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Objectives. Although the burden of diarrheal disease resulting from inade-
quate water quality, sanitation practices, and hygiene remains high, there is little
understanding of the integration of these environmental control strategies. We
tested a modeling framework designed to capture the interdependent transmis-
sion pathways of enteric pathogens.

Methods. We developed a household-level stochastic model accounting for 5
different transmission pathways. We estimated disease preventable through water
treatment by comparing 2 scenarios: all households fully exposed to contami-
nated drinking water and all households receiving the water quality intervention.

Results. We found that the benefits of a water quality intervention depend on
sanitation and hygiene conditions. When sanitation conditions are poor, water
quality improvements may have minimal impact regardless of amount of water
contamination. If each transmission pathway alone is sufficient to maintain
diarrheal disease, single-pathway interventions will have minimal benefit, and
ultimately an intervention will be successful only if all sufficient pathways are
eliminated. However, when 1 pathway is critical to maintaining the disease, pub-
lic health efforts should focus on this critical pathway.

Conclusions. Our findings provide guidance in understanding how to best reduce
and eliminate diarrheal disease through integrated control strategies. (Am J Public
Health. 2007;97:846–852. doi:10.2105/AJPH.2006.086207)
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In the developing world, more than 1 billion
people continue to lack an adequate supply
of clean water and adequate disposal of exc-
reta.1 Such statistics explain why the overall
global burden of water-, sanitation-, and
hygiene-related disease remains high2,3 even
though oral rehydration therapy has led to
reductions in mortality.4 Despite this demon-
strated need for water, sanitation, and hy-
giene improvements,3 our understanding of
integrated control strategies remains poor.
Part of the reason is that most intervention
studies have examined 1 intervention in iso-
lation without considering other potential
pathways of transmission.

There is increasing evidence that the effi-
cacy of household water quality interventions
depends on the level of sanitation within the
targeted community.5–7 This dependency
may explain why, although many household-
level water quality intervention studies have
shown impressive reductions in health bur-
den,8 results have been highly variable. Some
studies have shown reductions as high as
85%, and others have shown no reduction.
Moreover, estimates of disease reduction
may be inflated because of publication bias
(positive results are more likely to be pub-
lished than are negative results), lack of blind-
ing (a study design feature in which partici-
pants do not know whether they are involved
in the intervention or nonintervention arm of
the study; only 1 of the 15 developing coun-
try studies reviewed by Fewtrell et al.8 were
blinded), and lack of randomization (only 5
of the 15 studies reviewed by Fewtrell et al.8

were randomized).9

These interpretive challenges arise in part
because enteric pathogens are transmitted
through a complex set of interdependent path-
ways, including both contaminated food and
water along with household- and community-
level person-to-person routes; these various

pathways have been codified in the F diagram,
which classifies transmission pathways as
mediated through food, fingers, fomites, flies,
and so on10 (see Bern et al.,11 Huttly et al.,12

and Curtis et al.13 for reviews). The exposure
factors summarized in the F diagram (e.g., gen-
eral hygiene behaviors,14,15 fecal contamina-
tion,16–18 food contamination,19 and drinking
water storage practices19) as well as more dis-
tal factors (e.g., day-care centers20 and socio-
economic factors21,22) are important to our
understanding of these pathways.

Water may be contaminated through
runoff and may expose individuals through
drinking water or recreational, bathing, or
washing activities, and food may be contami-
nated either through infected animals or from
contact with contaminated water or soil. In-
adequate hygiene may result in contamina-
tion of fomites in common living spaces23;
infection may then be transmitted in many
ways (e.g., through exposures in day-care cen-
ters or through sexual activity). Soil may be

contaminated through improper management
of excreta (poor sanitation). Cairncross et al.24

extended the F diagram by differentiating be-
tween infection transmission within house-
holds and within the public domain.

Other studies have addressed the interac-
tion between different transmission path-
ways, suggesting that the risk associated with
water contamination depends on the level of
community sanitation.5,7,25 Although implic-
itly assuming that level of community sanita-
tion modifies the association between water
contamination and diarrheal disease, none of
these studies have addressed the observation
that the multiple transmission pathways and
contagious nature of pathogens result in
risks that are dependent on the disease sta-
tus of the community.26–29 Many enteric
pathogens can be transmitted from infectious
human excreta to susceptible humans either
directly or indirectly through the environ-
ment, and thus they are sustained through
chains of transmission that may pass through
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FIGURE 1—Diagram illustrating potential transmission routes for enteric (waterborne)
pathogens (a) and how indirect exposure to contaminated drinking water can occur as a
result of the multiple and interdependent nature of exposure pathways (b).

combinations of pathways. The importance
of each pathway depends on the pathogen
and specific environmental conditions, and
the efficacy of any given exposure-specific
intervention strategy depends on the level of
pathogen exposure from other pathways.

