliminating variability. Thighidael of a

household reporting diarrhea increases 2.3% for each additional bathing pond in the

neighborhood. Additional models were built measuring the effect of neighborhood, latrine
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purpose and total ponds to determine whether living in a neighborhood densely populated
with visibly contaminated ponds increased diarrhea. Neither was significanblposs
because people do not directly interact with ‘no purpose’ ponds or 'latrine' ponds. Howeve
people do interact with bathing ponds and as the number of bathing ponds increases, the
likelihood of a person using surface water increases. The following section builds on thi

finding and explores the relationship between bathing pond sanitation and diarrhess.dise

Table 4.2: Neighborhood sanitation random effects logistic regressionodel

Predictors Odds Ratio | P value | 95% CI
Neighborhood water and sanitation infrastructure

Population per septic latrine 1.548 0.000%* 1.374 1.746
Population per tubewells 0.983 0.120 0.968 1.004
Neighborhood bathing ponds 1.023 0.003%* 1.00Y 1.043
Controls

Household Maternal Education 0.887 0.102 0.769  1.024
Children under 5 per household 1.752 0.000f** 1478  2.016
Early Monsoon 2.074 0.000**F 1.619 2.656
Late Monsoon 1.731 0.000**t 1.344 2.230
Post Monsoon 1.247 0.105 0.955 1.627
Year 0.657 0.000***| 0.613 | 0.704

*p<0.1 **p< 0.05, and **1p< 0.01
Number of observations = 9940
Number of households=737

Odds ratios adjusted for all other predictors listed in the table
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Bathing Pond Sanitation Results

The number and type of latrines within a 20 m bathing pond drainage basin were
measured. Households were linked to bathing ponds within a 250 m radius using an inverse
distance squared function. A total of 135 bathing ponds were identified in our studyfarea. O
the 135 bathing ponds, 11 had a latrine draining directly into it, with one pond receiving
effluent from multiple latrines. Households were connected to an average of 10 bathing
ponds and shared these ponds with a weighted average of 482 people.

Random effects logistic regression models were built to measure thensapi
between bathing pond sanitation variables and diarrhea. All pond sanitation variakles we
weighted with the assumption that people are less likely to use bathing ponde thahar
away. The relationship between diarrhea and bathing pond sanitation variables digt not var
between models measuring predictors separately or combined. Table 4.3 showsdlthéore
the model including all predictors.

The presence of a latrine draining directly into the pond and the number of sanitary
latrines within the pond drainage basin were not significant. The likelihood of a household
reporting diarrhea increased by 50% for every unit increase of the wegyhteof latrines
draining in pond basins. Controls for pond area and number of people sharing bathing ponds

were not significant.
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Table 4.3: Bathing pond sanitation random effects logistic regressianodel

Predictors Odds Ratio | Pvalue | 95% CI
Bathing Pond Sanitation

Latrines draining in 20 m basin 1.493 0.000*** | 1.227 1.818
Latrine draining directly in pond 0.673 0.137 0.400 1.135
Sanitary latrines in basin 1.059 0.472 0.906 1.239
Controls

Area 1.000 0.056* 1.000 1.000
Population sharing ponds 1.000 0.506 1.000 1.001
Household Maternal Education 0.857 0.035** | 0.742 0.990
Children under 5 per household 1.789 0.000*** | 1.506 2.124
Early Monsoon 2.073 0.000*** | 1.619 2.655
Late Monsoon 1.731 0.000*** | 1.344 2.229
Post Monsoon 1.247 0.105 0.955 1.627
Year 0.666 0.000*** | 0.622 0.713

*p<0.1 **p< 0.05, and **< 0.01

Number of observations = 9940

Number of households=737

Odds ratios adjusted for all other predictors listed in the table

Discussion:
This study demonstrates that even with the transition from surface to growerd wat

consumption, poor sanitation continues to play a significant role in diarrhea trsiosmis
The Fmax test statistic identified 150 m, 200 m and 250 m as optimal neighborhood sizes.
Previous studies in Matlab have identified 500 m as an optimal neighborhood size for

exploring shigellosis transmission and cholera vaccine efficacy (98, 99).fldrente in
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optimal neighborhood size could be a result of the different scales at whichalveedat
collected and analyzed. In previous neighborhood studidsmtheras the unit of analysis

and Matlab region was the study area. For this study, we utilized household lezd theta
unit of analysis to identify neighborhoods within six villages. By exploringht@ghoods

within a village, optimal neighborhoods could be representative of the distances people a
willing to walk for water and sanitation resources. All households in our studpieea

within ~220 m of a bathing pond and it has been shown in other rural areas of Bangladesh
that some villagers are willing to walk up to ~150 meters several times a datatn

drinking water (100, 101)

