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Abstract

Background/Objectives:

West Nile neuroinvasive disease (WNND) is a severe neurological iliness that develops in
approximately 1% of individuals infected with West Nile virus (WNV). Manifesting most
frequently as encephalitis (WNE), meningitis (WNM), or acute flaccid paralysis (WNP), there is
no cure for WNND beyond supportive care and rehabilitation, and death or permanent
disability are common outcomes. As the virus arrived in North America less than 20 years ago,
determinants of severe disease progression following infection are still being explored. This
project is the first to examine comorbid conditions as risk factors of WNND in Ontario using a
population-based study design. As prevention is the only avenue of defence against WNND,
identifying comorbid risk factors of WNND would allow for public health prevention campaigns
targeted to high-risk groups. The main objectives of this thesis were to explore whether pre-
existing chronic diseases were associated with the development of WNND, or any of its three

manifestations (i.e., encephalitis, meningitis, acute flaccid paralysis).

Methods:

This was a retrospective, population-based study including all Ontario residents with a
confirmed diagnosis of WNV infection between January 1, 2002 and December 31, 2012. A
cohort of individuals with WNV was identified from a provincial laboratory database and
individually-linked to health administrative databases. In the WNV cohort, individuals with
WNND and 13 comorbid conditions were identified using algorithms based on ICD-10-CA

diagnostic codes. Incidence of WNND following WNV infection was then compared among



individuals with and without comorbid conditions using relative risks estimated by log binomial
regression. Additionally, risk ratios were calculated for associations between specific comorbid
conditions and WNND neuroinvasive manifestation (i.e., encephalitis, meningitis, acute flaccid
paralysis). Finally, associations between Charlson Comorbidity Index (CCl) scoring and
development of WNND was examined through calculation of relative risk using log binomial

regression.

Results/Potential Impact:

Risk factors for WNND included male sex (aRR: 1.21; 95% Cl: 1.00-1.46) in addition to the
combined effect of hypertension and increasing age (5-year intervals) (aRR: 1.16; 95% Cl: 1.08-
1.24); WNND was also associated with increasing CCl scores; individuals in low, medium, and
high categories had increased risk compared to individuals with a score of zero, but the greatest
risk was in the high CCl category (aRR: 3.45; 95% Cl: 2.25-4.83) Male sex (aRR: 1.32; 95% ClI:
1.00-1.76), increasing age (aRR: 1.02; 95% Cl: 1.02-1.03), and being immunocompromised (aRR:
2.61; 95% Cl: 1.23-4.53) were associated with development of WNE. No risk factors were
identified for WNM and WNP. Identification of comorbid risk factors of WNND will allow public
health officials to identify high-risk groups and to develop prevention strategies targeted for

vulnerable individuals.
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CHAPTER 1: Introduction
1.1 Project Rationale, Overview, and Objectives

West Nile neuroinvasive disease (WNND) is a severe illness caused by West Nile virus
(WNV) infection that progresses to involve the neurological system. Inflammation of the brain
parenchyma (encephalitis) and meninges (meningitis), as well as disruption of specialised spinal
cord cells (acute flaccid paralysis), can lead to severe outcomes like death, coma, paralysis, or
permanent disability, with most individuals requiring extended hospitalisation and post-illness
rehabilitation. No cure for WNND currently exists and there is no licensed vaccine available for
prevention of WNV infection in humans. Approximately 1% of WNV infections progress to
WNND. A number of published risk factor studies from the United States and Europe report an
association between comorbid conditions and WNND development following WNV infection.(1-
6) However, this association has not been studied in Canada. As climate change continues to
warm the planet, the ranges of the mosquitoes that serve as vectors of WNV will expand in
Canadian provinces and breeding seasons will lengthen, allowing for more of the population to
be exposed to WNV vectors and increasing the seasonal transmission period, highlighting the
need for studies on WNV in Canadian populations.

The Province of Ontario has been recording laboratory-confirmed WNV infections since
2002, creating a population-based cohort from which it is possible to examine risk factors for
WNND. This laboratory data can be deterministically linked to health administrative data held
by ICES (formerly known as the Institute for Clinical Evaluative Sciences) that contains

information on the disease status of individuals in the WNV cohort.



Associative studies on comorbid risk factors and development of WNND have not been
conducted in Ontario, which has a distinct, multi-ethnic population with multiple factors that
affect comorbidity. Additionally, it is Canada’s largest and most densely populated province, its
population is rapidly ageing, meaning that more of the population will be living with chronic
disease, and its warm, temperate climate in spring and summer is conducive to WNV
transmission. Examining the association between comorbid conditions and WNND in the
Ontario population will inform potential risk factors for WNND in this population, allowing for
identification of high-risk groups and public health prevention strategies, and contribute to the
growing body of literature on comorbid risk factors of WNND, the majority of which originates
from the United States.

The objectives of this thesis project were developed to explore the association between
comorbid risk factors and the development of WNND in the Ontario population. Specifically, we
examined whether having one or more of 13 common chronic diseases was associated with
neuroinvasive disease following WNV infection, and whether specific comorbid conditions were
associated with different manifestations of WNND (i.e., encephalitis, meningitis, acute flaccid
paralysis). Additionally, multimorbidity, or living with two or more conditions, and its
association with WNND was explored.

This thesis has six chapters. Following this introduction (Chapter 1), Chapter 2 provides a
literature review describing WNV global and North American emergence and WNV and WNND
incidence in Canada with particular emphasis on Ontario. It then details the transmission cycle
and human infection from virus entry to illness and recovery. Lastly, potential risk factors of

WNND are discussed, ranging from genetics and age to living with chronic disease. A methods



section follows in Chapter 3, describing the study population and design, WNND case definition
and health administrative data sources, outcome variables, and the descriptive and analytical
statistics used in this study. Chapter 4 comprises the results, which first presents the descriptive
portion of the study and describes WNND incidence in Ontario, followed by an analytical results
section that presents regression modelling results. A discussion follows in Chapter 5,
contextualising the descriptive and analytical results of the previous chapter as well as
describing study limitations and strengths. Lastly, Chapter 6 presents a brief conclusion to this

thesis.



CHAPTER 2: Literature Review
2.1 West Nile Virus Global Emergence

West Nile virus was first isolated in Uganda in 1937(7), and has since spread to every
inhabited continent, becoming one of the most wide-spread mosquito-borne illnesses.
Following isolation in Uganda, the virus was not detected again until the 1950s in Egypt and
Israel(8), where a series of outbreaks led to epidemiological and ecological studies that
established the transmission cycle and clinical characteristics of infection.(9, 10) Serosurveys
along the Egyptian Nile suggested seroprevalence rates approaching 60%, with higher rates
among older children and adults while young children more frequently experienced symptoms
of a non-specific viral fever.(10) Similar seroprevalence rates were detected in several central
African countries, suggesting widespread endemicity. Viewed as a mild and self-limiting illness
up to this point, an outbreak in Israel in 1957 changed perceptions of WNV infection severity:
out of 49 elderly nursing home residents with suspected WNV infection, 12 developed
meningoencephalitis and four with unconfirmed WNV infection, but suffering from diffuse
encephalitis, died.(11, 12) Patients in subsequent outbreaks in France and South Africa during
the 1960s and 1970s also presented with neurological symptoms, yet progression to
neuroinvasive disease was infrequent.(13, 14) During the mid-1990s, WNV outbreaks
throughout Europe and the Middle East began occurring more frequently and had higher rates
of neurological involvement and/or higher fatality rates: notable are the 1996 Romanian
epidemic and the 1999 Russian epidemic. In the former, 90% of almost 400 serologically
confirmed or suspected cases of WNV involved neurological symptoms, with epidemiologists

describing an increased susceptibility to infection and death in older individuals(15); and in the



latter, approximately 50% of meningoencephalitis cases (n=84) resulted in death, and 75% of
deaths occurred in individuals >60 years old.(16)

The virus strains responsible for these epidemics belonged to lineage 1, one of eight
WNYV lineages, and one of the two major lineages responsible for epidemics in humans. Lineage
1 is wide-spread and has caused epidemics in Africa, the Middle East, Europe, Asia, Oceania,
and North America. Strains of the second major WNV lineage, lineage 2, have caused significant
epidemics since the mid-2000s in Europe and South Africa.(17-20)

West Nile virus was first detected in North America during the 1999 New York City
epidemic. How it was introduced to the western hemisphere remains unknown, but genomic
sequencing demonstrated comparable homology between the New York strain and a strain
circulating in Israel.(21) Additionally, its epidemiological and clinical characteristics were similar
to epidemics caused by lineage 1 strains in Europe and the Middle East: neurological
involvement was common (63% of detected cases) and the case-fatality rate was high (12% of
detected cases); and older individuals were disproportionately affected (median age of 71
years).(22) By 2004, human cases had been reported in all of the contiguous 48 states, bringing
the total number of American WNV cases (since 1999) to over 10 000; more than 5 000 of these
cases were diagnosed as WNND.(23) However, the true rate of WNND in individuals with WNV
is not 50% - the symptoms of WNND are more severe than those of non-neurological WNV
infection, leading more individuals to seek professional medical care when suffering from
neurological disease.

In Canada, the first human cases were reported in Ontario and Québec in 2002.(24)

Clinical characteristics of infection in Canada were similar to those reported in the United States



and characteristic of lineage 1 strains: there were considerable numbers of neuroinvasive
disease cases and some infections resulted in death.(25, 26) In Central America, Mexico
reported evidence of equine WNV infections in 2002 and identified its first human case in
2004.(27, 28) The virus spread throughout the Caribbean and Central and South America during
the mid-2000s, with many countries reporting human or animal seropositivity or infected
mosquitoes.(29-38) However, these countries report very low incidence of human WNV
infections and WNND compared to the United States and Canada. In addition to fewer
resources and a lack of WNV surveillance in many Central and South American countries,
researchers have suggested that pre-existing neutralising anti-bodies against another Flavivirus
might offer partial immunity(39, 40), and that strains circulating in Mexico and Central and
South America may have undergone a mutation resulting in attenuation of their

pathogenicity.(41)

2.2 West Nile Virus Emergence in Canada and Severe Disease in Ontario

West Nile virus was first detected in Ontario in 2001 from mosquito pools within the
Greater Toronto Area and in a dead bird from Windsor.(42, 43) In 2002, the first human cases
identified in Canada were reported from Ontario and Québec, with three additional provinces
(Manitoba, Saskatchewan, and Nova Scotia) reporting WNV-infected dead birds.(43, 44) The
following year, despite a low number of reported cases in Ontario, the Prairie Provinces
experienced a human WNV epidemic: Alberta and Manitoba reported 275 and 143 cases,
respectively, while Saskatchewan reported 937 (an attack rate of 93/100 000).(45-47) British
Columbia did not detect any WNV activity until 2009, when four human cases were identified,

as well as equine infections and positive mosquito pools.(48) The cooler climate of the Atlantic



provinces has inhibited WNV’s eastward expansion; as of 2019, New Brunswick and Nova Scotia
are the only Atlantic provinces that have reported human WNV cases, although Prince Edward
Island has identified WNV in dead birds.(49, 50) Despite the virus’ broad distribution across
Canada, Ontario and Québec appear to be the most consistently affected.(51)

In Ontario, human infections were initially limited to southern areas of the province,
where the warmer climate is more favourable to natural WNV circulation amongst avian hosts
and mosquitoes, but in 2006, a case was reported in Sudbury, indicating that the virus had
spread into Northern Ontario.(52) As of 2017, human cases have been reported as far north as
Timiskaming and the virus has been detected in birds in Thunder Bay.(53, 54) Despite the
northward expansion of the virus, its activity remains highest on the western shore of Lake
Ontario and in Windsor-Essex County.(42)

In 2002 and 2012, Ontario experienced WNV epidemics that resulted in incidence rates of
3.3 and 2.0 cases per 100 000 population, respectively.(55) During the Southern Ontario
epidemic of 2002, a study on WNV-related hospitalisations in the Toronto area identified 64
cases, 62 of which were WNND.(56) The majority of patients were >50 years of age and male,
and 50% had underlying chronic conditions. Ten percent of those with WNND died, and 72% of
those who survived required rehabilitation or support at home following discharge. At one
hospital, the most common manifestation of WNND was encephalitis (78.6%, n=11) with
subsequent neuromuscular involvement.(57) During the 2012 epidemic, a small case series
study (n=7) on patients presenting with WNND at a hospital in Hamilton also reported that the
majority of patients (71.4%, n=5) were older individuals (i.e., >65 years of age) and suffered

from encephalitis.(58) The case fatality ratio was 14.3% (n=1).



2.3 Transmission Cycle

In North America, WNV is maintained in an enzootic cycle with birds as the primary
reservoir and mosquitoes as vectors. The cycle is initiated when infected mosquitoes feed on
non-immune birds. Over 110 species of song birds, owls, shorebirds, and hawks are susceptible
to infection, with most bird hosts surviving and developing long-lasting immunity.(59, 60)
Infected birds that develop high-titre viraemia are essential to the maintenance of the enzootic
cycle by transmitting the virus to feeding mosquitoes; in North America, American robins and
corvids are crucial in the sylvatic maintenance of WNV.(61, 62) Corvids, in particular, are among
the most susceptible to infection(63), developing severe disease and exhibiting significant
mortality(64) — their ‘die-offs’ serve as sentinel surveillance indicators for human infection.(65)
Horizontal transmission between birds has been documented(66), but the principal mode of
transmission is vector-borne. The virus has been detected in 10 different mosquito genera in
the United States and Canada(67), but members of the Culex genus (particularly Culex pipiens,
Culex quinquefasciatus, and Culex tarsalis) are considered the primary vectors in the enzootic
cycle and in spillover events.(61, 68-70) Many Culex mosquitoes are ornithophilic, and shift
their feeding preferences to humans and mammals in late summer and early fall, accounting at
least partially for the increase in human WNV cases during this period.(71) Potential bridge
vectors between the avian-Culex cycle and mammals include members of the Aedes and
Ochlerotatus genera, which have exhibited high efficiency as vectors under laboratory
conditions.(68) Although WNV infections occur frequently in mammals, the majority of non-
avian species are incapable of amplifying the virus to sufficient titres to transmit to feeding

mosquitoes (two exceptions are the American alligator(72), and the Russian lake frog(73)).



