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Abstract

Environmental Drivers of Rocky Mountain Spotted Fever in Tennessee
By Bryant Jones

Introduction: Rickettsia rickettsii is one of the most pathogenic ricketsial strains infecting
humans and can be found throughout North and South America as well as some areas in the
Eastern hemisphere. The primary vector is the American dog tick (Dermacentor Variabilis)
which is distributed throughout the Eastern U.S. and contributes to the particularly high
incidence of RMSF in Tennessee. This study aims to utilize GIS technologies and data available
from various sources to estimate the association between presence of RMSF with environmental
variables.

Methods: Passive surveillance data of Rocky Mountain spotted fever cases throughout the state
of Tennessee were used to document both RMSF cases and non-cases at the census tract level.
Case locations were determined using the address of the infected individual as a proxy for actual
tick bite location. Clusters of high prevalence census tracts were used to create a dichotomous
outcome variable for use in logistic regression analysis. Analysis was performed using the
environmental factors as independent exposure variables and clustered versus non-clustered
census tracts as the outcome.

Results: Cluster analysis of positive cases showed areas of High-High clustering west of
the capital. Significant environmental variables for the logistic regression model included land
cover, elevation, and average annual precipitation. Geological classes and soil order were not
deemed significant but were retained for the final model based on a priori knowledge. The
predictive risk map shows the majority of the state with the 25 to 50% probability range while
areas of higher risk are scattered throughout the state.

Discussion: Research has shown that the distribution of tick vectors is associated with
environmental variables. This project serves as a starting point to better understand the role of
environmental variables in the distribution of Rocky Mountain spotted fever. More in-depth
studies on the subject could lead to new health policy initiatives regarding tick borne disease in
Tennessee.
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Objectives
- Define Environmental Variables associated with tick abundance and disease risk
- Define ecological drivers of risk for Rocky Mountain Spotted Fever
- Quantify and compare selected ecological drivers of risk
- Model probability of disease using case incidence as a proxy for tick presence

Chapter 1: Introduction

Rocky Mountain spotted fever in Tennessee

Rocky Mountain spotted fever (RMSF) is a tick borne disease caused by a gram -
negative, intracellular bacterium, Rickettsia rickettsii, that infects endothelial cells lining blood
vessels. It is a highly virulent human infection, and without proper treatment, can lead to fatal
outcomes even in younger, healthy people [8].

First reported in 1896, RMSF has been notoriously difficult to diagnose due to its non-
specific clinical presentation. Common symptoms include fever, headache, myalgia,
gastrointestinal distress, and rash for some individuals. This tell-tale rash, used as an indicator
for the disease, does not generally appear until multiple days into the illness, and at times, does
not manifest at all [38]. The rash generally begins near the extremities and can spread to the
center of the body, presenting with small, pink, non-itchy spots on the wrists, forearms, and
ankles [28]. Many times, a patient is treated even if the disease is only probable, or even possible
because early treatment is necessary to prevent severe complications ranging from vasculitis to
neurological deficits.

Rickettsia rickettsii is one of the most pathogenic ricketsial strains infecting humans and
can be found throughout North and South America as well as some areas in the Eastern

hemisphere [25]. The disease has been reported throughout the contiguous U.S. but there are



five states that bear the brunt of infection: North Carolina, Oklahoma, Arkansas, Missouri, and
Tennessee. These states account for over 60% of all cases within the U.S. [33].

Moncayo et al. stated that “Tennessee historically reports one of the highest incidence
rates of Rocky Mountain spotted fever in the nation, with the disease being the most common
tick-borne illness reported throughout the state” [20]. The present study aims to examine the
effect of several key environmental risk factors for RMSF within Tennessee to help understand

patterns of RMSF infection and to better inform surveillance and health policy initiatives.

The Vectors

There are three main vectors of Rocky Mountain spotted fever in the contiguous United
States. The primary vector is the American dog tick (Dermacentor Variabilis) which is
distributed throughout the Eastern U.S. and contributes to the particularly high incidence of
RMSF in Tennessee. The Brown dog tick (Rhipicephalus sanguineus) and the Rocky Mountain
wood tick (Dermacentor andersoni) are secondary vectors. The Rocky Mountain wood tick is
distributed throughout the Northwestern U.S. at elevations between 4,000 and 10,500 feet while
the Brown dog tick can be found throughout the contiguous U.S. [15].

