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Abstract

Bartonella henselae is a zoonotic vector-borne pathogen affecting both humans and dogs. Little is known about
the epidemiology of B. henselae in dogs, including risk factors associated with exposure. The objectives of this
study were to map the current distribution of B. henselae in dogs in North Carolina (NC) and to identify
ecological and socioeconomic factors influencing B. henselae seroreactivity.

Results from 4446 B. henselae serology samples from dogs in NC submitted by veterinarians for clinical
diagnostic testing to the North Carolina State University College of Veterinary Medicine Vector Borne Disease
Diagnostic Laboratory between January 1, 2004 and December 31, 2015 were retrospectively reviewed. These
results were used to generate a map of B. henselae seroreactivity. To account for sparsely sampled areas,
statistical smoothing using head banging and areal interpolation kriging was performed. Using previously
described risk factors for exposure to canine tick-borne diseases, eight multivariable logistic regression models
based on biologically plausible hypotheses were tested, and a final model was selected using an Akaike’s
Information Criterion weighted-average approach.

Seroreactivity among dogs tested for vector-borne disease was variable across the state: higher along the
southern/eastern coastal plains and eastern Piedmont, and lower in the western mountains. Of 25 explanatory
factors considered, the model combining demographic, socioeconomic, climatic, and land use variables fits best.
Based on this model, female intact sex and increasing percentage of the county with low-intensity development
and evergreen forest were associated with higher seroreactivity. Conversely, moderate development, increasing
median household income, and higher temperature range and relative humidity were associated with lower
seroreactivity. This model could be improved, however, by including local and host-scale factors that may play
a significant role in dogs’ exposure.
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Background

Members of the bacterial genus Bartonella are im-
portant emerging pathogens in dogs and humans

worldwide (Harms and Dehio 2012, Breitschwerdt et al.
2017). There are >30 named species, more than half of which
have been associated with human and animal diseases
(Breitschwerdt et al. 2014, 2017). One of the most common
zoonotic species of Bartonella in humans and dogs is Bar-
tonella henselae, the causative agent of human cat scratch
disease (CSD) (Breitschwerdt et al. 2014, Regier et al. 2016,
Lashnits et al. 2018). In humans, B. henselae is transmitted by

inoculation of infected flea feces through the patient’s skin
through cat scratch (Zangwill 2013, Regier et al. 2016). Al-
though the cat flea, Ctenocephalides felis, serves as the pri-
mary arthropod vector for transmission of B. henselae among
the domestic cat reservoir, the primary vector for transmission
to dogs is unknown (Billeter et al. 2008, Angelakis et al. 2010,
Mosbacher et al. 2011). Ticks (primarily Ixodes spp., but also
Dermacentor spp., Amblyomma americanum, and Rhipice-
phalus sanguineus) and fleas (C. felis and Pulex spp.) have
been proposed as vectors for B. henselae in dogs based on case
reports, serosurveys, surveys of arthropod vectors, and lab-
oratory transmission studies investigating Bartonella spp.
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transmission (Pappalardo et al. 1997, 2000, Breitschwerdt
et al. 1998, Kordick et al. 1999, Chang et al. 2001, Honadel
et al. 2001, Chang et al. 2002, Adelson et al. 2004, MacDonald
et al. 2004, Morozova et al. 2004, Solano-Gallego et al.
2004, Henn et al. 2005, Holden et al. 2006, Foley et al. 2007,
Wikswo et al. 2007, Billeter et al. 2008, 2012, Cotté et al.
2008, Reis et al. 2011, Yancey et al. 2014, Lashnits et al.
2018, Regier et al. 2017, Duplan et al. 2018). There is also
evidence suggesting that occasionally human B. henselae
infection may be due to tick transmission, including with
reports of CSD, in patients with no reported cat contact, or
with reported tick exposure or Lyme disease (Lucey et al.
1992, Zangwill et al. 1993, Arnez et al. 2003, Podsiadły
et al. 2003, Breitschwerdt et al. 2007, Billeter et al. 2008,
Angelakis et al. 2010, Rigaud et al. 2016, Donà et al. 2018).

Climatic conditions, geographical factors, and socioeco-
nomic factors have been associated with the prevalence
of tick-borne diseases in dogs, including Anaplasma spp.
(McMahan et al. 2016), Borrelia burgdorferi (Watson et al.
2017), and Ehrlichia spp. (Liu et al. 2017). Although
B. burgdorferi and Ehrlichia spp. have different tick vectors,
modeling studies suggest higher exposure to either of these
diseases in locations with lower population density and more
forest (away from urban centers) (Liu et al. 2017, Watson
et al. 2017). However, no such analysis for Bartonella ex-
posure in dogs has been published.

The availability of a large amount of Bartonella serology
data from a national diagnostic laboratory (North Carolina State
University College of Veterinary Medicine Vector Borne Dis-
ease Diagnostic Laboratory [NCSU-VBDDL], North Carolina
State University, NC) has previously allowed us to investigate
trends across dog populations and over many years, to identify
demographic and geographical risk factors associated with
Bartonella spp. exposure in dogs (Solano-Gallego et al. 2004,
Yancey et al. 2014, Lashnits et al. 2018). However, ecological
and socioeconomic factors associated with B. henselae expo-
sure in dogs have not previously been studied.