Neighborhood Sanitation Infrastructure

The majority of households in our study area have access to a septic latriaeehow
some households continue to use both open and septic latrines. It is not surprising that
households living in neighborhoods where open latrines remain an option experience more
diarrhea. Open latrines are closely related to low SES and maternal @dpcaéntially
influencing other sanitary practices that are not captured in this stuagdition, an increase
of people sharing septic latrines is associated with diarrhea. This supgéesisyond
repairing broken septic latrines, there is a need for complete abandonment aftopemse
and sufficient access to septic latrines is needed.

The non-significant relationship between diarrheal disease and neighborhimed latr
ponds was unanticipated. We expected latrine ponds to affect overall neighborhood
sanitation, especially during the monsoon when surface water bodies flood and inundate the
surrounding area exposing people to fecal matter. However, the number of bathing ponds

was positively associated with diarrhea. These relationships demotis¢ratgortance of
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looking beyond the built sanitation infrastructure and exploring the behaviors that place
people in direct contact with fecal contamination. Villagers do not colle@cguvfater from
latrine ponds for daily use; however they do come in direct contact with bathing ponds. We
assume that similar to tubewell and latrine use, households tend to use the dbsest ba
pond. While we are unable to identify the exact bathing pond(s) used by individual
households, utilizing a distance weighted connectivity metric allowed us to mdéasur
guality of multiple ponds potentially being used.
Bathing Pond Sanitation

Results displayed in Table 4.3 suggest that the maintenance of latrines surraunding
bathing pond is important to prevent exposure to fecal contamination. This was expected as
unsanitary latrines are more highly correlated with bathing pond fecal coatéonithan
sanitary latrines as latrine effluent is washed directly into the ponaifyamnd draining
tubewells (89). The protective effect of household level maternal educatiossssitjtat
despite the use of contaminated bathing ponds, improving education may influence other

protective behaviors that are not captured in this analysis.

Conclusion

Latrine installation is considered a cost-effective measure foeptieg diarrhea,
however latrines require periodic emptying or construction of new fasibtiee they fill up
becoming an economic concern for some residents (30, 49, 54). This is a problem because
residents consume untreated ground water and continue to use surface watigaryf sa

excreta disposal is absent, other measures of water treatment must be takeg wBter is
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an effective method for treating water however this also places an ecdnaahén on rural
residents.

The main limitations of this study are the lack of pond water quality ddta a
information linking households to their preferred bathing pond(s). However watertedlle
from a small sample of bathing ponds in our study area was highly contamindtdelcalt
coliforms (Feighery, unpublished data). By measuring bathing pond fecal colédeets and
asking households where they bathe, we could more accurately identify suafacsources
that cause diarrhea.

It is evident that behaviors such as discontinued use of open latrines and regular
maintenance of household septic latrines reduce diarrhea. Given the extrenieipdtier
area it is unlikely that many households will immediately change thendairactices.
Therefore, the question raised is what can be done to reduce exposure to contaetested f
One alternative is abandoning surface water use and relying strigghpond water. During
the GPS survey, we observed that some residents living further away from bathing ponds
preferred to bath with tubewell water. While this practice has been shown to dealubea,
it is not feasible on a broad scale (102). A recent study conducted in Matlab rdehsure
effect of a water purification mixture comprised of alum potash, bleaching panwddime.
The mixture was found effective in purifying up 15 | of surface water at a timesdading
diarrhea (93). It is unknown whether this practice will become widespreadnbay iprovide
an alternative method for purifying water where sanitation is poor and people @se surd

ground water contaminated with fecal coliforms.
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CHAPTER 5

Findings reported in Chapters 2 and 4 suggest that the quality of the sanitation
infrastructure influences diarrheal disease via contaminated grouncndtsurface water.
Results also suggest that open latrine practices should be abandoned entirgpgiand s
latrines should be used exclusively. It is unlikely that improvements in sanitali@cour
rapidly and high poverty and a lack of fuel resources makes it difficult fiolergs to boil
water. Thus, there is a need for safe water alternatives that are nadaifggtoor
sanitation.

