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Background. The majority of Lyme disease cases in the United States are acquired on the east coast between
northern Virginia and New England. In recent years the geographic extent of Lyme disease has been expanding,
raising the prospect of Lyme disease becoming endemic in the southeast.
Methods. We collected confirmed and probable cases of Lyme disease from 2000 through 2014 from the

Virginia Department of Health and North Carolina Department of Public Health and entered them in a geo-
graphic information system. We performed spatial and spatiotemporal cluster analyses to characterize Lyme dis-
ease expansion.
Results. There was a marked increase in Lyme disease cases in Virginia, particularly from 2007 onwards.

Northern Virginia experienced intensification and geographic expansion of Lyme disease cases. The most notable
area of expansion was to the southwest along the Appalachian Mountains with development of a new disease clus-
ter in the southern Virginia mountain region.
Conclusions. The geographic distribution of Lyme disease cases significantly expanded in Virginia between

2000 and 2014, particularly southward in the Virginia mountain ranges. If these trends continue, North Carolina
can expect autochthonous Lyme disease transmission in its mountain region in the coming years.
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Lyme disease is a multisystem bacterial infection caused
by Borrelia burgdorferi and transmitted by Ixodes spe-
cies ticks. With between 30 000 and 300 000 new cases
per year, Lyme disease is the most common vector-
borne infectious disease in the United States [1, 2].
Approximately 90% of all cases in the United States
are acquired along the east coast between northern
Virginia (VA) and northern New England, with most

of the remainder in Minnesota and Wisconsin. The
2013 incidence of Lyme disease in VA was 11.2 cases
per 100 000 population [1]. North Carolina (NC), by
contrast, had an incidence of 0.4 cases per 100 000, an
incidence similar to other southeastern states that have
been generally considered nonendemic. This is corrob-
orated by entomologic studies in which host-seeking
Ixodes nymphs that harbor B burgdorferi have been ab-
sent in NC and states further south [3, 4]. In recent
years, however, surveillance efforts in VA have revealed
a sustained increase in cases in southern reaches of the
state, including counties near the NC border. Since
2009, 5 counties in NC have met clinical surveillance
criteria for endemic Lyme disease [5]. In this study,
we report the results of spatial and spatiotemporal anal-
yses of Lyme disease case data from the Virginia De-
partment of Health (VDH) and the North Carolina
Department of Public Health (NCDPH) from 2000 to
2014.
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MATERIALS AND METHODS

The Duke University Human Subjects Committee considered
the study protocol exempt form committee review. The VDH
and the NCDPH both approved the study protocol.

Data Sources
The VDH and the NCDPH provided case records of probable
and confirmed Lyme disease cases collected between 2000 and
2014. Each case report included patient residential zip code and
year of diagnosis.
Spatial data layers included zip code centroid points, zip code

polygons, and county polygons. Each of these data sources
included population estimates from the 2010 United States
Census. These were obtained through the Esri (Redlands, CA)
online data services. A topographic relief basemap layer was
obtained through the Esri online data service to provide carto-
graphic context.

Case Definitions
Cases of Lyme disease were aggregated by the VDH and
NCDPH according to the Centers of Disease Control and Pre-
vention (CDC) surveillance definitions. Three case definitions
were active during this period: the 1996 definition (for 2000–
2007 cases), the 2008 definition (for 2008–2010 cases), and
the 2011 definition (for 2011–2014 cases) [6–8].Until 2008, the
CDC only classified cases as “confirmed”; the subsequent defi-
nitions have classified cases as “suspected,” “probable,” or con-
firmed. For this study we pooled probable and confirmed cases,
but we excluded suspected cases.

Geoprocessing
We used ArcGIS 10.3 (Esri) for all geoprocessing and carto-
graphic operations. ArcGIS is a geographic information system
(GIS) program that allows datasets, such as case data, environ-
mental data, and census data, to be combined in digital “layers”
based on shared geography. We obtained a map of zip code
polygons from the US Census and displayed this in ArcGIS
using a projected coordinate system. A data file containing case
counts per zip code per year was attached to this zip code map
using 5-digit zip code as a common field.

