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IMPORTANCE After progressive declines over recent years, in 2012 West Nile virus epidemics

resurged nationwide, with the greatest number of cases centered in Dallas County, Texas.
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OBJECTIVE To analyze the epidemiologic, meteorologic, and geospatial features of the 2012
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Dallas West Nile virus epidemic to guide future prevention efforts.
DESIGN, SETTING, AND PATIENTS Public health surveillance of Dallas County, an area of 2257
km2 and population of 2.4 million. Surveillance data included numbers of residents diagnosed
with West Nile virus infection between May 30, 2012, and December 3, 2012; mosquito trap
results; weather data; and syndromic surveillance from area emergency departments.
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MAIN OUTCOMES AND MEASURES Incidence and age-adjusted incidence rates of West Nile
neuroinvasive disease (WNND), daily prevalence of emergency department visits for asthma
and skin rash, and Culex quinquefasciatus species-specific vector index (an estimate of the
average number of West Nile virus–infected mosquitoes per trap-night).
RESULTS The investigation identified 173 cases of WNND, 225 of West Nile fever, 17 West Nile
virus–positive blood donors, and 19 deaths in 2012. The incidence rate for WNND was 7.30
per 100 000 residents in 2012, compared with 2.91 per 100 000 in 2006, the largest
previous Dallas County outbreak. An unusually rapid and early escalation of large numbers of
human cases closely followed increasing infection trends in mosquitoes. The Cx
quinquefasciatus species-specific vector index predicted the onset of symptoms among
WNND cases 1 to 2 weeks later (count regression β = 2.97 [95% CI, 2.34 to 3.60]; P < .001).
Although initially widely distributed, WNND cases soon clustered in neighborhoods with high
housing density in the north central area of the county, reflecting higher vector indices and
following geospatial patterns of West Nile virus in prior years. During the 11 years since West
Nile virus was first identified in Dallas, the log-transformed annual prevalence of WNND was
inversely associated with the number of days with low temperatures below 28°F (−2.2°C) in
December through February (β = −0.29 [95% CI, −0.36 to −0.21]; P < .001). Aerial insecticide
spraying was not associated with increases in emergency department visits for respiratory
symptoms (β = −4.03 [95% CI, −13.76 to 5.70]; P = .42) or skin rash (β = −1.00 [95% CI, −6.92
to 4.92]; P = .74).
CONCLUSIONS AND RELEVANCE Large West Nile virus epidemics in Dallas County begin early
after unusually warm winters, revisit similar geographical distributions, and are strongly
predicted by the mosquito vector index. Consideration of weather patterns and historical
geographical hot spots and acting on the vector index may help prevent West Nile
virus–associated illness.
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A

fter declining over the prior 5 years, mosquito-borne
West Nile virus infection resurged in 2012 throughout
the United States, most substantially in Dallas County,
Texas.1 Dallas has been a known focus of mosquito-borne encephalitis since 1966, when a large epidemic of St Louis encephalitis (SLE) occurred there, necessitating aerial spraying
of insecticide for control.2 A serologic survey of residents living in a flood-prone area of Dallas demonstrated evidence of
recurrent arboviral infection before the 1966 SLE epidemic.3
With the introduction of West Nile virus into New York City in
1999 and its subsequent spread across the country,4 West Nile
virus appears to have displaced SLE virus. Dallas recognized
its initial cases of West Nile virus encephalitis in 2002 and its
first sizeable outbreak in 2006, followed by 5 years of low West
Nile virus activity.
In the 2012 nationwide West Nile virus resurgence, Dallas
County experienced the most West Nile virus infections of any
US urban area,4 requiring intensified ground and aerial spraying of insecticides. The large size of the 2012 Dallas epidemic,
combined with 11 years of prospective West Nile virus human
and mosquito surveillance data, provided an opportunity to
address urgent questions about the causes and the most effective surveillance and control measures for minimizing future outbreaks.