Humans and horses are common dead-end hosts — both can develop severe disease and have
high fatality rates(74-79), but cannot otherwise contribute to the transmission cycle. WNV

transmission to humans is predominantly vector-borne, although alternative routes have been

documented.

\
Bird AmJ‘Iiﬁer Host

Adapted from Centers for Disease Control and Prevention: West Nile virus. https://www.cdc.gov/westnile/transmission/index.html. Copyright
(2018) by Centers for Disease Control and Prevention. Adapted with permission.

2.4 Alternative Transmission Routes in Humans

The primary mode of transmission of WNV in humans is through a mosquito vector,
although infections via non-mosquito-borne routes have been reported and include: vertical
transmission through birth or breastfeeding (suggested) and horizontal transmission through

blood and organ donation.(80-83)


https://www.cdc.gov/westnile/transmission/index.html

Vertical transmission is a common route of infection for many viruses, but appears to be
rare with WNV.(82) An infant who tested positive for WNV at birth in New York in 2002 remains
the only confirmed case of vertical transmission; associated chorioretinal scarring and central
nervous system malformations prompted the CDC to suggest women take precautions against
WNV infection during pregnancy.(84) A longitudinal study following pregnant women infected
with WNV found that a small percentage of infants may have acquired the virus congenitally,
but overall, the risk of this mode of transmission seems low.(82) Additionally, transmission
through breastfeeding may be possible, but rare, and has not been conclusively
determined.(83)

A more commonly reported alternative route of transmission is through donated blood
and organs. In 2002, 23 individuals were infected following blood transfusions from viraemic
donors(85), and four individuals were infected following organ transplants from one donor(80),

prompting Canadian Blood Services to begin WNV screening of donated blood in 2003.(86)

2.5 Mechanisms of Infection

Following virus entry via mosquito inoculation in a human host, Langerhans cells, dermal
dendritic cells, and epidermal keratinocytes are likely targets for initial WNV replication.(87-89)
Cell-surface glycosaminoglycans, ubiquitous across cell types, provide attachment contact for
WNV virions, but specific co-receptors have not been identified.(90) Although WNV exhibits
wide tissue tropism, its cellular tropism may be limited by co-receptors expressed on its
replication targets (endothelial cells, monocytes, neurons, dendritic cells, macrophages, and
non-migrating skin cells).(88, 91) Replication occurs in the lymph nodes, potentially as a result
of dendritic migration or an unidentified haematogeneous entry mechanism(92), resulting in

10



viraemia and secondary infection of visceral organs, the more permissive of which serve as
primary sites of replication in peripheral tissue.(93) Infection and dissemination are limited by
early innate immune responses, particularly interferon type | response(94-96), and innate and
adaptive immune cell effector functions; of particular importance are y/8 T cells, which produce
elevated levels of interferon-y(97), and IgM-secreting B-cells.(98) Once WNV enters the central
nervous system (CNS), approximately 6-8 days after infection(93), CD8" T cells, neutrophils,
CD4" T cells, macrophages, and microglials are critical in controlling infection and clearing the
virus from the CNS.(99-104)

The mechanism of CNS entry by WNV is not well understood. Viral determinants,
particularly structural proteins constituting receptor binding domains on the virus envelope, are
implicated in WNV’s neuroinvasiveness(105-107), possibly because they enhance endothelial
cell binding to viral epitopes.(108) Routes of entry, particularly haematogenous(108-113) and
transneural(114-117), are common research foci, although mechanisms employing multiple
routes have been proposed.(118-120)

A haematogenous mechanism may be the most probable route - more rapid CNS entry
by WNV is correlated with higher levels of viraemia.(121) Proposed mechanisms include:
infection of cerebral endothelial cells and pericytes, which may permit viral transcytosis across
these cell types into the brain(110, 122); overexpression of vasoactive cytokines (e.g., tumour
necrosis factor) and matrixins, which can destabilise tight junction proteins, leading to a
weakening of the blood-brain barrier and permitting virus entry into the cerebral

parenchyma(123-125); and infected leukocyte trafficking across the blood-brain barrier, as a
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result of degraded junctions and help from upregulated cell adhesion molecules(126), a
function of which is control of leukocyte movement during inflammatory processes.(127)

Transneural routes of infection have also been hypothesised as potential mechanisms of
entry, with WNV migrating to the CNS from olfactory nerves or the peripheral nervous system
(PNS). Olfactory receptor neuron axons are connected to the olfactory bulb via olfactory
ensheathing cells, which permit particles <100 nm (e.g., WNV) into the CNS.(128) Additionally,
the virus could infect the ensheathing cells directly, and upon release, could reach the olfactory
bulb.(129) Alternatively, the virus may be transported from the peripheral nervous system
(PNS) to the CNS; the PNS directly enervates a wide variety of tissue types and lacks the
immunological barriers of the CNS, allowing for greater susceptibility to viral infection. WNV
may enter the PNS by directly infecting nerve endings in the tissue and entering the CNS via
retrograde axonal transport(114, 115), preferentially infecting motor neurons.(115)

Once the virus has entered the CNS, neurological disease can develop in the brain
parenchyma and the meninges of the spinal cord. The inflammation and neuronal loss caused
by the disease, whether through viral pathogenicity or immune response, results in WNND. The
virus infects a range of residential CNS cell types including neurons, astrocytes, microglials, and
macrophages, all of which have varying levels of susceptibility to infection dependent on
intrinsic defense. Immune response in the CNS is induced following infection of residential cells
and the entry of inflammatory cells (i.e., neutrophils, microglia, macrophages, and effector

CD4" and CD8'T cells) into this immunoprivileged area.
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2.6 lliness and Recovery

Infection with WNV is predominantly asymptomatic, but approximately 20% of infected
individuals develop West Nile fever (WNF), a non-neuroinvasive, self-limiting illness that
presents with non-specific symptoms of viral infection including fever, fatigue, headache, and
nausea. It is considered a relatively mild illness, although not without complications, and most
individuals fully recover. However, an estimated ~1% (130) of all infections result in WNND,
which generally manifests as West Nile encephalitis (WNE), West Nile meningitis (WNM), or
West Nile acute flaccid paralysis (WNP), although combinations of disease type (e.g., WNE and
WNP) can occur.(131) WNND infections are severe and can lead to permanent disability, coma,
and death; neuroinvasive infections are more likely to develop in older individuals, or those
with pre-existing conditions.(3, 6, 79, 132-136) Clinical management of most WNV infections is
supportive, with most individuals requiring care related to pain control and dehydration.(137)

In general, many individuals with diagnosed WNV infections, particularly those who
develop WNND, require hospitalisation.(134) Recovery is often lengthy, with most individuals
requiring rehabilitation(138), and the development of persistent, long-term symptoms is
common.(134, 139-141) These sequelae range from functional and physical to cognitive and
psychological and they appear to affect individuals with WNND and WNF differently —
functional and physical sequelae are more common in individuals with WNND, while cognitive
and psychological symptoms seem to affect individuals with WNF and WNND equally.(140, 142-
146)

Few individuals are capable of returning to independent, unassisted living immediately

following hospitalisation with WNV, particularly if they developed WNND(6, 56, 147); discharge
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to a rehabilitation hospital, nursing home, or a home with help following hospitalisation is
common, although some patients do not return to premorbid functional status despite

rehabilitation.(148)

2.6.1 West Nile Fever

West Nile Fever is the most common clinical syndrome of WNV, developing in
approximately 20% of infected individuals. It is distinct from the more severe manifestations of
WNND because it does not involve the nervous system. WNF is considered a benign, self-
limiting illness, with non-specific symptoms of viral infection developing after 2-14 days. The
most commonly experienced symptoms are fatigue, fever, headache, myalgia, and nausea,
although a wide range of symptoms have been reported and include (but are not limited to)
arthralgia, diarrhoea, chills, maculopapular rash, and sensitivity to light.(139, 149, 150) Iliness
severity is typically milder in younger individuals.(136)

WNF is associated with significant short- and long-term morbidity. However, compared
to WNND, WNF results in fewer hospitalisations and a shorter length of stay, with fatigue,
muscle weakness, and myalgia among the most reported persistent symptoms.(135, 139) One
Canadian study reported delayed recall in 50% of patients between 2-4 years post-illness(146),
suggesting that neuropsychiatric impairment may be the longest-lasting class of symptoms of
WNYV infection. Sequelae develop in most individuals, with one study finding that almost two-
thirds of patients experienced symptoms 30 days after illness onset.(139) WNF sequelae can be
debilitating, and prolonged absence from school/work following infection is not
uncommon.(147) Older age is a risk factor for poorer outcomes (e.g., delayed recovery, longer
rehabilitation periods, death)(148, 151), and although mortality rates are very low, WNF may
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exacerbate underlying conditions, resulting in significant mortality in older adults and the

immunocompromised.(148, 152)

2.6.2 West Nile Encephalitis

If the virus bypasses the blood-brain barrier and enters the brain, any acute
inflammation of the parenchyma is termed West Nile encephalitis. WNE is the most common
manifestation of WNND, comprising ~60% of all WNND cases(131, 153, 154), and develops
more frequently in older and immunocompromised individuals.(155) lliness severity ranges
from mild (e.g., confusion) to severe (e.g., death, coma)(155), with many patients presenting
with symptoms that overlap with those of WNF and other manifestations of WNND (e.g.,
headache, nausea, fatigue, stiff neck, dizziness, etc.).(142, 150) Some patients initially present
with an altered mental state — confusion, or a change in the level of consciousness — before
more severe neurological signs or symptoms develop.

Individuals with acute WNE suffer higher rates of persistent neurological abnormalities
and longer hospital stays (i.e., mean length of stay, 8-25 days)(156, 157) compared to those
with WNF or WNM.(158) Although the movement disorders characteristic of WNE are generally
transient, disappearing after a few days or weeks(159, 160), tremors(161), and tandem gait and
strength/reflex abnormalities have been recorded years post-illness.(158) For example,
Weatherhead et al. found that 17% of WNE patients in their sample continued to experience
tandem gait abnormalities 8-11 years post-infection.(158) WNE can be severely debilitating,
with rehabilitation and assisted living/care frequently needed — less than 50% of patients are
discharged into their homes(6, 162, 163), and one study reported 65% of patients required
rehabilitation post-illness.(5) Mortality is high, ranging from 3-29%(6, 162, 163) in-hospital and
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during acute illness, and is elevated in older adults (~¥46%).(151) Long-term mortality rates (e.g.,
1-year post-illness) have been compared to those of patients with severe common chronic

diseases.(138)

2.6.3 West Nile Meningitis

West Nile meningitis is the acute inflammation of the meninges of the brain and/or
spinal cord following infection with WNV. It is the second most common manifestation,
developing in ~40% of WNND cases(131), and is associated with a more favourable outcome
than WNE, with most individuals recovering fully.(155) Rapid onset of fever and headache,
pleocytosis in the CSF, meningeal signs (e.g., nuchal rigidity, nausea, Kernig’s sign, Brudzinski’s
signs), and photophobia and/or phonophobia(155), are clinical characteristics that define
WNM. Patients often present with symptoms that overlap with those of WNF and other WNND
manifestations, with the most frequently experienced symptoms including headache, nausea,
fever, neck/back pain, myalgia, photophobia, and vomiting.(142, 150)

WNM develops more frequently in younger individuals, with one study finding median
ages of 35 and 70 in patients with WNM and WNE, respectively.(161) It is also associated with
better survival rates, slightly fewer hospitalisations (81% of WNM cases hospitalised vs. 82%
[WNP] and 86% [WNE])(79), and shorter lengths of stay than other manifestations of WNND.(4,
157, 162, 164) In-hospital and acute mortality is low (<2%)(162), and when not accompanied by
an altered mental state, prognosis is generally favourable(137), although recovery and
rehabilitation for some may be prolonged and last >12 months.(147) Individuals hospitalised

with WNM may have the highest home discharge rates.(163, 165)
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2.6.4 West Nile Acute Flaccid Paralysis

Acute flaccid paralysis presents similarly to poliomyelitis and likely results from infection
of the anterior horn cells of the spinal cord.(160, 166) WNP is the least common manifestation
of WNND and more commonly affects younger individuals (e.g., in one study, 75% of patients
were <61 years old).(167) Within 48 hours of symptom onset, asymmetric limb
paralysis/weakness (or, less commonly, symmetric quadriplegia) can develop.(168) Facial nerve
palsy(169), dysphagia, and dysarthria are also associated with WNP.(167) Respiratory failure
from intercostal and diaphragmatic muscle paralysis can occur, with patients requiring
intubation and mechanical ventilation.(168, 170)

Similarly to WNE, WNP is a severe illness with complicated recovery. Acute mortality
with respiratory involvement, which necessitates intubation and mechanical ventilation, was as
high as 50% in one study.(169) Compared to patients with WNE, WNM, and WNF, patients with
WNP have the longest mean hospital stay (11-68 days(136, 171, 172)), yet frequently have poor
physical recovery — in one study, no patients had become ambulatory or made full recovery of
strength despite acute inpatient rehabilitation by 6-month follow-up.(171) Discharge to long-
term care facilities is common, with some patients continuing physical therapy following
discharge home.(173) However, most patients do make improvements in functional and
strength outcomes, with complete recovery possible, but uncommon, 1-year post-illness.(174)

In comparison, mental health outcomes are generally favourable.(172)
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2.7 Risk Factors of West Nile Neuroinvasive Disease

Disease progression to WNND is influenced by a range of individual host risk factors
including genetic variants, chronic diseases, sex, and age, the latter being the most consistently
identified across studies. While genetic predisposition and age and their involvement in the
progression to WNND has been explored in the literature, the associations between WNND and
sex and comorbid conditions remain less clear and reporting on these two risk factors remains

predominantly descriptive.