The goal of this study was, therefore, to provide further in-
sight into ecological and socioeconomic factors associated with
B. henselae exposure in dogs, using NCSU-VBDDL clinical
diagnostic serology data from dogs residing in North Carolina
(NC) and suspected of having one or more canine vector-borne
diseases (CVBDs). NC is a logical choice to identify large-scale
patterns of association between Bartonella exposure and eco-
logical and socioeconomic factors, because it is a large and
diverse state, with wide variation in these factors (see Supple-
mentary Fig. S1), as well as having the largest number of
sample submissions for Bartonella diagnostic testing each year.

The specific aims of this study were to map the current
spatial distribution of B. henselae in dogs in NC and to
characterize ecological and socioeconomic factors associated
with B. henselae exposure based on NCSU-VBDDL serology
data. We hypothesized that risk factors previously associated
with vector-borne diseases of dogs, including climatic con-
ditions, geographical factors, and societal factors, are asso-
ciated with B. henselae exposure in dogs.

Materials and Methods

Study design, setting, and participants

We performed a retrospective cross-sectional observa-
tional analysis of dog blood samples submitted to the NCSU-

VBDDL for B. henselae serology. The NCSU-VBDDL
routinely tests sera for antibodies against B. henselae as
an individual serological test or as a part of comprehensive
panel that includes multiple Bartonella spp. as well as other
CVBDs. Samples originate from veterinary hospitals and
practices throughout North America.

In this study, we included samples from dogs submitted
from either from the North Carolina State University Veter-
inary Hospital or other veterinary clinics located throughout
NC between January 1, 2004, and December 31, 2015. If dogs
had multiple tests submitted, only one test per year was in-
cluded. If multiple samples were submitted within 1 year,
samples were excluded after the first positive result. If no
samples were positive, the chronologically first sample was
chosen and the others excluded. Dogs enrolled with the
NCSU Veterinary Hospital Blood Bank were identified by
manual review of medical records, and excluded.

Data source for outcome variable

Samples were tested for B. henselae H-1 strain through
immunofluorescent antibody (IFA) as previously described,
using a cutoff of 1:64 to define a seroreactive titer (Hegarty
et al. 2014).

Map creation

To characterize the spatial distribution of B. henselae in
dogs tested for vector-borne disease in NC during the study
period, a map of the average percentage of samples sero-
reactive over all sample years, for each county, was created
using ArcGIS (ArcMap v. 10.4.1; Environmental Systems
Research Institute [ESRI], Redlands, CA). Boundaries were
created from publicly available data from the U.S. Census
Bureau (United States Census Bureau 2017) and ESRI using
the North American Datum 1983 geographic coordinate
system with Geodetic Reference System 1980 spheroid.

Two smoothing techniques were applied to the empiric
map. First, a weighted head-banging algorithm (NCI 2016)
was used to reduce the influence of sparsely sampled counties
(Wang et al. 2014, McMahan et al. 2016). Missing values
were replaced with the average proportion of B. henselae
seropositive dogs for adjacent counties with sampling.
Parameters used were 6 nearest neighbors, 4 triples, 10
iterations, and 135 degrees angle. Second, to aid visuali-
zation, we smoothed the map into a continuously variable
surface using areal interpolation kriging with baseline pa-
rameters in the geostatistical analyst extension of ArcGIS
(Wang et al. 2014, McMahan et al. 2016). Maps for ex-
planatory factors, averaged over all study years, were also
created (Supplementary Fig. S1).

Data sources for explanatory variables

Patient information available from the NCSU-VBDDL
included date of sample collection, signalment (age, breed,
gender), and veterinary practice location. County of sample
origin was assigned based on owner’s zip code if available, or
veterinary clinic location if not.

Previous studies have examined risk factors for exposure
to CVBDs (Stich et al. 2014, Wang et al. 2014, McMahan
et al. 2016). These factors were initially investigated for
analysis, and included climate factors (annual temperature,
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precipitation, and humidity); socioeconomic factors (median
household income, population density, and estimate of num-
ber of dogs per county); and geographic factors (elevation and
land cover). In addition, the presence or absence of Ixodes spp.
ticks on a county-wide scale across the United States. was
recently reported (Eisen et al. 2016a), and this presence/ab-
sence data were used as an additional factor. Year of sample
submission was initially explored, but ultimately not included
as an explanatory factor since it does not provide any mech-
anistic information about the underlying drivers of exposure.
A list of considered factors and the publicly available data
sources are provided in Table 1, and the range of values for
these variables within NC is given in Table 2 and Supple-
mentary Figure S1.

Detailed data collection and management information are
available in Supplementary Data. All data management and
analyses were performed in R 3.3.1 (R Core Team 2016).

Descriptive statistics

To better characterize differences between seroreactive
and nonseroreactive dogs, descriptive statistics were ob-
tained for gender, breed, and county-level tick reporting.
Differences between seroreactive and nonseroreactive dogs
were calculated using chi-squared tests.

Model development

To evaluate ecological and socioeconomic factors associ-
ated with B. henselae exposure, we followed a model selec-
tion approach in which we combined explanatory variables
representing biologically plausible hypotheses (Johnson and
Omland 2004). There were 25 explanatory variables initially
considered, and a subset of these variables was included in
each hypothesis-based model (Fig. 1). We first evaluated all
pairwise correlations among the explanatory variables, using
Pearson’s correlation coefficients, to minimize statistical is-
sues associated with collinearity. Combinations of exces-
sively correlated explanatory variables were avoided in the
hypothesis-based models.