Methods
Human West Nile Virus Infection Surveillance
With the first West Nile virus–positive mosquito trap in May
2012, health advisories were sent to area physicians recommending diagnostic West Nile virus testing of patients with
symptoms suggestive of West Nile neuroinvasive disease
(WNND). All West Nile virus–positive laboratory test results
(IgM, IgG, or polymerase chain reaction assay from serum or
cerebrospinal fluid) were electronically reported to Dallas
County Health and Human Services (DCHHS) through NEDSS
(National Electronic Disease Surveillance System).5 Health department staff reviewed NEDSS reports of patients with any
West Nile virus–positive test result, and those meeting laboratory case criteria were classified as WNND or West Nile fever cases by the national case definition6 from medical records (including initial history and physical examination,
progress and consult notes as needed, and discharge summaries) and patient or family interviews. All available West Nile
virus IgM–positive specimens (n = 145) sent to the state laboratory were confirmed. Reports of West Nile viremic blood donors were received from blood collection agencies. The University of Texas Southwestern institutional review board
determined that this public health response was not human
subjects research and did not require the board’s review or oversight.

Mosquito West Nile Virus Infection Surveillance
Mosquitoes were trapped with gravid traps through the existing DCHHS and 11 municipal West Nile virus surveillance programs from May 1 through December 19, 2012. Pools of 50 or
fewer female Culex quinquefasciatus mosquitoes, the pri298
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mary local West Nile virus vector, were screened for the virus
by viral culture or reverse transcription-polymerase chain reaction assay. The weekly species-specific vector index for Cx
quinquefasciatus mosquitoes was calculated as the product of
mosquito abundance (average number of mosquitoes collected per trap-night) and West Nile virus mosquito infection
rate from a bias-corrected maximum likelihood estimation divided by 1000 (eAppendix [Supplement]).7-10 The vector index estimates the average number of West Nile virus–
infected mosquitoes per trap-night.
The power of the vector index to predict the subsequent
onset of WNND cases was tested with negative binomial count
regression performed with the Countreg procedure of SAS version 9.3 (SAS Institute Inc). The incidence of WNND cases by
week of symptom onset was regressed on the weekly vector
index with lags of 1 to 4 weeks, yielding 95% CIs calculated from
quasi-maximum likelihood standard errors robust to heteroscedasticity in the time-series data. Autocorrelation was assessed with the Box-Pierce Q test.

Geospatial Analysis
Human West Nile virus cases and West Nile virus–positive mosquito traps were mapped using ArcGIS version 10.0 (Esri). Census tract incidence rates of WNND cases were adjusted to the
age distribution of Dallas County and mapped.11 “Hot spot
analysis” of age-adjusted WNND incidence rates, performed
with the Spatial Analyst extension (version 10) to ArcGIS, used
z scores of the Getis-Ord Gi* statistic to estimate strength of
clustering of high-risk census tracts.12,13

Weather Pattern Analysis
The association of the annual incidence of West Nile virus human infections (log transformed) with local weather data14 from
2002 to 2012 was assessed with stepwise multiple regression
analysis, using the SAS Regression procedure. Autocorrelation was assessed with the SAS Arima procedure.

Syndromic Surveillance Analysis
The incidence of emergency department visits for chief concern of skin rash or respiratory distress (asthma, shortness
of breath, and lower respiratory tract symptoms) was
abstracted from the Electronic Surveillance System for the
E arly Notific ation of Community-based Epidemic s
(ESSENCE) from July 1, 2012, to August 31, 2012.15,16 Times e r i e s e ve nt s t u d y a n a l y s i s w i t h t h e S A S Au t o r e g
procedure17 was applied to the daily incidence of these conditions for 46 days before to 7 days after the 8-day aerial
insecticide spraying period to test the a priori hypothesis of
a significant (2-tailed P < .05) upward shift in visits for these
conditions across the 8 spraying days or different levels of
increase on individual days.

Results
Description of the Epidemic
From May 30, 2012, through December 3, 2012, patients
(n = 1162) with any West Nile virus–positive test result (includjama.com
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Figure 1. Human Infections With West Nile Virus (WNV) in Dallas County, Texas
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A, Number of West Nile neuroinvasive disease (WNND) cases per year in Dallas
County. The first WNV cases occurred in 2002; there were no WNND cases in
2010 and only 1 in 2011. West Nile fever (WNF) cases per year are not shown
because the numbers recognized and reported are differentially influenced by
the degree of local publicity of WNV epidemics. B, Cases of WNND and WNF in

2012 by week of onset of first symptoms and the number of WNV-positive
blood donors identified in Dallas blood banks by week of donation. The 19th
death, not shown, occurred in January 2013. Centers for Disease Control and
Prevention Morbidity and Mortality Weekly Report week numbers are reported
beneath the horizontal axis.