We used simulation modeling to evaluate
the effectiveness of water quality interven-
tions under varying community sanitation
and hygiene conditions, explicitly acknowl-
edging that rates of infection depend on num-
bers of current and past infections. We char-
acterized the specifics of this dependency by
explicitly modeling transmission pathways, in
effect yielding a dynamic version of the F dia-
gram. Specifically, we determined (1) how
the efficacy of water quality interventions de-
pends on the level of both household- and
community-level transmission and (2) the
conditions under which water quality inter-
ventions, hygiene and sanitation improve-
ments, or both are effective in reducing the
burden of disease in a community.

METHODS

Community-Level Model
In constructing our model, we assumed that

enteric pathogens can survive in the environ-
ment outside of a host; this fact dictates the
possible pathways a waterborne pathogen can
exploit in completing its transmission cycle
(Figure 1a). Because infectious diseases are
transmissible, unlike many other conditions
studied in analytic epidemiology, individuals
may be indirectly at risk of an environmental
exposure; for example, cohort A may be in-
fected with a pathogen as a result of exposure
to contaminated water (a water quality issue)
and in turn may transmit this pathogen to co-
hort B through a food, hygiene, or sanitation
pathway (Figure 1b). In this manner, hygiene
and sanitation can modulate the effects of
drinking water contamination, and likewise
drinking water contamination can modulate
the effects of poor hygiene or sanitation.

The model used in this study was a
household-level model incorporating 5 trans-
mission pathways (Figure 2). First, between-
household transmission accounts for the
movement of pathogens from an individual in
one household to an individual in another
household. This transmission can occur in

communal settings (e.g., washing in rivers or
schools) or in settings where a family member
contaminates his or her hands in the commu-
nity and brings that contamination into the
household. Second, within-household trans-
mission accounts for the movement of
pathogens between 2 individuals residing in
the same household. The magnitude of this
transmission pathway is generally thought of
as a function of hygiene.

Third, household-to-water transmission
accounts for the contamination of water be-
cause of the inappropriate disposal of feces.
The magnitude of this pathway is generally
thought of as a function of sanitation and is
often addressed through building latrines.
Fourth, water-to-household transmission ac-
counts for the movement of pathogens to hu-
mans as a result of exposure to pathogens in
drinking water. Improving water quality con-
trols this pathway. Finally, external transmis-
sion of pathogens to the community from an

outside source accounts for pathogen intro-
duction from upstream water flow, contami-
nated food, or an infectious individual ex-
posed outside of the community. Any of the
arrows linking households in Figure 2 can
move through any of the paths shown in
Figure 1.

A prominent feature of this model struc-
ture is that transmission pathways are interde-
pendent; for example, the rate of infection
from exposure to contaminated water affects
the rate of within- or between-household
transmission. Likewise, the rate of within- or
between-household transmission affects the
rate of pathogens shed into the environment
by infectious individuals. Thus, as transmis-
sion from person to person increases, the con-
centration of pathogens in the water in-
creases, which in turn increases the risk of
exposure to contaminated water. The dy-
namic process represented in this relationship
is not accounted for in the standard risk
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Note. βc = between-household transmission; βd = within-household transmission; φ = contamination of water; βdw = exposure from contaminated water; βe = other sources.

FIGURE 2—Schematic for a household-level infection transmission model.

models predominant in epidemiology,
wherein risk of infection from 1 transmission
pathway is assumed to be independent of rate
of infection from other pathways. To repre-
sent this conceptual model in a mathematical
framework, we used a discrete-event stochas-
tic model (a model that estimates probability
by allowing random variation in 1 or more
variables over time) structure at the house-
hold level.29–31

We used 3 model-state variables, Si , Ii , and
Ri , representing the numbers of susceptible
individuals, infectious individuals, and individ-
uals immune to further infection, respectively,
for household i. For illustrative purposes,
we chose to model a pathogen that confers

complete immunity, a property that many
types of enteric viruses share. In addition, Ni

and N represent the total number of people
living in household i (Ni = Si + Ii + Ri ) and in
the community (N = Σi Ni ), respectively.

