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ABSTRACT 

MULTI-SPECIES EVALUATION OF HUMAN RISK OF WEST NILE VIRUS 
INFECTION, SASKATCHEWAN, 2003 

Rebecca L. A. Corrigan 

Supervisor: Hugh G. G. Townsend 

University of Saskatchewan, 2005 

In an effort to monitor WNV across Saskatchewan, the provincial health 

authority and collaborators established an integrated surveillance system for WNV. 

Surveillance included both human and animal components, as well as environmental 

variables including precipitation, growing degree days (GDDs), ecozone and landcover. 

Post-season analysis of the integrated surveillance system included investigating which 

surveillance variables were successful in predicting human risk of WNV infection in the 

same areas, determining if clinical horse case data could be used to predict future 

human cases of WNV, and establishing if early-season seroconversion in sentinel horse 

herds could predict occurrence of human cases in the same areas. 

Cluster analysis revealed significant clusters of human and horse cases of WNV 

in space, time, and space-time; however, only space-time clusters of horse cases 

preceded human cases by one week in the same area. Significant spatial clusters of 

human and horse cases did not occur in the same areas. Both human and horse cases 

clustered during the same time period under temporal analysis. 

Spatial regression analyses were used to determine which components of 

surveillance predicted increasing risk of disease in humans and horses in the same 

regions where surveillance variables were collected. Environmental variables 

predictive of increasing risk of human cases of WNV included increasing maximum 
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ODDs. Maximum precipitation had a protective effect for both human and horse cases. 

Both Culex restuans and Culex tarsalis mosquitoes were predictive of increasing risk of 

human and horse disease. Increasing percentages of positive corvid birds were also 

predictive of increasing percentages of human cases. The results of these analyses can 

be used to guide future years' surveillance efforts for WNV in Saskatchewan. 

Early-season serological surveillance of sentinel horse herds by detection of IgG 

antibodies using an ELISA test was predictive of human cases of WNV in the same 

regions. Detection of IgM antibodies in the same samples was not predictive of human 

risk. Seroconversion of sentinel horse herds was predicted by decreasing maximum 

precipitation, increasing percentages of Culex restuans and Culex tarsalis, and 

increasing percentage of the rural municipality covered by water. Early-season 

serological horse surveillance is an important surveillance technique to predict human 

risk of WNV infection. 
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"A man can do nothing better than to eat and drink and find satisfaction in his work. 
This too, I see, is from the hand of God, for without Him, who can eat or find 
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Ecclesiastes 2:24-25 (NIV) 

v 



TABLE OF CONTENTS 

PERMISSION TO USE 
ABSTRACT 
ACKNOWLEDGEMENTS 
DEDICATION 
TABLE OF CONTENTS 
LIST OF TABLES 
LIST OF FIGURES 
LIST OF ABBREVIATIONS 

1 LITERATURE SURVEY 
1.1 Background 
1.2 Introduction 
1.3 West Nile virus in Canada 
1.4 West Nile virus surveillance in Saskatchewan, 2002 and 2003 
1.5 West Nile virus ecology in Saskatchewan 
1.6 Qualitative assessment of Saskatchewan West Nile virus 

surveillance 
1.7 Spatial analysis in public health surveillance 

1.7.1 Cluster analysis 
1.7 .2 Spatial regression and ecologic analyses 

1.8 Sentinel animals for West Nile virus surveillance 
1.8.1 Domestic animals and West Nile virus surveillance 
1.8.2 Sentinel bird surveillance 
1.8.3 Free-ranging sentinel birds 
1. 8.4 Dead bird surveillance 

1.9 Objectives 
1.10 References 

11 

iv 
v 
Vl 

ix 
Xll 

Xlll 

1 
1 
2 
3 
3 
4 

7 
8 
8 
11 
13 
13 
14 
16 
17 
19 
21 

2 CLUSTER ANALYSIS OF CLINICAL CASES OF WEST NILE VIRUS 
INFECTION IN SYMPATRIC HORSES AND HUMANS 26 
2.1 Introduction 26 
2.2 Methods 27 

2.2.1 Case definitions 27 
2.2.2 Data sources 28 
2.2.3 Analysis 29 

2.3 Results 30 
2.4 Discussion 31 
2.5 References 37 

3 USING SPATIAL REGRESSION TO EVALUATE AN INTEGRATED 
SURVEILLANCE SYSTEM FOR ITS ABILITY TO PREDICT RISK OF 
WNV INFECTION IN HUMANS AND HORSES 46 
3 .1 Introduction 46 
3.2 Methods 48 

Vl 



3.2.1 Data sources 
3.2.1.1 WNV -infected corvids 48 
3.2.1.2 Horse case definition and data source 48 
3.2.1.3 Mosquito data 49 
3.2.1.4 Human case definition and data source 50 
3.2.1.5 Sentinel chicken data 50 
3.2.1.6 Environmental data 50 
3 .2.1. 7 Outcomes and predictors 51 

3.2.2 Time sequencing 53 
3.2.3 Data availability 53 
3.2.4 Data modeling 54 
3.2.5 Spatial autocorrelation 55 
3.2.6 Spatial regression 55 

3.3 Results 56 
3.3.1 Time sequencing 57 
3.3.2 Moran's Ipop test statistic 57 
3.3.3 Prediction of human disease (regional health authority) 58 
3.3.4 Prediction of disease in horses (regional health authority) 58 
3.3.5 Prediction of human disease (rural municipality) 59 
3.3.6 Prediction of disease in horses (rural municipality) 60 

3.4 Discussion 60 
3.5 References 68 

4 EVALUATING, WITH SPATIAL REGRESSION, THE USE OF EARLY-
SEASON SEROCONVERSION OF HORSES AS A MEANS OF 
PREDICTING HUMAN RISK OF WNV INFECTION 83 

4.1 Introduction 83 
4.2 Methods 84 

4.2.1 WNV-infected corvids 84 
4.2.2 Sentinel horse data 84 
4.2.3 Mosquito data 86 
4.2.4 Human case definition and data source 86 
4.2.5 Environmental data 87 
4.2.6 Outcomes and predictors 87 
4.2.7 Data availability 89 
4.2.8 Data modeling 89 
4.2.9 Spatial autocorrelation 90 
4.2.10 Spatial regression 91 

4.3 Results 92 
4.3.1 Prediction of human disease 94 
4.3.2 Prediction of sentinel horse seroconversion 

4.3.2.1 IgM Antibodies 94 
4.3.2.2 IgG Antibodies 
4.3.2.2.1 RHA-level data 95 
4.3.2.2.2 RM -level data 95 

4.4 Discussion 96 

Vll 



4.4.1 Prediction of horse seroconversion 
4.4.1.1 IgM antibodies 
4.4.1.2 IgG antibodies 

4.5 References 

5 CONCLUSIONS 

Vlll 

98 
99 
102 

120 



LIST OF TABLES 

2.1 Significant clusters of West Nile virus human cases identified by Kulldorff' s 
scan statistic in Saskatchewan, 2003. 40 

2.2 Significant clusters of West Nile virus horse cases identified by Kulldorff's 

scan statistic in Saskatchewan, 2003. 41 

3.1 Univariate associations examined at the rural municipality (RM) level between 
the occurrence of human or horse cases of WNV, and, potential predictors. 71 

3.2 Univariate associations examined at the regional health authority (RHA) level 
between the occurrence of human or horse cases of WNV, and, potential 
predictors. 72 

3.3 Summary of outcome and risk factors aggregated for each rural municipality 
(RM). 73 

3.4 Summary of outcome and risk factors aggregated for each regional health 
authority (RHA). 74 

3.5 Time sequence by date of first WNV -infected corvid or mosquito pool, or, 
human or horse case of WNV by regional health authority (RHA). 75 

3.6 Number of rural municipalities (RMs) with WNV-infected corvids or mosquito 
pools, or, horse cases of WNV before or after human cases in the 
sameRM. 76 

3.7 Population-adjusted Moran's I for spatial clustering of the human and horse 
WNV cases at the rural municipality (RM) and regional health authority (RHA) 
level. 77 

3.8 Final, univariate, significant models predicting the percentage of human or horse 
WNV cases at the level of the regional health authority (RHA), Saskatchewan 
2003. 78 

3.9 Significant, univariate, crude models predicting the percentage of human or 
horse WNV cases at the rural municipality (RM)-level, 
Saskatchewan 2003. 79 

3.10 Adjusted, multivariate model predicting the percentage of human WNV cases at 
the level of the rural municipality (RM), Saskatchewan 2003. 80 

lX 



4.1 Summary of outcome and risk factors aggregated for each rural municipality 
(RM). 105 

4.2 Summary of outcome and risk factors aggregated for each regional health 
authority (RHA). 106 

4.3 Univariate associations examined at the rural municipality (RM)-level between 
the occurrence of human cases of West Nile virus or seroconversion of sentinel 
horses to West Nile virus, and, potential predictors. 107 

4.4 Univariate associations examined at the regional health authority (RHA)-level 
between the occurrence of human cases of West Nile virus or seroconversion of 
sentinel horse herds to West Nile virus, and, potential predictors. 108 

4.5 Total numbers of sentinel horses sampled by RHA and RM in Saskatchewan 
2003 with total number of samples positive for IgM and IgG antibodies by 
regional health authority (RHA) and rural municipality (RM). 109 

4.6 Population-adjusted Moran's I for spatial clustering of the human cases of West 
Nile virus at the rural municipality (RM) and regional health authority (RHA)
level. 110 

4.7 Univariate models for the prediction of the percentage of sentinel horses positive 
for West Nile virus antibodies on an IgM ELISA, and predictors at the level of 
the regional health authority (RHA), Saskatchewan 2003. Ill 

4.8 Univariate models for the prediction of the percentage of sentinel horses positive 
for West Nile virus antibodies on an IgM ELISA, and predictors at the level of 
the rural municipality (RM), Saskatchewan 2003. 112 

4.9 Univariate models for outcomes, the percentage of human cases of West Nile 
virus or the percentage of sentinel horses positive for West Nile virus antibodies 
on an IgG ELISA, and predictors at the level of the regional health authority 
(RHA), Saskatchewan 2003. 113 

4.10 Univariate models for outcomes, the percentage of human cases of West Nile 
virus or the percentage of sentinel horses positive for West Nile virus antibodies 
on an IgG ELISA, and predictors at the level of the rural municipality (RM), 
Saskatchewan 2003. 114 

4.11 Multivariate, adjusted model predicting the percentage of sentinel horses 
positive for antibodies to WNV on an IgM ELISA at the level of the rural 
municipality (RM), Saskatchewan, 2003. 115 

X 



4.12 Multivariate, adjusted model predicting the percentage of sentinel horses 
positive for antibodies to WNV on an IgG ELISA at the level of the regional 
health authority (RHA), Saskatchewan 2003. 116 

4.13 Multivariate, adjusted model predicting the percentage of sentinel horses 
positive for antibodies to WNV on an IgG ELISA at the level of the rural 
municipality (RM), Saskatchewan 2003. 117 

Xl 



2.1 

LIST OF FIGURES 

Distribution of West Nile virus human and horse cases in southern 
Saskatchewan in 2003. 42 

2.2 Spatial clusters of clinical infection with West Nile virus in humans and horses 
identified by Kulldorff' s scan statistic in Saskatchewan, 2003. 43 

2.3 Space-time clusters of clinical infection with West Nile virus in humans 
identified by Kulldorff' s scan statistic in Saskatchewan 2003. 44 

2.4 Space-time clusters of clinical infection of horses with West Nile virus 
identified by Kulldorff's scan statistic in Saskatchewan, 2003. 45 

3.1 Distribution of human and horse cases ofWNV in Saskatchewan, 2003. 81 

3.2 Location of mosquito traps, sentinel chicken flocks and WNV-infected corvid 

4.1 

4.2 

submissions in Saskatchewan, 2003. 82 

Location of West Nile virus-infected corvids and sentinel horse herds, 
Saskatchewan 2003. 

Location of human West Nile virus cases and sentinel horse herds, 
Saskatchewan 2003. 

Xll 

118 

119 



CAR 
ccs 
CDC 
CI 
ELISA 
GDD 
GPS 
Ig 
Km 
MFIR 
mm 
NJLT 
OD 
PDS 
PFRA 
RHA 
RM 
SE 
SK 
SLE 
SLEV 
SIP 
us 
WCVM 
WEE 
WNF 
WNNS 
WNV 

LIST OF ABBREVIATIONS 

Conditional spatial autoregression 
Census consolidated sub-division 
Center for Disease Control 
Confidence interval 
Enzyme-linked immunoabsorbent assay 
Growing degree day 
Geographic positioning system 
Immunoglobulin 
Kilometer 
Minimum field infection rate 
Millimeters 
New Jersey light trap 
Optical density 
Prairie Diagnostic Services 
Prairie Farm Rehabilitation Administration 
Regional health authority 
Rural municipality 
Standard error 
Saskatchewan 
St. Louis encephalitis 
St. Louis encephalitis virus 
Sample-to-positive 
United States 
Western College of Veterinary Medicine 
Western equine encephalitis 
West Nile fever 
West Nile neurological syndrome 
West Nile virus 

Xlll 



1. LITERATURE SURVEY 

1.1 Background: 

During the late winter of 2003, researchers at the Western College of Veterinary 

Medicine in Saskatoon, Saskatchewan, were approached by local public health 

authorities interested in using the horse as a means of surveillance for West Nile virus 

(WNV) in Saskatchewan. The Centers for Disease Control and Prevention (CDC) in 

the United States (US) had advised using horses as an integral part of WNV 

surveillance progra:ns (1, 2). 

Surveillance systems have been used world-wide to monitor arboviruses, such as 

WNV, western equine encephalitis (WEE), Rift Valley fever and St. Louis encephalitis 

(SLE) (3-7). Mosquito surveillance and sentinel chicken flocks have been in place in 

Saskatchewan since the 1960's for arbovirus surveillance of WEE, SLE, and California 

encephalitis virus (8-11). Unfortunately, very often these surveillance systems are not 

evaluated for their effectiveness or ability to predict human disease risk. Millions of 

dollars can be spent on such surveillance systems with no assessment as to which 

predictors of the surveillance system are providing relevant information to its overall 

objective, which is usually to predict human risk of arbovirus infection. Several studies 

in the United States have investigated surveillance components for WNV and similar 

arboviruses, such as WEE and SLE, including WNV -infected corvid submissions, dead 

bird sightings, cumulative precipitation and temperature, sentinel chicken flock 

seroconversion and mosquito surveillance, but there has been no evidence in the 
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literature of similar analyses in Saskatchewan or even Canada (7, 12-17). 

Retrospective, post-season analysis of surveillance systems is required for further 

development and enhancement of these systems and thus to more accurately forecast 

mosquito-borne arboviral epidemics, such as WNV, and minimize their impact on urban 

and rural population centers. Epidemic predictability would help to focus vector control 

measures and public education about risks of human infection and elements of personal 

protection that reduce the probability of WNV transmission. 

1.2 Introduction: 

This chapter presents a review of the literature focusing on surveillance of 

arboviruses, especially WNV. The second objective was to review the two different 

methods of spatial analysis that were utilized both in this project and in other studies to 

analyze public health surveillance data (18-23). The use of animals as sentinels for 

human infection with WNV, particularly in the US, will also be examined in this 

review. 

The approach taken was to first examine the history of WNV surveillance 

activities in Canada and Saskatchewan. An overview of the history of surveillance of 

the virus provided insight into which surveillance variables had been used in past years 

and which should be included in the analyses. Then, the ecology of the virus in 

Saskatchewan was investigated to determine which mosquito vectors and environmental 

variables are potentially important in WNV ecology locally, in Saskatchewan, so that 

these variables could be evaluated in the analysis of surveillance activities. These 

variables were chosen based on historical mosquito vectors of arboviruses in 

Saskatchewan, as well as a comparison to similar flaviviruses, like SLE, whose ecology 

2 



has been studied extensively in the United States (3, 24, 25). Literature searches were 

conducted using standard search engines, such as PubMed, CAB abstracts and Ovid 

MEDLINE. Search terms included, but were not limited to, West Nile virus, spatial 

analysis, arbovirus, cluster analysis, GIS, public health surveillance, and sentinel 

animals. 

1.3 West Nile virus in Canada: 

West Nile virus (WNV) is a mosquito-transmitted flavivirus. It is widely 

distributed in Africa, the Middle East, Asia, and southern Europe and was detected in 

the state of New York in the United States (US) in 1999 (26-28). Since its introduction 

to North America, the virus has spread rapidly across the continent, possibly through 

migratory birds (29). Canada began surveillance of WNV in 2000 through wild bird 

surveillance by the combined efforts of the Canadian Co-operative Wildlife Health 

Center, Health Canada and provincial ministries of health. In 2001, the first positive 

corvids were found in southern Ontario. Since 2001, WNV has spread west to the 

provinces of Manitoba, Saskatchewan and Alberta, and east, to the provinces of 

Quebec, New Brunswick, and Nova Scotia (30). 

1.4 West Nile virus surveillance in Saskatchewan, 2002 and 2003: 

WNV was first detected in Saskatchewan in 2002 by the presence of positive 

corvid birds. Forty-four corvids tested positive in Saskatchewan in 2002 (30). During 

2002, clinical horse cases also occurred, but no accurate numbers were recorded. 

During the 2003 WNV season, the first human cases occurred. A total of 94 7 human 

cases of WNV were documented in Saskatchewan in 2003. Cases were classified as 

either West Nile fever (WNF) or West Nile neurological syndrome (WNNS). WNF 
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clinical criteria included any two of the following clinical signs: fever, myalgia, 

arthralgia, headache, fatigue, lymphadenopathy, or maculopapular rash, in addition to 

testing positive on an IgM ELISA for WNV. WNNS clinical criteria included onset of 

fever and at least one associated neurological syndrome consistent with a diagnosis of 

encephalitis, viral meningitis or acute flaccid paralysis (31). 

An epidemic of clinical horse cases also occurred during 2003. A total of 133 

clinical horse cases were diagnosed at the Prairie Diagnostic Services (PDS) laboratory 

at the Western College of Veterinary Medicine in Saskatoon, Saskatchewan. Clinical 

horse cases were defined as those horses which, in addition to testing positive on an 

IgM ELISA for WNV, showed any of the following clinical signs: fever, altered 

mentation, seizures, dysphagia, decreased appetite, abnormal head carriage, weakness, 

ataxia, hypermetria, paresis, paralysis, or recumbency (32, 33). A total of 157 WNV

infected corvid birds were also identified in the province. Mosquito surveillance 

identified 37 mosquito pools carrying WNV. 

1.5 West Nile virus ecology in Saskatchewan: 

WNV is an arthropod-borne virus that is maintained and amplified in an 

enzootic cycle between bird reservoir hosts and adult, blood-feeding mosquitoes. Over 

200 species of birds have been shown to be fatally infected with WNV, but how many 

act as amplifying hosts, that is, develop sufficient levels of virus in their blood to infect 

mosquitoes, is unclear. "Spillover" or transmission of WNV to incidental hosts, such as 

humans and horses, occurs when the virus has built up to sufficient levels within the 

enzootic cycle and appropriate mosquito vectors, those that bite both birds and 

mammals, are present (28). Humans and horses are both considered "dead-end" hosts, 
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that is, neither species has high enough persistent viremia to infect feeding mosquitoes 

(34-36). 

Numerous North American mosquitoes have been identified as potential vectors 

of WNV. Those of most concern in Saskatchewan are Culex tarsalis, Culex restuans, 

Aedes vexans, and Culiseta inomata. Culex tarsalis has been shown to be a competent 

vector of WNV in California, and this mosquito is prevalent in Saskatchewan with 

historical importance as a vector of WEE in Saskatchewan in the 1960s and 70s (9, 11, 

37, 38). Culex tarsalis appears to be the most likely transmitter of WNV to humans in 

Saskatchewan due to its wide host range of birds and mammals, multivoltine 

reproduction, that is multiple generations produced in a single year, and persistent biting 

of more than one host (11, 37-39). Culex restuans prefers bird hosts, but will take blood 

meals from snakes, turtles and mammals and has been shown to be an efficient vector of 

WNV in the laboratory ( 40). Culiseta inomata may be a significant transmitter of 

WNV from birds to horses; however, because its host preference is larger mammals and 

it is reluctant to take more than one blood meal, its ability to transmit virus to humans 

may be limited. Aedes vexans is the most common mosquito pest for humans, but 

rarely feeds on birds. This mosquito is more abundant than Culex tarsalis in 

Saskatchewan and WEE virus has been isolated from it in the past (11). Aedes vexans, 

studied in the New York city area, were only moderately susceptible to infection with 

WNV, but, if infected, were capable of transmitting the virus by bite (9, 10, 40-45). 