ing IgG-positive only) were reported to the health department; 615 met laboratory case criteria, and 398 cases of West
Nile virus illness with 19 deaths were confirmed by clinical review in residents of Dallas County, a 2257-km2 area with a population of 2.4 million.11 This record-setting urban outbreak followed relatively low numbers of West Nile virus infections in
this area during the previous 5 years and only 1 infection during the prior 2 years (Figure 1A). Symptoms of the first 19 cases
of WNND in 2012 began in June (Figure 1B), a month earlier than
in most prior seasons (Figure 2A); thereafter, the number of
new cases escalated rapidly.
The demographic and clinical characteristics of the patients were similar to those reported in previously described
West Nile virus outbreaks (Table 1).18 The outbreak included

173 patients with WNND and 225 with West Nile fever. Patients with WNND were older and more likely male and white
than the Dallas County population; 96% were hospitalized; 35%
required intensive care; 18% required assisted ventilation; and
the case-fatality rate was 10% (Table 1).
Cases of West Nile fever increased later in the season, following intense publicity over the epidemic and mounting numbers of deaths (Figure 1B). Seventeen presumptive viremic
blood donors were also identified (Figure 1B), more than twice
the number reported in 2006, the second-largest outbreak in
the county’s 11-year experience with West Nile virus infection (Figure 1A). The overall WNND incidence rate in Dallas
County was 7.30 per 100 000 residents in 2012, compared with
2.91 in 2006.
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Figure 2. Usefulness of the Culex quinquefasciatus Species-Specific Vector Index in Predicting Human West Nile
Virus (WNV) Infections in Dallas County, Texas
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A, Weekly variation in the vector
index by year for years with available
archival data. Epidemics occurred in
2006 and 2012. In 2005, West Nile
neuroinvasive disease (WNND) cases
occurred later in the season,
concurrent with a rise in the vector
index (heavier horizontal dotted line
indicates vector index of 0.5) and
persistently high mosquito
abundance (eFigure 1). B, Cases of
WNND in 2012 by week of symptom
onset and by week reported to the
health department, fatalities by week
of death, and West Nile virus–positive
blood donors by week of donation.
Vector index is depicted with 1 week
added to date of trap collection, to
approximate the median lag
encountered for identification of
positive trap results. The interval
from symptom onset to reporting of
WNND cases was longer at the start
of the epidemic because of only
weekly WNV testing by the various
clinical laboratories but became
timelier when the epidemic was
recognized. A highly effective
intervention around July 7,
immediately after the vector index
remained above 0.5 (heavier
horizontal dotted line) for 2
consecutive weeks in the northern
quadrants of the county, could have
prevented an estimated 110
additional WNND cases and an
additional 12 deaths. C, Weekly vector
index in 2012 in the 4 quadrants of
Dallas County (see also eFigure 2).
Centers for Disease Control and
Prevention Morbidity and Mortality
Weekly Report week numbers are
reported beneath the horizontal axis.
Y-axis interval shown in blue indicates
vector index of 0 to 1.5.
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Table 1. West Nile Virus Neuroinvasive Disease (WNND) and West Nile Fever (WNF) Cases by Patient
Characteristics
No. (%)

Patient Characteristics
Sex
Men

WNND
(n = 173)

WNF
(n = 225)

All Cases
(N = 398)

Dallas County
Population
(n=2 368 139)

108 (62.4)

112 (49.8)

220 (55.3)

1 171 002 (49.4)

65 (37.6)

113 (50.2)

178 (44.7)

1 197 137 (50.6)

0-17

2 (1.2)

9 (4.0)

11 (2.8)

18-24

7 (4.0)

9 (4.0)

16 (4.0)

236 263 (10.0)

25-44

31 (17.9)

58 (25.8)

89 (22.4)

728 028 (30.7)

45-64

56 (32.4)

93 (41.3)

149 (37.4)

541 613 (22.9)

≥65

77 (44.5)

56 (24.9)

133 (33.4)

Median (range)

61 (3-93)

53 (3-93)

56 (3-93)

Women
Age, y

654 263 (27.6)

207 972 (8.8)
33 (0-100+)

Race/ethnicitya
White

113 (65.3)

154 (68.4)

267 (67.1)

784 693 (33.1)

Hispanic

33 (19.1)

31 (13.8)

64 (16.1)

905 940 (38.3)

Black

18 (10.4)

18 (8.0)

36 (9.0)

518 732 (21.9)

