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ABSTRACT

SPATIAL AND TEMPORAL EPIDEMIOLOGY OF FELINE
IMMUNODEFICIENCY VIRUS AND FELINE LEUKEMIA VIRUS INFECTIONS
IN THE UNITED STATES AND CANADA

Bimal Kumar Chhetri Advisor:
University of Guelph, 205 Dr. Olaf Berke

This thesis investigates the geographical and temporal variation feline
immunodefciency virus (FIV) and feline leukemia virus (FeLV) infections and the
importance of known risk factors for these infections relative to each iottlee United
States and Canadim addition,the effect ofthe modifiable areal unit problem(MAUP) on
commonly usedpatialanalysis methodwas assessed

Choropleth mapping and spatial scanitestevealed thatcompared to FIV, FeLV
infection was predominant in western regioasd FIV infection was predominant in
eastern regionef the US A multilevel casecase study design for comsm of FIV and
FeLV infections indicated thatats thatwere adult, male,healthy or outdoor cats were
more likely to be seropositive for FIV compared to FeLV when compared to juvenile,
female sick or cats kept exclusively indoorSleuter statugnd testing at clinic or sfter
did not differ significantly between the two infections. Time series analysis dicevedl
an increasing or decreasirtgend in FIV or FeLVseropositivityamong cats tested #ie

Animal Health LaboratoryAHL) from 19992012. Furtherthe FIV vaccire introduction



did nothavea significant effect on changing seroprevalence for FIV. It was evident from
this study thatommonly used spatial epidemiological methods (Morantelspatial scan

test and spatiaPoissonregression modeling) are s#ive to the choice of the spatial
aggregation scale (state, county, postal code levels) for andlysisare affected by the
MAUP). The MAUP effect was expressed @differences in strength and significance of
clustering, differences in size and numbef clusters detectedand differences in
significance and magnitude of associations between FIV or FeLV infections and predictor

variables as the level of aggregation changed.
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CHAPTER 1: Introduction and Literature Review

1.1Introduction

Infections with feline immunodeficiency virus (FIV) and feline leukemia virus (FeLV)
are common and important conditions in catth&United StategUS) and Canadé_evy et al.,
2008a; Little et al., 2009Both FIVand FelLV are immunosup@sve retroviruses and
associated with a wide array of disease conditions affecting multiple organ systems and
susceptibility to opportunistic infectionghe infectiongnay becharacterised by prolonged
latency of infection and there is no effective tneant. There is great interest in studying FIV in
cats as an animal model fanmanimmunodeficiencyirus (HIV), developing diagnostic tests to
distinguishvaccinatedrom infected catsand to develop better vaccines to protect uninfected
animals. Howevellittle progress has been madevardsthe understandingf the distribution
and causes of FeLV and FIV infectiondange scalecat populations. In terms of epidemiology,
guestions remain regarding burdervioél infection in large cat populatigntherisk factors,and
thetemporal and geographic distributidrurthermorealthoughknown to share common risk
factors,the relative importance attributed to each risk factor for acquiring FIV or FeLV is
variable in the literaturd=or example whilé-eLV isthought to be affecting young cgtsoover
et al., 197§, other studies have shown that older cats may also be at high risk of acquiring
infections(Little et al., 2009).Since no successful treatment exists for either infection,
knowledge about the drdbution andmportant risk factoref both infections would assist in
defining prophylactic, managemeand therapeutic measures for stray, feral, and owned cats
(Little et al., 2011)

This literature review discusses the known epidemiology of FIV ah¥ kefectionsand

identifiesgaps inour understanding of their epidemiolagyith a focus on the prevalence in



North Americathe geographic and temporal distributji@nd risk factors for infection.

1.2 Literature review
1.2.1Virus characteristics

FIV and FelLVare retroviruses dheLentivirusandGammaretrovirugenera
respectively. Retroviruses are enveloped RNA viruses that rely on a DNA intermediate for
replication. The ternfiretrod (reverseyelates to the property of retroviruses to use their RNA
genome to produce DNA intermediates ugiegerseranscriptase

First isolated andlescribed in 198%om Petaluma, CaliforniéPedersen et al., 1987)
FIV hassincebeen reported in both domestic and wild cliigch research has been undertaken
to understand the biology the virus. Impetus on Flxesearch is primarily guided by its
suitability as an animal model BflV. Important from an epidemiological perspectives t
genome of the FI\¢onsistof three majo genesenvelope €n\), polymerasegol), and group
specific antigendag), in addition to at least thresher accessory genesf(i andre\). Theenv
geneencodsthe viral glycoprotein (gp120) and the transmembrane protein (gibéPol gene
encodsthe capsid protein pZdndthe gaggeneencodegprotease, integrase, and reverse
transcriptase proteirf®unham and Graham, 200&1V is known to have high mutation rates
resuling in diverse viral variants and the possibility that FIV may continualbhe leading to
new subtypegDunham and Graham, 2008)he diveseand continually evolvingIV viral
variants pose a challenge for producing effective vesciIV exists in six subtypes or clades,
A-F, based on the nucleotide sequence oéthwene(Stickney et al., 2013yhich is highly
variable Geographic variation in clade distribution has been n&eltype A has been reported

from US, Canada, Argentina, Nicaragua, Japan, Australia, UK, Germany, Italy, Netherlands,



France, Switzerland,dsith Africa and New Zealan@istello et al., 1997; Nakamura et al., 2003;
Reggeti and Bienzle, 2004; Kann et al., 2006a; Kann et al., 2006b; lwata and Holloway, 2008;
Weaver, 2010)Subtype B has been reported from US, Canada, Argentina, Japan, Australia,
Germany and ItalyReggeti and Bienzle, 2004; Kann et al., 2006b; Weaver, 281btype C
has been reported from USanada, New Zealand, Japan, Taiwan, Vietham, Germany and South
Africa (Nakamura et al., 2003; Reggeti and Bienzle, 2004; Kann et aba2@eaver, 2010)
Subtype D has been reported from Adlsshimura et al., 1998; Nakamura et al., 2003;
Keawcharoen, 20065ubtype E and F have only been reported from Argentina and US
respectively(Pecoraro et al., 1996; Weaver, 200)thin theUS, Clade A is predominant in the
Western states whereas Clade B is predominant iBak&ern USThere is literature that
suggests thahe genomic sequence of the virus is an important factor in the pathogenicity. FIV
subtype A is thought to be more pathageshen compared to subtypevihich is presumed to
be more ancient and host adapieitello et al., 1997Bachmann et al., 1997Subtype C was
consideredo be more pathogenic than subtypehdwever this iscontroversia(Pederson et al.,
2001)

FeLV has been reported mainly in domestic cats and was first described in
1964 (Jarrett et al.1964). It is consideredo bemore pathogenic than FJ\nd FeLV infection
hasa higher impact on mortality, becauseausesancer ananore severe immunoSuppress
than FIV(Hartmann, 2006; Lutz et al., 2009he FeLV genome contaimsv, pol,gaggenes
that code for the surface glycoprotgin70 andhe transmembrane (TM) protein p15E; reverse
transcriptase, protease and integraselinternal virion proteinstespectivelyPresence qb27 is
used for clinical detection of Fel,\dnd gp70 definethe virus subgroufHartmann, 2006Lutz

et al., 2009)FeLV is divided into several subgroups (based on the genetic map), but only



subgroup FeLVA is infectious and ansmitted from cato-cat(Hartmann, 2006)The other
subgroups (e.g., Fel-B, FeLV-C, FeL\-myc) are not transmitted from ett-cat under natural
circumstancedut can be generatel® novan an FeL\fA-infected cat by mutation and
recombination of the fE&/-A genome with cellular genes or genes from endogenous retroviruses

in the cat's genom@lartmann, 2006)

1.2.2Transmission pathways

Viremic catsarea source of FeLV infection and the virus is actively shed in saliva, nasal
secretions, feces, milk and uri(téardy et al., 1976; Pacitti et al., 1988)though FeLV was
previously thought to be of concerdirectn fAfri en
intimate contact with viremic cathrough nursing, mutual grooming, sharing of food bowls and
litter pans, it is novalso suggestetthat biting is a major route of transmission and aggressive
cats are at risk dfansmitting angcquiringFeLV (Goldkamp et al., 2008; Gleich et al., 2009)

Shedin high concentrations in saliva along with infected leukocfitesy et al., 2008a)
FIV is primarily transmitted via parenteral inoculation of virus present in blood or saliva though
bites(Sellon and HEmann, 2006)Acutely infected queens can transmit FIV to developing
offspring during pregnancy as well as ppatrtum though nursin@'Neil et al., 1995; Allison
and Hoover, 2003; Medeiros et al., 201&hough experimental infection via sexual
transnission(Jordan et al., 1998; Stokes et al., 19989 beemdentified, it is considered
uncommon in natural settingdeland and Nesse, 1992)

Regarding the stability of these viruseamexternaénvironment, virtually no literature

exists.However, based on extrapolatisom studies of other retroviruses and based on



properties of other enveloped viruses, FIV and FeLWargsusceptible to temperature, pH and

humidity.

1.2.3Factors associated with retroviral seroprevalence

Age, sex andifestyle are known to play an important role in adsaisk of acquiring
infection with FIV or FeLV. Cats that are likely to encountéected cats and prone to
aggression and territorial fights are at higher risk of acquiring infection. Therdfekaawn
risk factors for acquiringpoth ofthese infections are male sex, adulthood and exposure to
outdoors, whereas being neutered and indoor lifestyle are known protective (idomrer and
Mullins, 1991; O'Connor Jr. et al., 1991; Levy, 2000; Lev)20.evy et al., 2008alCo-
infectionwith FIV and FeLVhas been reportdéuchs et al., 1994; Arjona et al., 2000; Gibson
et al., 2002; Gleich and Hartmann, 200R)e relative importancef age, outdoor exposure and
sexfor either infections variable in the literatur@reviously FeLV was thought to be a disease
of young, #Afr i en ddthoasehoknow iti$ belevedtigadulthoodnu | t i
outdoor lifestyle, neuter status, and fighting, factors commonly associated witar&&l50
associated with FeLV infectioiVhile it has beesuggestedhat the susceptibility of cats to
FeLV is age dependent (Hoover et al., 1976) with younger cats being more susceptible, later
studies have demonstrated natural and experimental infécteatult catsaas well(Grant et al.,
1980; Lehmann et al., 1998 leich et al(2009 alsodid not find any significant difference in
age between FelLV infected and Aafected catsvhile Levy et al(2006 andLittle et al.(2009)
report a higher risk dfeLV infection in adult cats compared to juvenile ca&l.V infections
havealsobeen associated withhistory offighting (Gleich et al., 2009) and fighting injuries

(Goldkamp et al., 2008). While earlier studies did not &Endssociation betweesexand FelLV



infection (Lee et al., 2002; Muirden, 2002), several large seroprevalence studies hawanfound
association of malsexwith risk of FeLV infection (Levy et al., 2006; Gleich et al., 2009)
suggesting that aggression may also play a role in Feté¢tions.

It is now suggested that FeLV and FIV have similar risk fachanweverthere is still
contrasting evidenc® indicatethat these risk factors could be relativeligreimportant for one
or the other infection. While age could be an important known risk factor for acquiring both FIV
and FeLV, other risk factors sedass important for FeLV. Nevertheless, the majority of studies
that form the body of knowledge regardingkriactors for seropositivity are based on cross
sectional surveys in different populations (gad).sick cats), have varied sample sizes, were

placed in differing geographic locations, and were subject to several sources of bias.

1.2.4Geographic variation in seroprevalence of feline retroviral infections

Seroprevalence of FeLV and FIV are highly variable depenalinage sex lifestyle,
health statusand geographical locatighevy et al., 2008a)urthermore, molecular studies of
FIV report distinct geographiariationthroughout the world. The reportsdrgrevalence of
infectionin Canada and the United States varies according to different sdurt#dsseviruses
aregenerally reported to be present #8% of all cat{Levy et al., 2006; Little et al., 2009 he
reportedorevalence of infection is much higher in other countries, such as Italy, Australia and
Japanwhere studiebavefoundprevalenceat levelsas high as 30% (Sellon and Hartmann,
2006). This differenchas ben attributedo a comparatively largenumber of freeroaming
animals in Europe, Japaand Australiaas well aglue to differencem viral subtypes. In

contrast to considerable geographical variatioRIbf prevalence, th€eLV infectionrate is less



divergent throughout the world, ranging from 1% to 8% in healthy cats and up to 21% in sick
ones(Hartmann, 2006)

Prevalence of retrovirahfectionrepresents obvious regional patterns in some countries.
A study from Vietnam reported FIseroprevalence be higher in the south when compared to
the north(Nakamura et al., 2000pimilarly, in Germany, differences in prevalence of FIV
between northern and southern states have been reported and attributed to lifestyle, sex and
health status of ca{&leichet al., 2009)A crosssectional study carried out in Canada in 2007
including 10 provinces reported significant differences in FeLV infections between Quebec,
British Columbia and OntarifLittle et al., 2009) Similarly, FIV infection rates were reportea
be significantly different between Quebec and Nova Sdatide US, a studyinvestigating the
variation in regional rates of infectioaportedalower AV and FelV seroprevalencéor
westernstates tharfor other regiongLevy et al., 2006)Theseregional differences in the US and
Canada were still present after adjustingkioown risk factorgLevy et al., 2006; Little et al.,
2009)suggesting that currently unidentified spatially varying risk factors may contribtitese

differences

1.2.5Temporal patterns of feline retroviral infections

A number of studies speculaboutvariatiorsin temporal pattesifor FIV and FeLV
occurrencélLevy et al., 2008sGleich et al., 2000 The prevalence of FeLV infection has
reportedly decreased sinds discovery in 1964 especially duritigelast 20 years (Jarrett et al.,
1964; Levy et al., 2008a), presumably as a resuli@mplementation of widespread testing
programs and control practices including vaccination (O'Connor Jr. et al., 1991; Rloode,

Levy et al., 2006; Little et al., 201I))he firstFeLV vaccine wasntroduced in 1985, but the



observed decline in the overall infection rate began before thigHaremann, 2006)in

contrast, the prevalence of FIV has not changed since the virus was discovered in 1986. Testing
for FIV infection is less common, and a vaccine against FIV was not introduced until 2002.
Whether the prevalence of FIV infection will change in the fuisitenknown(Levy et al.,

2008a) While these temporal trends are generally accepted to bethelajailable literatures

mostly based on crosectional sampling of cats at different time points with heterogeneity in
characteristics dhetested poputions, diagnostic tesf geographic locatias) and timevarying
confounders.

Analysis of surveillance data to investigate the temporal variation can alleviate some
aforementioned challenges. Studies of temporal trends usually involve data collectedbat re
intervals andan analysis using statistidahe series methods. Surveillance data wellsuited
for suchananalysis Generally the interest is either descriptiye.g, comparison of disease rates
over timg or analytical(e.g, identification d predictivefactorsfor atrend. One may
specifically be interested mninvestigation of temporal trend and/or seasonal varidtion
infectious disease$n addition utilization of time series methodsdfers regression modeling to
adjust for known cefounders andb obtain reliable estimates of temporal effagitinterest.