Environmental variables, such as rainfall and temperature, are important in the 

ecology of arboviruses, such as WEE, St. Louis encephalitis virus (SLEV), and Ockelbo 

virus (39, 46-48). Recent research has shown that temperature can alter the length of 
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virus (39, 46-48). Recent research has shown that temperature can alter the length of 

the extrinsic incubation period (EIP) and the infective life expectancy (ILE) in Culex 

spp. of mosquitoes, those that are most likely vectors of WNV in Saskatchewan ( 4 7, 

49). The EIP is the amount of time required from infection of the vector mosquito to its 

own infectivity. TheILE is the expected duration of life after surviving the EIP. This 

period influences the probability that an infected vector mosquito will transmit the 

virus. Increasing temperatures shorten the EIP, enhance the rate of virus replication and 

mosquito metabolism, lengthen the mean daily survival rate of Culex spp. and increase 

ILE (49). As EIP decreases in length and ILE increases, the result is increasing 

exposure time of birds, humans and horses to mosquito vectors capable of transmitting 

WNV. 

Rainfall is also a potentially important variable in WNV ecology. WNV and 

other flavivirus outbreaks, such as SLE virus, have been shown to be associated with 

drought conditions, in which rainfall was below normal amounts (3, 48, 50). Research 

in Florida has shown that during periods of below normal precipitation, mosquitoes and 

avian amplification hosts converge in selected refuges that provide water sources (3, 48, 

51). Culex spp. breed in small, stagnant pools of water. These pools become abundant 

during a drought because they are not periodically flushed by heavy rains. As birds are 

forced to converge around remaining water sources, they are brought into contact with 

vector mosquitoes and amplification of SL~ virus begins (3). The 1999 New York city 

outbreak of WNV occurred under drought conditions; monthly rainfall was below 

normal in June, July and August. It has been hypothesized that below average rainfall 
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amounts allowed amplification of WNV in Culex pipiens and local avian hosts by 

congregating birds and mosquitoes around urban water sources (3). 

1.6 Qualitative Assessment of Saskatchewan West Nile virus Surveillance: 

At the end of the 2002 and 2003 WNV seasons, provincial health authorities 

completed a retrospective, qualitative evaluation of the WNV contingency plan. 

Surveillance components, vector management, and communications with the public 

were evaluated by personnel involved in each of these areas. Evaluation criteria were 

1) how effective each surveillance component, such as positive corvid submissions, 

horses, sentinel chicken flocks, and mosquitoes, was in providing an early estimate of 

human risk; 2) did mosquito management programs decrease the number of mosquitoes 

that could potentially transmit WNV; and 3) did the communication strategy work to 

increase awareness and change people's behavior in personal protective measures. 

Overall, the 2003 surveillance system was deemed a success. Sentinel chicken flock 

surveillance was thought to be the least predictive of human risk of WNV infection, 

followed by equine surveillance. Mosquito management in the majority of communities 

was successful in reducing the number of potential mosquito vectors. In spite of an 

extensive communication strategy, including public service announcements and written 

material which effectively highlighted the risks of WNV, the majority o~ people in 

Saskatchewan did not change their use of personal protective measures such as the use 

of repellants. 

A qualitative assessment is an important part of the evaluation of any 

surveillance system and provides direction for improvements in future years' 

surveillance efforts; however, a quantitative assessment using statistical analyses is 
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required in order to determine if human risk was predicted effectively by surveillance 

components. Several areas in the United States have statistically evaluated their WNV 

surveillance programs, post-season, in order to determine if the surveillance activities of 

the season were predictive of human risk, but there has been no similar analyses done 

anywhere in Canada (7, 13, 52). The province of Ontario retrospectively evaluated their 

passive and active human surveillance efforts from 2000 in order to determine the most 

effective way to track the introduction of WNV into Canada (53). However, no similar 

review of the concurrent surveillance programs of dead birds, mosquito pools or 

sentinel chicken flocks were performed. 

1. 7 Spatial Analysis in Public Health Surveillance: 

Geographic information systems (GIS) have been used increasingly as tools to 

analyze the geography of disease. The geographic analysis of disease comprises the 

spatial analysis of pathological factors, such as causative agents, vectors, hosts, and 

reservoirs, and their relationships to geographical environments, both physical and 

biological (20). Public health surveillance systems are realizing the potential that exists 

in using spatial epidemiology to integrate information from disease outbreaks with that 

of spatial factors (21). 

1.7 .1 Cluster Analysis: 

Cluster analysis involves the detection of unusual groupings of occurrences or 

events and assesses their significance (18). Events can be clustered in time and/or in 

space. Clustering of disease events in either dimension may provide insight as to the 

causes of the disease process and may assist in formulating disease-control and 

prevention programs. Investigation of space-time clustering of disease events allows 
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hypothesis generation and testing of hypotheses of disease causation. Detection of 

disease clusters in time or space can be as simple as plotting cases as a time series or on 

a map, however, detecting and visualizing clusters in space-time is difficult. Detection 

of space-time clustering requires the use of statistical testing in order to determine if 

clusters are non-randomly distributed over space and time (19, 54). 

Numerous techniques of cluster detection exist. The Kulldorff scan statistic 

imposes a circular window on a map and lets its center move across the study region. 

For any given position of the center, the radius of the circle is changed continuously to 

take any value between zero and an upper limit specified by the investigator. In space 

or time analyses, the circle moves across the geographic area of interest or the specified 

study period. In space-time analysis, the circle becomes a cylinder, with space as the 

base of the cylinder and time as the height of the cylinder. For each circle or cylinder 

generated, the scan statistic calculates the likelihood of the observed number of cases 

occurring inside and outside the circle, assuming a Poisson or Bernoulli distribution for 

the events of interest. A Poisson distribution assumes that the number of cases in an 

area is proportional to the population of the area. A Bernoulli distribution is used for 

case-control data. The likelihood ratio test used in this technique compares the number 

of cases found in the study region population, which is the null hypothesis, to a model 

that has different disease risk, depending on whether a case occurs inside or outside the 

circular zone. 

The Kulldorff scan statistic is useful as a screening or descriptive tool for evaluating 

potential disease clusters. This technique adjusts for a inhomogeneous population 

density and potentially for any number of confounding variables such as age or sex. It 
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searches for clusters without specifying their size or location, thereby eliminating 

potential pre-selection bias. The likelihood ratio based test statistic takes multiple 

testing into account and gives a single P-value, and, if the null hypothesis is rejected, it 

specifies the location of the cluster that caused the rejection (23, 54, 55). 

WNV surveillance in the United States has utilized cluster detection as an early 

warning system. Clusters of dead birds have been shown to occur earlier than human 

cases of WNV in New York city. These clusters of dead birds have been assumed to be 

attributed to WNV infection, but the clusters are identified irrespective of the cause of 

mortality, and, birds from these clusters are not tested for WNV. Prospective detection 

of these clusters of dead corvids at the county-level thus could be used to provide early 

warning of increasing viral activity in birds and mosquitoes, allowing the most efficient 

use of limited resources to maximize the efficiency and utility of public education and 

mosquito control efforts (52). 

Cluster analysis also was used in the Chicago-area outbreak of WNV in 2002. 

Clusters of human cases of WNV were identified using the Moran's I technique. 

Logistic regression and discriminant analyses were used to examine environmental and 

social factors that could potentially account for clustering of human cases. Statistically 

significant risk factors for the development of clusters of human cases of WNV 

included vegetation, age, income and race of the human population, distance to a WNV 

positive dead bird, mosquito abatement efforts and geological factors (56). This 

analysis of spatial clusters of human cases of WNV provided a unique insight into 

potential risk factors of WNV infection in an urban population. 
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Cluster analysis using the Kulldorff scan statistic was also performed on the human 

case data from New York city in 1999. One significant cluster of cases was identified 

and this area was deemed to be the site of introduction of WNV. Mosquito habitat 

within this cluster was evaluated by means of a vegetation abundance index. Logistic 

regression analysis showed that the vegetation abundance index was significantly and 

positively associated with human cases (57). This cluster analysis allowed rapid 

identification of the probable site of introduction of this new infectious agent and 

allowed assessment of human risk in the surrounding community. 

1.7.2 Spatial Regression and Ecologic Analyses: 

Spatial regression models are similar to standard regression models. They are 

both used to explore the potential of an asymmetric relationship between one or more 

predictors and an outcome, and can be used in ecologic analysis to examine associations 

between disease occurrence and various predictors as measured on groups rather than 

individuals (23,58). However, the use of spatial data in a regression analysis requires 

modification of standard regression models. The assumptions of standard regression 

models are potentially violated when using spatial data. The assumption that the 

observations of the predictors are independent of one another requires investigation 

first, before applying a standard regression model (58). Disease events are likely to 

cluster in space (18, 19). This clustering violates the independence assumption of 

standard regression models. To correctly model spatial phenomena, it is necessary to 

incorporate the possibility of spatial dependence in order to provide a true 

representation of spatial effects. These effects can be large scale trends, called first 

order effects, or, local effects, called second order effects. First order effects, which are 
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overall variations in mean values, such as rainfall amounts from northern to southern 

Saskatchewan, can be modeled by standard regression models. However, second order 

effects, in which values of a variable are more similar to each other at adjacent 

geographic locations, such as local clustering of disease due to local environmental 

conditions, violate the assumption of independence (59). Spatial linear regression looks 

at both large-scale changes in mean due to spatial location and small-scale variation due 

to interactions with neighbors (60). 

Failure to take clustering or spatial autocorrelation into consideration in an 

ecologic regression analysis may lead to incorrect conclusions about the relationship 

between the outcomes and predictors of interest, as has been demonstrated by a study in 

Belgium. This study examined whether the relationship between mortality and socio

economic deprivation is affected by the spatial autocorrelation of ecological data by 

comparing the results of two multivariate models: one that ignored spatial 

autocorrelation and one that included a spatial term. Significant spatial autocorrelation 

was shown in all predictors and outcomes and thus, biased results occurred in the model 

that did not incorporate this clustering (61). 

There are several statistical techniques to investigate spatial autocorrelation in 

data. The Moran's I pop is similar to a Pearson correlation coefficient. Positive Moran's 

I indicates that adjacent geographic areas have similar levels of disease or outcomes. A 

negative value indicates that geographic areas with low levels of disease or outcomes 

are adjacent to those areas with high levels. However, bias in spatial autocorrelation 

has been shown to occur if the population density is different among the locations being 

compared (62, 63). Variation in regional populations is very common, especially in 
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Saskatchewan where a few highly populated urban centers exist, surrounded by large 

areas of sparse populations. The population-adjusted Moran's I takes into account the 

variation of underlying populations of geographic areas and is therefore a more 

powerful technique to determine spatial autocorrelation in areas of highly varied 

population density (64). 

1.8 Sentinel Animals for West Nile virus Surveillance: 

1. 8.1 Domestic Animals and West Nile virus Surveillance: 

After the 1999 outbreak of WNV in New York city, seroprevalence of WNV 

was evaluated in healthy horses, dogs and cats. Three percent of the horses, 5% of the 

dogs and none of the cats tested were positive for WNV neutralizing antibodies (65). 

Because WNV antibodies are readily detectable in horses and dogs, the potential exists 

that both asymptomatic dogs and horses could be used for WNV sentinels. Horses have 

been historically used as sentinels for other arboviruses such as WEE in the northern 

Red River valley (66, 67). Both clinical cases and asymptomatic seroconversion to 

WEE in horses preceded human cases in the same areas by as much as 5 weeks. 

Conflicting results have been found when using clinical horse cases of WNV as 

sentinels for human disease in various states in the US. During the 1999 and 2000 

outbreaks of WNV in New York state, clinical horse cases occurred after human and 

wild bird cases of WNV, indicating that horses are unlikely to be the first indicators of 

virus circulating in an area (68). As well, in Connecticut during the 2000 WNV season, 

an intense epizootic of WNV occurred, with high numbers of WNV positive dead 

corvids, mosquito pools and clinical horse cases, but with only a single positive human 

case (69). However, in contrast to these two examples, Florida, during the 2001 WNV 
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outbreak, recorded WNV positive clinical horse cases as the first indicators of WNV in 

six counties 3 weeks before WNV positive birds were identified and 7.5 weeks before 

sentinel chicken flocks in those same counties seroconverted. Seven of the 12 human 

cases occurred in counties where multiple horse cases were reported 4 weeks or more 

prior to the onset of the human case in the county itself or surrounding counties (70). 

Differences between states in the results of using clinical horse case surveillance 

as sentinels for human risk of WNV may be explained by examining the areas in which 

the outbreaks occurred. The outbreak in Florida in 2001 occurred primarily in northern 

Florida which is a mostly rural area, unlike the New York city outbreaks (70). 

Saskatchewan also is a primarily rural province with only a few small urban centers. 

Clinical horse case surveillance may act as a sentinel of human risk with WNV 

infection in areas of smaller, more widely dispersed populations, such as Saskatchewan, 

as horses and humans have similar roles in the biology of WNV. Humans and horses 

are both dead end hosts for the virus, meaning that they do not obtain sufficient levels 

of circulating virus within their blood to infect biting mosquitoes, and thus horses can 

act as a surrogate human in WNV biology (34, 35, 71). 

1.8.2 Sentinel Bird Surveillance: 

Sentinel chicken flocks have been utilized for detection and surveillance of other 

arboviruses similar to WNV, such as SLE virus. In Florida, regional sentinel chicken 

seroconversion rates foreshadowed human infection with SLE in the same areas by 

several weeks (24, 72). Chickens have been determined to be appropriate sentinels for 

WNV, meaning that they are susceptible to infection with the virus, they develop 

detectable antibodies, and they survive infection with the virus (73, 74). Experimental 
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vector mosquitoes (74). Sentinel chicken flocks have also been shown to provide useful 

estimates of human risk of WNV infection in field studies. In Florida, in 2001, annual 

seroconversion rates in sentinel chicken flocks ranged from 57.5% to 1.2o/o, with 

average weekly seroconversion rates peaking at 58.9%. In three counties where human 

disease occurred, sentinel chicken flocks were the first indication of WNV. In these 

counties, WNV positive wild birds were identified on average 1.5 weeks and WNV 

positive horse were identified on average 2 weeks, after the first WNV positive chicken. 

Two of the 12 human cases of WNV were in counties that recorded antibodies in 

sentinel chicken flocks an average of 6.5 weeks prior to disease onset in the human 

cases (70). 

In contrast, sentinel chicken flocks established in New York city during the 

2000 outbreaks did not precede human cases. A1114 human cases identified in New 

York city during the 2000 outbreak had onset dates prior to the first confirmation date 

of infection in the sentinel chicken flocks, September 23, 2000 (75). 

Sentinel chicken flocks in California have also been used to effectively monitor 

the introduction of WNV into California, as well as to track its amplification and 

dispersal throughout the state. Differences were noted between seroconversion rates of 

sentinel chicken flocks between urban and rural areas. In urban Los Angeles, sentinel 

chicken flocks did not seroconvert to WNV despite being situated near recoveries of 

WNV -infected corvids and WNV -infected mosquito pools. Sentinel chicken flocks 

established in rural areas did seroconvert to WNV. This difference between rural and 

urban areas was hypothesized to be due to vector mosquito dispersal. In California, 

Culex tarsalis which is the principal vector of WNV in rural areas, disperses widely 
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in rural areas did seroconvert to WNV. This difference between rural and urban areas 

was hypothesized to be due to vector mosquito dispersal. In California, Culex tarsalis 

which is the principal vector of WNV in rural areas, disperses widely from its area of 

emergence. Culex pipiens, which is the principal urban vector species, is less likely to 

disperse and remains near its point of emergence. Therefore, sentinel chicken flocks 

established in rural areas are more likely to be infected by virus-carrying Culex tarsalis 

mosquitoes than flocks in urban areas where infected Culex pipiens mosquitoes are 

unlikely to travel very far (76). 

The success of sentinel chicken flocks for monitoring WNV transmission in 

North America is dependent on the placement of flocks within microhabitats conducive 

to mosquito attack and determination of enzootic WNV transmission foci, at which 

flocks should be placed. Several years of data may need to be collected before these 

sites that support annual low-level WNV transmission among avian reservoir hosts are 

located. The main purpose of captive sentinel chicken flocks for WNV surveillance 

should be monitoring risk levels, rather than detection of virus activity in new regions 

(73). 

1.8.3 Free-Ranging Live Sentinel Birds: 

The use of free ranging, wild live sentinel birds has been proposed for WNV 

surveillance. Free-ranging sentinels have the advantage of unrestricted movement, 

increasing the probability that they may spend some time in an arbovirus transmission 

focus. This allows surveillance of a potentially larger region than could be surveyed by 

a captive sentinel flock. Pigeons and house sparrows have been suggested as potential 

wild sentinels for WNV as they are non-migratory and are presumed to be resident 
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within a small region (73). Serosurveys of birds in New York city during the 1999 

outbreak indicated that pigeons, house sparrows, geese and chickens were frequently 

infected and thus likely to serve as effective WNV sentinels in urban transmission foci 

(77). Arboviruses, such as SLEV, have been monitored successfully in California 

through the use of free-ranging bird sentinels, such as pigeons, house finches and house 

sparrows. From 1987-1996, birds were captured, bled and their sera tested for WEE 

and SLE antibodies. For 7 of the 10 years of this study, positive SLE bird data 

preceded positive data from other sentinel systems, including sentinel chicken flocks 

and mosquito surveillance data (78). Continued monitoring over several years of 

seroconversion in birds in areas where enzootic transmission of virus is known to occur 

and comparing seasonal levels of virus activity to these historical levels could provide 

early warning information about potentially high levels of circulating virus that could 

lead to human epidemics. 

1.8.4 Dead Bird Surveillance: 

Dead bird surveillance has been one of the most extensively used methods of 

WNV surveillance. The corvid family of birds, such as crows, ravens, blue jays, and 

gray jays, have been used as a means of WNV surveillance in Canada and the US (13-

17, 52, 69, 76, 79 70,53, 73). The corvid family of birds have been shown to be 

experimentally susceptible to WNV infection by vector mosquitoes with high rates of 

mortality. Cloacal and oral shedding of the virus has also been shown in these species, 

making virus detection relatively easy (80). Susceptibility of these birds has also been 

demonstrated in the field. The 1999 outbreak ofWNV in New York city was first 

recognized in crows. Unusual numbers of dead and dying crows were noted by 
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residents of New York city as early as the end of June, well before the first human case 

of WNV occurred in August (14). Dead bird surveillance, therefore, has been 

advocated as a potential predictor of increased enzootic activity of WNV which results 

in increased risk of human infection (81). 

Since 1999, dead bird surveillance has been shown to be successful in predicting 

human risk of WNV infection in many states. Retrospective analysis of the 2000 and 

2001 WNV data from the avian surveillance program in the northeastern US showed 

that high numbers of early-season dead crow sightings, and, the percentage of WNV

infected crows multiplied by the human population in an area, were associated with the 

report of at least one human case (17, 82). Data collected from counties across the US 

during 2001 and 2002 have been used to show that counties that reported WNV

infected dead birds early in the transmission season were more likely to report 

subsequent WNV disease cases in humans than were counties that did not report early 

WNV infected dead birds (13). In Florida, seven of the 12 human cases of WNV that 

occurred in 2001 were preceded by WNV positive birds at least four weeks prior to the 

onset of the human case in the county itself or in surrounding counties (70). 

Public sightings of dead birds of any species, excluding pigeons which 

commonly die, but are rarely associated with WNV, have also been utilized as a means 

of predicting WNV due to the cost of testing birds in laboratories to confirm WNV. 

The dead bird data from New York city in 2000 was subjected to cluster analysis and 

provided an early warning of small-area virus amplification in birds and mosquitoes, 

and, of subsequent human infections in 2001 (52). Age-adjusted rates of human 

infection with WNV in Chicago, in 2002, were demonstrated to be three times higher 
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from the New York state WNV outbreak, that if mosquito control activities were 

delayed until increasing dead crow densities were verified by virus confirmation, it was 

too late to implement effective mosquito control (16, 82). 

In contrast, data from the 2000 WNV season in Connecticut showed evidence of 

high levels of virus in the enzootic cycle with high numbers (10, 735) of reported dead 

bird sightings and high percentages (70o/o) of infected birds but no human cases (69). 

