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West Nile virus is a flavivirus endemic in many ar-
eas of Africa, western Asia, the Middle East, and, 

most recently, the United States. It is a vector-borne in-
fection maintained in nature by a mosquito-bird cycle.1 
In humans and horses, WNV infection is usually as-
ymptomatic or characterized by a mild febrile illness. 
However, fatal meningoencephalitis or encephalitis 
does occur.2 For horses, a fatality rate of ≥ 30% has been 
reported.3-7

Since its introduction to North America (New York 
City) in August 1999, the geographic range of WNV 
has increased substantially in a south and west direc-
tion across the United States.8 The number of reported 
horses with WNV disease dramatically increased in 
2002, when 9,144 horses with WNV disease from 38 
states were reported to the CDC.8

Information from mosquito surveillance is impor-
tant for designing WNV-disease prevention programs. 
Although the vectors of WNV that maintain the trans-
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mission cycle within wild bird reservoirs have not defi-
nitely been identified, agreement exists that the Culex 
genus is important9,10 for transmission to humans and 
horses. The occurrence of WNV disease in humans has 
been explained by changes in enzootic (bird-to-bird) 
and bridge (bird-to-human) vector feeding preferences, 
specifically those involving Culex pipiens in the north-
east and north-central United States and Culex tarsalis 
in Colorado and California.11 It appears that C pipiens 
and Culex salinarius might be important vectors of WNV 
in horse populations in parts of the United States,12 al-
though bridge vector species that transmit WNV from 
wild bird populations to horses remain unclear.10

Environmental factors are likely to be important de-
terminants of where WNV infections occur. In general, 
WNV transmission is likely to occur in areas that have 
abundant water (eg, near lakes and rivers) and during 
periods of higher temperatures (summer to early fall). 
However, there might be great variability in local en-
vironmental factors that determine the occurrence of 
WNV disease.9

The link between the environment and WNV trans-
mission suggests that the occurrence of WNV disease in 
horse populations should be highly clustered. Previous 
research has used geographic information-science tech-
nologies to investigate the spatial distribution of WNV-
positive mosquito pools, locations of dead crows used 
within surveillance systems to detect the presence of 
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WNV, and locations of humans with WNV disease.13-17 

There have been previous attempts to identify hyperen-
demic foci (hot spots) of WNV disease in horse popu-
lations.5,18-20 However, these studies have focused on 
small-scale WNV epidemics occurring over short pe-
riods.

Spatial analysis of WNV disease has been shown 
to aid in the spatial prediction of risk of infection.19-21 

If high-risk areas can be identified, then preventive 
measures, such as mosquito control, vaccination of 
susceptible horses, and education of owners, can be 
implemented to decrease the impact of this important 
disease. By use of reported WNV-disease data from 
2002 to 2004, the aim of the study reported here was 
to determine whether hot spots of WNV disease exist 
within the horse population in Texas and, if detected, 
to identify the locations.

Materials and Methods

Source data—Reports of WNV disease occurring 
in horses in Texas during 2002, 2003, and 2004 com-
piled by the Texas Department of State Health Ser-
vices were accessed. All affected horses had clinical 
signs suggestive of WNV encephalomyelitis (ataxia, 
abnormal gait, muscle fasciculations, recumbency, 
and depression) and were confirmed to have WNV 
disease by positive IgM antibody capture-ELISA (titer 
> 1:400) results. Clinical signs and a positive IgM an-
tibody capture-ELISA result are considered sufficient 
criteria for conformation of WNV disease.a West Nile 
virus–specific IgM antibodies are detectable 6 to 10 
days after infection and persist for 2 to 3 months.22,a 
Vaccination is unlikely to produce false-positive IgM 
antibody capture-ELISA results.a Data available for 
affected horses reported in 2002, 2003, and 2004 
included information on disease onset, residential 
address, sex, and age. Latitude and longitude coordi-
nates were reported for some of the affected horses. 
Case-report data were initially compiled, organized, 
and checked within a spreadsheet program.b