No studyhasreportedaninvestigaton of temporal trends of FIV or FeLV using time
series methods. Further, there is a paucity of literature reporting temporal trends based on
andysis of surveillance data routinely collected over tidie.early study fronthe US that
involvedrecords fron2000 diagnostic tests for FeLV reported a decrease in seroprevalence in
US from 8% in 1989 to 4% in 199&otter, 1997)Based on routinely collected data in 850
Banfield Pet Hospitals across 43 statethe USencompassing approximately 4700Qgats

annually from 2009 to 201&eFIV prevalence increased from 23 cases to 33 cases per 10,000



cats In contrasttheFeLV prevalence decreased slightly from 43 cases to 41 cases per thousand
cats(Banfield Pet Hospital, 2014)Another study based on 17,289 hospital records from 1993 to
2002 in Germany reported a significant decrease in FeLV prevalence from 6% to 4% and

steay prevalence for FIV (3.1 to 3.5%sleich et al., 2009)

1.2.6Challenges in interpretation of studies based on diagnostic tests

FIV infections arecommonly diagnosed by screening for antibodies against viral proteins
p24 and p15. The IDEXX SNAPFIV/FeLV ComboandPetCheck FIV are the most
commonly use@nzymelinkedimmunosorbengssay(ELISA) tessin clinical setting and have
been shown to have very high sensitivity and specifitityy et al., 2004)Since the antibodies
against FIV infection persists for life, a positive test is usually regardadudfcient indicator
of infection in norvaccinated cat@Hartmann, 1998; Levy et al., 200#owever, currently
available commercial ELISA serologidaists cannot distinguish between antibodies due to
vaccination and those induced by infection with field strains. Antibodies against the virus can be
detected as early asf2weeks in experimental infectiofamamoto et al., 1988Although
most cats sexconvert within 60 days, some cats may take longer to seroc¢Baert 1996)
Despite high sensitivities and specificities for ELISA tests, it is generally recommended to
confirm a positive test especially for low risk catsd cats irpopulatiors with low prevalence,
where thepositive predictive values of these tests are |qd&cobson, 1991)

Options for confirmatory testing include virus isolation, second ELISA test from a
different manufactureryestern blot test andhmunofluoroscent antibodyRA) test In field
settings, these tests are not routinely used either due to high labour costs (virus isolation) or

availability. Further, IFA and western blot tests have been shown to be less sensitive and specific



than routinely used ELISA tesfsevy & al., 2004) A common problem with the use of antibody
detection assays is the interpretation of positive test results from kittens less than 6 month of age
and from vaccinated catslon-infected kittens with maternally derived antibodies against FIV
maytest positive, as will the vaccinated cats.

Although, use of discriminant ELIS&Kusuhara et al., 2007; Levy et al., 2008b)
polymerasechainreaction (PCR) and real time PCR methods have been suggested to confirm the
true infection status of vaccinatedts, such tes@rein most cases nooutinelyavailable and
show variable performance compared to routinely used ELISA(®istszle et al., 2004;

Crawford et al., 2005; Little et al., 2011)

FeLV infection is routinely diagnosed via detection of tbeecviral antigen p27 in blood.
Most cats test positive within 30 days of infection but this is varigaleett et al., 1982; Levy et
al., 2008a) Confirming a positive ELISA with a second test using kits from a different
manufacturer is strongly recomnued to increase the positive predictive value, especially in
healthy cats since the prevalence in this population is usually low. Confirmatory testing is also
done via IFA tests but will not detect infection until 6 to 8 weeks after the bone marrow is
infected and secondary viremia set§liittle et al., 2011)

Although virus isolation is the gold standard, this is not readily available, is time
consuming and expensiveéimilary, PCR has been suggested to confirm FgM isnot
routinelyavailableandshows variable performance compared to routinely used ELISA tests

(Bienzle et al., 2004; Crawford et al., 2005; Little et al., 2011)
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1.2.7Concepts andmethodsi spatial analysis, cas&€ase study design and time series
analysis
1.2.7.1Spatial analysis

The availability of geographically indexed health and population data, and advances in
computing, geographical information systems, and statistical methodology, #eddfecient
investigation of spatial variation in disease (({Bkeiffer et al. 2008) Spatial epidemiological
methods are commonly used to identify, describe and quantify spatial patterns in the distribution
of healtlidiseaseevents. Spatial patterns commonly of interest include trends, clustering and
detection of clusters in the agtence of health events in a population. Further, geographic
correlation studies can be important tools to evaluate the association of spatial or environmental
risk factors with the occurrence of health events after adjusting for confounders. The
identification of such spatial patterns may provide clues for further testable hypotheses about an
unknown disease etiolodBerke and Waller, 2010Ecological studies, such as geographic
correlation studies, are particularly valuable when an individual levetiasi®n between
infection and risk factors is evident and a group level association is assessed to determine the

population health impa¢6tevenson and McClure, 2005)

1.2.7.11 Disease cluster and the spatial scan test

Disease clusters are generalBfined as two or more connected cases that occur too
close in time anfdr space under the assumption of a homogenous risk distribution in the
populationat-risk. The identification of disease clusters is an impoktantponent opublic
healthpractice The scan statistic sstatisticalmethod, which can besed to detect spatjal

temporalandspatietemporal cluster&ulldorff, 1997) Thespatialscan statistics generally
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based on a circular window of variable size thawes over a study regipandperformsa
likelihood ratio test for the window with the highest likelihood of observed disease occurrence
With rare diseases such as FIV and FeaWPoisson modak adopted with the scan teahdit is
assumed under the null hypothesis thiaeaseventsn eachregion of the study ardallow a
Poisson distribution with thexpectechumber of caseseingproportional to theovariate (risk
factor) adjusted tested cat populatibiigh-risk cluster detectionan beperformed by comparing
the observe number of cases within the scanning window with the expected ninebef
casesvere to be distributed randomly in spageulldorff, 1997) The datistical significance of
the clusterss establishedby Monte Carlohypothesis testingrhe spatiabcan test is suitable for
detecting higkrisk andbr low-risk clusters for FIV and FeLV infectiorse., to identify areas
that are predominant regions of infectipns

A variety of software programs can apply spatial scan test to detect clusters ocludin

SaTScar{Kuldorff, M 2010) andheR package SpatialEpi (Chen et al., 2014).

1.2.71.2 Spatial Poissorregression

Poisson regression models are a class of generalized linear models suitable to model
counts or rates of rare eveff@ameron and Trived2013) Counts and rates are frequently used
in epidemiology to investigate the occurrence of a disease over time, population(Qrcdrea
et al., 2009)Since areal data are often available as counts or rates, spatial regression modeling
using Poisson gression models can be usedjt@ntify the effect of spatially referenced
explanatory factors on the spatial distribution of disease e(Mfatter and Gotway, 2004;
Pfeiffer et al., 2008)Spatially referenced dataeinherently autocorrelated, thereéoit is

critical to adjust for the spatial autocorrelation in the datarder to prevent type | errors
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(Tango, 201Q)

Among many proposeapproache$or spatial regression modeling for areal data
(Richardson and Monfort, 2000; Dormann et al., 200d@ller and Gotway, 2004, Pfeiffer et al.,
2008) thegeneralized linear mixed mod€(GLMM s), or spatial GLMM can be effectively
used to model counts as welltasadjust for spatial autocorrelation by inclusioraof
appropriate covariance structure lre random effects. Spatial GLMMs includiggatial Poisson
regression modelsan be fit to the data usingastlikelihood estimation, as well as maximum
likelihood and BayesiamapproachesA variety of software programs can be used to éséh

models intuding R (R Development Core Team 2013).

1.2.71.3 The modifiable areal unit problem

Epidemiological studies are either based on health outcome data for individuals or on
aggregated data for subpopulations of the study populatidividual level datareoften not
available due to privacy concerns or because it is necdssasate meaningfldubpopulations
for data analysidn spatial settingscertain administrative region&.g, county or postal code
area$ define the respective subpopulatioHewever, the way areal units are defined can
influence the results and inferences based on aggregated data. Specifically, the number or size of
areas used and how the area boundaries are drawn can influence spatial data analysis. This has
been termed thmodifiable areal unit problem (MAUP) and is a long known phenomenon
(Openshaw, 1983; Gotway and Young, 20@Zhe geographical literature. The MAUP stems
from the fact that areal units are usually arbitrarily determined and can be modified to form units
of different sizes or spatial arrangeme(dslinski and Wu, 1996)he MAUP consists of two

interrelated componenighe scale and zoning effe@Waller and Gotway, 2004The scale
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effect is the variation in results obtained when the areal data comgpsisialler areal units is

grouped to form increasingly larger units. The zoning effect, on the other hand, is the variation in
results obtained due t@rying location or shape and extent of éneal unitfOpenshaw, 1983;

Waller and Gotway, 2004; Wong0@8)

Currently, there are no solutioasailableto fully overcome the effects the MAUP.
Recommendations have been made to minimize MAUP effects in statistical inference by
analyzing the aggregated covariates in hierarchical levels of areal unitthi&dmest spatial
resolution possible to a coarser resolution, verifying consistent model results across different
scales, avoiding ecological fallacy, collecting data at the scale at which infeagattebe made
and using scale invariant statistioshake inferenced-otheringham, 1989; Ratcliffe and
McCullagh, 1999; DieRoux, 2000; Waller and Gotway, 200#jowever, none of these
recommendations easily eliminates the problem

In Chapter 5 of this thesis, the MAUP effect on tests for spatial alugtetuster
detectiomandfitting of spatial GLMM & evaluated for alternative choices of aggregation
schemes (postal code, county and state/province level) for both FIV and FeLV infections in

North America.

1.2.72 Casecasestudy design

Casecontrol studies are used in analytical epidemiology to examine the strength,
magnitude and direction of associations between exposure variables and an outcome of interest
(Dohoo et al., 2009)Casecase studies are a variant of casatrol studies wén the disease of
interest can be sutlassified in two or several groups that may have distinct risk factors

(McCarthy and Giesecke, 1999 casécase study differs from a casentrol study in that the
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comparison group (or control cases$elected amuy the casesf a different strain or serotype,

as reported bthe same surveillance system. The ezsse study approach has been wdtzh

in epidemiology to compare risk factors for two subtypes of the same disease with the goal of
ascertaining relatey importance of risk factors for either subtypehoo et al., 2009 The main
advantage of the casase design is its ability to limit selection and information biasese

often thecasedeing comparetave similar clinical features, are identified through the same
surveillancesystemand are subject to the same biases as ¢sls€3arthy and Giesecke, 1999;
Wilson et al., 2008)0One of the problems of this study design is that the factors that are commo
to both comparison groups tend to be underestimated or unide(¥id€zhrthy and Giesecke,
1999; Wilson et al., 2008T.he casecase study design is applied in Chapter 3 of this thesis to

investigate the relative importance of known risk factors ofpgesitivity for FIV and FeLV.

1.2.73 Time seriesanalysis

Time series analysis is concerned with the study of temporal pattexssiies of
observationsOften the patterns of interest in epidemiology relate to variation in trend and
seasonality or tassess the effect of health care interventions. Occasionally interest may be to
forecast future events based on past recdmdslitionally, time series analysis has bdssed on
theassumpon of a Gaussian distributidor themodelresiduas. This assmption does not hold
for surveillance data of rare diseasgberecase courstaregenerallyassumed to follow a
Poisson distribution. While researchers thus reliegesreralzedlinear models (GLMs) for
count data such as Poisson and negdiivemial regression models for independent data,
generalized linear autoregressive moving average models (GLARMA) offer a methodologically

sound alternativéhat respects the temporal dependence structur@@seriesobservations
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(Dauvis et al., 2000; Davis et.aP003; Dunsmuir et al., 2014)hesenew and advancdtme
seriesmethods provide crucial information about infectious diseases and their epidemiological
characteristics in a temporal conteXlthough use of Poisson regression models is widespread in
environmental epidemiology for modelirigme seriescounts,Poisson regression models assume
independent observations, which cannot be assumed to be ttueefeeries rather, temporal
dependence is expected to exist. Poisson time series analysis awh Peggession modelling

are applied in Chapter 4 of this thesis to steelgulartrends in the occurrence of FeLV or FIV

infections, as well as to quantify the effect of FIV vaccine introduction.

1.3 Study rationale

Given that successful treatment strategies for efficient management of FIV and FeLV
infections are still challenging, prophylaxis remains paramdurgre is a lack of knowledge
regarding geographic and temporal variation of these infections in the Nogho&an context.
Additionally, therelative importance of risk factors for exposure to FIV compared to FeLV is
unclear. This gap in knowledge must be addressed to inform clinicians and pet owners alike of

the current risks anth create best practigidelines based on relevant North American data.

1.4 Researchobjectives
Theoverallgoal of this thesis was tovestigatehe temporal and spatial epidemiolagfy
natural FIV and FeLV infections and its risk factors.
The thesis objectives were theldoling:
1) To describe the geographical distribution and detecthgihareas of FI\and FelLV

infections relative to each oth@hapter 2)
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2) To assess the relative importance of known risk factors between the FIV and FeLV infections
using the casease study approadi€hapter 3)

3) To explore and describe temporal patterns in FIV and FeLV infections, and to investigate
known risk factors and potentially timarying trend pattern&Chapter 4)

4) To assess the effect of the Modifiable Areal Uniblitem on spatial regression models
examining theassociation of seroprevalence of FIV and FelLV with ecological risk factors

(Chapter 5)
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CHAPTER 2: Comparison of the geographical distribution of feline immunodeficiency
virus and feline leukemia virus infections in the United States of America (2062011)
(As published Chhetri et al2013:BMC Veterinary Rsearch 2)
2.1 Abstract
Althoughfeline immunodeficiency virus (FIV) and feline leukemia virus (FeLV) have

similar risk factors and control measures, infection rates have been speculated to vary in
geographic distribution over North America. Since both infections are endemic in North
America, it was assumed as a working hypothesis that their geographic distributions were
similar. Hence, the purpose of this exploratory analysis was to investigate the comparative
geographical distribution of both viral infections. Counts of FIV (n=17,108)Fat.V
(n=30,017) positive serology results (FIV antibody and FeLV ELISA) were obtained for 48
contiguous states and District of Columbia of the United States of America (US) from the
IDEXX Laboratories website. The proportional morbidity ratio of FIV &.¥ infection was
estimated for each administrative region and its geographic distribution pattern was visualized by
a choropleth map. Statistical evidence of an excess in the proportional morbidity ratio from unity
was assessed using the spatial scaruteltr the normal probability model. This study revealed
distinct spatial distribution patterns in the proportional morbidity ratio suggesting the presence of
one or more relevant and geographically varying risk factors. The disease map indicates that
there is a higher prevalence of FIV infections in the southern and eastern US compared to FeLV.
In contrast, FeLV infections were observed to be more frequent in the western US compared to
FIV. The respective excess in proportional morbidity ratio was sigmifievith respect to the
spatial scan test (U=0.05). The observed vari

proportional morbidity ratio of FIV to FeLV may be related to the presence of an additional or
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unique, but yet unknown, spatial risk factButative factors may be geographic variations in
specific virus strains and rate of vaccination. Knowledge of these factors and the geographical
distributions of these infections can inform recommendations for testing, management and
prevention. Howevefurther studies are required to investigate the potential association of these

factors with FIV and FeLV.