Ticks act as both the vector and reservoir for RMSF. Ticks go through three different life
stages: larvae, nymph, and adult and each state must take a blood meal to progress. Ticks can
become infected in multiple ways: by feeding on an infected animal (the main route of
transmission), through fertilization, or through transovarial passage of the pathogen from an
infected tick to her progeny [38]. Generally, RMSF is transmitted to humans via the bite of an
infected tick. Laboratory studies have shown that it is possible to become infected by inhaling
contaminated aerosol, but the mode of transmission has only been observed in laboratory settings

and is unlikely to play a significant role in nature [8]. When the tick is attached to a host and



feeding, the pathogen is released through the salivary glands in a process that reactivates R
rickettsii from a dormant state into a pathogenic one [8]. This process is usually initiated after 6
-10 hours of attachment but can take up to twenty-four hours [33]. Once the tick has finished
feeding, it will detach and fall to the ground to prepare for the next life stage.

Generally, RMSF incidence peaks during the summer months with the highest number of
cases occurring in June and July, though seasonality can vary somewhat in different regions

depending on the vectors involved and climate [33].

Using GIS and mapping to estimate disease risk

Spatial models and maps have been used extensively in analyzing associations between
the environment and disease [13, 15, 17, 19, 24, 39]. Estimating the risk of tick borne disease in
certain areas can be enhanced by using geographical information systems (GIS) and spatial
analysis. These methods have been used most commonly for Lyme disease [15, 19, 22]. GIS s
particularly useful in this regard as it allows for risk analysis to be expanded to larger regions
that are less well-defined.

Disease hotspots and areas of high risk can be defined using passive surveillance data of
patient residences. Also, creating models from this data can help to drive active surveillance as
well as disease interventions. An advantage of being able to use GIS to analyze passive
surveillance data is that it decreases the laboratory costs and time-intensiveness of field sampling
for ticks. With current GIS and modelling capabilities, environmental variables can be assessed
over large areas. Relevant environmental conditions can be determined at a smaller scale and
then extrapolated out to encompass entire states or countries. This study aims to utilize GIS

technologies and data available from various sources to estimate the association between the



presence of RMSF in these areas with environmental variables. Environmental variables that are
significantly associated with RMSF distribution across the state can be assessed to determine
where greater surveillance and support are needed. With further study, this could be lead to the
implementation of methods aimed at controlling the spread of Rocky Mountain spotted fever. In
this way, risk maps for RMSF will help us understand the patterns of RMSF in Tennessee to

better protect human health.

Chapter 2: Materials and Methods

Study Area

The Southeastern state of Tennessee is located between the Great Smokey Mountains to
the east and the Mississippi river to the West, and covers an area of 41,234 square miles.
According to the 2010 census, the state population was 6,346,105, with 153.9 persons per square
mile. Passive surveillance throughout the state of Tennessee was used to determine the

incidence of RMSF.

Geospatial Analysis
Epidemiological data

Passive surveillance data of Rocky Mountain spotted fever cases throughout the state of
Tennessee was received from the Tennessee Department of Health and was used to document
both RMSF cases and non-cases at the census tract level. Case locations were determined using
the address of the infected individual as a proxy for actual tick bite location. This method was

also used to determine locations of non-cases from the same dataset (individuals who had been



tested for RMSF but received negative results). Address locations were geolocated within
ArcGIS [11] software and given latitude (X) and longitude (Y) coordinates for use in analysis.
In order to create a dichotomous dependent variable for use in logistic regression, prevalence of
cases per 100,000 people were calculated by census tract. Prevalence per census tract was then
used to determine clusters of High-high prevalence. Clustered census tracts and non-clustered
census tracts were used as the dichotomous outcome for logistic regression analysis.

A RMSF case was defined as an individual with a case status of confirmed or probable
disease as defined by National Notifiable Disease Surveillance System (NNDSS). Confirmed
cases include any case meeting the clinical case definition with confirmatory laboratory evidence
and probable cases include any case meeting the clinical case definition with supportive
laboratory evidence. The NNDSS defines a case of RMSF as follows: “Any reported fever and
one or more of the following: rash, eschar, headache, myalgia, anemia, thrombocytopenia, or any
hepatic transaminase elevation” [30]. Suspected cases were not included in the analysis as they

include cases with laboratory evidence but no clinical information.