The combinations of explanatory variables for each
hypothesis-driven model are shown in Fig. 1. Dog gender was
included in all hypothesis-based models, based on previous
studies showing significant differences in Bartonella spp.
exposure in different genders (Henn et al. 2005, Lashnits
et al. 2018). The basis for the specific combinations of vari-
ables in each hypothesized model is as follows:

1. In model 1, we hypothesize that host factors, primarily
dog demographics, are most important in explaining the
variation in B. henselae exposure in dogs. Dog demo-
graphics include gender and breed, but not age, based
on previous studies investigating demographics (Pap-
palardo et al. 1997, Honadel et al. 2001, Henn et al.
2005, Foley et al. 2007, Lashnits et al. 2018). Based on
a recent and large-scale seroepidemiologic study of
Bartonella spp. exposure in dogs (Lashnits et al. 2018),
we hypothesize that the odds of exposure is highest in
male intact mixed breed dogs.

2. In model 2, we explore the hypothesis that climatic
factors alone are most important in explaining the
variation in B. henselae exposure in dogs. The hy-
pothesis for this model is that exposure is highest in

areas with high relative humidity and in less extreme
climates (lower temperature range).

3. In model 3, we consider the hypothesis that socio-
economic and development factors are most important
in explaining the variation in B. henselae exposure in
dogs. The hypothesis is that the highest seroreactivity
is found where there is high median household income
and high levels of development.

4. In model 4, we assume access to active farmland is
most important in explaining the variation in B. hen-
selae exposure in dogs. This model is based on a case–
control study performed in the southeast United States
in the 1990s, indicating that Bartonella vinsonii subsp.
berkhoffii exposure was higher in dogs in rural envi-
ronments, particularly on farms (Pappalardo et al. 1997).
For this model, land covers including crops and pasture
are tested, with the hypothesis that exposure is highest in
counties with a high percentage of farmland.

5. In model 5, we assume that different types of forest cover
are most important in explaining the variation in B. hen-
selae exposure in dogs. In NC, the forest type follows an
elevation gradient from the coastal eastern counties,
which are predominantly evergreen forest, to the moun-
tainous western counties, which are predominantly de-
ciduous forest. A previous study of landscape risk factors
for tick borne diseases of dogs in northern California
found the highest seroprevalence for Bartonella vinsonii
subsp. berkhoffii in evergreen forests (Foley et al. 2007).
Based on this, the hypothesis is that exposure is highest
in counties with large proportions of mixed or evergreen
forest.

6. In model 6, we take into account multiple different
land uses to explain the variation in B. henselae ex-
posure in dogs. Including all land use categories pro-
duces excessive collinearity, particularly with all levels
of development and all forest types. Therefore, high-
intensity development and mixed forest were not in-
cluded. The hypothesis is that the highest seroreactivity
will be seen in areas with large percentage of forest,
grass/shrub, and development.

7. In model 7, we include multiple categories of factors
to explain the variation in B. henselae exposure in dogs.
Particular types of land cover (forest and grass/shrub) as
well as climate variables (temperature range and relative
humidity) were included based on previous studies of
factors important in predicting other CVBDs (Springer
et al. 2015, Hahn et al. 2016, Alkishe et al. 2017, Eisen
et al. 2018, Soucy et al. 2018). Whether Ixodes spp. ticks
had been previously reported in each county was also
included (Eisen et al. 2016a). The hypothesis is that
exposure is highest in counties with established Ixodes
spp. ticks, high percentage of land dedicated to forest
or grass/shrub, and low temperature ranges with high
relative humidity.

8. In model 8, we also include multiple categories of factors
that may be associated with positive B. henselae serology,
but we leave out the direct assessment of reported pres-
ence of Ixodes spp. ticks and instead include a measure of
development. The hypothesis is that exposure is highest in
counties with high percentage of land dedicated to forest
or grass/shrub, low temperature ranges with high relative
humidity, and high levels of development and income.
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We used logistic regression to quantify the log odds of
B. henselae exposure. The dependent variable was positive
(vs. negative) B. henselae IFA sample.

Model selection and assessment

For each of the eight models, model p value was calculated
based on ANOVA test compared with a null model, and
goodness of fit (GOF) was assessed using the Hosmer–
Lemeshow GOF test with the ‘‘Resource Selection’’ package
(Subhash et al. 2017) and McFadden’s Pseudo-R2 using the
‘‘pscl’’ package (Jackman 2017). Akaike’s Information Cri-

terion (AIC) was calculated for each model, and the relative
importance of each model was assessed by assigning AIC
weights (Anderson 2008) using the ‘‘MuMIn’’ package
(Barton 2018). A ninth model, the final weighted model, was
selected based on averaging the models within DAIC of 9
(Anderson 2008), allowing for evaluation of the relative
support in the data for each model, and therefore quantita-
tively measure support for each model (Johnson and Omland
2004). Odds ratios (ORs) and 95% confidence intervals for
the ORs were estimated for the final weighted-average
model. Unless otherwise stated, p £ 0.05 was considered
statistically significant.