2.2 Introduction

Infections with feline immunodeficiency virus (FIV) and feline leukemia virus (FeLV)
are common and important conditions in caisBbth FIV and FeLV are immunosuppressive
retroviruses and associated with a wide array of disease conditions affecting multiple organ
systems and susceptibility to opportunistic infectidiige most important route for transmission
of both retrovirusessithrough bites, although other less common modes of transmission such as
nursing, mutual grooming or sharing dishes for FeLV [2]; and in utero [3], experimental
infection via vaginal mucosa [4], and nursing in neonates [5] for FIV have been reporteat. Cats
high risk of encountering and fighting with infected cats, and thus getting infected, include those
with outdoor lifestyles, and those that are male, adult anehaatered [611].

There is great interest in developing diagnostic tests to identifnated and infected
cats and to develop better vaccines to protect uninfected animals [11]. However, little progress
has been made in understanding the distribution and causes of FeLV and FIV infections in cat
populations. Such knowledge about the prevaeof both infections would assistdefining
prophylactic, management and therapeutic measures for stray, feral, and owned cats [12].
Recent studies estimateseargrevalence of 2.3% (FeLV) and 2.5% (FIV) in the US [11], and

3.4% (FeLV) and 4.3% (FIVip Canada [13].
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A number of studies suggested that the prevalence of retroviral infections in domestic cat
populations may represent regional patterns of infection, which is likely attributable to variable
population density, reproductive status, agxand housing conditions [146]. A study from
Vietnam reported FI\$ergrevalence to be higher in the south when compared to the north [17].
Similarly, in Germany, differences in prevalence of FIV between northern and southern states
have been reported aattributed to lifestyle, sex and health status of cats [18]. However,
regional differences in the US and Canada were still present after adjusting for similar factors
[11, 13].

Furthermore, even though both infections are known to share similar rigksfatts
unclear whether they also have unique risk factors. Interestingly, in some studies cats tend to
have ceinfections with both viruses [13, 19], whereas in other studies the reverse was shown
[20, 21]. These contradictory results, and residuahtian inser@revalence after adjusting for
risk factors, might be expressions of geographic variation isghgrevalence [11] or unknown
spatial factors, which have not yet been explored. Further, geographical variation in the
distribution of FIV and~eLV infections has been suggested previously but has not yet been
studied using spatial statistics [11, 13, 22, 23].

In this study, we explored the geographical distribution of both viral infections relative to
each other in 49 administrative regions ¢d8itiguous states and the District of Columbia) of the
US. If underlying known or unknown risk factors for FYid FeLV infections vary
geographically, then regions with excesses of one infection over the other should exist. The
objective of this study w&ato a) describe the geographical distribution and b) deigerisk

areas of FIVand FeLV infections relative to each other.
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2.3 Methods
2.3.1 Description of data

Counts of FIV (n=17,108) and FeLV (n=30,017) positive serological tests (FIV antibody
and FeLV ELISA) were obtained for each of the 49 administrative regions of the US from the
| DEXX | aboratoriesdé public access website on
data encompass positive test results for &hd FeLV from IDEXX sponsored @valence
studies [11, 25], IDEXX VetLab Station data reported from veterinary practicetDBXX
referencdaboratories’ results collected from 2000 to 2011 [24]. The screening serology for FIV
and FeLV entails use of antigen and antibody capture Entymked Immunosorbent Assays
(ELISA) [26], with sensitivities of 100% and 97.6% and specificities of 99.5% and 99.1 %,
respectively. The assay tests for both viruses in a combined kit format. Each administrative
region was geoeferenced to latitude and lgitude coordinates of the respective administrative
region centroid obtained from the Environmental System Research Institute (ESRI) shapefile

[27] for the US using the R statistical software [28].

2.3.2 Disease mappingchoropleth maps

The ProportionaMorbidity Ratio PMR) of FIV to FeLV infection was estimated for
each administrative region and a choropleth disease map was used to visualize the spatial pattern
of PMR. Choropleth maps represent regional values such as the prevalence by colour scales
where each scale represga discrete value or a range of values [29]. All maps were displayed
in Albers equal area conic projection.

Conventionally, a proportional morbidity/mortality ratio for a particular disease is the

observed proportion of illness/death due to a causetbgeexpected proportion. The expected
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proportion is the number of iliness/death in a reference population from the specific cause over
all illness/death in that population [30]. The PMR is likewise defined as the ratio of two
morbidity measures, such @ sergrevalence for two infections:

PMR=p/p=(m/n)/ (mx/ ),

where m and m denote the number of cases for FIV and FeLV infections respectively, similarly
n; and n denote the number of tested cats for the respective infections.

For thepresent study only the total number of cats that tested positive for either infection was
available. However, on the assumption that a combination ELISA was applied to test for both
infections simultaneously, the number of tested individuals is the sarbeth infections (i.e.,

Ny = np) andthe PMR formula reduces to PMR = imme. Therefore, the PMiRw, reLv) equals

the number of cats testing positive for FIV over the number of cats testing positive for FeLV. An
area, or administrative region, with FRV>1 represents an excess of FIV infections compared to
FeLV infections. Alternatively, a PMR <1 for an area indicates excess of FeLV infections
relative to FIV infections in that area. Respective PMRs for each administrative region were
visualized as chopleth maps using breaks based on the quintiles of the empirical distribution of

the 49 administrative region PMRs.

2.3.3 Disease cluster detectionspatial scan test

In order to compare the relative distribution of FIV to FeLV (i.e., the PMR), data were
aggregated to administrative region centroids. Statistically significghtrisk clusters of FIV
(or FeLV) infection were identified using a weighted normal spatial scan test [31] as
implemented in SaTSc&h[32]. Since the PMR is a continuous variabiel its geographical

di stribution was of i nterest, the Anor mal 0

31

vV e



clusters of high or low PMRs. The normal spatial scan statistic applies to continuously
distributed data and not just Gaussian, i.e. nognuaditributed data [31]. Moreover the
Awei ghtedo version of the normal spatial scan
regional uncertainty in the PMR estimates, due to varying sample sizes. The weights for each of
the 49 administrative regims were computed as the mean of FIV and FeLV cases (i.e. the sample
size).

The spatial scan test identifies potential clusters of high or low risk by moving circular
windows of varying radius (size) and location (region centroids) across the studijteteo-
sided testvas performed to identify significant high and low risk clusters. A-higfcluster
was defined as an aggregation of administrative regions with mean PMR >ie{ghbouring
regions in which FIV was more frequent), and a low risktelufor mean PMR <1 (i.e.
neighbouring regions in which FeLV was more frequent). The null hypothesis tofdtsided
spatial scan test states the mean of the PMR as constant throughout the study area, i.e. not
different inside and outside the scannivigdow [31]. The weighted normal spatial scan statistic
therefore identifies as a clustargroup of two or more regions with mean PMR higher or lower
than outside the cluster. From the definition of the PMR in this study follows that-aigkgh
clusteris defined as a group of neighbouring regions with mean PMR > EJV.as
significantly more frequent than FeLV. A low risk cluster means the opposite, i.e. mean PMR <
1 and thus FeLV is more frequent than FIV.

The maximum window size was set to 50%abfadministrative areas. Ayalue was
obtained by Monte Carlo hypothesis testing with 999 iterations and the significance level was
chosen to be U = 0.05. Respective areas of re

highlighted boundaries on thespective choropleth map.
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2.4 Results

The descriptive statistics of the data are present&dbfe 2.1 A total of 14/49
administrative regions had a proportional morbidity ratio (PMR) >1 and 35/49 administrative
regions had a PMR <1. PMR ranged fromd0i@ 2.05. The number of FIV and FeLV positive
samples per administrative region ranged from 4 to 4610 (median = 92) and 3 to 9113 (median
=163), respectively. The FIV and FelLV infections had distinct spatial distribution patterns. The
choropleth map revéad more frequent infection with FIV compared to FeLV in the southern
and eastern US. In contrast, FeLV infections were observed more frequently in the western and
north-central US compared to FIV (Figugel).

The spatial scan test detected twgh-risk clusters. Ondiigh-risk cluster consisted of
administrative regions having an excess of FIV infections (Mean PMR =1.03, p <0.05, 24
administrative regions), and the otlmggh-risk cluster consisted of administrative regions having
an excess of FeLV inétions (Mean PMR = 0.14, p < 0.005, 7 administrative regiore)lé 2.2

and Figure?.1).

2.5Discussion

This exploratory analysis identified that areas of relative excess of FIV and FeLV exist in
the US. Both the choropleth maps of PMR and the spataltest for evidence biigh-risk
clusters identified similar areas of relative excess of one infection over the other. Since it is
assumed that both infections share similar risk factors, it would be expected that the occurrence
of both infections relatie to each other would be more or less uniform throughout the US.
However, the spatial analysis revealed that higher numbers of FIV infections were reported in

the southern and eastern US compared to FeLV infections. In contrast, reported FeLV infections

33



were observed to be higher in the western and raetitiral US compared to FIV infections.
These results suggest that the relative excesses of one infection over the other may be the result
of different factors affecting these geographical areas. The dipattern in the geographical
variation of the PMR can be explained in a number of ways relating to the agent, environment
and host factors. For example, the dominant viral strain might vary over the study area.
Furthermore, environmental factors, vacamatmanagement, level of veterinary care, and thus
the age and survival times of cats, may differ from place to place.

Factors that play a role in promoting aggression and bites are known to be most important
in the transmission of infection from one ta&nother for both FIV and FeLV. These known
risk factors include feline population type (pet, stray and feral), cat density, sex, age, neutering
status, and access to outdoors [6,7,11]. Previous studies indicated that FeLV infection is age
dependent andrimarily acquired by "friendly" cats through prolonged close contact between
virus shedders and susceptible cats involving mutual grooming, sharing of food and water dishes,
and use of common litter areas [3Bpwever,other studies have indicated adolbkdl, outdoor
lifestyle, neutering status, and fighting to be associated with FeLV as well [11, 1Bh.8]it
is difficult to discern whether these known risk factors, being unique to one infection or the
other, could lead to such geographical varighiknd results suggest the existence of an
unknown spatial risk factor. Further, previous studies have found differences in seroprevalence
across the US despite controlling for these factors [11].

Identification and segregation have been the most imgddals in the control of both
infections [9]. Although a FIV vaccine was introduced in 2002 in the US, its efficacy remains
controversial; whereas vaccination has been attributed as a factor associated with the decreasing

prevalence of FeLV [9]. It is pstble that the prevalence of vaccination may influence the
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infection patterns observed in this study. The decision to vaccinate a pet would be dependent on
owner compliance and related to their seeoxmnomic status, and these factors would vary
geographially.

Previous studies have found that approximately 50% and 80% of FeLV infected cats in
multi-cat households are likely to die in the two and three years following diagnosis, respectively
[34, 35]. On the other hand, clinical signs in most FIV infecid are reflective of secondary
diseases, and FIV is not thought to cause severe clinical illness in naturally infected cats until
advanced age. In fact, with proper care FIV infected cats can live for many years [36]. Therefore,
one would expect to finchore FIV than FeLV survivors when sampling from, on average, older
populations. Further, cats testing positive for FeLV are likely to be much younger than those
testing for FIV, which also implies that most older cats that are FIV positive are moredikely
be pets, and therefore may belong to people of higher socioeconomic status than cats that are
young, FeLV positive, and more likely to be owned by shelters or catteries.

Different viral clades or strains of FIV are known to predominate in different
geagraphical regions and could reflect the patterns observed in this study. Although clade
specific information was not available for this study, clade A viruses are common in the western
US, whereas clade B viruses predominate in the eastern US [37]. Hpthevassociation
between viral clades and pathogenicity is unclear [38].

It is important that limitations be considered when interpreting results from this study.

The observed variability in infection could be reflectival@gnostic submissions spectily to
IDEXX laboratories. This could lead to admission risk bias, a form of selection bias, as is
common with registry or hospital based studies, particularly if preference of diagnostic lab by

sample submitters in an area is related to the true preeatd either FIV or FelLV.

35



Further, seroprevalence of-adfections with FIV and FeLV ranging from 0.3% to 1.6 %
have been reported in North American cats [11, 13, 19, 39]. However, estimation of the PMR
assumes both the infections to be independentabf edner. Not accounting for coinfections
would lead to biased estimates of the PMR. However, as the proportion of coinfections increases,
the PMR converges to 1; this means the bias is towards the null. Thus, the PMR estimate in this
study is rather conseative, i.e. less extreme. Similarly, the result of the spatial scan test is
conservative, i.e. any significant results are truly significant.

For this study, an exploratory approach was applied to compare two similar infections
and explore the areas i@flative excess rather than derive risk estimates for each area primarily
because the underlying population (total number of tested cats in each administrative region) was
not known. Such an approach has been reported in the veterinary literature tcecatapiae
excess of one disease to the other [40]. An advantage of these study designs {eagecase
study) is that factors may be identified as more important for one disease than the other.

The evidence of distinct clusters of infection necessitateseed to investigate overall
spatial dependence in the occurrence of cases (clustering), and if these are identified, to adjust
for their presence when evaluating the association of putative risk factors to these infections.
Ignoring clustering may refiun biased standard errors and thus can compromise risk factor

studies [41].

2.6 Conclusion
In conclusion, this study identified geographical patterns in the distribution of the
proportional morbidity ratio of FIV to FeLV infection among cats in thead®inistrative

regions of the US over the period 2000 to 2011. These patterns might be an expression of
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geographic variation in the pathogenicity of viral strains that are not evenly distributed in the
study area, or reflect geographical differences icwation practices. Further studies are
warranted to explore the association of these proposed factors with respective infections that

allows for adjustment of spatial clustering if present in the data.
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2.9Tables andFigures
Table 2.1. Descriptive statistics of FIV and FeLV infections, and the proportional

morbidity ratios (PMR).

Parameters Mean Median Range
Number of FIV Positives 349 92 4-4610
Number of FeLV Positives 612 163 3-9113
PMR 0.79 0.72 0.04- 2.05
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Table 22. Characteristics of highrisk areas (clusters) detected by spatial scan test for FIV

and FelLV infections.