2.7.1 Genetic Variants

Several genomic determinants for development of WNND following infection with WNV
have been identified. Specific human leukocyte antigen alleles have been found to be more
associated with severe WNV infection, suggesting that these alleles may in part determine
disease progression.(175) Genetic variation in the interferon pathway may also influence
individual susceptibility to development of WNND: a single mutation in the gene OAS1 was
found to be associated with an increased risk of WNE and WNP.(176) Additionally, although
once viewed as potentially unimportant during infection, variation in chemokine receptor CCR5,
specifically homozygosity in CCR5A32, was found to be associated with more aggressive disease

and multisystem symptomology, including neurologic involvement, in patients with WNV.(177)

2.7.2 Age

Older age is a well-established risk factor for severity of disease during viral infection
and is one of the most frequently reported risk factors for the development of WNND. Changes

in immune function and immune cell populations due to ageing affect each step of the WNV
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infection process, some of which may be critical for neurological involvement. Several studies
have examined age-related effects on WNV immune response and have shown increased
dysfunction of the immune system, particularly concerning inflammation, T-cell functionality,
and identification of foreign antigens.(178-182) These age-related changes are important
because an altered inflammatory response may affect the permeability of the blood-brain
barrier, which is implicated in the development of WNND.

Epidemiological studies frequently report age as one of the most important risk factors
in the development of WNND. One nationwide study in the United States reported that
individuals aged 40-49 were 2.8 (95% Cl: 2.5-3.2) times as likely to develop WNND compared to
those <40 years of age(183), while two focussing on WNV patients in Illinois and Colorado
reported that those >50 years of age had 3.3 (95% Cl: 2.6-4.3) and 2.7 (95% Cl: 1.2-6.5) times
the risk of developing WNND than those <50 years of age.(6, 157) Huhn et al. comprehensively
reported WNND risk ratios for seven different age groups for patients during the 2002 Illinois
epidemic(157): compared to individuals age 0-19 years, individuals between 20-29 years were
2.4 (95% Cl: 1.5-3.8) times more likely to develop WNND, while those between 30-39 years saw
their risk nearly triple in comparison to individuals in their twenties (6.1 [95% Cl: 4.2-9.1]); the
age groups 40-49 years and 50-59 years were associated with comparable risk ratios for WNND
at 10.0 (95% Cl: 6.9-14.5) and 12.2 (95% CI: 8.4-17.8), respectively; and the oldest age groups
(60-69 years, 70-79 years, and >80 years) were associated with the highest risks of
neuroinvasive illness with risk ratios of 18.0 (95% Cl: 12.3-26.3), 22.9 (95% Cl: 15.7-33.4), and

27.5 (95% Cl: 18.6-40.8), respectively.
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2.7.3 Sex

Sex is a biological determinant of immune system response, with females generally
mounting stronger responses to infection than males.(184) Genetic variations resulting from
sex-based chromosomal differences are responsible but have not been explored with WNV. In a
multi-state study conducted in 2002, males had a 10-80% increased risk of developing WNND,
depending on age.(183) Additionally, males had 1.57 (95% Cl: 1.18-2.09) times the odds of
developing neurological disease in a 2005 study in California(132), and 3.1 (95% Cl: 1.5-6.4)

times the odds in a 2012 epidemic in Greece.(1)

2.7.4 Comorbid Conditions

The association between comorbidity and severe outcomes of viral infection is well-
documented, with varying mechanisms of pathology affecting the immune system’s ability to
fight infection, leading to severe iliness and/or death.(185-193) The majority of severe
outcomes associated with WNV occur when the virus enters the CNS and causes inflammation
in the brain parenchyma (WNE) and/or meninges (WNM) or, in the case of acute flaccid
paralysis, infects the anterior horn cells of the spinal cord (WNP).(160, 166) Although the exact
mechanisms by which WNV enters the CNS have not been determined, comorbid conditions
affecting haematogenous and transneuronal pathways of entry are likely to increase the risk of
developing WNND. Studies examining the potential relationship between chronic disease and
WNND have been exploratory in nature and have focused on prevalent, major chronic and
infectious diseases such as diabetes, cardiovascular disease, chronic obstructive pulmonary

disease, cancer, HIV, and chronic renal disease. These conditions cause chronic inflammation
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and/or immune suppression, both believed to be important factors mediating WNV entry into
the CNS.

Chronic disease prevalence is high in Canada, with one in five people living with at least
one major chronic disease (i.e., cardiovascular disease, chronic renal disease, diabetes, or
cancer).(194) Multi-morbidity is also common: 3.6% of Canadian adults age 20 years or older
have two or more major chronic diseases, which nearly quadruples (11.7%) for Canadians aged
65 years and older.(194) Ontario’s ageing population, projected to have nearly a quarter of its
citizens reach age 65 years and older by 2041(195), will experience a dramatic increase in
chronic disease morbidity and multi-morbidity. A higher prevalence of chronic disease will
result in a population with increased susceptibility to the development of severe outcomes
from viral infections like WNV.

A number of studies from the United States have explored the effects of chronic disease
on WNV infection and have helped identify specific conditions that may be risk factors for
WNND. A West Nile virus epidemic in Colorado, responsible for nearly 1/3 of all reported WNV
infections in the United States in 2003, resulted in a large number of individuals developing
WNND.(6) A study on a subset of the infected cohort reported that having cancer was
associated with 6.6 (95% Cl: 1.6-27.5) and 7.5 (95% Cl: 1.2-45.4) times the odds of developing
WNM and WNE, respectively, while patients who had undergone chemotherapy had 7.7 (95%
Cl: 1.5-40.0) and 25.9 (95% Cl: 4.2- 159.7) times the odds (respectively).(5) Cancer was also
associated with 2.7 (95% Cl: 1.5-5.1) times the odds of developing WNE in an ArboNET (national
arbovirus surveillance system managed by the CDC) enhanced population-based surveillance

study of West Nile virus in 19 states between 2008 and 2010.(2)
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Hypertension has also been reported as a risk factor for WNND. In a subset of WNV-
positive individuals in the 2003 Colorado epidemic, those with hypertension had 2.1 (95% Cl:
1.0-4.6) times the odds of developing WNE.(5) A matched case-control study also reported an
increased odds ratio for WNE in Houston, Texas patients with hypertension (4.0; 95% CI: 1.5-
10.4)(3); and hypertensive patients included in the ArboNET study had 1.8 (95% Cl: 1.3-2.6)
times the odds of developing WNE, and 1.6 ( 95% CI: 1.1-2.3) times the odds of developing
WNM.(2)

Also reported as a WNND risk factor is diabetes; it was associated with 1.8 (95% Cl: 1.3-
2.6) times the odds of WNE in the ArboNET study and 2.6 (95% Cl: 1.0-6.5) times the odds in a
subset of WNV-positive individuals during the 2003 Colorado epidemic.(2, 5) Another study of a
WNV-positive cohort from the 2003 Colorado epidemic reported an odds ratio for WNE of 4.1
(95% Cl: 1.2-13.6) for diabetes.(6)

Individuals with kidney disease also have increased odds of disease progression to
WNND: kidney disease patients in the ArboNET enhanced surveillance cohort had 2.9 (95% Cl:
1.3-6.3) times the odds of developing encephalitis (2); and during the 2003 Colorado epidemic,
individuals with kidney disease had 24.9 (95% Cl: 4.7-132.5) times the odds of disease
progression to WNE.(5)

Additionally, immunocompromising conditions (including HIV, chemotherapy, organ
transplant, use of immune suppression drugs, etc.) and cardiovascular disease were associated
with 5.6 (95% Cl: 2.1-14.9) and 28.3 (95% Cl: 5.9-134.9) times the odds of developing WNE in a

case control study on patients from Houston, Texas.(3)
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CHAPTER 3: Methods
3.1 Source Population, Study Population, and Study Design

Ontario is the most populous province in Canada; its 14.5 million residents comprise
almost 40% of the nation’s total population.(196) Demographically, the median age in Ontario
is 40.7 years, and the largest age group is 15-64 years, which represents just over two-thirds of
the population.(195, 196) The province’s population is rapidly ageing; seniors (265 years)
currently represent 16.7% of all Ontario residents and account for a larger proportion of the
population than those aged 0-14 years.(195) Projections suggest that seniors will comprise
nearly a quarter of Ontario’s population by 2041.(195) Ontario’s ageing population is an
important factor in the current and future epidemiology of WNND; older individuals are more
likely to develop neurological illness following WNV infection than younger individuals.(1, 6,
132,157, 183)

Geographically, more than 90% of the province’s population is concentrated in Southern
Ontario, a region 139 000 km? in size that stretches eastwards from Windsor to Ottawa and
extends north to Parry Sound. The warmer climate of Southern Ontario is more favourable to
natural WNV circulation amongst avian hosts and mosquitoes, and the majority of WNV
infections in the province have been recorded in this region.

This study used a retrospective, population-based cohort design using province-wide
data on all incident confirmed and probable WNV infections identified in Ontario between

January 1%, 2002 and December 31, 2012.
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3.2 West Nile Virus Case Definitions, Public Health Ontario Cohort, and Data Sources

West Nile virus infection is a reportable disease in Ontario, and all reported laboratory-
confirmed, probable, and suspected cases since 2002 are recorded in a database maintained by
Public Health Ontario (PHO). Health care professionals who suspect a patient may have been
infected with WNV must submit samples (blood, plasma, serum, or cerebral spinal fluid [CSF])
to the Public Health Ontario Laboratory (PHOL) for serological or molecular testing. However,
patients with WNV infection predominantly present with symptoms of a mild, non-specific viral
illness, and it is likely that many symptomatic WNV infections go undetected in patients seeking
care from health professionals.

This study used an already existing cohort of Ontario residents with laboratory-
confirmed WNV infection (hereafter referred to as the WNV cohort).(197) Briefly, individual
WNV cases between January 1** 2002 and December 31%, 2012 were identified in PHOL data
according to the 2017 diagnostic test case definitions to create a cohort of confirmed and
probable WNV cases in Ontario. To reduce potential misclassification of the study outcome,
only individuals with confirmed or probable WNV infections were included in this study. PHOL
uses the definitions for confirmed and probable WNV cases developed by the Ontario Ministry
of Health and Long-Term Care.(198) The definitions are based on diagnostic test criteria and are
displayed in Table 3.2-1.

The WNV cohort was then deterministically linked to provincial health administrative
and demographic datasets held by ICES. ICES is a prescribed entity under Ontario’s Personal
Health Information Privacy Act and is specially designated to receive and use publicly funded

administrative health services data for the Ontario population since 1986. ICES research focuses
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Table 3.2-1 Confirmed and probable diagnostic test criteria used to identify WNV infections in

the PHOL data.*

West Nile Virus Confirmed Case Diagnostic Test Criteria
At least one of the following:

A significant (i.e., fourfold or greater) rise in WNV neutralizing antibody titres (using a PRNT or other kind of
neutralization assay) in paired acute and convalescent sera, or cerebrospinal fluid (CSF)

OR

Isolation of WNV from, or demonstration of WNV antigen or WNV- specific genomic sequences using an assay
verified for clinical testing in tissue, blood, CSF or other body fluids

OR

Demonstration of flavivirus antibodies in a single serum sample using a WNV immunoglobulin M (IgM) enzyme-
linked immuno-sorbent assay (ELISA) confirmed by the detection of WNV specific antibodies using a PRNT
(acute or convalescent serum sample)

OR

Demonstration of WNV antibodies in a single CSF sample using a WNV immunoglobulin M (IgM) enzyme-linked
immuno-sorbent assay (ELISA)

OR

A significant (i.e., fourfold or greater) rise in flavivirus haemagglutination inhibition (HI) titres in paired acute
and convalescent sera or demonstration of a seroconversion using a WNV Immunoglobulin G (I1gG) ELISA AND
the detection of WN specific antibodies using a PRNT (acute or convalescent serum sample).

West Nile Virus Probable Case Diagnostic Test Criteria**
At least one of the following:

Detection of flavivirus antibodies in a single serum sample using a WNV IgM ELISA3 without confirmatory
neutralization serology (e.g., PRNT)

OR

A significant (i.e., fourfold or greater) rise in flavivirus Hl titres in paired acute and convalescent sera or
demonstration of a seroconversion using a WNV IgG ELISA3

OR

A titre of >1:320 in a single WNV Hl test, or an elevated titre in a WNV IgG ELISA, with a confirmatory PRNT
result

OR

Demonstration of Japanese encephalitis (JE) serocomplex-specific genomic sequences in blood by nucleic acid
amplification test (NAAT) screening on donor blood, by Blood Operators in Canada.

*Definitions for confirmed and probable WNV cases were developed by the Ontario Ministry of Health and Long-Term Care.
**Case definitions for probable WNV infections prior to 2014 included clinical criteria in addition to laboratory test criteria.
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primarily on evaluating health care delivery and population outcomes by accessing its holdings
of health-related and demographic data. These include, but are not limited to, clinical and
administrative databases, population-based health surveys, and patient records.

In this study, ICES-held data were used to ascertain study outcomes and prevalent
comorbid conditions in the WNV cohort, as well as to supply additional demographic
information (i.e., age and sex). Specifically, the ICES data holdings used were (Table 3.2-2):
Canadian Institute for Health Information’s Hospital Discharge Abstract Database (DAD) and
National Ambulatory Care Reporting System (NACRS), Ontario Health Insurance Plan claims
database (OHIP), Ontario Drug Benefit programme (ODB), Registered Persons Database (RPDB),

as well as several ICES-acquired cohorts/registries and ICES-derived cohorts.
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Table 3.2-2 ICES data holdings and data used in this study.

