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ABSTRACT 

 

WILD CANIDS AS SENTINELS FOR PATHOGENS OF PUBLIC HEALTH 

AND VETERINARY SIGNIFICANCE 

 

Jonathon D. Kotwa 
University of Guelph, 2019

Advisor(s): 
Dr. Andrew Peregrine 
Dr. Claire Jardine 

Wild canids may serve as valuable sentinel species for emerging pathogens of public 

health and veterinary importance. However, for the full utility of a potential animal sentinel to be 

realized, it must be framed in the context of the pathogen ecology and surveillance objectives in 

question. This thesis was an investigation of wild canids and their relationship with two 

emerging pathogens that are of particular interest in Ontario: Echinococcus multilocularis and 

Dirofilaria immitis. Echinococcus multilocularis was detected in 23% (107/460) of wild canids 

tested from across the western, central, and eastern regions of southern Ontario, with an infection 

cluster identified in the central-west region comprised of ten contiguous public health units. 

These findings suggest a newly recognized endemic area for E. multilocularis in Canada. 

Additionally, we investigated the association of host-level (sex, body condition), environmental 

(southern Ontario region, landcover), temporal (season, hunting season, calendar year), and 

extraneous factors (submitter type) with E. multilocularis infection in coyotes in southern 

Ontario. We found body condition, natural landcover, and region to be associated with E. 

multilocularis infection in coyotes. With respect to Dirofilaria immitis infection, 4.8% (14/290) 

of wild canids were positive at necropsy. Cases were identified in two regions of southern 



 

 

Ontario: 12 were detected in the south-western region and two were detected in the eastern 

region. These data provide preliminary insights into the epidemiology of D. immitis in wild 

canids in southern Ontario. Additionally, we assessed the performance of the SNAP® 4Dx® Plus 

test for the detection of D. immitis antigen in wild canids by comparing results using lung tissue 

extract (LE) and thoracic fluid filter paper extract (TFE) samples with the necropsy-confirmed D. 

immitis status. The estimated sensitivity and specificity of the SNAP® 4Dx® Plus test for D. 

immitis antigen in LE was 80% and 98.9%, respectively. For the TFE, it was 70% and 97.9%, 

respectively. Collectively, the results indicate that the SNAP® 4Dx® Plus test is a suitable test for 

use with LE and TFE for the detection of D. immitis antigen in wild canids from southern 

Ontario. 
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CHAPTER 1 - INTRODUCTION AND LITERATURE REVIEW 

INTRODUCTION 

A sentinel surveillance system is used when high quality data are needed about a particular 

pathogen or disease that cannot be obtained through other surveillance means (WHO, 2019). 

Data collected in well-designed sentinel systems can be used to signal trends, identify outbreaks, 

and monitor burdens of disease, provide a means to enhance detection of health risks and/or 

improve cost effectiveness of surveillance (WHO, 2019). For example, in Canada, information 

collected from the Canadian Sentinel Practitioner Surveillance Network is used to monitor and 

respond to outbreaks as well as evaluate the effectiveness of influenza vaccines in order to 

inform national vaccination policies (PHO, 2019). 

Animals can be used as sentinels for human health hazards. In the early 20th century, miners 

in Great Britain and the United States took caged canaries into coal mines in order to provide 

early warnings of the presence of toxic gases, such as carbon monoxide and methane (Burrell 

and Seibert, 1914). The employment of this advanced warning system for human health risk 

worked for three reasons (Rabinowitz et al., 2009). First, experimental evidence suggested that 

canaries were more susceptible to the toxic effects of carbon monoxide than humans and other 

animals (Burrell and Seibert, 1914). Second, the canaries shared the same air (exposure) as 

miners (Burrell and Seibert, 1914). Third, the occurrence of carbon monoxide poisoning in a bird 

was readily recognizable to miners (i.e., sick birds would fall off their perches) so the miners had 

time to take the necessary steps to avoid the toxic effects of carbon monoxide (Burrell and 

Seibert, 1914).  
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Animal sentinels are also an important concept in preventative veterinary medicine. For 

example, veterinarians monitor the health of “sentinel herds” of domestic livestock to determine 

if pathogens could be affecting the rest of the animal population. In Belgium, following the 

outbreak of Bluetongue in several European countries in 2007, a national Bluetongue sentinel 

surveillance program was established and tested selected sentinel herds across the country to 

demonstrate absence of the virus (Vangeel et al., 2010). 

At the transection of human and animal health, many major diseases of medical and 

veterinary importance are caused by pathogens with a wide range of hosts, which introduces 

complex transmission dynamics. While this complexity may pose considerable challenges in 

understanding certain pathogen systems it also provides opportunities to exploit a wide range of 

species for potential surveillance purposes. Thus, animal sentinels may be used to address a 

variety of surveillance objectives, including: (1) detection of a pathogen in a new area; (2) 

detection of changes in the prevalence or incidence of a pathogen or disease over time; (3) 

determination of rates and direction of pathogen spread; (4) testing specific hypotheses about the 

ecology of a pathogen; and (5) evaluation of the efficacy of potential disease control 

interventions (Halliday et al., 2007). 