The World Health Organization recommends that tubewells be install@draum
distance of 10 m from latrines. Similarly, results in Chapter 2 suggest tlzatitang latrines
are associated with contaminated tubewell water and septic latrines shoedddoeasd
installed away from tubewells. High population and latrine density make it diffecuistall
tubewells a minimum of 10 m from a latrine. When the population is dense and it is
impossible to install tubewells at great distances from latrines the Big@ests increasing
the depth of the tubewell.

The Bangladesh Department of Public Health and Engineering installed deep
tubewells (> 500 ft) in areas of Bangladesh with high arsenic contamindtisrunknown
whether these deep tubewells have a protective effect against diardeealediransmission.
However a protective effect is possible given the lower levels of micraméumination in

the deep aquifer and the relationship between childhood diarrhea and fecal corganmnat



shallow tubewells (Chapter 2). The following chapter explores this relaiptesdetermine
whether households obtaining drinking water from shallow wells experience maotediar

than households drinking from deep wells.
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CHAPTER 6
IMPACT OF DEEP TUBEW ELLS ON CHILDHOOD DIARRHEA IN

BANGLADESH

Introduction

Diarrheal diseases are the second leading cause of death in children under 5
worldwide (103). Children living in poor areas with inadequate nutrition are most sbéeepti
to severe diarrhea and dehydration. An estimated 2.5 million cases of diarrhearoeally
in children under five, with Asia and southern Africa accounting for more than half of the
cases (86). Diarrheal diseases remain endemic where water antigamfrastructure is
limited in countries such as Bangladesh.

Efforts by UNICEF, the Bangladesh Department of Public Healthrieeging
(DPHE), and non-governmental organizations (NGOs) have lead to a nearly urshdtsa
from surface water to groundwater consumption in Bangladesh (104). Thatewére in
response to the severe burden of diarrheal disease and the widespread contashination
surface water with human pathogens. Since the 1970’s, the number of tubewells is thought to
have doubled roughly every 5 years throughout rural Bangladesh (79). The naagrity
private shallow domestic wells that were installed using a hand percussiioig dnithod
that is affordable for individual households (2). Currently over 90% of households in
Bangladesh obtain drinking water from a total of approximately 10 million ynsisélllow

tubewells.



Whereas the proliferation of tubewells provided access to drinking wates tiath
less contaminated with microbial pathogens than surface water, it causedealsalth
problem of a different nature due to frequently high levels of arsenic (As) in gro@nd#at
survey carried out in the late 1990’s showed that a third of the population of 130 million at
the time was drinking water that did not meet the Bangladesh standarsl ifodAnking
water of 50 ug L and nearly half the population to levels that exceeded the WHO guideline
of 10 pg ! (78). Beyond early signs of arsenicosis such as skin lesions (105), exposure to
As by drinking tubewell water has increased all-cause mortality (106)aaers of the
lung, liver, and bladder in adults (107).

In response to As testing of nearly 5 million wells throughout the affectezheegf
Bangladesh under the Bangladesh Arsenic Mitigation and Water Supplafrogr
(BAMWSP), millions of households have stopped drinking from their shallow high As wells
and switched to a neighboring well that is low in As, and often also shallow (34, 793. It wa
recently shown, however, that groundwater pumped from shallow low-As wells is more
likely to be contaminated with human waste due to the imprint of the local hydrogeology
combined with high population density and poor sanitation than groundwater from a shallow
high-As well (80, 81). This raises the concern that the response of householdsté&stive|-
for As might have increased exposure to microbial pathogens. More genecdly, f
contamination of shallow groundwater may be one reason for the persistencehafadliarr
disease in Bangladesh (84, 108).