Data analysis—Data were imported into a geo-
graphic information systemc for further formatting and 
analysis. A shape file of Texas countiesd was overlaid 
with a polyline file of highways and streets.d For horses 
with WNV disease that had reported latitude and longi-
tude coordinates, the locations were added to the map 
of Texas counties. For horses with WNV disease that did 
not have reported latitude and longitude coordinates 
but which had a reported street address (consisting of 
street name, street type, street number, and zip code), 
locations were geocoded by use of an address locator.e 

For some affected horses, location information was 
qualitative (for example, distance and direction from 
the nearest town on a main road) but locations could 
be identified visually, and latitude and longitude could 
be estimated. Horses with WNV disease with reported 
addresses that consisted of post office boxes or rural 
route numbers and affected horses with missing street 
address information or nonspecific location directions 
were excluded from data analysis. Locations of horses 
with WNV disease were projected by use of the North 
American Datum of 1983.

The number of reported affected horses per Texas 
county was calculated by use of a spatial query.c The 
WNV-disease attack rate for each county was calculat-
ed by dividing the number of affected horses reported 
from each county by the number of horses at risk (pop-
ulation) in each county23 and was estimated as attack 
rate/1,000 horses at risk.

The mean center of reported horses (the location 
that represents the mean x-coordinate value and the 
mean y-coordinate value of all affected horses in Texas) 
was calculated for each study year.c Directional ellipses 
(a measure of whether a spatial distribution of points 
has a directional trend) were also calculated for each 
study year by use of an output size of 1 SD. The proce-
dures were repeated, weighting mean centers and direc-
tional ellipses by the date of onset (Julian day) for each 
affected horse so that horses reported later in each out-
break influenced the calculated means and directional 
ellipses more. The spatial patterns of affected horses 
reported in each year of the study were characterized 
by use of the Moran autocorrelation statistic,c weighted 
by the reported date of disease occurrence. The Moran 
spatial autocorrelation statistic is a measure of the de-
gree to which a set of spatial features and their associ-
ated data values (date of disease onset) tend to occur 
together (positive spatial autocorrelation) or not (nega-
tive spatial autocorrelation). It is a measure of spatial 
structure with respect to some attribute (date of disease 
occurrence) of interest.

A directional statistic24 was used to determine 
whether a systematic directional spread of outbreaks 
occurred within Texas during the study period. A chain 
of infection was constructed by first sequencing the 
outbreaks by date of occurrence (the primary outbreak 
first, followed by the second outbreak, etc). A line was 
then drawn to connect the location of the first outbreak 
to the location of the second outbreak, repeating this 
until all outbreaks were connected. The chain of in-
fection had 2 ends (the first and last outbreaks) and 
branches when outbreaks occurred on the same date. 
Various possible chains of infection can be specified. In 
this study, the time-connection matrix was specified as 
adjacent, in which each outbreak connected only to its 
temporal nearest neighboring outbreak. The test statis-
tic is a vector, the direction of which is the mean direc-
tion of the links making up the chain of infection, and 
the magnitude of which is the angular variance of the 
links. When the links all point in the same direction, 
the angular variance is small; when they point in many 
directions, the angular variance is large. The signifi-
cance of the test statistic was estimated by use of Monte 
Carlo simulation.f Geographic data were transformed 
for this analysis by use of the Universal Transverse Me-
cator system, projection zone 14. The Universal Trans-
verse Mecator system is a projected coordinate system 
that divides the world into 60 north and south zones, 
6o wide.c

To identify specific hot spots of reported WNV dis-
ease in the 3 study years, data were analyzed by use 
of the space-time scan statistic.g The scan statistic uses 
a window of variable size to scan data for clusters of 
disease instances or rates of disease occurrence and 
uses a likelihood ratio statistic to test whether such a 
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cluster could be explained by chance. Data were edited, 
and the following text files were createdb separately for 
each year of the study: case files (horse identification 
number, date of onset, and number of affected horses), 
population files (identification number, year, and popu-
lation per county), and coordinate files (identification 
number, latitude, and longitude). Study period was 
defined as having a start date of year (2002, 2003, or 
2004), month (01), and day (01) and an end date of 
year (2002, 2003, or 2004), month (12), and day (31). 
Data were scanned for time-space clusters by use of a 
Poisson (population-at-risk model) with a scanning 
window of ≤ 30 days in length and ≤ 100 km in area. 
The population at risk was assumed to be the estimated 
county horse population.23 Data were only scanned for 
clusters with no geographic overlap. Each cluster was 
described by a center (latitude and longitude coordi-
nates) and a radius. Center and radius information was 
imported into a geographic information system, and 
overlay analysis was usedc to identify Texas counties 
included within clusters identified in all 3 study years. 
These counties are referred to as hot-spot counties.