Reporting of dead bird sightings and bird submissions was dependent on human 

population density, with smaller centers submitting and reporting fewer birds. In spite 

of the apparent lack of predictive ability for human cases of WNV in Connecticut, these 

surveillance predictors remained quantitative indicators of the level of enzootic WNV in 

the environment. 

1.9 Research Objectives: 

In 2003, Saskatchewan Health, and collaborators, Health Canada, the Canadian 

Co-operative Wildlife Health Center and the Western College of Veterinary Medicine, 

established an integrated WNV surveillance system. The purpose of this surveillance 

system was to provide an index of risk of WNV infection in humans. This integrated 

surveillance system consisted of testing dead corvids submitted by the general public, 

mosquito surveillance, passive surveillance of clinical horse cases of WNV, sampling of 

asymptomatic sentinel horse herds for seroconversion to WNV, and passive 

surveillance of clinical human cases of WNV. 

The main purpose of public health surveillance for any disease is to provide 

public health authorities with timely data necessary to make decisions on early control 

measures including targeted public education. Public health surveillance is potentially 
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The main purpose of public health surveillance for any disease is to provide 

public health authorities with timely data necessary to make decisions on early control 

measures including targeted public education. Public health surveillance is potentially 

an expensive undertaking, therefore, surveillance systems need to provide accurate 

assessments of risk with all components of surveillance providing useful data that can 

be integrated into a multi-component surveillance system. 

The present study was developed to provide a quantitative assessment of 

Saskatchewan's integrated approach to WNV surveillance during the 2003 epidemic. 

The utility of the horse as a sentinel for human risk of WNV infection was evaluated as 

well. Chapter 2 of this thesis details a descriptive analysis of potential clusters of 

human and horse cases and assesses whether or not clinical horse cases could be used to 

predict human risk of WNV infection in the same areas. Chapter 3 details spatial 

regression methods that were used to evaluate which components of surveillance and 

which environmental variables in Saskatchewan provided means of predicting risk of 

human cases of WNV. Chapter 4 evaluates the use of seroconversion of sentinel horse 

herds to predict human risk of WNV infection. 
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2. CLUSTER ANALYSIS OF CLINICAL CASES OF WNV INFECTION IN 
SYMPATRIC HORSES AND HUMANS 

2.1 Introduction: 

Since West Nile virus (WNV) was first detected in North America in New York 

City in 1999, it has spread rapidly across the continent (1, 2). By 2002, WNV had been 

detected in five Canadian provinces, including Saskatchewan, by detection of virus in 

dead corvids (3). Clinical disease in horses also occurred in Saskatchewan in 2002, but 

no evidence of virus infection was identified in the human population (4). 

Saskatchewan saw a dramatic increase in the number of human and horse cases in 2003. 

One hundred thirty-three clinical horse cases were diagnosed at the Prairie Diagnostic 

Services laboratory at the University of Saskatchewan, and 947 human cases were 

reported to the provincial health agency. 

Cluster analysis can detect unexpected groupings of events of interest and assess 

their statistical significance (5). Clusters are defined as unusual aggregations of health 

events that are grouped together in time and/or space (6). Several different statistical 

methods are available for the detection of clusters. Kulldorff' s scan statistic, used in 

this paper, locates the site and tests the significance of clusters while adjusting for 

background variation in the size of the population at risk in each area. Scanning for 

clusters with this method is an initial descriptive step in the analysis of spatial data, and 

is used to explore the data and to guide further analyses (5, 7). 
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The horse was used in the northern Red River valley in the mid-1970s as a 

sentinel for human risk of infection with mosquito-borne viruses when western equine 

encephalitis (WEE) outbreaks occurred in both humans and horses. Clinical cases of 

WEE in horses typically preceded human cases by five weeks (8). Since the same 

mosquito vectors (Culex spp.) are responsible for both WEE and WNV transmission in 

Saskatchewan, the potential exists for clinical WNV infection in horses to act as a 

warning for imminent human cases, provided that geographic horse and human case 

patterns are associated and that horse cases precede human cases in time (9-17). The 

objectives of this study were to determine if human and horse cases of WNV were 

clustered in time and space during the 2003 outbreak in Saskatchewan, and to describe 

any clusters detected. This investigation also evaluated the potential for using reported 

clinical horse cases as an estimate of risk of human infection. 

2.2 Methods: 

2.2.1 Case Definitions: 

Human cases were defined as either West Nile Fever (WNF) or West 

Nile Neurological Syndrome (WNNS). The case definition for WNF was fever, 

myalgia, arthralgia, headache, fatigue, lymphadenopathy, or maculopapular rash and 

detection of IgM antibodies for WNV in the patient's blood. The case definition for 

WNNS was fever and at least one associated neurological syndrome consistent with a 

diagnosis of encephalitis, viral meningitis or acute flaccid paralysis and detection of 

IgM antibodies for WNV in the patient's blood (18). 
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The case definition for clinical WNV infection in horses was fever, altered 

mentation, seizures, dysphagia, decreased appetite or recumbency and evidence of IgM 

antibodies to WNV on IgM ELISA (19, 20). 

2.2.2 Data Sources: 

Human data for the 2003 WNV season were obtained from Saskatchewan 

Health and included date of onset of clinical signs, postal code of residence, and travel 

history. Nine hundred forty-seven human clinical cases of WNV were diagnosed in 

2003; however, complete information on residence was only available at the time of 

analyses for 798 cases and only these are included in this study. Locations of cases 

were recorded as the centre-point latitude and longitude for the postal code of residence, 

using the DMTI Spatial Postal Code map of Canada for Arc view 3.x, (Markham, ON, 

Canada, December 13, 2000). Human populations per postal code were also estimated 

using this software. The date of onset of clinical signs was the date used in the temporal 

and spatial-temporal analyses. 

Horse data from 133 WNV cases were obtained from the Prairie Diagnostic 

Services (PDS) laboratory. Legal land description for the location of the horse and date 

of onset of clinical signs were recorded by interviewing participating horse owners by 

telephone. Numbers of clinical horse cases were then summarized by rural municipality 

(RM). Of the 133 identified cases, 130 horses with clinical signs were included in these 

analyses as legal land description was unavailable for three cases. Horse populations per 

Census Consolidated Sub-division (CCS) were obtained from Statistics Canada's 2001 

Census of Agriculture. CCSs and RMs are bounded by essentially the same borders, so 

the two were used inter-changeably to determine the horse population in each RM. 
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Location of horse cases were recorded as the coordinates of the geographic centre of the 

RM. Locations of human and horse cases were mapped using the software program 

ArcGIS 8.0 (Redlands, CA, USA, 1999-2002). 

2.2.3 Analysis: 

The case data were prepared for spatial analysis in SaTScan 4.0.3 (21). 

Kulldorff' s scan statistic is useful as a screening tool for evaluating reported disease 

clusters for several reasons. This method adjusts for an inhomogeneous population 

density and for any number of confounding variables. It searches for clusters without 

specifying their size or location, which resolves the problem of pre-selection bias, and it 

uses the likelihood ratio-based test statistic which takes multiple testing into account (7, 

22). Kulldorff' s scan statistic uses the geographic coordinates of each case location as a 

focus and creates circles with increasing diameters from this case. In spatial-temporal 

analyses, the circle becomes a cylinder, with time as the height of the cylinder and the 

base of the cylinder representing space. The maximum diameter is selected by the 

analyst. For human and horse temporal cluster analyses, the scanning window was set 

at 5o/o of the study period, which allowed the window to expand up to 2.6 weeks. This 

scanning limit was chosen in order to detect clustering of cases within the WNV season; 

using a larger percentage of the study period would result in identifying the entire WNV 

season as a single cluster within the calendar year. For both human and horse spatial 

clustering of cases, the scanning window was set at 5% of the population at risk, which 

in this study was considered the underlying population. This limit was chosen in order 

to detect spatial clusters in areas with small populations. These same limits were used 

in the spatial-temporal analyses of both horse and human data. The underlying 
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population was considered the population at risk; this made several assumptions: that 

all horses and people were at risk of developing clinical disease regardless of their 

vaccination status or previous exposure in the 2002 WNV season, and for the horse, that 

Statistics Canada took a census of horses on all properties, not simply agriculture areas 

(23). 

A Poisson probability model was selected for the analysis. This model assumes 

that the number of cases in each location follows a Poisson distribution, in other words, 

under the null hypothesis, the number of cases expected in each area is proportional to 

the population size of the area. This option within the SaTScan V 4.0.3 program 

conformed best to the available data, which consisted of the number of cases as the 

numerator and the population of the study area, either RM or postal code area as 

appropriate, as the denominator. The Poisson model compares the number of cases 

within each arbitrary circle or cylinder to the number of cases remaining outside the 

circle or cylinder. For each possible circle or cylinder, a likelihood ratio is calculated 

and the cluster of cases is determined to be significant if less than 5% of 999 Monte 

Carlo trials produced the observed or more-extreme results. A relative risk is also 

generated which compares the risk of being a case inside the circle or cylinder with the 

risk of being a case outside. The circle or cylinder with the maximum likelihood of 

representing the actual data, and containing more than its expected number of cases is 

denoted a cluster (7, 24-26). 

2.3 Results: 

Human and horse cases of WNV were distributed across the southern three

fifths of Saskatchewan (Figure 2.1 ). Significant clustering of the horse and human cases 
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occurred in time, space and space-time. A temporal cluster of horse cases and human 

cases occurred during the same time period: from Aug 14-27, 2003 (Tables 2.1 and 2.2). 

Four significant spatial clusters of human cases were identified and were 

distributed across the very southern portion of the province (Figure 2.2). Seven 

significant space-time clusters of human cases occurred throughout the WNV season. 

Space-time cluster "A" of human cases occurred near Swift Current during the time 

period of August 14-27, 2003. A person within this cluster area, during this time 

period, was 98 times more likely to have clinical disease than were people outside this 

space-time cluster (P = 0.001). Six of the seven space-time human clusters identified 

also occurred during Aug 14-27, 2003 (Table 2.1 and Figure 2.3). 

A single significant spatial cluster of horse cases was identified involving the 

RMs close to Saskatoon (Figure 2.2). Seven significant space-time clusters of horse 

cases were identified (Table 2.2 and Figure 2.4). The earliest such cluster of horse 

cases was located near Swift Current from August 7-20, 2003. A horse within this 

cluster, during this period of time, was 37 times more likely to have clinical disease, 

compared to a horse in the area outside of the cluster (P = 0.001). The cluster of horse 

cases around Swift Current was the only space-time cluster of horse cases to precede 

human cases in the same area. The remaining space-time clusters of horse cases that 

coincided in space with human space-time clusters occurred a week to two weeks later 

than the human cases. 

2.4 Discussion: 

The location of horse cases provided valuable information about the distribution 

of the virus across the province. Only five horse cases, 3.8%, had traveled in the three 
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weeks prior to onset of clinical signs. Infection with WNV in the majority of horse 

cases therefore would likely have occurred at the recorded home location. In contrast, 

28% of human cases, 226 cases, had traveled outside of their home postal code area 

prior to the onset of clinical signs. Thus, the location at which these people were 

infected is uncertain. The horse case data are likely a better indication of the 

geographic location of infection risk which helps to clarify the impact of travel in the 

human case data. Both human and horse cases clustered around Swift Current, Regina, 

Yorkton, and North Battleford (Figures 2.3 and 2.4). The concordance of these clusters 

suggests that travel in the human cases from these areas likely may not have had much 

of an impact on the location of the human clusters identified, and thus human cases 

were becoming infected in the area of their postal code of residence. 

Significant clusters of both human and horse cases occurred in space, time and 

space-time. The relative risk of disease within the human spatial clusters ranged from 

2.6 to 9.6. The relative risk in human spatial-temporal clusters ranged from 10.0 to 97.5 

(Table 2.1) and were highly significant (P < 0.001). Relative risks of disease for all 

horse clusters identified ranged from 6.2 to 46.0 and also were very significant (P < 

0.008). 

When examined in time only, the horse and human cases clustered during the 

same time period, August 14-17,2003. Purely temporal cluster analysis, however, only 

detects diseases clusters in specific time periods without regard to where the clusters are 

occurring in relation to each other (5). Under spatial-temporal analyses, cluster "D" of 

horse cases preceded all of the human spatial-temporal clusters by seven days. This 

early horse space-time cluster coincided in space with the first human space-time cluster 
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around the Swift Current area (Figures 2.3 and 2.4 ). However, seven days is still 

insufficient in terms of the logistics of laboratory testing, reporting and surveillance to 

act as an effective warning of human risk. 

Six of the seven human space-time clusters were identified during August 14-27, 

2003. Assuming a 5 to 15 day period between infection and onset of disease, this 

suggests an exposure period extending from July 31- August 9, 2003 (27). A provincial 

civic holiday resulted in a long weekend (August 2nd_4th) during this period. Many 

people spend more time outside on summer long weekends, with a consequent 

increased risk of exposure to mosquitoes. The province-wide prolonged time of 

exposure to mosquitoes may explain why there was a simultaneous occurrence of 

clusters of human cases at numerous places across Saskatchewan. The horse space-time 

clusters were spread out over more time than were the human clusters. This may have 

been due to a more continuous exposure of horses to mosquitoes. 

In the spatial analysis, which included all cases regardless of time of reporting, 

horse and human cases did not appear to cluster in the same areas. The only spatial 

cluster of horse cases occurred around the Saskatoon area, while the human spatial 

clusters occurred around Regina, Estevan, and both south-east and south-west of Swift 

Current (Figure 2.2). However, purely spatial analysis only detects disease clusters in 

specific locations, without regard to the timing of disease occurrences. Combining 

space and time together results in a two-dimensional analysis which allows for 

determination of clustering of events next to each other in space and in time (5). The 

spatial-temporal analyses showed similarities in clustering of horse and human cases. 

More areas of horse case clustering were identified in the space-time analysis and the 
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first horse case cluster identified in time, August 7-20, 2003, corresponded with space

time cluster "A" of human cases around Swift Current. 

Human and horse cases were found both in the grassland areas of the southern 

aspect of the study area and the parkland areas in the northern aspect of the study area. 

Neither human nor horse cases were reported in the northern two-fifths of 

Saskatchewan. This is likely due to inappropriate habitat for the principal mosquito 

vector, Culex tarsalis, which prefers grassland habitat, as opposed to the boreal shield 

that is found in this area (28, 29). 

Under-reporting of horse cases in Saskatchewan in 2003 was suspected for 

several reasons The costs of the IgM ELISA for confirmation of WNV were paid by 

the owner of the horse; some horse owners may not have wanted to pay the fee. During 

the course of the outbreak, it became obvious that clinical diagnosis of disease by 

veterinary practitioners was fairly accurate. Seventy-five percent of samples that were 

submitted to PDS based on clinical suspicion of WNV proved to be positive on IgM 

ELISA. As the season progressed, clinicians became increasingly aware of the 

accuracy of their clinical diagnoses and sought less laboratory confirmation. In order to 

estimate the number of probable WNV cases that were not tested, private veterinary 

clinics were contacted post-season and asked to estimate the number of probable cases 

that had been seen by the veterinarians at the clinic, but had not had been confirmed by 

IgM ELISA. This revealed that approximately one-half of horse cases were not 

subjected to laboratory confirmation. Under-reporting of horse cases may not have 

been consistent across the province because of differences associated in access to 

diagnostic services and differences in the sensitivity of horse owners to testing for 
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WNV due to previous knowledge of and exposure to the virus in 2002. Under-reporting 

of horse cases, particularly in the south-east comer of Saskatchewan, may explain why 

a cluster of human cases was identified around Estevan without evidence of horse case 

clustering. 

Assumptions were made about the underlying horse population in Saskatchewan 

in order to run the cluster analyses. These included assuming all horses were at equal 

risk of disease, regardless of vaccination status. Concurrent studies by other researchers 

at the University of Saskatchewan have shown that the WNV vaccine manufactured by 

Wyeth Animal Health/Fort Dodge is effective in preventing clinical signs of disease 

(personal communication, Dr. Tasha Epp). Wyeth Pharmaceuticals, a division of 

Wyeth, manufactures the drugs Premarin© and Prempro©, made from pregnant mares' 

urine (PMU) (30). As part of their contract during 2003 with Wyeth, PMU ranchers 

were required to have all of their horses vaccinated for WNV, using the Wyeth/Fort 

Dodge vaccine. The south-east comer of Saskatchewan has a large number of PMU 

farms (personal communication, Dr. Tasha Epp). The absence of horse case clusters in 

the south-east area around Estevan, where human cases clustered, may be accounted for 

by a high vaccination rate in the horse population with an efficacious vaccine. 

Another assumption of the underlying horse population was that Statistics 

Canada took a census of horses on all properties, not simply agriculture areas. 

However, Statistics Canada only considers census farms as those agricultural operations 

that produce an agricultural product intended for sale (23). Given this definition, it is 

possible that some farms with horses were missed. Statistics Canada, however, 

enumerated 50, 598 farms and estimated that there were 1, 674 non-enumerated farms, 
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which is an estimated undercoverage of 3.2o/o, SE 0.3% (31). The 2001 Census of 

Agriculture done by Statistics Canada is the only data available on horse populations in 

Saskatchewan and with an estimated small undercoverage of farms, is an accurate 

source. 

The patterns of clustering in the horse and human cases under space-time 

analysis show similarities that indicate there are some potential associations in risk 

factors for infection of WNV in humans and horses. Further research efforts into risk 

factors for disease in humans and horses will include investigation into both individual 

and community or herd level factors. Environmental determinants including 

temperature, rainfall, and vegetation will also be considered in order to investigate 

further the temporal and spatial patterns of cases illustrated through the cluster analyses. 
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Table 2.1 Significant clusters of West Nile virus human cases identified by Kulldorff' s 
scan statistic in Saskatchewan, 2003. 

Cluster Dates Number Number Relative P value 
T!~e of Cases Ex~ected Risk 

Tem~oral Aug 14-27/03 477 30.45 15.7 0.001 
S~atial 

Cluster A 189 19.60 9.6 0.001 
Cluster B 78 14.60 5.3 0.001 
Cluster C 78 23.13 3.4 0.001 
Cluster D 67 25.80 2.6 0.001 
Spatial-
Tem~oral 
Cluster A Aug 14-27/03 147 1.51 97.5 0.001 
Cluster B Aug 14-27/03 63 1.29 48.9 0.001 
Cluster C Aug 14-27/03 56 1.24 45.3 0.001 
Cluster D Aug 14-27/03 42 1.11 38.0 0.001 
Cluster E Aug 14-27/03 26 1.50 17.3 0.001 
Cluster F Aug 14-27/03 21 0.91 23.1 0.001 
Cluster G Aug 21-Sept 3/03 14 1.41 10.0 0.001 
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Table 2.2 Significant clusters of West Nile virus horse cases identified by Kulldorff' s 
scan statistic in Saskatchewan, 2003. 

Cluster Dates Number Number Relative Risk P value 
T~~e of Cases Ex~ected 

Tem~oral Aug 14-27/03 48 4.99 9.6 0.001 
S~atial 11 1.79 6.2 0.003 
Spatial-

Temporal 
Cluster A Aug 21- Sept 3/03 9 0.20 46.0 0.001 
Cluster B Sept 4-17/03 9 0.24 37.6 0.001 
Cluster C Aug 28-Sept 10/03 8 0.21 37.5 0.001 
Cluster D Aug 7-20/03 8 0.22 37.0 0.001 
Cluster E Aug 14-27/03 7 0.19 37.0 0.001 
Cluster F Aug 28-Sept 10/03 6 0.23 25.6 0.006 
Cluster G Aug 14-27/03 5 0.13 39.2 0.008 
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Figure 2.1 Distribution of West Nile virus human and horse cases in southern 
Saskatchewan in 2003. 
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Figure 2.2 Spatial clusters of clinical infection with West Nile virus in humans and 
horses identified by Kulldorff's scan statistic in Saskatchewan, 2003. 
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Figure 2.3 Space-time clusters of clinical infection with West Nile virus in humans 
identified by Kulldorff's scan statistic in Saskatchewan 2003. 
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Figure 2.4 Space-time clusters of clinical infection of horses with West Nile virus 
identified by Kulldorff' s scan statistic in Saskatchewan, 2003. 
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3. USING SPATIAL REGRESSION TO EVALUATE AN INTEGRA TED 
SURVEILLANCE SYSTEM FOR ITS ABILITY TO PREDICT RISK OF WNV 

INFECTION IN HUMANS AND HORSES 

3.1 Introduction: 

The first identification of West Nile virus (WNV) in Saskatchewan occurred in 

2002. WNV positive corvids were identified by the national wild bird surveillance 

program (1). Clinical horse cases also occurred in Saskatchewan in 2002, but no 

evidence of viral infection was identified in the human population or in mosquito pools 

that were submitted for testing (2). In an effort to monitor WNV across the province 

during the 2003 season, Saskatchewan Health developed an integrated surveillance 

system involving both human and animal components. Several surveillance options 

were studied to identify those that would best predict the risk of transmission of WNV 

to humans in Saskatchewan. An evaluation of all feasible surveillance options was 

needed to provide the information necessary to optimize early-season control measures 

and interventions at the public health level for local conditions. 

