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ABSTRACT
In recent decades, transmission of Trypanosoma cruzi, the causative agent of Chagas
disease, by Triatoma infestans and other vector insects has expanded from historically
rural areas to urban centers across Latin America. The urbanization of the T. cruzi
transmission cycle necessitates new understanding of Chagas disease ecology and
epidemiology, as well as new approaches to the surveillance, control, and prevention of
vector infestation and parasite transmission.
In rural La Joya, Peru, analyses highlight how the complexities of human migration
and intermittent intervention influence the prevalence and incidence of Chagas disease.
Substantial prevalence of T. cruzi infection was found in the adult population as a result
of relatively higher incidence of infection among long-term inhabitants and relatively
lower incidence of infection among short-term in-migrants. While an insecticide
intervention in 1995 effectively eliminated incidence of infection among children, T.
infestans and T. cruzi were rapidly reemerging in the absence of continuing vector
control.
In Arequipa, Peru, T. infestans had extensively and intensively infested an urban and
peri-urban landscape prior to vector control. Environmental and social factors, which
may directly or indirectly influence insect biology and behavior, were associated with
infestation. Large clusters of infestation and spatial dependence among infested
households at short and long distances suggest that T. infestans can disperse by walking
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or flying in an urban environment, which may challenge ongoing vector surveillance
and control.
Reemergence of vector insects, including T. infestans, complicates continuing control
of Chagas disease. While relatively rare, reemergence of T. infestans is a present and
possibly persistent problem in urban and peri-urban Arequipa. The probability of a
reemergence event varied spatially. Events were both clustered and non-clustered, and
were spatially dependent at distances up to 1,600 meters. Event-to-event spatial
proximity occurred at shorter distances in higher risk areas and longer distances in
lower risk areas. Identifiable predictors and patterns of risk offer opportunities for more
effective and efficient strategies for vector surveillance and control.
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CHAPTER 1: INTRODUCTION
1.1 Explanation of the Problem and Its Context
Chagas disease, also known as American trypanosomiasis, is caused by the
protozoan parasite Trypanosoma cruzi and is endemic in Latin America. Typically, T.
cruzi is transmitted to humans via the infected excretions of various blood-feeding
triatomine insect species, including Triatoma infestans. Chagas disease is characterized
by an acute phase, which lasts 6 – 8 weeks, and a chronic phase, which persists for life.
In most cases, both the acute and chronic phases of infection are asymptomatic.
However, 10 – 40% of cases, depending on the geographic region, progress over a
period of years to chronic disease, including potentially fatal cardiac and
gastrointestinal disorders [WHO, 2002]. Globally, eight million persons are infected
with T. cruzi, resulting in 11,000 deaths and the loss of 430,000 disability-adjusted life
years (DALYs) annually [WHO, 2008; WHO, 2010].
Currently, Chagas disease diagnostic and therapeutic options are limited in both
availability and efficacy [Tarleton, 2007; Reithinger, 2009]. Vector control via large-scale
insecticide application initiatives is the primary intervention for prevention and control
of Chagas disease [WHO, 2012]. Triatoma infestans, which lives nearly exclusively in and
around human households, is a principal target for vector control [WHO, 2002]. While
the Southern Cone Initiative has succeeded in interrupting T. cruzi transmission by T.
infestans in Brazil, Chile, and Uruguay [Pinto Dias, 2007; WHO, 2007], T. infestans-
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mediated T. cruzi transmission persists in parts of Argentina, Bolivia, Paraguay, and
Peru [Tarleton, 2007; Moncayo, 2009]. Moreover, the natural history of T. cruzi
transmission by T. infestans is evolving and has important implications for the
prevention and control of Chagas disease.
Vector-borne transmission of T. cruzi to humans has been ongoing for millennia and
has been principally a rural problem [Aufderheide, 2004]. Over recent decades,
however, rural-to-urban migration has been altering the ecology, epidemiology, and
geography of Chagas disease. Human migration has been accompanied by the
incidental introduction of vector insects and the T. cruzi parasite into urban and periurban areas in Latin America, including Arequipa, Peru [Mott, 1990; Levy, 2006]. The
transposition of the T. cruzi transmission cycle from sparsely populated rural areas to
densely populated urban areas complicates prevention and control, and challenges our
understanding of the ecology and epidemiology of Chagas disease.

1.2 Selected Review of the Literature
Conceptually and methodologically, this work lies within the sub-discipline of
medical geography, a field of study concerned with understanding disease and
improving health. In the geographic tradition, medical geography integrates concepts
and methods from the biological, environmental, and social sciences, with particular
interest in human-environmental interactions [Meade, 2010].
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In the United States, Jacques M. May elaborated the concepts of medical geography
in seminal works in the 1950s [May, 1950; May 1958]. May observed that disease and
health are multifactorial phenomena, which depend on the coincidence of various
factors in both space and time. Further, May affirmed that medical geography is the
study of the interrelationships among “pathological factors” and “geographical
factors.” Pathological factors include causative agents (e.g., T. cruzi), vectors (e.g., T.
infestans), intermediate hosts, reservoirs (e.g., non-human mammals), and humans.
Geographical factors include physical (e.g., climate), social (e.g., population density,
poverty, migration), and biological elements [May, 1950].
In the intervening decades since May’s seminal work, medical geography has grown
conceptually as well as methodologically. Conceptually, the field has expanded in scope
to include concerns such as social justice, health philosophy, and social theory—all of
which implicitly involve the important geographic concept of place (e.g., urban, periurban, and rural places) [Kearns, 1993]. Methodologically, as well as conceptually,
medical geography has benefitted from the birth and growth of geographic information
systems (GIS) and related technologies, the rebirth of landscape epidemiology, and the
evolution of spatial analysis, among many other developments [Meade, 2010].
In recent decades, the evolution of GIS and related technologies such as global
positioning systems (GPS) and remote sensing (RS) has enabled geographers,
epidemiologists, and other public health scientists to evaluate spatial and temporal
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perspectives on public health problems in unprecedented ways [Clarke, 1996; Cromley,
2003; Sui, 2007]. In the case of vector-borne disease, data collection and risk assessment
have been facilitated and advanced by GIS, GPS, and RS technologies [Bergquist, 2001].
New cost-free technologies such as Google Earth™ offer solutions for improved
prevention and control of vector-borne and other diseases in resource constrained
contexts [Lozano-Fuentes, 2008].
Landscape epidemiology, which was described by the Russian parasitologist
Pavlovsky in the 1930s, has experienced a renaissance among geographers and
epidemiologists [Meade, 1977]. Three basic ideas comprise landscape epidemiology: (1)
the distribution of disease tends to be geographically distinct; (2) geographic variation
in disease is determined by biotic and abiotic factors that influence pathogens, vectors,
and reservoirs; and (3) if biotic and abiotic determinants of disease can be mapped, then
current and future risk can be predicted [Ostfeld, 2005]. Landscape epidemiology is a
useful conceptual framework for vector-borne disease research, surveillance,
prevention, and control. Importantly, GIS, GPS, and remote sensing have become
enabling technologies for landscape epidemiology and spatial analysis [Kitron, 1998].
Spatial analysis in medical geography has a long history, exemplified by Dr. John
Snow’s famous study of London’s cholera epidemic in 1854 [Snow, 1855]. Today, spatial
analysis encompasses an extensive array of methods and data types. In the case of
point-level data (e.g., household locations), an evaluation of first-order effects (i.e.,
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degree of spatial intensity) and second-order effects (i.e., degree of spatial
independence) provides distinct but complementary insights into the patterns and
processes of health outcomes [Waller, 2004]. Spatial analytical methods that explicitly
consider spatial variation in a population (e.g., K-function difference, kernel density
estimate ratio) are required for valid inference when evaluating first- and second-order
effects, and simulation methods may be used to evaluate statistical significance of
results [Gatrell, 1996]. Additionally, place-based effects may be incorporated into
evaluation of point-level data using techniques such as multilevel modeling
[Auchincloss, 2012].