Asian

4 (2.3)

3 (1.3)

7 (1.8)

117 797 (5.0)

Other

1 (0.6)

1 (0.4)

2 (0.5)

40 977 (1.7)

Unknown

4 (2.3)

18 (8.0)

22 (5.5)

NA

Clinical presentation
Fever

173 (100.0)

225 (100.0)

398 (100.0)

Meningitisb

77 (44.5)

NA

77 (19.3)

Encephalitisc

92 (53.2)

NA

92 (23.1)

Acute flaccid paralysis

1 (0.6)

NA

1 (0.25)

Cranial nerve palsies

3 (1.7)

NA

3 (0.8)

Clinical findings and course
Time between symptom onset and
specimen collection, median (range), d
Duration of hospitalization, median
(range), d
Patients hospitalized

6 (0-34)

8 (0-122)

7 (0-122)

7 (1-150)

4 (1-26)

6 (1-150)

166 (96.0)

50 (22.2)

216 (54.3)

Total hospital days, all cases

1968

253

2221

Admitted to intensive care unit

61 (35.2)

6 (2.7)

67 (16.8)

Mechanical ventilation or BPAP

31 (17.9)

1 (0.4)

32 (8.0)

Discharged to LTCF or rehabilitation
facility
Fatald

54 (29.5)

4 (1.8)

58 (14.6)

17 (9.8)

2 (0.9)

19 (4.8)

IgM-positive

147 (85.0)

218 (96.9)

365 (91.7)

PCR-positive

1 (0.58)

7 (3.1)f

8 (2.01)

Abbreviations: BPAP, bilevel positive
airway pressure; CSF, cerebrospinal
fluid; HIV, human immunodeficiency
virus; LTCF, long-term care facility;
NA, not available; PCR, polymerase
chain reaction; WBC, white blood cell.
a

Defined by standard health
department case report forms and
assessed by interview or medical
records.

b

Defined as fever, pleocytosis, and
stiff neck, headache, or
photophobia without mental status
changes.

c

Defined as fever and acutely altered
mental status (ie, disorientation,
confusion, or obtundation lasting
>24 hours).

d

Deaths were reported to Dallas
County Health and Human Services
by hospitals, physicians, and the
Bureau of Vital Statistics and were
classified as West Nile
virus–associated if West Nile virus
was recorded as cause of death in a
patient who had met the case
definition.

e

All WNND cases had West Nile virus
IgM antibodies or positive PCR
assay in either serum or CSF to meet
case classification criteria.

f

Includes 1 symptomatic viremic
blood donor.

Clinical laboratory results
e

Serum

e

CSF

IgM-positive

97 (56.1)

NA

NA

PCR-positive

2 (1.2)

NA

NA

114 (65.9)

NA

NA

88 (2-1759)

NA

NA

Hypertension

90 (52.0)

NA

NA

Diabetes

42 (24.3)

NA

NA

Cancer

28 (16.2)

NA

NA

Dialysis or chronic kidney disease

19 (11.0)

NA

NA

Immunosuppressive drugs

11 (6.4)

NA

NA

Organ transplantation

4 (2.3)

NA

NA

HIV infection

3 (1.7)

NA

NA

59 (34.1)

NA

NA

Pleocytosis (WBC count ≥5 cells/mm3)
WBC count, median (range), cells/mm3
Premorbid medical conditions

None of the above reported
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Table 2. Prediction of the Number of West Nile Neuroinvasive Disease Cases With Onset of Symptoms Each
Week by Weekly Culex quinquefasciatus Species-Specific Vector Index From Prior Weeks
Parametera

β (95% CI)b

t

P Value

AIC Model
Goodness of Fitc
Abbreviation: AIC, Akaike information
criterion.