Data Holding

Description

Data Provided

Registered Persons Database
(RPDB)

Discharge Abstract Database
(DAD)

National Ambulatory Care
Reporting System (NACRS)

Ontario Health Insurance Plain
(OHIP) Claims Database

Ontario Drug Benefits Programme
(ODB)

ICES special registries — Ontario
Cancer Registry

ICES derived cohorts

ICES health services — Canadian
Organ Replacement Registry

Information on individuals
registered under the Ontario
Health Insurance Plan (OHIP) and
those eligible for the Ontario Drug
Programme

Clinical and administrative
information on hospital discharges
from all provincial and territorial
acute care hospitals

Information on all hospital-based
and community-based ambulatory
care (day surgeries, outpatient and
community-based clinics,
emergency departments)

Information on OHIP billing claims

Information on drug claims history
of ODB recipients (for this study
period, >65 years)

Information on all Ontario
residents diagnosed with cancer
(exception: basal cell and
squamous cell skin cancers), or
who have died from cancer
Information on chronic conditions
in Ontario in cohorts developed at
ICES using linked data algorithms
Information on groups of
individuals in Canada who have had
similar health services experiences

Date of birth, date of death, sex

Ascertainment of outcomes:
WNND

Ascertainment of: CRD, MS,
Alzheimer’s disease/dementia,
stroke

Ascertainment of outcomes:
WNND

Ascertainment of: CRD, MS,
Alzheimer’s disease/dementia,
stroke

Ascertainment of outcomes:
WNND

Ascertainment of: CRD, MS,
Alzheimer’s disease/dementia,
stroke

Ascertainment of: Alzheimer’s
disease/dementia

Ascertainment of: cancer

Ascertainment of: asthma, CHF,
COPD, HIV, hypertension, diabetes,
rheumatoid arthritis
Ascertainment of: organ transplant

Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; HIV, human

immunodeficiency virus; MS, multiple sclerosis.
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3.3 Data Linkage — PHOL and ICES

PHOL data were used to create the study cohort and contributed only infection status
(i.e., that a case was a confirmed or probable WNV infection). The ICES holdings (i.e., DAD,
NACRS, ODB, OHIP, RPDB, and special registries and cohorts) provided comorbid condition and
demographic information for the individuals in the study cohort. Data sharing and privacy
agreements between PHO and ICES for this study allowed for linkage between the PHOL data
and the ICES-held data. ICES assigns each Ontario resident with provincial health care coverage
a unique, encrypted identifier, the ICES key number (IKN), which is generated from an
individual’s Ontario health card number using a secure algorithm. Upon receipt of the PHOL
data at ICES, the Ontario health card numbers were replaced with IKNs, allowing for

deterministic linkage between ICES-held data and PHOL data.

3.4 Outcome Variable: West Nile Neuroinvasive Disease

The outcomes of interest were neurological conditions that comprise WNND, which is the
collective term for the severe neurological illnesses caused by WNV infection and includes
encephalitis, meningitis, and acute flaccid paralysis. Diagnosis of WNND is not straightforward -
encephalitis and meningitis (inflammation of the brain and meninges, respectively) are
common immune responses to illnesses with neurological involvement; these conditions, as
well as acute flaccid paralysis, have multiple aetiologies (both viral and non-viral), so their
diagnosis alone does not establish WNV as the causative agent. The non-specific nature of WNV
pathogenicity, with or without neurological involvement, makes diagnosis with a WNV
aetiology difficult. A study examining rates of encephalitis in Canada between 1994 and 2008

reported that nearly 50% of encephalitis hospitalisations had unknown aetiologies; and it also
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identified spatio-temporal clusters [of undiagnosed encephalitis hospitalisations] in the summer
and autumn months that could potentially signify arboviral (e.g., WNV) infections.(199)

We identified WNND outcomes in our study cohort by searching for any records with at
least one diagnostic code indicating encephalitis, meningitis, acute flaccid paralysis, or a
combination of these conditions in the OHIP, NACRS, or DAD databases (see Appendix A for
diagnosis codes used in definition) within £30 days of the WNV infection index date (estimated
as 14 days prior to earliest recorded laboratory date). Individuals with 22 occurrences of
identical diagnostic codes within two years prior to the index date were excluded in order to
include only incident WNND cases in the analysis. Using algorithms developed with ICD-10
codes can be an effective method for identifying cases of disease in health administrative
data.(200-202) Unfortunately, this algorithm has not been validated and its sensitivity and
specificity when applied to health administrative data are unknown. Fifty-two individuals with
encephalitis, meningitis, and/or acute flaccid paralysis were excluded from the study because
they violated this inclusion criterion (i.e., they had repeated encephalitis, meningitis, and/or

acute flaccid paralysis diagnostic codes within two years prior to index date).
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Figure 3.4-1 Study design diagram showing study window for identification of WNND cases
within the WNV cohort.
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3.5 Independent Variables, Case Data Provenience, and Algorithm Look-Back Windows

Thirteen chronic conditions were evaluated as independent risk factors for WNND in
this study. Ten were selected based on their use in similar studies examining associations
between comorbid conditions and WNND (i.e., cancer, congestive heart failure [CHF], chronic
obstructive pulmonary disease [COPD], chronic renal disease [CRD], diabetes, human
immunodeficiency virus [HIV], hypertension, [recipient of] organ transplant, rheumatoid
arthritis, and stroke); and three were added based on clinician advice due to their high
prevalence in the Ontario population and/or association with neurotropic disease (i.e.,
Alzheimer’s disease and/or dementia, asthma, and multiple sclerosis [MS]).

We also evaluated the association between multimorbidity and WNND using the
Charlson Comorbidity Index. The Charlson Comorbidity Index (CCl) is a method used to capture
the effects of comorbid diseases an individual may have (in addition to the disease of interest)

on a specific outcome (e.g., mortality). It is a standardised metric that considers the combined
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effects of multiple chronic diseases and allows for meaningful comparison between
multimorbid groups or individuals. Seventeen conditions (i.e., myocardial infarction, congestive
heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic
pulmonary disease, rheumatologic disease, peptic ulcer disease, mild liver disease, diabetes or
diabetes with chronic complication, haemiplegia or paraplegia, renal disease, any malignancy
[including leukemia and lymphoma], moderate or severe liver disease, metastatic solid tumour,
AIDS/HIV) are included in the index, each with a value assigned, and the sum of these values
produces the index score. Scores range from 0 (no comorbidity detected) to 33 (high
comorbidity). In general, higher CCl scores are predictive of poorer outcomes. CCl scores are
often categorised before inclusion in regression analyses, and this study adopted a similar
scoring system to those in existing publications. Four categories were created, ranging from no
comorbidities to severe: 0 — no comorbidities; 1-3 low; 4-6 medium; 7+ high.

Comorbid conditions in the study cohort were identified in ICES-held data by: 1)
extracting records of prevalent/incident cases from pre-existing disease-specific registries or
ICES-derived cohorts; or 2) applying algorithms designed to identify cases in health
administrative data through the satisfaction of multiple criteria. The latter method is more
susceptible to misclassification and was only used when a pre-existing registry or cohort did not
exist. Validated algorithms, which are algorithms tested against a gold standard (usually
medical chart reviews), have been published for CRD (203), MS (204), and
Alzheimer’s/dementia (205) and were used in this study. The stroke algorithm was developed

for this study by an ICES analyst with input from a stroke clinician scientist. Table 3.6-1 displays
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the definitions for each of the comorbid conditions and provides validation measures, where
available.

Some chronic conditions were subject to ‘look-back windows’, the period between
outcome diagnosis and how far into a patient’s past medical history an algorithm could search
to satisfy its case criteria. In this study, look-back windows were five years (except for stroke
and cancer). For example, for a patient with MS to be identified by the algorithm, they needed
to have either one hospitalisation or five physician billings in a four-year window during the five
years prior to WNND diagnosis. The look-back window for stroke was reduced to six months to
account for post-stroke immunodepression.(206) Additionally, for cancer diagnoses, which
were identified using clinically confirmed diagnoses from the Ontario Cancer Registry and not
an algorithm, a look-back window of two years was used on the suggestion of an oncologist for

similar reasons.

3.6 Missing Data

Missing data was only relevant for age, sex, and time-related variables (e.g., index date)
because a lack of a diagnostic code for any comorbid condition in the database was interpreted
as indication that the individual did not have the condition, not as an indication of missing
information. Time-related variables were requisite components of the inclusion criteria;
therefore, no individuals had missing time-related information. Individuals with missing
information on sex, age, or time-related variables were deleted from the dataset under the
assumption that data were missing-at-random; and because the percentage of patients with

missing information was <5%, data imputation was not used.

32



Table 3.6-1 Definitions of the 13 chronic conditions included in this study and their

provenience.

Comorbidity Provenience Registry/Cohort Name or Sensitivity (SN) and
Algorithm Publication Specificity (SP)

Asthma ICES-derived cohort Ontario Asthma Dataset (Sensitive cohort) Adults

Alzheimer’s/dementia
Cancer

CHF

COPD

CRD
Diabetes

HIV

Hypertension
Multiple sclerosis
Organ transplant

recipient
Rheumatoid arthritis

Stroke

Validated algorithm
Registry

ICES-derived cohort
ICES-derived cohort

Validated algorithm
ICES-derived cohort

ICES-derived cohort

ICES-derived cohort

Validated algorithm

Registry

ICES-derived cohort

Algorithm

2016 publication, see (205)
Ontario Cancer Registry
Ontario Congestive Heart
Failure Dataset

Ontario Chronic Obstructive
Pulmonary Disease Dataset

2013 publication, see(203)
Ontario Diabetes Dataset

Ontario HIV Dataset

Ontario Hypertension
Dataset

2015 publication, see (204)
Canadian Organ
Replacement Registry
Ontario Rheumatoid
Arthritis Dataset

b

(18+) SN 80.6%, SP 81.4%
Children (<18) SN 89%, SP
72%; established from (207-
209)

SN 79.3%, SP 99.1%

N/A®

Adults (40+) SN 84.8%, SP
97%,; established from (210)
(Sensitive cohort) Adults
(35+) SN 85%, 78.4% SP;
established from (211)

SN 32.7%, SP >94.0%
(Sensitive cohort) Children
<18 SN 82.8%, 98.9% SP
Adults SN 90%, SP 97.7%;
established from (212, 213)
SN 96.2%, SP 99.6%;
established from (214)
Adults (18+) SN 72%, SP
95%; established from(215,
216)

SN 87.4%, SP 100%

N/A®

Ages 15+

SN 78%, SP 100%;
established from (217, 218)
N/A

2 Sensitivity and specificity values were not available for all conditions.
bAlgorithm developed by ICES analyst and stroke clinician scientist using Canadian Stroke Strategy Case Definitions.

Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; HIV, human
immunodeficiency virus; MS, multiple sclerosis.
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3.7 Statistical Analyses
3.7.1 Descriptive

Descriptive statistics were used to describe the burden of WNV and WNND in Ontario
between 2002 and 2012. Ontario population denominators were obtained from Statistics
Canada Population Estimates(196) and used to calculate cumulative incidence rates of WNV
infection per 100 000 population over the 11-year period, and by year, age, and sex. Simple
counts and proportions were used to describe demographic and health-related baseline
characteristics of the study population, overall and by specific WNND manifestation. Similarly,
cumulative incidence of WNND overall and by specific WNND manifestation were computed.
Baseline characteristics of individuals with and without WNND (and specific manifestations)
were compared using chi-square or Fisher’s exact tests for categorical variables and t-tests for
continuous variables.

3.7.2 Analytical

Binary outcome modelling was used in this study to explore the associations between
potential risk factors for developing WNND or one of its manifestations. This study used a
population cohort, so relative risks could be calculated. Additionally, WNND outcome
prevalence in the study population was >10%, so more frequently used modelling methods like
logistic regression could not be used. Instead, a log binomial model, which calculates relative
risks and can be used on higher prevalence outcomes, was used.

Log binomial regression belongs to a class of regression models called ‘generalised linear
models’ that have three components: 1) the random component, which is the response

variable’s probability distribution; 2) the systematic component, which compromises the
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explanatory variables and any relationships among them (e.g., interactions); and 3) the link
function, which specifies the link between the random and systematic components.(219) The
link function permits generalisation of linear models for different types of response variables
and ensures linearity and constrains predictions within a range of possible values. Generalised
linear model assumptions include: data are independently distributed; the dependent variable
assumes a normal distribution or an exponential distribution; the transformed response
assumes a linear relationship with explanatory variables; and errors are independent.(219)
Associations between outcomes and independent study variables were first assessed
using chi-square and Fisher’s exact tests. Those variables associated with the outcome at a level
of p<0.20 were entered into a full multivariable model. We then used backward selection to
remove non-significant variables (p>0.05) one at a time from the model and the impact on the
model and remaining independent variables was assessed. If the removal of any variable
altered another independent variable’s coefficient by more than 10%, it was considered a
confounder and was retained in the model. We used likelihood ratio tests to compare model fit
between the larger and nested models (i.e., whenever a variable was removed), but if the
variable removed was identified as a confounder, the variable was retained even if the
likelihood ratio test indicated a better fit. Removal of variables from the model stopped when:
1) likelihood ratio tests indicated that variable removal no longer benefitted overall model fit,
or 2) confounding prevented further removal of any variables. Statistical interactions between
age and sex with comorbid conditions were added to the WNND model and included if the
interaction term was statistically significant (i.e., p<0.05). This was only performed with the

overall WNND outcome because statistical power was considerably reduced in models of
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individual WNND manifestations. Since individuals living with comorbid conditions often have
multiple comorbidities, which can create collinearity problems in data analysis, collinearity was
assessed in the WNND, WNE, WNM, and WNP models by adding Hessian weights to the
preliminary effects model and then running the model in PROC REG to calculate variance
inflation factors. A variance inflation factor of 10 or more indicated collinearity and would result
in removal of the variable from the model, but collinearity was not detected for any of the
models.