Table 2. Median and Range for County-Level Explanatory Variables

Variable Abbreviation Median Range

Climate
Maximum annual temperature (�F) MaxTemp 71.05 56.6–76.1
Mean annual temperature (�F) MeanTemp 60.1 47.8–65
Minimum annual temperature (�F) MinTemp 49 38–55.6
Mean annual dew point (�F) DP 47 38.9–55.4
Annual precipitation (inches) Precip 48.4 27.08–97.51
Temperature range (�F) TempRange 22.2 15.1–28.6
Relative humidity (%) MeanRH 63.40 51.40–75.71

Socioeconomic
Population density (100 persons/sq. mi.) PD 1.094 0.0858–18.904
Number of dogs (per county) DogEst 13,751.6 986.7–258,254.5
Median household income ($1000/year) Inc 39.642 27.487–67.309

Geographic
Elevation (100 ft. above sea level) Elev 4.35 0.01–35.82

Land use (% of county)
Developed–high DevHi 0.10 0–4.34
Developed–medium DevMed 0.40 0.01–8.94
Developed–open+low DevOpLow 7.53 1.27–49.34
Evergreen forest EvFor 9.63 0.50–34.57
Deciduous forest DecFor 28.95 0–84.01
Mixed forest MixFor 2.00 0.02–7.44
Grass+shrub GS 8.00 0.44–21.07
Pasture Pst 7.09 0–38.04
Crops Crop 1.30 0–46.27
Wetland+open water Wet 4.62 0.12–92.86

Median and range over all 100 North Carolina counties for all study years (2004–2015). Land use type represented by the percentage of
each county with specified land use type.

FIG. 1. Hypothesis model structures. Model summary, showing variables included in each hypothesis model. Colored
boxes show individual explanatory variables included in each hypothesis-based model, with color based on the variable
category. Yellow, demographic variable; blue, climate variables; green, geographic variables; pink, socioeconomic vari-
ables; brown, tick vector presence. BRD, breed group; CR, crops; DEV, developed land (open/low or moderate); ELEV,
elevation; FOR, forest (evergreen, deciduous, or mixed); GS, grass and shrub; INC, median household income; PD,
population density; PST, pasture; RH, relative humidity; TR, temperature range; TICK, Ixodes spp. ticks established,
reported, or not reported; WET, wetland and open water.
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Results

During the 12-year study period, there were 4446 blood
samples tested for B. henselae, comprising 4343 unique dogs
(demographic characteristics available in Supplementary
Table S1). There were samples submitted from 88 counties
(out of 100 counties in NC). Within a given year, the number
of sampled counties ranged from 35 counties in 2007 to 59
counties in 2004. The counties from which the highest
number of samples was submitted included Wake, Durham,
and Mecklenburg; samples from these three counties made up
55% of the sample size. The largest number of samples (583,
13.1%) was submitted in 2015, the smallest number (137,
3.1%) in 2007 (Fig. 2).

There were 136 dogs (3.1%) that had serological evidence
of B. henselae exposure. Test results by county of origin are
shown in Fig. 3 (top panel). The smoothed map showing
estimated percentages of dogs with seroreactivity to B. hen-
selae across NC over the entire study period, based on head-
banging and areal interpolation kriging, is shown in Fig. 3
(bottom panel). There are areas of higher seroreactivity on the
coast as well as through the middle of the state, with areas of
lower seroreactivity in the western part of the state and
through the middle of the coastal plains.

Female intact dogs had higher seroreactivity (5.5%) com-
pared with the other genders (male castrated 1.9%, p = 0.0002;
male intact 2.0%, p = 0.148; female spayed 2.3%, p = 0.0324).
There were no statistically significant differences in seror-
eactivity when compared between American Kennel Club
(AKC) breed groups, or when comparing specific breeds that
made up >5% of the samples. There was higher seroreactivity in
counties with Ixodes spp. ticks reported (4.35%) than in coun-
ties with Ixodes spp. ticks established or not reported (2.69%
and 2.53%, respectively; p = 0.0225). Seroreactivity was high-
est in 2004 (12.5%), and otherwise ranged from 0% in 2012 to
4.9% in 2005; overall annual seroreactivity is shown in Fig. 2.

The most informative model was model 8, which included
as explanatory factors dog gender, median household in-
come, relative humidity, temperature range, and percentage
of land with evergreen forest, grass/shrub, open or low-
intensity development, and moderate intensity development.
This model had the lowest AIC (1152.7) and an AIC weight
of 0.9 (Table 3), with a McFadden pseudo-R2 of 0.072
(where a value of ‡ 0.2 indicates an excellent fit) (McFadden
1979). The Hosmer–Lemeshow GOF test had a nonsignifi-
cant p value ( p = 0.2998), indicating that this model appro-
priately fit the data. The next best model was model 7, with an
AIC weight of 0.08. Models 1 and 3–6 had DAIC >9, and,

FIG. 2. Bartonella hense-
lae seroreactivity by year
during the study period. To-
tal IFA submissions on left
axis; positive samples in so-
lid gray, negative samples in
striped gray. Percentage of
samples seroreactive per year
on right axis; error bars rep-
resent 95% confidence inter-
vals for the estimated
proportions, and are cut off at
0%. IFA, immunofluorescent
antibody.
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therefore, did not contribute to the AIC weighted average.
Results of the initial eight hypothesis-based models are
shown in Table 4. The weighted-average model (Table 5)
showed that female intact or unknown gender status and in-
creasing percentage land cover with open or low-intensity
development or evergreen forest were independently asso-
ciated with increased log odds of B. henselae exposure.
Conversely, increasing percentage of moderate intensity de-
veloped land, increasing median household income, in-
creasing temperature range, and increasing relative humidity
were independently associated with decreased log odds of
B. henselae exposure.