Model 1
Intercept

0.71 (0.17 to 1.24)

2.58

.01

Vector index with 1-wk lagd

2.12 (1.65 to 2.59)

8.92

<.001

Intercept

0.79 (0.29 to 1.30)

3.07

.002

Vector index with 2-wk lag

2.03 (1.63 to 2.43)

9.99

<.001

Intercept

0.84 (0.22 to 1.46)

2.67

.008

Vector index with 3-wk lag

1.98 (1.53 to 2.44)

8.51

<.001

0.26 (−0.27 to 0.79)

0.97

.33

With 1-wk lag

1.20 (0.58 to 1.82)

3.80

<.001

With 2-wk lag

1.21 (0.72 to 1.69)

4.89

<.001

With 3-wk lag

0.63 (−0.07 to 1.32)

1.77

.08

a

The 5 negative binomial count
regression models test the
association of the vector index with
the number of West Nile
neuroinvasive disease (WNND)
cases with different lag periods
from vector index to symptom
onset, indicated by the vector index
lag terms in the model.

b

Calculated from the quasi-maximum
likelihood standard errors. β
indicates the regression coefficient
measuring the strength of
association between the vector
index and the number of WNND
cases 1 to 3 weeks later as indicated
by the independent variables.

c

A lower score on the AIC indicates a
better-fitting model.

d

One-week lag indicates vector index
predicting WNND cases beginning a
week later.

132.63

Model 2
132.90

Model 3
133.07

Model 4
Intercept
Vector index

122.51

Model 5
Intercept

0.32 (−0.19 to 0.83)

1.21

.22

Moving average of the vector index
with 1, 2, and 3-wk lags

2.97 (2.34 to 3.60)

9.29

<.001

Use of the Vector Index to Predict Epidemic West Nile Virus
Infection
The first West Nile virus–positive mosquito pool of 2012 was
detected in late May, earlier than in typical seasons. In July,
weekly mosquito infection rates peaked at 53.0 (95% CI, 38.7
to 73.3) per 1000 female Cx quinquefasciatus mosquitoes, and
the vector index peaked at 1.49. Compared with nonepidemic years, the vector index began increasing earlier and
peaked higher in 2006 and even higher in 2012; the index exceeded 0.5 in June or July only in 2006 and 2012, the years of
the earliest and largest outbreaks (Figure 1A, Figure2A, and
eFigure 1 [Supplement]).
Sequential increases in the weekly vector index early in
the 2012 season significantly predicted the number of patients with onset of symptoms of WNND in the subsequent 1
to 2 weeks (count regression β = 2.97 [95% CI, 2.34 to 3.60];
P < .001) (Figure 2B, Table 2, and eTable 1A-C [Supplement]).
In the 2 northern quadrants of the county (eFigure 2 [Supplement]), the vector index exceeded 0.5 for 2 consecutive weeks
by the first week in July and continued rising to very high peaks
(northwest, 2.24; northeast, 2.66), whereas in the 2 southern
quadrants it exceeded 0.5 only transiently at smaller peaks
(southwest, 0.9; southeast, 0.6) before declining (Figure 2C).
Because of the time from symptom onset to diagnosis and reporting, the lag between increases in the vector index and receipt of increased numbers of WNND case reports by the health
department was 3 to 4 weeks (Figure 2B).

Geospatial Distribution of WNND
In the early phase of the 2012 epidemic (May 30 to June 30),
human WNND cases and West Nile virus–positive mosquito
traps were widely dispersed throughout the county, with insufficient points to confirm geographic clustering (Figure 3A).
302
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By July 21, cumulative numbers of WNND cases and West Nile
virus–positive traps showed predominance in the northern half
of the county (Figure 3B), which intensified thereafter
(Figure 3C and eFigure 3 [Supplement]).
The Getis-Ord Gi* statistic identified a high-risk hot spot
of census tracts, each surrounded by other census tracts with
high age-adjusted WNND incidence rates (Figure 4C). The 104
census tracts in the epidemic hot spot were located mostly in
the northern half of the county; compared with other areas,
these tracts had significantly higher property values, housing densities, and percentages of houses unoccupied (Table 3).
Human WNND and West Nile fever cases from the previous 10 years also showed recurring geographical predominance in the northern half of the county (Figure 4A), and the
geospatial hot spots of highest risk in the 2006 and 2012 outbreaks largely overlapped (Figure 4B).