Notably, variability of transmission route and response to a pathogen, heterogeneities in 

pathogen exposure between different populations and differing relationships between sentinel 

and target populations mean that different hosts will vary in their ability to act as effective 

sentinels (Halliday et al., 2007). As such, Halliday et al. (2007) proposed a conceptual 

framework for evaluating animals as sentinels for particular pathogens (Figure 1.1); the 

framework does not represent transmission dynamics of a pathogen but the ways in which the 
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components are associated (Halliday et al., 2007). The sentinel response is considered the output 

of this framework. The nature of response (i.e., current infection, seroconversion, morbidity, 

mortality), in combination with sentinel host factors (i.e., host ecology) and logistical constraints 

of the surveillance system (i.e., sampling, diagnostic testing, safety and welfare), determines the 

overall detectability of the sentinel response and therefore, the utility of the sentinel (Figure 1.2). 

For example, lions (Panthera leo) have been used as sentinels for canine distemper virus in the 

Serengeti National Park in Tanzania because they are easily observed by researchers and develop 

dramatic manifestations of clinical illness, including grand mal seizures (Roelke-Parker et al., 

1996). Conversely, other species in the park, such as hyenas (Hyaenidae spp.) and bat-eared 

foxes (Otocyon megalotis), are known to be susceptible to canine distemper virus, but are less 

suitable as sentinels due to ecological and behavioural factors that make observations difficult 

(e.g., nocturnal behaviour).  

WILD CANIDS AS SENTINELS FOR PATHOGENS OF PUBLIC HEALTH AND 

VETERINARY IMPORTANCE IN ONTARIO  

 Within the context of infectious diseases, Aguirre (2009) suggests several characteristics 

of wild canids that engender their utility as sentinels. Features include commonness, adaptability 

to ecosystems and human-impacted environments, and their potential role as reservoirs for 

several pathogens of human and animal importance. Additionally, wild canid ecology makes 

them particularly susceptible to infection, including foraging behaviour, close social contacts, 

scent communication with infectious material (urine and feces), and the genetic proximity to 

domestic dogs (Canis lupus familiaris) (Woodroffe et al., 2004). However, as mentioned above, 
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the utility of wild canids as sentinels must be framed within the context of the particular 

pathogen of interest. 

There are two emerging pathogens that are of particular interest in Ontario. First, several 

cases of alveolar echinococcosis (AE), a disease due to infection with the larval stage of 

Echinococcus multililocularis, were diagnosed in animals in the golden horseshoe region (i.e., 

the region surrounding the western shores of Lake Ontario) since 2012; these cases were 

surprising developments as Ontario has historically been considered free of E. multilocularis. 

Second, the number Dirofilaria immitis cases in dogs appear to be increasing in Ontario, as 

reported anecdotally by veterinarians across the province (A. Peregrine, pers. comm.). As such, 

the following sections focus on E. multilocularis and D. immitis and their relationship to wild 

canid species.  

Echinococcus multilocularis 

Echinococcus multilocularis is a small, zoonotic cestode that has an extensive 

distribution in the northern hemisphere and is endemic in parts of Asia, Europe, and North 

America (Deplazes et al., 2017). The parasite is typically maintained in a sylvatic life cycle that 

involves two mammalian hosts (Eckert and Deplazes, 2004). Wild canids (e.g., coyotes, foxes) 

are the definitive hosts, which harbour adult parasites in the small intestine where they develop 

and mature. Mature adult parasites release eggs, which in turn are excreted in the definitive host's 

feces. When a suitable intermediate host (i.e., small rodents) ingests eggs from the environment, 

the metacestode, or larval stage, proliferates in the liver. The cycle is completed once a definitive 

host consumes an intermediate host containing the larval stage (Figure 1.3). 
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Alveolar echinococcosis 

In humans and dogs, ingestion of the eggs of E. multilocularis may result in AE, a 

disease due to infection with the larval stage of the parasite which is typically fatal when left 

untreated (Schweiger et al., 2007). Humans are considered accidental or aberrant hosts since they 

do not contribute to the developmental cycle of E. multilocularis (Eckert et al., 2001). 

In humans, AE is characterized by a lengthy clinical incubation period of 5–15 years, 

during which the larval stage typically proliferates within the liver, behaving similarly to 

infiltrative hepatic neoplasia (Brunetti et al., 2010). It is also possible for the infection to spread 

to surrounding extra-hepatic structures (Kern et al., 2003). Patients with AE typically experience 

cholestatic jaundice, abdominal pain, fatigue, and weight loss (Brunetti et al., 2010). The clinical 

presentation of AE can be easily misdiagnosed as liver cirrhosis or cancer (Vuitton et al., 2015). 

At the time of diagnosis, benzimidazole chemotherapy is initiated (Brunetti and White, 2012). 

The current preferred treatment is complete excision of parasitic tissue and radical resection of 

host tissue, depending on site and size of lesion, presence of metastases, and patient co-

morbidities (Kern, 2010). Benzimidazole chemotherapy is continued for a minimum of 2-years 

in cases of total surgical resection to reduce the likelihood of relapse (Brunetti and White, 2012); 

chemotherapy is prescribed indefinitely for case-patients who are not surgical candidates to slow 

the progression of the disease (Torgerson et al., 2008). Historically, in patients from Alaska, 

France, and Germany, the average survival rate for individuals ten years after diagnosis was 29% 

when left untreated (Ammann and Eckert, 1996). However, the introduction of benzimidazole 

chemotherapy has improved the survival rate to ~80% (Pawlowski et al., 2001). 
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Since the 1980s multiple cases of AE have been diagnosed in dogs in central Europe. 