1.3 Explanation of the Dissertation Format
This dissertation offers new knowledge pertaining to the problem of rural-to-urban
expansion of Chagas disease. Three papers present important and interrelated insights
into this problem (Figure 1).
The first study comprises a cross-sectional serological and entomological evaluation
of the temporal and spatial patterns of T. cruzi transmission in rural localities in La Joya,
Peru, near the city of Arequipa. Multivariate catalytic models and Bayesian methods
were utilized to elucidate a complex history of T. cruzi transmission, interruption, and
re-initiation. This paper was published in the journal PLoS Neglected Tropical Diseases.
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The second study involves a retrospective analysis of data from a large-scale, multiyear insecticide intervention initiative for the elimination of infestation by T. infestans in
Arequipa, Peru. Multi-level logistic regression was used to elucidate the effects of
environmental and social factors on the spatial distribution of T. infestans infestation
across an expansive urban environment. This paper was prepared to submit to the
International Journal of Health Geographics.
The third study evaluates incidence of T. infestans reemergence subsequent to
insecticide intervention in Arequipa, Peru. Multivariate logistic regression, receiver
operating characteristic (ROC) analysis, and spatial statistics were employed to
elucidate patterns and predictors of T. infestans reemergence in an urban environment.
This paper was prepared to submit to the American Journal of Tropical Medicine and
Hygiene.
The studies comprising this dissertation are part of a National Institutes of Health
(NIH) funded study of Chagas disease in Peru. While data collection involved multiple
collaborators from Johns Hopkins University, the University of Pennsylvania, the
Universidad Peruana Cayetano Heredia, and the Gerencia Regional de Salud de
Arequipa (GRSA), among others, I was principally responsible for formulating research
questions, conducting data analysis, and writing manuscripts. This dissertation
represents my original and individual efforts, and I am lead author on the publications
arising from this work.
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Figure 1. Diagram of dissertation research problem and research questions.

Research Problem:
Rural-to-urban expansion of Chagas disease

Research Question 1:
Epidemiological patterns
of peri-rural transmission
of T. cruzi ?

Research Question 2:
Socio-environmental
influences on urban
emergence of T. infestans?

Research Question 3:
Predictors and patterns of
urban reemergence
of T. infestans?
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CHAPTER 2: PRESENT STUDY
The methods, results, and conclusions of the present study are detailed in three
manuscripts appended to this dissertation. A brief summary of key features and
findings follows.
2.1 A History of Chagas Disease Transmission, Control, and Re-Emergence in Peri-Rural La
Joya, Peru
A cross-sectional serological and entomological study was conducted to evaluate
temporal and spatial patterns of T. cruzi transmission in a peri-rural region of La Joya,
Peru. Multivariate catalytic model and Bayesian methods were used to estimate
incidence of infection over time and thereby elucidate the complex history of
transmission in the area. Of 1,333 study participants, 101 (7.6%; 95% CI: 6.2-9.0%) were
confirmed T. cruzi seropositive. Spatial clustering of parasitic infection was found in
vector insects, but not in human cases. Expanded catalytic models suggest that
transmission was interrupted in the study area in 1996 (95% credible interval: 19912000), with a resultant decline in the average annual incidence of infection from 0.9%
(95% credible interval: 0.6-1.3%) to 0.1% (95% credible interval: 0.005-0.3%). Through a
search of archival newspaper reports, documentation of a 1995 vector control campaign
was uncovered, independently validating model estimates.
High levels of T. cruzi transmission had been ongoing in peri-rural La Joya prior to
interruption of parasite transmission through a little-documented vector control
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campaign in 1995. Despite the efficacy of the 1995 control campaign, T. cruzi was
rapidly reemerging in vector populations in La Joya, emphasizing the need for
continuing surveillance and control at the rural-urban interface.

2.2 A Country Bug Moves to the City: Urban Infestation by the Chagas Disease Vector
Triatoma infestans in Arequipa, Peru
Data from a large-scale vector control program in Arequipa, Peru, were utilized to
explore the spatial patterns of infestation by Triatoma infestans in an urban and periurban landscape. Of 37,229 households inspected for infestation, 6,982 (18.8%; 95% CI:
18.4 – 19.2%) were infested by T. infestans. Spatially-smoothed prevalence of infestation
varied from 0.0 to 77.9%. Eighty clusters of infestation were identified, ranging in area
from 0.1 to 68.7 hectares and containing as few as one and as many as 1,139 infested
households. Spatial dependence between infested households was significant at
distances up to 2,000 meters. Multilevel logistic regression modeling showed
statistically significant associations between household infestation and household- and
locality-level factors, including housing density, elevation, land surface temperature,
and locality type.
High levels of T. infestans infestation, characterized by spatial heterogeneity, were
found across an extensive urban and peri-urban landscape prior to vector control.
Several environmental and social factors, which may directly or indirectly influence the
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biology and behavior of T. infestans, were associated with infestation. Spatial clustering
of infestation in the urban context may both challenge and inform surveillance and
control of vector reemergence after insecticide intervention.

2.3 Passive Surveillance of Triatoma infestans Reemergence in Urban and Peri-Urban Arequipa,
Peru
Passive surveillance data from an urban vector control program in Arequipa, Peru,
were utilized to conduct statistical and spatial analysis of Triatoma infestans reemergence
after large-scale insecticide intervention. Of 68,849 surveillance area households, 98
(0.14%; 95% CI: 0.11 – 0.17%) experienced and reported a T. infestans reemergence event
during the 12-month period from May 2009 through April 2010. Multivariate logistic
regression modeling showed statistically significant relationships between reemergence
events and prevalence of infestation prior to primary vector control, prevalence of
primary vector control, and time elapsed since insecticide application. The predicted
probability of a reemergence event varied spatially, with estimated annual incidence
rates ranging from 0.01 to 3.85%. Reemergence events were both clustered and nonclustered, and were spatially dependent at distances up to 1,600 meters. Event-to-event
spatial proximity occurred at shorter distances in higher risk areas and longer distances
in lower risk areas.
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While relatively rare, reemergence of T. infestans is a present and possibly persistent
problem in urban and peri-urban Arequipa. Identifiable predictors and patterns of risk
offer opportunities for more effective and efficient strategies for vector surveillance and
control.

