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Abstract

This study uses a geographic information system (GIS) and survey analysis to evaluate the
interconnected role that temperature variability and disease awareness play in the potential
emergence of Chagas disease (American trypanosomiasis) in the United States. Chagas disease is
endemic in Central and South America, and primarily spreads to humans directly via the
triatomine vector. Primary hosts for most triatomine species are rodents and occasionally dogs,
tree toads, birds, and lizards. The disease itself is caused by a parasitic protozoan, Trypanosoma
cruzi (T. cruzi) which is found in the triatomine’s feces and is most often spread while the
triatomine is consuming a blood meal. T. cruzi can enter the body through a minor abrasion on
the skin, the mucous membranes, conjunctivae, or through oral consumption. T. cruzi can also be
transmitted through a blood transfusion and organ transplantation, as well as congenitally. In the
United States, reports that triatomines have been found in habitats that are in close proximity to
humans indicates an opportunity for the emergence of Chagas disease.

To determine the risk of Chagas disease transmission, it is important to define
characteristics of the triatomine that make it an effective disease vector as well as to depict the
status of Chagas disease awareness among physicians and the general population. This study
utilizes a GIS to spatially analyze individual samples from three triatomine species within the
United States known to harbor T. cruzi naturally and that exhibit qualities of domesticity as well
as to determine the population at high risk for disease transmission. The qualities of domesticity
are based upon whether the species is known bite humans and domestic dogs as well as reports
indicating that the species has been found in the domestic setting. An analysis of the 2000 and
2030 minimum temperature threshold for increased triatomine activity delineates the current and
potential higher risk population and is followed by a vignette-based survey to gauge the level of
physician awareness of Chagas disease within the delineated higher risk range.

Results reveal the current range at higher risk for Chagas disease extends throughout the
southern United States and the higher risk range will expand into Utah, Nebraska, lowa, and
New Jersey based upon a predicted 1° C (2° F) increase in temperature by the year 2030. Survey
results indicate a limited consideration of Chagas disease during differential diagnosis,
illustrating that the low number of Chagas disease cases discovered in the United States may be
attributable to a lack of disease awareness as opposed to a lack of disease threat.

Keywords: Chagas disease, physician survey, vector-borne disease, infectious disease,
medical geography
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Introduction

The potential for the emergence of Chagas disease (American trypanosomiasis) in the
United States presents an example of the way in which climate conditions and physician
awareness can affect disease dispersion. Chagas disease is endemic in Central and South
America and primarily spreads to humans via the triatomine vector (also known as the “kissing
bug”) (CDC 2006). The triatomine vector is present in the United States though there have only
been five autochthonous (locally acquired) cases diagnosed in the U.S. since 1955 (Woody and
Woody 1955; Anonymous 1956; Betz et al. 1984; Schiffler et al. 1984; Navin et al. 1985; Ochs
et al. 1996; Herwaldt et al. 2000). However, reports indicate that additional cases may have gone
undiagnosed (Kirchhoff et al. 1987; Kirchhoff 1993; Holbert et al. 1995; Leiby et al. 2000; Zayas
et al. 2001; Leiby et al. 2002; Kirchhoff et al. 2006). Additionally, given the increasing domestic
presence of the vector which places it in close proximity to humans, and changing human
geographies within the vector’s range, the potential exists for the disease to become established
in the United States. Consequently, through the use of a geographic information system (GIS)
and survey analysis, this study examines the interconnected role that disease awareness and
climate conditions play in the potential emergence of Chagas disease in the United States.

Increased globalization and human migration have contributed to the emergence of a
number of infectious diseases in recent decades; specifically, global travel, and increased
urbanization and suburbanization have played a role in the emergence of severe acute respiratory
syndrome (SARS), dengue, and Lyme disease, respectively (Haggett 1994; Cooke and Shapiro
2003). Additionally, some researchers believe that climate variability (short-term variation) and
change (long-term variation) have played a role in the spread of diseases as well. Consequences
of climate variability and change are evident with diseases such as malaria, which has become
established at higher elevations in recent years (Garrett 1994), and hantavirus pulmonary
syndrome, which emerged in the Four Corners region of the United States as a result of changing
precipitation patterns brought about by the EI Nifio-Southern Oscillation (Poveda et al. 2001;
Meade and Earickson 2005). The dynamic nature of the relationship between environmental
conditions and vector-borne diseases justifies the need to examine the spatial and temporal
patterns of the triatomine through the use of a GIS as well as to monitor Chagas disease

awareness in order to better understand the potential for Chagas to emerge in the United States.
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Consequently, the objectives of this study are:

¢ To delineate the range that is at higher risk for Chagas disease transmission due to the
temperature-induced increase in activity of three triatomine species in the United States that
exhibit qualities of domesticity.

e To determine the level of Chagas disease awareness among physicians in regions defined
as being at higher risk for disease transmission.

This study is built on the theoretical frameworks of landscape epidemiology and disease
ecology within medical geography as it explores the range of the triatomine based on
biogeography and how that relates to the three factors of disease ecology: environment, behavior,
and population (Meade and Earickson 2005). Complimentary to all three factors of the disease
ecology approach is landscape epidemiology, which defines a natural disease nidus as the locale
where a disease maintains continued circulation (Meade and Earickson 2005). Accordingly, the
research presented here will define the triatomine qualities that play a role in the transmission of
T. cruzi to humans based upon whether or not the vector is in the domestic setting and if it is
associated with dogs or people. When considering culture and the disease nidus within landscape
epidemiology along with the three factors within disease ecology, we are able to bridge the gap
between triatomine biogeography and disease awareness. Figure 1 serves as a template for the
research presented here and is based upon the frameworks described above.

Background

Infectious disease eradication has seen both success and failure over the past fifty years.
The development of antibiotics and the global eradication of smallpox are two examples of the
massive strides made in the elimination of several infectious diseases. On the other hand, there
has been an increase in vector-borne diseases due to the movement of populations into areas that
were once heavily forested as well as through trade and commerce (Haggett 1994). For example,
the Aedes albopictus mosquito was introduced to North America from Asia through shipping
routes after being transported inside used tires that collected water resulting in a suitable
breeding site for the mosquito (Hawley et al. 1987). Similarly, triatomines reportedly have been
transported in luggage and with furniture (Lent and Wygodzinsky 1979). Examples such as these
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demonstrate the need for ongoing infectious disease research and public health education in
order to adapt to the dynamic nature of many diseases, such as Chagas disease.