To observe WNV-disease risk and to validate coun-
ties identified as hot-spot counties, kriging was per-
formed on the county WNV-disease attack-rate data. 
Kriging is an interpolation technique in which the 
surrounding measured values are weighted to derive a 
predicted value for an unmeasured location.25 Weights 
are based on the distance between the measured point, 
prediction locations, and overall spatial arrangement 
among the measured points. Kriging is unique among 
the interpolation methods in that it provides an easy 
method for characterizing the variance, or precision, of 
predictions. Kriging is based on regionalized variable 
theory, which assumes that the spatial variation in data 
being modeled is homogeneous across the surface. That 
is, the same pattern of variation can be observed at all 
locations on the surface. However, use of disease rates 
or proportions calculated for areas in which the popu-
lation at risk or sampled varies substantially can intro-
duce bias in estimated disease risk.25 For example, the 
horse population at risk in Texas counties varies from 
< 50 to approximately 10,000. In these circumstances, 
smoothing disease rates or proportions prior to interpo-
lation can produce more robust and valid risk maps.

A spatial weight set of Texas counties was created.23 
Polygon adjacency was defined by use of a queen neigh-
bor criterion (ie, areas that share the edge to the imme-
diate left, right, up, and down as well as diagonal edges) 
and the 10 nearest neighboring counties. The spatial 
weight for each county was standardized by the num-
ber of nearest neighbors. Crude equine county WNV-dis-
ease attack rates were smoothed with an empirical Bayes 
smoothing algorithmh by use of the defined spatial weights 
and the estimated population at risk in each county.

The centroid of each Texas county was identified.c 
By use of Texas county centroids to define spatial loca-
tion, the semivariance between and smoothed county 
attack rates for all possible pairs of counties for each 
study year was calculated, and a semivariogram was 
constructed with 10 lags of 25 km.i For each study year, 
models (Gaussian, spherical, exponential, and pow-
er) were fit to the semivariogram, and range, sill, and 

nugget variables were estimated. Estimated variables 
were used to fit ordinary kriging models’ year-specific 
smoothed attack-rate data sets to produce maps of in-
terpolated WNV-disease attack rates.c Raster outputs 
for each study year were layeredc with shape files of 
hot-spot counties to assess qualitatively the validity of 
the hot-spot locations identified.

Results

During the period of 2002 to 2004, 2,583 horses 
with WNV disease were reported (1,698 [65.7%], 717 
[27.8%], and 168 [6.5%] horses in 2002, 2003, and 
2004, respectively). Overall, 1,907 affected horses had 
geographic coordinates (decimal degrees) reported or 
derived (1,377, 396, and 134 horses in 2002, 2003, 
and 2004, respectively). For affected horses with geo-
graphic coordinates, date of disease onset was reported 
for 1,371, 389, and 74 horses in 2002, 2003, and 2004, 
respectively. Median age of affected horses included 
(8 years) and excluded (7 years) from analysis in this 
study was not significantly (P = 0.162) different. The 
number of male and female horses included (652 and 
558, respectively) was not significantly (P = 0.114) dif-
ferent from the number (120 and 128, respectively) ex-
cluded from analysis.