Exploratory Data Analysis

Case prevalence was determined at the census tract level by spatially joining case data
and census tract data to determine the number of cases per 100,000 individuals. Point density
and Kernel density were also performed using the spatial analyst toolbox in ArcGIS 10.3. Point
density calculates a magnitude per unit area from point features that fall within a neighborhood
around each cell. Kernel density performs similarly but uses a kernel function to smooth out the

surface of each point. Cluster analysis was performed to determine areas of high-high and low-



low clustering. For this, Anselin local Moran’s 1 was performed to determine where high and

low values clustered spatially.

Meteorological data

Annual average mean temperatures (degrees F) and total precipitation (inches) for fifteen
consecutive years (2000-2015) were derived from over 50 weather stations within Tennessee and
the surrounding states. Data were obtained from NOAA Climate Data Online (CDO) [5].
Inverse Distance Weighting (IDW) was applied to annual mean temperature and total
precipitation to create an interpolated continuous surface which was then clipped to the state of

Tennessee using geoprocessing tools in ArcGIS.

Soil data

Soils data was derived from State Soil Geographic Database (STATSGO) generalized
soils coverage dataset provided by the USDA National Resources conservation Service (NRCS)
[21]. Soil order data was pulled from the STATSGO dataset and vector database was converted
raster format. USDA classification of soils is split into 12 orders, 6 of which are present in
Tennessee. The 6 major soil order categories within the state include: Alfisols, Entisols,
Inceptisols, Mollisols, Ultisols, and Vertisols.

According to the USDA soil taxonomy guide, the Alfisol order includes soils that are
naturally fertile with high base saturation and a clay-enriched subsoil horizon. Entisols and
inceptisols are both young soils that show little or no profile development or a weak, but
noticeable, profile development, respectively. Mollisols are very dark-colored, very fertile, soils

of grasslands. Ultisols have low base status with a clay-enriched subsoils while Vertisols are



defined as very clayey and can shrink and crack while dry or expand when wet [29]. Soil order
was classified into ordinal categories based on fertility: entisols and vertisols (0), inceptisols (1),
ultisols (2), mollisols (3), and alfisols (4). For analysis, the majority of each reclassified soil

order was determined for each census tract.

Elevation data
A digital elevation model for Tennessee was obtained from the USGS National Elevation
Dataset (NED) at a spatial resolution of 1 arc-second [36]. Elevation data ranged from 2016.4 m

in the eastern part of the state to 28.9 m in the western part.

Geological data

USGS geology data for the state was obtained from tngis.org [35]. The data contain
seventeen major types of geological classes within Tennessee: siltstone, silt, shale, sandstone,
sand, quartzite, limestone, greywacke, gravel, dolostone, conglomerate, claystone, clay or mud,
chert, calcarenite, and black shale. Geological classes were classified in order of increasing
drainage: water (0); igneous rock (1) which includes granite, diorite, and gabrro; metamorphic
rock (2) which includes quartzite, migmatite, tectonic breccia, gneiss, and metasedimentary rock;
sedimentary rock (3) which includes chert, limestone, shale, sandstone, dolostone, conglomerate,
claystone, black shale, calcarenite, siltstone, and greywacke; and Sediment (4) which includes
clay or mud, gravel, sand and silt. For analysis, the majority of each reclassified geological class

was determined for each census tract.



Land cover data

Land cover data for the state of Tennessee was obtained from the USGS National Land
cover Database (NLCD) [38]. The state of Tennessee comprises 15 of the 20 categories within
the NLCD including: open water, developed open space, developed low intensity, developed
medium intensity, developed high intensity, barren land, deciduous forest, evergreen forest,
mixed forest, shrub/scrub, herbaceous, cultivated crops, woody wetlands, and emergent
herbaceous wetlands. Land cover was grouped into five ordinal categories: water/wetlands (0)
which includes water, woody wetlands, and emerging herbaceous wetlands; developed (1) which
includes low intensity, medium intensity, and high intensity developed land; developed open
space (2) which includes developed open space and barren land; cultivated/pasture land (3)
which includes hay/pasture and cultivated cropland; and deciduous/evergreen forest (4) which
includes deciduous, evergreen, and mixed forest. NLCD vector data was converted to raster
format for analysis. For analysis the majority of each reclassified land cover type was

determined for each census tract.

Statistical method

Confirmed and probable cases from January, 2000 to June, 2015 were used to calculate
prevalence by census tracts. All analyses were performed using STATA statistical software and
ArcGIS 10.3.