2.4 Conclusions
Human invention and intervention have reduced and even eliminated the burden of
many infectious diseases. At the same time, societal and environmental conditions can
converge—or collide—to create circumstances favoring the emergence of infectious
disease in new locations and populations. In Arequipa, Peru, extensive and intensive
infestation by T. infestans, likely caused by rural-to-urban migration and catalyzed by an
urban environment conducive to vector proliferation and dispersion, provides one
example. Equally, political and social inaction can yield unforeseen and unwanted
consequences. The example of La Joya, Peru, illustrates the arc of a fruitful but forgotten
intervention, which eliminated the burden of T. cruzi infection in the town’s children,
yet allowed the reemergence of vector and parasite by failing to continue surveillance
and control. Solving the planet’s public health problems will require not only the
acquisition of new knowledge, but its sensible application as well.
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Abstract
Background: Interruption of vector-borne transmission of Trypanosoma cruzi remains an
unrealized objective in many Latin American countries. The task of vector control is
complicated by the emergence of vector insects in urban areas.
Methodology/Principal Findings: Utilizing data from a large-scale vector control program
in Arequipa, Peru, we explored the spatial patterns of infestation by Triatoma infestans in
an urban and peri-urban landscape. Of 37,229 households inspected for infestation,
6,982 (18.8%; 95% CI: 18.4 – 19.2%) were infested by T. infestans. Spatially-smoothed
prevalence of infestation varied from 0.0 to 77.9%. Eighty clusters of infestation were
identified, ranging in area from 0.1 to 68.7 hectares and containing as few as one and as
many as 1,139 infested households. Spatial dependence between infested households
was significant at distances up to 2,000 meters. Multilevel logistic regression modeling
showed statistically significant associations between household infestation and
household- and locality-level factors, including housing density, elevation, land surface
temperature, and locality type.
Conclusions/Significance: High levels of T. infestans infestation, characterized by spatial
heterogeneity, were found across extensive urban and peri-urban landscape prior to
vector control. Several environmental and social factors, which may directly or
indirectly influence the biology and behavior of T. infestans, were associated with
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infestation. Spatial clustering of infestation in the urban context may both challenge and
inform surveillance and control of vector reemergence after insecticide intervention.
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Introduction
Chagas disease, also known as American trypanosomiasis, is caused by the
protozoan parasite Trypanosoma cruzi and is endemic in Latin America. Typically, T.
cruzi is transmitted to humans via the infected excretions of various blood-feeding
triatomine insect species, including Triatoma infestans. Less commonly, infection may
result from congenital transmission, blood transfusion, organ transplantation, and
incidental ingestion of parasite-contaminated food or drink [Heymann, 2008]. Chagas
disease is characterized by an acute phase, which lasts 6 – 8 weeks, and a chronic phase,
which persists for life. In most cases, both the acute and chronic phases of infection are
asymptomatic. However, 10 – 40% of cases, depending on the geographic region,
progress over a period of years to chronic disease, including potentially fatal cardiac
and gastrointestinal disorders [WHO, 2002]. Globally, eight million persons are infected
with T. cruzi, resulting in 11,000 deaths and the loss of 430,000 disability-adjusted life
years (DALYs) annually [WHO, 2008; WHO, 2010].
Prevention and control of Chagas disease are achieved primarily via large-scale
insecticide application initiatives [WHO, 2012], and Triatoma infestans, which lives
nearly exclusively in and around human households, is a principal target for vector
control [WHO, 2002]. While the Southern Cone Initiative has succeeded in interrupting
T. cruzi transmission by T. infestans in Brazil, Chile, and Uruguay [Pinto Dias, 2007;
WHO, 2007], T. infestans-mediated T. cruzi transmission persists in parts of Argentina,
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Bolivia, Paraguay, and Peru [Tarleton, 2007; Moncayo, 2009]. Moreover, efforts to
eliminate T. infestans have been complicated by the expansion of this species from
sparsely populated rural regions into densely populated urban areas [Mott, 1990, Levy,
2006].
While the ecology of T. infestans infestation in rural environments has been studied
extensively, urban infestation by this insect has been investigated only preliminarily. To
advance understanding of vector infestation in the urban context, this study examines
infestation by T. infestans across an urban and peri-urban landscape prior to
implementation of vector control. Our study focuses on Arequipa, Peru, which lies in an
area with extensive T. infestans infestation and epidemic T. cruzi transmission
[Moncayo, 2009; Levy, 2011]. Utilizing data collected from multiple sources at multiple
spatial scales, we employ spatial point pattern analysis and multilevel logistic
regression to elucidate spatial patterns in infestation by T. infestans and to assess
associations between several environmental and social factors and T. infestans
infestation in an urban landscape.
The paper is organized into the following sections: Methods, Results, and
Discussion. The Methods section describes the study area, details methods for data
collection (household data, remote sensing data, and census data), and elaborates
methods for data analysis (spatial point pattern analysis, remote sensing image analysis,
and statistical analysis). The Results section highlights important findings in narrative
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format, visualizes geographical data via various figures, and details statistical outcomes
in table format. Finally, the Discussion section interprets study findings, relates these
findings to previously published work, and describes study limitations.
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Methods
Study area
Arequipa (population 864,250) is situated in southwestern Peru and is the country’s
third most populous province. This study focuses on six of the province’s twenty-nine
districts: Jacobo Hunter, Jose Luis Bustamante y Rivero, Paucarpata, Sachaca, Socabaya,
and Tiabaya. The districts encompass a geographically contiguous area of 139 square
kilometers adjacent to the capital city of Arequipa, and include nearly forty percent of
the province’s population [INEI, 2007] (Figure 1).
In 2003, the Gerencia Regional de Salud de Arequipa (GRSA) initiated a vector
control program to eliminate household infestation by T. infestans. The program is
ongoing, is implemented on a district-by-district basis, and consists of a simple stepwise
process. First, each household is assigned a unique alphanumeric code, and household
codes and locations are catalogued on hand-drawn maps. Second, GRSA personnel go
door-to-door, inspecting and spraying each household that consents to participate in
the program. For each participating household, the presence or absence of T. infestans is
recorded and each household is sprayed whether or not insects are found. Finally, the
inspection and insecticide application process is repeated approximately six months
later.

45
Data collection
Household data.Maps of household locations, household unique identifier codes,
and dates and results of household T. infestans inspections were provided by the GRSA.
Using GRSA maps and Google Earth imagery, we assigned geographic coordinates to
68,849 households within the study area. Of these, 37,229 (54.1%) households had been
inspected for infestation by T. infestans and sprayed with insecticide during the period
from September 2003 through December 2008. Household geographic coordinates,
household T. infestans infestation status (0/1), and household unique identifier codes
were stored in a relational database management system for subsequent analysis.
Remote sensing data. Advanced Spaceborne Thermal Admission and Reflection
Radiometer (ASTER) Global Digital Elevation Model Version 2 (GDEM V2) 30-meterresolution imagery of the study area (ASTGTM2_S17W072) was acquired from the
National Aeronautics and Space Administration (NASA) Earth Observing System Data
and Information System (EOSDIS) (http://reverb.echo.nasa.gov). Landsat 5 Thematic
Mapper (TM) 120-meter resolution thermal imagery (band 6: 10.40 – 12.50 µm) and 30meter resolution visible (band 3: 0.63 – 0.69 µm) and near-infrared (band 4: 0.76 – 0.90
µm) imagery of the study area (WRS path 3 row 71) were obtained from the United
States Geological Survey (USGS) EarthExplorer (http://earthexplorer.usgs.gov). Cloudfree images were attained for nine dates in 2008: 18 March, 19 April, 21 May, 24 July, 25
August, 26 September, 12 October, 13 November, and 15 December. A Landsat 5 TM
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band 3 image acquired on 25 July 25 1987 was obtained from NASA’s Global
Orthorectifed Landsat Data Set (http://www.landsat.org/ortho/) as reference for
geometric correction of 2008 images [Tucker, 2004].
Census data. In Peru, census areas are subdivided into departments, provinces,
districts, and localities. A database of the locality in which each study household was
located was provided by the GRSA, and a census classification of locality types was
obtained from the Peru National Institute of Statistics and Informatics (INEI). Locality
type categories included city (ciudad), housing development (urbanización), town
(pueblo), shantytown (pueblo joven), housing association (asociación de viviendas), housing
cooperative (cooperativa de viviendas), annex (anexo), hamlet (caserio), and rural
community (comunidad campesina) [INEI, 1993]. The GRSA and INEI databases were
joined and each household was assigned a categorical variable specifying locality type
for 34,275 of the 37,229 (92.1%) households with documented T. infestans inspection
data.

Data analysis
Spatial point pattern analysis.

Spatial variation in household infestation by T.