Finally, two study variables, HIV and recipient of organ transplant, were combined
during modelling to form a variable representing immunocompromised immune status because

both had relatively small cell numbers.
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CHAPTER 4: Results
4.1 Descriptive Analysis
4.1.1 Characteristics of the Study Cohort and WNV Infection

Of the 2 036 confirmed and probable WNV cases in the WNV cohort occurring between
2002 and 2012, 1 937 (95.1%) had a valid IKN and were successfully linked with ICES-held
databases. Subsequent to linkage, 53 individuals (2.7%) were excluded because of missing
information on sex (n=48) and/or age (n=8), resulting in a final sample size of n=1884.

The cumulative incidence of WNV infection in Ontario between 2002 and 2012 was 1.3
per 100 000 population (Figure 4.1-1). In general, WNV incidence was highest among
individuals between the ages of 50 and 80 years of age, and lowest in children and adolescents
(Figure 4.1-2). Females between adolescence and late middle age (~50 years) had higher WNV
incidence than males, although after age 65, males had a much higher incidence than females.

Slightly more than 40% (n=777/1 884) of the cohort were infected in either 2002 or
2012, with less than 3.0% of infections occurring during 2004 and 2007 (Figure 4.1-1). The WNV
transmission season is generally between May and October in Ontario, and most infections
occurred in August and September (58.3%, n=1 099/1 884). There were no statistically
significant sex-related differences in infection rates between 2002 and 2012 by year or by
month. Slightly over half of the cohort was female (52.4%, Table 4.1-1). The age at time of
infection ranged between less than 1 year and 94 years, and the average age at time of
infection was 49.3 years (SD* 18.1). Almost half of the cohort was living with at least one
comorbid condition (47.1%, n=887/1884), the most common being hypertension (30.6%,

n=576/1884), asthma (13.9%, n=261/1884), and diabetes (11.7%, n=221/1884).
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Figure 4.1-1 Number of confirmed and probable WNV cases and cumulative incidence per
100 000 population by year, Ontario, 2002-2012.
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Figure 4.1-2 Eleven-year WNV cumulative incidence rate by age and sex, Ontario, 2002-2012.
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Table 4.1-1 Characteristics of the study population, Ontario, 2002-2012.

Characteristic®

Sex

Female

Male
Age at time of WNV infection (age categories; years)
Under 18
18-44
45-64
65-79
80 and older
Age at time of WNV infection (mean 1SD; years)

Any chronic condition
Yes
No
Charlson Comorbidity Index score
0: no comorbidities
1-3: low
4-6: medium
7 +: high
Alzheimer’s disease and/or dementia
Asthma
Cancer (within two years prior to WNND diagnosis)
CHF
COPD
CRD
Diabetes
HIV
Hypertension
Recipient of organ transplant
Rheumatoid arthritis
Stroke (within six months prior to WNND diagnosis)

Any West Nile neuroinvasive disease (WNND)b
West Nile encephalitis (WNE)

West Nile meningitis (WNM)

West Nile acute flaccid paralysis (WNP)

a .
MS removed from this table because cell counts were <6.

Number (n=1 884)

988
896

95
616
791
312

70

49.3 (+18.1)

887
997

1459
320
73
32
11
261
36
53
134
39
221
10
576

36
26
345
176
145

66

Proportion (%)

52.4
47.6

5.0
32.7
42.0
16.6

3.7

47.1
52.9

77.4
17.0
3.9
1.7
0.6
13.9
1.9
2.8
7.1
2.1
11.7
0.5
30.6
0.4
1.9

14
18.3
9.3
7.7

3.5

b . . . . . .
Number of patients with WNND, any manifestation/s. For example, a patient with WNE and WNM would be counted here only once. The rows
(manifestations) below are not mutually exclusive — a patient with WNE and WNM would be added to the separate counts for both

manifestations.

Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; HIV,

human immunodeficiency virus; MS, multiple sclerosis.
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As displayed in Figure 4.1-3, there were differences in the prevalence of chronic disease
by sex. For most conditions, prevalence was higher in males with exception of autoimmune-
related conditions (i.e., rheumatoid arthritis, asthma, multiple sclerosis, and receiving an organ

transplant).

4.1.2 West Nile Neuroinvasive Disease

The overall cumulative incidence of any WNND from 2002-2012 was 18.3% (95% Cl:16.6-
20.1), with most individuals experiencing only one manifestation (87.8%, n=303/345 [Table
4.1-2]). There were no records of all three neuroinvasive manifestations (i.e., WNE, WNM,
WNP) developing in a single individual. In crude analyses, development of WNND was
significantly associated with sex (X°=6.84, p=0.0089), with a higher cumulative incidence in
males (20.8%, 95% Cl: 18.2-23.6) compared to females (16.1%, 95% Cl: 13.9-18.5). Age was
significantly related to development of WNND (t=-3.91, p=0.0001): the mean age in individuals
who did not develop WNND was 48.4 years, whereas the mean age among those who did
develop WNND was 53.2 years. Significant differences also existed between age groups
(X°=63.85, p<0.0001): the highest WNND incidence was in individuals 65-79 years of age
(29.2%, 95% Cl: 24.2-34.6), and 80 years of age and older (37.1%, 95% Cl: 25.9-49.5).

Having at least one comorbid condition was significantly associated with WNND
(X°=11.63, p=0.0007), with a higher cumulative incidence of WNND (21.5%, 95% Cl: 18.9-24.4)
in individuals with 21 comorbidity compared to those (15.4%, 95% Cl: 13.3-17.8) who did not
have any comorbid conditions. The incidence of WNND was highest among individuals with CHF
(39.6%, 95% Cl: 26.5-54.0), CRD (28.2%, 95% Cl: 15.0-44.9), and diabetes (28.1%, 95% Cl: 22.2-
34.5).
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Figure 4.1-3 Comorbidity prevalence in the study population by sex.*
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*Small cell counts preclude the inclusion of HIV, MS, Alzheimer’s disease and/or dementia, and receiving an organ transplant in this figure.
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; HIV, human
immunodeficiency virus; MS, multiple sclerosis.
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Table 4.1-2 Characteristics of individuals with WNND in the WNV cohort, Ontario, 2002-2012.

WNND Cumulative _—
Characteristic® Yes (%)*° No (%)*° incidence per 100  p-value Test s)t(?tlstlc
n=345 n=1539 (95% C1)° x)

Sex

Female 159 (46.1) 829 (53.5) 16.1 (13.9-18.5) 0.0089 6.84

Male 186 (53.9) 710 (45.8) 20.8 (18.2-23.6)
Age at time of WNND
development (age
categories; years)

Under 18 27 (7.8) 68 (4.4) 28.4 (19.6-38.6)

18-44 81 (23.5) 535 (34.8) 13.1(10.6-16.1)

45-64 120 (34.8) 671 (43.6) 15.2 (12.7-17.9) <0.0001 63.85

65-79 91 (26.4) 221 (14.4) 29.2 (24.2-34.6)

80 and older 26 (7.5) 44 (2.9) 37.1(25.9-49.5)
Age at WNND development
(mean, SD; years) 53.2 (21.3) 48.4 (17.2) - 0.0001 -3.91**
Charlson Comorbidity Index
Score

0: no comorbidities 204 (59.1) 1255 (81.6) 14.0 (12.2-15.9)

1-3: low 95 (27.5) 225 (14.6) 29.7 (24.7-35.0) <0.0001 394.30

4-6: medium 29 (8.4) 44 (2.9) 39.7 (28.5-51.9)

7+: high 17 (4.9) 15 (1.0) 53.1(34.7-70.9)
Any chronic condition

Yes 191 (55.4) 696 (45.2) 21.5(18.9-24.4) 0.0007 11.63

No 154 (44.6) 843 (57.8) 15.4 (13.3-17.8)
Asthma 45 (13.0) 216 (14.0) 17.2 (12.9-22.4) 0.6300 0.23
Cancer 9 (2.6) 27 (1.8) 25.0 (12.1-42.2) 0.3000 1.10
CHF 21(6.1) 32 (2.1) 39.6 (26.5-54.0) <0.0001 16.56
COPD 33(9.6) 101 (6.6) 24.6 (17.6-32.8) 0.0586 3.85
CRD 11 (3.2) 28 (1.8) 28.2 (15.0-44.9) 0.1065 2.61
Diabetes 62 (18.0) 159 (10.3) 28.1(22.2-34.5) <0.0001 15.89
Hypertension 132 (38.3) 444 (28.8) 22.9 (19.5-26.6) 0.0006 11.76
Immunocompromised 7 (2.0%) 10 (1.0%) 41.2 (18.4-67.1) 0.0235 0.02*
Rheumatoid Arthritis 7 (2.0) 29 (1.9) 19.4 (8.2-36.0) 0.8592 0.03
Stroke 9 (2.6) 17 (1.1) 34.6 (17.2-55.7) 0.0400 0.02*

a
column percentages

b
row percentages

c . . . .
MS and Alzheimer’s disease/dementia were removed from this table because cell counts were <6.

d

comorbid conditions are not mutually exclusive
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.
*

Fisher’s exact test
* ok
T-test
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Most WNND cases occurred between May and October (88.1%, n=304/345) during the
WNYV transmission season in Ontario, with most cases identified in August and September
(71.9%, n=248/345). The number of WNND cases in a year was significantly associated with the
number of WNV infections in a year (X’=50.14, p<0.0001); and years with the most WNND
cases between 2002 and 2012 were the epidemic years of 2002 (33.3%, n=115/345) and 2012
(18.3%, n=63/345). The case definition specified a +30-day window from the WNV infection
index date (estimated as 14 days prior to laboratory receivership date): in this analysis, cases
occurred from -30 days before the estimated index date to 29 days after, with the majority of
WNND cases identified 5-14 days post-index date (Figure 4.1-4). The average amount of time

between the index date and presentation with neurological symptoms was 7.8 days.

4.1.3 West Nile Encephalitis

West Nile encephalitis was the most frequently identified manifestation of WNND, with
a cumulative incidence of 9.3% (95% Cl: 8.1-10.8) over the 11-year study period and developing
in 51.0% (n=176/345) of individuals with WNND (Table 4.1-3). In crude analyses, WNE was
significantly associated with sex (X’=7.52, p=0.0061), with a higher cumulative incidence in
males (11.3%, 95% Cl: 9.3-13.5) compared to females (7.6%, 95% Cl: 6.0-9.4). Age was also
associated with encephalitis (t=-5.27, p<0.0001), with a mean age of 57.4 years in individuals
who developed WNE, whereas the mean age among those who did not develop WNE was 48.4
years. Additionally, there were significant differences between age groups (X°=100.75,
p<0.0001): the highest cumulative incidences were in individuals 65-79 years of age (19.9%,

95% Cl: 15.6-24.7) and 80 years of age and older (30.0%, 95% Cl: 19.6-42.1).
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Figure 4.1-4 Time in days between WNV infection index date and presentation with
neurological symptoms of WNND, Ontario, 2002-2012.
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Table 4.1-3 Characteristics of individuals with WNE in the WNV cohort, Ontario, 2002-2012.

WNE Cumulative T i
Characteristic* Yes (%)*° No (%)*° incidence per p-value est s)t(?tlstlc
n=176 n=1708 100 (95% Cl)° )

Sex

Female 75 (42.6) 913 (53.5) 7.6 (6.0-9.4) 0.0061 7.52

Male 101 (57.4) 795 (46.5) 11.3 (9.3-13.5)
Age at time of WNE
development (age
categories; years)

Under 18 13 (7.4) 82 (4.8) 13.9 (7.5-22.3)

18-44 2(18.2) 584 (34.2) 5.2 (3.4-7.3) <0.0001 100.75

45-64 48 (27.3) 743 (43.5) 6.1 (4.5-8.0)

65-79 2(35.2) 250 (14.6) 19.9 (15.6-24.7)

80 and older 1(11.9) 49 (2.9) 30.0 (19.6-42.1)
Age at WNE development
(mean, SD; years) 57.4 (22.1) 48.4 (17.5) <0.0001 -5.27*%*
Any chronic condition

Yes 106 (60.2) 781 (45.7) 12.0(9.9-14.3) 0.0002 13.47

No 70 (39.8) 927 (54.3) 7.0 (5.5-8.8)
Asthma 24 (13.6) 237 (13.9) 9.2 (6.0-13.4) 0.9302 0.01
CHF 15 (8.5) 38(2.2) 28.3 (16.8-42.4) <0.0001 <0.0001*
COPD 19 (10.8) 115 (6.7) 14.2 (8.8-21.3) 0.0459 3.99
CRD 10 (5.7) 29 (1.7) 25.6 (13.0-42.1) 0.0023 0.00%*
Diabetes 39 (22.2) 182 (10.7) 17.6 (12.9-23.3) <0.0001 20.39
Hypertension 77 (43.2) 499 (29.2) 13.4 (10.7-16.4) <0.0001 15.88
Stroke 6 (3.4) 20 (1.2) 23.1(9.0-43.7) 0.0288 0.02*

a
column percentages

row percentages

being immunocompromised, Alzheimer’s disease/dementia, MS, rheumatoid arthritis, and cancer were removed from this table because cell

counts were <6.

d

comorbid conditions are not mutually exclusive
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.
*

Fisher’s exact test

*ok

T-test
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Having at least one comorbid condition was significantly associated with developing
WNE (X°=13.47, p=0.0002): among individuals with at least one comorbidity, WNE cumulative
incidence was 12.0% (95% Cl: 9.9-14.3) compared with 7.0% (95% Cl: 5.5-8.8) in those with no
comorbidities. The incidence of WNE was highest among individuals with CHF (28.3%, 95% Cl:
16.8-42.4), CRD (25.6%, 95% Cl: 13.0-42.1), and stroke (23.1%, 95% Cl: 9.0-43.7).