Chagas disease itself is caused by a parasitic protozoan, Trypanosoma cruzi (T. cruzi), and
to cause an infection, the disease agent must enter the body either through a minor abrasion on
the skin, the mucous membranes, conjunctivae, or through oral consumption; other potential
transmission routes include blood donation, organ transplantation, and from mother to baby
during pregnancy (CDC 2006). Chagas disease in its acute form lasts from four to six weeks and
has mild symptoms of fever, depression, and facial edema. During this phase, the disease is
treatable (Leiby et al. 2002); however, it is difficult to detect due to the presentation of
unremarkable symptoms (Holbert et al. 1995; CDC 2006; Sanchez-Guillén et al. 2006). The
second stage of infection is asymptomatic and is considered the indeterminate phase, which can
last for decades (Prata 2001; Sanchez-Guillén et al. 2006). The final stage is chronic, and it is in
this stage that the heart and the digestive tract can be damaged as a result of carrying T. cruzi in
the blood (Holbert et al. 1995; CDC 2006; Sanchez-Guillén et al. 2006), resulting in 16-18
million human T. cruzi infections and 45,000 annual deaths (TDR 2003).

In the United States, the disease is considered to be sylvatic, which means the disease
transmission cycle is zoonotic and is maintained between the triatomine vector and non-human
reservoir hosts (Lent and Wygodzinsky 1979). The primary host for most triatomine species is
rodents, and occasionally birds, dogs, lizards, and tree toads (Kagan et al. 1966; Lent and
Wygodzinsky 1979; Ryckman 1984; Barr et al. 1995; Meurs et al. 1998; Bradley et al. 2000;
Peterson et al. 2002; Beard et al. 2003).

Throughout South America, many triatomine species are considered domestic and maintain
populations inside human dwellings (Lent and Wygodzinsky 1979). The transformation from a
sylvatic habitat to a domestic habitat may be a byproduct of deforestation, which is partly
occurring to accommaodate population growth (Patz et al. 2004; Ramsey et al. 2005). Today in
the United States, triatomine species that were once sylvatic are adapting to the peridomestic and
domestic settings (Kagan et al. 1966; Ryckman 1984; Herwaldt et al. 2000; Beard et al. 2003).
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Triatomine biogeography

A 1979 entomological cataloging of the triatomine describes nine species and numerous
subspecies in the conterminous United States (Table 1) (Lent and Wygodzinsky 1979). Of the
nine triatomine species listed, six are natural carriers of T. cruzi. The range of the triatomine in
the United States covers twenty-six states and all of these states have at least one species which
is found to be naturally infected with T. cruzi (Lent and Wygodzinsky 1979).

The triatomine is a parasitic arthropod; therefore, all species require a blood meal, and may
feed on the blood of birds, mammals, and reptiles, depending on the species (Usinger 1944; Lent
and Wygodzinsky 1979). The triatomine species with the largest range in the United States are
Triatoma sanguisuga, T. lecticularia , and T. protracta, all of which have been found to harbor
T. cruzi naturally (Usinger 1944; Lent and Wygodzinsky 1979). Over the past fifty years,
numerous reports of these species in and around human habitations have been recorded (Sjogren
and Ryckman 1966; Lent and Wygodzinsky 1979; Navin et al. 1985; Herwaldt et al. 2000; Beard
et al. 2003). Furthermore, in cases where dogs test seropositive for T. cruzi and have triatomines
living in their bedding, there is an increased risk of disease transmission to humans (Barr et al.
1995; Bradley et al. 2000; Beard et al. 2003; Enger et al. 2004; Crisante et al. 2006).

Depending on the disease, many factors can play a role in determining the potential risk for
disease emergence. In the case of Chagas disease, one of the main determinants is the
triatomine’s efficiency for transmitting the disease agent. The primary factor considered is the
rate of defecation, which is important given that the mode of transmission is via the feces.
Therefore, when the triatomine defecates while consuming the blood meal or shortly thereafter,
the chances of disease transmission via the bite wound are greater (Kagan et al. 1966). Reports of
delayed defecation in triatomine species from the United States hinders the occurrence of disease
transmission during the blood meal (Kagan et al. 1966; Lent and Wygodzinsky 1979).
Additionally, the risk of disease transmission via the feces may be possible through contaminated
food or the mucous membranes if hygienic practices are not followed (CDC 2006).

Another important component of disease transmission is the prevalence of infectivity in
vector populations (Usinger 1944; Kagan et al. 1966). Studies of T. protracta and T. sanguisuga
samples in the United States reveal a T. cruzi infection rate of 20% (Usinger 1944) and 6%

(Kagan et al. 1966), respectively. Additionally, since the discovery of Chagas disease in the
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United States, non-human reservoirs for T. cruzi have been identified. The geographic range of
the reservoirs extends from California across the southeastern half of the United States and north
into Maryland. Domestic dogs (primarily hunting dogs) are also found to be carriers of T. cruzi
(Barr et al. 1995; Meurs et al. 1998; Bradley et al. 2000; Beard et al. 2003), and the triatomine’s
association with dogs is a defined quality of domesticity considered in the research presented
here.

When a vector bites a human, it is considered an additional factor in triatomine
domesticity. Despite the sylvatic nature of the triatomine species in the United States (Kagan et
al. 1966; Ryckman 1984; Herwaldt et al. 2000; Beard et al. 2003), studies throughout the
Americas report numerous cases of sylvatic species biting humans when an opportunity is
present. Triatomines can enter a dwelling through an unscreened open window and events such
as this may be exacerbated by a reported attraction to lights that increases the triatomine’s lure to
the domestic dwelling (Usinger 1944; Sjogren and Ryckman 1966; Wood and Wood 1967; Lent
and Wygodzinsky 1979; Monroy et al. 2003; VVazquez-Prokopec et al. 2004; VVazquez-Prokopec
et al. 2006).

Upon entering a home, triatomines often go undetected because they generally feed at night
and are nocturnal by nature (Lent and Wygodzinsky 1979; Schofield 1979; Navin et al. 1985;
Herwaldt et al. 2000). Furthermore, increased triatomine activity in warmer temperatures may
result in triatomines entering the home and creating an opportunity for human contact with the
disease vector. Consequently, modeling the potential triatomine range based on biogeography

and climate is useful in predicting where disease emergence may occur.

Chagas disease awareness in the United States

While an understanding of the vector’s biogeography is important for the control of vector-
borne diseases, ultimately it is physicians’ awareness of a disease and its symptoms that is
crucial for detecting a disease’s emergence. The diagnosis of only five human autochthonous
Chagas disease cases in the United States corresponds to decades in which there was a
considerable increase in Chagas disease research and publication and serves as a working
hypothesis within the context of disease ecology for the purpose of this research (Woody and
Woody 1955; Anonymous 1956; Betz et al. 1984; Schiffler et al. 1984; Navin et al. 1985; Ochs
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et al. 1996; Herwaldt et al. 2000). This study defines the risk for Chagas disease based upon
reported increases in the proximity of the disease vector to humans as well as limited disease
awareness.