Domestic dogs are thought to become infected via ingestion of large numbers of eggs in coyote 

or fox feces (Corsini et al., 2015). Typically, diagnoses of canine AE are made in high risk areas 

(Eckert and Deplazes, 2004). Furthermore, it should be noted that dogs with hepatic AE may also 

have patent intestinal infections, which poses a serious public health risk (Eckert and Deplazes, 

2004). 

Definitive hosts 

Throughout the majority of the geographic distribution of E. multilocularis, the red fox 

(Vulpes vulpes) acts as the primary definitive host (Eckert and Deplazes, 2004). Evidence 

suggests this is due to their extensive distribution, high susceptibility to E. multilocularis 

infection, and ability to sustain high worm burdens in comparison to other definitive hosts (Hofer 

et al., 2000). 

Raccoon dogs (Nyctereutes procyonoides), wolves (Canis lupis), coyotes (Canis latrans) 

and wild felids have also been reported to harbour intestinal infections both experimentally and 

naturally (Rausch et al., 1989; Martinek et al., 2001; Kapel et al., 2006; Thompson et al., 2006; 

Umhang, 2015). According to Thompson et al. (2006), these species were susceptible to 

infection as well as the ability to support substantial worm burdens, with the exception of wild 

felids. In spite of this, there is no evidence that raccoon dogs, wolves, or wild felids are able to 

maintain the life cycle of E. multilocularis in the absence of red foxes (EFSA AHAW Panel, 

2015). 
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Recent data from North America have shown that coyotes may play a more prominent 

role in the maintenance of E. multilocularis than previously thought (Leiby et al., 1970; Samuel 

et al., 1978; Storandt et al., 2002; Catalano et al., 2012; Massolo et al., 2014). Coyotes tend to 

have a diverse diet, ranging from fruits and insects to ungulates (Gese et al., 2008), but consume 

enough rodents to be exposed to the larval stage of E. multilocularis (Voigt and Berg, 1987). As 

definitive hosts, they may also play a greater role in the environmental spread of E. 

multilocularis, since coyotes have a more extensive home range as compared to red foxes (Voigt 

and Berg, 1987; Gese et al., 2008). In areas where red foxes are less abundant than coyotes, the 

latter may serve as the predominant definitive host (Catalano et al., 2012; Gesy et al., 2013; Gesy 

et al., 2014; Schurer et al., 2014), since foxes and coyotes tend to compete for the same resources 

(Gese et al., 2008; Macdonald and Reynolds, 2008). 

In addition to the sylvatic cycle, E. multilocularis can be involved in a synanthropic 

cycle. As demonstrated by Thompson (2008), dogs are susceptible to intestinal infection. 

Domestic carnivores may acquire the infection by preying on metacestode-infected rodents and 

therefore may pose a source of infection to humans. Notably, 12% of dogs on St. Lawrence 

Island, Alaska were infected with the intestinal stage of E. multilocularis in a 1951 study; in 

consequence, one of the highest rates of human alveolar echinococcosis in the world was 

recorded in this region (Rausch and Schiller, 1956). In affected villages, domestic dogs acted as 

the main definitive host in the absence of arctic foxes (Rausch and Schiller, 1956). Normally, in 

endemic areas, the prevalence of intestinal infections in dogs tends to be low since few dogs 

frequently feed on rodents (Dyachenko et al., 2008). Thus, dogs are thought to play a minor role 

in environmental contamination in comparison to other definitive hosts (Thompson, 2008). 
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Diagnosis of Echinococcus multilocularis in definitive hosts 

Traditionally, the segmental sedimentation and counting technique has been used to 

determine the prevalence of E. multilocularis in wild canid populations (Deplazes et al., 2004). 

However, this method requires a detailed examination of the intestinal tract and its entire 

contents. As a consequence, the method is labourious and can be biohazardous to human health 

due to the zoonotic potential of E. multilocularis eggs. More recently, a number of PCR methods 

(copro-DNA PCR) have been described to identify E. multilocularis genetic material in feces, 

but these methods suffer from low sensitivity due to PCR inhibitors in feces (Mathis et al., 1996; 

Monnier et al., 1996). A semi-automated real-time hydrolysis probe PCR method (MC-PCR) 

was more recently described in which E. multilocularis mitochondrial DNA is extracted from 

feces with a magnetic capture probe (Isaksson et al., 2014). In comparison to the sedimentation 

and counting technique, this method had an overall sensitivity of 88% and a specificity of at least 

99.9% with fox feces (Isaksson et al., 2014). In animals with more than 100 parasites, the 

sensitivity increased to 95.7% (Isaksson et al., 2014).  

Distribution of Echinococcus multilocularis 

 As previously mentioned, E. multilocularis is endemic in parts of Asia, Europe, and 

North America (Deplazes et al., 2017). In Asia, Echinococcus multilocularis is widespread and 

encompasses most of Russia, central Asia, and western China (Torgerson et al., 2010). Notably, 

the majority of the global burden of AE in humans occurs in China, accounting for 91% of 

human cases reported annually (Torgerson et al., 2010). 
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The historical range of E. multilocularis in Europe was considered to be limited to central 

and western France, southern Germany, northern Switzerland, and western Austria (Gottstein et 

al., 2015). However, in recent decades, the known endemic boundaries of E. multilocularis 

appear to have shifted, and the prevalence in endemic areas appears to have increased, as 

determined by wildlife sampling and reported human cases (Craig and Pawlowski, 2002). 