After switching to a nearby household well, the next most effective means of
reducing As exposure from drinking water has been the installation throughout thg cbuntr

~165,000 deep wells by DPHE and NGOs over the past decade (34, 109). These deep wells
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tap older strata that either retain As within aquifer sands or have beerdfafgheir initial

As content (57, 110). Most of the deep wells installed by DPHE and NGOs are overt500 fee
deep. Deep public tubewells are typically installed near a road in a cenatadoaf a

village to maximize access. It has been shown that some villagerglisng tor walk up to

~150 meters several times a day to obtain drinking water from these deep tuif@ells

101). While such deep tubewells were installed to reduce exposure to As, the impact of
switching to such, often more distant, wells has to our knowledge not system kaeail
investigated. One potential source of concern is that water pumped from awletanay

be stored for longer in the house, hereby increasing the risk of microbial coatiami even

if the depth of public wells might be expected to offer some additional protectimsiaga
microbial contamination (83, 108, 111). The impact of access on hygiene is less likely to be
significant because villagers have been encouraged to continue to rely on their ltbusehol
well for uses other than drinking and cooking. The extensive set of diarrheal diagase
collected in the Matlab study area of the International Center forHoeat Disease

Research, Bangladesh (ICDDRB, B) offers a unique opportunity to measurkatiomsaip
between diarrheal disease and obtaining drinking water from deep tubewelhsawithi

population that drinks primarily untreated groundwater.

Methods
Sudy Setting and Design

The rural study area of Matlab, Bangladesh, is located 50 km southeaskaf Dha
(Figure 6.1). This ICDDR,B field site has a hospital that provides in-patietinteat for

severe diarrhea free of charge to all residents. The study aredth Bied Demographic
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Surveillance System (HDSS) is a longitudinal sulaece system that has maintairhealth
and demographic records for all Matlab residentsesil966. People are assigned a un
identification number upon entry into the areahiigh or migration. Individual identificatio
numbers are used to link demographic, health, amer @ataln addition to the monthl
collection of householtevel population under the HDSS, a detailed housketensus the
included measures of soasmonomic status (SES) and maternal education weducted ir
2005. Monthly diarrhea incidence data were cced for children under five by feme
community health workers who asked mothers whettesr child had diarrhea during tl
previous 24 hours. A case is defined as threeelstmols in a z-hr period and episodt
reported to last several days are recd as a single case (23).

Figure 6.1.(a) Map of ICDDR,B’s study of Matlab in Bangladesh (b) Enlarged view of the si»
villages where surveys were conducted in 20-09 to determine which households had switche
to a deg tube well and which had not

v

-
*

(S
e

g

A e
Study Vilages

A Deep tubewells
@ Households drinking froma shallow well

>z

@  Households drinking froma deep well
0 s 750 4,500 Meters —— Embankment
e S | Meghna River

70



Geographic Database and Sudy Variables

On the basis of its high proportion of shallow wells that are low in As, the village of
Bara Haldia and five neighboring villages were selected to monitor wersat fecal
contamination of tubewell water (80). As part of this study, drinking waseuree
information was obtained in 2008-09 for 543 households with a population of 2700. A field
survey was conducted to map the water and sanitation infrastructure of tragé silidy
area and the data were incorporated into the study area geographic iiosgatem (GIS).
Sub-meter accuracy global positioning system (GPS) receiversugeteo collect spatial
data that were differentially-corrected through post-processing to emghraccuracy. All
tubewells, latrines, and household locations were mapped and during the survey, residents
provided information regarding which tubewells they use for drinking water. Households
generally obtain drinking water from the nearest tubewell within their clokftrilineally-
related households call&dris. Baris that do not own tubewells identified drinking wells that
are owned by neighborirdgaris, mosques, or are public. Some households own a tubewell
but identified a deep public tubewell as their source for drinking water. Using tlibgee
and information provided by residents, we determined which households obtain drinking
water from deep tubewells installed in 2005 and which households drink water from private
shallow wells.