Several studies have been conducted to assess the ability of surveillance systems 

in the United States (US) to predict human cases of WNV infection. Wild bird and 

mosquito surveillance have been the most useful for the local prediction of human cases 

of WNV (3-9). Surveillance data for WNV available in Saskatchewan included clinical 

horse cases, human cases, wild corvid surveillance, mosquito surveillance, and sentinel 

chicken flocks. Environmental data on landcover, rainfall, growing degree days (GDDs) 

and ecological zones, or ecozones, were also available for inclusion into analysis. 
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Clinical horse cases were hypothesized to be potential predictors of human risk of 

WNV infection because of their historical importance as sentinels for mosquito-borne 

viruses in the northern Red River valley in the mid-1970s when western equine 

encephalomyelitis (WEE) outbreaks occurred in humans and horses. Clinical horse 

cases of WEE typically preceded human cases by five weeks (10). Since the same 

mosquito vectors, those of the Culex genus, are responsible for both WEE and WNV 

transmission in Saskatchewan, the potential exists for clinical WNV infection in horses 

to act as a warning for imminent human risk of infection (11-15). 

Sentinel chicken flocks have been used to assess risk of transmission of 

arboviruses, including St. Louis encephalitis (SLE) virus and WEE, to humans. WNV 

and SLE virus are related flaviviruses (16). Seroconversion to SLE virus in sentinel 

chicken flocks in Florida, US occurred weeks earlier than epidemics of SLE in human 

populations in the same regions (16-18). Biotic and abiotic environmental conditions 

that allow early season amplification of arboviruses followed by conditions conducive 

for viral transmission have been implicated in the epidemics of arboviruses such as 

SLE. High temperatures and lack of precipitation are two meteorological variables that 

have been associated with increased amplification and SLE virus transmission. 

Amplification and transmission of WNV thus also may be favored by high temperatures 

which allow the virus to develop more quickly, and by drought which increases the 

potential habitat for Culex tarsalis by creating small drying pools of water rich in 

organic material (16, 19, 20). 

The objective of this retrospective analysis is to determine which components of 

this integrated approach to surveillance provided useful estimates of disease risk to 
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humans and guidance to public health authorities charged with the design and 

implementation of disease control strategies. 

3.2 Methods: 

3.2.1 Data Sources: 

3.2.1.1 WNV-Infected Corvids: 

Data obtained from the Canadian Co-operative Wildlife Health Center and 

Health Canada included location coordination of corvids identified as being infected or 

not infected with WNV in Saskatchewan. The date of the test result was used to assign 

a date to each WNV -infected corvid. When the precise location at which a bird was 

found was not known, the geographic center of the rural municipality (RM) or town/city 

of submission were used. 

3.2.1.2 Horse Case Definition and Data Source: 

Permission for release of information on clinical horse cases submitted to the 

Prairie Diagnostic Services (PDS) laboratory were obtained by contacting all large 

animal veterinary clinics in Saskatchewan prior to the WNV season. Clinics were asked 

to sign a consent form allowing PDS to release to a member of the research team 

information on any sample with immunoglobulin (lg) M antibodies for WNV on an 

enzyme-linked immunoabsorbent assay (ELISA) (BioReliance, Maryland) submitted 

from that clinic. The research team then contacted the veterinary clinic for permission 

to contact the owner. 

Information on the geographic location of the horse, date of onset of clinical 

signs, housing, WNV vaccination status, sex, age, breed, use of horse, recent travel off 

the premises and mosquito control measures at the horse's location were obtained over 
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the telephone from the horse owner. The case definition for clinical WNV infection in 

horses was fever, altered mentation, seizures, dysphagia, decreased appetite or 

recmebency and evidence of IgM antibodies to WNV on IgM ELISA (21, 22). 

Numbers of clinical horse cases were then summarized by RM. Horse 

populations per Census Consolidated Sub-division (CCS) were obtained from Statistics 

Canada's 2001 Census of Agriculture. CCSs and RMs are bounded by essentially the 

same borders, so the two were used inter-changeably to determine the horse population 

in each RM. Location coordination of clinical horse cases used the geographic center 

for the RM. 

3.2.1.3 Mosquito Data: 

Mosquito data were available from mosquito traps and subsequent testing of 

pools of mosquitoes of the same species obtained from the traps. Two kinds of traps 

were used: Center for Disease Control (CDC) traps and New Jersey Light Traps 

(NJLTs). CDC traps make use of carbon dioxide as an attractant to bait a wide range of 

mosquitoes and capture them alive so that virus assays can be performed. NJLTs are 

used to collect information on the abundance and species composition of mosquitoes in 

an area (23). Latitude and longitude of traps were recorded with a global positioning 

sensor (GPS) in decimal degrees. Percentages of Culex tarsalis, Culex restuans, 

Culiseta inornata, and Aedes vexans mosquitoes in NJLTs were monitored. 

Percentages of these four species caught in each trap type were recorded in addition to 

WNV testing in those mosquitoes caught in CDC traps. The date of collection of any 

WNV -infected pools was also recorded for each trap site. 

3.2.1.4 Human Case Definition and Data Source: 
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Human data for the 2003 WNV season were obtained from Saskatchewan 

Health and included date of onset of clinical signs, postal code of residence, and travel 

history. Locations of cases were mapped electronically by assigning latitude and 

longitude coordinates to postal codes of residence (DMTI Spatial Postal Code map of 

Canada for Arc View 3.x, Markham, ON, Canada, December 13, 2000). Human 

populations per postal code were also obtained using this data. Human cases were 

defined as either West Nile Fever (WNF) or West Nile Neurological Syndrome 

(WNNS). The case definition for WNF was fever, myalgia, arthralgia, headache, 

fatigue, lymphadenopathy, or maculopapular rash and detection of IgM antibodies for 

WNV in the patient's blood. The case definition for WNNS was fever and at least one 

associated neurological syndrome consistent with a diagnosis of encephalitis, viral 

meningitis or acute flaccid paralysis and detection of IgM antibodies for WNV in the 

patient's blood (24). 

3.2.1.5 Sentinel Chicken Data: 

Sentinel chicken flocks were established by Saskatchewan Health during the 

1960s. The purpose of these flocks was to monitor seroconversion to arboviruses, such 

as WEE, in the province. Locations were chosen to represent eco-regions as well as 

considering proximity to laboratories and appropriate personnel for bleeding chickens. 

Sentinel chicken flocks contained approximately 25 chickens in 7 different locations 

around the province. Flocks were bled every two weeks beginning in August 2003 and 

were monitored for seroconversion to WNV. 

3.2.1.6 Environmental Data: 
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Growing degree days (GDDs) were supplied by the Agriculture and Agri-Food 

Canada Research Center at the University of Saskatchewan for each RM. GDDs are 

calculated by adding the number of degrees above a base temperature of 16 o C which is 

the threshold development temperature for Culex tarsal is mosquitoes. Each day's 

degrees above the base temperature are added together with the previous days' 

accumulated degrees and totaled progressively over time. Accumulated precipitation in 

millimeters, from April 1 to August 31, 2003, were obtained for each RM through the 

Prairie Farm Rehabilitation Administration (PFRA) Drought Watch website 

(http://www .agr.gc.ca/pfra/drought/drmaps_e.htm). Land cover data were obtained 

from the PFRA Generalized Landcover for the Canadian Prairies 1993-1995 for each 

RM. The ecological zone, or ecozone, in which each RM in Saskatchewan is located 

was determined from the National Soil Database of Canada, Agriculture Agri-Food 

Canada. Regional health authorities (RHAs) were assigned to an ecological zone based 

on the ecozone that encompassed the largest area of the RHA. 

3 .2.1. 7 Outcomes and Predictors: 

All outcomes and predictors were aggregated to the levels of the RM and the 

regional health authority (RHA). Horse and human cases were converted into 

percentages by using the number of positive cases as the numerator and the total 

population of the area as the denominator. Percentages of positive corvids were 

calculated using the number of positive corvids submitted from the RM or RHA as the 

numerator and the total number of negative and positive corvids submitted within the 

RM or RHA as the denominator. 
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Percentages of the mosquito species, Culiseta inomata, Aedes vexans, Culex 

tarsalis and Culex restuans caught in each trap type were calculated by using the 

number of the specific species caught as the numerator and the total number of 

mosquitoes of all species caught in the trap throughout the monitoring period as the 

denominator. To obtain the numerator for the predictor "Culex spp.", the numerators of 

both Culex tarsalis and Culex restuans were added together for each trap type. The 

denominator for the predictor "Culex spp." was obtained by adding together the 

denominators of Culex tarsalis and Culex restuans for each trap type. A percentage of 

Culex spp. caught in each trap type was then calculated. Percentages of WNV -infected 

pools for each mosquito species were calculated by using the number of virus-infected 

pools for each species as the numerator and the total number of tested pools for each 

species as the denominator. Minimum field infection rates (MFIRs ), expressed as a 

percentage, for each species of mosquito were calculated by the formula: (Pp/N) * 100, 

where Pp is the total number of WNV -infected pools of mosquitoes of the particular 

species for the entire collection period and N is the total number of the mosquitoes of 

the particular species caught over the entire collection period. 

Percentages of sentinel chickens seroconverting to WNV were calculated by 

dividing the total number of positive chickens at the end of the season by the total 

number of chickens in the flock. 

Percentage of land cover was calculated using the percentage of the RM covered 

by land cover categories, including cropland/forage, water, other, grassland or 

shrubs/trees, as the numerator and the denominator as the total area covered by the RM. 

ODDs were calculated for RHAs by averaging the ODDs for each RM located within 
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the RHA. Accumulated precipitation amounts for RHAs were calculated by averaging 

the precipitation amounts for each RM located within the RHA. Two types of ecozones 

occur in the study area. These included the Boreal Plains and Prairie. Ecozones were 

categorized as Prairie being 0 and Boreal Plains as 1. 

3.2.2 Time Sequencing: 

Dates of the first WNV -infected corvid, horse case, human cases and WNV 

infected mosquito pool in each of the 297 RMs and 10 RHAs were recorded in order to 

determine which aspect of surveillance gave the earliest indication of human risk of 

infection at the RM- or RHA-level. 

3.2.3 Data Availability: 

In 2003, 947 human cases of WNV were diagnosed in Saskatchewan; 

however, complete information on residence was only available at the time of analyses 

for 798 cases. The PDS laboratory identified 133 horses with clinical WNV infection; 

precise geographic location could be obtained for 130 of these cases. Data on mosquito 

abundance, species composition, and infection rates with WNV were obtained from all 

RHAs within the province. WNV -infected corvid submissions came from all RHAs in 

the province, with the areas of the highest human populations submitting the highest 

numbers of birds. Sentinel chicken flocks were established in seven different 

Saskatchewan RMs and in five different RHAs (Figure 3.2). 

Of the 297 RMs in Saskatchewan, 75 RMs had at least one wild corvid infected 

with WNV and the remainder were assumed to be negative. The 210 RMs not reporting 

clinical horse cases were also assumed to have no horse cases. Mosquito traps were set

up in a limited number ofRMs; NJLTs in 40 RMs and CDC traps in 37. Not all CDC 
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traps caught all four types of mosquitoes monitored. No positive pools of Aedes vexans 

mosquitoes were identified in the province, so a MFIR for this mosquito was not 

calculated at the RHA level. Environmental data was available for each of the 297 RMs 

(Table 3.3). 

Surveillance data were collected from the southern 10 of the 13 RHAs in 

Saskatchewan. The three most northerly RHAs did not have appropriate grassland habitat 

for the vector, Culex tarsalis, and were not considered at risk for WNV (25, 26). A MFIR 

for Aedes vexans mosquitoes was not calculated as there were no WNV positive pools of 

this mosquito type found in any of the CDC traps. Environmental data was available for 

each of the ten RHAs that were monitored (Table 3.4). 

3.2.4 Data Modeling: 

Data collected from the integrated system were analyzed retrospectively using 

spatial linear regression in an attempt to establish their ability to predict human risk of 

WNV infection. Generalized linear regression models are used to determine which 

variables are significant in predicting an outcome of interest. Among the assumptions 

of these models is the assumption that the values of the dependent variable are 

statistically independent of one another (27). This assumption is potentially violated 

when examining spatial data, as values of a variable observed at adjacent geographic 

locations may resemble each other more than would be expected under a randomness 

model (28). To correctly model spatial phenomena, it is necessary to incorporate the 

possibility of spatial dependence in order to provide a true representation of spatial 

effects. These effects can be large scale trends, called first order effects, or, local 

effects, called second order effects. First order effects, which are overall variations in 
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mean values, such as rainfall amounts from northern to southern Saskatchewan, can be 

modeled by standard regression models. However, second order effects, in which 

values of a variable are more similar to each other at adjacent geographic locations, 

such as local clustering of disease due to local environmental conditions, violate the 

assumption of independence (29). Spatial linear regression looks at both large-scale 

changes in mean due to spatial location and small-scale variation due to interactions 

with neighbors (30) 

3.2.5 Spatial Autocorrelation: 

When values of a variable observed at adjacent geographic locations resemble 

each other more than expected under a randomness model, the variable is said to be 

spatially autocorrelated. In disease investigations, spatial autocorrelation may arise 

from the geographical structure of risk factors causing contiguous areas to be exposed 

to similar levels of risk and risk factors (28, 31 ). A modification of Moran's I test for 

spatial autocorrelation, the population-adjusted Moran's I (Ipop) which adjusts for the 

population density in each area, was used to evaluate spatial clustering of clinical 

human cases of WNV at both the RHA and RM levels (Cluster Seer2, TerraSeer, 

Cyrstal Lake, IL). Similar to the unadjusted Moran's I, this method is two-sided and 

calculates a standard normal z-score; however, the Ipop test evaluates the numerator 

(number of cases) separately from the denominator (population at risk). 

3.2.6 Spatial Regression: 

The spatial relationships of the study areas were defined using a first order 

neighbor weights matrix for RHAs and a 150km radius centroid neighbor weights 

matrix for RMs (S-Plus for Arc View 3.2, Insightful, Seattle, WA). A first order 
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neighbor weights matrix is generated based solely on the adjacency of RHAs, therefore, 

a RHA that shares borders with another is considered its neighbor. The element x [i,j] 

of the resulting weight matrix X is 1 (a neighbor), if the RHAj is adjacent to RHA i, 

and is 0 (not a neighbor) otherwise. A centroid-centroid distance neighbor weights 

matrix constructs a spatial weight matrix by assigning neighbor status to those RMs 

whose centroids are within the 150km radius of the centroid of the RM in question. The 

element x[i,j], of the weight matrix X is 1 if the shortest distance between the centroid 

of RMj and the centroid of RM i is less than 150km, and 0 otherwise. A first order 

neighbor matrix was chosen for RHAs due to the uniformity in size and area covered by 

the RHAs of Saskatchewan. RMs are not nearly as uniform in size and area, and to 

avoid overlooking potential neighboring RMs simply because they did not share 

borders, a centroid distance neighbor matrix was chosen (30). 

The univariate associations between each outcome of interest, percentage of 

clinical horse cases or percentage of positive human cases at the RM and RHA level, 

and predictors were modeled using a conditional spatial autoregression model (CAR) 

(S-Plus 6.1 with S-Plus Spatial Stats for Windows, Seattle, WA) (Tables 3.1 and 3.2). 

All variables for which P <0.25 were considered for inclusion in the development of a 

final model. Only variables for which P<O.OS were considered statistically significant. 

Where two or more variables were included in the final model, the model was assessed 

for biologically reasonable first-order interactions. 

3.3 Results: 
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Clinical cases in humans and horses were distributed across the southern three

fifths of Saskatchewan. Cases were identified as far north as the most northerly RM of 

the province and as far south as the border with the United States (Figure 3.1). 

3.3 .1 Time Sequencing: 

In 70o/o (7 out of 10) of the RHAs with WNV activity in 2003, WNV-infected 

corvids were the first indicator of the virus' presence, and, in all 7 of these RHAs, 

WNV-infected corvids preceded human cases. In 10% (1 out of 10) ofRHAs with 

WNV activity, horse cases of WNV were the first indicator of the virus' presence. In 

30% (3 out of 10) of RHAs with both horse and human cases of WNV, horse cases 

preceded human cases. WNV -infected mosquito pools were not the first indicator of 

WNV activity in a RHA, and, only 10% (1 out of 10) of RHAs with WNV activity 

during 2003, identified WNV -infected mosquito pools before human cases occurred 

(Table 3.5). 

Of the 297 RMs in Saskatchewan, 148 had human cases ofWNV in 2003. Of 

these 148,41 RMs had both WNV-infected corvids and human cases ofWNV 

identified in 2003. In 24 of the 41 RMs (59%), WNV-infected corvids were identified 

before human cases occurred in the RM. Of 148 RMs, 46 RMs had both horse and 

human cases of WNV diagnosed in 2003. In 15 of these 46 RMs (33o/o ), horse cases 

occurred before human cases. Of 148 RMs, 17 RMs had both WNV-infected pools of 

mosquitoes and human cases identified in 2003. In 3 of these 17 RMs (18o/o), WNV

infected pools of mosquitoes were identified before human cases (Table 3.6). 

3.3.2 Moran's Ipop Test Statistic: 
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The Moran's I test statistic adjusted for population, Ipop, demonstrated 

significant spatial clustering of both human and horse cases at both the RM and RHA 

aggregation levels (Table 3.7). Due to this evidence of clustering, spatial regression, 

rather than ordinary least squares regression, was done to determine which components 

of the surveillance system were predictors of clinical infection in humans and horses. 

3.3.3 Prediction of Human Disease (Regional Health Authority): 

Four variables for which P < 0.25 were identified in the univariate analyses. For 

each 1% increase in the MFIR for Culex tarsal is in a RHA, the incidence of human 

cases increased by 0.084%. For each 1 day increase in maximum GDD, the incidence 

of human cases in the same RHA increased by 0.002%. For each 1% increase in 

positive corvids in a RHA, the percentage of human cases increased by 0.006%. For 

each 1% increase of Culex restuans in NJLTs in a RHA, the incidence of human cases 

in the same RHA increased by 0.005% (Table 3.7). 

Each variable for which P <0.25 was then included into a multi variable model 

for predicting human disease at the RHA level. In this analysis only the percentage of 

Culex restuans in NJLTs was significant (P < 0.05) in predicting the percentage of 

human cases (Table 3.7). 

3.3.4 Prediction of Disease in Horses (Regional Health Authority): 

In univariate models adjusted only for spatial autocorrelation, percentages of 

horse cases at the RHA level increased as average maximum precipitation decreased, 

and as percentages of Culex spp. in NJLTs and percentages of infected pools of Culex 

spp increased (Table 3.7). For every 1mm increase in average maximum precipitation 

in a RHA, the incidence of horse cases decreased by 0.008o/o. For each 1% increase in 
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the percentage of Culex spp. in NJLTs in a RHA, clinical horse cases increased by 

0.01 %. At the level of the RHA, for each 1% increase in the percentage of positive 

pools of Culex spp. in the RHA, the incidence of clinical horse cases increased by 

0.005%. 

Each of the above variables were identified for inclusion into a multi variable 

model (P < 0.25); however, taken together into the multi variable model, no single risk 

factor was clearly the best predictor of the percentage of clinically affected horses. All 

three variables contributed equivalently in the multivariate model. 

3.3.5 Prediction of Human Disease (Rural Municipality): 

In univariate models adjusted only for spatial autocorrelation, the percentage of 

human cases across the RMs was predicted by increasing percentages of Culex restuans 

in NJLTs and positive pools of Culex restuans (Table 3.8). In these models, for every 

1% increase in Culex restuans in NJLTs in a RM, the percentage of human cases 

increased by 0.018%. For each 1 o/o increase in positive pools of Culex restuans in a 

RM, the incidence of human cases increased by 0.007%. For every 1mm increase in 

maximum precipitation in this group of RMs, the incidence of human cases decreased 

by 0.001 o/o. 