Presently, E. multilocularis has an extensive range across northeastern Europe and, within the 

core endemic area (i.e., France, Germany, and Switzerland), the prevalence in red foxes ranges 

from 35-65% (Craig and Pawlowski, 2002; Kern, 2003; Deplazes et al., 2004). Some argue that 

the observed emergence of E. multilocularis is a consequence of improved diagnostic tests and 

increased awareness of the parasite and human AE (Romig, 2002; Romig et al., 2006). While 

this may be true to some extent, a lack of historical data makes this difficult to determine (Romig 

et al., 2006). Nevertheless, evidence supports the shifting of the endemic boundaries of E. 

multilocularis in definitive hosts across Europe (Craig and Pawlowski, 2002; Berke et al., 2008). 

Historically, E. multilocularis was thought to be endemic in two distinct regions in North 

America; the north tundra zone (NTZ) and the north central region (NCR). The NTZ begins 

along the west coast of Alaska and extends northward and eastward to occupy most of the 

Canadian Arctic and closely resembles the distribution of the arctic fox (Eckert et al., 2000; 

Angerbjörn and Tannerfeldt, 2014). The NCR consists of southern portions of Alberta, 

Saskatchewan and Manitoba, along with 13 neighbouring USA states (North Dakota, South 

Dakota, Iowa, Minnesota, Montana, Wyoming, Nebraska, Illinois, Wisconsin, Indiana, Ohio, 

Missouri, Michigan) (Leiby and Kritsky, 1972; Eckert et al., 2000; Storandt et al., 2002; 

Kazacos, 2003). More recently, evidence suggests that the distribution in North America is 

changing. In 2009, a dog from Quesnel, British Columbia was diagnosed with hepatic AE and 
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had no history of travel (Peregrine et al., 2012). A subsequent study on wild canids in the area 

revealed a 33% prevalence of E. multilocularis as determined by examination of intestinal 

contents for adult tapeworms (Gesy et al., 2013). Together, these findings suggested a newly 

endemic area for the parasite. 

In comparison to Europe and Asia, human AE is rarely diagnosed in North America. 

With the notable exception of St. Lawrence Island, Alaska, which had one of the highest 

incidence rates of human AE in the world (Stehr-Green et al., 1988; Eckert et al., 2001), only 

three autochthonous cases of AE have been reported in North America. The first was diagnosed 

in Manitoba, Canada in 1928, the second in Minnesota, USA in 1977, and the most recent in 

Alberta, Canada in 2013 (Massolo et al., 2014). However, Massolo et al. (2014) argue that the 

actual impact of human AE in North America is likely underestimated; they suggest that the 

absence of official reporting mechanisms and a lack of awareness of the disease limit the 

understanding of human AE in North America. Nevertheless, based on available data, locally 

acquired human AE in North America was thought to be a rare occurrence. 

Surveillance 

 Surveillance for E. multilocularis can be conducted at the animal host-level, or by data 

collected from the reporting of human AE. Typically, animal host-surveillance focuses efforts on 

definitive hosts as examination of intermediate host populations is a less sensitive method for 

determining the prevalence and distribution of E. multilocularis due to spatial clustering of the 

infection in rodents (Leiby et al., 1970; Holmes et al., 1971). Surveillance of definitive hosts can 

provide timely data on the distribution of E. multilocularis which can help infer risk for humans 

and animals. In contrast, data provided by human AE reporting provide information on risk 
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factors for infection, course of infection, and efficacy of treatment for human populations (Kern 

et al., 2003).  

 When comparing the different types of surveillance, no single system has proven more 

useful than others. However, evidence suggests that together these systems provide data that 

collectively help address the changing epidemiology of E. multilocularis. For example, in 

France, an increase in the incidence of human cases of AE in multiple E. multilocularis-free 

areas compelled Combes et al. (2012) to investigate the infection in foxes. The use of data 

provided by host-level and human AE surveillance provided evidence for the westward spread of 

the parasite beyond the limit of the known European E. multilocularis-endemic area at that time. 

Therefore, multi-faceted surveillance strategies may provide more accurate guidance for the 

implementation of efficient prevention and control strategies. 

Echinococcus multilocularis in Ontario 

Prior to 2012, Ontario was considered to be free of E. multilocularis. Since then, five 

dogs, three privately-owned lemurs (non-human primates), and a wild-caught eastern chipmunk 

were diagnosed with AE in southern Ontario in the Golden Horseshoe region (i.e., the area 

surrounding the western shores of Lake Ontario) (Skelding et al., 2014; Oscos-Snowball et al., 

2014; Turner et al., 2016; French et al., 2018; Pinard et al., in press). Of these cases, only one 

dog was known to have travelled outside of the region, suggesting infections were likely locally 

acquired. Canine AE is an extremely rare diagnosis and before 2009 had not been diagnosed in a 

dog in the US or Canada (Peregrine et al., 2012). Therefore, the development of AE in the 

aforementioned animals in Ontario was especially concerning since Ontario was thought to be 

free of E. multilocularis (Storandt and Kazacos, 2012). Canine cases of AE have previously only 
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been reported in high risk areas and are thought to be due to the ingestion of a large number of 

eggs (i.e., ingestion of wild canid feces) (Deplazes and Eckert, 2001; Peregrine et al., 2012). This 

therefore suggests that there are likely significant levels of infection in wild canids in southern 

Ontario. If true, the parasite poses public health concerns for humans and dogs across the region. 