Weather Pattern
The 2012 epidemic year was distinguished from the preceding 10 years by the mildest winter, as indicated by absence of
hard winter freezes, the most degree-days above daily normal temperature during the winter and spring, the most winter rainfall, the heaviest winter rains (>1 in/d [2.54 cm/d]),
warmer summer weather, and less wind during the windy
months (eFigure 4 [Supplement]). Similar extremes occurred
in 2006 (eFigure 4 [Supplement]).
Stepwise linear regression analysis of weather variables
found that the log-transformed annual incidence of WNND
from 2002 through 2012 was most strongly associated inversely with the number of winter days with a hard freeze
(number of days with low temperature <28°F [−2.2°C] in December through March; β = −0.29 [95% CI, −0.36 to −0.21];
P < .001) (Figure 5 and eFigure 4 [Supplement]). Other signifijama.com
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cantly associated variables were indicators of generally warmer
winter temperatures (total heating-degree days in January and
February divided by 100: β = −0.59 [95% CI, −0.97 to −0.21];
P = .01; total degrees departure from daily average temperature in January through May divided by 100: β = 0.34 [95% CI,
0.10 to 0.58]; P = .02; and total rainfall in January through
March: β = 0.20 [95% CI, 0.02 to 0.42]; P = .10), but these did
not remain significant after entry of the number of hard freeze
days (eTable 2A-C [Supplement]).
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Figure 3. Geospatial Distribution of West Nile Neuroinvasive Disease
(WNND) Cases by Date of Onset and Positive Mosquito Traps by Week of
Collection, Dallas, Texas, May 30, 2012-October 30, 2012
A May 30-June 30 (19 cases, 80 traps)

WNND cases
Positive
mosquito
traps

Epidemic Control Measures
The weekly vector index continued increasing through July despite early initiation of vector control measures, including
ground-spraying of insecticide from trucks. In August, ground
spraying capacity was expanded and aerial spraying was performed from August 16 through August 23 (eFigure 5 [Supplement]).
Time-series analysis of data from syndromic surveillance of area emergency departments from 6 weeks before
to 7 days after the aerial spraying period showed no increase
in visits for lower respiratory tract symptoms, including
asthma exacerbations (β = −4.03 [95% CI, −13.76 to 5.70];
P = .42), or skin rash (β = −1.00 [95% CI, −6.92 to 4.92];
P = .74) during the 8-day spraying period (eFigure 5 and
eTable 3A-D [Supplement]).

B

May 30-July 21 (92 cases, 175 traps)

C

May 30-October 30 (173 cases, 266 traps)

Discussion
This report identifies several distinguishing features of a large
urban West Nile virus outbreak that may assist future prevention and control efforts for vector-borne infections. In the context of local historical data, the 2012 Dallas West Nile virus outbreak was characterized by an earlier appearance of infected
mosquitoes and a more rapid rate of increase and higher peak
of the weekly vector index. The vector index estimates the average number of West Nile virus–infected mosquitoes collected per trap-night and predicts West Nile virus transmission risk to humans better than other entomologic risk
measures of mosquito abundance or mosquito infection
rates.19,20 It has been suggested that increases in the vector index accurately predict increases in onset of human West Nile
virus cases 1 to 2 weeks later7,21 and that analysis of historical
mosquito and human infection data in a given locale can identify a threshold in the vector index that accurately predicts imminent large West Nile virus epidemics.7
Our analysis of the 2012 epidemic, using robust statistical
methods appropriate for time-series count data, identified a
strong, statistically significant association between increases
in the vector index and increases in the number of WNND cases
with symptom onset 1 to 2 weeks later. Moreover, analysis of
Dallas County’s historical West Nile virus experience found that
a vector index threshold of 0.5 in June or July distinguished
the 2 largest epidemics from the remaining 9 years, which had
minimal human illness. Increases slightly above this threshold in August in 2 of the years were not sustained. If confirmed by additional experience, the actual threshold may differ by locale.
jama.com
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Age-adjusted
WNND incidence
per 100 000 residents
per census tract
0
Quartile
1 (>0.0 - 16.7)
2 (>16.7 - 23.3)
3 (>23.3 - 32.0)
4 (>32.0 - 111.3)

Locations of gravid mosquito traps that were ever West Nile virus–positive or
always negative are shown in eFigure 3.
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Figure 4. Geospatial Analysis of West Nile Neuroinvasive Disease
(WNND) and West Nile Fever (WNF) Cases, Dallas, Texas, 2002-2009,
and Hot Spot Analysis Comparison of the 2006 and 2012 Epidemics
A WNND and WNF cases by residence location, 2002-2009

2002
2003
2005
2006
2007
2008
2009

B

Hot spot analysis of 2006 age-adjusted WNND incidence rates
z Score
< –2.0
≥ –2.0 to –1.0
> –1.0 to 1.0
>1.0 to 2.0
> 2.0