As shown in Figure 2, there has been an increase in the number of publications on Chagas
disease between 1910 and 1980 (Coutinho 1999 Figures, Reproduced with permission by Sage
Publications), and the diagnosis of four out of the five Chagas disease cases in the United States
is loosely correlated with peaks in the number of articles published. The fifth case (not shown in
Figure 2) was diagnosed in 1998 after a mother recognized a T. sanguisuga in her son’s crib and
realized the disease threat after watching a television program about parasitic insects (Herwaldt
et al. 2000). This relationship supports the notion that the perceived low risk currently associated
with Chagas disease in the United States is more a lack of awareness than it is a lack of actual
threat. The 1983 case in the United States was diagnosed by chance nearly a year after the
patient’s death (Betz et al. 1984; Ochs et al. 1996), supporting the notion that Chagas disease is
not always considered as a diagnosis. Additionally, a Hispanic immigrant in the chronic phase of
Chagas disease diagnosed in Mississippi had previously been mis-diagnosed and treated for
acute depression prior to the appearance of a heart problem, which prompted a test for T. cruzi
given the patient’s history and origin (Holbert et al. 1995). Physicians state that the symptoms
presented in the acute stage are often misdiagnosed, and that the differential diagnosis does not
consider Chagas disease unless there is a strong indication (Holbert et al. 1995).

Diagnosis can be further complicated if the vector’s bite is not recognized as a triatomine
bite; the bite is reportedly painless and often misdiagnosed as a bite from another arthropod or a
spider (Vetter 2001). Reports such as these illustrate a gap in Chagas disease research and
indicate a need to investigate awareness of the disease among physicians. In the context of
disease ecology, if physicians and the public are not aware of the potential disease threat due to
the bite or presence of a disease vector, the potential for misdiagnosis is greater.

Additionally, physician awareness of the various transmission routes is an important
component in diagnosis. A study of blood banks in Mexico reveals a T. cruzi prevalence rate of
0.75%, which yields approximately 1,800 new cases each year in Mexico (Kirchhoff et al. 2006),
supporting the potential for Chagas disease to be transmitted through the blood supply (CDC
2006). In particular, Kirchhoff et al. (2006) found that four recipients of infected blood
demonstrated acute symptoms of Chagas disease, but physicians failed to make the diagnosis.
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Consequently, the oversight was attributed to mild symptoms and the physicians’ lack of
awareness with respect to Chagas disease transmission through blood transfusion (Kirchhoff et
al. 2006).

An estimated that 50,000 to 100,000 Latin American immigrants in the United States are
infected with T. cruzi (Kirchhoff et al. 1987). These estimates reveal the risk of disease
transmission through blood transfusion and organ transplantation in the United States, as well as
indicate a need for increased physician awareness (Leiby et al. 2000; Leiby et al. 2002; CDC
2006). Studies of blood donors who tested seropositive for T. cruzi, reveal that 63% do in fact
have T. cruzi parasites circulating in their blood, which may result in a recipient acquiring the
disease agent (Leiby et al. 2002). Recent reports state that blood screening for Chagas disease
will begin soon in the United States (CDC 2006; Lee 2006), but concerns about the past and

current condition of the blood supply should not be discounted.

Data and Methods

Delineating triatomine range

In the context of disease ecology, investigating changes in a disease vector’s range and
habitat is important in order to gauge the vector’s proximity to humans and quantify disease risk.
Wood (1938) described the northward expansion of T. protracta’s range in California, but since
that time, research on the triatomine’s range has been limited in the United States with the
exception of the modeling of the species’ range in parts of Texas using the genetic algorithm for
rule-set prediction (GARP) model (Peterson et al. 2002; Beard et al. 2003). A number of
modeling efforts have mapped the triatomine range in much of Latin America (Abad-Franch et
al. 2001; Costa et al. 2002; Peterson et al. 2002; Guzman-Tapia et al. 2005; Lopez-Cardenas et
al. 2005). In particular, Peterson et al. (2002) apply the GARP model to the T. gerstaeckeri
species’ range in Mexico in order to uncover the environmental characteristics under which the
disease agent and its vector thrive. The broad-scale study presented here uses a GIS to analyze
the current and potential triatomine range in the United States and intends to fill a gap in the
research of Chagas disease emergence from a spatial perspective.

The data used to delineate the range of increased triatomine activity and the area at highest
risk for disease emergence includes: information regarding triatomine activity threshold levels
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from the literature; minimum temperature data; and census data for the United States. The
Sjogren and Ryckman (1966) outlined thresholds for increased triatomine activity are utilized in
this study to delineate the range where the triatomine is most active, with the purpose of defining
areas within the United States that are at a higher risk for the emergence of Chagas disease. The
threshold for increased triatomine activity occurs between 19° C (67° F) to 29° C (84° F) with
more activity exhibited at the higher end of the range (Sjogren and Ryckman 1966). The
triatomine species highlighted in this portion of the study are T. protracta, T. sanguisuga, and the
T. lecticularia, all of which demonstrate the defined qualities of domesticity illustrated in Figure
1. The qualities of domesticity are based upon whether the species bites humans and domestic
dogs as well as reports indicating the species is in the peridomestic setting. These three species
comprise the largest range in the United States and are found to be natural carriers of T. cruzi
(Lent and Wygodzinsky 1979). In addition, samples from all three species have been discovered
inside human dwellings (Sjogren and Ryckman 1966; Lent and Wygodzinsky 1979; Navin et al.
1985; Herwaldt et al. 2000).

Gridded average (1971-2000) minimum temperature data, based on the parameter-elevation
regressions on independent slopes model (PRISM) (2006), were acquired from the Spatial
Climate Analysis Service. Data were acquired for the months of June, July, and August based
upon accounts of increased triatomine activity in warmer temperatures and their tendency to be
the hottest months of the year in the United States (Sjogren and Ryckman 1966; Wood and
Wood 1967). The 800-meter resolution temperature dataset is at an appropriate scale given the
broad, country-wide scope of the project. Other climate variables, specifically humidity, wind
speed, and precipitation, were considered but not included in the study given that Sjogren and
Ryckman (1966) found that they had no relationship on the flight of T. protracta. In addition, to
analyze the population at risk under current and warmer climate conditions based on the
predicted 2030 temperature increase of 1° C (2° F) (IPCC 2001), we acquired 1-kilometer raster
grids depicting census data for the continental United States from the Socioeconomic Data and
Applications Center (SEDAC) (2007). To depict the proximity of the reported triatomine
samples and the five autochthonous cases to the densely populated areas within the United
States, a gridded nightlights layer was obtained from NOAA’s Defense Meteorological Satellite
Program (NOAA-NGDC 2007).
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In order to delineate the areas at highest risk for Chagas disease emergence, the raster
minimum temperature data values for the defined months were entered into a GIS and
reclassified based on the triatomine activity threshold information. All values >19° C (67° F)
were assigned a value of 1, and all other values were assigned a value of 0. Next, we employed a
raster to polygon conversion for each reclassified layer representing the months of June, July,
and August. The same process of reclassification and conversion was then applied using the
predicted approximate 1° C (2° F) increase in temperature so as to illustrate the potential
triatomine range for each month under warmer climate conditions.