Horses with WNV disease were reported throughout 
Texas in 2002 and 2003, whereas affected horses were re-
ported more commonly from eastern Texas during 2004 
(Figure 1). Based on mean centers (Figure 2), the distri-
bution of horses with WNV disease shifted from central 
Texas in a southeast direction during the period of 2002 
to 2004. Although all estimated directional ellipses over-
lapped, all ellipses had a northwest-by-southeast distribu-
tion in the 3 series. The spatial pattern that was observed 
for reported date of disease onset was similar to that ob-
served for the analysis without weighting by reported date 
of disease onset. The Moran autocorrelation statistic for 
reported date of disease onset for 2002, 2003, and 2004 
was 0.29 (P < 0.001), 0.26 (P < 0.001), and 0.16 (P = 
0.016), respectively.

Directionality was significant (P < 0.001) for the 
3 epidemics. The mean direction of the 2002, 2003, 

Figure �—Map of Texas depicting horses with WNV disease in 
2002 (white circles), 2003 (gray circles), and 2004 (black circles).
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and 2004 epidemics, with temporal case adjacency and 
angles taken as counterclockwise degrees from hori-
zontal with east corresponding to 0o and north to 90o, 
were 227o (southwest to northeast), 313o (southeast 
to northwest), and 265o (south to north), respectively. 
The angular concentrations, representing the variance 
in the angles between connected affected horses, for the 
3 epidemics were similar (0.189, 0.129, and 0.202) and 
suggested in general a consistent direction of spread.

Two clusters of high WNV-disease attack rates 
were identified by use of the scan statistic in each 
of the study years as follows: 2002) latitude, –
101.7428o S; longitude, 34.3458o E; radius, 99.54 km 
(RR, 15.792; P = 0.001) and latitude, –97.2983o S; 
longitude, 32.9312o E; radius, 89.9 km (RR, 5.628; 
P = 0.001); 2003) latitude, –102.166o S; longitude, 
32.700o E; radius, 99.83 km (RR, 21.87; P = 0.001) 
and latitude, –97.075o S; longitude, 31.333o E; radius, 
89.15 km (RR, 7.932; P = 0.001); and 2004); latitude, 
–102.0487o S; longitude, 31.96o E; radius, 87.42 km 
(RR, 64.244; P = 0.001) and latitude, –95.2125o S; 
longitude, 30.096o E; radius, 60.49 km (RR, 4.318; P 
= 0.030). When mapped and overlaid, clusters iden-
tified in each study year formed 2 hot spots as fol-

lows: 6 counties (Cochran, Hockley, Lubbock, Terry, 
Lynn, and Garza) located in northwestern Texas and 
4 counties (Freestone, Limestone, Leon, and Robert-
son) located in eastern Texas (Figure 3).

For each study year, a comparison of estimated 

Figure 2—Maps of Texas depicting mean centers (stars) and 
standard directional ellipses of horses with WNV disease in 2002 
to 2004 without weighting by the reported date of disease onset 
(A) and with weighting by reported date of disease onset (B).

Figure 3—Maps of Texas depicting attack rates of WNV in horses 
on a per county basis in 2002 (A), 2003 (B), and 2004 (C). Dark 
green, light green, yellow, orange, and red = < 5, 5 to < �0, �0 to 
< �5, �5 to < 20, and ≥ 20 horses affected/�,000 horses at risk, 
respectively.

A

B

C

A

B

4c
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crude and empirical Bayes smoothed county WNV-dis-
ease attack rates was determined (Table 1). Smoothing 
resulted in a reduction in mean county attack rates but 
an increase in median county attack rates in each year. 
The variability of county attack rates was reduced (30% 
to 44%) in each year. The shapes of the distributions 
of attack rates in 2002 and 2003 were not substantially 
affected by smoothing, but the 2004 distribution of 

smoothed attack rates was more skewed, and kurtosis 
was increased by smoothing.

Each year-specific semivariogram of smoothed 
county attack rates of WNV disease was best fit by a 
Gaussian model. Resulting maps of interpolated WNV-
disease attack rate (Figure 4) revealed a large area of 
high attack rates in northwestern Texas in 2002 and 
in southeastern Texas in 2004. Other hot spots were 
apparent in central and eastern Texas in 2002 and in 
eastern Texas in 2003. The northwestern and eastern 
hot spots identified by the scan-statistic analysis were 
consistent with hot spots observed in interpolated 
maps of WNV-disease attack rates for 2002 and 2004, 
respectively. In 2003, these hot spots bordered areas of 
high-interpolated WNV-disease attack rates. During the 
3-year period, the northwestern hot spot appeared to 
become weaker, whereas the eastern hot spot apparent-
ly became stronger, relative to the overall attack rates 
estimated for Texas in each study year.