Four time invariant control variables are included in this study: the numberioé$at
within 30 meters of a household, the population density, SES, and household maternal
education level. The GIS was used to calculate the number of latrines around ealsbliouse
as well as the number of people living within a 30 meter radius of a household. Tdentdja

latrine variable controls for local-level sanitation effects and populatiositgecontrols for
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local use of water resources as well above ground transmission and contaminant sourc
strength. A categorical SES score was developed using principal comparaysssaThe
score reflects a composite of five dichotomous variables representing bipradrgarious
household assets (bed, bicycle, blanket, lamp, watch), and one ordinal variable regresent
household wall material. The composite SES score was divided into quintiles tem¢pres
range of economic levels with higher quintiles reflecting higher SES KRQjsehold

maternal education represents years of education, with an average of 8 geydarusehold.
Satistical Analysis

This is a repeated measures study that uses data from the six-villagarsiuodf
reported household-level childhood diarrhea from 2005 to 2006. To study the effect of
obtaining drinking water from a deep tubewell on childhood diarrhea, we consider the
number of cases reported in children under five, 12 times per year during oupestiadly
aggregated for years 2005 and 2006. Although diarrheal disease data are availisigjénsta
2000, the majority of deep tubewells in our study area were installed in 2005, making it
difficult to separate the effect of time from the effect of deep tubewebmskarrhea. The
analysis did not extend beyond 2006 because the comprehensive collection of diarrheal
disease data in Matlab ended.

Because our outcome is a count variable with a skewed distribution we first
determine whether a negative binomial or Poisson distribution best supports our data by
comparing the mean and the variance of the outcome. An unequal variance and mean
suggests that the data are overdispersed and a negative binomial regressios model

preferred over Poisson. The negative binomial model allows for overdispersion with an
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additional parameter and assumes a Gamma distribution. We use a random effects
specification to account for the clustered nature of the repeated measures.

Data are arranged by unique identifiers over time representiages overtime
periods for a total ofl x t observations. The negative binomial regression model below

measures the probability mass functionyfgr

INCEED) (Ait
T(OT(r+1) “A;e+6

Pr(y;,=71) = )r(liie)e, r=0,12, ..

Wherer represents success (diarrhea) gadepresents the diarrhea count for househatd
timet. In this equationi;; is the expected value 9f;, 6 is the overdispersion parameter, and
I'(-) is the gamma function. Next, we assume that the expectedyalaalescribed by a
log-linear regression. This is measured in the equation below whdogthe is a function

of the predictor variables:

loghiy = pe + Bx;, + vz +
Wheref andy represent the vectors of coefficients. The outcome is a function of the
following: the time specific intercept; , time variant factors;; , time invariant factors; ,
and an individual specific error term that represents unobserved variables assumed to be
uncorrelated with the observed variables.

The random effects negative binomial model provides coefficients for both time
variant and time invariant predictors. Use of a deep tubewell as the primarg eburc
household drinking water is the predictor of interest. Additional time invariant pyeslict
included in the model are maternal education, SES, and latrine and population density. The
model also includes time variant controls for the number of children under fivevara g
household, and a dummy for year to capture the effect of time on decreasing indidlence

statistical analyses were carried out using Stata 11.0 (StataCorp. 2007).
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Results

Of the 543 households within the study area, a subset of 179 obtain drinking water
from a deep well located at a median distance of 41 meters (Figure 6.1). diae distance
to the nearest deep tubewell of 153 meters for the remaining 364 households indicates that
this was probably a factor in their decision to use a private shallow tubewethd2ia
incidence was lower for households drinking from a deep well compared to those drinking
from a shallow well in 2005 and 2006. The key feature for this analysis is the proportional
decrease in diarrhea incidence between 2005 to 2006 which was nearly twice as large f
households using a deep tubewell.

A total of 122 diarrhea cases were reported between 2005 and 2006. The difference in
the outcome mean (0.13) and variance (0.17) suggests that a negative binomialioisisibut
appropriate for these data. The negative binomial random effects model includes
observations for 543 households, with an average of 1.3 children. The model is restricted to
households with children under five present during the study period. The model is
unbalanced due to children aging in and out of the community diarrhea survey, thus
households contribute one or two observations over the two year period and a total of 927
observations are included in the model.

Results for the random effects negative binomial model are displayed in Table 6.1.
Coefficients were exponentiated to report incident rate ratios (IRR). \hiience rate
ratios of one indicate no effect of an independent variable, incidence rateofatims/e one
indicate positive and below one negative effects. The risk of diarrhea incidgnifieantly
decreased for households using a deep tubewell (IRR 0.541). Thus households using a deep

tubewell had a 46% lower risk of diarrhea than households using a shallow tubewell,
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controlling for number of children under five, and holding all other variables constant.
Household maternal education was marginally significant (p value < 0.1) suggéstian
increase in education is associated with a decrease in diarrhea. Controés,fboysehold
SES, maternal education, and population and latrine density were not significant. The
findings from the random effects negative binomial are consistent with thevatiserthat
diarrhea incidence is lower and decreasing more rapidly for households using a deep
tubewell.