Discussion

This study provides a statistical modeling approach to
understanding B. henselae exposure in dogs suspected of
vector-borne disease across NC. There was variable sero-
reactivity across the state, with areas of apparent higher ex-
posure along the coastal counties in the east, in the southern
coastal plains counties, and in the eastern Piedmont counties.
There was lower seroreactivity in the western mountain
counties. Of the initial hypotheses for associations between
explanatory variables and seroreactivity, the data provided
the most support for a combination of patient demographic

FIG. 3. Map of B. henselae seroreactivity in dogs. Top panel shows the empiric map (raw data), with the percentage of
seroreactive dogs in each county. Bottom panel shows the smoothed and interpolated map, with estimated percentage of
seroreactive dogs.

Table 3. Akaike’s Information Criterion Weighted Model Average

Model Rank DF logLik AICc DAIC Weight Pseudo R2

8 1 12 -564.29 1152.66 0 0.9 0.072
7 2 11 -567.69 1157.43 4.78 0.08 0.067
2 3 9 -571.5 1161.05 8.39 0.01 0.060
3 4 8 -580.76 1177.54 24.89 0.00 0.045
6 5 13 -576.67 1179.42 26.76 0.00 0.052
4 6 7 -583.03 1180.08 27.42 0.00 0.041
5 7 8 -582.92 1181.87 29.21 0.00 0.041
1 8 14 -578.65 1185.4 32.74 0.00 0.048

Models listed in descending order of AIC.
AIC, Akaike’s Information Criterion.
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Table 4. Hypothesis-Based Model Results

Estimate Standard error p OR 95% CI

Model 8

(Intercept) 16.3458 4.5227 0.0003*
Gender

MI 0.1690 0.3800 0.6565 1.18 0.54–2.42
FS 0.2524 0.2577 0.3273 1.29 0.78–2.16
FI 1.2709 0.3292 0.0001* 3.56 1.84–6.75
Unk 1.0531 0.2742 0.0001* 2.87 1.68–4.96

DevOpLow 0.0832 0.0318 0.0089* 1.09 1.02–1.16
DevMed -0.3939 0.1616 0.0148* 0.67 0.49–0.92
Inc -0.0391 0.0128 0.0022* 0.96 0.94–0.99
EvFor 0.0969 0.0320 0.0025* 1.10 1.03–1.17
GS -0.0751 0.0459 0.1018 0.93 0.85–1.01
MeanRH -0.1328 0.0439 0.0025* 0.88 0.8–0.95
TempRange -0.5219 0.1019 <0.0001* 0.59 0.49–0.72

Model 7

(Intercept) 18.5113 4.4983 <0.0001*
Gender

MI 0.1226 0.3794 0.7466 1.15 0.52–2.34
FS 0.2371 0.2569 0.3561 1.27 0.77–2.12
FI 1.1914 0.3278 0.0003* 3.33 1.72–6.29
Unk 1.2795 0.2608 <0.0001* 3.46 2.07–5.89

EvFor 0.0942 0.0318 0.0030* 1.11 1.04–1.19
GS -0.0923 0.0464 0.0465* 0.91 0.82–0.99
MeanRH -0.1667 0.0422 0.0001* 0.85 0.78–0.93
TempRange -0.5047 0.1021 <0.0001* 0.61 0.50–0.74
Inc -0.0362 0.0117 0.0019* 0.97 0.94–0.99
Tick status

Not reported -0.0409 0.3844 0.9153 0.96 0.43–1.97
Reported 0.1961 0.26344 0.4566 1.22 0.72–2.03

Model 2

(Intercept) 15.6572 4.1363 0.0002*
Gender

MI 0.1416 0.3795 0.7092 1.15 0.52–2.35
FS 0.2450 0.2568 0.3401 1.28 0.78–2.14
FI 1.2598 0.3250 0.0001* 3.52 1.83–6.62
Unk 1.3705 0.2591 <0.0001* 3.94 2.39–6.62

TempRange -0.4099 0.0899 <0.0001* 0.66 0.56–0.79
MeanRH -0.1535 0.0403 0.0001* 0.86 0.79–0.93
Inc -0.0229 0.0102 0.0246* 0.98 0.96–1.00
Elev -0.0320 0.0261 0.2197 0.97 0.91–1.01

Model 3

(Intercept) -2.7989 0.7075 0.0001*
Gender

MI 0.0554 0.3767 0.8832 1.06 0.01–0.24
FS 0.2298 0.2560 0.3693 1.26 0.48–2.15
FI 1.1275 0.3198 0.0004* 3.09 0.77–2.10
Unk 1.3848 0.2653 <0.0001* 3.99 1.62–5.73

Inc -0.0269 0.0153 0.0789 0.97 2.39–6.79
DevMed -0.5035 0.2472 0.0417* 0.60 0.94–1.00
PopDens 0.2689 0.1304 0.0392* 1.31 0.37–0.96