The majority of WNE cases occurred in the months of August and September (73.3%,
n=129/176). The number of WNE cases in a year and the number of WNV cases in a year were
significantly associated (X°=61.94, p<0.0001), and over half (51.1%, n=90/176) of all identified
cases of WNE were in the epidemic years of 2002 (39.8%, n=70/176) and 2012 (11.9%,

n=21/176).

4.1.4 West Nile Meningitis

West Nile meningitis was the second most common manifestation with a cumulative
incidence of 7.7% (95% Cl: 6.5-9.0) over the 11-year study period, and it developed in 42.0%
(n=145/354) of individuals with WNND (Table 4.1-4). There were no significant sex- or age-
related differences in individuals with WNM. Unlike WNE, having at least one comorbid
condition was not associated with the development of WNM. However, WNM, like WNE, was
identified most frequently (77.2%, n=112/145) in August and September. It was also identified
most frequently during the epidemic years 2002 (40.0%, n=58/145) and 2012 (24.8%,

n=36/145).
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Table 4.1-4 Characteristics of individuals with WNM in the WNV cohort, Ontario, 2002-2012.

WNM Cumulative
Characteristic’ Yes (%)*° No (%)** incidence per p-value Test statistic (X°)
n=145 n=1739 100 (95% CI)°

Sex

Female 76 (52.4) 912 (52.4) 7.7 (6.1-9.5) 0.9944 0.00

Male 69 (47.6) 827 (47.6) 7.7 (6.1-9.6)
Age at WNM development
(mean, SD; years)°® 48.7 (19.7) 49.3 (18.0) - 0.6806 0.41%**
Any chronic condition

Yes 78 (53.8) 809 (56.5) 8.8 (7.0-10.9) 0.0919 2.84

No 67 (46.2) 930 (53.5) 6.7 (5.2-8.5)
Asthma 21 (14.5) 240 (13.8) 8.0 (5.1-12.0) 0.8194 0.05
COPD 13 (9.7) 121 (7.0) 9.7 (5.3-16.0) 0.3662 0.82
Diabetes 18 (12.4) 203 (11.7) 8.1(4.9-12.6) 0.7901 0.07
Hypertension 47 (32.4) 529 (30.4) 8.2 (6.1-10.7) 0.6166 0.25

a
column percentages
row percentages

c . . . . - . . . .
being immunocompromised, MS, CHF, stroke, CRD, Alzheimer’s disease/dementia, rheumatoid arthritis, and cancer were removed from this
table because cell counts were <6.
d
comorbid conditions are not mutually exclusive

e . .
Age categories removed from table because most age groups had cell sizes <6.
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.

*
Fisher’s exact test
* ok
T-test
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4.1.5 West Nile Acute Flaccid Paralysis

West Nile acute flaccid paralysis was the least frequently identified manifestation of
WNND with a cumulative incidence of 3.5% (95% Cl: 2.7-4.3) over the 11-year study period, and
developing in 19.1% (n=65/345) of individuals with WNND (Table 4.1-5). In crude analyses,
development of WNP was not associated with sex, but the majority of the cohort with WNP
was 45 years old or older (72.7%, 95% Cl: 60.4-83.0). Having at least one chronic condition was
not associated with WNP. Small cell sizes for many conditions precluded any meaningful
calculation of cumulative incidence for individual chronic conditions. Similarly to WNE, and

WNM, WNP was identified most frequently in August and September (45.5%, n=30/66).

4.1.6 Multiple Manifestations

The most common WNND co-development was WNE/WNM (9.3% of WNND infections,
n=32/345) while WNE/WNP and WNM/WNP were infrequently identified (<3.0% of WNND
infections). There were no sex- or age-associated differences in individuals who developed
WNE/WNM. Cell counts were too small for WNE/WNP and WNM/WNP to determine whether
there were any significant relationships with age or sex. Additionally, cell counts were too small

to meaningfully examine temporal relationships.
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Table 4.1-5 Characteristics of individuals with WNP in the WNV cohort, Ontario, 2002-2012.

WNP Cumulative T _—
Characteristic* Yes (%)** No (%)™ incidence per p-value est s)t(?tlstlc
n=66 n=1818 100 (95% Cl)° X
Sex

Female 29 (43.9) 959 (52.7) 31.7-56.7 0.2083 0.1985

Male 37 (56.1) 860 (47.3) 43.3-68.3
Age at WNP development
(age categories; years)

44 and under
45 and older 18 (27.3) 693 (38.1) 17.0-39.6 0.0742 3.1886
48 (72.7) 1125 (61.9) 60.4-83.0
Age at WNP development
(mean, SD; years)
53.2 (21.5) 49.1 (18.0) 0.1352 -1.51**
Any chronic condition

Yes 37 (56.1) 850 (46.8) 4.2 (3.0-5.7)

No 29 (43.9) 968 (53.2) 2.9(2.0-4.1) 0.1368 2.21
Asthma 6(9.1) 255 (14.0) 2.3(0.8-4.9) 0.2722 1.21
Diabetes 12 (18.2) 209 (11.5) 5.4 (2.8-9.3) 0.0861 2.95
Hypertension 28 (42.4) 548 (30.1) 4.9 (3.3-6.9) 0.0260 4.96

a
column percentages
row percentages

cbeing immunocompromised, MS, COPD, CHF, stroke, CRD, Alzheimer’s disease/dementia, rheumatoid arthritis, and cancer were removed
from this table because cell counts were <6.

dcomorbid conditions are not mutually exclusive

Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.
*Fisher’s exact test

**T-test
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4.2 Risk Factor Analysis
4.2.1 West Nile Neuroinvasive Disease

Results of univariate regression analyses indicated that CHF, COPD,
immunocompromised, stroke, diabetes, hypertension, age, and sex were significantly
associated with the WNND outcome (p<0.05). To build the multivariate model, we started by
including all demographic variables and comorbid conditions associated with the outcome at
p<0.20 in unadjusted analyses.

After removal of non-significant variables and controlling for confounding, CHF,
diabetes, hypertension, immunocompromised, chronic renal disease, stroke, and covariates age
and sex were retained in the final parsimonious model (adjusted RRs in Table 4.2-1). CHF was
associated with a 55% (adjusted RR [aRR]: 1.55; 95% Cl: 1.00-2.25) relative increase in risk of
developing WNND, and age and sex were also significantly associated with the outcome: being
male was associated with a 23% relative increase in risk of developing WNND (aRR: 1.23; 95%
Cl: 1.02-1.49) compared to females, and each one-year increase in age was associated with a
1% relative increase in risk of WNND (aRR: 1.01; 95% Cl: 1.00-1.02). No other conditions were
significantly associated with the outcome.

Testing for statistical interactions between age and sex with the other retained variables
yielded one significant statistical interaction between hypertension and age. The inclusion of
the product term also improved model fit based on a likelihood ratio test comparing the model
with the term to the smaller model (p=0.0056). The model including the interaction term is
shown in Table 4.2-2. For every five-year increase in age in an individual with hypertension, the

risk of developing WNND increased by 16% (aRR: 1.16; 95% Cl: 1.08-1.24). Calculation of the
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relative excess risk due to interaction (RERI) and the proportion of the combined effect that can
be attributed to interaction (AP) indicated departure from additivity: RERI=0.963 (95% ClI:
0.698-1.228) and AP=0.833 (95% Cl:0.662-1.004). Therefore, 83% of WNND developments in
hypertensive individuals are attributable to the interaction with age. Additionally, the
immunocompromised variable became significant (p=0.0055): immunocompromised individuals
had a 126% increase in risk (aRR: 2.26; 95% Cl: 1.12-3.68) for developing WNND compared to
those with uncompromised immune status. Male sex was associated with a 21.0% (aRR: 1.21;
95% Cl: 1.00-1.46) percent higher risk of WNND than female sex. CHF was not significant in this

model.
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Table 4.2-1 Unadjusted and adjusted relative risks for WNND.

Characteristic Unadjusted RR, 95% ClI p-value Adjusted RR, 95% CI* p-value

Sex

Female Ref. Ref.

Male 1.29 (1.07-1.56) 0.0091 1.23 (1.02-1.49) 0.0346
Age at time of WNND
development (continuous
variable, years) 1.01 (1.01-1.02) <0.0001 1.01 (1.00-1.02) 0.0041
Alzheimer’s disease and/or
dementia 2.00 (0.71-3.63) 0.0852 - -
Asthma 0.93 (0.69-1.22) 0.6318 - -
Cancer 1.38 (0.70-2.26) 0.2769 - -
CHF 2.24 (1.52-3.05) <0.0001 1.55 (1.00-2.25) 0.0314
COPD 1.38 (0.99-1.85) 0.0430 - -
CRD 1.56 (0.87-2.43) 0.0884 0.75(0.41-1.25) 0.3061
Diabetes 1.65 (1.29-2.07) <0.0001 1.25 (0.95-1.63) 0.0983
Immunocompromised 2.27 (1.11-3.61) 0.0052 1.95 (0.96-3.19) 0.0231
Hypertension 1.41 (1.16-1.70) 0.0005 1.05 (0.84-1.32) 0.6640
MS 1.37 (0.09-4.00) 0.7190 - -
Rheumatoid Arthritis 1.06 (0.48-1.89) 0.8583 - -
Stroke 1.91 (1.01-3.01) 0.0178 1.46 (0.78-2.30) 0.1611

a

Only statistically significant variables (as based on likelihood ratio tests) are included in the adjusted model. Additionally, model is adjusted for
identified confounders and covariates (age and sex).
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.
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4.2.2 West Nile Encephalitis

Univariate analysis of study variables identified nine (CHF, COPD, diabetes,
hypertension, immunocompromised, CRD, stroke, age, and sex) that were significantly
associated with WNE development (p<0.05). After removal of non-significant variables and
controlling for confounding, CHF, diabetes, immunocompromised, and covariates age and sex
were retained in the final multivariate model (Table 4.2-3). Being immunocompromised was
associated with the development of WNE with an adjusted relative risk of 2.61 (95% Cl: 1.23-
4.53), and each one-year increase in age was associated with a 2% (aRR: 1.02; 95% ClI: 1.02-
1.03) increase in risk. In addition, being male was associated with a 32% (aRR: 1.32; 95% Cl:

1.00-1.76) increase in risk. CHF and diabetes were not significantly associated with WNE.

4.2.3 West Nile Meningitis

Univariate analyses yielded no significant associations (p<0.05) between study variables
and the development of WNM (Table 4.2-4). Study variables associated with the outcome at
p<0.20 were included in the model (i.e., cancer, Alzheimer’s disease and/or dementia, and
immunocompromised) in addition to the covariates age and sex. Removal of non-significant
variables (p>0.05) from the model did not result in significant estimates for any of the included

variables (Table 4.2-4).
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Table 4.2-2 Results of multivariate regression analysis for WNND including the interaction

term.

Characteristic Adjusted RR, 95% ClI p-value
CHF 1.42 (0.93-2.02) 0.0780
Diabetes 1.23 (0.94-1.60) 0.1239
Hypertension 0.18 (0.07-0.45) 0.0003
Hypertension*Age 1.16 (1.08-1.24) <0.0001
Immunocompromised 2.26 (1.12-3.68) 0.0055
CRD 0.66 (0.36-1.08) 0.1270
Stroke 1.49 (0.80-2.30) 0.1337
Male Sex 1.21 (1.00-1.46) 0.0529
Age 1.00 (1.00-1.01) 0.5989

Abbreviations: CHF, congestive heart failure; CRD, chronic renal disease.
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Table 4.2-3 Unadjusted and adjusted relative risks for WNE.

Characteristic Unadjusted RR, 95% ClI p-value Adjusted RR, 95% CI p-value
Sex
Female Ref. Ref.
Male 1.48 (1.12-1.98) 0.0065 1.32 (1.00-1.76) 0.0535

Age at time of WNE
development (continuous
variable, years)

1.03 (1.02-1.04) <0.0001 1.02 (1.02-1.03) <0.0001
Alzheimer’s - -
Disease/Dementia 0.97 (0.06-3.71) 0.9772
Asthma 0.98 (0.63-1.45) 0.9303 - -
Cancer 1.50 (0.56-3.03) 0.3351 - -
CHF 3.22(1.94-4.84) <0.0001 1.47 (0.85-2.39) 0.1424
COPD 1.58 (0.98-2.39) 0.0426 - -
CRD 2.85(1.51-4.63) 0.0002 - -
Diabetes 2.14 (1.52-2.93) <0.0001 1.33 (0.91-1.88) 0.1220
Immunocompromised 3.88 (1.72-6.64) <0.0001 2.61 (1.23-4.53) 0.0020
Hypertension 1.77 (1.33-2.34) <0.0001 - -
Mms® - - - -
Rheumatoid Arthritis 1.19 (0.38-2.62) 0.7103 - -
Stroke 2.52(1.01-4.61) 0.0114 - -

a
Only statistically significant variables (as based on likelihood ratio tests) are included in the model. Additionally, model is adjusted for
identified confounders and covariates (age and sex).

b
Model failed to converge.
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.
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Table 4.2-4 Unadjusted and adjusted relative risks for WNM.