infestans was evaluated by dividing the kernel-smoothed density of infested households
by the kernel-smoothed density of all inspected households. An isotropic Gaussian
smoothing kernel with a standard deviation () of 45.7 meters was utilized for this
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analysis, where  was selected using a likelihood cross-validation method. A 999iteration random labeling simulation was performed to identify areas where infestation
by T. infestans was significantly elevated [Kelsall, 1995; Diggle, 2003]. Similarly, spatial
variation in household participation in the inspection and insecticide application
program was evaluated by dividing the kernel-smoothed density of inspected
households by the kernel-smoothed density of all mapped households, with  = 34.8
meters. The kernel-smoothed density of all mapped households, with  = 27.8 meters,
was estimated for evaluation as a covariate in logistic regression [Diggle 1985, Diggle
2003].
Spatial dependence between households infested by T. infestans was assessed by
computing the difference in the K-function for infested households and non-infested
households at 100-meter increments from 0 to 2000 meters. A 999-iteration random
labeling simulation was executed to identify distances at which spatial dependence of
infested households was statistically significant [Diggle, 1991].
Spatial statistical analyses were conducted using R version 2.15.2 (The R Project for
Statistical Computing, http://www.r-project.org). Maps of spatial variation in household
infestation and household density were constructed using ArcGIS version 10 (ESRI,
http://www.esri.com).
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Remote sensing image analysis. Remote sensing data were utilized to derive and
extract household point-level estimates of elevation and land surface temperature for
evaluation as covariates in logistic regression.
The ASTER GDEM2 image was projected to the WGS 84 UTM 19N coordinate
system and resampled to a 30-meter pixel size to match the projection and spatial
resolution of Landsat 5 TM imagery, and elevation data were extracted to household
point locations.
Landsat 5 TM and ASTER GDEM2 images were cropped to a 701-column by 474row area corresponding to the rectangle bounding the six study area districts. Landsat 5
TM band 3, 4, and 6 images from 2008 were geometrically corrected utilizing a simple
root mean square error minimization routine and the Landsat 5 TM band 3 image from
1985 as reference [Goslee, 2011]. Atmospheric correction of Landsat 5 TM band 3 and 4
images was performed using a modified dark object subtraction method [Song, 2000],
followed by topographic correction utilizing a Minnaert method [Riaño, 2003]. The
normalized difference vegetation index (NDVI) was calculated from Landsat 5 TM band
3 and 4 images [Jensen, 2005], and land surface emissivity was estimated from NDVI
[Jiménez-Muñoz, 2009] for each date in 2008. Land surface temperature was derived
using Landsat 5 TM band 6 thermal infrared images; land surface emissivity images;
and coefficients for atmospheric transmissivity, upwelling atmospheric radiance, and
downwelling atmospheric radiance [Barsi, 2005; Chander, 2009]. Land surface
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temperature images were overlaid, median land surface temperature was calculated for
each raster pixel, and these data were extracted to household point locations.
Processing of ASTER GDEM V2 and Landsat 5 TM images was conducted using the
landsat package version 1.0.8 in R version 2.15.2 [Goslee, 2011]. Atmospheric
coefficients were obtained from the Atmospheric Correction Parameter Calculator
(http://atmcorr.gsfc.nasa.gov). ArcGIS version 10 was utilized to create maps of
elevation and land surface temperature, and to extract values for these variables to
household point locations.
Statistical analysis. Prevalence of infestation was calculated for the 37,229
households inspected for T. infestans. Median and interquartile range values were
computed for the spatially smoothed prevalence of household participation in the
inspection and insecticide application program. The t-test with unequal variances was
employed to compare mean values for housing density, elevation, and land surface
temperature for houses that had been inspected versus those that had not.
Univariate and multivariate logistic regression were used to evaluate the
associations between household infestation and household-level variables, including
housing density, elevation, and median land surface temperature (Figure 2). To account
for non-linearity in logistic regression, housing density and elevation were converted
from continuous to categorical variables based on their respective quintiles. Median
land surface temperature was maintained as a continuous variable.
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To address spatial dependence among observations and to assess locality-level
effects, three multilevel logistic regression models were evaluated: a model including
only locality-level random effects (Model 0); a model including household-level
covariates and locality-level random effects (Model 1); and a model including
household-level covariates, a locality-level covariate, and locality-level random effects
(Model 2). In addition to standard odds ratios, median odds ratios (MOR) was
calculated for locality-level random effects, and the interval odds ratio (IOR) was
calculated for the locality-level covariate [Larsen, 2005; Merlo, 2006].
The locality level covariate is a dichotomous categorization of locality type into
shantytown and other, where the category other consisted primarily of housing
developments, cities, and towns. Locality type information was unavailable for 2,954
(7.9%) of mapped households. These were omitted from logistic regression modeling,
leaving 34,725 households located in 160 localities for regression analyses (Table 1).