With respect to human health concerns, domestic dogs can serve as definitive hosts, which is 

particularly concerning due to the risk of infection for humans from shedding eggs in their feces 

(Gottstein et al., 2015). Additionally, data from Europe suggest that some dogs with AE may 

also harbour patent intestinal infections (Eckert and Deplazes, 2004). In light of these 

developments, there was an urgent need to describe where in the province of Ontario E. 

multilocularis occurs. 

Dirofilaria immitis 

Dirofilaria immitis (heartworm) is a vector-borne filarial nematode that is capable of 

causing serious cardiopulmonary disease in dogs (Atkins, 2017). Heartworm primarily infects 

domestic and wild canids (i.e., coyotes, wolves, foxes) and both dogs and wild canids are 

considered reservoir hosts for the parasite. Additionally, heartworm can also occur in a variety of 

other animals, including cats, ferrets (Mustela putorius), California sea lions (Zalophus 

californianus), horses (Equus caballus), beavers (Castor canadensis), and humans (Lee et al., 

2010). 

The complete lifecycle of D. immitis consists of five larval developmental stages. 

Mosquitoes acquire D. immitis by taking a blood meal from a microfilariemic host. In the 

mosquito host, D. immitis matures from first stage larvae (L1) to third stage larvae (L3) by 

undergoing two molts. The temperature requirements to allow for parasite maturation is a 
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minimum of 14°C in mosquitoes (Slocombe et al., 1995). The rate of development is dependent 

on the number of accumulated thermal units above the parasite development threshold or 

heartworm development units (HDU) (Knight and Lok, 1998). Maturation to the infective L3 

requires approximately 130 HDU, which can be accumulated in as little as eight days at 30°C or 

as long as a month at 18.3°C (Knight and Lok, 1998). 

The infective L3 are deposited subcutaneously when an infected mosquito takes a blood 

meal on a vertebrate host (Boss and Shearer, 2011). Within 21 days, the larvae migrate through 

the host to the abdominal muscle tissue (Bowman and Atkins, 2009). During this migration, L3 

molt to stage four larvae (L4). After approximately 41 days L4 begin to enter the blood 

circulation. When L4 first reach the cardiopulmonary vasculature, blood flow forces them into 

the more distal small pulmonary arteries of the caudal lung lobes (Atkins, 2017). The L4 molt to 

immature adult stage 50-70 days after infection. All parasites typically reach the blood vessels of 

the lungs by 120 days (Boss and Shearer, 2011). As the parasites grow, they begin to occupy 

larger and larger pulmonary arteries, moving into the right ventricle and atrium when the worm 

burden is high (Atkins, 2017). Female worms can reach sexual maturity in as little as four 

months and microfilariae can appear in the blood as early as six months after infection (Bowman 

and Atkins, 2009). 

Canine heartworm disease 

 Clinical presentation of D. immitis infection in dogs is dependent on worm burden and 

duration of infection (Atkins, 2017). Generally, infections with low parasite burden are 

subclinical and are typically only recognized upon routine screening (Bowman and Atkins, 

2009). Signs include weight loss, exercise intolerance, reduced body condition, lethargy, 
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coughing, dyspnea, syncope, and abdominal extension (Atkins, 2017). In cases with high worm 

burden, pulmonary hypertension and congestive heart failure may develop (Quinn and Williams, 

2011).  

Dogs with heavy worm burdens (>40 worms) are at risk for developing caval syndrome, 

the most severe manifestation of D. immitis infection in dogs (Bové et al., 2010). The condition 

is characterized by pulmonary hypertension and decreased cardiac output with subsequent 

displacement and retrograde migration of adult D. immitis parasites into the main pulmonary 

arteries, right ventricle, right atrium, and less commonly the caudal and/or cranial vena cava 

(Bové et al., 2010). 

Human dirofilariasis 

Human dirofilariasis is rare, with 84 cases reported in United States diagnosed between 

1952 and 2004 (Diaz and Risher, 2015). Humans tend to act as dead-end hosts; most cases of 

human dirofilariasis are asymptomatic. When present, signs and symptoms include cough, chest 

pain, fever, and pleural effusion (Diaz and Risher, 2015). 

Diagnostic testing 

 Antigen testing is considered the most sensitive ante-mortem diagnostic method available 

for detecting D. immitis infection in dogs. Antigen tests for D. immitis detect a circulating uterine 

antigen produced by adult female parasites using enzyme-linked immunosorbent assay (ELISA) 

or immunochromatographic test systems (AHS, 2018). Microfilaria testing is also available for 

D. immitis diagnosis; it is not recommended to perform microfilaria testing alone since 

microfilaria are not always found to be circulating in the blood of infected dogs (AHS, 2018). 
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However, there is an increasing awareness of instances in which dogs that test antigen negative 

test positive for circulating microfilaria (Little et al., 2018). Thus, the current canine heartworm 

guidelines recommend microfilaria testing to validate negative results obtained from commercial 

D. immitis antigen tests (AHS, 2018).  

 With respect to commercial D. immitis antigen tests, false-negative results, in which a 

dog with D. immitis infection does not have detectable antigen, can occur for several reasons. 