C

Hot spot analysis of 2012 age-adjusted WNND incidence rates

Overlay of 2006 and
2012 data
2012 Hot spot

Getis-Ord Gi* z scores greater than |2.0| were statistically significant (P < .05). A
high and positive z score value indicates that a census tract is surrounded by
other census tracts reporting high West Nile virus disease incidence (ie, part of a
hot spot).
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Practical use of the vector index is complicated by the
short lag of 1 to 2 weeks before symptoms of WNND infections begin and by the additional average 2-week delay in
reporting human cases to health authorities from the time
needed for diagnosis. With the 2- to 12-day (mean, 7 days)
incubation period between mosquito bite and symptom
onset, increases in human West Nile virus infections are
occurring at the same time as the acceleration in the vector
index but are diagnosed and reported to health authorities 3
to 4 weeks later. For the vector index to be operationally
useful for guiding mosquito control activities, rapid turnaround of mosquito testing for West Nile virus is necessary.
The majority of area traps in 2012 had been tested by viral
culture, with positive results lagging a median of 8 days
(range, 3-14 days) after collection, and there was no centralized process for collation of these data from the 12 separate
agencies engaged in mosquito surveillance and control
within the county. Thus, in the 2012 outbreak, the decision
to intervene with intensified ground and aerial spraying was
prompted by the escalation of reported WNND cases and
deaths in late July. Our postseason analysis of mosquito
data showed that the vector index had surpassed 0.5 the
week ending June 30, by which time onset of symptoms had
begun in 19 WNND cases, but only 3 WNND cases had been
reported. During the 6 consecutive weeks in which the vector index exceeded 0.5, symptoms had already begun in 117
(68%) of the ultimate 173 WNND cases. Consequently, once
the vector index has consistently exceeded a recognized
threshold, waiting to initiate augmented vector control
activities until significant numbers of human cases and
deaths are reported is too late for those measures to prevent
the many cases already incubating.
The magnitude of epizootic activity and the consequent
numbers of human cases during this outbreak appear to have
been precipitated by an extreme weather pattern. Our analysis found that Dallas’ largest West Nile virus epidemic seasons in 2006 and 2012 were both high outliers on measures of
winter temperatures, total rainfall in winter and early spring,
and summer heat. Multivariable analysis suggested that the
absence of a hard winter freeze (low temperature <28°F
[−2.2°C]) may have been the most important weather factor,
but the concordance of all 3 extreme conditions suggests a synergistic effect. Our findings agreed with those from prior studies showing the contribution of warmer temperatures to greater
amplification of epizootic West Nile virus activity and increased transmission to humans.22-26 In Dallas’ temperate climate, the effects of the lack of a hard winter freeze on West
Nile virus activity would be expected to allow more infected
female mosquitoes to survive the winter. Studies have implicated an early spring in allowing a longer period of mosquitobird transmission with an early start to human infections,25
which we also observed. Conclusions regarding the influence
of precipitation on West Nile virus activity have been
mixed,22-27 with more evidence supporting the importance of
drought conditions that have prevailed in Texas for several
years, although the availability of spring moisture has been
supported.22,25 Knowledge of climate patterns favoring greater
local vector abundance or potential for epizootic amplificajama.com
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Table 3. Multiple Logistic Regression Analysis of Characteristics of the 527 Census Tracts Distinguishing the West Nile Neuroinvasive Disease Hot Spot
From the Surrounding Areasa
Descriptive Statistics, Median (IQR)
Census Tract Characteristicb,c

Census Tracts in the Hot Spot

Logistic Regression Model

All Other Census Tracts

OR (95% CI)

AUC

Property values, % of homes worth >$275 000d

48.2 (7.4-76.1)

2.0 (0.0-8.6)

1.70 (1.50-1.93)

Housing density, No. of houses per 1000 m2

0.99 (0.64-2.13)

0.64 (0.37-0.89)

1.32 (1.18-1.47)

Unoccupied houses, % of houses unoccupied

12.1 (6.8-16.6)

8.8 (5.5-13.3)

1.24 (1.11-1.37)

Abbreviations: AUC, area under the receiver operating characteristic curve; IQR,
interquartile range; OR, odds ratio.
a

Of the 527 census tracts in Dallas County, 104 (20%) were in the hot spot
(Figure 4C).

b

The independent variables were categorized in deciles; consequently, the OR
measures the increase in risk of being in the hot spot zone for every decile
increase in the independent variable.