(continued)

589



Table 4. (Continued)

Estimate Standard error p OR 95% CI

Model 6

(Intercept) -4.8029 7.0339 0.4947
Gender

MI 0.1279 0.3775 0.7348 1.14 0.52–2.31
FS 0.2485 0.2562 0.3321 1.28 0.78–2.14
FI 1.2050 0.3235 0.0002* 3.34 1.74–6.24
Unk 1.1748 0.2790 <0.0001* 3.24 1.89–5.65

DevMed -0.5380 0.2148 0.0123* 0.58 0.38–0.89
DevOpLow 0.1081 0.0772 0.1614 1.11 0.96–1.29
DecFor -0.0128 0.0736 0.8622 0.99 0.85–1.14
EvFor 0.0501 0.0912 0.5832 1.05 0.88–1.25
Crop 0.0070 0.0738 0.9241 1.01 0.87–1.16
Pst 0.0250 0.0731 0.7327 1.03 0.89–1.18
GS -0.0661 0.0785 0.3999 0.94 0.80–1.09
Wet 0.0111 0.0702 0.8741 1.01 0.88–1.16

Model 4

(Intercept) -4.0361 0.2500 <0.0001*
Gender

MI 0.0691 0.3759 0.8542 1.07 0.49–2.17
FS 0.2355 0.2558 0.3573 1.27 0.77–2.11
FI 1.1232 0.3190 0.0004* 3.07 1.62–5.70
Unk 1.5154 0.2552 <0.0001* 4.55 2.78–7.60

Crop 0.0006 0.0107 0.9526 1.00 0.98–1.02
Pst 0.0065 0.0123 0.5983 1.01 0.98–1.03

Model 5

(Intercept) -4.0828 0.3569 <0.0001*
Gender

MI 0.0625 0.3760 0.8680 1.06 0.49–2.16
FS 0.2364 0.2558 0.3555 1.27 0.77–2.11
FI 1.1139 0.3198 0.0005* 3.05 1.60–5.66
Unk 1.5359 0.2588 <0.0001* 4.65 2.82–7.80

EvFor 0.0145 0.0215 0.5001 1.01 0.97–1.06
DecFor 0.0010 0.0080 0.9005 1.00 0.98–1.02
MixFor -0.0277 0.0591 0.6391 0.97 0.87–1.09

Model 1

(Intercept) -3.7057 0.2846 <0.0001*
Gender

MI 0.0465 0.3769 0.9018 1.05 0.48–2.13
FS 0.2466 0.2563 0.3361 1.28 0.78–2.14
FI 1.1385 0.3197 0.0004* 3.12 1.64–5.80
Unk 1.4410 0.2583 <0.0001* 4.22 2.56–7.09

Breed group
Herding -0.3751 0.3351 0.2629 0.69 0.35–1.32
Hound -0.1409 0.3414 0.6799 0.87 0.44–1.68
Non AKC 0.1477 0.7598 0.8459 1.16 0.18–4.16
Nonsporting -0.6257 0.4397 0.1547 0.53 0.21–1.21
Sporting -0.0570 0.2686 0.8319 0.94 0.56–1.62
Terrier -0.9167 0.5021 0.0679 0.40 0.13–0.99
Toy -0.6664 0.4205 0.1130 0.51 0.21–1.13
Working -0.2937 0.3412 0.3895 0.75 0.37–1.44
Unk 0.2217 0.6507 0.7333 1.25 0.28–3.93

Logistic regression models based on biologically plausible hypotheses for factors driving differences in Bartonella henselae exposure in
dogs, with B. henselae seroreactivity as dependent variable. Models are listed in ranked order based on AIC. Baseline sex male castrated;
baseline breed mixed; baseline tick status established. Models listed in descending order of AIC. Statistical significance considered at
p < 0.05 for individual factors (indicated by *).

AKC, American Kennel Club; CI, confidence interval; OR, odds ratio; Unk, gender/breed not recorded.
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factors, owner socioeconomic factors, and climate and land use
factors. This model could be improved, however, by including
local and host-scale factors that may play a significant role in
dogs’ exposure. Unmeasured factors that may influence ex-
posure include, among others, local effects of a dog’s partic-
ular living environment; host factors including acaricide usage,
immunocompromise or other comorbidities, or genetic sus-
ceptibility; and direct evidence for proposed arthropod vector
abundance and activity including possible seasonal trends.

The likelihood of a positive IFA test is dependent on three
basic categories of factors: vector presence, vector contact,
and detection of exposure. As direct evidence for any of these
three variables is lacking, indirect associations with socio-
economic and ecological variables were assessed in this
study. Because of this, any interpretation of these findings
with regard to their implication for vector transmission
must be done with caution.

That said, these findings suggest that the variation in sero-
reactivity may reflect variation in exposure not only to fleas,
the widely accepted vector for B. henselae transmission in
cats and humans, but also potentially to ticks. Since climate
and habitat are well known to play a key role in the preva-
lence and activity of many species of ticks, the model pro-
vides support for transmission through ticks on a population
scale but does not specify a particular species of tick vector
(Springer et al. 2015, Eisen et al. 2016b, Ogden and Lindsay
2016, Minigan et al. 2017).