Model 0. Locality-level random effects only:
logit[Pr(yij = 1)] = β0 + uj
Model 1. Household-level effects and locality-level random effects:
logit[Pr(yij = 1)] = β0 + β1 densityij + β2 elevationij + β3 temperatureij + uj
Model 2. Household- and locality-level effects and locality-level random effects:
logit[Pr(yij =1)] = β0 + β1 densityij + β2 elevationij + β3 temperatureij + β4 locality typej + uj
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Logit is the link function; Pr(yij = 1) is the probability of household infestation; i and j
indicate the ith household and the jth locality, β1 is the vector of regression coefficients
for density, where density is kernel-smoothed housing density (households/hectare)
categorized by quintiles; β2 is the vector of regression coefficients for elevation, where
elevation is elevation (meters above sea level) categorized by quintiles; β3 is the
regression coefficient for temperature, where temperature is estimated annual median
land surface temperature (°C); β4 is the regression coefficient for locality type, where
locality type is a dichotomous categorization of localities into shantytown and other; β0 is
the household-level intercept; and uj is the locality-level random effect.
Regression model goodness of fit was assessed using the likelihood ratio test. Spatial
autocorrelation in deviance residuals of the least- and best-fit models was evaluated
utilizing the mark correlation function (Km) at 25-meter increments from 0 to 500 meters.
A 999-iteration random labeling simulation was executed to identify distances at which
regression residual spatial autocorrelation was statistically significant [Goreaud, 2000].
Stata/IC 12.1 (http://www.stata.com) was utilized for statistical analyses, and R
version 2.15.2 was used for spatial analysis of regression residuals.
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Results
Of the 68,849 mapped households, 37,229 (54.1%) had been inspected and sprayed,
while 31,620 (45.9%) had not. Triatoma infestans were found in 6,982 (18.8%; 95%
confidence interval (CI): 18.4 – 19.2%) of the inspected households. Prevalence of
household infestation varied widely across the study area, with spatially smoothed
estimates ranging from 0.0 to 77.9% (Figure 3). Eighty areas were identified that
exceeded the upper limit of the 999-iteration random labeling simulation of the kernel
density estimate ratio for infested households versus inspected households. These
clusters of infestation, which ranged in area from 0.1 to 68.7 hectares, contained as few
as 1 and as many as 1,139 infested households. In total, the clusters encompassed 3,278
(46.9%) of the 6,982 infested households. The K-function difference for infested versus
non-infested households exceeded the upper limit of the 999-iteration random labeling
simulation at all 100-meter increments up to 2000 meters.
The median spatially smoothed prevalence of participation in the vector control
campaign was 90.9% (interquartile range: 81.0 – 95.7%) in areas where households were
inspected and sprayed; however, large areas remained to be reached by the campaign
(Figure 3). The households that had not been inspected and sprayed differed slightly
from those that had in terms of housing density and elevation, but not land surface
temperature. Mean housing density for participant households was 31.6 households per
hectare versus 28.8 for non-participant households (p < 0.0001), while mean elevation
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for participant households was 2,350 meters above sea level versus 2,417 for nonparticipant households (p < 0.0001). Mean land surface temperature was 31.3°C and
32.2°C for participant and non-participant households, respectively (p = 0.1652).
Univariate logistic regression showed statistically significant relationships between
household infestation and housing density, elevation, and land surface temperature.
For housing density, odds of infestation were approximately two times higher in the
highest versus the lowest quintile. For elevation, odds of infestation were modestly
higher in the third and fourth quintiles relative to the lowest, but were only minimally
increased in the highest quintile. Odds of infestation increased 8% with each 1°C
increase in land surface temperature. Covariates remained statistically significant in the
multivariate model, with a modest increase in the odds of infestation associated with
land surface temperature, and moderate decreases in the odds of infestation associated
with housing density and elevation (Table 2).
Multilevel logistic regression represented an improvement over ordinary logistic
regression, and the data were best fit by Model 2: logit[Pr(yij =1)] = β0 + β1 densityij + β2
elevationij + β3 temperatureij + β4 locality typej + uj (Table 3). Spatial autocorrelation in
deviance residuals was distinctly decreased in the best-fit multilevel model versus the
ordinary multivariate model (Figure 4.)
Locality-level random effects were substantial. The MOR, which is the median value
of the odds ratio when comparing a higher- to a lower-risk locality, indicated that the
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median odds of infestation were two and one-half times greater in higher versus lower
risk localities (Table 3).
The effect of the locality-level covariate, locality type, was also significant.
Households located in shantytowns had 75% higher odds of infestation than
households situated in other locality types. However, the IOR, which is the interval
between the 10th and 80th percentile centered on the median value of the distribution of
odds ratios for locality type, included the value one. This indicates that the effect of
locality type is not as strong as the locality-level random effect (Table 3).
Household-level effects all remained statistically significant. Odds of infestation
increased 10% with each 1°C increase in land surface temperature, which was similar to
the estimate from ordinary multivariate logistic regression. The highest housing density
quintile had 75% higher odds of infestation relative to the lowest quintile, which is
slightly diminished compared to results from the ordinary multivariate model. The
fourth elevation quintile had greater than twice the odds of infestation relative to the
lowest quintile, but the highest quintile showed only 50% higher odds of infestation
relative to the lowest quintile. The effect of elevation was substantially increased in the
multilevel versus the ordinary multivariate logistic regression model.
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Discussion
Infestation by T. infestans has been found in many urban areas in Latin America,
including Santiago, Chile; Cochabamba and Sucre, Bolivia; and Arequipa, Peru
[Schenone, 1985; Tibayrenc, 1984; Levy, 2006]. In affected areas—urban as well as
rural—prevention and control of Chagas disease continues to rely on control of vector
insects [WHO, 2012]. While infestation by and control of T. infestans has been
extensively examined in the rural context, infestation in the urban milieu is less well
understood. Utilizing spatial and multilevel logistic regression analysis of data collected
from multiple sources at multiple spatial scales, we offer insights into the dynamics of
infestation by T. infestans in an urban landscape.
Prior to implementation of vector control, extensive household infestation by T.
infestans was present in urban and peri-urban Arequipa. The intensity of infestation was
spatially heterogeneous, with areas of very low and very high prevalence of infestation.
Numerous clusters of infestation, small and large, were found across the six study
districts, indicating that urban and peri-urban landscapes offer environments conducive
to the proliferation and dispersion of T. infestans. In rural landscapes, T. infestans can
actively disperse by crawling or flying at distances up to approximately 100 or 2,000
meters, respectively [Vazquez-Prokopec, 2004; Schofield 1992]. While flight has been
observed as a main mechanism of infestation in urban San Juan, Argentina [Vallvé,
1996], in this study, spatial dependence between infested households was observed at
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distances from 0 to 2,000 meters, suggesting that urban T. infestans may disperse at
shorter distances by crawling and at longer distances by flying.
Identifying extant clusters of infestation prior to vector control may have critical
consequences for implementing effective surveillance of vector reemergence subsequent
to vector control. In an extensive but sparsely populated rural area in the Gran Chaco of
Argentina, reinfestation by T. infestans tended to cluster in areas where infestation was
clustered prior to vector control [Porcasi, 2006]. Infestation clusters in an extensively
and densely populated urban area may be similarly problematic. The existence of
numerous infestation clusters in Arequipa, many encompassing large areas and many
households, should be priority areas for surveillance by the GRSA. Where feasible,
utilization of a geographic information system to monitor T. infestans reemergence—as
well as other health risks and outcomes—might be a cost effective investment for
resource-constrained public health institutions in Arequipa, and elsewhere in the
developing world [Mott, 1995; Stansfield, 2006].
Spatial heterogeneity in urban infestation by T. infestans is likely influenced by
myriad factors operating at multiple spatial scales. We evaluated only a few features,
which were chosen based on ecological plausibility and data availability. In ordinary
univariate and multivariate logistic regression, housing density, elevation, and land
surface temperature were all positively, if not always linearly, associated with
household infestation. Housing density may facilitate vector dispersal. In higher-
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density urban areas, new habitats and blood sources found in nearby houses are located
at short distances, thereby facilitating dispersal of refuge- or blood-seeking vectors.
Also, attraction to light is an important influence in the dissemination of T. infestans,
and the plentiful presence of light sources in higher-density urban areas may promote
insect dispersal [Zeledón, 1981]. Land surface temperature may affect vector biology
and behavior. Both laboratory and field experiments demonstrate that T. infestans flight
initiation increases at higher temperatures [Lehane, 1992; Schofield, 1992], thereby
promoting vector dispersal in warmer urban areas. Laboratory studies also indicate that
the feeding rate and development rate of T. infestans increase at higher temperatures
[Catalá, 1991, Gorla, 1989]. Hunger is reportedly the principal cause for dispersion of
triatomines [Zeledón, 1981]; and temperature-mediated rates of feeding and
development, which requires a blood meal to mature from one life stage to the next,
may promote vector dispersal in warmer urban areas. Elevation may act indirectly
through socioeconomic circumstances, rather than directly through biophysical
constraints. In Arequipa, lower socioeconomic status populations, often rural-to-urban
migrants, typically inhabit the higher elevation hillsides, while higher socioeconomic
status populations usually reside in lower elevation valleys [Bayer, 2009]. As such,
higher infestation at higher elevation in Arequipa may be attributable to two factors:
passive introduction of insects resulting from seasonal migration to nearby rural areas
where T. infestans are prevalent, and substandard living conditions that provide habitats
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suitable for T. infestans infestation [Bayer, 2009]. The slight decrease in infestation at the
highest elevations may result from the relatively recent inhabitation of these areas,
leaving little time for infestation to have occurred. Elevation is unlikely to be a
biophysical constraint for infestation in the currently populated areas of Arequipa, as T.
infestans have been found as high as 3,682 meters above sea level in Argentina, well
above the elevation of the study area [Zeledón, 1981].
Multilevel logistic regression revealed the importance of locality-level contextual
effects and substantially diminished spatial autocorrelation present in ordinary logistic
regression. The locality-level random effect, which estimates the influence of
unobserved contextual effects within each locality, indicated that these unmeasured
factors are associated, in median, with substantially higher risk of household
infestation. In Arequipa, and elsewhere, urban shantytowns have been identified as
areas at higher risk for infestation by Chagas disease vectors, as well as vector-borne
transmission of T. cruzi [Schenone, 1985; Tibayrenc, 1984; Levy, 2006; Bowman, 2008].
We provide further evidence that shantytowns are at higher risk for infestation by T.
infestans, and we offer a quantitative assessment of this effect. Controlling for locality
type, household-level effects for housing density, elevation, and land surface
temperature all remained statistically significant and substantial.
We recognize that our study is limited in many respects. First, while we believe that
household location and infestation status data are both precise and accurate, we did not
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consider more detailed data regarding the number, life stage, and T. cruzi infection
status of insects found during the vector control campaign. Nor did we have complete
data regarding households (e.g., construction materials, domestic animals) or their
occupants. More detailed data likely would have improved the insights provided by
our analyses. Second, we recognize that point-level household covariates are extracted
from remote sensing data collected at a 30-meter scale (elevation, land surface
temperature) or are spatially smoothed estimates (housing density). We also
understand that land surface temperature data do not capture fine-scale temporal
variability that occurs across and within days of the year, nor do they describe fine-scale
spatial variation in ambient micro-climatic conditions. These issues of scale could
conceivably bias the relative magnitude of observed effects. Third, while most
households within the study area were mapped, only 54% had been inspected and
sprayed at the time of our data analysis. However, we do show that the areas that had
been inspected and sprayed had excellent rates of participation, and that nonparticipant households were not substantially different than participant households in
terms of the covariates evaluated. Nonetheless, we recognize that an extensive
proportion of the study area remains unevaluated for infestation.
The geography and ecology of T. infestans—as well as vector species for many other
infectious diseases—are changing. Decreasing funding and political will and increasing
insecticide resistance are endangering gains made towards interruption of vector-borne
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transmission of T. cruzi [Tarleton, 2007]. For many vector-borne diseases in many parts
of the world, these are not only public health concerns but also social justice issues, as
economically and politically marginalized populations may suffer disproportionately.
Many potentially powerful tools (e.g., Google Earth, The R Project for Statistical
Computing), data sources (e.g., NASA, NOAA), and spatial and statistical methods are
now freely available. Finding novel uses for these resources in conjunction with local
knowledge and information—as well as increasing capacity to do so—could inspire
new perspective on and solutions to existing and emerging public health problems and
their social and environmental causes and consequences.
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Figure 1. The Arequipa, Peru, study area.
Satellite imagery of the six study area districts, the city of Arequipa, and the surrounding area. The inset map shows the
locations of Arequipa, Peru, and bordering areas. The study area encompasses a mosaic of urban, peri-urban, and rural
landscapes.
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Figure 2. Household- and locality-level variables associated with Triatoma infestans infestation.
Locality type, housing density, elevation, and land surface temperature, all of which variously influence T. infestans
infestation, each vary distinctly across the study area.
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Figure 3. Kernel-smoothed prevalence of household Triatoma infestans infestation.
Spatially smoothed prevalence of household infestation varied from 0.0 – 77.9% across the study area. Infestation clusters
are outlined in black. Black pixels represent areas where households were mapped, but had not undergone inspection and
insecticide application. Household T. infestans infestation was characterized by areas of both very high and very low
intensity, with numerous clusters infestation, some of which encompassed large areas and many households.
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Figure 4. Spatial autocorrelation in deviance residuals for least- and best-fit regression models.
Comparison of spatial autocorrelation in the deviance residuals from the ordinary multivariate logistic regression model
(upper panel) versus the best-fit multilevel logistic regression model (lower panel).The mark correlation function (Km)
may vary between -1 (negative spatial autocorrelation) and +1 (positive spatial autocorrelation), with an expected value of
0 for no spatial autocorrelation. Spatial autocorrelation was substantially reduced, albeit not eliminated, in multilevel
versus ordinary logistic regression.
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Table 1. Categorization scheme for locality type.
Locality type was categorized into shantytown (n = 16,595 households in 87 localities) and other (n = 17,680 households in
73 localities). The 2,954 households without locality type data were omitted from logistic regression analyses.
Category
Shantytown

Other

Locality type

Localities

Number

Percent

Number

Percent

Shantytown

16,595

44.58

87

40.28

Housing development
City
Town
Hamlet
Housing cooperative

13,293
2,308
1,009
567
354

35.71
6.20
2.71
1.52
0.95

51
2
5
5
5

23.61
0.93
2.31
2.31
2.31

82
52
15

0.22
0.14
0.04

3
1
1

1.39
0.46
0.46

2,954
37,229

7.93
100.00

56
216

25.93
100.00

Annex
Rural community
Housing association
No data

Households

No data
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Table 2. Results of univariate and multivariate logistic regression.