Courtney and Zeng (2001) have demonstrated that the sensitivity of several commercially 

available D. immitis antigen ELISAs was lower for infected dogs harbouring less than three adult 

female parasites compared to those with three or more adult females. Infections with only male 

parasites present are typically not detected (Klotins et al., 2000). Additionally, it was thought that 

D. immitis antigen was not detectable until six months after infection; however, recent studies 

have shown that antigen can be detected in samples from dogs that have undergone heat 

pretreatment as early as 4.2 months (Lee et al., 2015; Carmichael et al., 2017). More recently, 

blocked antigen (i.e., antigen trapped in immune complexes) has been identified as a possible 

cause for false-negative results (Little et al., 2018). Heat pretreatment, with or without 

ethylenediaminetetraacetic acid, is a common method for disrupting immune complexes (Beall et 

al., 2017); by freeing the antigen from the immune complexes, evidence suggests that antigen is 

more readily detectable in some patients (Little et al., 2018). 

Although commercial D. immitis antigen tests are considered to be highly specific, false-

positive results have been reported in samples from dogs and wildlife species (Little et al., 2018). 

Known causes of false-positive results include cross-reaction due to infection with Spirocerca 

lupi, Angiostrongylus vasorum, Acanthocheilonema odendhali, Dracunculus insignis, Onchocera 



 

 16 

spp. and other Dirofilaria spp. (Schnyder and Deplazes, 2012; Aroch et al., 2015; Krucik et al., 

2016; Skinner et al., 2017; Venco et al., 2017). Additionally, Venco et al. (2017) demonstrated 

ex vivo cross reaction of Toxocara canis antigen with several commercially available D. immitis 

antigen tests. This is consistent with earlier work which suggested that intestinal T. canis 

infection can produce detectable antigen in the blood of dogs (Matsumara et al., 1984). 

Collectively, these data support the possibility of T. canis infections causing false-positive results 

with commercial D. immitis antigen tests.  

 In Canada, the most commonly used commercially available D. immitis antigen test is the 

SNAP® 4Dx® Plus test (IDEXX Laboratories, Inc., Westbrook, Maine, USA), a commercially 

available ELISA that tests for the presence of D. immitis antigen and antibodies against several 

tick-borne pathogens (i.e., Borrelia burgdorferi, Anaplasma spp., and Ehrlichia spp.). The D. 

immitis component of the SNAP® 4Dx® Plus test has a reported sensitivity and specificity of 

99.0% and 99.3%, respectively, when applied to dogs (IDEXX, 2016). Additionally, when 

applied to domestic canine serum/blood samples, the SNAP® 4Dx® Plus test has a sensitivity of 

94.1% and specificity of 96.2% for the detection of antibody against B. burgdorferi, a sensitivity 

of 90.3% and specificity of 94.3% for the detection of antibody against Anaplasma spp., and 

sensitivity of 97.1% and specificity of 95.3% for the detection of antibody against Erhlichia spp., 

as reported in the test’s package insert (IDEXX, 2016). 

Wildlife Reservoirs 

A potential source of D. immitis infection for dogs in North America are wild canids 

(Brown et al., 2012). In the United States, the prevalence of infection can range from 0% to as 

high as 100% among surveyed wild canid populations (Table 1.1). Coyotes in particular are 
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thought to represent excellent, omnipresent reservoirs of infection in rural and urban areas 

(Bowman and Atkins, 2009). Conversely, evidence suggests that foxes may be unimportant as a 

reservoir for D. immitis due to the low burdens of adult D. immitis parasites in surveyed 

populations (Simmons et al., 1980; King and Bohning, 1984; McCall et al., 2008).  

Surveys for D. immitis among wild canid populations typically rely on identification of 

parasites at necropsy (Table 1.1). More recently, some studies have employed the use of 

commercially available D. immitis antigen assays to determine the prevalence of infection. An 

issue with the application of these assays, however, is that they were designed for use with dogs 

and their performance must be validated in wild canids for accurate interpretation of the results. 

This is necessary as it is possible that other parasites in wild canids that do not occur frequently 

in dogs can cross-react with test antibodies, resulting in false-positive results (Sacks et al., 2002). 

For example, Fisk (2016) surveyed 30 coyotes in Nevada, US for heartworm using necropsy 

examination and two commercially available D. immitis antigen ELISAs (i.e., DiroCHEK® and 

SNAP® 4Dx® Plus test). Although no evidence of D. immitis parasites were found at necropsy, 

20% (6/30) and 7% (2/30) of coyotes tested positive on the DiroCHEK® and SNAP® 4Dx® Plus 

test assays, respectively; the author did not investigate potential reasons for the discordant 

results.  

Dirofilaria immitis in Ontario 

Dirofilaria immitis was first recognized as endemic in Canada in 1977, with the majority 

of cases occurring in Ontario (Slocombe, 1978). As such, Ontario has been a focus for D. immitis 

chemoprophylaxis and surveillance programs for dogs in Canada (Klotins et al., 2000). Overall, 
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the prevalence of D. immitis in dogs in Ontario is considered low, with a reported prevalence of 

0.12% from 2008 to 2015 (Evason et al., 2019).  