Table 6.1. Random effects negative binomial regression results filre association between
childhood diarrhea and deep tubewell use in 2005-2006

Predictors IRR 95% ClI P value
Deep Tubewell Use 0.541 0.308 0.949 0.032*
Children Under 5 1.988 1.434 2.755 0.000***
Maternal Education 0.932 0.858 1.012 0.094
SES 0.983 0.840 1.151 0.835
Latrine Density 0.977 0.882 1.082 0.650
Population Density 0.999 0.987 1.012 0.911
Year 1.371 0.914 2.058 0.128

Significance values: 0.0001 *** 0.001 **' 0.05 **
Number of Observations = 927
Number of Households = 543

Discussion and implications

The overall decline in the incidence of childhood diarrhea from 2005 to 2006 is
dramatic but beyond the scope of this analysis (Figure 6.2). The main result préseatis

that obtaining drinking water from a deep public well is associated withn#icat
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reduction in diarrheal disease in children undeg,feven if that well was typically furth
away than the household’s own wiLess convenient access to the main source of cigr
water, or potentially longer storage of drinkingterawithin the home, as result of using di
well evidently did not have a major impact on di@al diseas(83). One possibls
explanation is that household wells, regardlegb@f As content, continue to be used
personal hygiene (3Although this would have to be determined mogenously, it appear
that themicrobial quality of lov-As water pumped from deep public wells might behbit
than that of shallower household wells. The redsothis is not entirely clear but might
related to the protective effect of greater sepamaif deeper wells from thd¢rong surface
sources of microbial contamination such as latrares pondy(78, 81).

Figure 6.2.Comparison of the average annual incidex of diarrheal disease with children unde
five in 2005-06 forthe six study villages
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The practical implication of our finding is thaketimstallation of 165,000 deep we
through the country to reduce As exposure may hadethe added benefit of decreas
exposure to microbial pathogens. Given the high of a deep well, it is unlikely that maui

will be installed privately in the future. The atien raised, therefore, is whether e
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households with shallow wells that are low in As should instead use deeper publiaswells
their main source of drinking water. Before making such a recommendation, hpivsver
important to consider that deep public wells should be periodically tested for Asmiltiee li
time series data available indicate that As concentrations in groundwateeginom deep
public wells remain low in the vast majority of cases, but a small yetisgmifproportion is
likely to fail over time due to broken or disconnected PVC pipes (112). Even a modest failure
rate of 5% translates into a total of more than 8,000 deep public wells throughout the countr
that a population of 2,000,000 should not be drinking from, assuming conservatively that 250
villagers on average drink from deep public well (100).

The main limitation of this study is the limited number of households and deep public
wells that were considered. By asking households if they use a deep tubewetl as thei
primary source of drinking water, the analysis of the available diarrheakdisata could be

expanded to all 142 villages of Matlab.
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CHAPTER 7

CONCLUSION

This research provides evidence that the interaction between human behaviors and the
environment can expose individuals to diarrhea pathogens. Interactions between human
biology, behaviors, and the natural and built environment are dynamic and continuous.

The decision to drink water from shallow wells surrounded by unsanitary latrines or the
continued practice of rinsing dishes or bathing in ponds surrounded by failing latrines
increases an individual's risk of diarrhea. The built environment is constructesidsnte
and varies based on SES, preferences, and is influenced by policy.

The overarching finding of this research is that the slower improvements to the
sanitation infrastructure compared with improved water resources is an impanéibutor
to childhood diarrheal disease. Poor sanitation exposes individuals to fecal pathoges throu
various avenues. In Chapter 2 we saw that not only the proximity of latrines tcetisoleut
also the quality of latrines is predictive of shallow tubewell water qualitg.significance of
this finding is that it suggests that surface contamination from unsanitangsatr
compromises drinking water quality at the point of collection. Additionally, whil&\tk&
recommends that tubewells be placed a minimum of 10 m from a latrine to prevent
contamination, the relationship is much more complex. Beyond placing latrineatair gre
distances from tubewells, maintaining the latrine structure is also impadaanitary

latrines in close proximity to tubewells were not predictive of microbiaiasuination.