Range
Inspected
Housing density (households/hectare)
2 – 24*
24 – 30

Infested

Univariate logistic regression
Odds ratio
95% CI

6,866
6,855

831
1,148

1.00
1.46

30 – 34
6,848
34 – 39
6,861
39 – 77
6,845
Land surface temperature (C)

1,434
1,582
1,534

26 – 40
34,275
Elevation (meters above sea level)
2,120 – 2,260*
2,260 – 2,300
2,300 – 2,350
2,350 – 2,450
2,450 – 2,670

Multivariate logistic regression
Odds ratio
95% CI

1.33 – 1.61

1.00
1.38

1.26 – 1.53

1.92
2.18
2.10

1.75 – 2.11
1.99 – 2.39
1.91 – 2.30

1.79
2.02
1.90

1.63 – 1.97
1.84 – 2.22
1.73 – 2.09

6,529

1.08

1.06 – 1.10

1.10

1.08 – 1.12

6,866

1,085

1.00

6,996
6,716
6,852
6,845

1,089
1,526
1,612
1,217

0.98
1.57
1.64
1.15

*Referent category
95% CI: 95% confidence interval

1.00
0.90 – 1.08
1.44 – 1.71
1.50 – 1.79
1.05 – 1.26

0.82
1.31
1.45
1.06

0.74 – 0.90
1.20 – 1.44
1.33 – 1.59
0 .96 – 1.16
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APPENDIX C

PASSIVE SURVEILLANCE OF TRIATOMA INFESTANS REEMERGENCE IN
URBAN AND PERI-URBAN AREQUIPA, PERU
Paper was prepared to submit to PLOS Neglected Tropical Diseases
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Abstract
Background: Insecticide interventions have interrupted vector-borne transmission of
Trypanosoma cruzi in many areas in Latin American. However, post-intervention
reemergence of vector insects complicates continuing control of Chagas disease.

Methodology/Principal Findings: Utilizing passive surveillance data from an urban vector
control program in Arequipa, Peru, we conducted statistical and spatial analysis of
Triatoma infestans reemergence after large-scale insecticide intervention. Of 68,849
surveillance area households, 98 (0.14%; 95% CI: 0.11 – 0.17%) experienced and reported
a T. infestans reemergence event during the 12-month period from May 2009 through
April 2010. Multivariate logistic regression modeling showed statistically significant
relationships between reemergence events and prevalence of infestation prior to
primary vector control, prevalence of primary vector control, and time elapsed since
insecticide application. The predicted probability of a reemergence event varied
spatially, with estimated annual incidence rates ranging from 0.01 to 3.85%.
Reemergence events were both clustered and non-clustered, and were spatially
dependent at distances up to 1,600 meters. Event-to-event spatial proximity occurred at
shorter distances in higher risk areas and longer distances in lower risk areas.
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Conclusions/Significance: While relatively rare, reemergence of T. infestans is a present
and possibly persistent problem in urban and peri-urban Arequipa. Identifiable
predictors and patterns of risk offer opportunities for more effective and efficient
strategies for vector surveillance and control.

82
Introduction
Chagas disease, also known as American trypanosomiasis, is caused by the
protozoan parasite Trypanosoma cruzi and is endemic in Latin America. Typically, T.
cruzi is transmitted to humans via the infected excretions of various blood-feeding
insect species, including Triatoma infestans. The disease is characterized by an acute
phase, which lasts 6 – 8 weeks, and a chronic phase, which persists for life. In most
cases, both the acute and chronic phases of infection are asymptomatic. However, 10 –
40% of cases, depending on the geographic region, progress over a period of years to
chronic disease, including potentially fatal cardiac and gastrointestinal disorders
[WHO, 2002]. Globally, eight million persons are infected with T. cruzi, resulting in
11,000 deaths and the loss of 430,000 disability-adjusted life years (DALYs) annually
[WHO, 2008; WHO, 2010].
Large-scale insecticide interventions are the primary means for prevention and
control of Chagas disease [WHO, 2012]. Triatoma infestans, which lives nearly
exclusively in and around human households, is a principal target for vector control
[WHO, 2002]. While the Southern Cone Initiative has succeeded in interrupting T. cruzi
transmission by T. infestans in Brazil, Chile, and Uruguay [Pinto Dias, 2007; WHO,
2007], T. infestans-mediated T. cruzi transmission persists in parts of Argentina, Bolivia,
Paraguay, and Peru [Moncayo, 2009; Tarleton, 2007]. Throughout the region, post-
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intervention reemergence of vector insects complicates continuing control of Chagas
disease [WHO, 2010].
While reemergence of T. infestans has been studied extensively in rural
environments, the problem has been investigated only preliminarily in urban contexts.
This study examines reemergence of T. infestans after implementation of a large-scale
insecticide intervention in an urban environment. Our study focuses on Arequipa, Peru,
where an ongoing T. infestans vector control campaign was initiated in 2003. Utilizing
statistical and spatial analysis of data from an urban vector control and surveillance
program, we offer insights into the patterns and predictors of T. infestans reemergence
in an urban context.
The paper is organized into the following sections: Methods, Results, and
Discussion. The Methods section describes the study area, details methods for data
collection, and elaborates methods for data analysis (spatial data preparation, statistical
analysis, regression model evaluation, and spatial point pattern analysis). The Results
section highlights important findings in narrative format, visualizes geographical data
via various figures, and details statistical outcomes in table format. Finally, the
Discussion section interprets study findings, relates these findings to previously
published work, and describes study limitations.
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Methods
Study area
Arequipa (population 864,250) is situated in southwestern Peru and is the country’s
third most populous province. This study focuses on six of the province’s twenty-nine
districts: Jacobo Hunter, Jose Luis Bustamante y Rivero, Paucarpata, Sachaca, Socabaya,
and Tiabaya. The districts encompass a geographically contiguous area of 139 square
kilometers adjacent to the capital city of Arequipa, and include nearly forty percent of
the province’s population [INEI, 2007] (Figure 1).
In 2003, the Gerencia Regional de Salud de Arequipa (GRSA) initiated a vector
control program, which is implemented on a district-by-district basis. In accordance
with World Health Organization (WHO) guidelines, the program consists of three
phases [WHO, 2002].
Phase one involves preparation for vector control. Key preparatory phase activities
include household coding and mapping.
Phase two comprises primary vector control. GRSA personnel proceed house-tohouse, applying residual pyrethroid insecticide and documenting the presence/absence
of T. infestans. The process is repeated approximately six months later.
Phase three consists of vector surveillance, both active and passive, as well as
ancillary vector control. In active surveillance, GRSA personnel proactively conduct
household searches for T. infestans. Active surveillance focuses on areas not yet reached
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by primary vector control, as well as areas already reached by primary vector control
but considered at high risk for T. infestans reemergence. In passive surveillance, local
residents simply report the presence of T. infestans in their homes to GRSA surveillance
posts, health posts, or health centers. Whether discovered via active surveillance or
reported via passive surveillance, households experiencing a reemergence event
undergo inspection and insecticide application.

Data collection
Household data.

Data were provided by the GRSA and included maps of

household locations, household unique identifier codes, primary vector control data
from September 2003 through December 2008, and passive surveillance data from May
2009 through April 2010. Using GRSA maps and Google Earth imagery, we assigned
geographic coordinates to 68,849 households within the study area. Primary vector
control data indicated whether or not a household received primary vector control; for
those that did, insecticide application dates and whether or not T. infestans was present
were recorded. Passive surveillance data recorded passive surveillance report dates and
confirmed the presence of T. infestans.
The present analysis is limited to passive surveillance reports received by the GRSA
during the 12-month period from May 2009 through April 2010. Households with a
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passive surveillance report and confirmed presence of T infestans are defined as
reemergence events; otherwise households are defined as non-events.