Cluster Type Inside cluster Outside cluster Cluster radius p-value
Number of Mean  Numberof Mean (kms)
states PMR states PMR
FIV 24 1.03 25 0.35 1688.96 0.02
FeLV 7 0.14 42 0.95 1127.96 0.002
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0.48-0.67
0.04-0.48

Figure 2.1. Choropleth map of proportional morbidity ratios (PMR) of FIV to FeLV

infectionsin the US.Colors on the map depict the range of PMR values for 48 contiguous states
and District of Columbia of the US. Red and blue borders indicgterisk areas of FIV and

FeLV infection relative to each other. Thdsgh-risk areas were identified as 'clustdrg spatial

scan test using a weighted normal model. Areas with blue borders depict administrative regions
where FIV infections are greater than FeLV among cats. Areas with red borders indicate

administrative regions where FeLV infections in cats aretgrélaan FIV.
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CHAPTER 3: Comparison of risk factors for seropositivity to feline immunodeficiency
virus and feline leukemia virus among cats: a casease study.
(As published: Chhetri et al. 261BMC Veterinary Rsearci1:30)
3.1 Abstract
Feline immunodeficiency virus (FIV) and feline leukemia virus (FeLV) are reported to

have similar risk factors argimilar recommendationapplyto manage infected cats. However,
some contrasting evidence exists in the literature with regard to comnepolyed risk factors.
In this studywe investigated whether the known risk facttosFIV and FeLVinfectionshave a
stronger effect foeither infection. This retrospective stuidgludedsamples fron696 cats
seropositive for FIV and 593 cats seropwsifor FeLV fromthe United States and Canada
Data were collected durirtgio cross sectional studieshere cats wertested using IDEXX
FIV/FeLV ELISA kits. To compare the effect of known risk factors for FIV infection compared
to FelLV, using a casessestudy design, random intercept logistic regression models were fit
includingc a tage,Gsex, neuter status, outdoor exposure, health status and type of testing facility
as independent variables random intercept for testing facility was included tocast for
clustering expected in testing practiegthe individual clinics and shelteris the multivariable
random intercept modehe odds of FIV compared to FeLV positive ELISA resulésegreater
for adults (OR= 2.09, CI: 1.5R.92), intact male@OR= 3.14, CI: 1.88.76), neutered males
(OR=2.68, CI: 1.443.14), cats with outdoor access (OR= 2.58, Cl: -B8%) andower for cats
with clinical illness (OR=0.60, 95% CI: 0.8290). The variance components obtained from the
model indicated clusterg at the testing facility leveRisk factorsthat have greatereffect on
FIV seropositivity include adulthood, being male (neutered or not) and having access to

outdoors, while clinical illness was a stronger predictor for FeLV seropositiudtyherstudies
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are warranted to assess the implicatioihese results fahe management and control of these

infections.

3.2 Introduction
Infections with feline immunodeficiency virus (FIV) and feline leukemia virus (FeLV)
are two of the most common and important infectious diseases of cats [1, 2]. The most common
mode of transmission &V is through bite$3, 4]. FeLV infection is also aomonly acquired
via the orenasal route through mutual grooming, nursing or sharing of degiees from bites
[3]. The known risk factors for acquiring these infections are male sex, adulthood and exposure
to outdoors, whereas being neutered and indtestyile are known protective factof.
However, the relative importance attributed to age, outdoor exposure and sex among infected
cats is variable in the literature. Some studies indicate that FeLV infections atepsyelent
[6] and primarily acquird by Afriendlydo cats through prol on
shedders and susceptible cats through mutual grooming, sharing of food and water dishes, and
use of common litter ared3]. However, other studies have indicated adultHaod, outdoor
lifestyle[1,7], being notnheuteed [8], and fighting[8,9], factors commonly associated with FIV,
to also be associated with FeLV infectidmus, further research mecessary tinvestigate the
relativeimportance of these factois help in managemenhd preventiorof these infections.
Casecontrol studies are often used in analytical epidemiology to examine the strength,
magnitude and direction of associations between exposure variables and an outcome of interest
[10]. Casecase studies are a variamicasecontrol studies when the disease of interest can be
sub-classified in two or several groups that may have distinct risk fadttysA casé case study

differs from a caseontrol study in that the comparison group (or controls) are also selected
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among the cases, typically with same disease but a different strain or serotype, from the same
surveillance systerfi1]. The casease study approach has been used increasingly in
epidemiology(e.g, to compare risk factors for two subtypes of the same skse#h the goal of
ascertaining relative importance of risk factors for either subfifd¢. The main advantage of

the casecase design is its ability to limit selection and information biases: control cases have
similar clinical features, are identifiedrough the same system and are subject to the same
biases as casesl] 12]. The goal of this study was to ass#® relative importance of known

risk factors between the two common feline retroviral infections, FIV and FelLV, using the case

case studygproach.

3.3 Materials and methods
3.3 1 Data source and study participants

A dataset consisting of diagnostic test results from 29,182 cats tested for FIV and FeLV
between August and November of the year 2004 and 2007 from the United States (US) and
Canada was obtained from two previous cissgional studies [I7]. The cats ioluded in these
studies were conveniently sampled from veterinary clinics and animal shelters across 40
contiguous states of the US and 9 Canadian provinces encompassing 641 US zip codes and
Canadian forward sortation areas in 346 US counties and Car2ehians Divisions. The first
study investigated cats in the US and Canada while the second study was restricted to the
Canadian cat population.

Data collection has been described elsewherd [Briefly, potential veterinary clinic
participants in the U&ere identified from the membership roster of the American Association

of Feline Practitioners (AAFP) as well as from the list of all individuals who had purchased test
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kits for FIV and FeLV. Potential animal shelter participants (including cat rescuaisatians,

and groups participating in TrdypeuterRelease (TNR) programs) were derived from various
Internet directories [1]. In Canada, potential veterinary clinic and animal shelter (including cat
rescue programs and feral cat programs in Canada)ipanis were identified as all those who
had purchased test kits for FIV or FeLV or submitted samples to a diagnostic labofatory [
Potential study participants were sent an invitation letter to participate in the study. Enrolled
participants submitted ¢éhdiagnostic results for FIV and FeLV along with informatiorage,

sex, neuter status, outdoor exposure, health status and tassidgta standard reporting form.
The testing and reporting was performed from August to November 2004 for the Amedcan an
Canadian participants in the first study and from August to November 2007 for the Canadian

participants in the second study.

3.32 Testing protocol

The testing for FIV and FeLV was carried outiouse or idaboratory employing a
commercially availald ELISA (SNAP® Combo FelLV antigen/FIV antibody, PetCheck® FIV
Antibody and PetCheck® FelLV Antigen; IDEXX Laboratories) usiigple blood, serum or
plasma. The manufacturer reported sensitivity and specificity of the assay for detecting FeLV
antigenof 97.68% and 99.1%and for detecting FIV antibodies 100% and 99.5%espectively.

Confirmatory testing was not performed.

3.3.3 Covariate information
Information on postal code of testing facility, type of testing facility (clinic or shelter),

age of the cafjuvenile [<6 months] or adult), sex and neuter status (sexually intact female,

49



spayed female, sexually intact male or castrated male), access to outdoors (indoors or outdoors)
and general health at time of testing (healthy or sick) was also retrievedhiecdataset (Table

3.1).

3.34 Selection of study subjects: FIV and FeLV case groups
Cats testing positive for FIV antibodies in ELISA wemmpared to cats testipgsitive
for FeLV antigerwith all the cats having been tesfed both infections. Cats were excluded

from further analysis in this studlythey tested positive for both FIV and FeLV.

3.3.5Logistic regression
Logistic regression models were fit to model the logit of the probability of FIV
seropositivity as a funicin of predictor variables age, sex/neuter status, outdoor exposure, health

status and testing facility in a random intercept logistic regression model framework.

3.3.6Univariable analysis

Variables were screened for inclusion into the multivariablstiogregression model by
fitting univariable logistic regression models, without random intercepts, and those predictor
variables with a I|iberal significance | evel
remove predictor variables that veasteemed clinically relevant. Since all the predictor variables
were categorical (i.e. indicator variables), the significance in the model of each group of the
predictors was analyzed by applying a likelihood ratio test. Collinearity among the predictor

variables with significant unconditional association with FIV seropositivity were assessed by
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using theSpearman rardcorrelation test. When two variables were collinear, the one with the

smaller Pvalue was considered for further multivariable analysisenthié other was removed.

3.3.7Multivariable analysis

Backward selection was employed for multivariable model building and covariate
removal from the model was based on the following criteria: (1) the highestigraficant R
value (with significance ke e | U = 0.05); (2) a likelihood rat
the variable that was nesignificant and (3) the variable was not an important confounder for
other variables in the model. A confounder was aintervening covariate whose remo¥am
the model resulted in greater than 20% change in coefficients on thedsgscale for any of the
remaining variables in the model. Tway interaction terms among type of testing facility,
health status, outdoor exposure, age and sex were alssexs$ar statistical significance.
However, interaction terms were dropped when these led to sparse cells and unrealistic
estimates. Multicollinearity was tested among screened variables in the multivariable logistic
regression model by estimating the aaie inflation factor (VIF). All variables with a VIF
value of 10 or above were considered to indicate multicollinearity, assuming that this was not
due to variable construction (e.oteraction terms) [5]. Nomested multivariable models were
compared sing the Akaike Information Criterion (AIC) and the model with lowest AIC value
was considered to be better fitting.

To account for clustering by testing facility (i.e. clinics or shelters), all multivariable
logistic regression models included a randotaricept for testing facility. Relevance of the
random effect term for facility ID was assessed by inspection of the variance component. A

simpler model (without random effects) was chosen when the variance component was close to
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zero [9]. Fit of the randoraffect model was assessed visually by plotting thepg@@ of the
Best Linear Unbiased Predictors (BLUPS) against the normal scores [5].

The random intercept models were fistatistical softwar® (Ime4 package) and Stata
(xtmelogit) by seven poirfbaussHermite adaptive quadrature method,[15], using complete
cases (i.e., any observations with missing values excluded from the analysis). However, the point
estimates from the final model were compared to the same model fit with missing valués (code

as unknown) to observe any gross deviation in direction and magnitude.

3.4 Results
3.4.1 Descriptivestatistics

Table3.1 presents the descriptive statistics of FIV and FeLV cases cross tabulated by risk
factors. The total number of cases included is $kudy was 1289. Out of these retroviral cases,

696 tested positive for FIV and 593 for FeLV.

3.4.2 Logistic regression analysis

All covariates met the inclusion criteria for multivariable modeling as explained above
(Table3.2). The final multivarial# random intercept logistic regression model included the
covariates/predictors age, sex/neuter status, outdoor exposure, and health status of cats (Table
3.3). The odds ratio (OR) associated with each variable is adjusted for the remaining variables in
the model. No significant interactions were detected between the variables that remained in the
final multivariable model.

The odds of cats being seropositive for FIV relative to FeLV was significantly greater for

adult cats than juvenile cats (Tabl&)3Similarly, the intact and neutered males were
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significantly more likely to be seropositive for FIV than FeLV compared to intact females. The
odds of being seropositive for FIV relative to FeLV was not significantly different between intact
and spayed fenhes based on the Wald test. Compared to cats kept indoors, cats with known
outdoor exposure had higher odds of being seropositive for FIV relative to FelL$ckoats,
the odds of being seropositive for FIV relative to FeLV were smaller compahedlibycats.

The variance components obtained from the multilevel logistic regression model for the
individual level and clinic/shelter level were 3.29 antBlrespectivelyTheintracluster
correlation coefficient (ICC) was 62A random effects logistic regression model was deemed
appropriate due to clustering expected for cats tested within the same facility and because the
variance of the random effestas1.19 which given the associated small standard error was
interpreted aghe variance being different from zero (Tabl8)3Normal quantile plot of the

BLUPs indicated no gross deviation from normality.

3.5Discussion

This casecase study is based on cr@esxtional or prevalence data and thus generally not
suited to idaetify risk factors. However, only known risk factors [3] were evaluated in this study
with respect to their importance as risk factors for infection with FIV compared to FeLV. The
results from this study imply that risk factors commonly associated wittaRtM=eLV differ in
their relative effects for these two diseases. For exaagigt, male, or outdoor cats are more
likely to be seropositive for FIV than FeLV when compared to juvenile, female or cats kept
exclusively indoors. In contrast, neuter statias not significantly different for either infection.

Further, whether cats were tested at clinics or shelters was not different for these infections.
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Most FIV infections are acquired as a consequence of bite wounds inflicted by an
infected cat, presurbdy through inoculation of virus or virus infected cells [16, 17]. Although,
vertical transmission of infection from queen to kitten may occur, it is considered rare [18].
Adult, male, outdoor exposed cats would be expected to have a higher likelirgpettraf
infected with FIV due to higher likelihood of encountering infected cats, and being prone to
aggression and territorial fights. On the contrary, most FeLV infections occur afieasab
spread of the virus from the viremic cats [17;219. FeLVinfection, thus, is a concern in cats
that are Afriendlyodo and in close contact with
sharing dishes, but also through bites [3].

This study found a higher likelihood of FIV (compared to FelLV) seropositiviadults.

In contrast to FIV, FeLV is reported to be age dependent with older cats becoming increasingly

resistant to infection [23, 24]. Of note, however, is the fact that while age at acquisition is similar
for both infections, FeLV can cause serioutefatal, disease. As a result, Feinfected cats

have shorter survival rates [25, 26] and not many live to adulthood, while most FIV infected cats
do.

Higher probability of infection can be expected in males compared to females for FIV [9,
27-37]. Butfor FeLV, most studies did not find an association between sex and seropositivity
[28, 38] except for a single report [9]. The association between male sex and FIV infection has
been primarily related to increased risk of infection transmission duedategpredisposition of
males to exhibit territorial behaviour involving fighting. In this study, regression models
included contrasts to compare the likelihood of seropositivity of FIV between intact and neutered
male cats as well as between intact angegpdemale cats. Although, compared to females,

males were found to be more likely to test seropositive for FIV compared to FeLV, no significant
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differences were evident between intact and neutered cats for the same sel.8Taiid .4).

Various studiesiave reported an association between neutering and lower risk of infection of
FIV and FeLV among domestic cats [39]. However, there are reports suggesting that neutering
and spaying have no significant effect on the prevalence of FIV [27, 40, 41] asd¢hatats

still retain territorial aggressiveness [40, 41]. It should be noted that when a predictor is common
to both FIV and FeLV, due to its inherent design, aiczese study might not detect a difference
between the two case groups. In other wofdsgutering were significantly associated with both
FIV and FeLV seropositivity, this study design would not detect it. Since a higher likelihood of
seropositivity was found in intact compared to neutered cats whemigated cats were

included [1, 7], is possible that sterilization characteristics are not different between FIV and
FelLV infected cats.

Cats were more likely seropositive for FIV than FeLV when exposed to outdoors than
being indoors. This finding suggests that outdoor exposure is moogtanpto acquire FIV
infection than FeLV. Considering prevalence studies wheranfented cats were included,
there seems to be consensus that the probability of FIV infection is higher for cats that roam
outdoors [9, 42] due increased opportunity fansmission via fights. In contrast, the
relationship between outdoor exposure and FeLV infection is not very clear.