These findings have important health implications. During the 18 month sampling iperiod
this study, all 92 survey wells were contaminated W&itboli at least once. While the levels

of E. coli often placed people in the low risk category of diarrheal disease transmission (28)
drinking water contaminated at the source is more likely to have higher levetsabf f
contamination after storage increasing risk of ingesting fecal path(@@n3 he

contribution of point source contamination to diarrheal diseases in Bangladeshsrem
unclear however results from this study suggest that increased letelsobfin shallow

tubewell water are associated with childhood diarrhea.

Findings presented in Chapter 4 further demonstrate the importance of improved
sanitation. Children living in neighborhoods where open latrines are used in conjundtion wit
septic latrines are more likely to experience diarrhea. Additionalk/nivi only the use of
septic latrines that is protective, but having a larger number of latrindefaetghborhood
population is also protective. The increased risk of diarrhea associated with wylee pe
sharing a latrine could be caused by overflowing septic latrines rgsfittim overuse. We
see in Table 4.1 that sufficient sanitary latrines and sufficient totaldat(including open)
are not as protective as simply having enough septic latrines for all resieheaddition,
children living near bathing ponds surrounded by latrines leaking waste into the pond
drainage basin experience more diarrhea. These results suggesstimpdrtant to: 1)
abandon the use of open latrines, and 2) to increase the proportion of sanitarpise@sc |

In Chapter 6 we see that one possible way of dealing with a limited sanitation
infrastructure is to obtain drinking water from deep tubewells. This analysis deatesishe

importance of policy implementation in preventing diarrheal disease. Whigegithary role
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of the installation of deep public tubewells was to provide arsenic-free graterghan
unanticipated benefit of an additional protective effect for diarrhea trasismisxists.

While sanitation and hygiene practices such as hand-washing and watge stera
important for estimating diarrheal disease risk (3, 111), the quality obtheesof water
remains integral for ensuring safe drinking water (83). Our findings sttige deep
tubewells are protective, however further development of the deep tubevadtinéture in
rural Bangladesh requires several considerations. Increased meolivef NGOs and the
government is needed as it is not economically feasible for most rural Bastgltadrilies
to install deep tubewells (58). Community training on deep tubewell maintenarse is al
needed to avoid unsafe practices such as priming with water from a coniéghsoarce
(108). The sustainability of deep groundwater quality must also be evaluated (100).
Groundwater flow modeling of the Bengal basin suggests that deep irrigation pumpuhg coul
induce downward flow from high arsenic regions resulting in deep groundwater As
contamination (113, 114). However, these studies also suggest that deep hand-pumped wells
could provide As free water for hundreds of years if use is restricted to doswgstly (113,
114). If deep groundwater quality is sustainable, deep tubewell interventions could
potentially target low As regions with poor water quality and high diarrhea moeddt is
possible that the findings to this research could be extrapolated to simat@ohsdout
several factors need to be considered including climate, geology, and watenitattbea
infrastructure. More importantly, this study provides a framework for amil
interdisciplinary research involving field data collection.

Additional interventions to provide safe drinking water were initiated in Matla

Bangladesh. The first is a community piped water supply where watdrastex from the
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deep aquifer (800 ft), providing households with water that is drawn from a faucetthreside
home twice a day. This system currently serves two villages in Matlalprojeet was
funded by ICDDR,B and the Bangladesh Rural Advancement CommitteeGB&#l the
community is responsible for maintaining the quality of the structure and phgrsglary
for two staff members. While this is an effective form of obtaining a safersupply, and
residents are happy with the system, villages with low SES are unablertbaaEommunity
piped water supply. This suggests that water and sanitation interventions magsealyon
community SES and affordable alternatives are needed. A recently develepeatiae
providing a safe water supply is the use of a water purification mixturetheéeund
effective in reducing diarrhea (93). The mixture can purify up 15 | of surface atzd time
and is inexpensive. It is unknown whether this practice will become widespreadniayt i
provide an alternative method for purifying water where sanitation is poor and & |

This research demonstrates how disease ecology provides a holistwdrértieat
can guide interdisciplinary research and geographic methods including fikldwor
Interdisciplinary work can help move the field of medical geography forwsastugies arise
incorporating spatial data and both social and environmental data. By incorporating
hydrological, spatial, health and demographic data it was possible to explore ptadgiosani
influences on shallow tubewell water quality. This analysis is an importanafgars
research because it demonstrates how the built environment can affect driatengnd
consequently affect health. This would not have been possible without interdisciplinary
collaboration, providing access to groundwater data.