Annual Increase in Cases
To illustrate which regions were experiencing the steepest in-
crease in cases over baseline, we calculated the absolute interval
change in cases for each 2-year interval at each zip code. These
interval changes were then averaged over the fourteen 2-year in-
tervals in the data set. We then used empiric Bayesian kriging to
display these data as a continuous surface over the study area.

Spatial Cluster Analysis
We performed a cluster analysis to detect global spatial auto-
correlation of Lyme disease cases (departure from spatial

randomness of the entire dataset), and we performed local clus-
ter analyses to identify discrete foci of disease clustering within
the study region. For global cluster analysis, we used the Oden’s
Ipop method in ClusterSeer (BioMedWare, Ann Arbor, MI).
This is an adaptation of the Moran’s I autocorrelation analysis
that adjusts for underlying population density [9]. We analyzed
all cases in aggregate 2000 through 2014 for this analysis. Minor
topological errors in the zip code polygon map (eg, self-inter-
secting and overlapping borders) required that we perform
this 1 global analysis using data aggregated at the county level.
To detect local clusters, we used the Kulldorff spatial scan-

ning statistic in SatScan (Martin Kulldorff, Boston, MA) [10].
We selected the discrete Poisson model, which adjusts count
data for population. For baseline population data, we used
2010 Census data for zip code tabulation areas. We specified cir-
cular scanning windows with a maximal spatial cluster size of
2% of the population at risk and maximal cluster radius of 30
kilometers. We chose this restrictive scanning window as the de-
fault setting (50% of the underlying population) is known to
produce large, unwieldy clusters that can overlap nonendemic
areas [11]. We performed this analysis for three 5-year groups
of case data: 2000–2004, 2005–2009, and 2010–2014. Statistical
significance was determined with 999 Monte Carlo randomiza-
tions. SatScan, as with other local cluster detection methods,
performs a statistical analysis at every geographic location in
the study region. To minimize the impact of multiple compar-
isons, we only retained clusters with a P value under .0001. The
resulting clusters were categorized into 3 groups based on log
likelihood ratio. For visualization, we clipped the circular clus-
ters to the boundaries of zip code polygons whose geometric
center fell within the cluster. Zip code polygons falling beneath
multiple clusters were assigned to the highest log likelihood
ratio group. Zip code polygons were removed from a cluster if
they had had no reported cases of Lyme disease during the 5-
year interval represented by that cluster.

Spatiotemporal Cluster Analysis
We used SatScan to identify spatiotemporal clusters with a min-
imum 3-year temporal window. We again used the discrete
Poisson model, and scanning parameters were identical to
those described for the purely spatial analysis. As before, we
only retained clusters with a P < .0001, then we clipped them
to the boundaries of the underlying zip code polygons. When
zip codes fell beneath multiple clusters, we assigned them to
the temporal cluster of longest duration.

RESULTS

Case Data
Between 2000 and 2014, there were 11 597 confirmed and prob-
able cases of Lyme disease registered by the VDH and NCDPH
in 1104 individual zip codes (Figure 1A). After removing cases
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with no zip code location, with a zip code falling outside of VA
or NC, or with a disease onset date before the beginning of the
study period, 11 304 cases remained. Of these, 10 040 cases

(88.8%) had been registered by the VDH and 1266 (11.2%)
by the NCDPH. The number of Lyme disease cases increased
overall during the 15-year study period with increases solely

Figure 1. (A) Confirmed and probable Lyme disease cases in Virginia and North Carolina, 2000–2014. A marked and sustained increase in cases occurred
in Virginia after 2006, although no such trend was observed in North Carolina. Note surveillance definition changes in 2008 and 2011. (B) Average annual
increase in cases. Year-to-year differences in cases were calculated for each 2-year interval and at each zip code location. The average of these interval
differences was then computed at each zip code, then interpolated using empirical Bayesian kriging to produce a continuous surface. The greatest average
year-to-year increase in Lyme disease cases occurred in southwestern Virginia.