Discussion
Two hot spots of WNV disease in horses in Texas 

Attack rates
per year* Minimum Maximum Mean  SD Median Skewness Kurtosis

2002	 	 	 	 	 	
		Crude	 0	 57.4	 5.75		9.39	 2.50	 2.97	 9.79
		Smoothed	 0.05	 36.6	 4.94		6.60	 2.63	 2.29	 5.21

2003	 	 	 	 	 	
		Crude	 0	 32.8	 1.42		3.87	 0	 5.94	 40.3
		Smoothed	 0.02	 21.7	 1.22		2.39	 0.46	 5.68	 39.8

2004	 	 	 	 	 	
		Crude	 0	 9.61	 0.35		1.07	 0	 4.93	 29.8
		Smoothed	 0.02	 6.88	 0.31		0.60	 0.13	 6.46	 58.5

*Horses	with	WNV	disease	were	reported	from	200	(79%),	121	(48%),	and	54	(21%)	of	254	Texas	counties	
in	2002,	2003,	and	2004,	respectively.

Table �—Estimated crude WNV attack rates (reported horses/�,000 horses at risk) in Texas counties in 
2002 to 2004 and attack rates adjusted with empirical Bayes smoothing by use of a spatial weight of 
the nearest �0 neighboring county attack rates.

Figure 4—Maps of Texas depicting estimated attack rates of WNV 
in horses in 2002 (A), 2003 (B), and 2004 (C). Estimated attack 
rates, ranging up to 26.�, �2.6, and 3.0/�,000 horses at risk in 
2002, 2003, and 2004, respectively, are indicated in the legends. 
Notice outlined areas of the location of 2 hot spots identified by 
use of a time-space scan statistic.

A B

C

4c



6   AJVR, Vol 69, No. 3, March 2008

were identified with the scan statistic and were corrob-
orated by disease risk maps. Although reports of WNV 
disease in horses have shifted away from northwestern 
Texas in 2003 and 2004, a hot spot location identified 
by the scan statistic persisted in this region through-
out the study period. The 6 counties included in this 
hot spot contain an estimated horse population of only 
3,130,23 or 522 horses/county, which is considerably 
less than the mean county population of horses in Tex-
as (1,466 horses). Further study of this hot spot could 
reveal much about the epidemiologic characteristics of 
WNV in horse populations. Possible explanations for 
the persistence of this hot spot might include specific 
environmental habitats ideal for the mosquitoes that 
spread WNV, the presence of highly efficient vectors of 
WNV, or a local concentration of a population of highly 
susceptible horses (eg, farms with inadequate vaccina-
tion or management practices).

The other hot spot identified in eastern Texas could 
be explained by the shifting location of horses reported 
with WNV disease in Texas, a higher population at risk 
(a mean population of 2,111 horses/county) and there-
fore reporting bias, and suitable environmental factors 
that favor the vectors of WNV. In 2005, 61 horses with 
WNV disease were reported in Texas,26 of which only 
1 affected horse was reported from the northwestern 
hot spot identified in this study. However in 2006, 111 
horses with WNV disease were reported, of which 10 
(9%) affected horses were reported from the eastern hot 
spot identified in this study. Based on the population at 
risk in this eastern hot spot (8,445 horses) and the total 
estimated number of horses in Texas (372,341 horses), 
we would only have expected 2.5 affected horses to be 
reported from this hot spot, if disease was evenly dis-
tributed in Texas. Thus, the eastern hot spot identified 
might represent a permanent area of high risk for WNV 
disease. It is of interest that this hot spot, as determined 
from maps of smoothed county attack rates, apparently 
became more pronounced during the period of 2002 
to 2004. Study of environmental or management fac-
tors in this hot spot might reveal conditions that can 
lead to hyperendemic transmission of WNV in horse 
populations.