Fieldwork conducted for this research was also an important component shat wa

guided by the disease ecology framework. Beyond providing the necessalydaiat field
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observations provide insight into details of daily life that would otherwise go unnoticed.

These observations informed my hypotheses, methods, and interpretation of Gesults

important observation was that some households chose to walk longer distances to use a deep
tubewell rather than a nearby low arsenic shallow tubewell. Exploring thecpveteffect of

a deep tubewell arsenic intervention was possible because specific househaidsyobta

drinking water from deep tubewells were identified.

Another important field observation that informed this research was the notable
difference in household SES in areas using open latrines. One of the six vilpgased to
be significantly poorer and had the greatest number of open latrines. This onepte
explore the relationship between diarrheal disease and types of latrinégafyec
neighborhood open latrines. The non-significant relationship between latrine pondmedun
diarrheal disease presented in Chapter 4 was unexpected. | initiallyesk|zahe ponds to
function as an indicator of poor neighborhood sanitation and increase the likelihood of
children coming in contact with human waste. However, it was not apparent thagrchildr
interacted with these ponds. Bathing pond count was a positive predictor of didiskaae
however because children interact with these ponds. This field survey could provide an
example for future field surveys conducted in similar areas.

Limitations and Future Direction

Additional research is needed to better understand the extent at which consumption of
contaminated shallow tubewell water influences diarrheal diseasetsaitn. The main
limitation of this study is the lack of diarrhea data available for householaiioigt
drinking water from survey wells (Chapter 2). The study was restrict8d households and

12 months of data. Findings suggest that a relationship exists between ngyfeasii
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contamination and diarrhea, however research with a larger sample size wbalteheial.
The community level diarrheal disease survey is ongoing providing an opporturfityuia
research. One possibility is to identify additional households obtaining drinkieg fr@m
survey wells and incorporate these households into the community level diarrhea l$urvey
additional households are incorporated into the study and monthly groundwater samples
continue to be collected it would be possible to analyze the relationship between monthly
diarrheal disease and monthly tubewell contamination levels. This would provide a more
accurate representation of the relationship between diarrheal disease nvdtsbawell
water.

Another potential area for future research is conducting a more detailetghadhd
survey. Asking households to identify specific ponds they use for bathing and otiaer dail
practices could provide a clearer picture of how surface water qualitgmces diarrhea
transmission. Additionally, incorporating microbial surface watermpsasifrom bathing
ponds would help identify any fluctuations in diarrhea associated with varyirg tdve
surface water contamination.

This research explored the ecology of childhood diarrheal disease at acatrschle
accounting for household and neighborhood level influences. While predictive factors were
identified at these scales, it is possible that 'upstream' factaatsarmfluential and should
be considered in future research. The importance of understanding thelpaddiogy of
diarrheal disease may rise as concerns over the amount of groundwasatedth st
Bangladesh increase. The current rate of groundwater being drawghbut Bangladesh
for irrigation and urban water supplies is not sustainable (115). As the goveimecemes

more involved in response to these concerns, policy changes regarding groundwater
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consumption will make it necessary to explore diarrheal disease tramsmising both
disease ecology and political ecology frameworks.

As we 2015 it is unclear whether the safe water and sanitation accessimih
development goal will be met. Strong efforts have been made by the govern@es add
residents of Bangladesh to improve access to improved drinking water soulaege shift
from open or hanging latrines to more sanitary septic latrines has also dcbomwever this
shift has been much slower. This research suggests that this uneven shifias a lar
contributor to endemic childhood diarrhea in Bangladesh. This study explored ttie effe
poor sanitation using various approaches and the results suggest thesereffmt£aough.
While there are notable improvements more needs to be done to ensure that all teswents
access to improved sanitation and drinking water and that the use open and unsanitary
latrines is abandoned. As the shift to groundwater from surface water wasumeagksal in
Bangladesh, a universal shift to improved sanitation is also needed to reatulcead

disease incidence.
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