Flea abundance depends on temperature and humidity, but
the suitable climatic range is wide [temperatures between
37�F and 95�F, with relative humidity >33% (Traversa
2013)] and climate extremes sufficient to limit flea devel-
opment are rarely found in NC based on our data. In addition,
exposure to fleas, particularly C. felis, may be independent of
climatic and habitat factors due to their ability to complete
their entire lifecycle indoors (Gracia et al. 2008, Rust 2017).

However, in some cases, flea infestation may have a seasonal
component, and C. felis thrive in warm humid environments
(Cruz-Vazquez et al. 2001, Gracia et al. 2008, Traversa 2013).
This model does not, therefore, preclude the involvement of
fleas (or other arthropod vectors) in transmission, but rather
suggests that there is an additional more climate- and habitat-
dependent route of transmission than fleas alone.

It is possible that the variation in seroreactivity reflects
variation in exposure to both fleas and ticks, or even a
nonvector-borne pathway of transmission. Future epidemio-
logic studies surveying the ectoparasites present on dogs and
cats and investigating risk factors for vector exposure would
help define the role of these potential vectors, and address the
variables of both vector presence and vector contact.

In addition to highlighting the role of climate and habitat in
B. henselae exposure, this model showed that some of the
variability in exposure was due to patient gender. We hy-
pothesized that male intact dogs would have highest
B. henselae seroreactivity, but in this sample in fact female
intact dogs had highest B. henselae seroreactivity. The ex-
planation for gender differences in Bartonella spp. exposure
remains controversial. Whether there is a biological com-
ponent to being a female or intact dog that increases expo-
sure, such as the possibility of sexual transmission of
B. henselae or immunological differences in intact dogs, or
whether being an intact female is a marker of another con-
founding lifestyle factor that increases exposure, such as
living outdoors or lack of acaricide use, is unknown.

In a report of patients presented to a Pennsylvania teaching
hospital, patient age, owner household income, and being
neutered were associated with an increased likelihood of
heartworm preventative compliance, but it is difficult to
generalize these localized small-scale survey-based findings
to wider scale or to use of flea and tick preventatives (Gates
and Nolan 2010). However, gender differences in prevalence

Table 5. Akaike’s Information Criterion Weighted-Average Model Results

Variable Estimate Standard error p OR 95% CI

Gender
MI 0.1673 0.3801 0.6600 1.18 0.56–2.49
FS 0.2517 0.2576 0.3287 1.29 0.78–2.13
FI 1.2679 0.3294 0.0001* 3.55 1.86–6.78
Unk 1.0654 0.2786 0.0001* 2.9 1.68–5.01

EvFor 0.0959 0.0340 0.0048* 1.1 1.03–1.17
DevOpLow 0.0785 0.0363 0.0307* 1.09 1.02–1.16
DevMed -0.3719 0.1813 0.0402* 0.67 0.49–0.93
Inc -0.0386 0.0129 0.0028* 0.96 0.94–0.99
MeanRH -0.1342 0.0442 0.0024* 0.87 0.8–0.95
TempRange -0.5194 0.1027 0.0000* 0.59 0.49–0.73
Elev -0.0005 0.0049 0.9260 0.97 0.92–1.02
GS -0.0751 0.0468 0.1087 0.93 0.85–1.01
Tick status

Not reported -0.0017 0.0789 0.9828 0.96 0.45–2.04
Reported 0.0082 0.0666 0.9022 1.22 0.73–2.04

Estimates and standard error of slope, p value for each explanatory variable, and ORs with 95% CIs for explanatory variables included in
AIC weighted-average logistic regression model.

*Statistical significance considered at p < 0.05 for individual factors.
Sex baseline MC, tick status baseline established; Unk, gender not recorded; EvFor, percentage of county with evergreen forest

classification; DevOpLow, percentage of county with open or low-intensity development classification; DevMed, percentage of county with
medium development classification; Inc, median household income/1000; MeanRH, mean relative humidity; TempRange, difference
between annual average highest temperature and annual average lowest temperature (�F); Elev, county average elevation/100; GS,
percentage of county with grass or shrub classification.

FACTORS ASSOCIATED WITH B. HENSELAE IN NC DOGS 591



of vector-borne disease have been previously found in the case
of heartworm, with intact dogs more likely to have heartworm
disease (Selby et al. 1980, Levy et al. 2007), so this result is in
keeping with patterns of exposure for other CVBDs and in-
fectious disease generally (Hoffman et al. 2013).

Finally, in this model as median household income in-
creased, exposure to B. henselae decreased (in contrast to our
hypothesis of a positive association between median house-
hold income and B. henselae seroreactivity). Thus, assuming
that the knowledge of—and financial ability to test for—
Bartonella spp. as pathogens in dogs is not associated with
climatic or land-use variables, then the differences in sero-
reactivity across counties did not appear to be based solely on
increased detection. This may be indicative of lifestyle fac-
tors in dogs residing in counties with lower average median
household income, such as higher risk of contacting flea or
tick vectors due to lower use of acaricides, or reduced access
to veterinary care (Brown et al. 2012, LaVallee et al. 2017).

Counties with larger percentages of moderate development
had lower B. henselae seroreactivity, and counties with larger
percentages of low-level development or open developed
space, or evergreen forest, had higher B. henselae sero-
reactivity. As defined by the NLCD, areas of moderate de-
velopment mainly include buildings and impervious surfaces
such as roads and sidewalks, in contrast to low-level devel-
opment or open space, which most commonly includes large-
lot single-family housing and vegetation such as parks or
lawns (Homer et al. 2015).