Spatially, the risk of D. immitis infection in dogs varies across Ontario and is considered 

highest in southern Ontario. Within this area, the south-western region is considered an endemic 

focus for D. immitis infection in dogs. In the early 1990’s, a second endemic focus was 

recognized in the eastern region (Slocombe and Villeneuve, 1993). Recent work demonstrated 

that these foci continue to represent higher risk areas for dogs in southern Ontario; as determined 

by a flexible spatial scan test, McGill et al. (2019) found that the risk of D. immitis infection in 

dogs was 7 times and 2.6 times greater in the south-western and eastern regions of southern 

Ontario, respectively, compared to dogs from the rest of Ontario.  

Our understanding of D. immitis infection in dogs in Ontario is largely based on two data 

sources. First, from 1977 to 2010, Dr. Slocombe conducted Canada-wide mail-back surveys 

among veterinarians requesting information pertaining to the number of D. immitis diagnoses, 

number of dogs tested, and the number of dogs on preventive medication (Slocombe, 1978; 

2011). The prevalence of D. immitis infection in dogs in Ontario ranged from 1.5% in 1978 to 

0.15% in 2010 (Slocombe and McMillan, 1979; Slocombe, 2011). The most recent data 

pertaining to D. immitis infection in dogs in Ontario are based on antigen test results from in-

clinic testing and submissions to diagnostic laboratories from 2007 to 2016 (Herrin et al., 2017; 

Evason et al., 2019; McGill et al., 2019); unfortunately, preventive medication and travel history 

is not available for dogs included in these data sets. Over this period, the prevalence of D. 

immitis infection in dogs ranged from 0.30% in 2008 to 0.15% in 2015 (Evason et al., 2019).  
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It is important to note that both abovementioned sources are likely biased by dogs that 

visit veterinary clinics while dogs that do not visit veterinary clinics are inherently 

underrepresented. The latter represent a subset of dogs unlikely to be on preventive medication 

since all heartworm preventive products in Canada are prescription only. As such, these dogs are 

at greater risk for D. immitis infection. Therefore, the aforementioned data limit our ability to 

estimate the true risk for dogs in Ontario. To assess true transmission rates, it would be more 

appropriate to study populations not on preventive medication such as unprotected dogs and wild 

canids (Wang et al., 2014). However, currently, little is known about the parasite in wild canids 

from Ontario. Although cases of D. immitis infection have been reported in foxes and coyotes in 

southern Ontario since 1979 (Slocombe and McMillan, 1980, Slocombe, 2002; 2011), to our 

knowledge, no large-scale survey has been conducted. Thus, the role of wild canids in the 

epidemiology of D. immitis in Ontario is largely unknown. 

STUDY RATIONALE AND OBJECTIVES 

In Ontario, there are limitations to both our understanding of, and surveillance approaches 

for, E. multilocularis and D. immitis. However, the limitations surrounding the surveillance 

systems for E. multilocularis and D. immitis in Ontario are quite different. On the one hand, E. 

multilocularis represents a novel public health and veterinary threat in southern Ontario that 

requires urgent elucidation of where the parasite occurs in the province to forecast risk areas for 

humans and dogs. Conversely, there are data available for D. immitis infection in dogs in 

Ontario, but there are likely biases in these data that limit our ability to estimate the true risk of 

infection for dogs in the province. Wild canids play a role in the ecology of both pathogens. As 

such, it is likely that wild canids could serve as useful sentinels for each. For the full utility of a 
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potential animal sentinel to be realized, it must be framed in the context of the pathogen ecology, 

and surveillance objectives in question. Thus, the primary goal of this thesis was to investigate 

wild canids as sentinels for E. multilocularis and D. immitis in southern Ontario. To address this 

goal, the principal objectives of this thesis were to: 

a) Determine the prevalence and geographic distribution of E. multilocularis in foxes and 

coyotes in southern Ontario (Chapter 2) 

b) Identify high risk areas or “hot spots” of E. multilocularis infection in foxes and coyotes 

in Ontario (Chapter 2) 

c) Identify factors (e.g., age, sex, body condition, habitat type) associated with E. 

multilocularis infection in foxes and coyotes in Ontario (Chapter 3) 

d) Determine the prevalence and geographic distribution of D. immitis in foxes and coyotes 

in southern Ontario (Chapter 4) 

e) Evaluate the performance of the SNAP® 4Dx® Plus test to detect D. immitis in foxes and 

coyotes in southern Ontario (Chapter 5) 

f) Report the seroprevalence and geographic distribution of D. immitis antigen and Borrelia 

burgdorferi, Anaplasma spp., and Ehrlichia spp. antibodies in foxes and coyotes in 

southern Ontario (Chapter 5)
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TABLES 

Table 1.1. Surveys of Dirofilaria immitis infection in wild canids in the United States. 