Results of our study indicate that locations of 
WNV disease in horses changed during the period of 
2002 to 2004 and that this change was not substantially 
influenced by when reports of affected horses occurred 
within each of the 3 study years. In 2002, the first year 
WNV disease was reported in Texas, the mean center of 
affected horses was located in north-central Texas. By 
2003, the mean center of reported horses had moved 
approximately 104 km southeast, and by 2004, the 
mean center of reported horses was located in eastern 
Texas, approximately 340 and 232 km southeast of the 
2002 and 2003 mean centers, respectively.

A similar southeasterly pattern of progression was 
observed in the risk maps produced. This change in 
distribution might be a reflection of the way in which 
WNV was introduced into Texas and local environmen-
tal conditions. A large number of horses with WNV 
disease were reported from northwestern Texas dur-
ing 2002. However, during 2003 and 2004 few affected 
horses were reported, with fewer counties reporting 

WNV disease in horses. Affected horses were consis-
tently reported from eastern Texas during the period of 
2002 to 2004. Thus, the large epidemic in northwestern 
Texas may have been an anomaly as a result of WNV 
introduction from north-central areas of the United 
States in 2002 (possibly via infected birds migrating 
south), whereas the environmental conditions (sources 
of water, vegetation types, and higher precipitation and 
warmer temperatures) and a larger population at risk in 
eastern Texas might be suitable for WNV endemicity. 
The influence of vaccination is another issue that needs 
to be investigated. A killed vaccine to protect horses 
against WNV disease was available in 2002, prior to re-
ports of horses with WNV disease in Texas. Shifts in 
the distribution of reported horses might have been 
caused by the adoption of vaccination as a management 
practice in different regions of Texas.27,a For example, if 
horse owners in northwestern Texas were more likely 
to have vaccinated their horses in 2003 and 2004 as 
a result of experiencing the large epidemic in 2002, 
this might have caused the epidemic to appear to move 
southeast in Texas during 2003 and 2004.

Although the overall distributions of the 2002, 
2003, and 2004 epidemics moved in a southeasterly 
direction across Texas, the directionality of each of the 
epidemics tended to be south to north; earlier in the 
season, affected horses were often reported from south-
ern districts, and later in the season, affected horses 
were more often reported from northern districts. The 
most likely explanation of this pattern is a climate-
driven process, specifically temperature. The activity of 
mosquitoes is known to be temperature dependent, and 
temperature-dependent models have been developed in 
an attempt to explain the spread of WNV disease with-
in districts.21 It is biologically plausible that districts at 
lower latitudes would have a greater WNV-disease risk 
earlier in the season than districts at more northern lati-
tudes. Although this pattern was observed in the data, 
the general direction of the occurrence of horses with 
WNV disease reveals variability. At a local scale, many 
other factors may be important in determining when 
disease risk is greatest.

The present study included reports of horses with 
WNV disease from 2002, 2003, and 2004. Inclusion of 
a longer period (eg, 2002 to 2006) might have provided 
some additional information on the pattern of reported 
horses with WNV disease in Texas. However, reporting 
bias is likely to have become an increasingly important 
issue in studies with data from latter years, as WNV be-
came endemic in Texas. In 2005 and 2006, only 61 and 
111 horses with WNV disease were reported, respec-
tively. As horse owners learn to live with the disease, in-
formation from passive surveillance systems will have 
less use for research into the spatial distribution of, and 
risk factors for, WNV-disease occurrence.

In conclusion, hot spots of WNV disease devel-
oped within the horse population in Texas during the 
period of 2002 to 2004. The hot spot identified in the 
northwest area of the state might have been an anomaly 
related to introduction of WNV to Texas in 2002, but 
the hot spot identified in southeastern Texas appears 
more persistent. Determining factors associated with 
the hot spots could help in the development of more 
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effective disease control strategies, and locating specific 
hot spots could allow targeted disease prevention strat-
egies to be implemented.
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