Values from each environmental variable raster were extracted to case points using the
Spatial Analyst tool in ArcMap 10.3. Categorical variables were grouped into ordinal, ranked

categories. Pearson correlation analysis was performed on all variables included in the model



and showed that average annual temperature was highly correlated with average annual
precipitation with a coefficient of 0.815. For this reason, it was excluded from analysis.

In order to determine significant variables for inclusion in the model, stepwise backwards
elimination was used. Geological class and soil order were not determined as significant,
however, due to a priori knowledge from the literature, both these variables were included in the
final model [1, 9, 15, 18, 26, 39]. Logistic regression was performed using the environmental
factors as independent exposure variables and clustered census tracts (1) versus non-clustered
census tracts (0) as the outcome. Confounding and interaction were not assessed in this analysis;
we were only interested in examining the effects of environmental risk factors as exposure
variables on the incidence of RMSF. The logistic regression equation was used to generate a risk
map showing the probability of the presence of Rocky Mountain spotted fever within each
census tract across Tennessee. The final model included an intercept and all levels of each

environmental exposure.

Chapter 3: Results

Although cases of Rocky Mountain spotted fever were most common around major cities
in Tennessee, the distribution of cases can be biased by population. Therefore, prevalence of
cases were determined per 100,000 people in order to get a more accurate view of the proportion
of the population exposed to RMSF. As shown in figure 1, an increased prevalence of cases per
100,000 can be seen below the Land Between the Lakes area (the outcrop along the north border
of TN) to the West and Northwest of Nashville, TN. Increased prevalence can also be seen in the

Big South Fork area in the northern portion of the state, east of Nashville.



Prevalence of RMSF per 100,000 by Census Tract
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Figure 1. Prevalence of RMSF per 100,000 by census tract

Anselin local Moran’s | was used to determine statistically significant clusters for each

300 L8, USDyv, VROR,

census tract. Cluster analysis of positive cases showed areas of High-High clustering north of the

capital. Areas of Low-Low clustering were seen in the southwestern section of the state around

the city of Memphis (Figure 2.).

10



Cluster Analysis of Case Prevalence by Census Tract
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Figure 2. Cluster analysis of census tracts using Anselin Local Moran’s I.

Descriptive Statistics
Precipitation

Continuous precipitation data combined with RMSF case data showed that 23% of
positive cases occurred in areas that received over 450 inches of rainfall a year. Mean minimum
and maximum were 223.6 and 473.3 inches respectively. An odds ratio of 1.06 was found for
average annual precipitation with a p-value of <0.001 when adjusting for all other variables. 95%

Confidence intervals for precipitation were 1.041 and 1.086.
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Temperature

Continuous temperature data combined with RMSF case data showed that 53% of
positive cases occurred within 56.71 to 58.69 annual average temperature. Minimum and
maximum were 50.5 and 63.2 °F, respectively. During correlation analysis, temperature was
found to be highly correlated with precipitation with a coefficient of 0.815. For this reason,

temperature was excluded from the logistic regression analysis.

Soil

Soil order data combined with RMSF case data indicated that 53% of cases occurred
within the ultisol soil order (clay-enriched subsoils). 26.5% of positive cases occurred in the
alfisol soil category (naturally fertile with high base saturation), 15% occurred in the inceptisol
category (young, with weak profile development) and the remaining 5% was split between the
vertisol, mollisol, and entisol categories. Soil order had an odds ratio of 0.85 with a p-value of
0.325. 95% confidence intervals were 0.614 and 1.175. Although insignificant, soil order was

retained in the model due to a priori knowledge

Elevation

Elevation data contained mean minimum and maximum values of 62.1 and 1,069.7
meters, respectively. An odds ratio of 0.99 was found for elevation when accounting for other
variables in the model with a p-value of 0.004. 95% confidence intervals for elevation were

0.9903 and 0.9908.
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Geology

Geology data combined with RMSF case data showed 21.2% of positive cases occurring
within the Clay or Mud category. 12.3% of cases occurred within the limestone category, 11.6%
within the shale category, 10% within the chert category 9.7% within dolostone, 9.5% within
sand, 7.9% within silt, 6.5% within calcarenite, and the remaining 6% within all other categories.
An odds ratio of 1.50 was found for geologic class with a p-value of 0.22. 95% confidence
intervals for geologic class were 0.778 and 2.910. Like soil order, geologic class was retained in

the final model, despite its statistical insignificance, due to a priori knowledge.

