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Environmental change plays a large role in the emergence of
infectious disease. The construction of a new road in a previously
roadless area of northern coastal Ecuador provides a valuable
natural experiment to examine how changes in the social and
natural environment, mediated by road construction, affect the
epidemiology of diarrheal diseases. Twenty-one villages were
randomly selected to capture the full distribution of village population size and distance from a main road (remoteness), and these
were compared with the major population center of the region,
Borbón, that lies on the road. Estimates of enteric pathogen
infection rates were obtained from case-control studies at the
village level. Higher rates of infection were found in nonremote vs.
remote villages [pathogenic Escherichia coli: odds ratio (OR) ⴝ 8.4,
confidence interval (CI) 1.6, 43.5; rotavirus: OR ⴝ 4.0, CI 1.3, 12.1;
and Giardia: OR ⴝ 1.9, CI 1.3, 2.7]. Higher rates of all-cause diarrhea
were found in Borbón compared with the 21 villages (RR ⴝ 2.0, CI
1.5, 2.8), as well as when comparing nonremote and remote
villages (OR ⴝ 2.7, CI 1.5, 4.8). Social network data collected in
parallel offered a causal link between remoteness and disease. The
significant and consistent trends across viral, bacterial, and protozoan pathogens suggest the importance of considering a broad
range of pathogens with differing epidemiological patterns when
assessing the environmental impact of new roads. This study
provides insight into the initial health impacts that roads have on
communities and into the social and environmental processes that
create these impacts.
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T

he more public health scientists learn about infectious disease
processes, the more they can implicate environmental changes
in the recent emergence or reemergence of infectious diseases
(1–3). Given the increasing number of emerging pathogens recently
identified, there is an urgent need to understand how environmental change influences disease burden. Such changes are potentially
more visible in places where they have been caused by human
activity, such as construction of dams, pipelines, and roads. Anthropogenic environmental changes that cause populations to move
and settle in new ways can provide the opportunity to observe the
relationship between environmental change and disease transmission. Where such environmental changes are unevenly distributed
across a region, thereby producing the conditions of a natural
experiment, these relationships can be observed easily and systematically. The construction of a new road in a previously roadless area
in northern coastal Ecuador provides just such a natural experiment
to examine how changes in the social and natural environment,
mediated by road construction, affect the epidemiology of diarrheal
diseases.
Various studies have examined the impact of road construction
on disease incidence (4). For example, the building of the TransAmazon Highway was associated with an increase in malaria (5, 6).
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These increases in incidence were attributed to the presence of
water pools created by road construction practices. More recently,
a study in the Peruvian Amazon indicated that mosquito biting rates
are significantly higher in areas that have undergone deforestation
and development associated with road development (7). Analogously, a study in India measured a higher prevalence of dengue
vectors along major highways than elsewhere (8). Studies in Uganda
suggest that the main road linking Kenya to Kampala has higher
proportions of HIV-positive women working in bars and HIVpositive truck drivers than does the surrounding area (9). In general,
transportation changes mobility and circulation of humans, which
can affect the incidence of sexually transmitted diseases (10), as well
as health-care-seeking behavior (11, 12). As opposed to sexually
transmitted diseases, fecal–oral pathogens can survive outside of
the human host and therefore will behave differently under environmental changes. Some studies have suggested that remote
villages separated by large distances are less able to sustain transmission of certain fecal–oral pathogens, such as amoebas and
rotavirus (13–15). The impact that environmental changes from
road construction have on these diarrheal diseases remains largely
unexplored and unknown, despite the fact that diarrheal diseases
remain a major cause of mortality among infants and children under
5 years of age (16).
In 1996 the Ecuadorian government began a road construction
project to link the southern Colombian border with the Ecuadorian
coast. A two-lane asphalt highway was completed in 2001, spanning
100 km across the southern end of the Chocó rainforest near the
Pacific Ocean. Secondary roads continue to be built, linking
additional villages to the paved road (Fig. 1). These roads provide
a faster and cheaper mode of transportation compared with rivers.
The extent to which roads influence communities should be measured by their proximity in time and distance to a given village (e.g.,
remoteness) and not merely by their presence or absence.
To examine the impact of remoteness on diarrheal disease we
implemented a hierarchical design that collects data by village to
obtain information about the region, and by individual to obtain
information about potential confounding factors that may bias the
analysis. Roads influence disease transmission through a variety of
mechanisms. For example, road proximity can increase in- and
out-migration rates causing multiple demographic changes in the
age, racial, and socioeconomic profile. These rapid and complex
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Table 1. Community characteristics
Village