Geographic Expansion of Lyme Disease in the Southeastern United States • OFID • 3



reflecting trends in VA. Virginia had registered fewer than 400
cases per year between 2000 and 2006. In 2007 there were 957
cases, however, and by 2014 the case count had climbed to 1346.
During this same time period, the NCDPH had registered be-
tween 24 and 179 cases per year, a figure that oscillated without
a sustained trend. The steepest average annual increase was ex-
hibited in southwest VA, near the cities of Lynchburg, Roanoke,
and Blacksburg (Figure 1B).

Cluster Analyses
The Oden’s Ipop analysis indicated statistically significant glob-
al clustering (Ipop 5.66, P = .000000) over the entire 15-year
study period. We grouped the case data by 35-year intervals
to analyze how local clustering changed over time. (Figure 2)
During the 2000–2004 interval, 3 regions had statistically signif-
icant local clusters of Lyme disease: northern VA, the Delmarva
Peninsula in eastern VA, and the coastal area near Jacksonville,
NC. The cluster in northern VA markedly expanded toward the
southwest during the subsequent decade (2005–2014), and the
statistical strength of the clustering increased as well. Clustering

in southwest VA, near Roanoke, Lynchburg, and Blacksburg was
first detected in the 2005–2009 interval. By the 2010–2014 time
period, this spatial cluster had become large, statistically strong,
and nearly contiguous with the expanding cluster from north-
ern VA. The clustering along coastal VA weakened over this
time period. No clustering in NC was detected after 2004.
The spatiotemporal cluster analysis identified 126 discrete

clusters of between 4 and 13 years duration; 100 of these had
a P value under .0001 and are presented in Figure 3. Clusters
of at least 7 years duration were all concentrated in northern
VA near the Maryland border and on the Delmarva and VA
peninsulas. The shortest duration clusters (4–6 years) were
prominently located (1) along the Appalachian chain between
Charlottesville and the NC border and (2) flanking the south-
east border of the older clusters in northern VA.

DISCUSSION

Between 2000 through 2014, VA saw a marked increase in total
Lyme disease case volume as well as expansion of geographic
reach. These trends were most evident in northern VA, which
is both populous and geographically contiguous with the highly
endemic states farther north. This region experienced both in-
tensification of case volume and an increase in its spatial extent.
This expansion occurred slowly southeast towards the Rich-
mond-Petersburg metropolitan area and more rapidly south-
west along the Appalachians. The southern Appalachian area
of VA, near the cities of Lynchburg, Roanoke, and Blacksburg,
has been experiencing consistent growth and intensification of
cases at least since 2005. Despite considerable growth in popu-
lation, particularly in the large population centers of Charlotte
and Raleigh, there was no appreciable expansion of case volume
in NC during this 14-year study period. Our population-adjust-
ed cluster analyses did not highlight any statistically significant
concentrations of cases in this state. If the spatial trends seen in
VA continue, however, we should anticipate a growth in autoch-
thonous cases in NC in the coming years, particularly in the
northern NC mountains. If favorable mountain ecology is driv-
ing geographic expansion of Lyme disease, we may also see ex-
pansion into the mountainous areas of neighboring states, such
as Kentucky, West Virginia, and Tennessee.
One notable finding is the sudden but sustained increase in

Lyme disease cases in VA beginning in 2007, a phenomenon
that was simultaneously observed in virtually all states with a
high Lyme disease incidence [1]. This increase, including the
continuing increase observed since then, cannot be explained
by either a change in case definition or by a change in surveil-
lance efforts. The case definitions adopted in 2008 and 2011
were generally stricter than the previous case definition that
had been used through 2007. In particular, these definitions
standardized the criteria necessary for laboratory confirmation.
Laboratory-based case surveillance in NC and VA began in