Decreasing maximum precipitation and increasing percentages of Culex 

restuans in NJLTs remained as predictors of human cases in the final multi variable 

model (Table 3.9). In the final multi variable model, for each 1% increase in Culex 

restuans in NJLTs in aRM, the incidence of human cases increased by 0.013%, 

adjusting for the maximum precipitation in that RM. For every lmm increase in 
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maximum precipitation in aRM, the incidence of human cases decreased by 0.002%, 

adjusting for the percentage of Culex restuans in NJLTs in the same RM. 

3.3.6 Prediction of Disease in Horses (Rural Municipality): 

The only variable in univariate analyses identified as significant in predicting 

horse disease at the RM-level was Culex restuans in NJLTs. The percentage of horse 

cases across the RMs were associated with increasing percentages of Culex restuans in 

NJLTs (Table 3.8). As the percentage of Culex restuans increased by 1%, the 

percentage of horse cases in the same RM increased by 0.046%. 

3.4 Discussion: 

Saskatchewan Health focused surveillance efforts on four mosquito species. 

These four species of mosquito were chosen to be monitored based on their potential 

competence as vectors for WNV. Culex tarsalis appears to be the most likely 

transmitter of WNV to humans in Saskatchewan due to its wide host range of birds and 

mammals, its ability to produce multiple generations in a single season, persistent biting 

of more than one host and historical competence as a vector of other zoonotic 

arboviruses in Saskatchewan (11-15, 32-35). This mosquito has also been shown to be 

a competent vector of WNV in California (36). Culex restuans prefers bird hosts, but 

will take blood meals from snakes, turtles and mammals. This mosquito is likely most 

important in the enzootic amplification cycle of WNV between bird hosts and adult 

blood-feeding mosquitoes within the environment. Culex restuans has also been shown 

to be a competent vector of WNV in the laboratory (37). Culiseta inontata may be a 

significant transmitter of WNV from birds to horses; however, because its host 

preference is larger mammals and it is reluctant to take more than one blood meal, its 
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reluctant to take more than one blood meal, its, ability to transmit virus to humans may 

be limited. Aedes vexans is the most common mosquito pest for humans, but rarely 

feeds on birds. This mosquito is more abundant than Culex tarsalis in Saskatchewan 

and has had viral-encephalitides isolated from it in the past including WEE, California 

encephalitis virus, SLE, and Cache valley virus, making it a potential competent vector 

for WNV (11-15, 32-35). 

Maximum precipitation was protective against increasing human and horse 

disease. WNV and other flavivirus outbreaks, such as SLE virus, have been shown to 

be associated with drought conditions, in which rainfall was below normal amounts (16, 

19, 20). Research in Florida has shown that during periods of below normal 

precipitation, mosquitoes and avian amplification hosts converge in selected refuges 

that provide water sources (16, 19, 38). Culex spp. breed in small, stagnant pools of 

water. These pools become abundant during a drought because they are not periodically 

flushed by heavy rains. As birds are forced to converge around remaining water 

sources, they are brought into contact with vector mosquitoes and amplification of SLE 

virus begins (16). The 1999 New York city outbreak ofWNV occurred under drought 

conditions; monthly rainfall was below normal in June, July and August. It has been 

hypothesized that below average rainfall amounts allowed amplification of WNV in 

Culex pipiens and local avian hosts by congregating birds and mosquitoes around urban 

water sources (16). 

Increasing growing degree days (GDDs) were also predictive of human cases of 

WNV. As the number of days with average temperatures over the base temperature of 

16 o C increase, so does the potential for further development of more generations of 
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intense the exposure period of humans to virus-carrying mosquitoes. Increasing 

temperatures have also been shown to accelerate virus development within Culex spp. 

mosquitoes. The faster the virus develops, the more likely it will reach the stage 

required for transmission to a new host while the mosquito is still alive (20, 39, 40). 

Both decreasing precipitation and increasing GDDs favour and intensify amplification 

of WNV in the enzootic cycle between birds and mosquitoes, thus increasing the 

likelihood of spillover into humans and horses. 

Increasing percentages of Culex spp. in NJLTs and increasing percentages of 

infected pools of these species were predictive of human and horse cases of WNV at 

both the RM and RHA levels. The minimum field infection rate (MFIR) for Culex 

tarsalis was significant in predicting the percentage of human cases of WNV at the 

RHA level. The MFIR is an indication of the proportion of the mosquito population 

infected. These results support the assumption that Culex tarsalis is an important vector 

for human infection with WNV in Saskatchewan. 

Increasing percentages of Culex restuans was also a significant predictor of 

human and horse cases. Culex restuans is not typically a mammal-biting mosquito; 

therefore, this mosquito is unlikely to be a direct vector of infection to humans (11, 13-

15, 26, 41). However, this mosquito may be an environmental indicator of activity in 

the enzootic amplification cycle. The percentages of both Culex restuans and of 

infected pools of this mosquito reflect levels of circulating virus in the environment and 

the resulting risk of transmission to people. 

Risk factors were examined within both RHAs and RMs in this analysis to 

determine the most useful predictors for each potential data aggregation level. 
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Risk factors were examined within both RHAs and RMs in this analysis to 

determine the most useful predictors for each potential data aggregation level. 

Percentages of positive corvids, for example, were associated with human cases of 

WNV at the level of the RHA but not for RMs. Submission of corvids by members of 

the public is not homogeneous across the province, with the highest numbers of 

submissions coming from the areas with the highest human populations, such as urban 

centers like Regina and Saskatoon. After aggregating the percentage of positive corvids 

within RHAs, the corvid surveillance data provided an effective prediction of human 

risk. 

Horses were not effective predictors of human risk in this surveillance system. 

Under-reporting of horse cases across Saskatchewan was a potentially important 

limitation. The costs of the IgM ELISA for confirmation of WNV were paid by the 

owners of the horses; some horse owners may not have wanted to pay the fee. During 

the course of the outbreak, it became obvious that clinical diagnosis of disease by 

veterinary practitioners was fairly accurate. Seventy-five percent of samples that were 

submitted to PDS based on clinical suspicion of WNV proved to be positive on IgM 

ELISA. As the season progressed, clinicians became increasingly aware of the 

accuracy of their clinical diagnoses and sought less laboratory confirmation. In order to 

estimate the number of probable WNV cases that were not tested, private veterinary 

clinics were contacted post-season and asked to estimate the number of probable cases 

that had been seen by the veterinarians at the clinic, but had not been confirmed by IgM 

ELISA. This revealed that approximately one-half of clinical horse cases were not 

subjected to laboratory confirmation (42). Under-reporting of clinical horse cases may 
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not have been consistent across the province because of differences associated with 

access to diagnostic services in rural areas of the province. Horse owners across the 

province may have also had varying interest in testing for WNV due to previous 

knowledge of, and exposure to, the virus in 2002 in some regions. 

The occurrence of human and horse cases were not associated with available 

measures of either landcover or ecological zone. Landcover values were aggregated at 

the RM level; however, habitats for Culex spp. are typically small, microenvironments 

such as areas of stagnant water in ditches or at edges of sloughs. The level of data 

aggregation was likely too coarse to correctly classify small areas of ideal habitat within 

RMs. Local spatial mapping within aRM of potential areas of risk may be a more 

appropriate method of local risk mapping. Culex spp. are grassland mosquitoes and 

since most of the southern three-fifths of Saskatchewan where the analysis was focused 

is part of the prairie ecozone, there may have been insufficient variation in exposure 

among human cases and non-cases to assess the effect of ecozone on the prediction of 

human cases of WNV (26). 

Sentinel chicken flocks also were not predictive of human risk of infection. 

Sentinel chicken flocks were established in only 7 of the province's 297 RMs. In spite 

of the high percentage of seroconversion to WNV among the flocks, this piece of 

surveillance data was not predictive of human risk of WNV infection, in this analysis, 

likely due in part to the small sample size. 

All surveillance data were subject to assumptions of quality and consistency. 

For example, corvid submissions were inhomogeneous around the province, but for the 

regression analysis, it was assumed that those RMs having no positive corvids or having 
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no corvid submissions had no positive birds. Due to the logistics of surveillance, the 

chances of a dead corvid being found initially and then being submitted in a condition 

suitable for testing are small, but for the purposes of evaluating this surveillance system 

where reliance on public submission of birds is the type of data that is being collected, 

this assumption was valid. Use of reported horse cases also involved similar 

assumptions. For those RMs having no IgM positive clinical horse cases submitted to 

PDS, it was assumed that no horse cases occurred. As mentioned previously, there 

were numerous reasons for potential under-reporting of horse cases across the province. 

In calculating the percentage of positive horse and human cases, the underlying 

population was considered the population at risk. This also involved several 

assumptions. All horses and people were assumed to be at risk of developing clinical 

disease, regardless of their vaccination status or previous exposure in the 2002 WNV 

season. For horses, it was also assumed that Statistics Canada took a census of horses 

on all properties, not simply agriculture areas. Statistics Canada, however, only 

considers census farms as those agricultural operations that produce an agricultural 

product intended for sale (43). This could result in overestimation of the percentage of 

affected horses in areas with a high percentage of acreage or recreational properties. 

The results of time sequencing show that WNV -infected corvids are the earliest 

indicator of WNV activity in either aRM or a RHA, with the majority of horse cases 

occurring after human cases occurred. Only a small percentage of WNV -infected 

mosquito pools are identified before human cases occur in aRM or RHA. 

Based on the results of these analyses, future surveillance efforts should be 

directed at encouraging corvid submission by the public in order to predict human risk 
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of disease. This method of surveillance allows for early-season detection of WNV 

activity, and, increasing percentages of positive corvids, when summed by RHA, 

predicts increasing risk of human disease. Deviations of monthly temperatures and 

rainfall levels from long-term means, daily rainfall reports, and GDDs are all factors 

that can be tracked and linked with corvid data to help predict epidemic transmission of 

WNV. Minimum and maximum mean monthly temperatures and rainfalls can be 

compared with long-term baseline data sets to evaluate any deviations from normal 

monthly values. Local daily high and low temperatures, precipitation and cumulative 

GDDs can be tracked during the WNV season, along with corvid surveillance by RHA. 

This data can then be used to create real-time risk maps for RHAs or RMs. As 

predictors are monitored throughout the WNV season, monthly or weekly risk maps for 

RMs or RHAs could be generated to show the relative danger of arbovirus transmission 

to people within the RHA or RM. As levels of risk are estimated for regions, 

appropriate public health responses could be initiated, such as vector control and public 

education, based on the estimated level of risk assigned to an area. Risk maps have 

been used successfully to monitor and predict epidemic arbovirus outbreaks in other 

areas of the world, such as Kenya, where satellite remote sensing imagery has been used 

to identify ground moisture and rainfall patterns which have been used to predict 

outbreaks of Rift Valley fever up to 5 months in advance for historic data sets collected 

in East Africa ( 44, 45). 

Real-time surveillance has limitations in terms of collecting, processing and 

distributing data in a timely fashion in order to allow public health decision makers 

sufficient time to enact early-season interventions, such as targeted education 
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campaigns and vector control measures, to identified high-risk areas. Monitoring 

mosquito abundance and species composition, as well as testing for WNV -infected 

mosquito pools, remains an important aspect of surveillance for predicting increasing 

risk of human disease with WNV, however, due to time limitations in collecting 

mosquitoes, processing samples at the laboratory and distributing test results, mosquito 

surveillance has limited value as an early-season surveillance technique. 

This analysis was done retrospectively, at the end of the season, when all of the 

data were available. However, the information gained from this analysis can be used to 

direct future years' surveillance methods. By focusing surveillance efforts on a few 

predictors that provide estimation of human risk, such as corvid surveillance and 

meteorological data, limited resources can be directed to further enhance the efficiency 

and reduce data-tum-around-time of the integrated surveillance system. 
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Table 3.1 Univariate associations examined at the rural municipality (RM) level 
between the occurrence of human or horse cases of WNV, and, potential predictors. 

Outcome3
: Human cases or Horse cases 

Predictors examined3
: 

Horse cases0 Aedes vexans CDC GDD 
Positive corvids Culex tarsal is CDC Average minimum 

preci pi tati on 
Positive chickens Culex restuans CDC Average maximum 

precipitation 
Culiseta inomata NJLT Culiseta inomata positive Landcover by crop/forage 
Culex spp. NJLT pools Landcover by grassland 
Aedes vexans NJLT Ecozone Landcover by shrubs/trees 
Culex tarsalis NJLT Culex spp. positive pools Landcover by other 
Culex restuans NJLT Culex tarsalis positive pools Landcover by water 
Culiseta inomata CDC Culex restuans positive pools Culex spp. CDC 
aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bClinical horse cases were only examined as a potential predictor for the outcome of 
human cases. 
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Table 3.2 Univariate associations examined at the regional health authority (RHA) 
level between the occurrence of human or horse cases of WNV, and, potential 
predictors. 

Outcome8
: Human cases and Horse cases 

Predictors examined8
: 

Horse cases 

Positive corvids 

Positive chickens 

Culiseta inon1ata NJLT 

Aedes vexans NJLT 

Culex spp. positive pools 

Culiseta inornata CDC 

Culex spp. CDC 

Aedes vexans CDC 

Culex tarsalis CDC 

Culex restuans CDC 

Culiseta inornata positive 
pools 

Culex tarsalis NJL T 

Culex tarsalis positive 
pools 

Culex restuans positive 
pools 

Ecozone 

GDD 

Average minimum 
preci pi tati on 

Average maximum 
preci pi tati on 

Culex spp. NJL T 

Culex restuans NJL T 

MFIR for Culiseta inornata 

MFIR for Culex tarsalis 

MFIR for Culex restuans 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bClinical horse cases were only examined as a potential predictor for the outcome of 
human cases. 

72 



Table 3.3 Summary of outcome and risk factors aggregated for each rural municipality 
(RM). 

Normally Distributed N Mean SD Minimum Maximum 
Maximum 297 236mm 36mm 200mm 350mm 
preci pi tati on 
Landcover by 297 66.0% 21.5% 0.0% 100.0% 
crop/forage 
Minimum 297 175mm 31mm 100mm 250mm 
preci pi tati on 
Average GDDs 297 466 67 207 626 
Non-normally N Median Range 25th 75th 
Distributed Percentile Percentile 
Human cases 297 0.0% 2.0o/o 0.0% 0.2o/o 
Horse cases 297 0.0% 4.0% 0.0% 0.2% 
WNV-infected corvids 297 0.0% 100.0% 0.0% 2.1% 
WNV -infected 7 56.0% 92.0% 4.0% 64.0% 
chickens 
Culiseta inomata 40 1.3% 9.4o/o 0.6% 3.2% 
NJLT 
Culex spp. NJLT 40 1.0% 15.3% 0.1% 3.4% 
Aedesvexans NJLT 40 1.2% 20.0% 0.5% 3.1% 
Culex tarsalis NJL T 40 1.0% 19.1% 0.0% 3.1% 
Culex restuans NJL T 40 0.0% 25.0% 0.0% 0.0% 
Culiseta inomata 37 l.3o/o 27.0% 0.3% 2.9% 
CDC 
Culex spp. CDC 32 l.6o/o 19.4% 0.5% 3.6% 
Aedes vexans CDC 26 0.6% 66.6% 0.2% 2.1% 
Culex tarsalis CDC 32 1.6% 22.4% 0.6% 3.3o/o 
Culex restuans CDC 22 3.1% 21.8% 0.2% 7.0% 
Culiseta inomata 37 O.Oo/o 50.0% 0.0% 0.0% 
positive pools 
WNV -infected Culex 32 12.3o/o 60.0o/o 0.0% 25.0% 
spp. pools 
WNV -infected Culex 32 O.Oo/o 60.0o/o 0.0% 25.0% 
tarsalis pools 
WNV-infected Culex 22 0.0% 50.0o/o 0.0% 50.0% 
restuans pools 
Landcover by 297 16.6o/o 87 .8o/o 7.3% 29.8% 
grassland 
Landcover by 297 0.9% 67.4% 0.0% 9.6% 
shrubs/trees 
Landcover by other 297 O.Oo/o 15.0o/o 0.0% 0.5% 
Landcover by water 297 3.1% 47.0o/o 0.8% 6.4% 

73 



Table 3.4 Summary of outcome and risk factors aggregated for each regional health 
authority (RHA). 
Normally N Mean SD Minimum Maximum 
Distributed 
Variables 
Aedes vexans NJLT 10 9.8o/o 6.3% 2.2o/o 22.9% 
MFIR Culex tarsalis 10 1.1 o/o 0.8% 0.0% 2.2% 
WNV -infected 10 19.0% 12.0% 5.1% 40.3% 
corvids 
Culiseta inomata 10 9.5% 5.7% 1.8% 18.9% 
NJLT 
Culex spp. NJLT 10 9.0% 5.4o/o 3.1% 18.8% 
Average GDD 10 454 53 383 525 
Average minimum 10 181mm 26mm 156mm 236mm 
2reci:Qitation 
Non-normally N Median Range 25th 75th 
Distributed Quartile Quartile 
Variables 
Horse cases 10 0.2% 0.2% 0.2% 0.3% 
Human cases 10 0.7o/o 0.4% 0.1% 0.2o/o 
WNV -infected 5 38.0% 74.0% 2.0% 65.3% 
chickens 
Culex tarsalis NJLT 10 5.5o/o 20.6% 3.2% 14.5% 
Culex restuans 10 O.Oo/o 46.3% 0.0% 13.0% 
NJLT 
Culiseta inomata 10 7.1% 29.9% 4.9o/o 13.6% 
CDC 
Culex spp. CDC 10 7.8% 24.2o/o 4.5% 14.8% 
Aedes vexans CDC 10 3.4o/o 66.3% 1.1% 6.9% 
Culex tarsalis CDC 10 8.0% 29.0% 5.3% 11.4% 
Culex restuans CDC 10 5.6% 30.2% 1.3o/o 18.5% 
WNV -infected 10 O.Oo/o 25.0% 0.0% 2.8o/o 
Culiseta inomata 
pools 
WNV -infected Culex 10 18.7o/o 28.6% 8.1% 25.6% 
spp. pools 
WNV-infected Culex 10 17 .2o/o 30.0% 1.6% 27.5o/o 
tarsal is pools 
WNV-infected Culex 10 4.2% 40.0% O.Oo/o 25.0o/o 
restuans pools 
MFIR Culiseta 10 0.0% 2.0% O.Oo/o 0.2% 
inomata 
MFIR Culex 10 0.6% 5.6% 0.0% 2.0o/o 
restuans 
Average maximum 10 244mm 185mm 225mm 268mm 
precipitation 
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Table 3.5 Time sequence by date of first WNV-infected corvid or mosquito pool, or, 
human or horse case of WNV by regional health authority (RHA). 

RHA 1st Identified 2na Identified 3ra Identified 4tli Identified 
Saskatoon Corvid Human Mosquito Horse 

pool 
Regina Qu' Appelle Corvid Human Horse Mosquito 

pool 
Five Hills Human Corvid Horse Mosquito 

pool 
Sun Country Corvid Human Horse Mosquito 

pool 
Cypress Corvid Human Horse Mosquito 

pool 
Heartland Corvid Human Horse Mosquito 

pool 
Sunrise Human Horse Corvid Mosquito 

pool 
Prairie North Horse Human Mosquito Corvid 

pool 
Prince Albert Parkland Corvid Mosquito Horse Human 

pool 
Kelsey Trail Corvid Horse Human 
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Table 3.6 Number of rural municipalities (RMs) with WNV-infected corvids or 
mosquito pools, or, horse cases of WNV before or after human cases in the same RM. 

WNV-Infected Corvids Horse Cases WNV-Infected 
Mosquito Pools 

Before Human 24 15 3 
Cases 

After Human 17 31 14 
Cases 
Total 41 46 17 
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Table 3.7 Population-adjusted Moran's I for spatial clustering of the human and horse 
WNV cases at the rural municipality (RM) and regional health authority (RHA) level. 

Cases l~o~ P-value Within %3 Among % 6 

RM 
Human 0.004 0.002 38.3 61.7 
Horse 0.0007 0.002 91.0 9.0 
RHA 

Human 0.0006 0.002 54.2 45.8 
Horse 0.00007 0.03 96.7 3.3 

3Percentage of estimated spatial clustering attributed to cases in the same RMs/RHAs. 
bPercentage of estimated spatial clustering attributed to cases in adjacent RMs/RHAs. 
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Table 3.8 Final, univariate, significant models predicting the percentage of human or 
horse WNV cases at the level of the regional health authority (RHA), Saskatchewan 
2003. 