Finally, we incorporated the SEDAC population density data into the GIS using an overlay
analysis. The spatial analyst zonal statistics tool in ArcGIS (ESRI 2005) was utilized to establish
the population at higher risk due to increased triatomine activity. By incorporating the 2000 and
2030 June, July, and August polygons into spatial analyst as individual datasets, we established
the population at higher risk of Chagas disease transmission. To analyze the area contained
within the higher risk range for 2000, we performed a field calculation for area within the June,
July, and August polygons.

The second portion of the study gauges the level of Chagas disease awareness in areas
delineated as geographically at higher risk for disease transmission through a review of
diagnosed cases and other relevant literature as well as through a physician survey.

Evaluating disease awareness

After delineating the geographic areas at higher risk for Chagas transmission, we evaluated
the level of Chagas disease awareness among physicians working in the higher risk areas using
an online survey; it is through physician diagnosis that a disease’s emergence will be recognized.
The survey was tested using a pilot study with three physician participants, and an invitation to
participate in the final survey was sent to 300 physicians. We recruited physician participants
using information gathered from online searches of hospitals within the following cities/county,
all of which have a population over 50,000 and are within the potential range of the vector:
Corpus Christi, Texas; Modesto, California; Rutherford County, Tennessee; Jackson,

Mississippi; and Santa Fe, New Mexico. These areas are selected because three of the cases of
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Chagas disease in the United States were discovered in or around them, and/or represent
locations within the area at higher risk for disease transmission.

In preparation for the survey, we consulted two medical professionals along with past
physician surveys for procedural and content advice (Tambor et al. 1993; Bowen et al. 2005).
The survey included a vignette depicting a patient with typical symptoms of Chagas disease as
well as questions to help categorize the canvassed physicians. The vignette was identical in every
way except for the ethnicity of the patient (African American, Caucasian, and Hispanic). After
creating 100 vignettes per ethnicity, we then sent 20 surveys per ethnicity to physicians in each
of the five participating cities, which totaled 60 physician surveys per city. Each physician was
asked to rank ten of eleven diseases/health problems listed according to their likelihood for
diagnosis, along with the lab studies/tests they would order to further evaluate the patient. The
physicians’ personal information, such as: ethnicity and gender; commonly read journals;
specialty and geographic location of the practice; patient base; and when/where they received
their professional education was also requested. Follow-up reminders were sent to those
physicians who did not initially complete the survey.

In order to perform the preferred chi-square test, 80% of the cell values must be greater
than or equal to 5; therefore, due to our small sample size, we utilized the VassarStats website to
run a one-tailed Fisher’s exact test, which is found to be useful for this type of analysis (Lowry
2007). Under the null hypothesis, the proportion of physicians that considered Chagas disease
based upon both the Hispanic and non-Hispanic patient vignette is equal to the proportion of
physicians who considered Chagas disease based up the Hispanic patient only. Under the
alternative hypothesis, the proportion of physicians ranking Chagas disease in differential
diagnosis is not identical in the two populations.

Results
Areas of Increased Risk of Chagas disease transmission

Triatomine samples have been catalogued from the west coast to the east coast throughout
the southern United States and as far north as northern California to Maryland. As depicted in
Figure 3, reported triatomine samples are used as point data to illustrate the vector’s range and

the five autochthonous cases of Chagas disease are depicted for the purpose of model validation.
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The gridded nightlights layer delineates populated areas within the United States and illustrates
the vector’s proximity to these areas. For example, samples are depicted in the largely populated
areas of southern California, northern Utah, Missouri, central Tennessee, and northern Georgia.

Despite the sizeable triatomine range, only certain areas within the United States are
considered at higher risk for Chagas disease transmission. The areas at highest risk for Chagas
disease transmission are based on warmer temperatures and both the current and predicted risk
ranges are shown in Figure 4. In Figure 4A, the current June range considered at higher risk
covers a small portion of southern California and Nevada and extends through the southern half
of Arizona, most of Texas (except the extreme western portion and the panhandle), and the
southern half of Oklahoma. The current June range shifts from the south in central Arkansas and
expands northward in the eastern portion of the state, crossing into Tennessee and the western
portion of Mississippi. All of Florida and the southern portions of Alabama, Georgia, and South
Carolina are included.

Between the months of June and July, the current northern range considered at higher risk
for Chagas disease expands into southern Utah (Figure 4B). In the Midwestern and eastern
regions of the United States, given the predicted 1° C (2° F) temperature increase (IPCC 2001),
the current higher risk range increases considerably in July, expanding into northern Kansas and
Delaware. The current higher risk range contracts between July and August affecting primarily
the central United States, which by August only covers a small portion of Kansas and excludes
Missouri and Illinois. The areas of higher elevation across the southern United States, including
the southern Rocky Mountains and the southern Appalachians, are excluded from the higher risk
areas.

The 2000 data suggest that the population considered at higher risk increases considerably
between June and July and only decreases a fraction of that in August (Figure 5). This is the
result of a large temperature increase between the months of June and July that is to some extent
sustained into the month of August. Between July and August, the eastern coast does not
experience as much of a decrease in higher risk range as does the central United States.
Consequently, the larger population found on the eastern coast may explain why Figure 5 depicts
only a slight decrease in affected population for the month of August.

The month of July continues to have the largest defined higher risk range based on the
predicted 1° C (2° F) temperature increase (IPCC 2001). The area affected by the climate change
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illustrated in Figure 4 increases between 2000 and 2030 by 23% for the month of June (Figure
6). As depicted in Figure 6, the June increase between 2000 and 2030 is noticeably higher than
the increase for July and August, which is 15% and 16%, respectively. As is evident from Figure
4B, the range at higher risk due to a temperature-induced increase in triatomine activity will
expand northward in the Midwest and north along the Atlantic coast, placing a considerably
larger population in the higher risk range for disease transmission. The area affected by
increasing temperatures between 2000 and 2030, illustrates the impact of predicted climate
change on vector-borne disease transmission and reveals a need for ongoing studies to prevent

disease emergence.

Spatial Pattern Validation

Validation through the use of field data and results from other studies is necessary in order
to illustrate the usefulness of a model (Rykiel 1996). This study utilized two forms of model
validation in order to support the value of our outcomes. The first validation describes results
from an ecological niche model and the second validation incorporates the five autochthonous
cases of Chagas disease in the United States. Our first example of model validation uses results
from a GARP model published after the discovery that triatomines from the species T.
gerstaeckeri had colonized a peri-domestic location in Texas (Beard et al. 2003). The illustration
depicts the T. gerstaeckeri range as covering the southwestern portion of Texas, extending into
the panhandle and the southeastern corner of New Mexico. The range depicted in the GARP
model overlaps our results through the southeastern tip of New Mexico and southwestern Texas;
however, the maps differ where the GARP model’s range extends further north through the
Texas panhandle and southeastern New Mexico.

Additionally, the five autochthonous cases in the United States, while a small sample, serve
as the second form of validation of our model. This model validation reveals that four of the five
autochthonous cases in the United States occurred within the area currently delineated as higher
risk for disease transmission. The use of these data help to validate our model and delineate the
current higher risk range for Chagas disease in order to assist regional health departments in

preventing the emergence of Chagas disease. All point data representing the five diagnosed cases
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are within the 2000 range for both July and August except for the case from Lake Don Pedro,
California, which is not depicted in the defined higher risk range for June, July, or August.