Population
size

Remoteness
metric

Remoteness
category

River basin

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Borbón

284
731
78
482
156
55
138
72
90
60
86
110
135
83
300
228
79
268
28
443
130
864

0.012
0.015
0.022
0.027
0.040
0.040
0.040
0.049
0.049
0.061
0.080
0.113
0.122
0.140
0.152
0.155
0.158
0.165
0.173
0.190
0.198
0

Close
Close
Close
Close
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Far
Far
Far
Far
Far
Far
Far
Far

Road
Road
Cayapas
Road
Santiago
Bajo Borbón
Bajo Borbón
Road
Santiago
Onzole
Onzole
Cayapas
Santiago
Onzole
Santiago
Santiago
Cayapas
Cayapas
Onzole
Onzole
Cayapas

changes can reduce social connectedness within a community,
which may in turn reduce a community’s ability to maintain good
sanitation and hygiene conditions. Road proximity can also affect
short-term travel patterns, thereby increasing the potential for the
introduction of new pathogen strains into communities.
In addition to diarrheal symptoms, three specific marker pathogens (Escherichia coli, rotavirus, and Giardia) were followed, each
with a distinct epidemiology. Both pathogenic E. coli and rotavirus
are responsible for a large proportion of diarrhea mortality and
severe morbidity throughout the developing world, whereas Giardia, also a major cause of diarrhea, is more pervasive, resulting in
higher infection rates (17). Taken together, these three pathogens
represent the primary pathways (food, water, and person-toperson) for transmission of diarrhea.
Results
Table 1 presents community characteristics, with two methods for
characterizing location: remoteness of a community relative to the
town Borbón and river basin in which a community resides. The
least remote community has a remoteness value of 0.012, and the
most remote village has a remoteness value of 0.198. Close villages
were defined as those with a remoteness value of ⬍0.03; medium
villages were defined as those with a remoteness value between 0.03
and 0.13; and remote villages were defined as those with a remoteness value ⬎0.13. These classifications are also represented in the
regional map (Fig. 1). Village population size ranged from 28 to
731, and the random sample of 200 houses in Borbón resulted in 864
individuals, or ⬇20% of the population.
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A total of 298 cases of diarrhea were identified in the communities during the three case-control cycles, and 44 cases were
identified in Borbón during the one case-control cycle (Table 2). In
addition, a total of 845 and 125 controls were sampled from the
communities and Borbón, respectively. Crude prevalence estimates
are shown in Table 3 for diarrhea and infection by both case status
and remoteness category. The crude prevalence estimates for
diarrhea [RR ⫽ 2.0, 95% confidence interval (CI) 1.5, 2.8] and
pathogenic E. coli (RR ⫽ 16.0, 95% CI 13.2, 19.2) were significantly
higher in Borbón compared with those in other communities (Table
4). These large differences between infection prevalence in Borbón
vs. the community are seen in both cases and controls (Table 3). We
found no evidence that crude prevalence estimates for rotavirus
and Giardia varied between Borbón and the other 21 communities.
Adjusting for age of individuals, community population size, and
sanitation level, the prevalence of infection was significantly higher
in villages closer to or along a road compared with those communities far from the road for pathogenic E. coli [odds ratio (OR) ⫽
Table 2. Number of cases and controls by remoteness
Remoteness
category

No. of
villages

Remote
Medium
Close
Community*
Borbón

8
9
4
21
1

Population

No. of
collection
days

No. of
cases

No. of
controls

1,669
895
1,592
4,156
867

45
45
45
45
15

112
91
95
298
44

317
248
280
845
125

For communities other than Borbón, figures are the sum from three 15-day
case-control studies across all 21 study villages between August 2003 and
February 2006. Borbón figures are from one 15-day case-control study in July
2005.
*Total from all 21 villages (sum of remote, medium, and close villages).
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Fig. 1. Map of study region. The 21 villages are categorized by river basin
(Santiago, Cayapas, Onzole, Bajo Borbón, and road) and by remoteness (close,
medium, and far).