Seven model parameters require identifica-
tion: ρ, the per individual recovery rate; φ, the
rate at which infected individuals shed viable
pathogens into the water supply; µ, the mor-
tality rate for pathogens in the water supply;
r, the risk of infection per pathogen exposure;
ε, the number of pathogens in the environ-
ment, not from drinking water but from other
sources such as food; βh , the within-household
rate of transmission; and βc , the between-
household rate of transmission standardized

according to the total community population
(Table 1). In addition to these final 2 transmis-
sion rate parameters, the model included the
rate of transmission from the environment
(other than water), βe = rε, and the rate of
transmission from water, βdw = rW(t ), where
W(t ) is the number of waterborne pathogens
at time t.

On the basis of these state variables and
parameters, 5 events are possible: (1) recovery
from infection, (2) secondary infection from
someone inside the household, (3) secondary
infection from someone in the community,
(4) infection from an environmental source
other than drinking water, and (5) infection
from drinking contaminated water. The first 4
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TABLE 1—Parameter Values and Units Used in the Simulation Analysis

Parameter Values Units

ρ 10 Days

φ {0, 0.5, 1.0, 1.5, 2.0} Pathogens/person/day

βc {0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.06, 0.1} No. of transmission events/infected individual

βh {0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.06, 0.1} No. of transmission events/infected individual

ε 30 Pathogens

µ 1 Pathogens/day

r 0.000002 Infections/pathogen

Note. ρ = recovery rate; φ = rate at which infected individuals shed pathogens into the water supply; βc and βh = between-
and within-household transmission rates; ε = level of environmental contamination; µ = pathogen die-off rate in the water
supply; r = risk of infection per pathogen exposure.

events are assumed to occur in an exponential
waiting time pattern; that is, rates remain con-
stant between events in which the numbers of
infected individuals change. The hazard for an
infection event resulting from drinking water is
dependent on the total number W(t ) of viable
pathogens in the water at a specific time; mod-
eling the number of pathogens by a differen-
tial equation led to a time-dependent hazard
for water-related infections (shown in the on-
line supplement to this article).

Simulation Analysis
In this simulation, we chose to use an

event-driven model in which recovery and in-
fection events are scheduled for each house-
hold, assuming a simple Poisson process32,33

(details are presented in the online supple-
ment to this article). We ran simulations using
all combinations of φ, βc , and βh , for a total
of 320 (5 × 8 × 8) parameter sets. To esti-
mate the efficacy of a water quality interven-
tion, we examined 2 scenarios: all house-
holds were either fully exposed to
contaminated drinking water (A=0) or all
households received the water treatment in-
tervention (A=1).

We then defined the fraction of disease
preventable through water treatment, known
as the preventable fraction, as (IA = 1 − IA = 0)/
IA = 1, where IA = 1 and IA = 0 represent the cu-
mulative incidence estimates from the scenar-
ios in which (1) there was no intervention
and individuals were exposed to contami-
nated water (A=0) and (2) a water quality
intervention was implemented completely
protecting the population from exposure to

contaminated water (A=1). Simulations were
repeated 10 times for each parameter set and
for both exposed and unexposed scenarios,
resulting in a total of 6400 (320×2×10)
simulations. Table 1 summarizes the values
for the 7 parameters used in the simulation.
We conducted all simulations and analyses on
a Pentium III PC using MATLAB (Mathworks,
Natick, Mass).

RESULTS

The fraction of disease preventable through
water treatment varied from a few percentage
points to more than 75%. This variation was
completely explained by 3 transmission path-
ways: water contamination (φ), household
transmission (βh ), and community-level (or
between-household) transmission (βc ; Figure 3).

When water contamination levels were
low, the preventable fraction associated with
water treatment was small. This was true re-
gardless of household or community transmis-
sion levels, as depicted by the light contours
in Figure 3a (note that the contour patterns
shown in Figure 3a ranged from −8.3% to
7.2% and that this range was because of sto-
chastic variation in the model simulations). In
general, as the level of water contamination
increased, so did the preventable fraction, as
depicted by the darker contours; however, for
higher levels of contamination, the predicted
preventable fraction was also a function of
transmission levels (Figure 3b–e).

When transmission values were high (βc

and βh > 0.06), the preventable fraction was
small regardless of the level of contamination

(Figure 3b–e, upper right-hand corners). The
findings shown in Figure 3b–e can be inter-
preted by considering 3 questions: (1) When
there are zero to low levels of community
transmission (βc < 0.01), how does household
transmission affect the preventable fraction?
(2) When there are zero to low levels of
household transmission (βh < 0.01), how does
community transmission affect the preventa-
ble fraction? (3) When there is a high level of
community transmission (βc > 0.08), how
does household transmission affect the pre-
ventable fraction? We discuss each of these is-
sues in turn.