Level of Data N Outcome3 Predictor3 Beta6 Lower Upper 95 
Aggregation 95o/o CI o/o CI 

RHA 10 Human Corvids 0.006 0.005 0.011 
cases 

RHA 10 Human MFIR for Culex 0.084 0.012 0.155 
cases tarsalis 

RHA 10 Human Maximum 0.002 0.001 0.003 
cases GDD 

RHA 10 Human Culex restuans 0.004 0.001 0.008 
cases in NJLTc 

RHA 10 Horse Maximum -0.0008 -0.0014 -0.0002 
cases preci pi tati on 

RHA 10 Horse Culex spp in 0.010 0.004 0.017 
cases NJLT 

RHA 10 Horse +ve Culex spp 0.005 0.002 0.008 
cases CDC pools 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for clustering at the level of data aggregation. 
cPercentage of Culex restuans in NJLTs was the only predictor that was significant in a 
multivariate model including all four significant predictors of human cases. 
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Table 3.9 Significant, univariate, crude models predicting the percentage of human or 
horse WNV cases at the rural municipality (RM)-level, Saskatchewan 2003. 

Level of N Outcome Predictor Beta Lower Upper P-
data 95o/o CI 95o/o value 

aggregation CI 
RM 22c Human +ve pools 0.007 0.002 0.013 0.018 

cases Culex 
restuans 

RM 40c Human Culex 0.018 0.006 0.030 0.006 
cases restuans in 

NJLT 

RM 297 Human Maximum -0.001 -0.002 0.0002 0.043 
cases Ereci pi tati on 

RM 40c Horse Culex 0.046 0.013 0.079 0.008 
cases restuans in 

NJLT 

aOutcomes and predictors are proportions calculated as detailed in methods section. 
bBeta coefficients are corrected for clustering at the level of data aggregation. 
cData was not available for all RMs, so this model represents a subset of the data set. 
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Table 3.10 Adjusted, multivariate model predicting the percentage of human WNV 
cases at the level of the rural municipality (RM), Saskatchewan 2003. 

Level of N Outcome a Predictora Beta6 Lower Upper 
Data 95% CI 95o/o CI 

Aggregation 

RM 40c Humans Maximum -0.002 -0.0040 -0.0003 
precipitation 

Culex 0.013 0.0005 0.0249 
restuans in 

NJLT 

aOutcomes and predictors are proportions calculated as detailed in methods section. 
bBeta coefficients are corrected for clustering at the level of data aggregation. 
cData was not available for all RMs, so this model represents a subset of the data set. 
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Figure 3.1 Distribution of human and horse cases of WNV in Saskatchewan, 2003. 
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Figure 3.2 Location of mosquito traps, sentinel chicken flocks and WNV -infected 
corvid submissions in Saskatchewan, 2003. 
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4. EVALUATING, WITH SPATIAL REGRESSION, THE USE OF EARLY-
SEASON SEROCONVERSION OF HORSES AS A MEANS OF PREDICTING 

HUMAN RISK OF WNV INFECTION 

4.1 Introduction: 

In an effort to monitor WNV across the province, Saskatchewan Health 

implemented an integrated surveillance system in 2003 utilizing a number of different 

options for monitoring the activity and spread of the virus. This surveillance system 

attempted to assess risk for transmission of WNV to humans in order to inform early-

season control measures and interventions at the public health level. One component of 

this surveillance system involved assessment of seroconversion of sentinel horse herds. 

Relying on the horse's historical ability to act as a sentinel species for other 

arboviruses, such as western equine encephalitis (WEE), the idea of monitoring horse 

herds for seroconversion to WNV in areas where the virus had already been identified 

in the corvid population was proposed as a means of predicting where human cases of 

WNV would occur later in the season (1). Any areas that were identified as having 

seropositive horses would be regarded as being at higher risk of human infection with 

WNV and control measures and interventions would be targeted to those areas. 

Other non-human components of the surveillance system included testing for virus 

in dead crows and other corvids, mosquito trapping and virus isolation, and 

environmental predictors including meteorological conditions, land cover, and 

ecosystem. Corvid and mosquito surveillance have been shown to be effective in local 

prediction of human cases of WNV in the United States (2-8). Meteorological and 
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environmental variables are potentially important influences of WNV development in 

the enzootic cycle between birds and mosquitoes and transmission to humans (9-11 ). 

The ability of these surveillance data to predict seroconversion to WNV in horse herds 

in areas where the virus was already detected was analyzed retrospectively, as was, the 

ability of early-season horse surveillance to predict WNV infection in humans. 

4.2 Methods: 

4.2.1 WNV-Infected Corvids: 

Data obtained from the Canadian Co-operative Wildlife Health Center and 

Health Canada included location coordination of corvids identified as being infected or 

not infected with WNV in Saskatchewan. When the precise location at which a bird 

was found was not known, the geographic center of the rural municipality (RM) or 

town/city of submission were used. 

4.2.2 Sentinel Horse Data: 

Once a report of an infected bird was received by the research team, random 

number generation was used to select two participating veterinary clinics from those 

clinics providing equine services in Saskatchewan within a 50 kilometer radius. Each 

clinic was asked to provide a list of ten clients who owned ten or more horses. Five 

clients were selected from this list using random number generation, were contacted by 

telephone and an on-site farm visit by a veterinarian from the research team was 

conducted. 

A geographic positioning system (GPS) unit was used to record latitude and 

longitude coordinates of the farm site. Ten horses on the farm were chosen at random 

by drawing names from a hat containing the names of all accessible horses from that 
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farm. Blood samples were collected and serum was harvested for an immunoglobulin 

(Ig) M enzyme-linked immunosorbent assay (ELISA) (BioReliance, Maryland). IgG 

ELISA (BioReliance, Maryland) testing of all IgM ELISA samples was also done in 

order to determine if horses had developed an IgG antibody response, and if monitoring 

lgG and/or IgM antibody levels would be a more appropriate method of asymptomatic 

horse surveillance. 

Vaccination of horses with the WNV vaccine creates an IgG antibody response to 

WNV (personal communication Dr. Tasha Epp). In order to determine if a sample had 

IgG antibodies due to vaccination or natural infection with WNV in 2003, a sample-to

positive (SIP) ratio was calculated. The SIP ratio was calculated as follows, where OD 

is optical density: (sample OD- negative control OD)/(positive control OD- negative 

control OD) (12). Previous studies using the Prairie Diagnostic Services laboratory 

during the summer of 2003 with other horse serum samples from Saskatchewan, have 

shown that serum samples with SIP ratios of 2:0.30 are positive for WNV IgG 

antibodies due to natural infection with the virus. Those samples with a S/P ratio less 

than this are classified as an IgG antibody response to vaccination (personal 

communication Dr. Tasha Epp). A horse was considered IgG positive in this study if 

the SIP ratio was 2:0.30, indicating natural infection with WNV in 2003. 

Testing was initiated after the first WNV -infected corvid had been identified in the 

province and ended after the first suspected human case tested positive. In the 

Saskatoon area, horses were bled at two different time points, once after a WNV

infected corvid was found in the area, as at all locations, and again after a mosquito pool 

within the city limits was found to be infected with WNV. Where possible, the same 
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horses were sampled at the second bleeding. If the same horse was not available, 

another horse available at the farm was randomly selected and sampled. Total numbers 

of horses sampled were aggregated to the level of the RM and the regional health 

authority (RHA). 

4.2.3 Mosquito Data: 

Mosquito data were available from mosquito traps and subsequent testing of 

pools of mosquitoes of the same species obtained from the traps. Two kinds of traps 

were used: Center for Disease Control (CDC) traps and New Jersey Light Traps 

(NJLTs). CDC traps make use of carbon dioxide as an attractant to bait a wide range of 

mosquitoes and captures them alive so that virus assays can be performed. NJLTs are 

used to collect information on the abundance and species composition of an area (13). 

Latitude and longitude of traps were recorded with a GPS unit. Percentages of Culex 

tarsal is, Culex restuans, Culiseta inomata, and Aedes vexans mosquitoes in NJL Ts 

were monitored. CDC traps were used to monitor percentages of these four mosquito 

species in addition to testing them for WNV. 

4.2.4 Human Case Definition and Data Source: 

Human data for the 2003 WNV season were obtained from Saskatchewan 

Health and included date of onset of clinical signs, postal code of residence, and travel 

history. Locations of cases were mapped electronically by assigning latitude and 

longitude coordinates to postal codes of residence (DMTI Spatial Postal Code map of 

Canada for Arc View 3.x, Markham, ON, Canada, December 13, 2000). Human 

populations per postal code were also obtained using this data. Human cases were 

defined as either West Nile Fever (WNF) or West Nile Neurological Syndrome 
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(WNNS). The case definition for WNF was fever, myalgia, arthralgia, headache, 

fatigue, lymphadenopathy, or maculopapular rash and detection of IgM antibodies for 

WNV in the patient's blood. The case definition for WNNS was fever and at least one 

associated neurological syndrome consistent with a diagnosis of encephalitis, viral 

meningitis or acute flaccid paralysis and detection of lgM antibodies for WNV in the 

patient's blood (14). 

4.2.5 Environmental Data: 

Growing degree days (GDDs) were supplied by the Agriculture and Agri-Food 

Canada Research Center at the University of Saskatchewan for each RM. GDDs are 

calculated by adding the number of degrees above a base temperature of 16 o C which is 

the threshold development temperature for Culex tarsalis mosquitoes. Each day's 

degrees above the base temperature are added together with the previous days' 

accumulated degrees and totaled progressively over time. Accumulated precipitation in 

millimeters, from Aprill to August 31, 2003, were obtained for each RM through the 

Prairie Farm Rehabilitation Administration (PFRA) Drought Watch website 

(http://www.agr.gc.ca/pfra/drought/drmaps_e.htm). Land cover data were obtained 

from the PFRA Generalized Landcover for the Canadian Prairies 1993-1995 for each 

RM. The ecological zone, or ecozone, in which each RM in Saskatchewan is located 

was determined from the National Soil Database of Canada, Agriculture Agri-Food 

Canada. RHAs were assigned to an ecological zone based on the ecozone that 

encompassed the largest area of the RHA. 

4.2.6 Outcomes and Predictors: 
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All data for outcomes and predictors were aggregated to the levels of the RM 

and the RHA. Human cases were converted into percentages by using the number of 

positive cases as the numerator and the total population of the area as the denominator. 

The percentage of seropositive IgG horses per RM and per RHA was calculated by 

using the number of horses whose serum samples had a SIP ratio of 2::0.30 for WNV 

IgG antibodies as the numerator and the total number of horses sampled (positive and 

negative) as the denominator. The percentage of seropositive IgM horses per RM and 

per RHA was calculated by using the number of horses who had IgM antibodies to 

WNV as the numerator and the total number of horses sampled (those with antibodies 

and those without) as the denominator. 

Percentages of the mosquito species, Culiseta inomata, Aedes vexans, Culex 

tarsalis and Culex restuans caught in each trap type were calculated by using the 

number of the specific species caught as the numerator and the total number of 

mosquitoes of all species caught in the trap throughout the monitoring period as the 

denominator. To obtain the numerator for the predictor "Culex spp.", the numerators of 

both Culex tarsalis and Culex restuans were added together for each trap type. The 

denominator for the predictor "Culex spp." was obtained by adding together the 

denominators of Culex tarsalis and Culex restuans for each trap type. A percentage of 

Culex spp. caught in each trap type was then calculated. Percentages of WNV -infected 

pools for each mosquito species were calculated by using the number of virus-infected 

pools for each species as the numerator and the total number of tested pools for each 

species as the denominator. Minimum field infection rates (MFIRs ), expressed as a 

percentage, for each species of mosquito were calculated by the formula: (Pp/N) * 100, 
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where Pp is the total number of WNV -infected pools of mosquitoes of the particular 

species for the entire collection period and N is the total number of the mosquitoes of 

the particular species caught over the entire collection period. 

Percentage of land cover was calculated using the percentage of the RM covered 

by land cover categories, including cropland/forage, water, other, grassland or 

shrubs/trees, as the numerator and the denominator as the total area covered by the RM. 

GDDs were calculated for each RHA by averaging the GDDs for each RM located 

within the RHA. Accumulated precipitation for RHAs were calculated by averaging the 

precipitation amounts for each RM located within the RHA. Two types of ecological 

zones occur in the study area: the Boreal Plains and Prairie ecozones. Ecozones were 

categorized as Prairie being 0 and Boreal Plains as 1. 

4.2. 7 Data Availability: 

Although 297 RMs exist in Saskatchewan, sentinel horse herds were sampled in 

only 24 RMs. This subset of data was therefore used for all outcomes and predictors. 

Mosquito data were available from a subset of the 24 RMs where horses were sampled. 

Environmental data were available for each of the 24 RMs (Table 4.1). 

There are thirteen RHAs in Saskatchewan, but surveillance data were only 

collected for the southern 10 RHAs. Sentinel horse herds were sampled only in 7 RHAs 

of the 10 mentioned above and the outcomes and predictors at this level of data 

aggregation represent a subset of the data. No WNV -infected pools of Aedes vexans 

were identified in the province so a MFIR was not calculated for this species (Table 

4.2). 

4.2.8 Data Modeling: 
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Seropositive horse data were analyzed retrospectively using spatial linear 

regression in an attempt to establish their ability to predict human risk of clinical 

disease. Generalized linear regression models are used to determine which variables are 

significant in predicting an outcome of interest. Among the assumptions of these 

models is the assumption that the values of the dependent variable are statistically 

independent of one another (15). This assumption is potentially violated when 

examining spatial data, as values of a variable observed at adjacent geographic locations 

may resemble each other more than would be expected under a randomness model (16). 

To correctly model spatial phenomena, it is necessary to incorporate the possibility of 

spatial dependence in order to provide a true representation of spatial effects. These 

effects can be large scale trends, called first order effects, or, local effects, called second 

order effects. First order effects, which are overall variations in mean values, such as 

rainfall amounts from northern to southern Saskatchewan, can be modeled by standard 

regression models. However, second order effects, in which values of a variable are 

more similar to each other at adjacent geographic locations, such as local clustering of 

disease due to local environmental conditions, violate the assumption of independence 

(17). Spatial linear regression looks at both large-scale changes in mean due to spatial 

location and small-scale variation due to interactions with neighbors (18). 

4.2.9 Spatial Autocorrelation: 

When values of a variable observed at adjacent geographic locations resemble 

each other more than expected under a randomness model, the variable is said to be 

spatially autocorrelated. In disease investigations, spatial autocorrelation may arise 

from the geographical structure of risk factors causing contiguous areas to be exposed 
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to similar levels of risk and risk factors (16, 19). A modification of Moran's I test for 

spatial autocorrelation, the population-adjusted Moran's I (Ipop) which adjusts for the 

population density in each area, was used to evaluate spatial clustering of clinical 

human cases of WNV at both the RHA and RM levels (Cluster Seer2, TerraSeer, 

Cyrstal Lake, IL). Similar to the unadjusted Moran's I, this method is two-sided and 

calculates a standard normal z-score; however, the Ipop test evaluates the numerator 

(number of cases) separately from the denominator (population at risk). 

4.2.10 Spatial Regression: 

The spatial relationships of the study areas were defined using S-Plus for 

Arc View 3.2 (Insightful, Seattle, WA). A first order neighbor weights matrix was 

calculated for RHAs and a 150km radius centroid neighbour weights matrix was 

calculated for RMs. A first order neighbour weights matrix is generated based solely on 

the adjacency of RHAs, therefore, a RHA that shares borders with another is considered 

its neighbour. The element x [i,j] of the resulting weight matrix X is 1 (a neighbour), if 

the RHAj is adjacent to RHA i, and is 0 (not a neighbour) otherwise. A centroid

centroid distance neighbour weights matrix constructs a spatial weight matrix by 

assigning neighbour status to those RMs whose centroids are within the 150km radius 

of the centroid of the RM in question. The element x[i,j], of the weight matrix X is 1 if 

the shortest distance between the centroid of RM j and the centroid of RM i is less than 

150km, and 0 otherwise. A first order neighbour matrix was chosen for RHAs due to 

the uniformity in size and area covered by the RHAs of Saskatchewan. RMs are not 

nearly as uniform in size and area, and to avoid overlooking potential neighbouring 

RMs simply because they did not share borders, a centroid distance neighbour matrix 
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was chosen (18). The data was imported into S-Plus 6.1 with S-Plus Spatial Stats for 

Windows (Seattle, W A) to run a spatial regression using the conditional spatial 

autoregression (CAR) model. 

The univariate associations between the outcomes and predictors at both the RM 

and RHA level were modeled using a conditional spatial autoregression model (CAR) 

(S-Plus 6.1 with S-Plus Spatial Stats for Windows, Seattle, WA) (Tables 4.3 and 4.4). 

Results of both the IgM ELISA testing and IgG ELISA testing of samples were used as 

outcomes. All variables for which P <0.25 were considered for inclusion in the 

development of a final model. Only variables for which P<0.05 were considered 

statistically significant. Where two or more variables were included in the final model, 

the model was assessed for biologically reasonable first-order interactions. 

4.3 Results: 

WNV -infected corvids were submitted from each RHA within the southern 

three-fifths of Saskatchewan. Sentinel horse herds were located as far north as the 

Prince Alberta Parkland RHA and as far south as the Sun Country RHA (Figure 4.1). 

Nine hundred forty-seven human clinical cases of WNV were diagnosed in 2003, 

however, complete information on residence was only available at the time of analyses 

for 798 cases. Human cases of WNV were also distributed within the southern three

fifths of the province. Human cases were identified as far north as the most northerly 

RM of the province and as far south as the southern border (Figure 4.2). 

Horses were sampled from a total of six different areas: Estevan, Regina, Swift 

Current, Saskatoon, Melfort!Tisdale, and Prince Albert/Shellbrook. Horses were 

sampled between July 18 and August 27, 2003. A total of 337 blood samples were 
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collected in 24 RMs within 7 RHAs and from 309 different horses. Four farms around 

Saskatoon (RMs #344 and #343) were sampled twice. Of these four farms, one farm 

had all original ten horses available for the repeat sample, a second farm had 8 of the 

original ten horses available, and 2 new ones, the third farm had 9 of the original ten 

horses available, and one new one, and the fourth farm had only 1 of the original ten 

horses available for re-sampling, providing 9 new horses. Ten horses were sampled 

from each farm site where possible, however, only eight and nine horses sampled on 

two farms due to the fractiousness of the horses. Eleven out of 337 serum samples 

(3.3o/o) had IgM antibodies to WNV detected in them. Ninety-one out of the 337 

(27 .Oo/o) samples had IgG antibodies due to natural infection with WNV detected in 

them. Ninety (26.7o/o) of these samples had only IgG antibodies due to natural infection 

with WNV detected in them, 1 (0.3%) sample had both IgM and IgG antibodies, and 10 

(3.0%) had only IgM antibodies to WNV detected in them (Table 4.5). 

The Moran's I test statistic adjusted for population, Ipop, demonstrated 

significant spatial autocorrelation of human cases at both the RM and RHA aggregation 

levels (Table 4.6). Due to this evidence of clustering, spatial regression, rather than 

ordinary least squares regression, was used to determine if early-season horse 

surveillance was predictive of human cases of WNV, as well as, whether or not data 

gathered from the integrated surveillance system was predictive of infection with WNV 

in horses. 

As an initial step in identifying important predictors of seroconversion of 

asymptomatic horses or human cases of WNV, risk factors were examined individually 
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for data aggregated to both the RM and RHA levels in models adjusting only for spatial 

autocorrelation (Tables 4.7 to.4.10). 

4.3.1 Prediction of Human Disease: 

Human disease was predicted at both the RM and RHA levels by detection of 

IgG antibodies to WNV in sentinel horse herds (Tables 4.9 and 4.10). For every 1 o/o 

increase in seroconversion in sentinel horse herds in a RHA, the percentage of human 

cases increased by 0.003% in the same area. For every 1% increase in seroconversion 

of sentinel horse herds in aRM, the percentage of human cases increased by 0.004% in 

the same RM. Detection of IgM antibodies in samples from sentinel horse herds was 

not predictive of human disease. 

4.3.2 Prediction of Sentinel Horse Seroconversion: 

4.3.2.1 IgM Antibodies: 

At the level of the RHA, the percentage of Culex spp. of mosquitoes in CDC traps 

was identified for further analysis(~, -0.357; 95% CI -0.681 to -0.033, P = 0.10) (Table 

4.7). As this was the only predictor of potential inclusion into a multivariate model 

where data were aggregated to the level of the RHA, no further models were developed. 