Data analysis
Spatial data preparation. Two dichotomous variables and one continuous variable
were spatially smoothed for evaluation as explanatory variables in logistic regression.
Household T. infestans infestation status prior to primary vector control (0/1) was
spatially smoothed by dividing the kernel density estimate of infested households by
the kernel density estimate of all primary vector control households. An isotropic
Gaussian smoothing kernel with a standard deviation () of 45.7 meters was utilized for
this analysis, where  was selected using a likelihood cross-validation method.
Similarly, household primary vector control status (0/1) was spatially smoothed by
dividing the kernel density estimate of insecticide-treated households by the kernel
density estimate of all surveillance area households, with  = 34.8 meters. [Diggle, 1985;
Berman, 1989; Kelsall, 1995; Diggle, 2003]. Time elapsed (years) since household
insecticide application was spatially smoothed using a Nadaraya-Watson smoother,
with  = 14.28 meters [Nadaraya, 1964; Watson, 1964, Nadaraya, 1989].
Spatial smoothing was conducted using R version 3.0.0 (The R Project for Statistical
Computing, http://www.r-project.org). Summary statistics for spatially smoothed data
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were calculated using Stata/IC 12.1 (http://www.stata.com). Maps of spatially smoothed
variables were constructed using ArcGIS version 10.1 (ESRI, http://www.esri.com).
Statistical analysis. The incidence of T. infestans reemergence events during the 12month study period was calculated as the number of reemergence events divided by
the number of households within the surveillance area. The chi-square test was utilized
to evaluate the association between T. infestans reemergence events and whether or not
a household received primary vector control.
Counts of T. infestans reemergence events were tabulated by epidemiological week,
and the mean and variance of the number of events per week were calculated. The
variance-to-mean ratio (VMR) was computed to assess temporal variation in
reemergence events, where a VMR value near one indicates a Poisson-distributed
pattern [Cox, 1966].
Univariate logistic regression was used to assess associations between T. infestans
reemergence events and three explanatory variables: (1) spatially smoothed prevalence
of household infestation prior to vector control, (2) spatially smoothed prevalence of
primary vector control, and (3) spatially smoothed time elapsed since household
insecticide application. Backward selection was utilized to specify a multivariate logistic
regression model, with the probability of variable removal equal to 0.05. All variables
evaluated in univariate models remained in the multivariate model.

88
Logistic regression analyses were conducted using Stata/IC 12.1. Because
households without primary vector control lacked data for logistic regression
explanatory variables, analysis was limited to households with primary vector control
(N = 37,229).
Regression model evaluation.

Receiver operator characteristic (ROC) analysis

was utilized to assess the accuracy, sensitivity, and specificity of the multivariate
logistic regression model. The area under the curve (AUC) was calculated as a summary
measure of model accuracy. Using predicted probabilities from the multivariate logistic
regression model, each household was classified as an event or non-event, where the
threshold for classification of T. infestans reemergence events and non-events was
estimated using an optimality criterion: minimum((1 – sensitivities)2 + (1 – specificities)2).
The sensitivity and specificity of the classification were calculated, where sensitivity is
the number of correctly classified events divided by the total number of events and
specificity is the number of correctly classified non-events divided by the total number
of non-events. Ten thousand-replicate bootstrap samples were utilized to estimate 95%
confidence intervals for the AUC, sensitivity, and specificity [Carpenter, 2000; Robin,
2011].
Using local maxima from the ROC curve, threshold values were identified to
categorize households as having negligible, low, or elevated risk for incidence of T.
infestans reemergence. The first threshold value was defined by the local maxima below
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which no reemergence events occurred, and the second threshold value was defined by
the local maxima at which the optimality criterion cutoff was located.
R version 3.0.0 was used for ROC analysis, and ArcGIS version 10.1 was utilized to
construct predicted probability and risk maps.
Spatial point pattern analysis.