In the case of zero to low levels of commu-
nity transmission, we found that whenever the
household-level transmission rate increased,
the preventable fraction also increased. That
is, when there was little community transmis-
sion, household transmission acted primarily
to amplify the waterborne process, which was
the target of our intervention; in addition,
each time a waterborne case was directly
prevented, all of the household cases that
would have resulted from it were also
prevented—resulting in a higher preventable
fraction. Yet, no matter how high the house-
hold transmission level is, it cannot result in
self-sustained endemic conditions. In this
sense, it does not represent a competing path-
way; in the absence of community transmis-
sion, we found that increased household trans-
mission always corresponded to a higher
preventable fraction.

Conversely, in the absence of household
transmission, we discovered that increased
community transmission resulted in an en-
tirely different qualitative pattern. In the
case of low levels of household and commu-
nity transmission, we found that as commu-
nity transmission began to increase, the pre-
ventable fraction (Figure 3c–e) increased at
first but eventually decreased. When com-
munity transmission levels alone were too
low to sustain endemicity, each case of wa-
terborne disease resulted in a finite chain of
cases, and the same amplification mecha-
nism observed for household transmission
acted here to increase the preventable frac-
tion as well. Eventually, however, commu-
nity transmission alone was able to sustain
endemic conditions and became an entirely
sufficient competing pathway, partially
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Note. Each contour plot involves a different contamination rate (φ): 0 (a), 0.5 (b), 1.0 (c), 1.5 (d), and 2.0 (e).

FIGURE 3—Contours of preventable fractions associated with improving water quality for different rates of household-level and community-level
transmission.

replacing water contamination as a source of
infection and reducing the effectiveness of
the intervention.

Finally, we found that when community-
level transmission rates were high, increasing
household transmission levels actually re-
duced the preventable fraction as well, in
contrast to the case of zero to low levels of
community transmission, in which increasing
household transmission increased the pre-
ventable fraction. This occurred because
household transmission amplified community
transmission as well as waterborne transmis-
sion. When household transmission increased,
the ability of community transmission to sus-
tain endemic infection levels also increased.
Under these conditions, in which household
transmission contributed to a competing
sufficient process, Figure 3 suggests that
household transmission’s amplification of

community-level spread outweighs its amplifi-
cation of water-related cases.

A parametric sensitivity analysis suggested
that the qualitative features of Figure 3c are
robust to varying assumptions of pathogen
die-off rates in water (as described in the
online supplement to this article). In addition,
these features seem to be robust to varying
assumptions of infectivity, duration of infec-
tiousness, and levels of contamination in the
environment.

DISCUSSION

Public health policy recommendations are
urgently needed to provide guidance for de-
veloping countries on how to make informed
decisions regarding the most effective inter-
ventions for lowering the incidence of diar-
rheal diseases. Although promotion of oral

rehydration therapy has resulted in significant
decreases in mortality, enteric pathogens con-
tinue to cause a substantial disease burden.3

Environmental interventions, consisting of
water quality, sanitation, hygiene, and food-
based interventions, remain as crucial tools in
further decreasing disease burden.

Integrative Intervention Strategies
Much is known about the natural history of

infection transmission and the basic risk fac-
tors associated with disease, but little is
known about how different transmission path-
ways interact to determine the ultimate effi-
cacy of an intervention. VanDerslice and
Briscoe7 provided observational data on the
interaction between sanitation and water
risks; Esrey showed a similar effect using De-
mographic and Health Surveys data,5 as did
Gundry et al.6 in summarizing previously
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published intervention trial results. The range
of efficacies seen in water intervention trials
illustrates that when sanitation levels are
poor, water quality projects may have
minimal public health effect.

Our model provides a framework for
understanding how to develop and assess
public health interventions that seek to re-
duce diarrheal disease. In particular, we
modeled how environmental-, household-,
and community-level transmissions interact
to determine intervention effectiveness and
how this interaction can explain differences
in the efficacies that have been observed for
water quality interventions.

Our analysis quantifies the public health
effect that can be obtained by intervening on
1 transmission pathway, for example, water
quality, and shows how this effect depends on
the magnitude of other transmission pathways
such as those associated with sanitation and
hygiene, a finding consistent with previous
studies. Specifically, when community sanita-
tion is poor, water quality improvements may
have minimal impact, regardless of the
amount of water contamination. Under these
conditions of high community transmission,
community-level sanitation must be consid-
ered a necessary intervention and possibly a
sufficient one depending on the level of
water contamination.