Characteristic Unadjusted RR, 95% ClI p-value Adjusted RR, 95% ClI p-value
Sex
Female Ref. Ref.
Male 1.00 (0.73-1.37) 0.9944 0.99 (0.72-1.36) 0.9616
Age at time of WNM
development (continuous
variable, years)
1.00 (0.99-1.01) 0.6783 1.00 (0.99-1.01) 0.5115
Alzheimer’s
Disease/Dementia 2.38 (0.43-6.18) 0.1783 2.68 (0.47-7.30) 0.1350
Asthma 1.05 (0.66-1.60) 0.8192 - -
Cancer 1.83 (0.68-3.71) 0.1518 1.93 (0.71-3.93) 0.1235
CHF 0.98 (0.31-2.21) 0.9670 - -
COPD 1.29 (0.71-2.12) 0.3627 - -
CRD 0.33 (0.02-1.40) 0.2610 - -
Diabetes 1.07 (0.64-1.66) 0.7897 - -
Immunocompromised 2.32(0.61-5.32) 0.1124 2.36 (0.62-5.43) 0.1059
Hypertension 1.09 (0.77-1.51) 0.6162 - -
MS 3.26 (0.21-9.63) 0.1738 - -
Rheumatoid Arthritis 1.08 (0.28-2.68) 0.8845 - -
Stroke 0.50 (0.03-2.07) 0.4764 - -

a

Only statistically significant variables (as based on likelihood ratio tests) are included in the model. Additionally, model is adjusted for
identified confounders and covariates (age and sex).
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.
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4.2.4 West Nile Acute Flaccid Paralysis

Univariate regression analyses yielded three study variables with significant (p<0.05)
associations with the outcome (Alzheimer’s/dementia, hypertension, and stroke). All study
variables associated with WNP at p<0.20 were included in the multivariate model (i.e.,
Alzheimer’s disease and/or dementia, CHF, diabetes, hypertension, and stroke) in addition to
the covariates age and sex. Removal of non-significant variables from the model (p>0.05) did

not yield significant estimates for any of the variables included in the model (Table 4.2-5).

4.2.5 Charlson Comorbidity Index Scoring and WNND

This model included the Charlson Comorbidity Index Score variable and the two
covariates, age and sex. Both the independent variable and age were significantly associated
with developing WNND (Table 4.2-6). Regression analysis results indicate that for each 1-unit
increase in comorbidity scoring, there was a 14% (aRR:1.14; 95% Cl: 1.03-1.17) increase in the
risk of developing WNND, while age was associated with an adjusted relative risk of 1.01 (95%
Cl: 1.00-1.01). After categorising the CCl variable (0: null CCl score; 1-3: low CCl score; 4-6:
medium CCl score; 7+: high CCl score), results suggested an increase in risk for individuals with
any CCl score not equal to zero (Table 4.2-7). Individuals with a low score had a 98% (aRR: 1.98;
95% Cl: 1.57-2.48) relative increase in risk of WNND compared to those with a CCl score of O,
while those with medium and high scoring had a 163% (aRR: 2.63; 95% Cl: 1.86-3.56) and a
245% (aRR: 3.45; 95% Cl: 2.25-4.83) relative increase in risk of WNND, respectively, compared
to those with a CCl score of 0. Age remained associated with WNND with an adjusted relative

risk of 1.01 (95% Cl: 1.00-1.01).
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Table 4.2-5 Adjusted and unadjusted relative risks for WNP.

Characteristic Unadjusted RR, 95% ClI p-value Adjusted RR, 95% CI p-value
Sex
Female Ref. Ref.
Male 1.41 (0.87-2.29) 0.1613 1.31(0.81-2.14) 0.2684

Age at time of WNP
development (continuous

variable, years) 1.01 (1.00-1.03) 0.0717 1.00 (0.99-1.02) 0.6502
Alzheimer’s

Disease/Dementia 5.32 (0.95-14.14) 0.0103 2.93 (0.49-9.61) 0.1343
Asthma 0.74 (0.31-1.49) 0.4404 - -
Cancer 0.00 (0.00-0.00) 0.9997 - -
CHF 2.23(0.70-5.15) 0.1066 1.21 (0.34-3.29) 0.7408
COPD 1.07 (0.38-2.36) 0.8814 - -
CRD 0.73 (0.04-3.15) 0.7494 - -
Diabetes 1.67 (0.86-2.96) 0.0983 1.22 (0.59-2.34) 0.5686
Immunocompromised 0.00 (0.00-0.00) 0.9997 - -
Hypertension 1.67 (1.03-2.69) 0.0349 1.34 (0.74-2.40) 0.3300
mMS 0.00 (0.00-0.00) 0.9996 - -
Rheumatoid Arthritis 0.00 (0.00-0.00) 0.9997 - -
Stroke 3.40 (0.87-8.39) 0.0279 2.09 (0.51-5.71) 0.2167

a

Only statistically significant variables (as based on likelihood ratio tests) are included in the model. Additionally, model is adjusted for
identified confounders and covariates (age and sex).
Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CRD, chronic renal disease; MS, multiple sclerosis.
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Table 4.2-6 Unadjusted and adjusted relative risks for WNND, CCl score as a continuous
variable.

Characteristic Unadjusted RR, 95% CI p-value Adjusted RR, 95% CI p-value
CCl score 1.16 (1.13-1.18) <0.0001 1.14 (1.03-1.17) <0.0001
Age 1.01(1.01-1.02) <0.0001 1.01 (1.00-1.01) 0.0256
Sex
Female Ref. Ref.
Male 1.29 (1.07-1.56) 0.0091 1.19 (0.99-1.44) 0.0628

Abbreviations: CCl, Charlson Comorbidity Index.
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Table 4.2-7 Unadjusted and adjusted relative risks for WNND, CCl score as a categorical

variable.
Characteristic Unadjusted RR, 95% CI p-value Adjusted RR, 95% ClI p-value

CCl score

Null (0) Ref. Ref.

Low (1-3) 1.86 (1.51-2.27) <0.0001 1.98 (1.57-2.48) <.0001

Medium (4-6) 2.28 (1.64-3.00) <0.0001 2.63 (1.86-3.56) <.0001

High (7+) 3.0 (2.02-4.02) <0.0001 3.45 (2.26-4.83) <.0001
Age 1.01 (1.01-1.02) <0.0001 1.00 (1.00-1.01) 0.2366
Sex

Female Ref. Ref.

Male 1.29 (1.07-1.56) 0.0091 1.18 (0.98-1.43) 0.0758

Abbreviations: CCl, Charlson Comorbidity Index.
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CHAPTER 5: Discussion
5.1 Results Discussion

Identifying comorbid risk factors of WNND is important to allow for medical and public
health recognition of groups at high-risk for neuroinvasive involvement following WNV
infection and to help inform prevention strategies targeted towards susceptible groups. Despite
the virus’ arrival in North America nearly two decades ago, only some studies have explored the
relationship between comorbid conditions and the development of neuroinvasive disease from
an epidemiological standpoint, and the majority are based on American populations. This study
is the first to examine comorbid conditions as WNND risk factors in a Canadian population;
specifically, it explored whether 13 common comorbid conditions and Charlson Comorbidity
Index scores were associated with the development of WNND. The relationship between
comorbidity and the development of specific WNND manifestations (WNE, WNM, WNP) was
also explored. Additionally, this study described WNND incidence in Ontario between 2002 and
2012.

Briefly, between 2002 and 2012, the cumulative incidence of WNND in individuals with
laboratory-confirmed WNV infection was 18.3%. WNND developed more frequently in males
and in older individuals (~60+ years). WNND (any manifestation) was associated with being
immunocompromised, male sex, higher CCl scoring, and an interaction between hypertension
and age. WNE was associated with male sex, older age, and being immunocompromised. WNM
and WNP were not significantly associated with any of the study variables in multivariate

modelling.
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Results of the descriptive analysis corroborate other published results suggesting that
WNND rates vary geographically. In Ontario, the average annual incidence of WNND between
2002-2012 was 0.25/100 000 population, with peaks in 2002 (0.95/100 000 population) and
2012 (0.47/100 000 population). The 11-year average annual incidence was similar to what was
reported in Alberta around this period, but lower than in Manitoba and Saskatchewan.(220-
222) Rates of WNND appear to be higher in Ontario than in Québec.(221) Elevated or decreased
WNND rates reflect geographic and temporal fluctuations in WNV rates, with WNV average
annual incidence in the Prairie provinces generally higher than in Ontario or Québec during the
last two decades.

In the United States, an average annual WNND incidence of 0.40/100 000 was reported
by the CDC for 47 states reporting between 1999 and 2008, with a peak in 2002 (1.02/100 000
population) and 2003 (0.99/100 000 population).(79) The highest incidence of WNND in the
United States is in the West Central and Mountain regions, and may be due to the efficiency of
Culex tarsalis as a WNV vector(68, 79, 223); a similar phenomenon may be occurring in Canada
where Ontario’s main vectors of WNV are Culex restuans and Culex pipiens, while in the Prairie
provinces, it is Culex tarsalis.(224)

Similarly to other published epidemiological results on West Nile neuroinvasive disease,
males and older individuals were more susceptible to development of neurological disease in
this study: males accounted for 53.9% of cases, and the median age of infection with WNND
was 56 years.(1, 132, 183) In the CDC report on WNND in 47 states, 58% of cases were males
and the median age of disease was 57 years.(79) On a regional scale, 66% of all WNND cases

reported in North Dakota between 2002 and 2007 were male(225), while a similar proportion
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(62.4%) of male cases was reported during the 2012 Dallas, Texas epidemic. A median age
disease development of 61 years was also reported for this outbreak.(226) Outside of North
America, the increased susceptibility to WNND of males and older individuals has been
reported from Romania (between 2012 and 2017, 55.3% of all Romanian WNND cases were
males and the median age of disease was 64 years)(227), Italy (median age of WNND
development was 69 years)(77), and Greece (in 2012, 65% of cases were male and the median
age of disease was 70 years).(1) Genetic, hormonal, and environmental mediators that differ
between the sexes result in decreased susceptibility to many infectious diseases in females
compared to males. The immune response in females, in general, is faster and stronger than it
is in males.(228, 229) However, human behaviour is also a factor— during the 2012 Greek
epidemic, males living in rural areas where at increased risk of developing WNND, but in urban
areas, the difference in risk between the sexes was non-significant.(1)

The results of this study corroborate results from published literature regarding
measures of association and WNND and comorbid conditions. Hypertension, being
immunocompromised, male sex, and older age have been identified as risk factors for WNND in
several American studies(1-3, 5, 6, 132, 157, 183): the former two, either directly or through
related treatments, are known immune system disruptors; and males generally exhibit
increased susceptibility to viral infection than females, and experience more severe illness(184);
and older age is associated with decreased immune system function.(178-182) Whatever the
mechanism of immune dysfunction, these comorbid conditions and individual host
characteristics increase the risk of WNV entering the CNS and causing severe neurological

disease.
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Hypertension was the most common chronic condition in our WNV cohort, and through
effect measure modification, increased the risk of WNND by 16.0% for every five-year increase
in age. Hypertension, a known disruptor of blood-brain barrier integrity, promotes
permeability, potentially allowing larger molecules, like WNV virions, to enter the neurological
system, whether through direct perfusion or trafficking of inflammatory cells.(115-119) Ageing
is associated with increased immune dysfunction manifesting as, among others, chronic low-
grade inflammation and a decreased ability to fight infection.(230) The effect measure
modification identified between these two risk factors may have arisen from elements common
to both (e.g., chronic low-grade inflammation), or a combination of hypertension and ageing
factors leading to a cascade of physiological events conducive to the development of WNND.
Additionally, hypertension is a major risk factor for many chronic health conditions, some of
which were not included in this study. It is possible that a mediating condition, developed from
pathology promoted by hypertension, is responsible, or partially responsible, for the
association identified in regression modelling.

Being immunocompromised was also identified as a risk factor in this analysis,
increasing the risk of developing WNND by 161%. However, this result was limited by low
statistical power due to small cell sizes (17 individuals in this study were immunocompromised).
Immunocompromising conditions have been identified as a risk factor for severe neurological
disease following infection with WNV in a Texas population, with immune-deficient individuals
experiencing 5.6 (95% Cl: 2.1-14.9) times the odds of developing WNE.(150) Additionally, a
2004 study from Toronto estimated an increased risk of 40% of WNND (meningoencephalitis) in

WNV-infected individuals living with an organ transplant.(231) Being immunocompromised
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confers an increased risk of CNS infection by an opportunistic agent (e.g., WNV) because the
immune system is unable to mount an appropriate response to foreign antigens. Additionally,
some conditions may exacerbate immune system vulnerability by actively targeting immune
defenses: for example, HIV viral proteins affect disrupt blood-brain barrier permeability by
reducing expression of tight junction proteins and increasing localised inflammation.(232)

Although there were fewer males in the WNV cohort, more males developed WNND,
and the regression modelling results identified increases in risk of WNND and WNE of 21.0%
and 33.0%, respectively, for males. These results corroborate Greek and American studies
which found increased risk (10.0-80.0%) and odds ratios (1.57, 3.10) for WNND in males relative
to females.(1, 132, 183)

Older age has been identified as a risk factor for WNND in multiple studies but could not
be examined independently in the WNND and WNE multivariate models of this study due to its
significant interactions with hypertension (for WNND) and being immunocompromised (for
WNE).(6, 157, 183) Age was on the cusp of significance for both WNM and WNP as an
independent variable in the multivariate analyses, and its lack of significance may be due to
small cell sizes.

Several chronic conditions were associated with WNND, WNE, and WNP in univariate
analyses, but were not significant when included in multivariate modelling. Surprisingly,
diabetes, chronic renal disease, and congestive heart failure (cardiovascular disease), all
previously identified as risk factors for WNND in American epidemiological studies, were not
identified as risk factors in this study’s multivariate analyses. Diabetes has been identified as a

risk factor in two different cohorts of WNV-infected individuals and three different
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epidemiological studies.(2, 5, 6) Chronic renal disease has also been identified as a risk factor in
two different WNV cohorts — it may not have been identified as a risk factor in this analysis due
to small cell sizes (i.e., 11 individuals with chronic renal disease developed WNND). Lastly,
cardiovascular disease has been identified as a risk factor of WNE but was not associated with
WNND in this study (3); however, this analysis explored congestive heart failure, and not the
larger disease category of cardiovascular disease, and only 21 individuals were diagnosed with
CHF.