At the level of the RM, both the percentage of Culex spp. in NJLTs and the 

percentage of the RM covered by water were identified for further analysis (Table 4.8). 

These two factors were included in a multivariate model examining the 

percentage of IgM seroconversion of sentinel horses in an RM (Table 4.11). With both 

variables included in the model, only the percentage of Culex spp. in NJLTs was 

associated with the percentage of IgM seroconversion among sentinel horse herds in the 

same RM. For every 1% increase in the percentage of Culex spp. caught in NJLTs, the 
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percentage of IgM seroconversion among sentinel horses in the same RM increased by 

5.5% (Table 4.8). 

4.3.2.2 IgG Antibodies: 

4.3.2.2.1 RHA-Level Data: 

Seroconversion of sentinel horse herds was predicted at the RHA level by 

several variables in univariate analyses. Increasing percentages of human cases, Culex 

restuans in NJLTs and CDC traps, WNV-infected pools of Culex restuans and Culex 

spp., as well as increasing GDDs, increasing :MFIRs for Culex tarsalis and ecozone 

were all predictive of increasing percentages of seroconversion in sentinel horse herds 

in the same RHA. Increasing percentages of Culiseta inornata in NJL Ts and CDC 

traps, Aedes vexans in CDC traps, and precipitation were all predictive of decreasing 

percentages of seroconversion in sentinel horse herds in the same RHA (Table 4.9). 

Backwards step-wise regression analyses were used to build multi variable 

models. All multi variable models also included a term for spatial autocorrelation within 

the model. The final multi variable model predicting seroconversion of sentinel horse 

herds included human cases and Culex restuans in CDC traps. For every 1 o/o increase in 

human cases, the percentage of seroconversion among sentinel horse herds increased by 

251.635o/o in the same RHA, adjusting for Culex restuans in CDC traps in the same 

RHA. For every 1% increase in Culex restuans in CDC traps in a RHA, the percentage 

of seroconversion among sentinel herds increased by 0.709o/o in the same RHA, 

adjusting for human cases (Table 4.12). 

4.3.2.2.2 RM-Level Data: 
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Seroconversion of horses in sentinel herds was predicted by several variables at 

the RM level in univariate analyses. Increasing percentages of WNV -infected pools of 

Culex spp. and Culex tarsalis in CDC traps, as well as, increasing human cases and 

increasing area covered by grassland in the RM were all predictive of increasing 

seroconversion of horse herds. Increasing precipitation, Culex spp. in NJLTs, and 

Culex restuans in CDC traps were both predictive of decreasing seroconversion of 

sentinel horse herds. All of the above-mentioned models were adjusted only for spatial 

autocorrelation (Table 4.10). 

Backwards step-wise regression was used to build multivariate models where 

data sets contained the same number of data points. A term for spatial autocorrelation 

was also included in the multi variable models. A final multivariable model for 

prediction of seroconversion of sentinel horse herds included human cases and 

maximum precipitation. As the percentage of human cases increased by 1 o/o, the 

percentage of seroconversion of sentinel horses increased by 54.8o/o in the same RM, 

adjusting for maximum precipitation. As maximum precipitation increased by 1mm in 

aRM, the percentage of seroconversion of sentinel horse herds decreased by 0.333%, 

adjusting for human cases in the same RM (Table 4.13). 

4.4 Discussion: 

Serological horse surveillance has been utilized previously as a method of detecting 

WNV in areas where clinical horse or human cases had not yet occurred. 

Seroconversion of horses to WNV was used in Mexico to document the first evidence 

of the virus' presence in Mexico, but no human cases of disease were recorded at that 

time (20). Clinical horse cases have been monitored and evaluated for their ability to 
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predict human cases of WNV during the 1999 and 2000 outbreaks in New York, US, 

and were not found to be predictive, but seroconversion in horses had not been 

monitored (21, 22). This study represents the first attempt to monitor seroconversion in 

asymptomatic horses to WNV, in areas where the virus has already been established, 

with the hope of being able to produce a means of providing early-season prediction of 

increased areas of human risk. 

Human disease was predicted at both the RM and RHA data aggregation levels by 

detection of IgG antibodies to WNV and not by detection of IgM antibodies. The IgM 

ELISA was chosen to test for seroconversion in horses to WNV for several reasons. 

The IgM antibody develops in response to natural infection with WNV only and does 

not develop in response to the vaccine for WNV. An IgG antibody response has been 

shown to occur in response to the vaccine. Due to knowledge of exposure to the virus 

in 2002, many horse owners in Saskatchewan were likely to have already vaccinated 

their horses for WNV in the spring of 2003 which would potentially make detection of 

IgG antibodies on ELISA from natural infection more difficult to distinguish (personal 

communication, Dr. Tasha Epp). The IgM antibody response develops within 8-10 

days post-infection and persists <2-3 months (23, 24). Using IgM ELISA only for 

detection of seroconversion will result in the identification of early-season, natural 

infections with WNV. IgM antibodies to WNV were detected in sera from only 3.6o/o 

of the horses sampled. The power of the study may have been limited by the low 

seroconversion rate of horses to IgM antibodies to WNV. IgG ELISA testing of 

samples was done in order to determine if IgG ELISA testing would be a more 

appropriate surveillance tool in combination with or instead of IgM ELISA testing. 
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27% of the samples tested using the IgG ELISA, with a S/P ratio cut-off of 2:0.30, 

showed evidence of natural infection with WNV during the spring and early summer of 

2003. Only 0.3o/o of samples had both IgG and IgM antibodies detected on ELISA. 

Serological horse surveillance has been shown to be a significant predictor of 

human disease with WNV in this study. In order to further enhance the research 

methods used in this study, sentinel horse herds should be established around the 

province and bled at simultaneous intervals, such as weekly or bi-weekly, during the 

season at-risk. Sampling should be initiated earlier than the detection of the first WNV

infected corvid in an area if IgM ELISA testing is to be used. IgM ELISA testing has 

the advantage over IgG ELISA testing in that it is easier to determine natural infection 

with WNV, however, the limited duration of IgM antibodies creates a restricted window 

in which to access potentially seroconverted horses. Concurrent studies by researchers 

at the WCVM have shown that IgM antibody levels, after natural infection with WNV, 

have disappeared less than 2 months after the onset of clinical signs (personal 

communication, Dr. Tasha Epp ). IgG ELISA testing would allow later season sampling 

of sentinel herds, after WNV -infected corvids have been identified, but requires more 

involved interpretation of test results. 

4.4.1 Prediction of Horse Seroconversion: 

4.4.1.1 IgM Antibodies: 

Significant predictors of seroconversion of horses included increasing percentages 

of Culex restuans in NJLTs and CDC traps. Culex restuans is an amplification vector 

within the enzootic cycle of WNV that occurs between birds and adult blood-feeding 

mosquitoes. Culex restuans has also been shown to be a competent vector of WNV in 
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the laboratory (25). Increasing seroconversion among horse herds in areas where these 

mosquitoes have increased populations likely indicates an increased level of 

amplification of WNV within the environment rather than representing direct 

transmission of WNV to horses by these mosquitoes. This mosquito may serve as an 

important indicator of enzootic activity of the virus, especially in years that have lower 

than normal numbers of mammal-biting mosquitoes, such as Culex tarsalis, which 

occurred in 2003. 

Other predictors of horse seroconversion to WNV included increasing percentages 

of Culex spp. in NJLTs and CDC traps and increasing percentage of the RM covered by 

water. Both Culex tarsalis and Culex restuans have been shown to be competent 

vectors of WNV in the United States (25,26). Culex tarsalis appears to be the most 

likely transmitter of WNV to humans and horses in Saskatchewan due to its wide host 

range of birds and mammals, sequential feeding on more than one host and historical 

competence as a vector of other arboviruses in Saskatchewan (27-32). Water is 

important for mosquito habitat. Culex spp. and numerous other species of 

Saskatchewan mosquitoes that are potential vectors of WNV, such as Aedes vexans and 

Culiseta inomata, can be found breeding in fresh water sites around the province (29, 

33-35). As the total area of available habitat for potential vector breeding sites 

increases in aRM, so does the risk of infection with WNV. 

4.4.1.2 lgG Antibodies: 

Horse seroconversion was predicted by increasing human disease and decreasing 

maximum precipitation. The relationship between increasing human disease and 

increasing seroconversion in horses in the same regions is expected. Both humans and 
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horses act as dead end hosts for the virus, meaning that they do not obtain sufficient 

levels of circulating virus within their blood to infect biting mosquitoes (36-38). As 

risk of WNV transmission increases in people in an area, so should the risk of 

transmission to horses. The only dimension that is examined in spatial regression is 

space, without taking into consideration time as a dimension. Even though human 

cases occur after horse seroconversion, the relationship indicated between increasing 

human disease and increasing horse seroconversion provides support for the finding that 

horse seroconversion can be used to predict human disease. 

Maximum precipitation had a protective effect on seroconversion of sentinel 

horse herds to WNV. As precipitation in an area increased, the percentage of 

seroconversion of sentinel horse herds decreased. Flavivirus outbreaks, such as SLE 

virus, have been shown to be associated with drought conditions, in which precipitation 

is below normal amounts. Research in Florida has shown that during periods of below 

normal precipitation, mosquitoes and avian amplification hosts converge in selected 

refuges that provide water sources (10, 11, 39). Culex spp. breed in small, stagnant 

pools of water. These pools become abundant during a drought because they are not 

periodically flushed by heavy rains. As birds are forced to converge around remaining 

water sources, they are brought into contact with vector mosquitoes and amplification 

of SLE virus begins (11). Like SLE virus, WNV is also a flavivirus. The 1999 New 

York city outbreak of WNV occurred under drought conditions; monthly rainfall was 

below normal in June, July and August. It has been hypothesized that below average 

rainfall amounts allowed amplification of WNV in Culex pipiens and local avian hosts 

by congregating birds and mosquitoes around urban water sources (11). 
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Surveillance of horse herds within a 50km radius of the location of positive corvids 

was felt to be representative of an appropriate area of potential risk of WNV. The 

American crow, which is the predominant species submitted for WNV testing in 

Saskatchewan, breeds in the province during the spring and early summer ( 40). Nesting 

typically begins during April and May. During the nesting period, the parents stay near 

the nest site in order to guard the nest while collecting food. Previous research in 

Manitoba has shown that during the nesting period, crows occupied non-overlapping 

home ranges that averaged 2.6km2
, with a mean foraging flight distance of 382m, only 

occasionally exceeding a distance of 1000m. Young crows leave the nest 

approximately 4-5 weeks after hatching and roost in areas nearby for several weeks 

until they are able to accompany the parents on longer flights (41, 42). Thus, 

accounting for a limited home range during the nesting period and several weeks after, 

50km was a good approximation of movement of corvids around the location they had 

been found. 

Efficient surveillance of arboviruses, such as WNV, requires integrated components 

including sentinel animals, meteorological variables and environmental predictors, and, 

vector abundance and species composition. Sentinel animals have been the most 

efficient, least expensive and least labor-intensive method of measuring arbovirus in 

nature (11). By establishing which species are useful sentinels and which diagnostic 

methods are the most efficient to detect evidence of WNV infection in these species, 

early prediction of risk of WNV infection in humans helps to focus vector control 

efforts and public education and can minimize the potential impact on human health. 
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Table 4.1 Summary of outcome and risk factors aggregated for each rural municipality 
(RM). 

N Median Range 25th 75th 
Quartile Quartile 

Sentinel horses (IgG) 24 22.5% 100.0% 10.0o/o 40.0% 
Sentinel horses (IgM) 24 0.0% 40.0% 0.0% O.Oo/o 
Human cases 24 0.0% 1.1% 0.0% 0.2% 
WNV -infected corvids 24 0.0% 100.0% 0.0% 24.1% 
Culex spp. NJL T 6 0.5% 3.0o/o O.Oo/o 2.3o/o 
Culex tarsal is NJL T 6 1.0% 4.0o/o O.Oo/o 2.9% 
Culex restuans NJLT 6 0.0% 4.0o/o 0.0% 1.0% 
Culiseta inomata 6 1.1% 4.8o/o 0.2% 3.4% 
NJLT 
Aedes vexans NJLT 6 1.3% 7.0% 0.3o/o 3.0% 
Culex spp. CDC 6 2.6% 19.0% 1.3% 18.4% 
Culex tarsalis CDC 6 2.8% 22.3% 1.5% 18.4% 
Culex restuans CDC 6 3.3% 21.8% 1.2% 11.2o/o 
Culiseta inomata 8 2.7% 26.8% 0.8% 9.4% 
CDC 
Aedes vexans CDC 5 2.1% 66.3% 0.5% 38.7o/o 
Culex spp. WNV- 6 0.7% 25.0o/o 0.0% 16.4% 
infected pools 
Culex tarsalis WNV- 6 1.1% 16.7o/o 0.0% 15.7% 
infected pools 
Culex restuans WNV- 6 0.0% 50.0% O.Oo/o 19.3% 
infected pools 
Culiseta inomata 8 0.0% 0.0% 0.8% 9.4% 
WNV -infected pools 
Landcover by 24 10.6% 33.2% 3.4% 20.1% 
grassland 
Landcover by 24 6.8% 67.4% O.Oo/o 15.9% 
shrubs/trees 
Landcover by other 24 0.1% 15.4% O.Oo/o 2.2% 
Landcover by water 24 3.4% 23.6% 0.9% 7.3% 
Landcover by 24 72.6o/o 82.8% 58.2o/o 81.8% 
crop/forage 
Minimum 24 200mm 50mm 150mm 200mm 
preci pi tati on 
Maximum 24 250mm 50mm 200mm 250mm 
precipitation 
Average ODDs 24 482 254 402 501 
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Table 4.2 Summary of outcome and risk factors aggregated for each regional health 
authority (RHA). 

N Median Range 25th 75th 
Quartile Quartile 

WNV -infected corvids 7 19.9o/o 32.4% 8.9o/o 22.2% 

Human cases 7 0.1% 0.4o/o 0.0% 0.2% 
Sentinel horses (IgG) 7 22.5o/o 86.0% 20.0% 46.0o/o 
Sentinel horses (IgM) 7 2.0% 11.1% 0.0% 6.8% 
Culex restuans in 7 6.7o/o 46.3o/o 0.0% 23.2% 
NJLT 
Culiseta inornata in 7 7.3% 17.1o/o 3.3o/o 10.1% 
NJLT 
Culex tarsalis in 7 4.8% 20.6o/o 3.3o/o 20.6% 
NJLT 
Culex spp. NJLT 7 8.4% 15.7o/o 4.2% 16.5% 
Aedes vexans in NJLT 7 8.3% 19.7% 5.5% 11.8% 
Culex tarsalis in CDC 7 7.7% 28.9o/o 2.2o/o 17.1% 
Culex restuans in 7 7.8% 20.3% 2.2o/o 17.3% 
CDC 
Culiseta inornata in 7 7.7% 15.7% 6.2o/o 15.6% 
CDC 
Culex spp. CDC 7 8.0o/o 24.2o/o 2.3o/o 18.1% 
Aedes vexans in CDC 7 3.4% 66.3o/o 1.4o/o 10.7% 
Culex tarsalis WNV- 7 11.1o/o 26.7o/o O.Oo/o 25.0% 
infected pools 
Culex restuans WNV- 7 8.3% 33.3o/o 0.0% 22.2% 
infected pools 
Culiseta inonzata 7 0.0% 11.1% O.Oo/o 0.0% 
WNV -infected pools 
Culex spp. WNV- 7 12.5% 25.0% 1.3% 23.1% 
infected pools 
MFIR Culex restuans 7 1.2% 5.6% 0.0% 2.14% 
MFIR Culex tarsalis 7 1.0% 2.0% 0.0% 1.9o/o 
MFIR Culiseta 7 0.0% 1.0% 0.0% 0.0% 
inornata 
GDD 7 466 131 401 517 
Minimum 7 171 42 156 197 
precipitation 
Maximum 7 247 178 238 260 
preci pi tati on 
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Table 4.3 Univariate associations examined at the rural municipality (RM)-level 
between the occurrence of human cases of West Nile virus or seroconversion of sentinel 
horses to West Nile virus, and, potential predictors. 

Outcome8
: Human cases or Seroconversion of sentinel horse herds 

Predictors examined8
: 

Human casesb 

Culex tarsalis CDC 
Sentinel horsesc 

Culiseta inomata NJLT 
Culex spp. NJLT 
Aedesvexans NJLT 
Culex tarsalis NJL T 

Culex restuans NJL T 

Culiseta inomata CDC 

Aedes vexans CDC 

GDD 
Culex restuans CDC 

Culiseta inomata WNV
infected pools 
Ecozone 
Culex spp. WNV-infected 
pools 

Average minimum 
precipitation 

Average maximum 
preci pi tati on 
Landcover by crop/forage 
Landcover by grassland 
Landcover by shrubs/trees 
Landcover by other 

Culex tarsalis WNV -infected Landcover by water 
pools 
Culex restuans WNV Culex spp. CDC 
infected pools 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bHuman cases were only examined as a potential predictor for seroconversion of 
sentinel horses. 
cSeroconversion of sentinel horses was only examined as a potential predictor for 
human cases. 
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Table 4.4 Univariate associations examined at the regional health authority (RHA)
level between the occurrence of human cases of West Nile virus or seroconversion of 
sentinel horse herds to West Nile virus, and, potential predictors. 

Outcomea: Human cases or Seroconversion of Sentinel Horse Herds 

Predictors examineda: 

Human cases Aedes vexans CDC 

Culex tarsalis CDC 

Sentinel horsesc Culex restuans CDC 

Culiseta inonlata NJLT Culiseta inomata WNV-
infected pools 

Aedes vexans NJLT Culex tarsalis NJLT 

Culex spp. WNV -infected Culex tarsalis WNV-
pools infected pools 

Culiseta inomata CDC Culex restuans WNV
infected pools 

Culex spp. CDC Ecozone 

GDD 

Average minimum 
precipitation 

Average maximum 
precipitation 

Culex spp. NJL T 

Culex restuans NJL T 

MFIR for Culiseta inomata 

MFIR for Culex tarsalis 

MFIR for Culex restuans 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bHuman cases were only examined as a potential predictor for seroconversion of 
sentinel horses. 

cSeroconversion of sentinel horses was only examined as a potential predictor for 
human cases. 
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Table 4.5 Total numbers of sentinel horses sampled by RHA and RM in Saskatchewan 
2003 with total number of samples positive for IgM and IgG antibodies by 
regional health authority (RHA) and rural municipality (RM). 

RHAName RM# Number of lgM Antibody IgG Antibody 
Horses Positive Positive 

Five Hills 134 10 0 10 
Total for Five 10 0 10 

Hills 
Cypress 135 10 0 4 

136 10 0 5 
137 10 0 0 
167 10 4 0 

Total for 40 4 9 
c~~ress 

Kelsey Trail 399 10 0 0 
427 10 3 1 
428 10 0 3 
429 10 0 2 
457 10 0 1 

Total for Kelsey 50 3 7 
Trail 

Prince Albert 461 8 0 3 
Parkland 464 10 0 2 

490 9 0 0 
494 10 3 3 
520 10 0 2 

Total for Prince 47 3 10 
Albert Parkland 

Regina 99 10 0 4 
Qu'Appelle 157 10 0 4 

159 10 0 1 
189 10 0 0 
219 10 0 5 

Total for Regina 50 0 14 
Qu'A~~elle 
Saskatoon 343 30 0 3 

344 60 0 15 
Total for 90 0 18 

Saskatoon 
Sun Country 4 20 0 11 

5 30 1 12 
Total for Sun 50 1 23 

Countr~ 
Total 337 11 91 
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Table 4.6 Population-adjusted Moran's I for spatial clustering of the human cases of 
West Nile virus at the rural municipality (RM) and regional health authority (RHA)
level. 

Cases I pop P-value Within % 3 Among % 6 

RM 
Human 0.004 0.002 38.3 61.7 
RHA 

Human 0.0006 0.002 54.2 45.8 
aPercentage of estimated spatial clustering attributed to cases in the same RMs/RHAs. 
bPercentage of estimated spatial clustering attributed to cases in adjacent RMs/RHAs. 
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Table 4.7 Univariate models for the prediction of the percentage of sentinel horses 
positive for West Nile virus antibodies on an IgM ELISA, and predictors at the level 
of the regional health authority (RHA), Saskatchewan 2003. 