SUSTAINABILITY
SCIENCE

Remoteness is a measure of the time and cost of travel to Borbón. Roads
provide cheaper and faster access to Borbón, and therefore remoteness is a
measure of the proximity to the road. Note that the population of Borbón is
the sample size enrolled in the study, rather than the size of the entire
population (⬇5,000).

Table 3. Crude infection prevalence by case status and remoteness (prevalence per 100 persons)

Remoteness Diarrhea prevalence,
category
cases/100
Remote
Medium
Close
Community
Borbón

2.6
4.6
2.2
2.8
5.6

Overall infection
prevalence, infections/100

Asymptomatic infection
prevalence, infections/100

Symptomatic infection
prevalence, infections/100

E. coli

Rotavirus

Giardia

E. coli

Rotavirus

Giardia

E. coli

Rotavirus

Giardia

1.0
3.1
3.9
2.4
22.5

2.7
3.6
6.7
4.5
3.6

16.7
16.6
23.2
19.4
19.5

0.6
2.3
3.0
1.9
20.7

2.2
2.7
6.2
4
2.3

15.8
15.2
22.4
18.4
17.6

0.4
0.5
0.1
0.3
1.7

0.6
0.9
0.5
0.6
1.2

0.9
1.5
0.8
0.9
1.9

For communities other than Borbón estimates are based on the average of three 15-day case-control studies across all 21-study
villages. Borbón estimates are based on one 15-day case-control study. Overall infection prevalence is based on a weighted average of
infection in cases and controls. Prevalence estimates are based on a 15-day period prevalence.

3.9, 95% CI 1.1, 13.6], rotavirus (OR ⫽ 4.1, 95% CI 2.0, 8.4),
Giardia (OR ⫽ 1.6, 95% CI 1.0, 2.4); the same was true for all-cause
diarrhea (OR ⫽ 1.8, 95% CI 1.2, 2.6) (Table 5). Precipitation was
not included in the final model because its P value was ⬎0.2. These
overall infection trends were largely driven by the controls, as
evident from the crude prevalence estimates in Table 3 that are
stratified by case status. Although the crude diarrhea prevalence
values show no trend as a function of remoteness, the adjusted risk
estimates comparing both remote and medium as well as remote
and close were significant, after adjusting for the population size
and sanitation level of each community (Table 5).
To test for a trend, remoteness was modeled as a continuous
variable. The relative risk of infection associated with a decrease in
remoteness from the farthest to the closest village was significant for
all infections: pathogenic E. coli (OR ⫽ 8.4, 95% CI 1.6, 43.5),
rotavirus (OR ⫽ 4.0, 95% CI 1.3, 12.1), and Giardia (OR ⫽ 1.9,
95% CI 1.3, 2.7). For all-cause diarrhea the relative risk was also
significant (OR ⫽ 2.7, 95% CI 1.5, 4.8) (Table 5).
Discussion
We observed strong trends in infection rates and all-cause diarrhea
in villages across a gradient of remoteness for our marker pathogens
even after adjusting for population size, sanitation, and precipitation. This result suggests that villages farther from the road have
lower infection rates than villages closer to the road. This relationship between infection and road proximity is also seen in Borbón,
the only community directly connected to both the primary road
and all of the major rivers that serve the region. We observed
significantly higher rates of E. coli and all-cause diarrhea in Borbón
than in the other 21 study communities. These health differences
have policy significance given that both pathogenic E. coli and
rotavirus are major causes of mortality and severe morbidity in
children.
These data were collected across three river basins during three
visits to each town over 2 years, minimizing the chance that
Table 4. Comparison of infection prevalence in communities
vs. Borbón

E. coli
Rotavirus
Giardia
Diarrhea

Community,
cases/100

Borbón,
cases/100

Relative risk
(95% CI)