Kernel

density

estimate

ratio

analysis

was

employed to detect clusters of T. infestans reemergence events, where the kernelsmoothed density of event households was divided by the kernel-smoothed density of
all surveillance area households. An isotropic Gaussian smoothing kernel with a
standard deviation () of 27.8 meters was utilized for this analysis, where  was
selected using a likelihood cross-validation method. A 999-iteration random labeling
simulation was performed to identify areas where event clusters were statistically
significant at the simulated p ≤ 0.01 level [Kelsall, 1995; Diggle, 2003].
K-function difference analysis was used to detect spatial dependence among
reemergence events, where the K-function for non-event household was subtracted
from the K-function for event households at 100-meter intervals from 0 to 2,000 meters.
A 999-iteration random labeling simulation was executed to identify distances at which
spatial dependence among event households was statistically significant at the
simulated p ≤ 0.001 level [Diggle, 1991].
Nearest neighbor analysis was utilized to evaluate event-to-event proximity. For
each event, the Euclidean distance to its nearest neighbor event was calculated. The
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Wilcoxon rank-sum test was used to compare inter-event nearest neighbor distances for
events that occurred in low versus elevated risk areas.
Spatial analyses were conducted using R version 3.0.0, and Stata/IC 12.1 was utilized
for statistical analyses.
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Results
Of the 68,849 surveillance area households, 98 (0.14%; 95% CI: 0.11 – 0.17%) T.
infestans reemergence events occurred during the 12-month period from May 2009
through April 2010. This equates to an annual incidence rate of 14 reemergence events
per 10,000 households. Of the 37,229 households that received primary vector control,
57 (0.15%) suffered a reemergence event, while among the 31,620 households that did
not receive primary vector control, 41 (0.13%) experienced a reemergence event (χ 2 =
0.6610, df = 1, p = 0.416) (Figure 2).
The number of weekly T. infestans reemergence events ranged from zero to five, with
mean equal to 1.85 events per week and variance equal to 1.75. The variance-to-mean
ratio was 0.95, suggesting no evidence of temporal clustering of reemergence events.
Spatially smoothed prevalence of T. infestans infestation prior to primary vector
control ranged from 0.0 to 77.9% (median = 16.1%; IQR: 5.8 – 29.3%), and spatially
smoothed prevalence of primary vector control ranged from near zero to 100.0%
(median = 90.9%; IQR: 81.0 – 95.7%). Spatially smoothed time elapsed since household
insecticide application ranged from 1.3 to 6.4 years (median = 3.7 years; IQR: 2.2 – 5.2
years) (Figure 3).
Multivariate logistic regression showed statistically significant associations between
the probability of a T. infestans reemergence event and prevalence of household
infestation prior to vector control, prevalence of primary vector control, and time
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elapsed since household insecticide application. Households in areas with higher
prevalence of T. infestans infestation prior to vector control were associated with higher
odds of experiencing a reemergence event. Conversely, households in areas with higher
prevalence of primary vector control were associated with lower odds of suffering a T.
infestans reemergence event. Odds of experiencing a reemergence event increased
substantially with time elapsed since household insecticide application (Table 1).
The predicted probability of a reemergence event ranged from 0.01% to 3.85%
(median = 0.10%; IQR: 0.04 – 0.23%) (Figure 4). Receiver operator characteristic analysis
yielded an AUC of 0.76 (95% CI: 0.70 – 0.82). The optimal threshold for correct
classification of events and non-events corresponded to a predicted probability of
0.21%. Using this threshold value, classification sensitivity was 77.19% (95% CI: 66.67 –
87.72%) and specificity was 71.65% (95% CI: 71.19 – 72.10%).
The elevated risk category for T. infestans reemergence accurately identified more
than three-fourths of the events, while simultaneously reducing the surveillance sample
to approximately one-fourth of all households. Conversely, the negligible risk category
encompassed one-eighth of surveillance area households, none of which reported a
reemergence event (Table 2, Figure 5).
Twenty-nine (29.6%) of the 98 reemergence events were spatially clustered at the
simulated p ≤ 0.01 level. Clusters contained as few as one and as many as seven events,
and each cluster covered an area of less than one hectare (Figure 6). The K-function
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difference for events versus non-events was statistically significant at the simulated p ≤
0.001 level at distances up to 1,600 meters, but not from 1,600 to 2,000 meters.
For all T. infestans reemergence events, the median inter-event nearest neighbor
distance was 86 meters (IQR: 23 – 420 meters). However, the median inter-event nearest
neighbor distance for events located in elevated risk areas was 44 meters (IQR: 19 – 97
meters), compared to 197 meters (IQR: 30 – 489 meters) for events located in low risk
areas (p = 0.0134) (Figure 7).
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Discussion
Large-scale insecticide interventions, most notably the Southern Cone Initiative,
have succeeded in interrupting T. cruzi transmission by T. infestans in Brazil, Chile, and
Uruguay [Pinto Dias, 2007; WHO, 2007]. However, T. infestans-mediated T. cruzi
transmission persists in parts of Argentina, Bolivia, Paraguay, and Peru [Moncayo,
2009; Tarleton, 2007]. Throughout the region, post-intervention reemergence of vector
insects complicates continuing control of Chagas disease [WHO, 2010]. While
reemergence of T. infestans has been studied extensively in rural contexts, the problem is
less well understood in the urban milieu. Utilizing statistical and spatial analysis of data
from an urban vector control and surveillance program, we offer insights into the
patterns and predictors of T. infestans reemergence in an urban context.
Based on passive surveillance data, low-level reemergence of T. infestans is occurring
in urban and peri-urban Arequipa. Multivariate logistic regression produced an
ecologically plausible and reasonably informative model of T. infestans reemergence.
Risk of reemergence increased moderately in areas with higher infestation prior to
primary vector control, and risk increased substantially with time elapsed since the
initial insecticide intervention. Conversely, risk was lower in areas with higher
prevalence of primary vector control.
Spatial visualization of multivariate logistic regression predicted probabilities
highlights how risk is differentially distributed across the surveillance area.
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Operationally, however, a categorical rather than continuous measure of risk may be
more useful. Using ROC curve analysis, we offer a simple categorization schema that
minimizes the area with maximal risk, and maximizes the area with minimal risk. By
parsing risk, surveillance strategies may be more appropriately targeted and resources
more efficiently allocated.
Simple spatial statistics may be utilized to further refine surveillance and control
strategies. Nearest neighbor analysis of event-to-event distances revealed that
reemergence events in lower risk areas tend to be less spatially clustered, while events
in higher risk areas tend to be more spatially clustered. As such, reemergence events
arising in higher risk areas would warrant a more aggressive response, while events
occurring in lower risk areas might merit a less assertive response. An operational
paradigm consisting of three strategies—eradication, mass attack, or positive
response—has been proposed. In the eradication strategy, all houses within a locality
are sprayed with insecticide in response to even one (re-)emergence event. In the mass
attack strategy, all houses within a locality are sprayed if more than 5% of houses
experience events, otherwise only event houses are sprayed. In the positive response
strategy, only event houses are sprayed [Schofield, 2000]. Risk might reasonably dictate
strategy selection. Specifically, the eradication strategy might be applied in higher risk
areas, the mass attack strategy in moderate risk areas, and the positive response
strategy in lower risk areas. Furthermore, a locality might be defined operationally
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based on the distribution of event-to-event nearest neighbor distances within each risk
stratum.
Spatial patterns can yield important insights into the processes of reemergence.
Spatially clustered reemergence events suggest that household-to-household dispersion
of T. infestans is occurring. Spatial dependence among reemergence events at distances
up to 1,600 meters further suggests that insects are actively dispersing at both shorter
and longer distances. In rural environments, T. infestans can crawl or fly distances up to
100 or 2,000 meters, respectively [Vazquez-Prokopec, 2004; Schofield, 1992]. An
improved understanding of insect dispersal in urban environments might improve
rational strategies for surveillance and control of vector reemergence in urban areas.
While spatial patterns in T. infestans reemergence were apparent in Arequipa, no
evidence of temporal variation was found. In contrast, seasonal variation in
reemergence of T. infestans has been observed in rural northwest Argentina, with higher
reemergence rates from May to November than from November to May [zu Dohna,
2009]. However, the Argentina study was conducted over five years in a rural
landscape, while the present study was executed over one year in an urban context.
Longer-term data will be required to determine if seasonal variation is detectable in
urban Arequipa.
We acknowledge that our study has numerous limitations. First, we utilized passive
but not active surveillance data. Reporting of vector (re-)emergence by household
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inhabitants is considered more sensitive than household inspection, especially when
insect densities are low [Moncayo, 2009]. Due to concerns about misclassification bias,
and other potential biases associated with active surveillance, analysis was limited to
passive surveillance data. Second, we recognize that surveillance data likely
underestimate the true incidence of reemergence events, as an event must be both
noticed and reported for it to be recorded. Third, a substantial proportion of
reemergence events occurred in households without primary vector control and
therefore lacked explanatory variable data. These households were therefore excluded
from logistic regression analysis. As such, risk estimates for T. infestans reemergence are
limited to households with primary vector control. Finally, the study period was
relatively short and reemergence events were relatively rare. Longer-term analyses may
yield more robust risk estimates and may elucidate temporal and/or spatial patterns not
detected in the present analysis.
Insecticide interventions have been substantially successful in interrupting vectorborne T. cruzi transmission in much of Latin America. Reemergence of vector insects
remains a concern, however. As populations swell, and financial and political
commitments subside, successful public health interventions will require both efficacy
and efficiency. Readily accessible tools (e.g., Google Earth, The R Project for Statistical
Computing) and routinely collected data (e.g., health and environmental surveillance
data) offer opportunities to maximize impact and innovation at minimal expense.
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Figure 1. The Arequipa, Peru, study area.
The satellite image shows the six study area districts, the city of Arequipa, and the surrounding area. The inset map
indicates the locations of Arequipa, Peru, and bordering areas. The study area encompasses a mosaic of urban, periurban, and rural landscapes.
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Figure 2. Surveillance area and locations of Triatoma infestans reemergence events.
The image shows the locations of the 98 households with T. infestans reemergence events during the 12-month period
from May 2009 through April 2010. Black triangles indicate houses that received primary vector control (n = 57), while red
triangles indicate those that did not (n = 41). Each of the six surveillance area districts experienced multiple T. infestans
reemergence events during the 12-month study period.
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Figure 3. Locations of Triatoma infestans reemergence events and spatial distributions of multivariate logistic regression
model explanatory variables.
The panels show the locations of T. infestans reemergence events and explanatory variables included in multivariate
logistic regression analysis. Analysis was limited to households that received primary vector control (black triangles, n =
57). Prevalence of infestation prior to vector control, prevalence of primary vector control, and time elapsed since
insecticide application, all of which variously influence incidence of T. infestans reemergence events, each vary distinctly
across the study area.
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Figure 4. Map of multivariate logistic regression model predicted probabilities of Triatoma infestans reemergence events.
The predicted probabilities of T. infestans reemergence varied across the surveillance area, and were generally higher in
the three western-most districts.
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Figure 5. Risk map for Triatoma infestans reemergence.
Elevated risk of T. infestans reemergence was generally concentrated in the three western-most districts, while the more
eastern districts were generally characterized by low to negligible risk.
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Figure 6. Spatial clusters of Triatoma infestans reemergence events.
Kernel density estimate ratio analysis indicated that 29 (29.6%) of the 98 reemergence events were spatially clustered at
the simulated p ≤ 0.01 level. ed squares illustrate clustered events, while open circles show non-clustered events. Four of
the six surveillance area districts contained one or more cluster of T. infestans reemergence events; however, each cluster
generally covered a small area and encompassed relatively few households.
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Figure 7. Box plots comparing inter-event nearest neighbor distances for Triatoma infestans reemergence events located in
low versus elevated risk areas.
In elevated risk areas, T. infestans reemergence events tended to be situated in close proximity to one another, while in
low risk areas, reemergence events tended to be located at farther distances from one another.
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Table 1. Logistic regression results.
Univariate model
Explanatory variable

Range

Spatially smoothed prevalence of
Triatoma infestans infestation prior to
primary vector control (%)

0.0 – 77.9

Spatially smoothed prevalence of
primary vector control (%)

0.0 – 100.0

Spatially smoothed time elapsed since
insecticide application (years)

1.3 – 6.4

n/N

57 / 37,229

Multivariate model

Odds ratio

95% CI

Odds ratio

95% CI

1.01

1.00 – 1.03

1.02

1.01 – 1.04

1.00

0.98 – 1.02

0.97

0.95 – 0.99

1.87

1.48 – 2.36

2.15

1.67 – 2.76
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Table 2. Risk categories for Triatoma infestans reemergence.
Predicted
probability (%)

Risk
category

Total
households

% of total
households

Reemergence
event households

% of reemergence
event households

Negligible

4,848

13.02

0

0.00

0.025095 –
0.2063850

Low

21,798

58.55

13

22.81

0.206385 –
3.85382

Elevated

10,583

28.43

44

77.19

37,229

100.00

57

100.00

0–
0.025095