Additionally, CCl scores above zero were associated with the development of WNND,
with relative risk increasing as categorical severity rose. Relationships between individuals living
with comorbid conditions and infectious disease severity have been previously documented,
with higher CCl scores associated with intensive care unit admission and death in individuals
with influenza.(233, 234) Interestingly, several comorbid conditions in this study that were
significant in univariate or multivariate modelling are included in the CCI (i.e., CHF, diabetes,
HIV [immunocompromised in this study], and CRD). However, mechanisms of WNV progression
to WNND are not well studied in the context of contributing comorbid conditions, so without a
better understanding of how WNV enters the CNS and how this is facilitated by existing
conditions, it is difficult to discern whether the CCl, as a whole, is a useful predictor, or whether
the effects of specific conditions included in the CCl are contributing to its predictive ability. For
a particular disease (e.g., WNND), holistically the CCl may not be important, but the underlying
diseases contributing to a specific score probably are.

Development of WNND is a severe disease progression leading to neurological

involvement that, although more common in older individuals or those living with a chronic
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disease, is not limited to the elderly or sick. Case fatality rates vary (e.g., 9% in the US between
1999 and 2008(79), 25.5% between 2016 and 2017 in Romania(235), 18.6% in lllinois in
2002(157)), but demonstrate that death is not uncommon. Survivors can expect a lengthy,
complicated recovery that often necessitates rehabilitation and is frequently accompanied by
long-term sequelae that negatively impact quality of life.(134, 138) Costs are significant as well:
a 2019 costing study from Québec suggested that during an epidemic year, direct and indirect
costs of WNV for the province could reach ~$1.7 million (236); and for an WNV-infected person
in Ontario, direct healthcare costs over one year were estimated at $13 648.(197)

The consequences of WNV infections progressing to WNND in Ontario could become
more significant in the coming years. The province’s population is ageing, and more people will
be living with chronic disease and multimorbidity. The results of this study, and of others,
suggest that individuals living with comorbid conditions are at greater risk of developing
WNND. Additionally, global warming is affecting Ontario’s climate, with projections suggesting
a provincial average increase in temperature of 2.3°C in the next 10 years under a high
emissions scenario.(237) This could lengthen mosquito breeding season and extend the WNV
transmission period in Ontario, exposing more Ontarians to WNV-infected vectors each year.

The severity of WNND, the lack of a cure, the strain on health care resources, Ontario’s
changing climate and demographics, and the current gap in understanding of how the virus
progresses to neurological disease necessitate prevention strategies that target the first step in
the disease chain: infection with WNV. Public health strategies that preclude infection with
WNYV are currently best practice for preventing WNND and can be tailored to target vulnerable

groups with identified risk factors, such as those living with comorbid conditions and the
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elderly. However, it should be taken into account that attitudes towards prevention measures
differ between different demographics, with studies suggesting that, in general, older
individuals and females are more likely to practice personal protective behaviours.(238-240)

In Ontario, a formal provincial WNV prevention and control strategy critically includes
dissemination of information at multiple stakeholder levels (e.g., physicians, community-based
organisations, individual residents).(241) Under the Health Protection and Promotion Act, if
there is sufficient risk of WNV transmission [in a jurisdiction], several measures to decrease risk
may be taken by public health units, including: chemical control (e.g., use of larvicides); source
reduction (e.g., flushing storm drains, storing tires where they will not collect water) (242); and
public education and outreach.(241) For the latter, the Ministry of Health and Long-Term Care
focuses on promotion of education/awareness of personal protection against mosquito bites,
which includes measures such as wearing long-sleeved shirts or pants, using insect repellant,
and reducing the amount of time spent outside at dawn and dusk. The effectiveness of similar
WNV public health prevention strategies was examined in Colorado following a severe outbreak
of WNV with significantly different rates of WNND in two adjacent cities.(243) The study
suggests that personal protection measures, even in municipalities with established mosquito
control programmes, may influence disease rates; and public health authorities should promote
personal protection measures in addition to reducing risk through maintenance of mosquito
control programmes. A stakeholder decision analysis from Québec reinforces the suggestions
from the Colorado study — use of larvicides to control mosquito populations combined with
public health promotion of personal protective measures were the most acceptable and

effective interventions under [that study’s] current, and future, transmission risks.(244)
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Human vaccination against WNV is not discussed in Ontario’s prevention plan because
no human WNV vaccines are available, although four effective equine WNV vaccines have been
developed.(245) There are licensed human vaccines against other mosquito-borne viruses in
the Flaviviridae family (i.e., Dengue fever, Yellow fever, Japanese encephalitis), some of which
offer lifelong immunity after only one dose.(245) To date, only six candidate WNV vaccines
have been evaluated in clinical trials, with two vaccines entering phase Il trials; promisingly, one
candidate had a high seroconversion rate and was safe and effective in different age groups
using a single dose.(246) However, none have yet entered phase Il trials. Costing studies
suggest that once a human WNV vaccine is available, targeted vaccination programmes will be
more cost-effective than universal vaccination.(247) Those at highest risk for infection and for
development of WNND should be targeted, namely, the elderly and those living with comorbid

conditions.

5.2 Strengths and Limitations

This study had a number of strengths including a population-based cohort design,
laboratory confirmation of West Nile virus infections, temporal ordering of variables, and
deterministic linkage of health information across multiple databases. Using population-level
data allowed for the estimation of relative risks during risk factor analysis and estimation of
incidence rates on a provincial scale, and laboratory diagnostic test confirmation of WNV
infection decreased the chances of misclassification. Temporal ordering of variables (i.e.,
chronic disease occurred before WNND) aids in interpretation of results. Lastly, the ability to

deterministically link patient health information from different health administrative databases
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allowed for low false-match rates, and the use of multiple datasets allowed for a richer and
more complete health picture of individuals in this cohort.

This study is also subject to several limitations. One major limitation in this study was
the lack of an existing Canadian ICD-10 diagnosis code for WNND. In order to identify
individuals with WNND in the PHOL cohort, an algorithm was developed containing ICD-10
diagnosis codes for encephalitis, meningitis, and acute flaccid paralysis not specific to WNV
infection but that were recorded within £30 days of the estimated index date. Additionally, the
algorithm is not validated and its sensitivity and specificity when applied to health
administrative data is unknown. The lack of a validated diagnosis for WNND introduces the
possibility of outcome misclassification; specifically, we may have classified some individuals
without WNND as having WNND and vice versa. Differential misclassification may be present
due to the window of time used in our definition (£30 days from estimated index date). Some
individuals may have developed unrelated neuropathy prior to WNV infection, but due to our
definition, were identified as having WNND. This may have biased estimates away from the
null.

The inclusion of a specific WNND code in Canadian ICD manuals would improve
identification of individuals with WNND from hospital administrative data. The American ICD-10
manual includes a code specifying encephalitis resulting from WNV infection (i.e., A92.31),
although one does not exist for meningitis or acute flaccid paralysis. Additionally, the relative
rarity of symptoms developing from a WNV infection, or the non-specific flu-like symptoms of
WNF, may mean that WNV as an aetiologic cause of encephalitis, meningitis, or acute flaccid

paralysis may not be considered in many cases. For example, a 2012 study found increased
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arboviral encephalitis hospitalisation rates in Ontario in summer and autumn, and a
corresponding increase in summer and autumn hospitalisation rates of encephalitis with
unknown aetiologies.(199) Greater health care professional awareness of the symptoms of
WNYV infection, particularly when these occur during the summer and autumn months, may
improve proper diagnosis of the disease.

Another limitation is the low sensitivity and specificity of some algorithms used to
identify patients with chronic disease in derived and acquired cohorts. Unlike registries (e.g.,
Ontario Cancer Registry), which are populated using multiple data points (e.g., hospital records,
pathology reports, etc.) and thus more accurately identify individuals with disease, the
algorithms are developed to identify disease from health administrative records only. Although
many algorithms have been validated, low sensitivity and specificity remain a challenge.
Additionally, only 13 chronic diseases were examined as risk factors for WNND. The
independent variables were selected due to their prevalence in the Ontario population and
whether or not an existing registry or cohort was available at ICES. Many chronic diseases were
not included in this analysis, and additionally, multimorbidity is complex, and many chronic
diseases act as mediators or interact with each other in manners that were not considered (i.e.,
mediation analysis was not performed and interaction was only examined between chronic
disease variables and the covariates age and sex).

Small cell numbers were also a challenge in this analysis. Only 345 individuals in the
cohort developed WNND, and consequently, there were very small case numbers for some
comorbid conditions (e.g., HIV) which precluded specific assessment when numbers were <6

due to privacy regulations. Therefore, it is likely that some effects were over- or under-
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estimated in the calculation of relative risks. Expanding the study cohort to include other
Canadian provinces would reduce small cell sizes and allow for a more robust estimation of risk.
Lastly, a time-to-event analysis (Cox proportional hazards analysis) would have shed
additional light on the relationship between comorbid conditions and WNND and its
manifestations. However, this was not possible because the index date (date of infection with

WNV by mosquito inoculation) was estimated (i.e., two weeks prior to lab receivership).

5.3 Future Directions

Identifying risk factors of WNND is of public health importance because it allows for the
identification of high-risk groups and, consequently, targeted prevention programmes. Due to
the complexity of chronic disease pathology and multimorbid mechanisms of interaction and
mediation, future WNND risk factor analyses should examine comorbid interactions and
conduct mediation analyses in addition to including more comorbid conditions as independent
variables. These approaches would better disentangle the effects of related chronic diseases.
For example, hypertension has been identified in some studies as a risk factor of WNND, while
in others related comorbid conditions were identified (e.g., CHF), but not hypertension. Chronic
disease is very common in Ontario, and it would be inefficient, financially and logistically, to
target all individuals living with one or more chronic diseases in a prevention campaign.
Understanding which chronic diseases are true risk factors of WNND, which are mediating
factors, or which interact with other comorbid conditions to increase risk, is important for

developing appropriate intervention strategies.
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CHAPTER 6: Conclusion

This study is the first to identify comorbid risk factors of WNND in a Canadian population.
The results of this study are consistent with those in published studies on WNND risk factors
from the United States and abroad. Additionally, this study examined the relationship between
Charlson Comorbidity Index scoring and development of WNND and suggests an association
between higher CCl scores and progression to neuroinvasive disease following WNV infection.
These results will add to the growing body of literature on WNND risk factors and can inform
public health prevention programmes on at-risk groups. Future work should focus on examining
the mediation pathways and interactions of comorbid conditions so at-risk groups may be
better defined and targeted for public health prevention programmes. Additionally, considering
more chronic diseases as risk factors and increasing the study sample size will allow for a more

robust examination.
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Appendix

ICD-10-CA codes used to identify cases of WNND in the WNV cohort.

Manifestation | ICD-10-CA/ CCl | Description
Code
WNM A878 Other viral meningitis
A879 Meningitis, viral
G020 Meningitis in viral diseases classified elsewhere
Meningitis in other specified infectious and parasitic diseases
G028 classified elsewhere
G030 Nonpyogenic meningitis
G031 Chronic meningitis
G038 Meningitis due to other specified causes
G039 Meningitis, unspecified
WNP A801 Acute paralytic poliomyelitis, wild virus, imported
A802 Acute paralytic poliomyelitis, wild virus, indigenous
A803 Acute paralytic poliomyelitis, other and unspecified
A804 Acute nonparalytic poliomyelitis
A809 Acute poliomyelitis, unspecified
A818 Other atypical virus infections of central nervous system
A819 Atypical virus infection of central nervous system, unspecified
B91 Sequelae of poliomyelitis
Acute transverse myelitis in demyelinating disease of
G373 central nervous system
G378 Other specified demyelinating diseases of central nervous system
G379 Demyelinating disease of central nervous system, unspecified
G610 Guillain-Barré syndrome
G8100 Flaccid hemiplegia of dominant side
G8101 Flaccid hemiplegia of non-dominant side
G8109 Flaccid hemiplegia of unspecified [unilateral] side
G8110 Spastic hemiplegia of dominant side
G8111 Spastic hemiplegia of non-dominant side
G8119 Spastic hemiplegia of unspecified [unilateral] side
G8190 Hemiplegia of unspecified type of dominant side
G8191 Hemiplegia of unspecified type of non-dominant side
G8199 Hemiplegia of unspecified type of unspecified [unilateral] side
G830 Diplegia of upper limbs
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G831 Monoplegia of lower limb
G8320 Monoplegia of upper limb on dominant side
G8321 Monoplegia of upper limb on non-dominant side
G8322 Monoplegia of upper limb on unspecified [unilateral] side
G833 Monoplegia, unspecified
WNE A838 Other mosquito-borne viral encephalitis
A839 Mosquito-borne viral encephalitis, unspecified
A852 Arthropod-borne viral encephalitis, unspecified
A858 Other specified viral encephalitis
A86 Unspecified viral encephalitis
B941 Sequelae of viral encephalitis
G040 Acute disseminated encephalitis
G048 Other encephalitis, myelitis and encephalomyelitis
G049 Encephalitis, myelitis and encephalomyelitis, unspecified
Encephalitis, myelitis and encephalomyelitis in viral diseases
G051 classified elsewhere
Encephalitis, myelitis and encephalomyelitis in other infectious
G052 and parasitic diseases classified elsewhere
Encephalitis, myelitis and encephalomyelitis in other diseases
G058 classified elsewhere
G934 Encephalopathy, unspecified

OHIP diagnosis codes used to identify WNND in the WNV cohort.

Manifestation | OHIP Description
Diagnosis
Code
WNM 036 Meningococcal infection or meningitis
321 Meningitis due to other organisms
WNP 045 Acute poliomyelitis
356 Idiopathic peripheral neuritis
358 Myoneural disorders
359 Muscular dystrophies
WNE
062 Mosquito-borne viral encephalitis
323 Encephalitis, encephalomyelitis
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