Figure 2. Scanning statistic local cluster analysis. The primary cluster of
Lyme disease in northern Virginia was present throughout the study period.
Clustering in southwest Virginia was first detected in 2005–2009. In both
of these regions, the geographic extent and the log likelihood ratio both
increased throughout the study period. No significant clustering was de-
tected in North Carolina except for a small coastal region during 2000–
2004.
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2008, after the increase in cases that appeared in 2007. Unre-
solved hypotheses include (1) climatological factors making
2007 a more conducive year for tick and/or reservoir mammal
survival and (2) the effects of the national real estate “boom”

during those years on land use and human residential patterns.
Surveillance for questing B burgdorferi-infected nymphs is

widely regarded as a direct and specific measure of human
Lyme disease risk. The largest systematic tick collection study
in the eastern United States found few Ixodes scapularis nymphs
west of coastal VA [3]. Of these, B burgdorferi-infected nymphs
were only identified on the VA-Maryland border. However, the
tick collections for this study had been completed by 2007. Sub-
sequent studies have identified an increasing density of B burg-
dorferi-infected ticks in forested regions near Charlottesville,
Roanoke, and Blacksburg with highest tick densities and highest
tick infection prevalence at higher-elevation sites [12]. Further-
more, the ticks identified bear a stronger genetic resemblance to
the northern I scapularis clades than their southern cousins,
and population genetic analysis of VA ticks is consistent with

spatial and numerical expansion [13]. In sum, these findings
demonstrate spatiotemporal expansion of tick vectors for
human Lyme disease, particularly along the Appalachians, con-
sistent with our reported trends in human case surveillance.
Our study has several limitations. First, it is well recognized that

Lyme disease cases are underreported by as much as 90% [14].
Second, surveillance definitions leave room for misclassification
of cases. False-positive misclassification may occur for numerous
reasons, including the retrospective process of public health case
reviews, misdiagnosis of skin lesions as erythema migrans [15],
and coincidentally positive serologic tests in individuals with al-
ternative diagnoses [16]. False-positive cases are likely to be most
influential in regions with low disease transmission, whereas in
highly endemic areas they are quantitatively overwhelmed by
true cases. Third, the ability of a state public health program to
adequately address these biases can be strongly influenced by
resource allocation and manpower, and both the VDH and
NCDPH faced workforce limitations over the period studied. Fi-
nally, we used zip codes as the spatial unit for aggregation of Lyme

Figure 3. Spatiotemporal scanning statistic cluster analysis. This analysis was limited to spatial clusters of at least 3 years duration and a P value of
≤.0001, ensuring that only significant and durable trends were identified. Clusters of longest duration were in northern and eastern Virginia, and the most
recently emergent clusters extended along the Appalachian Mountains towards southwest Virginia.
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disease cases. Zip codes can be added, eliminated, and reassigned
over time; and unlike other census units (eg, census tracts), some
zip codes (for example, those attached only to post offices) have
no population value. To mitigate these limitations, we chose to
use population data from a single roughly midpoint year (the
2010 US Census) for all analyses.
Nonetheless, our study analysis also included public health

data from more than 11 000 Lyme disease cases registered by
VA and NC over a 15-year period. The trends in these data
paint a clear picture of southward expansion of Lyme disease;
this is consistent with growth of the endemic range for Lyme dis-
ease that has been reported from other geographic regions [17–
19].As a consequence, previously nonendemic communities will
be at risk, including in the southeastern United States.
We do not yet fully understand the ecological and biological

factors that have facilitated spread of this pathogen and its tick
vector, nor which factors may ultimately constrain it. In the
meantime, further study is needed to optimize both ecological
and case surveillance methods to best understand the geograph-
ic range of this common disease.
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