Healthy cats were more likely to test positive for FIV than FeLV compared to cats
presenting asick at the time of testing. Both viruses induce immunodeficiency, but FeLV is
more rapidly pathogenic and its effects manifest sooner and include other disease conditions
[26]. FIV infection causes gradually developing immunodeficiency and has only a miramtimp
on lifespan. Therefore, cats with FeLV are more likely to be preseaiedg a disease

condition This contributes to more sick cats testing FeLV positive rather than FIV positive.
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The variance components of the random effects model indicate thatdegree of
clustering was evident at testing facility (ICC= 0.26) suggesting that FIV seropositive status
compared to FeLV was not independent of shelter or clinic.

A few important limitations of the casmse study design in the context of this study
meiits attention. For a detailed account of pros and cons ofceesgestudies in general the
reader is referred to McCarthy and Giesecke [Ihis study entailed comparison of FIV
seropositive cats to FelLV seropositive cats with regard to known risk facirsxplored the
strength of their effects between the two infections. Therefore, care should be taken before
extrapolating results of this study to the general population withnfeated catsThe risk
factors that are common to both comparison greeipd to be underestimated or unidentified in
a casecase study [11, 12Bince the study does not include a disdese population, the odds
ratios can only be interpreted as the odds of exposure to one disease group (FIV) in reference to
the other (FeLV)and do not provide the estimate of the association between a risk factor and

disease in the general population [42, 43].

3.6 Conclusion

In conclusion, while similar risk factors have been reported for both FIV and FeLV
infection this study demonstratethrough comparison of one infection with the other, that
adulthood, being male (neutered or not) and having access to owd®ofgyreater importance
to FIV seropositivity compared to FeLV. Clinical illness was a stronger predictor for FeLV
seroposiwity. Further studies are warranted to assess the implicatidghes#findingsin regard

to themanagement and control of these infections.
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3.8 Tables

Table 3.1. Descriptive characteristics of the FIV and FeLV seropositive cat populations.

Factors

Total samples

FeLV+

n (%, 95% Cl)

FIV+

n (%, 95% CI)

Testing Site
Veterinary Clinic
Shelter

Age

Juvenile

Adult

Sex

Male Intact
Male Castrated
Female Intact
Female Spayed
Outdoor Exposure
No

Yes

Health Status
Healthy

Sick

1064

225

281

1008

469

380

262

178

217

1072

708

581

503 (47.3, 44.50.3)

90 (40.0, 33.816.7)

165 (58.7, 52.%4.5)

428 (42.539.445.6)

174 (37.1, 32.71.6)
147 (38.7, 33.813.8)
167 (63.7, 57.69.6)

105(59.0, 51.466.3)

126 (58.1, 51.554.7)

467 (43.6, 40.616.6)

303 (42.8, 39.46.5)

290(49.9, 45.854.1)

561 (52.7, 49.755.8)

135 (60.0, 53.%6.5)

116 (41.3, 35.817.3)

580 (57.5, 54.460.6)

295 (62.9, 58.467.3)
233 (61.3, 56.56.2)
95 (36.3, 30.442.4)

73 (41.0, 33.748.6)

91 (41.9, 35.318.8)

605 (56.4, 53.469.4)

405 (57.2, 53.50.9)

291 (50.1, 45.%4.2)
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Table 3.2. Results of univariable logistic regression analysis of risk factors for

infection to FIV compared to FeLV.

Variable b OR (95% Cl)2 P (Wald test) P (LR testP
Type 0.046
Clinic Ref.

Shelter 0.296 1.34(1.00,1.80) 0.047

Age <0.001
Juvenile Ref.

Adult 0.656 1.93(1.47,2.52) <0.001

Sex and neuter status <0.001
Intact Female Ref.

Spayed Female 0.201 1.22(0.83,1.81) 0.314

Intact Male 1.092 2.98(2.18,4.08) <0.001

Neutered male 1.025 2.79(2.01,3.86) <0.001

Outdoor Exposure <0.001
Indoor Ref.

Outdoor 0.584 1.79(1.33,2.41) <0.001

Health Status 0.006
Healthy Ref.

Sick -0.287 0.75(0.60,0.94  0.011

& Odds Ratios anfl5% Confidence Intervals

b: Likelihood Ratio Test ywalue
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Table 3.3. Results of the final mixed effects multivariable logistic regression model for

analysis of risk factors for infection with FIV compared to FelLV.

Variable

OR (95 % CI)2

P-value (Wald teg)

Age

Sex and neuter status

Outdoor Exposure

Health Status

Random effects

At testing facility level

Juvenile

Adult

Intact Female
Spayed Female
Intact Male

Neutered Male

Indoor

Outdoor

Healthy

Sick

Variance

1.196

Ref.

2.09 (1.562.92)

Ref.
1.35 (0.661.65)
3.14 (1.853.76)

2.68 (1.443.14)

Ref.

2.58 (1.743.93)

Ref.

0.60 (0.520.90)

SE

0.25

<0.001

0.227

<0.001

<0.001

<0.001

<0.001

95 % Cl

1.061.77

a: Odds Ratios and 95% Confidence Intervals
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Table 3.4. Contrasts for the association between FIV seropositivity and sex/neuter

characteristics compared to FeLV seropositivity.

Contrast OR (95 % CI} P-value (Wald test)

Spayed female vs. Intact male (Ref 0.43(0.31:0.62) <0.001
Neutered male vs. Intact mgRef.) 0.85(0.431.36) 0.374

Neutered male vs. Spayed female (Ref 1.98(1.47-3.14) <0.005

2:0dds ratio after adjusting for age, outdoor exposure and health Refuindicates

referent category.
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CHAPTER 4: Temporal trends of feline retroviral infections diagnosed at the Ontap
Veterinary College (19992012

4.1 Abstract

Feline immunodeficiency virus (FIVgndFeline leukemiavirus (FeLV) infections
are frequently reported in domestic cats. Despite decades of discovery and significant gains
in knowledge about these infections, they remain common and difficult to treat and control.
FeLV infectionis reported to havdeclined in frequency in recent decades due to effective
prevention and control practices, including vaccination. A vaccine agdwstecame
available in 2003n Canadabut findings regarding the efficacy of the vaccine are
contradictory and market uptake of the vaccine is unknown. Temporal trends of FeLV and
FIV infections have not previously beenvestigated usingme seriesmetods. In this
study, monthly counts of FI¥dnd FeLVdiagnostidestresuls performed from 1999012
at the Ontario Veterinary College were modeled as a function of trend, seasonality and
known risk factors (age, sex and neuter status) using Poissorsiegrasd generalised
linear autoregressive moving average models (GLARMA). The edfdeil vaccine
introduction was also tested. Results from regression models adjusted for known risk
factors provided no edlence forseculaitrend, seasonal effect or FIV vaccingoduction
effect. Howeverthe proportion of malesestedwas significant predictor for FlVhfection

rates In conclusion, there was no evideméehanges irFlV and FeLVseroprevalence

4.2. Introduction
Infections with feline immunodeficiency virus (FIVand feline leukemiavirus

(FeLV) are among the most common infectious diseases of(loaty et al., 2008)The
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infections have significant impact on the length and quality of life of infected cats. The
most mportant risk factors for these infections are age, @ed features associated with
increased catib-cat contact €.g., outdoor lifestyle, sexually intact stajuHoover and
Mullins, 1991; O'Connor et al., 1991; Levy et al., 2008lthough both retrovuses are
readily inactivated by many environmental conditions, they are maintained within the
environment by infected cats.

While FeLV prevalence is thought to have declined over the last 20 years, FIV
prevalencas assumed to havemainedsteady(Levy et al., 2008Gleich et al., 2009)The
decline in FeLV prevalence has been attributed to test and removal programs at breeding
facilities, testing before adoptipand the widespread use feventive vaccinatiofLevy
et al., 2008; Gleich et al., 2009;0Ble et al., 2009)While the FeLV vaccine was
introduced in Canada before the study period, a vaccine against FIV was introduced in
2003.There is generatonsensusoncerning decreasing FeLV and stable FIV prevalence
however, these perceptioase basedon prevalence studies from different geographical
areas, at different tinseandusingsubpopulations with different risk behaviolfkosie et
al., 1989; Ueland and Lutz, 1992; Arjona et al., 2000ye series analysis more suitable
to revealevidenceof temporaltrends for feline retroviralinfectionsobsered over a long
time periodin an adequately sized population

Time seriesanalysis is concerned with the study of temporal patterasémnies of
observations. Traditionallyuch methods were &d ortheassumption of a Gaussian
distribution for the residual componeand thus not suitable for surveillance data of rare
diseaseswherecase courstare assumed to follow a Poisson distribution. While researchers

oftenrelied on generated linear models (GLMs) for count data such as Poisson and
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negativebinomial regression models for independent déiia,development ajeneralized
linear autoregressive moving average models (GLARKI&Y offer a methodologically
sound alternativéhat repects the temporal dependence structuters series
observationgDavis et al., 2000; Davis et al., 2003; Dunsmuir et al., 20lgseadvanced
time seriesmethodscanrevealimportantinformation about infectious diseases and their
epidemiological chacteristics in a temporal context.

The goal of this studwas to investigate the temporal pattern in feline retroviral
infections using patient records from the Animal Health Laboratory at the Ontario
Veterinary College, Guelph, Canada. The specifiectbjes were (i) to explore and
describe temporal patterns in FIV and Fet&foprevalenceand (ii) to model the
seroprevalenceme seriesto test for trend and intervention effects resulting from FIV

vaccine introduction

4.3 Materials and methods
4.31 Data source and variables

Retrospective diagnostic test data on teésed for FIV and FelL\requested by
veterinary clinics) wreretrievedfrom electronic records of the Animal Health Laboratory
(AHL) at the Ontario Veterinary College, University ofi€ph. Daily record$or a 14year
period fromJanuary 1999 to December 204@reaggregated to monthly case counts. For
the purpose of this studgats testing positive for FIV antibodgr FeLV antigerby ELISA
were defined asases. Test recordbased oriagnostic tests other th&iISA were
excluded from tts study.Specifically,excluded records comprised of immunofluorescent

assay (IFA) andg@ymerasechainreaction(PCR) tests for FeLV an@lV, whichwere
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carried out during the study period in lelsart 5% ofsubmitted sample3he compiled
datasetncludedFIV and FeLV test results, date of sample submisspwstal code ofhe
veterinaryclinic that submitted the samplas well asge, sexandneuter status afach
cat. The hstory oneachc astouddoor exposure was recorded inconsistestlyhe variable

could not benvestigated.

4.3.2 Statisticalmodeling
The observed monthly counts dM~or FelLV casesY) for each of thé =1, é 168

months was assumed to follow a Poisson distributitin mean number of cases bemg
Thus, a GLM representatida model the case counts as a function of predictors

Y: ~ Poissongt)

e =log(u) = Xb
where/y is the linear predictor and is the vector of covariateB order to adjust for
varying monthly sample sizes the above model can be extended to a rate model using an
offset. Hence,

= log(u) = Xib+1log(Or)

whereQ is the number of cats tested each month. To be more specific, inclusion of the
offsetresults here in a model for the monthly seroprevalence (no. of cats positive / no. of
cats tested)l'o account for ovedispersion anderial dependenasexpectedor time
series data, the Poisson regression misdeitended to include autoregressare moving
average (ARMA) componentssing the generalizdthear autoregressive moving average
(GLARMA) framework (Daviset al., 2000Dunsmuir et al. 2014). Therefore, the above

modelis extended tahe form
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he=Xb + log(Ox) + Z
Zi= [1(Zon +rer ) B(Zibe 1)ptdieat € é dheg
& = (Yi- u)/p?,
where fi i = 1 p, @&eautoregressiveAR) parametesandd;,j = 1 ¢, &emoving
average MIA) parametersande is the Pearson residual of ttfeobservation.

The covariates of this model include terms for trend and seasonal variation, as well
as known factors associated with the respective infection (FIV or FeLV)sédsonal
patternwas assumed toe similar across yeaasid modeledby annual harmonics
cog2" M2) andsin( 2 ~ t VisLd xamination of the time series did not support the
inclusion of higher order seasonal harmonicsecular trend in seroprevalensas
modeled througla linear or quadratic term based on visual examination and madeling
Putatve predictors for FIV and FeLV seroprevalence investigated here, indlneled
proportion of mals, neuterecandadult catdested To assess the effect thfe vaccine
introductionto controlFIV, an intervention term was added as a serie® adrtd ¥s, with
the valueof 1 indicating the period after vaccine introductidne. from 2003 onwards

Univariable Poisson GLARMAp,q models with orders 0 to\Bere fit toselect
predictors using a relaxed significance lewd(0.2) for backward stepwiseadel fitting.
However,if removed during the model fittinghye variablesproportion of malegproportion
of neutered cats and proportion of adult cagsenincluded inhe multivariable model
becausage, sex and neuter staturs known risk factorsf infection A multivariable
GLARMA (p,g9 model with orders 0 to &djusted for proportion of male cats, neutered
cats and adult cats wased to test for trend and intervention effe€tee most appropriate

ordersp andq wasidentified by sequentially increasing the ordditse model with the
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lowest AIC indicate the best fittingp andq ordersfor the GLARMA model. The
autoregressive order was cratgecked by a visual inspection of the autocorrelation
function plot for theesidualsThen trend and intervention effects were tested. If necessary
predictorswere removed and ordgpsandg newly determined before testing trend and/or
intervention effectsOnce the main effects were finalized in the multivariable model, two
way interactions were tested among all the variables in the model.

Furthermore, for both univariable and multivariable GLARMA models a likelihood
ratio test was performed to compare the likelihood of the fitted GLARMA model to the
likelihood of the (ordinaryPoisson regression model with the same main effect structure.
A Poisson regression model is deemed better when the AR or MA@éthes GLARMA
model as well alikelihood ratio testarenes i gni fi cant (U =0.05) .
inferences were baset output from (ordinary) multivariable Poisson regression fitted by
quastlikelihood estimation to account for ovdispersion expected in the data. The
presence of any residual autocorrelation was examined graphicallyauysngl
autocorrelatiorcoefficient function (PACF) plobf Pearson residuals. Separate models
were fit for FIV and FelLV. All statistical analyses were performed in statistical software R

using packages base, glarma and MASS (R Development Core Team, 2013).

4.4 Results
4.4.1Descriptive statistics

Thetotal number of cats tested for FIV and FeLV was 2417 and 2429, respectively,
during the 168 month study periébdm Jamary1999 to Deember2012.0n averagel4

ELISA tests were performeshch montlor FIV as well ag~eLV, with a standard

72



deviation of 6 testsTheoverall seroprevalence was 4.5% and 3.3% for FIV and FelLV,
respectively. The monthly seroprevalence rangsdeerD-44.0% and 683.3% for FIV
and FeLV, respectively. The time series of monthly seroprevalence armtnam

submissions for both viruses are displayed in Figdresnd4.2.

4.4.2 Univariable associations and GLARMA modeling

With respect to FIV, multivariable GLARMA modeling started with a full model
including atemporaltrend, the proportion of malethie proportion of neutered and
proportion of adults for model selectiofhe selection of these variables was based on
univariable regression modeisth trend,proportion of adults and the proportion of
neutered cats forced into the mo(lEhble4.1). With respect to FeLV, nivariable Poisson
regression modeling indicated the same predictor variables for multivariable GLARMA
modeling as in the case of FIV (Table 4.2).