Data N Outcome3 Predictor3 Beta6 Lower 
95% CI 

Upper 
95o/o CI 

P-value 
Aggregation 

Level 
RHA 7 Sentinel Culex spp. -0.357 -0.681 -0.033 

horses CDC 
aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for spatial clustering at the level of data aggregation. 
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Table 4.8 Univariate models for the prediction of the percentage of sentinel horses 
positive for West Nile virus antibodies on an IgM ELISA, and predictors at the level 
of the rural municipality (RM), Saskatchewan 2003. 

Data N Outcome3 Predictor3 

Aggregation 
Level 

Lower 
95o/() CI 

Upper P-
95% CI value 

RMc 6 Sentinel Culex spp. 5.459 0.934 9.984 0.01 
horses NJLT 

RM 25 Sentinel Landcover 0.691 -0.077 1.458 0.09 
horses by water 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for spatial clustering at the level of data aggregation. 
cData was not available for all RMs, so this model represents a subset of the data set. 
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Table 4.9 Univariate models for outcomes, the percentage of human cases of West 
Nile virus or the percentage of sentinel horses positive for West Nile virus 
antibodies on an IgG ELISA, and predictors at the level of the regional health 
authority (RHA), Saskatchewan 2003. 

Data N Outcome a Predictor3 Betab Lower Upper P-
Aggregation 95o/o CI 95% CI value 
Level 
RHA 7 Human Sentinel horses 0.003 0.001 0.005 0.01 

cases 
RHA 7 Sentinel Human cases 174.046 113.492 234.600 <0.01 

horses 
RHA 7 Sentinel Culiseta -4.481 -5.990 -2.792 <0.01 

horses inomata in 
NJLT 

RHA 7 Sentinel Culex restuans 1.577 1.112 2.402 <0.01 
horses in NJLT 

RHA 7 Sentinel Culiseta -2.786 -3.650 -1.922 <0.01 
horses inomata in 

CDC 
RHA 7 Sentinel Aedes vexans in -0.793 -1.744 0.158 0.18 

horses CDC 
RHA 7 Sentinel Culex restuans 2.226 0.048 4.404 0.12 

horses in CDC 
RHA 7 Sentinel Culex restuans 1.103 -0.387 2.593 0.22 

horses WNV -infected 
pools 

RHA 7 Sentinel Culex spp. 1.761 -0.495 4.017 0.20 
horses WNV -infected 

pools 
RHA 7 Sentinel Ecozone 39.301 6.046 72.556 0.08 

horses 
RHA Sentinel MFIR for Culex 26.109 10.468 41.750 0.03 

horses tarsalis 
RHA 7 Sentinel GDD 0.392 0.237 0.547 0.01 

horses 
RHA 7 Sentinel Minimum -1.054 -1.534 -0.574 0.01 

horses precipitation 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for spatial clustering at the level of data aggregation. 
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Table 4.10 Univariate models for outcomes, the percentage of human cases of West 
Nile virus or the percentage of sentinel horses positive for West Nile virus 
antibodies on an IgG ELISA, and predictors at the level of the rural municipality 
(RM), Saskatchewan 2003. 

Data N Outcome a Predictor3 Betab Lower Upper P-
Aggregation 95o/CJ CI 95o/o CI value 
Level 
RM 24 Human Sentinel 0.004 0.0001 0.008 0.05 

cases horses 
RMC 6 Sentinel Culex spp. -17.217 -23.910 -10.524 0.02 

horses in NJLT 
RMC 6 Sentinel Culex spp. 1.411 0.803 2.019 0.02 

horses WNV-
infected 
pools 

RMC 6 Sentinel Culex 1.845 0.894 2.796 0.03 
horses tarsalis 

WNV-
infected 
pools 

RMC 6 Sentinel Culex -1.501 -2.244 -0.758 0.03 
horses restuans in 

CDC 
RM 24 Sentinel Human 53.209 30.865 75.553 <0.01 

horses cases 
RM 24 Sentinel Minimum -0.251 -0.645 0.143 0.22 

horses preci pi tati on 
RM 24 Sentinel Maximum -0.305 -0.701 0.091 0.15 

horses precipitation 
RM 24 Sentinel Landcover 0.673 0.366 1.712 0.22 

horses by grassland 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for spatial clustering at the level of data aggregation. 
cData was not available for all RMs, so this model represents a subset of the data set. 
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Table 4.11 Multivariate, adjusted model predicting the percentage of sentinel horses 
positive for antibodies to WNV on an IgM ELISA at the level of the rural municipality 
(RM), Saskatchewan, 2003. 

Data N Outcome a Predictor3 Beta6 Lower Upper P-
Aggregation 95% CI 95% CI value 

Level 
RM 25 Sentinel Culex spp. 11.551 5.895 17.208 0.05 

horses NJLT 
Landcover 2.740 0.566 4.915 0.13 
by water 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for spatial clustering at the level of data aggregation. 
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Table 4.12 Multivariate, adjusted model predicting the percentage of sentinel horses 
positive for antibodies to WNV on an IgG ELISA at the level of the regional 
health authority (RHA), Saskatchewan, 2003. 

Data N Outcome a Predictor9 Betab Lower Upper p. 
Aggregation 95% CI 95% CI value 
Level 
RHA 7 Sentinel Human 251.635 207.500 295.770 0.01 

horses cases 
Culex 0.709 0.382 1.036 0.05 
restuans 
in CDC 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for spatial clustering at the level of data aggregation 
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Table 4.13 Multivariate, adjusted model predicting the percentage of sentinel horses 
positive for antibodies to WNV on an IgG ELISA at the level of the rural municipality 
(RM), Saskatchewan 2003. 

Data N Outcome3 Predictor3 Betab Lower Upper P-
Aggregation 95% 95% value 
Level CI CI 
RM 24 Sentinel Human 54.800 31.223 78.377 <0.01 

horses cases 
Maximum -0.333 -0.639 -0.027 0.05 
preci pi tati on 

aOutcomes and predictors are proportions calculated as detailed in the methods section. 
bBeta coefficients are corrected for spatial clustering at the level of data aggregation. 
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Figure 4.1 Location of West Nile virus-infected corvids and sentinel horse herds, 
Saskatchewan 2003. 
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Figure 4.2 Location of human West Nile virus cases and sentinel horse herds, 
Saskatchewan 2003. 
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5. CONCLUSIONS 

West Nile virus (WNV), due to its potential for severe human health effects, both 

acute and chronic, has become a concern for public health authorities in North America. 

Due to WNV's similarity to other flaviviruses, such as St. Louis encephalitis (SLE), 

surveillance systems for WNV have been modeled after those that are in place or were 

used historically for similar flaviviruses. However, WNV has a major distinction from 

other flaviviruses in its ecology as it causes substantial wild bird mortality, especially in 

corvid populations. Surveillance systems that exist for SLE have included 

meteorological surveillance, sentinel chicken flocks, and mosquito speciation and virus 

testing. Public health surveillance systems across North America have included these 

variables as well as incorporating wild bird surveillance. These public health 

surveillance systems, both in Canada and the United States, have been subject to very 

little research in order to address which components of surveillance provide good 

estimates of human risk. The primary objective of this study was to provide an 

evaluation of the multi-species surveillance system that was in place in Saskatchewan in 

2003, and, environmental data from the 2003 WNV season, in terms of their ability to 

predict human risk of infection with WNV. This concluding chapter will review what 

has been learned about the ability of this integrated surveillance system in 

Saskatchewan to predict human infection with WNV, examine the strengths and 

limitations of this research, and suggest directions for further research. 
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Horse and human case data were initially examined to determine if clustering of 

cases was occurring in time, space or space-time. Should horse and human cases cluster 

in the same area, and, should horse cases precede human cases in time, then clinical 

horse cases of WNV could potentially be used as a means of predicting human risk of 

WNV within the same area. Temporal clustering of horse and human cases occurred 

during the same time period, August 14-27t\ 2003. A single significant spatial cluster 

of horse cases was identified, in the area around Saskatoon. Four spatial clusters of 

human cases were identified, all in the southern third of the province, but none 

corresponded to the same area around Saskatoon where the horse cases clustered 

(Figure 2.2). Space-time analysis of cases showed 7 significant space-time clusters for 

both the human and horse data. The first space-time cluster of horse cases occurred in 

the area around Swift Current during August 7-20th, 2003. Space-time clusters of horse 

cases occurred subsequently throughout the southern three-fifths of the province until 

September 17th, 2003 (Figure 2.4). Six of the 7 human space-time clusters occurred 

during August 14-27t\ 2003. These clusters stretched from the south-east comer of 

Saskatchewan, around the Estevan-area, to an area north of Swift Current, but south of 

North Battleford (Figure 2.3). A final seventh cluster was identified in the Yorkton area 

during August 21 st_September 3rct, 2003. 

The horse space-time cluster of cases preceded the human space-time cluster in the 

same area around Swift Current by one week. One week is insufficient early warning of 

risk of human infection with WNV. However, the use of the clinical horse case data is 

not limited to its ability to act as a sentinel. The value of the horse case data lies in 

confirming areas where the virus was actually found. Concerns were raised early in the 

121 



research that the human case data would be of little value in locating areas where people 

were becoming infected due to a travel history in the three weeks prior to the onset of 

clinical signs. The majority (96.2%) of the affected horses had not traveled during the 

three weeks prior to clinical signs, whereas only 72% of human cases had not traveled. 

Consequently, horse cases are indicative of the presence of virus in the areas where they 

are housed. The concordance of human and horse cases clustering within the same 

areas, such as Swift Current, North Battleford, Regina and Yorkton (Figures 2.3 and 

2.4), suggests that travel history within the human case data may not have had as much 

of an impact, as previously thought, in determining where human cases are becoming 

infected with WNV. 

This initial descriptive analysis was not intended to address fully whether or not 

human cases could be predicted by horse cases of WNV. Spatial regression techniques 

were applied to data from the integrated surveillance system in order to fully assess its 

ability to predict human and horse risk of WNV infection. 

This study did not find clinical horse cases to be predictive of human cases of 

WNV. Components of surveillance that were predictive of increasing percentages of 

human cases of WNV at the regional health authority (RHA)-level included increasing 

percentages of WNV -infected corvids, an increasing minimum field infection rate 

(MFIR) for Culex tarsalis mosquitoes, increasing maximum growing degree days 

(GDDs), and increasing percentages of Culex restuans in NJLTs. Of these variables, 

when all four were entered into a multi-variable model, only Culex restuans in NJLTs 

remained a significant predictor. 
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Surveillance variables that were predictive of clinical WNV infection in horses 

included precipitation and Culex spp. in NJLTs and CDC traps. Maximum precipitation 

at the RHA-level had a protective effect on the development of clinical horse cases; as 

the maximum precipitation in a RHA increased, the percentage of clinical horse cases in 

the same RHA decreased. The percentage of clinical horse cases was also predicted by 

increasing percentages of Culex spp. of mosquitoes in NJLTs and increasing 

percentages of positive pools of Culex spp. in CDC traps. A multi-variable model was 

built using these three variables, but no single variable contributed more to the model 

than any other variable. 

At the rural municipality (RM)-level, increasing percentages of human cases were 

predicted by decreasing maximum precipitation, increasing percentages of Culex 

restuans in NJLTs and increasing percentages of positive pools of Culex restuans in 

CDC traps. A final, multi-variable model included increasing percentages of Culex 

restuans in NJLTs and decreasing maximum precipitation as significant predictors of 

increasing percentages of human cases. Increasing percentages of horse cases at the 

RM-level were predicted only by increasing percentages of Culex restuans in NJLTs. 

WNV -infected corvids were the first indicator of viral activity in the majority of 

RMs and RHAs that had both human cases, and, horse cases or WNV -infected corvids 

or mosquito pools. Horse cases were the next indicator of WNV activity, followed by 

WNV -infected mosquito pools. Based on the results of this study, surveillance 

activities in Saskatchewan should focus on continued efforts of corvid surveillance. 

Incorporation of mosquito surveillance and environmental predictors, such as 

precipitation and temperatures, into the corvid surveillance system would also provide 
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estimations of human risk. By comparing mean monthly or weekly temperature trends 

or rainfall amounts to long-term means, deviations from normal can be highlighted, and, 

in conjunction with corvid surveillance, indexes for levels of risk of human disease can 

be created. 

An ELISA test was used to examine seroconversion of WNV in horses in order to 

determine if this type of surveillance could be used to predict human risk of WNV 

infection. Horses were sampled in areas within a 50km radius of a WNV-infected 

corvid. Both detection of IgM antibodies and IgG antibodies were used as independent 

measures of seroconversion to WNV in order to determine which method of testing 

would be a more appropriate means of surveillance. Only 3.3% of samples were 

positive on IgM ELISA testing, whereas IgG ELISA testing revealed 26.7% of samples 

having been exposed to WNV during the 2003 season. Regression models which 

included a term for spatial autocorrelation were again used in this study. Human 

disease was predicted at both the RM and RHA levels by detection of IgG antibodies to 

WNV in sentinel horse herds. The percentage of human cases, at both the RHA- and 

RM-levels, were not predicted by the detection of IgM antibodies to WNV in sentinel 

herds. 

At the RHA-level, seroconversion of herds with IgM antibodies to WNV was 

predicted by increasing percentages of Culex spp. in CDC traps. Increasing percentages 

of seroconversion with IgM antibodies of sentinel horse herds themselves were 

predicted at the RM-level by increasing percentages of Culex spp. of mosquitoes in 

NJLTs, adjusting for the percentage of the RM covered by water. 
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At the RHA-level, the final multivariable model predicting seroconversion to WNV 

with IgG antibodies of sentinel horse herds included human cases and Culex restuans in 

CDC traps. Percentage of seroconversion of sentinel horse herds increased as the 

percentage of human cases increased in the same RHA, adjusting for Culex restuans in 

CDC traps in the same RHA. 

A final multi variable model for prediction of seroconversion to WNV with IgG 

antibodies of sentinel horse herds, at the RM-level, included human cases and 

maximum precipitation. As the percentage of human cases increased, the percentage of 

seroconversion of sentinel horses increased in the same RM, adjusting for maximum 

precipitation. 

Testing of sentinel horse herds was likely initiated too late in the season to be 

able to find IgM antibodies in infected horses. Concurrent studies by researchers at the 

WCVM showed that the IgM antibody response to natural infection with WNV only 

lasts for approximately 1 month (personal communication, Dr. Tasha Epp ). If sentinel 

herds had been tested earlier in the season, before positive corvid submissions by the 

public began, detection of IgM antibodies by ELISA testing of samples may have been 

an appropriate method of surveillance. 

Serological horse surveillance has been shown to be a significant predictor of 

human disease with WNV in this study. In order to further enhance the research 

methods used in this study, sentinel horse herds should be established around the 

province and bled at simultaneous intervals, such as weekly or bi-weekly, during the 

season at-risk. Sampling should be initiated earlier than the detection of the first WNV

infected corvid in an area if IgM ELISA testing is to be used. IgM ELISA testing has 
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the advantage over IgG ELISA testing in that it is easier to determine natural infection 

with WNV, however, the limited duration of IgM antibodies creates a restricted window 

in which to access potentially seroconverted horses. IgG ELISA testing would allow 

later season sampling of sentinel herds, after WNV -infected corvids have been 

identified, but requires more involved interpretation of test results as vaccination with 

WNV can cause an IgG antibody response (personal communication, Dr. Tasha Epp ). 

Overall, the horse did not appear to be an early warning of human risk of WNV 

infection in these studies. In spite of the co-clustering of human and horse cases 

(Chapter 2), spatial regression analysis (Chapter 3) did not identify a predictive capacity 

of horse case surveillance data. The discrepancy between the results of these two 

studies can be explained by comparing the dimensions of study. The cluster analysis 

examined clustering in both space and time together. Spatial analysis provides only a 

one dimensional view of the data. Spatial cluster analysis of both clinical horse and 

human case data did not indicate clustering of both types of cases together in an area. 

Temporal analysis indicated that horse and human cases clustered during the same time 

period. Only under the combined analysis of both dimensions, space and time, were 

significant clusters of horse and human cases found in the same areas, with horse cases 

preceding human cases by one week. However, this very clustering in time precludes 

horse case surveillance from serving as an early index of human risk. 

Serological surveillance by detecting IgG antibodies in serum samples from sentinel 

horse herds remained the only early-season predictor of human risk of WNV infection. 

However, this surveillance was initiated after corvid surveillance had detected a WNV

infected corvid. Corvid surveillance has been shown in these studies to be a consistent, 
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early predictor of human risk of WNV infection. To initiate horse serological 

surveillance after a WNV -infected corvid has been found in an area is a redundant use 

of limited surveillance finances. Serological surveillance by detection of IgM 

antibodies in established sentinel horse herds in various regions across the province 

initiated prior to the submission of a WNV -infected corvid would be another effective 

predictor of human risk. However, the logistics and costs of each type of surveillance, 

corvid or serological, would need to be compared in order to determine the most cost

effective and efficient means of surveillance. 

One of the most consistent associations in these analyses was between Culex 

restuans and clinical horse and human case data. Culex restuans as a species on its 

own, and when combined with Culex tarsal is data, was a significant predictor of both 

human and horse cases. Culex restuans is an important amplifying vector of the virus in 

the enzootic amplification cycle between birds and adult, bird-feeding mosquitoes. 

Monitoring Culex restuans percentages in traps and virus-infected pools should be an 

important method of surveillance. In spite of the fact that this mosquito is likely not 

responsible for direct transmission of WNV to mammals, it remains a potentially 

important indicator of the enzootic cycle for WNV. If environmental conditions favor 

development of Culex restuans, then virus present within the enzootic cycle may be 

more likely to be amplified between these mosquitoes and birds. This mosquito species 

may also be important in surveillance as it tends to be a more numerous mosquito than 

Culex tarsalis, and can therefore be more easily caught in traps. Culex tarsalis was not 

an important predictor in these studies, in spite of its importance as the most likely 

vector of direct transmission of WNV. Across the province, in 2003, Culex tarsalis 
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were less numerous than in previous years. It is possible that the apparent importance 

of Culex restuans as an indicator of human and horse risk of WNV infection as opposed 

to the more likely transmitter of the virus, Culex tarsalis, is a reflection of sample size. 

Other limitations in the surveillance data were also noted. Under-reporting of 

clinical horse cases across the province, due to the cost of the IgM ELISA test being 

borne by the owner and to veterinarians becoming more familiar with the clinical 

presentation of WNV and therefore not using laboratory confirmation to confirm the 

infection, are two potential reasons for under-reporting. Post-season surveys of 

veterinary clinics revealed that approximately one-half of the horse cases of WNV were 

diagnosed at the PDS laboratory, whereas the remaining suspicious clinical horse cases 

of WNV were not subjected to confirmatory testing. 

In spite of its limitations, horse data are not without their benefits in an integrated 

surveillance system. Serological data provides valuable information on the location of 

WNV, especially in rural areas where there is insufficient personnel to manage 

mosquito traps and very few submissions of corvids by the public. Future surveillance 

efforts for WNV should include monitoring of clinical horse cases. Passive surveillance 

of cases testing positive in a provincial laboratory is an effective way to collect data on 

horse cases. However, to encourage testing to confirm suspicious WNV horse cases, 

surveillance resources should be provided to cover the cost of the first few positive 

cases in specified areas across the province. 

Sample size was another potential limitation in these analyses. Saskatchewan is 

divided into 13 RHAs, but surveillance efforts were only focused in the southern 10 

RHAs as the suspected principal vector, Culex tarsalis, is not found in the northern 3 
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RHAs due to a lack of suitable habitat. By aggregating data to the level of the RHA, 

sample size was limited and resulted in a lack of power in some analyses. However, in 

spite of this lack of power, some significant associations were found between 

surveillance variables and outcomes, such as increasing percentages of human cases 

predicted by increasing percentages of positive corvids within the same RHA. Sample 

size was also a limitation when data was aggregated to the RM-level. Although there 

are 297 RMs within Saskatchewan, data were not collected from every RM due to lack 

of appropriate personnel for data collection, under-reporting, and lack of submissions of 

surveillance data. This lack of power likely affected results in some analyses, for 

example examining the use of sentinel chicken flocks as a predictor of human risk; only 

7 RMs had sentinel chicken flocks. 

In order to overcome future problems with lack of sufficient study power, 

surveillance data should be collected from as many RMs as possible; however, to obtain 

data from sufficient numbers of RMs requires substantial economic resources, which 

may not be available in future years should WNV become an endemic arbovirus in 

Saskatchewan, like WEE, and only periodic cases occur in the human and horse 

population. 
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