Physician awareness of Chagas disease in the United States

Of the 300 physicians canvassed for this study there was only a 7% response rate. This
lackluster response limits quantitative analysis; however, through the use of a contingency table
and the Fisher’s exact test, we were able to establish a measure of statistical significance based
upon the patient’s race/ethnicity as described in the vignette (Table 2). As illustrated in the
contingency table, of the 22 physicians that responded to the survey, 8 ranked Chagas disease in
differential diagnosis and 14 did not. Among those who ranked Chagas disease, 4 were based
upon the Hispanic vignette, whereas, 4 were not. Among the 14 physicians not ranking Chagas
disease, one was based upon the Hispanic patient and 13 were not. Based upon the contingency
table, the Fisher’s exact test reveals a p value of 0.039. This is significant in that it indicates that
physicians within the range at higher risk for Chagas disease in the United States do consider
Chagas disease in differential diagnosis of Hispanic patients but not for the rest of the
population.

Qualitative analysis reveals that fourteen percent of participating physicians requested
information on the patients’ travel history alone, indicating recognition that travelers can be
responsible for the importation of disease agents. In one case, Chagas disease is specifically
written next to the statement indicating the need for travel history and another states “must know
geography or travel history to prioritize infectious etiologies.” These data lack statistical
significance yet are valuable to further illustrate that Chagas disease is not always considered in
the higher risk areas of the United States. Physician ethnicity or education information did not

appear to be a factor in the survey results.

Discussion

This study has identified areas of increased triatomine activity within the United States and

has defined the areas at higher risk for Chagas disease emergence. While the sylvatic nature and
delayed defecation exhibited in triatomine species within the United States indicates a relatively
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low risk of Chagas disease transmission, there is evidence of increased triatomine domesticity

(Beard et al. 2003). Additional concerns pertain to the growing population from Latin America
that may serve as disease carriers and reports of misdiagnosis, both of which reveal a potential

for the emergence of Chagas disease (Kirchhoff et al. 2006).

The blood supply in the United States is vulnerable to T. cruzi contamination due to an
increasing Latin American population which is emigrating from countries where Chagas disease
is endemic (Kirchhoff et al. 1987; Kirchhoff 1993; Leiby et al. 2002; Beard et al. 2003;
Kirchhoff et al. 2006). In addition, as the T. cruzi infected population grows and the close
proximity of triatomines to people becomes greater, it is necessary to study the risk of direct
disease transmission via the vector. For example, an in-depth study of similarities among the five
autochthonous cases in the United States as well as their proximity to farms employing Latin
American workers may be useful.

The concepts presented in this study offer a different perspective with which to investigate
broad-scale disease potential. In the case of Chagas disease, reports of climate variability
affecting increased triatomine activity that results in a larger human population in close
proximity to the vector, illustrates a need for fine-scale studies as well as follow-up studies
measuring the population at higher risk in these areas. Consideration of the optimum temperature
thresholds for both T. cruzi and the triatomine is necessary in order to adequately measure
transmission risk. For example, the minimum threshold for T. cruzi transmission is estimated to
be 18° C (64° F) and higher temperatures reportedly increase pathogen development in the
triatomine; however, temperatures greater than 38° C (100° F) become lethal to the pathogen
(IPCC 2001). Other important considerations that may be useful in future studies is the minimum
triatomine threshold for biological activity which is 2-6° C (36-37° F) as well as reports that
insufficient humidity may increase feeding rates at higher temperature (IPCC 2001).

The use of the predicted 1° C (2° F) temperature increase by 2030 is based upon an IPCC
(2001) report that is derived from expert collaborations and the assimilation of numerous climate
models. For example, both the Hadley model (DEFRA 2005) and the Canadian model
(Hengeveld 2000) state that the projected increase in temperatures will vary between land and
water surfaces due to the nature of land surfaces to warm faster than water. Therefore, predicted

temperature increases for North America may be higher than the global average (Hengeveld
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2000). Nonetheless, for the purpose of this broad-scale study, the predicted global mean average
IS used.

Reports that triatomine contact with domestic dogs presents an increased risk of Chagas
disease transmission to humans and points toward the need for increased collaboration between
epidemiologists, entomologists, and veterinarians in future disease risk predictions (Barr et al.
1995; Bradley et al. 2000; Beard et al. 2003; Enger et al. 2004; Crisante et al. 2006). The results
presented here are to serve as insight for comprehensive fine-scale studies of areas that are in the
margins of the defined higher risk ranges through a GIS model that utilizes weighted variables
acquired from landscape, ecological and environmental data. For example, fine-scale studies may
explain why the case of Chagas disease discovered in Lake Don Pedro, California is not included
in the higher risk range defined in this research.

The broad-scale geographic perspective utilized in this study is helpful to public health
officials who are concerned about the emergence of Chagas disease in the United States. The
framework presented here is a culmination of disease ecology and landscape epidemiology that
can be utilized in future studies of vector-borne disease as well as in comprehensive fine-scale
studies of Chagas disease. In order to eradicate established diseases and prevent disease
emergence in new locations, there must be ongoing epidemiological research as well as
continued dialogue among public health professionals and the general population. Consequently,
health officials and the public must recognize that a disease exists before control or eradication
efforts can begin. Furthermore, the general population should be aware of the routes of disease
transmission in order to control or eradicate a disease. Moreover, these results illustrate a need to
measure awareness of Chagas disease among the general population as well as to study whether
triatomine bites have increased over the years.

Limitations of Study

Limitations of the study presented here are related to differing opinions in the classification
of triatomine species, selection of the utilized threshold data, and the use of 2000 census data in
predictive mapping. Due to the broad-scale approach used in this study, we believe the general
argument is adequately represented in spite of these limitations. Nevertheless, future fine-scale
studies of Chagas disease in the United States should factor in these limitations as well as
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additional variables that pertain to the specific region of study as well as the triatomine species
present.

Ryckman (1984) indicates that the lack of taxonomic information on the triatomine has led
to conflicting scientific conclusions about the species’ distribution. Threshold data is frequently
difficult to obtain and oftentimes reports vary. Uncertainty may arise due to application of the
19° C (67° F) minimum threshold to the three highlighted species when, in fact, it is based upon
a study of simply the T. protracta, given the lack of information on other species (Sjogren and
Ryckman 1966). Finally, the gridded population data are based on the 2000 census, and when
considering the population at risk under warmer temperatures, population growth and the

movement of people is not taken into account.