The final multivariable GLARMA model for FIV infection included effects for a
temporal trend, the proportion of males, the proportion neutered, the proportion of adults
and an autoregressive term of order 1 (i.e, a GLAR(1) model) based on model
convegence and lowest AIC (Tab{e3a). However, the AR term was not significant and
the likelihood ratio test comparing the GLAR(1) model to a Poisson GLM with the same
regression structure did not promote the more complex GLAR(1) model @.3b)e
Based orthe fitted Poisson model, for every percent increase in proportion of males tested
for FIV, the seroprevalence increased by 1.01 times (CI:1.@3, P< 0.02). None of the
interaction terms were statistically significaihe same GLAR(1) model structuesulted

as best fitting moddbr FeLV with a temporal trend, and the proportions of males,
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proportion neutered aratlults as predictors (Table2). However, snilar to FIV

modeling, a Poisson GLM was finally deemed a better model than the GLAR(1) model
(Tables4.4a and4 4b). Although the likelihood ratio test was significant, tha

significant autoregressive term did not support fitting a more complex GILARodel
compared to a regular Poisson (Tableay.Mone of the predictors or the interacti@nms

werestatistically significant.

4.5 Discussion andconclusion

This study did not identify statistical evidence for trend or seasonality in FIV and
FeLV seropositivity among cats based on ELISA test results recorded by the AHL at the
OntarioVeterinary College from 1999 to 2012. While the seroprevalence reported for FIV
and FeLV variesn the US and Canadd is generally thought that FeLV prevalence is
declining due to vaccination and management programs. However, FIV seroprevalence has
remaned steady despite significant progress in research and development of a vaccine.
Although various studies support this conclusion, interpretations are complicated by the
fact that prevalence estimatssme fromdifferent cat populations with geographical
differences due to variation in background risk of disease, properties of infecting viruses,
and control practices.

The absence of any statistically evident trend in seroprevalence, adjusted for the
effect ofproportion of adultsproportion of males angroportion of neutered catsuggests
that seroprevalence fluctuated randomly from month to month during the 14s\sdys
period. Only linear and quadratic tremebdelswere tested as there was no reason to fit

higher ordetrend polynomialdased on visal examination of time series and the finding
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that a linear trend was not significahtany infectious diseases show seasonal patterns in
infection rates attributed to disease transmission dynamics, environmental factors or host
interactions related to ason (e.g.feline panleukopenjaGreene et al., 2006However, as
expected for retroviruses such as FelLV and FIV, there was no evidence for seasonality in
this study. The time of testing (i.e., the month of diagnosis) does not accurately reflect the
time of cat infection, but rather may be related to the time cats were presented to veterinary
clinics due to iliness or wellness appointments. This interpretation is supported by modest
seasonality apparent in sample submissions (Figltesnd4.2).

This study did not identify any temporal effect (increase or decrease) in the
seroprevalence of infectiomith FIV after the introduction athe FIV vaccine.This
suggestshat vacciation againskelV either was not widely implemented a@id not
significanty affect prevalencef infection during the study periodihe FIV vaccine (Fel
O-Vax FIV®) was approved for use in Canada in 2003. Basetemvailable literature,
the efficacy of the FIV vaccine is highly varialflduang et al., 2004; Kusuhara et al.,
2005; Pu et al., 2005; Dunham et al., 2006; Huang et al., 2040l the manufacturers
report good efficacy to confer protection against multiple subtypes, an independent study
from the United Kingdom repogthe vaccine is unable confer protection agnsta
subtype A field strairirculatingin the United Kingdomlt should also be noted, that
veterinarians may be discouraged to use the vasugigeit is known to induce antibodies
that cannot be distinguished from those produced from natural origethich renders
interpretation of routine ELISA tests difficult. It should be noted here, that there was a
weak positive association between the proportion of males tested and FIV seroprevalence

over time.As sex is a known risk factor for FIV, increasdhe proportion of males in the
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tested population therefore would be expected to lead to an increase in seroprevalence. The
selective testing of highisk cats may balance a protective vaccination effect, however, the
regression models were adjustedrfa@jor risk factors including sex.

Althoughage, sex and neuter status have been reported as risk factors for FIV as
well as FeLV(Levy et al., 2008)only the proportion of males ithetested population was
found to be associated with monthly FIV seroence. However, it is important to note
thatrisk factorvariables were aggregateid monthly proportionemong tested cagdare
interpreteble at population level rather that an individual levelFurther, thgopulation
sampled at the AHL may not be representabiiie general populatiolAHL may be
testing more severe referral cases from the OVC teaching hospital.

The case counts of monthly feline retroviral test results are modeled here as Poisson
distribued counts. However, Poisson regression models assume independent observations,
which may not hold true for time series data, rather temporal dependence is expected to
exist. The common practise to investigate residual autocorrelation using residuads from
model fit under the assumption of independence to dependent data leads to biased results
and is at best not well understo@thabenberger and Gotway, 2Q04)us, it is prudent to
first fit a GLARMA model (which incorporates the temporal dependencejramd
compare the model, using a likelihood ratio test, to the (ordinary) Poisson regression model
fit under the independence assumption to select the better fitting model.

The choice of the temporal aggregation sqale, weekly, monthly quarterly or
yearly datqdpresents a challenge analogous toMA&JP in spatial data analysis
(Openshaw, 1983; Rossana and Seater, 1995; Chhetri et al., B@&eKly or daily time

series data were inappropridte analysisdue to sparse sample submissions, (ingssng
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data).The chosen wnthly aggregated data resultechiregular time series, and were
deemed appropriate for analysis of a seasonal patsenell Further aggregated time
series at the scale of fortnightly or quarterly data, might have masked aoynalesffects.

In conclusionat population level, no significant changes in monthly seroprevalence
of FIV and FeLV and no effect of FIV vaccine introduction were observed among cats

tested at thdHL duringthe 1999 to 201%eriod
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4.7.Tables and Figures
Table 4.1. Associations between FIV seropositivity and risk factors recorded dlhe

AHL 1999-2012 from univariable quastlikelihood Poisson regression models

Variable Estimate SE P P (LRT)*

Linear rend 0.040 0.026 0.135

Seasonal harmonics 0.730
coq2" M2) -0.115 0.146 0.429
sin(2” M.2) 0.012 0.147 0.937

Proportion of males 0.020 0.007 0.008

Proportion of neutered 0.005 0.005 0.364

Proportion of adults 0.004 0.003 0.202

Introduction ofFIV vaccine 0.200 0.209 0.340

* P value for likelihood ratio tegor the overall significance dhevariable as a group
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Table 4.2. Associations between FelLV seropositivity and risk factors recorded e

AHL 1999-2012 from univariable quastlikelihood Poisson regression models

Variable Estimate SE P P (LRT)*

Linear rend 0.051 0.029 0.077

Seasonal harmonics
coq2" M2) 0.108 0.159 0.495 0.660
sin(2” M.2) 0.099 0.160 0.536

Proportionof males -0.007 0.008 0.176

Proportion of neutered  0.006 0.006 0.258

Proportion of adults 0.007 0.004 0.040

* P value for likelihood ratio test testing the overall significancéhef/ariable as a group.
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Table 4.3a Estimated parameters of the final multivariable GLARMA model for the

association between FIV seroprevalence and risk factors recorded tie AHL 1999-

2012.

Variable Estimate SE P
Trend 0.0 0.00 0.58
Proportion of males  0.019 0.008 0.04
Proportion of adults  0.001 0.005 0.907
Proportion of neuterec 0.006 0.005 0.258
f1 -0.856 0.107 0.425
LRT -0.235 1.000
AIC 334.822
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Table 4.3b. Estimated parameters of the final multivariable quasiikelihood Poisson
model for the association between FIV seroprevalence and risk factors recordedthe

AHL 1999-2012.

Variable Estimate SE P

Trend 0.023 0.027 0.557
Proportion of males  0.019 0.007 0.04
Proportion of adults  0.0@ 0.005 0.975
Proportion of neuterec 0.006 0.005 0.279
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Table 4.4a Estimated parameters of the final multivariable GLARMA model for the

association between FeLV seroprevalence and risk factors recordedthe AHL 1999-

2012.
Variable Estimate SE P
Trend 0.025 0.0 0.550
Proportion of males  -0.008 0.007 0.261
Proportion of adults  0.0(b 0.005 0.338
Proportion neutered  0.005 0.006 0.367
f -0.010 0.1% 0.941
LRT 15.84 <0.00L
AIC 29.62
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Table 4.4b. Estimated parameters of the final multivariable quasiikelihood Poisson

model for the associatiorbetween FelLV seroprevalence and risk factors recorded at

the AHL 1999-2012.

Variable Estimate SE P

Trend 0.029 0.042 0.480
Proportion of males  -0.008 0.006 0.2
Proportion of adults  0.007 0.003 0.399
Proportion neutered  0.004 0.005 0.367
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Figure4.1. Time series plots of monthly FIV seroprevalence and total samples testedldt. from 19992012.

87

5 10 15 20 25 30

Total Cats Tested



Prevalence

— Tested
—— Prevalence

20 30
l

10
l

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Time

Figure4.2. Time series plots of monthly FeLV seroprevalence and total samples tebiAtL from 19992012

88

30

20

10

Total Cats Tested



CHAPTER 5: Disparities in spatial prevalence of feline retroviruses due to data
aggregation: a case of the modifiable areal unit problem (MAUP)?

(As published: Chhetri, BK et al. 2014: Journal of Veterinary Mediditod, 2014)

5.1 Abstract
The knowledge of the spatial distribution feline immunodeficiency virus and feline

leukemia virus infections, which are untreatable, can inform about their risk factors and
high-risk areas to enhance control. However, when spatial analysis involves aggdrega
spatial datatheresults may be influenced by the spatial scale of aggregation, an effect
known as the modifiable areal unit problem (MAUP). In this study, area level risk factors
for both infections in 28,914 cats tested with ELISA were investigatedultivariable
spatial Poisson regression models, along with MAUP effect on spatial clustering and cluster
detection (for postal codes, counties and st
respectively. The study results indicate that tgaitance and magnitude of the
association of risk factors with both infections varied with aggregation scale. Further,
Morands | test only identified spatial <cl ust
aggregation. Similarly, the spatial scan testaatid that the number, size and location of
clusters varied over aggregation scales. In conclusion, the association between infection
and area was influenced by the choice of spatial scale and indicates the importance of study

design and data analysis witspect to specific research questions.

5.2 Introduction
Infections with feline immunodeficiency virus (FIV) and feline leukemia virus

(FeLV) have been reported from a number of countries and are important conditions in cats

89



(Little et al., 2009) The nost common mode of transmission of these immunosuppressive
retroviruses is through bite wounds. FeLV infection is also commonly acquired via the oro
nasal route though mutual grooming, nursing or sharing of digkeyg, 2009) The known
risk factors for aquiring these infections are male sex, adulthood and exposure to outdoors,
whereas being neutered and indoor lifestyle are known protective flotosset al.,
2008) Recent studies estimatseroprevalencef 2.3% (FeLV) and 2.5% (FIV) in the
United States (US]Levy et al., 2006)and 3.4% (FeLV) and 4.3% (FIV) in Cangdltle
et al., 2009)

Despite decades of discovery, clinical management of cats infected with FIV and
FeLV is still challenging without the existence of an effective therapeué&o/gntion
(Levy et al., 2008)Therefore, better ways to control the infections and prophylactic
management is the mainstay of disease prevention strategy for these infections. A number
of previous studies have suggested that the prevalence of retnofacsions in domestic
cat populations vary by regions and maybe attributed to variable population density,
reproductive status, agegxand housing condition®aneth et al., 1999; Nakamura et al.,
2000; Norris et al., 2007; Gleich et al., 2009; Hosial €2009; Lutz et al., 2009; Chhetri et
al., 2013) For the US and Canada, spatial variation in FIV and FeLV seroprevalence has
been reported in previous studies that generated data for this regeancket al., 2006;
Little et al., 2009) Here we attept to extend the findings by applying spatial statistical
methods to illustrate geographic variation in the distribution of FIV and FelLV infections
and assess the relationship with groenel risk factors.

Spatial epidemiological methods are commonkydu® identify, describe and

quantify spatial patterns in the distribution of health events. Spatial patterns commonly of

9C



interest include trends, clustering and detection of clusters in the occurrence of health
events in a population. Further, geograpgaoelation studies can be important tools to
evaluate the association of spatial or environmental risk factors with the occurrence of
health events after adjusting for confounders. The identification of such spatial patterns
may provide clues for furtheéestable hypotheses about an unknown disease etiology
(Berke and Waller, 2010fEcological studies, such as geographic correlation studies, are
particularly valuable when an individual level association between infection and risk
factors is evident and aa@up level association is assessed to determine the population
health impac{Stevenson and McClure, 20050 this effect, spatial analysis of FIV and
FeLV infections can be a valuable tool in epidemiological understanding of these
infections.

Due to lzk of individual level data, client confidentiality, and to create meaningful
units for data analysis, aggregated or area level data may be used to carry out such spatial
epidemiological studies. However, the way areal units are defined can influenesute r
and inferences based on aggregated data. Specifically, the number or size of areas used and
how the area boundaries are drawn can influence spatial data analysis. This has been
termed the modifiable areal unit problem (MAUP) and is a long knowngphemon
(Openshaw, 1983; Gotway and Young, 2002he geographical literature. The MAUP
stems from the fact that areal units are usually arbitrarily determined and can be modified
to form units of different sizes or spatial arrangeméigbnski and Wul1996) The MAUP
consists of two interrelated componentse scale and zoning effect. The scale effect is the
variation in results obtained when the areal data comprising smaller areal units is grouped

to form increasingly larger units. The zoning effect,the other hand, is the variation in

91



results obtained due to alternative formations of areal units where the number of areal units
is constant i.e. analysis comprising the same number of areal units but different area shapes
(Openshaw, 1983; Waller afigbtway, 2004; Wong, 2008)

The goal of this study was to evaluate the association of seroprevalence of FIV and
FeLV with ecological risk factors in a spatial regression model. Specific objectives of the
study were to examine the MAUP effects on a) the spatial clustering of FIVeand F
infections; b) the occurrence of higisk clusters of FIV and FeLV infections; and c) the
relationship between area level seroprevalence and risk factors in context of aggregated

covariates.