Unfortunately, strikingly few sanitation in-
tervention studies are available to test the hy-
potheses generated in this model analysis.8

Additional health impact studies are needed
to examine the role of sanitation in transmis-
sion, and future intervention designs need to
consider the various pathways of transmission
to better identify the set of interventions that
are necessary and sufficient to lessen the bur-
den resulting from diarrheal diseases.

Interpretation of Findings
When 1 pathway is critical to maintaining

diarrheal disease, public health efforts should
focus on this critical pathway, whether it in-
volves improvements in water quality, sanita-
tion, or hygiene. Under conditions in which
each pathway alone is sufficient to maintain
disease at high levels, however, single-path-
way interventions will have minimal benefit,
and ultimately an intervention will be success-
ful only if all of the sufficient pathways are

eliminated. To validate this concept, future in-
tervention designs should therefore stratify
treatment groups according to the intensity of
transmission of alternative pathways.

For example, a water quality intervention
might stratify treatment assignment according
to communities with poor versus good sanita-
tion. This design would provide important
information on the degree to which benefits of
water quality interventions will vary depend-
ing on sanitation conditions, a hypothesis put
forth in our model analyses as well as a vari-
ety of other studies.5–7 It should be kept in
mind that these model analyses serve only as
guides to optimal intervention strategy design.
Ultimately, any intervention strategy must be
developed in the context of the perceived and
actual needs of the target population.

In our current model structure, hygiene
and sanitation are broadly defined as prac-
tices associated with transmission within
households and between households. A more
detailed model structure is needed to inform
specific interventions such as those targeted
toward hand washing, water storage, or keep-
ing a house clean. The broad definitions used
here, however, illustrate the interdependen-
cies of transmission pathways.

Increasing transmission can either amplify
or attenuate risks, depending on the outcome
of interest and on levels of transmission.27,29,34

Attenuation occurs when transmission places
unexposed populations indirectly at risk.34 In
our scenario, this takes place through commu-
nity transmission, in which unexposed house-
holds (those with water treatment) can place
exposed households (those without water
treatment) at risk. Thus, community transmis-
sion will attenuate the efficacy of a water
quality intervention, because indirect cases
may not share the same treatment device as
their index cases.

Alternatively, amplification of risks occurs
through chains of transmission events that
multiply the effect of an exposure event.27

In our scenario, this takes place primarily
through household transmission, in which, for
any given household that is exposed to water
contamination, transmission within the house-
hold will amplify risk. Amplification of risk
can also occur through community transmis-
sion among households with the same treat-
ment assignment.

The causal link between infectious individ-
uals and susceptible individuals, generally
mediated through environmental and social
processes, involves a network of contacts.
These network contacts include a number of
important population-level features, such as
the effect of community sanitation on risk,
that are missed by an individual analytic ap-
proach; that is, a system-level perspective is
needed when risks manifest themselves
within a causal web of multiple and interde-
pendent social, economic, biological, and
environmental processes. In the case of en-
teric pathogens, these interdependent path-
ways are a result of both the ability of the
pathogens to exploit a variety of exposure
pathways and their contagious properties that
place susceptible individuals at risk of infec-
tion from infectious individuals (Figure 1).

Although the specific model we analyzed
was designed to examine the presence of a
single generic enteric pathogen and to focus
on a single community, it can be adapted to
examine specific pathogens within specific
contexts either at a community or a regional
level. The transmission properties we assessed
were robust to changing demographic and bi-
ological attributes of the transmission process.
These changes may alter the quantitative as-
pects of transmission dynamics, but the quali-
tative features remain, and the methods we
developed can be extended to assess the effi-
cacy of an integrated control and prevention
strategy in a particular setting.

Conclusions
Our analysis contributes to the dialogue on

how to develop optimal integrated control
strategies by providing insight into the causes
of the variability observed in the effective-
ness of different interventions; for example,
differing baseline sanitation, hygiene, and
water quality conditions may be sufficient to
explain observed variations across water
quality studies. Further simulation studies
can extend the methods we have developed
to address more detailed control strategy is-
sues such as assessing the impact of specific
sanitation and hygiene interventions in isola-
tion and in combination with water quality
interventions. We believe that simulation
methods such as those described here will
provide important guidance in efforts to
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understand how to best reduce and eliminate
needless infections and deaths due to diar-
rheal disease.
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