1.6
4.5
19.4
2.8

22.5
3.6
19.5
5.6

16.0 (13.2, 19.2)
0.8 (0.6, 1.2)
1.0 (0.9, 1.2)
2.0 (1.5, 2.8)

For communities other than Borbón estimates are based on the average of
three 15-day case-control studies across all 21 study villages. Borbón estimates
are based on one 15-day case-control study. Pathogen prevalence is based on
infection (a weighted average of cases and controls). Relative risk is the
prevalence risk ratio (the risk of illness or infection in Borbón relative to the
communities).
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unmeasured localized events either temporally or spatially confounded the risk estimates. We found no statistical relationship
between diarrhea or infection rates and time period or river basin.
Any unmeasured confounding would have had to continue over the
2-year study period or had to occur across the three river basins.
Explaining the causes of the trends discussed here requires
understanding the ecological and social impacts of roads. One
common purpose (and consequence) of a new road is increased
logging. Deforestation causes major changes in watershed characteristics and local climate, both of which can affect the transmission
of enteric pathogens (18). Perhaps more important than ecological
processes, social processes facilitated by roads such as migration,
creation of new communities, and increased density of existing
communities can affect pathogen transmission. Changes in community social structures often create or are accompanied by
inadequate infrastructure, which affects hygiene and sanitation
levels, and in turn the likelihood of transmission of enteric pathogens. Roads can also increase flows of consumer goods such as
processed food, material goods, and medicines and may also
provide communities with increased access to health care, health
facilities, and health information.
By determining the transmission potential of the causal factors
associated with new roads, we can better interpret the observed
trends in infection rates across our study region. The propensity of
a pathogen to persist within a community is characterized by the
reproductive number Ro, defined as the average number of infections caused by an infectious individual in a completely susceptible
population (19). For directly transmitted diseases, Ro is a function
of (i) contact rate among others within or outside the community,
(ii) infectivity (the probability of infection given a contact), and (iii)
duration of the infectious period. For enteric pathogens that can
persist in the environment, Ro is also a function of a pathogen’s
viability outside the human host and its ability to move to a new
susceptible one. The consistent and strong trends observed in these
data across viral, bacterial, and protozoan pathogens suggest that Ro
for many enteric pathogens is lower for remote villages compared
Table 5. Infection as a function of remoteness
OR (95% CI)

Remote
Medium
Close
Continuous

E. coli

Rotavirus

Giardia

Diarrhea

1.00
3.0 (0.8, 11.9)
3.9 (1.1, 13.6)
8.4 (1.6, 43.5)

1.00
1.3 (0.5, 3.2)
4.1 (2.0, 8.4)
4.0 (1.3, 12.1)

1.00
1.2 (0.7, 2.0)
1.6 (1.0, 2.4)
1.9 (1.3, 2.7)

1.00
1.8 (1.1, 3.0)
1.8 (1.2, 2.6)
2.7 (1.5, 4.8)

OR of infection/disease for individuals in communities that are classified as
close or medium from Borbón as compared with those communities that are
classified as far (remote). The continuous measure is the OR comparing the
farthest with the closest using a continuous measure of remoteness. Estimates
were adjusted for age of individual, population size of village, and community-level sanitation.
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Causal diagram linking proximity of the road to increases in infection and diarrheal disease