Conclusion

While Chagas disease is endemic in Central and South America, the potential exists for the
emergence of Chagas disease in the United States. At present, the disease transmission cycle is
considered to be sylvatic and therefore is less of a threat, but a Texas outbreak in 2003 in which
infected triatomine colonized a peridomestic dwelling illustrates the potential for direct
transmission of the protozoan to humans via an infected vector in the United States (Beard et al.
2003). Further investigation into reports such as these is necessary in order to prevent the
emergence of Chagas disease in the United States. By using the frameworks of disease ecology
and landscape epidemiology in a geographic approach, we are able to delineate areas at higher
risk for disease emergence.

This 2003 occurrence serves as an example of a zoonotic disease threat to domestic dogs
which is a focal point in landscape epidemiology (Patz et al. 2004). When human encroachment
into a vector’s habitat causes domestic animals to become seropositive for a normally sylvatic
disease agent, a potential disease reservoir is created that is inherently linked to humans (Bradley
et al. 2000; Beard et al. 2003; Patz et al. 2004). The factors related to vector-borne disease
emergence among people include the ecology of the disease and its evolution, the regional
culture of the people, and the disease nidus (Meade and Earickson 2005). The discovery of T.
cruzi infected dogs is an example of how changes in the disease nidus can lead to disease

emergence in the human population.
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Previous research suggests that the northern limit of the triatomine range in the United
States currently extends beyond 40 degrees latitude based on collection data; however, the study
presented here indicates that the risk of Chagas disease transmission is highest in the lower
latitudes in the southern portion of the country. Chagas disease is potentially an emerging threat
in the United States based upon the effects of current and predicted temperature patterns on the
triatomine range as well reports indicating a lack of disease awareness in areas defined as being
at a higher risk for transmission.

In order to maintain an able-bodied society, it is necessary to direct public health resources
toward present health threats as well as toward emerging diseases such as Chagas disease. The
factors of triatomine biogeography and Chagas disease awareness characterize the regions at
higher risk for Chagas disease emergence in the United States and justify a need for in-depth
investigation so as to alleviate the potential for disease emergence. In order to prevent or control
vector-borne disease epidemics, it is first necessary to delineate areas at highest risk for
transmission followed by implementation of a plan of action that includes educating both the
general population and public health officials about the disease risk and methods for eradication

of the vector.

Acknowledgements

This research is funded by the Department of Geography in the College of Natural

Resources at The Virginia Polytechnic Institute.

62



References

Abad-Franch F, Paucar C. A, Carpio C, Cuba Cuba CA, Aguilar V. HM, Miles MA, 2001.
Biogeography of Triatominae (Hemiptera: Reduviidae) in Ecuador: Implications for the
Design of Control Strategies. Mem Inst Oswaldo Cruz 96, 611-620.

Anonymous, 1956. Found: two cases of Chagas Disease. Texas Health Bulletin 9, 11-13.

Barr SC, Van Beek O, Carlisle-Nowak MS, Lopez JW, Kirchhoff LV, Allison N, Zajac A, de
Lahunta A, Schlafer DH, Crandall WT, 1995. Trypanosoma cruzi infection in Walker
Hounds from Virginia. American Journal of Veterinary Research 56, 1037-1044.

Beard CB, Pye G, Steurer FJ, Rodriguez R, Campman R, Peterson AT, Ramsey J, Wirtz RA,
Robinson LE, 2003. Chagas Disease in a Domestic Transmission Cycle, Southern Texas,
USA. CDC Emerg Infect Dis 9, 103-105.

Betz TG, Hnilica VS, Smith JH, Hansan W, Reiger L, Ohngley D, Davis BL, Allain D, Steurer
F, Walis K, 1984. Chagas Disease Investigation. Texas Preventable Disease News 31, 1-
4,

Bowen J, Pheby D, Charlett A, McNulty C, 2005. Chronic Fatigue Syndrome: a survey of GPs'
attitudes and knowledge. Family Practice - an international journal 22, 389-393.

Bradley KK, Bergman DK, Woods JP, Crutcher JM, Kirchhoff LV, 2000. Prevalence of
American trypanosomiasis (Chagas disease) among dogs in Oklahoma. J Am Vet Med
Assoc 217, 1853-1857.

CDC, 2006. Chagas Disease Fact Sheet. Division of Parasitic Diseases, Parasitic Disease
Information.
www.cdc.gov/ncidod/dpd/parasites/chagasdisease/factsht_chagas_disease.htm. 2007.

Cooke FJ, Shapiro DS, 2003. Global outbreak of severe acute respiratory syndrome (SARS). Int
J Infect Dis 7, 80-85.

Costa J, Peterson AT, Beard CB, 2002. Ecologic niche modeling and differentiation of
populations of Triatoma brasiliensis neiva, 1911, the most important Chagas' disease
vector in northeastern Brazil (hemiptera, reduviidae, triatominae). Am J Trop Med Hyg
67, 516-520.

Coutinho M, 1999 Figures, Reproduced with permission by Sage Publications. Ninety Years of
Chagas Disease: A Success Story at the Periphery. Social Studies of Science 29, 519-549.

Crisante G, Rojas A, Teixeira MMG, Afiez N, 2006. Infected dogs as a risk factor in the
transmission of human Trypanosoma cruzi infection in western Venezuela. Acta Tropica
98, 247-254.

DEFRA. 2005. A briefing from the Hadley Center. In Climate change and the greenhouse effect,
ed. J. Mitchell. Exeter, UK: Met Office Hadley Center.

Enger KS, Ordofiez R, Wilson ML, Ramsey JM, 2004. Evaluation of Risk Factors for Rural
Infestation by Triatoma pallidipennis (Hemiptera: Triatominae), a Mexican Vector of
Chagas Disease. Journal of Medical Entomology 41, 760-767.

ESRI. 2005. ArcGIS 9.1.

Garrett L, 1994. The Coming Plague: Newly emerging diseases in a world out of balance. New
York, Penguin Books, p. 568.

Guzman-Tapia Y, Ramirez-Sierra MJ, Escobedo-Ortegon J, Dumonteil E, 2005. Effect of
Hurricane Isidore on Triatoma dimidiata Distribution and Chagas Disease Transmission
Risk in the Yucatan Peninsula of Mexico. Am J Trop Med Hyg 73, 1019-1025.

63



Haggett P, 1994. Geographical Aspects of the Emergence of Infectious Diseases. Geografiska
Annaler 76(B), 91-104.

Hawley WA, Reiter P, Copeland RS, Pumpuni CB, Craig Jr. GB, 1987. Aedes albopictus in
North America: Probable introduction in used tires from northern Asia. Science 236,
1114-1116.

Hengeveld HG, 2000. Projections for Canada's Climate Future. Edited by D. Francis. CCD 00-01
ed, Climate Change Digest. Downsview, Ontario, Minister of Public Works and
Government Services, Canada.

Herwaldt BL, Grijalva MJ, Newsome AL, McGhee CR, Powell MR, Nemec DG, Steurer FJ,
Eberhard ML, 2000. Use of Polymerase Chain Reaction to Diagnose the Fifth Reported
US Case of Autochthonous Transmission of Trypanosoma cruzi, in Tennessee, 1998. The
Journal of Infectious Diseases 181, 395-399.