0.87

c

Amount of water-covered area in a census tract and percentage of area
covered by water did not differ significantly between census tracts in the hot
spot and other areas.

d

Median household income, significantly higher in the hot spot census tracts,
was collinear with property values but not as strongly associated with being in
the hot spot.

Figure 5. Association of the Annual Number of West Nile Neuroinvasive Disease (WNND) Cases With Weather Conditions Potentially Predisposing to
West Nile Virus Transmission, Dallas County, Texas, 2002-2012
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The log-transformed prevalence of WNND cases was regressed on the weather
measure, and the line was fit by simple linear regression. A, Daily low
temperature below 28°F (−2.2°C) indicates a hard freeze that kills many
overwintering mosquitoes, some of which would carry West Nile virus into the
next season. B, A highly positive sum of departures from daily normal
temperature indicates a generally mild winter and spring. To convert degrees
Fahrenheit to degrees Celsius, subtract 32 and multiply difference by 0.556. C,

The heating-degree days parameter is the number of degrees below 65°F
(18.3°C) each day usually requiring home heating, summed over the winter
months January and February; lower winter temperatures retard mosquito
activity. D, Greater total rainfall, particularly early in the mosquito breeding
season, provides more standing water for amplifying mosquito populations. To
convert inches to centimeters, multiply by 2.54.

tion can alert health departments to seasons requiring particularly heightened preseason control measures and expanded vector surveillance.

Our geospatial analysis of WNND cases identified repeated predilection of cases for the northern half of the county
over the 11 years studied and a hot spot of particularly high risk
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in the same north central area in both the 2006 and the 2012
epidemic years. Our analysis of data from the US Census Bureau’s American Community Survey ending in 2011 found that
the census tracts in this high-risk hot spot were distinguished
from those other areas by higher property values, greater housing density, and a higher percentage of houses unoccupied (reflecting the current economic downturn). These findings agree
with those from previous studies showing that West Nile virus outbreaks in metropolitan areas can cluster in neighborhoods with higher income and property values; higherdensity housing and less forested areas 28-30 ; and more
unoccupied houses as a result of mortgage delinquency.31 Possible explanations include more densely housed neighborhoods having more neglected swimming pools to amplify mosquito populations31; densely housed neighborhoods also may
sustain lower bird species diversity32 or the precise mix of bird
spec ies c ausing greater v irus amplific ation (“av ian
super-spreaders”).33 Our findings did not support an association with the amount of land area covered by water.24 Whatever the biological explanation, identifying a perennial geographical pattern of human infections should be useful in
targeting such areas for more intensive public health prevention measures, including preseason source reduction, larviciding, and education.
Although ultralow-volume aerial spraying has proven effective in quickly curtailing widespread outbreaks of mosquitoborne infections,34-36 its use during this outbreak generated
publicity over possible safety concerns. The ultralow-volume
technique effectively kills infected adult mosquitoes with
extremely low human exposure levels (<30 mL per acre) of
minimally toxic pyrethroid insecticides approved by the Environmental Protection Agency for this purpose.37,38 Our timeseries analyses of the daily incidence of hospital emergency
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department visits for skin rashes and acute respiratory distress over a 2-month period demonstrated the absence of any
detectable increase in these conditions related to the 8-day period of aerial spraying, confirming similar conclusions of safety
from prior research.16,36,39-41 Although the cost of 2 applications of aerial spraying over 875 062 acres in Dallas County was
$1 636 348, the direct and indirect costs of the large number
of human West Nile virus infections during this outbreak were
estimated to exceed $8 million.42,43

Conclusions
The resurgence of West Nile virus epidemics in US urban populations in 2012 heightens the importance of more effective measures for minimizing future epidemics. Areas such as Dallas
with wide variations in West Nile virus activity between seasons should consider analysis of local West Nile virus history
to identify predisposing weather patterns and perennial highrisk geographical areas to efficiently direct preseason prevention measures and surveillance resources. Our findings support incorporating mosquito infection indices into response
plans and closely monitoring the mosquito vector index in real
time. The goal is to recognize significant increases above historically predictive thresholds of epidemic transmission when
augmented mosquito control measures can prevent the most
human illness. This requires continuing investments in robust mosquito surveillance programs, including sufficient
numbers of traps, rapid testing of mosquitoes, timely collation of information, and establishment of local baseline patterns. Significant numbers of human cases may be reported
too late to be a sensitive trigger for expanded intervention during the course of an epidemic.
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