trends were strongest for E. coli, followed by rotavirus and then
Giardia. This differential can be partially explained by the biological
and environmental factors that govern transmission dynamics and
level of Ro; e.g., pathogen infectivity, as measured by infectious
inoculum, shedding rates, and environmental persistence, as measured by the ability of the pathogen to remain viable in the
environment, all directly affect Ro. Infectivity data suggest that
Giardia, with a low ID50 (the inoculum at which 50% of exposed
subjects are infected) and long shedding duration, and rotavirus,
with a low ID50 and high shedding rates, are more infectious
(24–26) than diarrhea-causing E. coli (26–31). Diarrheagenic E. coli
species tend to persist in the environmental for shorter periods of
time than either Giardia or rotavirus (24, 32–36).
The above observations on both infectivity and environmental
persistence suggest that Giardia is able to maintain transmission
within the more remote villages despite limited outside social
contact and higher levels of social connectedness. Likewise, E. coli
would be less able to maintain transmission, and rotavirus would lie
somewhere in between. The significant difference in E. coli infection rates between Borbón and the other communities and the lack
of difference in Giardia infection rates are consistent with this
hypothesis.
The significant and consistent trends across viral, bacterial, and
protozoan pathogens suggest the importance of considering a broad
range of health outcomes when assessing environmental impact.
Each of our marker pathogens has a different epidemiology that is
affected by environmental changes in different ways. A stratified
analysis that looks across pathogen types, and not just at a broader
disease category like diarrhea, allows for a more sensitive measure
of change and can elucidate more specific interventions to alleviate
these environmental impacts. We propose this design as a general
model that can be used to examine anthropogenic environmental
determinants of health in other places.
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with nonremote villages; i.e., these remote communities are less
able to sustain transmission of pathogens.
The trends in infection rates that we observed are partially
explained by the effect of social connectedness on the risk of
transmission of many pathogens. Fig. 2 shows a causal diagram that
illustrates how demographic changes, measured by rates of in- and
out-migration for a community, and contact outside of village,
measured by short-term travel of people in and out of a community,
might increase levels of infection or disease for fecal–oral pathogens. Localized migration facilitated by roads can lead to a community whose residents have few social connections, which is one
measure of social capital (20). Previous studies have shown that
communities with more social capital tend to be successful in
creating adequate water and sanitation infrastructure because they
tend to know one another, are accustomed to working together, and
share social norms (21–23). On the other causal pathway, road
proximity can increase the contact that individuals within a village
have with those outside the village, increasing the rate of introduction of pathogens.
Our study villages show some evidence of these hypothesized
relationships among demographic characteristics, social connectedness, and movement of people. Village data suggest that connectedness, as measured by the average number of individuals a
given person spends time with (social network degree), is positively
associated with remoteness (Fig. 3B). Additionally, villages closer to
the road have increased movement of people (Fig. 3A), which
provides opportunities for pathogen incursion. The slope of the line
reflects the strength of the relationship: twice as many connections
exist in the most remote village compared with the least remote.
Likewise, 28% of the remote villagers said they had left the village
in the last week, compared with 48% of the least remote villagers.
Pathogen-specific outcomes provide additional insight into the
relationship between remoteness and transmission. Observed

SUSTAINABILITY
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Fig. 2.

Fig. 3. Relationship between social factors and remoteness. (A) Movement outside of community, measured by the percentage leaving the village during the
past week (linear fit R2 ⫽ 0.25, P ⱕ 0.05). (B) The social connectedness within a community, as measured by the number of villagers a given individual spent time
with during the past week (linear fit R2 ⫽ 0.50, P ⱕ 0.05).
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A number of issues require further examination. In this regional
analysis we compare remote and nonremote villages at a given point
in time. Investigating changes in incidence compared with changes
in remoteness over time may provide additional causal information
about how road development affects disease, because the time scale
of these social changes may take years or decades, and the details
are complex and poorly understood. In addition, molecular analysis
of pathogens could elucidate transmission patterns across the
landscape, and data on human migration patterns might provide
information on causal linkages between roads and diarrheal disease. To substantiate the causal diagram shown in Fig. 2, better
measures of social capital and its relation to water and sanitation
are needed. Gathering information on other health outcomes such
as nutrition and vectorborne and sexually transmitted disease would
also provide the opportunity to broaden our examination of causal
linkages between road development and disease, because these are
likely to vary for different etiologies.
Environmental effects are often both geographically widespread
and temporally extended and therefore can be difficult to correlate
with disease outcomes. The ability to observe change requires a
study design and analysis that involve data collection within a
systems-level framework. The natural experiment created by road
construction in this region, combined with the regional design,
allows these relationships to be studied. When associations between
exposure and outcome are placed in the broader context of
processes in which they occur (Fig. 2), one can examine the causal
linkages between environmental change and disease at a systems
level.
When international agencies like the World Bank make decisions
about whether to invest or how best to proceed in large-scale
infrastructure projects, their impact assessments have begun to pay
attention to variables associated with environmental, social, and
health factors (37). Although the World Bank now includes human
health as a component of the environmental impact of road
construction (38), few studies of the health effects of roads exist,
particularly with respect to infectious disease transmission (see
www.who.int/hia/examples/en). This analysis provides insight into
the interactions between roads, the social and environmental
processes that they affect, and the resulting impacts on the health
of human communities. These complex causal pathways suggest
that efforts to mitigate the negative effects of roads should consider
a larger range of their short- and long-term health implications.
Materials and Methods
Study Population and Selection Process. The study area is located in
the northern Ecuadorian province of Esmeraldas in the canton Eloy
Alfaro, which comprises ⬇150 villages. Villages are located along
three rivers, the Rı́o Cayapas, Rı́o Santiago, and Rı́o Onzole, all
draining toward the town Borbón, the main population center of the
region. Borbón, with ⬇5,000 inhabitants, is distinct from the other
communities along the river. It has a higher population density but
nonetheless maintains an underdeveloped infrastructure for its size,
with untreated sewage, rudimentary solid waste management systems, and minimal water and sanitation services that vary in quality
between households. The communities outside Borbón, on the
other hand, are smaller in size and density. Their water is primarily
obtained from rivers and consumed untreated, although rainwater
is used intermittently, and a few communities have wells or receive
piped water from surface sources. Sanitation facilities are of varying
quality, although they generally would be classified as unimproved
by World Health Organization criteria; flush toilets are uncommon.
The region is primarily populated by Afro-Ecuadorians, with a
smaller proportion represented by Chachis, an indigenous group
that mostly resides in more remote villages. There are an increasing
number of mestizos (people of mixed origin) moving into villages
close to or on the road. More details on the region can be accessed
elsewhere (39–43).
The construction of the road from Borbón westward to the coast
19464 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609431104