Holbert RD, Magiros E, Hirsch CP, Nunenmacher SJ, 1995. Chagas' Disease: A Case in South
Mississippi. Journal of the Mississippi State Medical Association 36, 1-5.

IPCC, 2001. Climate Change 2001: The Scientific Basis - Technical Summary of the Working
Group | Report. Edited by J. T. Houghton, Y. Ding, D. J. Griggs, M. Noguer, P. J. van
der Linden, X. Dai, K. Maskell and C. A. Johnson, Third Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK, Cambridge University
Press, p. 70.

Kagan IG, Norman L, Allain D, 1966. Studies on Trypanosoma cruzi isolated in the United
States: A Review. Rev. Biol. Trop. 14, 55-73.

Kirchhoff LV, 1993. American Trypanosomiasis (Chagas' Disease) -- A Tropical Disease Now
in the United States. The New England Journal of Medicine 329, 639-644.

Kirchhoff LV, Gam AA, Gilliam FC, 1987. American Trypanosomiasis (Chagas' Disease) in
Central American Immigrants. The American Journal of Medicine 82, 915-920.

Kirchhoff LV, Paredes P, Lomeli-Guerrero A, Paredes-Espinoza M, Ron-Guerrero CS, Delgado-
Mejia M, Pefia-Mufioz JG, 2006. Transfusion-associated Chagas disease (American
trypanosomiasis) in Mexico: implications for transfusion medicine in the United States.
Transfusion 46, 298-304.

Lee K, 2006. Medicare: Hospital Outpatient Prospective Payment System and CY 2007 Payment
Rates; Proposed Rule (Docket # CMS-1506-P). American Red Cross Letter to the
Centers for Medicare and Medicaid Services dated October 10, 2006.

Leiby DA, Herron Jr. RM, Read EJ, Lenes BA, Stumpf RJ, 2002. Trypanosoma cruzi in Los
Angeles and Miami blood donors: impact of evolving donor demographics on
seroprevalence and implications for transfusion transmission. Transfusion 42, 549-555.

Leiby DA, Rentas FJ, Nelson KE, Stambolis VA, Ness PM, Parnis C, McAllister HA, Yawn DH,
Stumpf RJ, Kirchhoff LV, 2000. Evidence of Trypanosoma cruzi Infection (Chagas'
Disease) Among Patients Undergoing Cardiac Surgery. American Heart Association
Circulation 102, 2978-2982.

Lent H, Wygodzinsky P, 1979. Revision of the Triatominae (Hemiptera, Reduviidae), and Their
Significance as Vectors of Chagas' Disease. Bulletin of the American Museum of Natural
History 163, 123-520.

Lopez-Cardenas J, Gonzalez Bravo FE, Salazar Schettino PM, Gallaga Solorzano JC, Ramirez
Barba E, Martinez Mendez J, Sanchez-Cordero V, Peterson AT, Ramsey JM, 2005. Fine-
Scale Predictions of Distributions of Chagas Disease Vectors in the State of Guanajuato,
Mexico. Journal of Medical Entomology 42, 1068-1081.

64



Lowry R, 2007. VassarStats: Web Site for Statistical Computation.
http://faculty.vassar.edu/lowry/VassarStats.html.

Meade MS, Earickson RJ, 2005. Medical Geography. Second ed. New York, The Guilford Press.

Meurs KM, Anthony MA, Slater M, Miller MW, 1998. Chronic Trypanosoma cruzi infection in
dogs: 11 cases (1987-1996). J Am Vet Med Assoc 213, 497-500.

Monroy MC, Bustamante DM, Rodas AG, Enriquez ME, Rosales RG, 2003. Habitats,
Dispersion and Invasion of Sylvatic Triatoma dimidiata (Hemiptera: Reduviidae:
Triatominae) in Petén, Guatemala. Journal of Medical Entomology 40 800-806.

Navin TR, Roberto RR, Juranek DD, Limpakarnjanarat K, Mortenson EW, Clover JR, Yescott
RE, Taclindo C, Steurer F, Allain D, 1985. Human and Sylvatic Trypanosoma cruzi
Infection in California. American Journal of Public Health 75, 366-369.

NOAA-NGDC EOG. 2007. Nightlights. Boulder, CO: Defense Meteorological Satellite
Program, http://www.ngdc.noaa.gov/dmsp/download.html.

Ochs DE, Hnilica VS, Moser DR, Smith JH, Kirchhoff LV, 1996. Postmortem diagnosis of
autochthonous acute chagasic myocarditis by polymerase chain reaction amplification of
a species-specific DNA sequence of Trypanosoma cruzi. Am J Trop Med Hyg 54, 526-
529.

Patz JA, Daszak P, Tabor GM, Aguirre AA, Pearl M, Epstein J, Wolfe ND, Kilpatrick AM,
Foufopoulos J, Molyneux D, Bradley DJ, 2004. Unhealthy Landscapes: Policy
Recommendations on Land Use Change and Infectious Disease Emergence. Environ
Health Perspect 112, 1092-1098.

Peterson AT, Sanchez-Cordero V, Beard CB, Ramsey JM, 2002. Ecologic Niche Modeling and
Potential Reservoirs for Chagas Disease, Mexico. Emerging Infectious Diseases 8, 662-
667.

Poveda G, Rojas W, Quifiones ML, Vélez ID, Mantilla RI, Ruiz D, Zuluaga JS, Rua GL, 2001.
Coupling between Annual and ENSO Timescales in the Malaria: Climate Association in
Columbia. Environ Health Perspect 109, 489-493.

Prata A, 2001. Review: Clinical and epidemiological aspects of Chagas disease. The Lancet
Infectious Diseases 1, 92-100.

PRISM, 2006. PRISM Group. Oregon State University Average Minimum Temperature
Normals, 1971-2000. http: //www. prismclimate.org. Map created 02/28/2007.

Ramsey JM, Alvear AL, Ordofiez R, Mufioz G, Garcia A, Lopez R, Leyva R, 2005. Risk factors
associated with house infestation by the Chagas disease vector Triatoma pallidipennis in
Cuernavaca metropolitan area, Mexico. Medical and Veterinary Entomology 19, 219-
228.

Ryckman RE, 1984. The Triatominae of North and Central America and the West Indies: A
Checklist with Synonymy (Hemiptera: Reduviidae: Triatominae). Bull. Soc. Vector Ecol.
9, 71-83.

Ryckman RE, Ryckman JV, 1967. Epizootiology of Trypanosoma cruzi in Southwestern North
America. Part XII: Does Gause's Rule Apply to the Ectoparasitic Triatominae? J Med
Entomol 4, 379-386.

Rykiel J, E. J., 1996. Testing ecological models: the meaning of validation. Ecological
Modelling 90, 229-244.