5.3 Materials and methods
5.31. Data source, study areand population

A dataset consisting of diagnostic test results from 29,182 cats tested for FIV and
FeLV between August and November of the year 2004 and 2007 from U.S. and Canada
was obtained from previous cressctional studies (Levy et al., 2006; Litdeal., 2009).
The cats included in this study were conveniently sampled from veterinary clinics and
animal shelters across 40 contiguous states of the US and 9 Canadian provinces
encompassing 641 US zip codesl Canadiaforward sortation areas in 348ltounties
and Canadian Census Divisions (Statistics Canada, 2006). The testing for FIV and FeLV
was carried out #mouse or idaboratory employing a commercially available ELISA
(SNAP® Combo FelLV antigen/FIV antibody, PetCheck® FIV Antibody and Pet@heck
FeLV Antigen; IDEXX Laboratories) using blood, serum or plasma. Information on postal

code of testing facility, type of testing facility (clinic or shelter), age of the cat (juvenile [<6
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months] or adult), sex and neuter status (sexually intact ferpalged female, sexually
intact male or castrated male), access to outdoors (indoors or outdoors) and general health

at time of testing (healthy or sick) was also retrieved from the dataset Sl’ad)je

5.32. Data aggregation

The three spatial aggregatiscales of interest in this study were postal codes,
counties and states. The US five digit zip code and Canadian forward sortation areas (FSA)
were designated as postal codes, StatCan (Statistics Canada) census divisions (CDs) were
defined as correspondjrio US counties and Canadian provinces were defined as states.
The counts of positive test results and number of tests for each area were aggregated to
these three spatial aggregation scales of interest (641 postal codes, 346 counties and 49
states). In ddition, grouplevel risk factors, constructed from individual risk factors,
included the proportion of juvenile cats (< 6 months), intact males, intact females, cats that
were exclusively indoors, cats tested at clinics, cats that were healthy at tlo¢ t@sténg
as well as the seroprevalence of FIV and FeLV. These covariates were "constructed" for

respective scales using categories of individual data presented irbIlable

5.33. Geocoding

In order to spatially reference the postal codes, counties and states, the geographic
coordinates (as centroids) of the US zip codes, counties, states and the Canadian FSAs were
obtained from Environmental System Research Institute (ESRI) postal codélekape
(ESRI, 2006) Each Canadian FSA was assigned to the respective county and state based

on the postal code conversion file (PCCF) available from StatCan.
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5.34. Statisticalmethods
5.34.1. Spatialclustering

To investigate disease clustering (thee presence of spatial autocorrelation in the
data), Moran's | test was applied. Given the infectious nature of FIV and FelLV, clustering
was assumed to be present. The interest in this study was to evaluate whether aggregation
of data from postal code lei(where the dataerecollected) to county and states had any
effect on strength and presence of clusterimghis regard, the presence and strength of
spatial clustering of FIV and FeLV infections for each level of aggregation was assessed by
Mo r alneét ®n the smoothed seroprevalence estimates using empirical Bayesian
smoothing(Assuncao and Reis, 199%ince the number of tested cats varied among the
areas, smoothed seroprevalence were estimated from crude seroprevalence (number of cats
testing @sitive/number of cats tested) for each area using the empirical Bayesian (EB)
estimation such that the area specific seroprevalence were adjusted towards the overall
mean. The EB estimation technique can be interpreted as internal standar@sten
2004)

The null hypothesis of Moran's | test states that there is no spatial autocorrelation of
FIV or FeLV seroprevalence between areas, and the respective Moran's | coefficient
summarizes the degree to which similar observations (i.e. seroprevalendecoffeLV)
tend to occur near each otlfgvaller and Gotway, 2004Yhe Moran's | coefficient was

estimated as follows:

where,
n = number of areas
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wij = measure of spatial proximity betweeeas i and |
yi= Poisson model based EB smoothed seroprevalence of FIV or FeLV in area i
yj = Poisson model based EB smoothed seroprevalence of FIV or FeLV in area j
y = overall EB smoothed seroprevalence
wij is the spatial weights matrix which considers three nearest neighbqussi(v area i
and j are within a distance of three nearest neighbours and zero otherwise). The Moran's |

test was applied using the spdep package of statistical softw8iedrd, 2012)

5.34.2. Spatialcluster detection

While Moran's | summarizes the overall clustering pattern in the study area, disease
cluster detection methods are used to identify the locations of clusters and thus are location
specific. Of various methodsqposed for cluster detectigWaller and Gotway, 20043he
most widely used is the spatial scan {&stlldorff and Nagarwalla, 1995Here, the
MAUP effect on the spatial scan test was investigated with respect to FIV and FelLV
infections. Furthermorehe spatial scan test can be extended to detect clusters after
adjustment for known risk factors or confounders for FIV and FeLV infections. Therefore,
the presence of statistically significant higbk clusters of FIV (or FeLV) infection was
investigatedising a spatial scan test adjusted for risk factors under the Poisson assumption
(Kulldorff, 1997) as i mpl ement ed i (Kulldsréf ah&lofarmaionv er si on
Management Services, 2010)

The spatial scan test identifies potential clusters usicglarr windows of varying
radius (size) and location (area centroids) across the studylarapply the Poisson

model, it was assumed under the null hypothesis that the number of FIV or FeLV cases in
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eachareafollowed a Poisson distribution with the exped number of cases in eaatea
proportional to theovariate (risk factor) adjusted tested cat populgtanidorff et al.,

1998) High-risk cluster detection was performed by comparing the observed number of
cases within the scanning window with thgpected number, i.e. if cases were to be

distributed randomly in spa¢&ulldorff, 1997). In other words, detection of higisk

clusters would indicate the prevalence of FIV (or FeLV) inside the circular window as
significantly higher than outside the wliow. The statistical significance of the clusters was
established by Monte Carlo hypothesis testing using 999 Monte Carlo replications with a
significance level set to U = 5%. The signif
sequentially conditional on th@esence of the previously detected clusters such that
secondary clusters were tested and reported only if the more likely cluster were significant
(Zhang et al., 2010)The size of the scanning window in the spatial scan statistic was

allowed to increasom individual areas and expanded to include neighbouring areas until

a maximum of 50 % of the total tested population. No geographical overlap of clusters was
allowed. Detected clusters were visualized by plotting respective circles on a map of the
study area. The characteristics of detected clusters were compared across aggregation levels

to assess the MAUP effect.

5.34.3. Spatialregressionmodeling

Apart from describing the spatial patterns of disease in terms of clustering and
cluster, geographic correlation analysis (or spatial regression modeling) for spatial data
were carried out to quantify the effect of spatially referenced gexg risk fators on the

spatial distribution of disease events, i.e. FIV and FeLV infectidfaler and Gotway,
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2004; Pfeiffer et al., 2008While these studies are similar to ecological regression
methods, it is critical to adjust for the spatial autocorrelatidherdata in order to prevent
type | errors, i . e. providing n@angot201€)t i cal | vy
Among many proposed methods for spatial regression modeling for areéRudt@rdson

and Monfort, 2000; Waller and Gotway, 20@brmann et al., 2007; Pfeiffer et al., 2008)
Poisson distributed counts for rare disease or infections such as FIV and FeLV can be
effectively modeled to assess its relationship with giewpl risk factors using generalized
linear mixed models (GLMMyvith spatially correlated random effects, also known as
spatial GLMM. In this study, interest was to evaluate g#ewpl risk factors for FIV and

FeLV infections as well as to quantify the effect of MAUP as change in magnitude and
significance of regressin parameters with spatial aggregation scale. For each aggregation
level, the count of FIV and FelLV infections in each area was modelled as a function of the
grouplevel covariates in a Poisson regression model framework with the log of number of
tested cts as the offset.

Prior to inclusion of covariates in the regression models, the relationship between
the outcome and covariates was assessed for linearity by plotting the log of the
seroprevalence of infection for both FIV and FelLV against the covaisaig a locally
weighted regression. The covariates were modelled as dichotomized variables if the
relationship was deemed to be Horear. This decision was taken to ensure comparability
of covariates across the aggregation levels. Covariates were thadelechotomous
variables with cubffs for low and high categories set at median value (50 %) of the
respective covariates. When modeled as predictor variable and not the outcomeothe cut

for categories of covariate FIV and FeLV seroprevalence wax 880, 8% and over 8%.
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The cutoff of 3% is the general prevalence of FIV and FeLV in cats in North America.

Since all the covariates are deemed clinically important risk factors, they were included as
fixed effects in a multivariable model, with no irdgetions. Further, the same model was fit

to data at all 3 levels of aggregation (State, County and Postal Code) to avoid any influence
of the selection method or covariate(s) exclusion in the comparison of njacsdsault et

al., 2012) For state levehggregation, covariates with sample size less than five were
omitted.

In order to account for spatial autocorrelation and-oNgpersion in the models, an
exponential spatial covariance structure was introduced and the models-wereiseng
penalizedjuasilikelihoodPQL) estimatior(Breslow and Clayton, 1993; Dormann et al.,

2007) An exponential covariance structure was based on a semivaribgeaito the
deviance residuals of the Poisson regression models and was deemed biologically
appropriatébecause, for infectious agents such as FIV and FeLV, areas in proximity are
expected to be similar with respect to disease prevalence.

The presence of owelispersion in (norspatial) Poisson regression models was
evaluated by testing the model deviangeaai nst degr e e s ?disfribufioneedom u:
and a 5% significance lev@taraway, 2006) Multicollinearity was tested among the
covariates in the multivariable model by estimating the variance inflation factor (VIF) and
all variables with a VIF valelof 10 or above were considered collingohoo et al.,

2003) All statistical modeling was done using statistical softwa(& ®evelopment Core

Team, 2011)
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5.4. Results anddiscussion
5.4.1. Results
5.41.1. Descriptivestatistics

A total of 28,914 test results were included in this study from 688 veterinary clinics
and 158 animal shelters from 40 states of the US and 9 Canadian provinces encompassing
346 counties and 641 postal codes. A total of 634 recorded postal codes (@)twéct
accurately matched during geocoding. Seven records were reassigned to proper postal
codes using clinic address. In total, geographic coordinates were retrieved for 641 postal
codes (out of 648) for 28,914 cats (out of 29,182 cats).

The individual daracteristics of FIV and FelLV infected cats and descriptive
statistics of area wise counts are presented in Tabdéeand 1b. Overall the observed
seroprevalence of FIV was higher than that of FeLV, 3.46%2.7 % respectively. The
mean and variabilityn number of cats with positive test results for both infections and the
number of cats tested increased with higher level of aggregation but decreased for
seroprevalence (Tabtelb). The seroprevalence of FIV infection for postal codes, counties
and stags ranged from-0L00%, 650% and 613 % respectively, while the seroprevalence
of FeLV rangedrom 0-100%, 033% and ©20% for postal code, county, and state levels,

respectively.

5.4.1.2. Spatialclustering
The results of the Moran's | clustering testEB smoothed seroprevalence is
presented in Tablg2. The Moran's | statistic indicated significant spatial clustering in

seroprevalence of infection for FIV at postal code and county level aggregations (I = 0.09
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and 1=0.15 respectively, p < 0.0L)kewise, spatial clustering was identified for FeLV at
postal code and county level aggregations (1=0.12 and 0.15 respectively, p <0.01). At state

level of aggregation no spatial clustering was detected.

5.4.1.3. Spatialcluster detection

Table5.3ab, Figues5.1 and5.2 display detailed information for all clusters
identified by the spatial scan statistic. For both FIV and FeLV infections, spatial clusters
were detected at all aggregation levels. However, the numbers of clusters detected for FIV
and FeLV nfections varied with the level of aggregation. For FIV infections, one cluster
was detected for state, five for county and six for postal code level aggregation. Some
clusters identified at postal code level were not detected at county level and state lev
aggregations (Tablg.3a and FigureS.1ac). For FelLV, three clusters each for state,
county and postal code levels were identified, with location and size of the clusters slightly
varying by spatial scale (Tabt3b and Figure5.2 ac). Figuress.2 a-c indicate that FeLV
clusters were about the same size and in the same location for postal code and county levels
of aggregation, whereas clusters at the state level differed with respect to size and, more

importantly, location.

5.4.1.4. Spatialregresion modeling

Spatial Poisson regression indicated that the seroprevalence of FeLV infections was
observed to be lower among areas with greater proportion of cats that were young and
indoors (Tablé.4a) Conversely, seroprevalence of FelLV infections was higher among

areas with a greater proportion of intact males, cats tested at clinics and with a higher
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seroprevalence of FIV (Tabt4a). Similarly, seroprevalence of FIV infection was higher
among areawith a greater proportion of cats tested at clinics and with a higher
seroprevalence of FeLV (Talbetb). The seroprevalence of FIV, however, was lower in

areas with greater proportion of intact females. The significance and magnitude of observed
associgons were not consistent across all aggregation levels. The direction of change in
magnitude of association was also not consistent. Associations seen at postal code and
county levels may not be evident at the state level (e.g. percentage of juveniteacats

area and FeLV). Or conversely, associations observed at state level were not detected at

lower levels (e.g. percentage of male intact in an area and FeLV).

5.4.2Discussion
This study showed that commonly used spatial epidemiological methods (Moran's I,
spatial scan test and spatial regression modeling) are sensitive to choice of the spatial
aggregation scale for analysis, i.e. are affected by the MAUP. Recognizing theaimsport
of bias due to the MAUP is important to the validity of spatial epidemiological inferences.
The Morandés | coefficient indicated cl ust
However, the strength and significance of clustering varied acrosal sgggregation
levels. Given the infectious nature of both retroviruses, areas near each other are expected
to have similar seroprevalence levels. Therefore, positive autocorrelation in FIV and FelLV
seroprevalence was expected. As the data are aggregaiatdons at lower levels of
aggregation dissolve to form more homogenous areas in terms of population characteristics
(Waller and Gotway, 2004With the postal codes aggregated to counties and states, the

variability in seroprevalence estimates evidarthe scale of postal code and counties
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likely diminished as the seroprevalence estimates were averaged fld)leGenerally,
spatial aggregation is expected to increase spatial correl@filongerdew et al., 2008)
However, in this study the oppose#ect was observed, the spatial autocorrelation present
at postal and county levels disappeaaedtate level. This may imply that the biological
processes which are associated with the clustering of infected cats at local levels (i.e. postal
codes an@ounties) become irrelevant or unobservable at higher aggregation levels (i.e.
states). It is important to note that there is a random aspect to the effects of the MAUP and
it may be difficult to generalize about how different datasets with differenbspatts are
affected by the MAURGotway and Young, 2002Further, the aggregation process itself
may induce positive spatial autocorrelation, particularly if the aggregation process allows
overlapping unit§Gotway and Young, 2002uch as postal code form counties.
Unfortunately, not all postal code areas or counties in the US and Canada were sampled for
this study and the Moran's | test was based on a neighbourhood specification of three
nearest neighbours. Therefore it is possible to get "firgsethearest neighbours™ areas too
distant from a biological perspective on infection, which would tend to aggravate
variability and reduce autocorrelation at lower levels of aggregation.

Evidence of higkrisk areas for FIV and FeLV infections as detectedhe spatial
scan test adjusted for known confounders suggests that yet unknown spatial factors may
exist. This study also indicates that the results from the spatial scan test can be influenced
by spatial aggregation as evident from the difference & suamber and location of
clusters for both FIV and FelLV infections.