was completed in 1996. The portion of the road connecting Borbón
eastward to the upper reaches of the Andes was completed in 2003.
Secondary and tertiary dirt roads off of this two-lane asphalt
highway are continually being built, mostly for logging. At the time
the data were collected, both the primary and secondary roads
reached 15% of the 150 villages in the canton.
All villages in the region were categorized based on their
geographic location relative to Borbón. A sample of 21 villages was
selected by using block randomization to ensure that villages
throughout the study region were represented. At the beginning of
the study, four of the 21 study villages were connected to the road.
All households within each village were recruited. In Borbón, a
random sample of 200 households (of ⬇1,000) was selected for
inclusion in the study. Consent was obtained at both the village and
household level. Institutional review board committees at the
University of California (Berkeley), Trinity College, and Universidad San Francisco de Quito approved all protocols.
Study Design. Between July 2003 and May 2005 each enrolled
village was visited three times on a rotating basis. Each visit lasted
15 days, during which all cases of diarrhea were identified by visiting
each household every morning. For each occurrence of diarrhea
two controls were randomly sampled from the same community
and one control was sampled from the case household. One 15-day
case-control study was conducted in Borbón in July 2005.
Cases were defined as an individual who had three or more loose
stools in a 24-h period. Controls were defined as someone with no
signs of diarrhea in the past 6 days.
Microbiologic Analyses. Every morning during the 15-day period

field staff members visited each household to find cases of diarrhea
and collect stool samples from cases and controls. The samples were
tested for rotavirus, pathogenic E. coli, and Giardia. All stools were
stored on ice and processed within 48 h. In the field an EIA kit was
used to identify rotavirus (RIDA Quick Rotavirus; R-Biopharm,
Darmstadt, Germany). An aliquot of stool was preserved in liquid
nitrogen and tested for Giardia in Quito with an ELISA kit
(RIDASCREEN Giardia; R-Biopharm). For bacterial analysis,
stool was plated directly onto MacConkey and XLD agar. All
lactose-negative isolates were analyzed for urease and oxidase, and
with API 20 E (bioMèrieux, Marey l’Etoile, France) to speciate the
bacterial isolates. Lactose-negative isolates that were identified as
either Shigella or E. coli, along with five randomly chosen lactosepositive isolates, were further analyzed by PCR. Pathotype-specific
primers were used to diagnose the following: enterotoxigenic E. coli
(ETEC), enteropathogenic E. coli (EPEC), enteroinvasive E. coli
(EIEC), and Shigella spp., as reported previously (44). The primers
amplified the bfp gene of EPEC, the LT and STa genes of
enterotoxigenic E. coli, and the ipaH gene of EIEC and Shigella spp.
The specific procedure is discussed elsewhere (44). Both a positive
and negative control were used in each gel run. A positive control
for each pathotype was provided by Lee Riley (University of
California, Berkeley). A K12 E. coli strain was used for the negative
control. In the following analysis Shigella and E. coli cases were
grouped together.
Demographic and Socioeconomic Survey. To determine individuals’
movements and social interactions, we administered demographic
and sociometric surveys to all study participants. The surveys
included questions regarding travel to and from the community, as
well as social contacts outside the individual’s household during the
previous week. The degree of social connectedness for each individual was defined as the number of names provided to the
interviewer in response to the question, ‘‘who did you spend time
with in your community, other than household members, during the
past week?’’ plus the number of times that individual was nominated by others within the community (45, 46). The surveys were
developed after extensive anthropological observations to obtain
Eisenberg et al.