65



Sanchez-Guillén MC, Ldpez-Colombo A, Ordéfiez-Toquero G, Gomez-Albine I, Ramos-
Jimenez J, Torres-Rasgado E, Salgado-Rosas H, Romero-Diaz M, Pulido-Pérez P, Pérez-
Fuentes, 2006. Clinical forms of Trypanosome cruzi infected individuals in the chronic
phase of Chagas diasease in Puebla, Mexico. Mem Inst Oswaldo Cruz 101, 733-7309.

Schiffler RJ, Mansur GP, Navin TR, Limpakarnjanarat K, 1984. Indigenous Chagas' Disease
(American Trypanosomiasis) in California. JAMA 251, 2983-2984.

Schofield CJ, 1979. The behaviour of Triatominae (Hemiptera: Reduviidae): a review. Bulletin
of Entomological Research 69, 363-379.

SEDAC, 2007. CIESIN, Center for International Earth Science Information Network, SF1
Census Data, http://sedac.ciesin.columbia.edu/usgrid/downloads.jsp.

Sjogren RD, Ryckman RE, 1966. Epizootiology of Trypanosoma cruzi in Southwestern North
America. Part VIII: Nocturnal Flights of Triatoma protracta (Uhler) as Indicated by
Collections at Black Light Traps. J Med Entomol 3, 81-92.

Tambor ES, Chase GA, Faden RR, Geller G, Hofman KJ, Holtzman NA, 1993. Improving
Response Rates through Incentive and Follow-Up: The Effect on a Survey of Physicians'
Knowledge of Genetics. American Journal of Public Health 83, 1599-1603.

TDR, 2003. Disease Watch in the News. 2005.

Usinger RL. 1944. The Triatominae of North and Central America and the West Indies and their
Public Health Significance, Public Health Bulletin No. 288, ed. U. S. P. H. Service: U.S.
Government Printing Office.

Vazquez-Prokopec GM, Ceballos LA, Kitron U, Girtler RE, 2004. Active Dispersal of Natural
Populations of Triatoma infestans (Hemiptera: Reduviidae) in Rural Northwestern
Argentina. Journal of Medical Entomology 41, 614-621.

Vazquez-Prokopec GM, Ceballos LA, Marcet PL, Cecere MC, Cardinal MV, Kitron U, Gdrtler
RE, 2006. Seasonal variations in active dispersal of natural populations of Triatoma
infestans in rural north-western Argentina. Medical and Veterinary Entomology 20, 273-
279.

Vetter R. 2001. Kissing bugs (Triatoma) and the skin. In Dermatology Online Journal, 7(1):6,
accessed 9/19/06.

Wood SF, 1938. A New Locality for Trypanosoma cruzi Chagas in California. Science 87, 366-
367.

Wood SF, Wood FD, 1967. Ecological Relationships of Triatoma p. protracta (Uhler) in Griffith
Park, Los Angeles, Calif. Pacific Insects 9, 537-550.

Woody NC, Woody HB, 1955. American Trypanosomiasis (Chagas' Disease): First Indigenous
Case in the United States. Journal of the American Medical Association 159, 676-677.

Yabsley MJ, Noblet GP, 2002. Seroprevalence of Trypanosoma cruzi in raccoons from South
Carolina and Georgia. Journal of Wildlife Diseases 38, 75-83.

Zayas CF, Perlino C, Calideno A, Jackson D, Martinez EJ, Tso P, Heffron TG, Logan JL,
Herwaldt BL, Moore AC, Steurer FJ, Bern C, Maguire JH, 2001. Chagas Disease After
Organ Transplantation - United States, 2001. CDC Morbidity and Mortality Weekly
Report 51, 210-212.

66



Titles of tables and figures

Table 3.1
Table 3.2

Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4

Figure 3.5
Figure 3.6

United States Summary of Lent and Wygodzinsky’s (1979) Triatoma species.
Contingency table depicting the outcome of a physician survey based on a ranking
of Chagas disease in differential diagnosis where vignettes representing Hispanic
and non-Hispanic patients are presented.

Schematic defining variables for Chagas disease risk in the United States.
International articles published on Chagas disease (Coutinho 1999 Figures,
Reproduced with permission by Sage Publications).

Triatomine samples and autochthonous Chagas disease and their proximity to
populated areas in the United States.

Areas of increased risk of Chagas disease.

Population at higher risk for Chagas disease transmission due to climate change.
Area affected by increased triatomine activity and the percent change between the
2000 and 2030 calculations.

67



Table 3.1 United States Summary of Lent and Wygodzinsky’s (1979) Triatoma species.

Triatoma species in the United States
Naturally Infected

State Species with T. cruzi
New Mexico, Texas T. gerstaeckeri X
Arizona T. incrassata
Arizona, New Mexico, Texas T. indictiva

Arizona, California, Florida, Georgia, Illinois, Kansas, Louisiana, Maryland,

Missouri, New Mexico, North Carolina, Oklahoma, Pennsylvania, South T. lecticularia X
Carolina, Tennessee, Texas
Arizona, California, Colorado, Nevada, New Mexico, Texas, Utah T. protracta X
Arizona T. recurva X
Arizona, California, New Mexico, Texas T. rubida X
Florida T. rubrofasciata
Alabama, Arizona, Arkansas, Florida, Georgia, Illinois, Indiana, Kansas, .

T. sanguisuga X

Kentucky, Louisiana, Maryland, Mississippi, Missouri, North Carolina, Ohio,
Oklahoma, Pennsylvania, South Carolina, Tennessee, Texas, Virginia

Table 3.2 Contingency table depicting the outcome of a physician survey based on a ranking of
Chagas disease in differential diagnosis where vignettes representing Hispanic and non-Hispanic
patients are presented.

Chagas disease ranked

Hispanic Yes No Total
Yes 4 1 5
No 4 13 17
Total 8 14 22
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| Factors influencing the risk of Chagas disease transmission in the U.S. |

| Climate variability and biogeography |
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Figure 3.1 Schematic defining variables for Chagas disease risk in the United States. Topics of
focus in this study are domesticity and its components, naturally occurring T. cruzi, increased
flight activity, and physician awareness.
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Figure 3.2 International articles published on Chagas disease (Coutinho 1999 Figures,
Reproduced with permission by Sage Publications). An increase in the publication of articles
related to Chagas disease is loosely correlated with four of the five autochthonous cases in the

United States.
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Figure 3.3 Triatomine samples and autochthonous Chagas disease and their proximity to
populated areas in the United States (Usinger 1944; Woody and Woody 1955; Anonymous 1956;
Sjogren and Ryckman 1966; Ryckman and Ryckman 1967; Lent and Wygodzinsky 1979; Betz et
al. 1984; Ryckman 1984; Schiffler et al. 1984; Navin et al. 1985; Ochs et al. 1996; Bradley et al.

2000; Herwaldt et al. 2000; Yabsley and Noblet 2002). [Data sources: (ESRI 2005); (NOAA-
NGDC 2007)]
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Figure 3.5 Population at higher risk for Chagas disease transmission due to climate change
(SEDAC 2007).
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Figure 3.6 Area affected by increased triatomine activity and the percent change between the
2000 and 2030 calculations.
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