Along with the possibility that lower income levels are
associated with decreased detection, this pattern suggests a
rural–urban gradient of exposure. For example, counties with
the largest cities did not have the highest seroreactivity:
Mecklenburg, containing the city of Charlotte, had an aver-
age seroreactivity of 3.2%, compared with the adjacent sub-
urban to rural counties to the east, Union (4.2%) and Stanly
(8.3%). However, this model also provided little support for
an association between farms and B. henselae exposure in
dogs on a statewide level, in contrast to a previous study
showing increased exposure to B. vinsonii subsp. berkhoffii in
dogs in rural environments or with access to farms (Pappa-
lardo et al. 1997). In fact, no single variable explained the
distribution of B. henselae exposure well, further highlighting
the complexity of B. henselae disease ecology in dogs.

Limitations of this study include the limitations inherent in
a retrospective serology study using a convenience sample.
Although the motivation for submission of samples to the
VBDDL is not specified on submission forms, typically most
testing is performed diagnostically for sick dogs; therefore,
our study sample does not represent a random sample from
the general dog population in NC. The decision to submit a
sample for testing may be biased by both owners and veter-
inarians, based on previous experience with or knowledge of
Bartonella, as well as perception of vector-borne disease risk
in certain locations or seasons. Whether testing was done to
confirm a suspected clinical diagnosis, to rule out a possible
underlying etiology for a clinical syndrome typically asso-
ciated with Bartonella or another vector-borne disease, or to
screen a healthy dog (e.g., military or other working dogs), is
unknown. These samples, however, do not include experi-
mental animals from research institutions or blood donor
dogs screened at NCSU, but rather diagnostic submis-
sions only.

Limited knowledge of, and access to, Bartonella serology
testing by both dog owners and veterinarians may lead to
dogs not being tested by serology for this emerging infectious
disease. The population examined in our study may overes-
timate or underestimate the true prevalence of exposure in
healthy or sick populations of dogs. Because sampling was
not uniformly distributed throughout the state, and there was
scant data from rural counties and counties in the far western
part of the state, extrapolations to these under-represented
regions should be done with caution. However, even when
excluding counties with low number of samples, there were
areas with apparently higher exposure, including Granville
(3/39 seroreactive), Wayne (3/45 seroreactive), and Meck-
lenburg (30/557 seroreactive), compared with areas with low
exposure (Wilson county, 0/44 and Hanover, 2/187); these
findings were confirmed with the smoothed map.

Travel histories for the dogs were not available, and it is
possible that dogs in this sample were exposed to B. henselae
in other locations besides their home county. Despite these
limitations, the NCSU-VBDDL database provides one of the
best sources for existing Bartonella spp. serology data in dogs
to date. This study included data from >80% of the counties in
the state and >4300 dogs, which is a fairly large and com-
prehensive sample for a retrospective study of this nature.

Although serology is the current gold standard for deter-
mination of exposure to B. henselae for both diagnostic and
serosurvey purposes, this modality does have limitations
(Perez et al. 2011, Brenner et al. 2012, Hegarty et al. 2014,
Maggi et al. 2014). Previous studies have shown poor asso-
ciations between seroreactivity and bacteremia (Brenner
et al. 2012), with antibody reactivity to Bartonella species
antigens detected in £ 50% of dogs in which active infection
can be documented (Perez et al. 2011). Therefore, IFA anti-
body testing lacks sensitivity, and may underestimate the true
prevalence of B. henselae exposure in dogs.

Finally, limitations are inherent in the statistical model
itself. This model does not account for factors that are not
routinely measured with publicly available data. Importantly,
this model analyzed factors at the county level on an annual
timescale, and there may be important drivers of exposure at
smaller scales or seasonally that we were not able to assess
(Robertson and Feick 2018). Household-level effects may
drastically change exposure risk for dogs within similar en-
vironments, particularly when considering variation in acar-
icide use. Because of this, care must be taken in interpreting
the results from this model, particularly at smaller spatial
scales. Further studies should focus on methods to assess
previously undefined factors, such as household-level risks
for vector exposure, and different spatial scales.

Conclusions

In this study, we report a statistical model for B. henselae
seroreactivity in dogs in NC, providing a better understand-
ing of its endemic range and highlighting the importance of
considering ecological factors when evaluating B. henselae
exposure. The model with the best fit included demographic,
socioeconomic, climatic, and landscape factors. The maps
created herein may help inform public health and veterinary
professionals in NC about B. henselae in their areas, and
may suggest areas where humans are at increased risk for
B. henselae exposure. Humans and dogs share environments
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both indoors and outdoors, and are thus often exposed to
similar vectors and vector-borne diseases. Indeed, if B. hen-
selae in dogs shares similar ecology with that in people, it could
be expected that seroreactivity in dogs may be correlated with
exposure risk in humans. In the future, this model may be
expanded to investigate transmission risk and explore alterna-
tive vectors for B. henselae in humans, used to evaluate pos-
sible consequences of ecological and socioeconomic changes
to the range and prevalence of B. henselae in dogs, or expanded
to wider geographic areas as serology data become available.
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