Despite differences in cluster characteristics with respect to size and location across

aggregation levels for FeLV, no clusters were detected in the western parts of United States
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and Ganada indicating that these areas had lower prevalence of infection compared to the
rest of the study area. The results at county and postal code area levels were similar with
respect to cluster size and locations. The sampled counties and postal cedast wery
differentwith respect to population characteristics, and thus may be insensitive to
aggregation effects. However, it is most likely an artificial effect as most counties had only
a few postal codes sampled within théfthile multiple clustersvere detected for FIV at

the postal code level, these were not detected at higher aggregation levels5 Eigue
Spatialaggregation reduced the sample size from 641 postal codes to 346 counties and 49
states (or provinces) in this study. Aggregatéulata may smooth out local effects, but

may also lead to reduced power to detect small clusters while stabilizing rates that may be
unstable in smaller areas due to smallegisktpopulations in the denominat@@regorio et

al., 2005; Neill, 2009)

Theresults from spatial Poisson regression modeling indicate that the
seroprevalence of both infections is higher in areas with the greater proportion of cats tested
at clinics than at shelters. Although, the seroprevalence of FIV and FeLV in shelter cat
populations mirrors that of cat populations served by veterinary clih&gy et al., 2008)
the reasons for testing may be differéfdusing considerations and potential for adoption
may drive testinglecisionan shelterswhereas at clinics mostly siclits are tested
(Goldkamp et al. 2008). Thus, the seroprevalence estimates in populations tested at clinics
may be inflated.

An increase in seroprevalence of FeLV was found to be associated with higher FIV
seroprevalence. This is expected since both iiesshare similar risk facto(kee et al.,

2002)and as a result would have similar infection rates. Furthermore, the seroprevalence
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of FeLV in an area was negatively associated with a higher proportion of young cats,
indoor cats and neutered males. Ssguently, the seroprevalence would be higher in areas
with greater proportions of adults, outdoor cats and intact cats due to social interactions
related to roaming, breeding and fighting. Therefore, the areas populated with cats of these
characteristicean be expected to harbour cats with higher risk of acquiring retroviral
infections. Areas with greater proportions of intact female cats had a lower seroprevalence
for FIV than areas with greater proportions of spayed female cats. This finding seems to be
counterintuitive from a biological perspective, as similar to areas with greater proportions
of intact males; populations with greater proportions of intact females might be expected to
be more susceptible to acquire an infection as a result of highwmtjlibes of animals
fighting. However, the predictors that are derived variables (variables constructed as
summaries of individual characteristics) in the group level analysis cannot distinguish the
individuaklevel effect of the variable from its conteal or group level effedDiez Roux,
2004) Derived variables are constructed mathematically by summarizing the individual
characteristics in a groyPiez Roux, 2004)e.g. proportion of males in an area.

The significance and magnitude of associatiogisveen health status and risk
factors (or predictor variables) are governed by the scale of spatial aggregation. The
associations observed at one scale should be used with caution when inferences are made at
another scale. Except for FIV and FelLV seroptence, this study did not identify any
covariate consistently associated with the outcome across all aggregation levels. The
geographic scalest which these two variables are meaningful actors, probably include
oneslarger than postal code. This is likely true, since veterinary clinics generally service

areas that overlap several postal code areas or occasionally across county barriers. For other
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variables, the choice of the aggregation scale seems to affect tlieampa and
magnitude of observed associations. Generally, most of the predictor variables were only
significant at lower levels of aggregation. Suggesting that seroprevalence of FIV and FeLV
at higher levels of aggregation depend on further gtewgl factors not considered in this
study. It is important that this spatial scale dependence is notriggsreted as a sole
MAUP effect as multivariable analysis is a complex subject and nevertheless can be subject
to missing but confounding variablgkelinki and Wu, 1996)This study utilized an
ecological regression framework based on covariates as derived variables from individual
level data(Diez-Roux, 2000) Thus, the associations observed between covariates and the
seroprevalence pertain to group levét is necessary to be cautious in extrapolating these
findings to the individual level due to the potential for ecological bias.

Currently, there are no solutions to fully overcome the effects of MAUP and related
methodological issues have not yet badaquately addressed. Recommendations have
been made to minimize MAUP effects in statistical inference by analyzing the aggregated
covariates in hierarchical levels of areal units from the finest spatial resolution possible to a
coarser resolution, verifiyg consistent model results across different scales, avoiding
ecological fallacy, collecting data at the scale at which inferences is to be made and using
scale invariant statistics to make inferen@estheringham, 1989; Ratcliffe and McCullagh,

1999; Die-Roux, 2000; Waller and Gotway, 2004)

5.5. Conclusion
This study demonstrated the importance of study design in the context of spatial

epidemiological studies. Inference from spatial epidemiological studies dealing with
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aggregated data could poteriiyidle affected by the modifiable areal unit problem

(MAUP). The MAUP can result in overlooking or conversely overstating the effect of risk
factors as well as influence statistics designed to test for clustering and clusters. In the
present study of FIV @hFelLV seroprevalence among cats across the US and Canada it
was found that disease clusters may become unidentifiable when data are aggregated.
Therefore, it is of utmost importance that investigators define the appropriate scale for data

collection and malysis with respect to their research questions.
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5.7. Tables and Figures
Table 51a Descriptive characteristics of sampled cat population tested fé1lV and

FeLV infections in the US and Canada.

Factors Tested& FIv Prevalence FelV Prevalence
positive (95% CIY positive  (95% CIy

Testing Site
VeterinaryClinic 19314 674 3.5(3.23.8) 617 3.2 (2.93.4)
Shelter 9600 241 2.5(2.22.8) 166 1.7 (1.52.0)
Age
Juvenile 15461 160 1.0 (0.91.2) 198 1.3 (1.11.5)
Adult 13453 755 5.6 (5.26.0) 585 4.4 (4.04.7)
Sex
Male Intact 8649 372 4.3(3.94.8) 240 2.8 (2.43.1)
Male Castrated 6027 299 5.0 (4.45.5) 198 3.3(2.93.8)
Female Intact 9211 139 1.5(1.31.8) 198 2.2 (1.92.5)
Female Spayed 4987 102 2.1 (1.72.5) 144 2.9 (2.43.4)
Unknown 40 3 7.5(1.7-20.4) 3 7.5 (1.720.4)
Outdoor Exposure
No 7142 99 1.4 (1.321.7) 136 1.9 (1.62.3)
Yes 17968 708 3.9 (3.74.2) 565 3.1 (2.93.4)
Unknown 3804 108 2.8(2.33.4) 82 2.2 (1.72.7)
Health Status
Healthy 22311 507 2.3(2.22.5) 379 1.7 (1.51.9)
Sick 6092 389 6.4 (5.87.0) 391 6.4 (5.87.1)
Unknown 511 19 3.7(2.35.7) 13 2.5 (1.44.3)

aTotal number of cats tested for FIV and FeLV infection. Cat wesi&d at the same time for both

FIV and FeLV infection°Cl1 : Confi dence intervals for seroprev:
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Table 5.1b. Descriptive statistics of FIV and FeLV seroprevalence (%), number of
positive cats (cases) and number of cats tested for state, county and postal code

aggregation level.

Aggregation
Infection Characteristics Total Mean SDP Range
Level
FIV State Seroprevalence 3 2 0-13
Cases 915 18.67 35.14 0-221
Tested 28914 590.08 903.01 8-5732
County Seroprevalence 4 5 0-50
Cases 915 2.64 5.28 0-59
Tested 28914 83.57 125.81 1-958
Postal codes  Seroprevalence 4 7 0-100
Cases 915 143 1.78 0-26
Tested 28914 45.11 61.58 1-838
FeLV States Seroprevalence 3 3 0-20
Cases 783 15.98 25.25 0-145
Tested 28914 590.08 903.01 8-5732
County Seroprevalence 3 4 0-33
Cases 783 2.26 4.24 0-47
Tested 28914 83.57 125.81 1-958
Postal codes  Seroprevalence 3 6 0-100
Cases 783 1.22 2.12 0-19
Tested 28914 45.11 61.58 1-838

aThe descriptive statistics for seroprevalence pertain to mean value among states, counties
or postal codes. e.g. mmum and maimum seroprevalence for FIV among states is 0 and

13 respectively’Standard Deviation
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Table 5.2. Moran's | statistics based on empirical Bayesian smoothed seroprevalence

of FIV and FeLV infections by spatial aggregation level.

Infection Areal Unit I = Varr SDF  P-value

FIV Postal Code 0.09 -0.002 0.001 3.30 <0.01
County 0.15 -0.003 0.002 3.82 <0.01
State -0.06 -0.021  0.409 -0.37 0.66

FeLV Postal Code 0.12 -0.002 0.001 4.05 <0.01
County 0.15 -0.003  0.002 3.53 <0.01
State 0.00 -0.021  0.011 0.18 0.42

2 Expected value of Moran's | under the null hypothesis of no spatial autocorrelation
bVariance

¢ Standard Deviation
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Table 5.3a. Disease clusters as identified by the spatial scan test for FIV infections

among cats in the US and Canada.

Cluster Coordinate$ Radiu§ Obs Pog Exp° Obs/Exp P-value
State

1 45.894,-73.425 0.00 118 1270 7256 1.63 <0.01
County

1 41.615,-73.201 191.69 118 1191 69.26 1.70 <0.01
2 53.329,-114.075 0.00 33 462 13.46  2.45 <0.01
3 41.621,-83.653 641.51 345 9648 279.73 1.23 <0.01
4 28.515,-81.324 715.81 84 2545 52.83 1.59 <0.01
5 40.666,-105.461 1163.84 86 2336 5241 1.64 <0.01
Postal code

1 53.572,-114.046 0.00 25 25 0.70 35.54 <0.01
2 45.578,-73.800 147.14 127 1322 72.45 1.75 <0.01
3 41.650,-83.673 638.28 345 9625 274.98 1.25 <0.01
4 27.817,-82.6777 864.23 101 3085 65.73 1.54 <0.01
5 40.595,-105.129 1123.52 84 2260 49.19 1.71 <0.01
6 40.105,-74.353 109.25 22 645 8.34 2.64 <0.01

2L ongitude and latitudeoordinates of the center of clust@Radius in kilometers.
¢Observed number of ELISA positive cét3otal number of cats in the cluster.

¢Expected number of ELISA positive cats under Poisson assumption
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Table 5.3b. Disease clusters as identifily the spatial scan test for FeLV infections

among cats in the US and Canada.

Cluster Coordinate$ Radiu¢ Obs Pog Exp° Obs/Exp P-value

State

1 48.045,-54.689 1437.00 164 2827 93.48 1.75 <0.01
2 45.228;93.998 637.96 78 1918 47.37 1.65 <0.01
3 34.341,-80.767 999.14 272 10089 209.11 1.30 <0.01
County

1 48.785-55.986 1381.90 162 2789 90.83 1.78 <0.01
2 47.109,-94.917 660.90 81 1697 43.05 1.87 <0.01
3 34.841,-79.480 932.22 275 9791 209.66 1.31 <0.01
Postal code

1 48.949,-55.634 1403.07 150 2337 75.66 1.98 <0.01
2 46.948,-94.824 545.70 64 1169 31.03 2.06 <0.01
3 34.767,-79.452 936.10 274 9680 206.15 1.30 <0.01

2Longitude and latitude coordinates of the center of cluster.
bRadius in kilometers.

©Observed number of ELISA positive cats.

dTotal number of cats in the cluster.

¢Expected number of ELISA positive cats under Poisson assumption

11¢



Table 5.4a. Results from multivariable spatial Poisson regression modeling of

potential risk factors for FeLV infection at three spatial aggregationlevels.

Postal Code County State
PR P- PR P- PR P-
95% Cl) value (95%Cl) value (95%CI) value
% Juvenile
<=50 Ref Ref Ref
> 50 0.66 <0.01 0.78 <0.01 0.74 0.13
(0.520.84) (0.650.94) (0.51.08)
% Female Intact
<=50 Ref Ref Ref
>50 1.25 0.09 1.18 0.12 0.63 0.10
(0.97-1.61) (0.961.45) (0.361.09)
% Male Intact
<= 50 Ref Ref Ref
> 50 1.05 0.69 0.88 0.19 2.06 <0.05
(0.821.35) (0.72-1.07) (1.12-3.77)
% Indoors
<=50 Ref Ref - -
> 50 0.62 <0.01 0.8 0.07 - -
(0.480.81) (0.631.02)
% Healthy
<=50 Ref Ref - -
> 50 0.99 0.93 1.07 0.63 - -
(0.741.32) (0.821.4)
% Tested at Clinics
<=50 Ref Ref Ref
> 50 1.79 <0.01 1.26 0.02 1.29 0.22
(1.342.39) (1.041.54) (0.861.92)
FIV seroprevalence
<3.0 Ref Ref Ref
3.08.0 1.42 <0.01 1.17 0.08 1.11 0.55
(1.12-1.80) (0.981.4) (0.781.57)
>8.0 2.44 <0.01 2.4 <0.01 2.6 <0.05
(1.803.33) (1.87-3.09) (1.27-5.32)

Intercept:-4.86,-3.86,-3.99 for postal code, county and state level respectively with a p

value of <0.01? Rate/risk ratios are interpreted as prevalence ratios.



Table 5.4b. Results from multivariable spatial Poisson regression modeling of

potential risk factors for FIV infection at three spatial aggregation levels.

Postal County State
PR P- PR P- PR P-

95% Cl) value (95%CIl) value (95%CIl) value

% Juvenile

<=50 Ref Ref Ref

> 50 0.76 0.07 0.91 0.44 0.83 0.35
(0.561.02) (0.71-1.16) (0.57-1.21)

% Female Intact

<=50 Ref Ref Ref

>50 0.73 0.04 0.77 0.05 0.94 0.83
(0.530.99) (0.591) (0.551.62)

% Male Intact

<= 50 Ref Ref Ref

> 50 0.98 0.89 1.01 0.96 0.88 0.67
(0.71-1.34) (0.781.3) (0.481.59)

% Indoors

<=50 Ref Ref - -

> 50 1.03 0.87 0.85 0.39 - -
(0.721.48) (0.581.24)

% Healthy

<=50 Ref Ref - -

> 50 1.08 0.70 0.85 0.36 - -
(0.731.60) (0.62-1.2)

% Tested at Clinics

<=50 Ref Ref Ref

> 50 1.03 0.84 1.46 <0.01 1.23 0.28
(0.77-1.39) (1.131.89) (0.851.76)

FelLV

seroprevalence

<3.0 Ref Ref Ref

3.08.0 1.57 <0.01 1.29 0.04 1.18 0.38
(1.17-2.11) (1.021.63) (0.821.69)

>8.0 2.30 <0.01 2.01 <0.01 5.19 0.04
(1.603.29) (1.442.81) (1.1623.25)

Intercept:-3.40,-3.30,-3.39 for postal code, county and state level respect{ief0.01).
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Figure 5.1 (a-c). Spatial clustersof FIV infections (red circles) identified by the spatial scan test at postal code, county and
state level aggregations. Arrows indicate clusters hidden by the black open circles that represent region centroids. a) @rsst
at postal code level aggregation b) @kters at county level aggregation c) Cluster at state level aggregation.

Figure 5.1a




Figure 5.1b
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Figure 5.1c
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