travel to Borbón were recorded by field staff members. For each
village i, rank of remoteness, Ri, was then calculated by summing
normalized values of time, Ti, and cost, Ci. Specifically,
Ri ⫽

Ti

冘

21

j

⫹
Tj

Ci

冘

21

j

.
Cj

Because the metric is the result of two values standardized to a [0,1]
scale, the possible range of Ri is from 0 (the town Borbón itself) to
2 (the theoretical farthest community from Borbón). Villages were
classified into three groups based on their remoteness metric: close,
medium, and far from Borbón.
Community prevalence of infection for each village was calculated by aggregating data from all three case-control cycles and
weighting cases and controls appropriately; i.e., we assumed that all
cases were identified during the 15-day surveys and that the controls
were a random sample of those without diarrhea. Specifically, the
population prevalence of pathogen i in community j was estimated
as follows:
Pij ⫽

Icasesij

I controlsij

w1j
w 2j
⫹
,
w1j ⫹ w2j N casesi w 1j⫹w 2j N controlsi
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SUSTAINABILITY
SCIENCE

Statistical Analysis. For each village, travel time and total cost of

where Icasesij and Icontrolsij are the number of individuals in which
pathogen i was isolated in the cases and controls, respectively, Ncasesi
and Ncontrolsi are the number of cases and controls, respectively,
w1 ⫽ the inverse of the proportion of cases tested for the particular
pathogen (this weight is equal to one when diarrhea is the outcome
variable), and w2 ⫽ (total population ⫺ no. of cases identified)/(no.
of controls).
To estimate the change in risk of infection/disease by remoteness
we used a logistic regression model, parameterizing remoteness in
two different ways: (i) as a continuous variable (distance between
the closest village, which is adjacent to Borbón, to the farthest
among the study villages) and (ii) as a pair of categorical indicator
variables (‘‘close’’ and ‘‘medium,’’ with ‘‘far’’ considered baseline).
Models included one individual-level variable (age of participant at
time of case control visit) as well as the following community-level
variables: sanitation level (percentage of individuals who stated that
they used improved sanitation, i.e., latrines or septic tanks), population size, and average 30-day rainfall (using data from the 15 days
before and 15 days during the case-control study). For all analyses,
we derived the statistical inference using robust estimates of the
standard errors from a generalized estimating equation approach
(47). This approach accounts for residual correlation of the outcomes of individuals within the same villages and provides inference that is not sensitive to model misspecification. The relatively
low prevalence of diarrhea in this population permitted us to
estimate relative risk with the prevalence odds ratio from our
logistic model (48). All analysis was conducted by using STATA
version 8 (Stata, College Station, TX).

MEDICAL SCIENCES

regionally appropriate phrasing of questions. They were translated
and back-translated to ensure accuracy. Interviewers were trained
together to ensure uniformity. All data were entered into Access
(Microsoft, Redmond, WA). Standard quality control procedures
were conducted, including examining the data for logical errors and
double entry of 10% of the surveys. The surveys were administered
once to each study participant, with an average of 82% coverage per
village. To cover all study villages, half of the surveys were administered in the summer of 2003 and half in the summer of 2004.