Land cover

Land cover data combined with RMSF case data showed 36.9% of positive cases
occurred in the developed, open space category. 22.7% occurred in low intensity developed
land, 13.4% occurred in deciduous forest, 13.6% in hay/pasture, 3.9% in herbaceous, and 3.1%
in medium intensity developed land. Land cover had an odds ratio of 7.61 with a p-value of

<0.001. The confidence intervals for this variable were 3.612 and 16.020.
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Table 1. Significant and a priori environmental variables in the logistic regression model.

0
Variable Beta Std. Error | P-Value OdQs 95% C.I
Ratio Lower Upper
Land Cover 2.029 0.379 <0.001 7.61 3.612 16.020
Soil Order -0.163 0.165 0.325 0.85 0.614 1.175
Geologic 0.409 0.336 0.224 1.50 0.778 2.910
Class
Elevation -0.006 0.002 0.004 0.99 0.990 0.998
Precipitation 0.061 0.011 <0.001 1.06 1.041 1.086
Constant -36.617 5.068

Modelling Results
Risk map

The predictive risk map generated from the logistic regression model is shown in figure
3. Higher probabilities show areas of increased RMSF presence. No areas showed greater than a
75% probability for RMSF presence within the state. Based on clustering of high case
prevalence by census tract, the area between Memphis and Nashville (western portion of central
TN) shows the highest probability for RMSF. Scattered areas of medium-high (50 — 75%) risk
can be found throughout the rest of the state with areas of low (10%-25%) risk covering the
majority of the central part of the state. The area of lowest probability is towards the eastern

section of the state where the Appalachian Mountains run along the border.
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Chapter 4: Discussion

The primary goal of this project was to assess risk of Rocky Mountain spotted fever in
relation to six environmental variables across the state of Tennessee. Environmental variables
included Soil order, land cover type, geology type, elevation, average annual precipitation, and
average annual temperature. This study also aimed to address a gap in the literature for RMSF as
the majority of research and analysis has been concerned with other tick borne diseases such as
Lyme disease. Even though RMSF has a large presence in the southeast and is the number one
tick borne disease in Tennessee, there is very little literature associated with its environmental
drivers of risk.

Research has shown that the distribution of tick vectors is associated with environmental
variables [9, 15, 34]. Much work has been done on the tick vector, Ixodes scapularis, the
primary vector of Lyme disease, and has shown that abundance and infection prevalence is
associated with variables such as precipitation, temperature, humidity, vegetation, and soil type
[12, 15, 18, 19, 22]. For this reason, several of these environmental drivers of risk were
quantified for the state of Tennessee.

Multivariate analysis showed land cover, elevation, and average annual precipitation
categories to be significantly associated with RMSF presence. Stepwise backwards elimination
was performed in order to determine individual variables of significance. Although multivariate
analysis did not prove significant for geologic class and soil order, they were retained in the
model based on a priori knowledge of their role in vector distribution.

It is possible that soil orders and geologic classes were found to be insignificant due to

effect modification. In the instance of this model, the magnitude of effect of soil order or

16



geological class could be influenced by type of land cover. Since confounding and interaction
terms were not assessed in this study, further studies are needed to assess the effect of these
variables as confounders and determine the how they might modify results.

The predictive risk model developed for this study showed that the majority of significant
clusters of high prevalence were found in areas with high average annual precipitation and in
lower elevation. The majority of these significant clusters also were found in the ultisols soil
order in deciduous and mixed forest types. Geologic classes with higher drainage capacity, such
as sediment and sedimentary rock can be seen around the areas of high clusters. Shrub layer and
vegetation found in forested areas provides cover and areas where questing for hosts can occur.
Since the tick vectors that can spread RMSF are sensitive to hot and dry conditions, they require
habitat that can provide moist, cool coverage.

Tick sampling could be used to validate the model created in this study. Sampling sites
can be selected based on areas of high (and low) RMSF probability and vulnerable populations.
This study was limited in that it was not able to take into account variables such as host
abundance and distribution, as well as other abiotic and biotic factors that influence tick
distribution. The inclusion of other variables such as host density and forest fragmentation will
increase the robustness of the study.

There are inherent disadvantages to working with epidemiological data because true tick
bite locations cannot be assessed based on passive surveillance using addresses as proxies for
tick bite locations. Despite this, this model can be used as a starting point for assessing areas that
can be prioritized for active surveillance and also as an educational guide to help inform the

public of areas at risk for Rocky Mountain spotted fever. More in-depth studies could lead to

17



new health policy initiatives regarding tick borne disease in Tennessee and could help to increase

the amount of knowledge of this pathogen within the state.
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