Location Species  Prevalence 

(%) 

95% CI Method of 

Diagnosis 

Citation 

Iowa, US Coyote 3.6 1.7-7.1 Necropsy Franson et al., 

1976 

Illinois, US  Red fox 3.6 1.7-7.0 Necropsy Hubert et al., 

1980 

Alabama and Georgia, US Grey fox 2.7 0.8-6.9 Necropsy Simmons et al., 

1980 

California, US Coyote 37 29.1-46.5 Necropsy Weinmann and 

Garcia, 1980 

Texas and Louisiana, US Coyote 71 50.6-85.3 Necropsy Custer and Pence, 

1981 Coyote-Red 

wolf hybrid 

83 69.0-91.2 Necropsy 

Red wolf 100 62.8-100 Necropsy 

Connecticut, 

Massachusetts, and New 

Hampshire, US 

Coyote 3.9 2.0-7.0 Necropsy  Agostine and 

Jones, 1982 

Arkansas, US Coyote 66 58.9-72.1 Necropsy King and 

Bohning, 1984 Red fox  3.8 0-20.5 Necropsy 

Grey fox 1.8 0.4-5.5 Necropsy 

Nebraska, US Coyote  8.9 6.5-11.9 Necropsy Pappas and 

Lunzman, 1985 Red fox  4.8 0-24.4 Necropsy 

Missouri, US Coyote 7 4.1-10.0 Necropsy Wixsom et al., 

1981 Red fox 6 2.2-13.4 Necropsy 

Grey fox 0 0-0.2 Necropsy  
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Location Species  Prevalence 

(%) 

95% CI Method of 

Diagnosis 

Citation 

Illinois, US Coyote 16 13.3-18.0 Necropsy Nelson et al., 

2003 

Washington, US Coyote 0 0-0.8 Necropsy Foreyt, 2008 

Oklahoma and Texas, US Coyote 6.5 2.5-14.7 SNAP® 4Dx® Plus Paras et al., 2012 

Nevada, US  Coyote 0 0-13.5 Necropsy Fisk, 2016 

20 9.1-37.7 DiroCHEK® 

7 0.8-22.4 SNAP® 4Dx® Plus 

Wisconsin, US Grey wolf 9.2 6.8-12.8 SNAP® 4Dx® Plus Jara et al., 2016 
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FIGURES 

 

Figure 1.1. Key component and attributes of the sentinel framework (from Halliday et al., 2007). 
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Figure 1.2. The sentinel framework in context (from Halliday et al., 2007). 
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Figure 1.3. The life cycle of Echinococcus multilocularis. Created with information from Eckert 

and Deplazes (2004).
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CHAPTER 2 - ECHINOCOCCUS MULTILOCULARIS INFECTION, 

SOUTHERN ONTARIO, CANADA 

 This chapter was previously published as: Kotwa JD, Isaksson M, Jardine CM, Campbell 

GD, Berke O, Pearl DL, Mercer NJ, Osterman-Lind E, Peregrine AS. 2019. Echinococcus 

multilocularis infection, southern Ontario, Canada. Emerg Infect Dis. 25, 265-272. 

ABSTRACT 

Alveolar echinococcosis, the disease caused by infection with the intermediate stage of 

the Echinococcus multilocularis tapeworm, is typically fatal in humans and dogs when left 

untreated. Since 2012, alveolar echinococcosis has been diagnosed in 5 dogs, 3 lemurs, and 1 

chipmunk in southern Ontario, Canada, a region previously considered free of these tapeworms. 

Because of human and animal health concerns, we estimated prevalence of infection in wild 

canids across southern Ontario. During 2015–2017, we collected fecal samples from 460 wild 

canids (416 coyotes, 44 foxes) during postmortem examination and analyzed them by using a 

semiautomated magnetic capture probe DNA extraction and real-time PCR method for E. 

multilocularis DNA. Surprisingly, 23% (95% CI 20–27%) samples tested positive. By using a 

spatial scan test, we identified an infection cluster (relative risk 2.26; p = 0.002) in the western-

central region of the province. The cluster encompasses areas of dense human population, 

suggesting zoonotic transmission. 
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INTRODUCTION 

Alveolar echinococcosis (AE) is a chronic infection caused by the larval stage of the 

Echinococcus multilocularis tapeworm and commonly manifests within the liver. In humans and 

dogs, AE is typically fatal when left untreated. The parasite has a wide distribution in the 

Northern Hemisphere, with extensive endemic regions in North America, Europe, and Asia (1). 

E. multilocularis is usually maintained in a life cycle that involves 2 mammalian hosts. Wild 

canids (e.g., foxes and coyotes), dogs, and (less commonly) cats, act as definitive hosts, which 

harbor adult parasites in the small intestine without apparent clinical disease. Once mature, adult 

parasites release eggs, which are shed in the definitive host’s feces. Intermediate hosts (e.g., 

small rodents) acquire the larval stage by ingestion of infective eggs in the environment. The life 

cycle is completed when a definitive host consumes an intermediate host containing the larval 

stage. Humans and dogs can experience AE when eggs of the parasite are consumed. In humans, 

AE is characterized by a lengthy clinical incubation period of 5–15 years, during which the larval 

stage typically proliferates within the liver, behaving similarly to infiltrative hepatic neoplasia 

(2). Humans with clinical AE cases typically experience cholestatic jaundice, abdominal pain, 

fatigue, and weight loss (3). The preferred treatment is complete excision of parasitic tissue and 

radical resection of host tissue depending on the site and size of the lesion, presence of 

metastases, and patient comorbidities (4). Benzimidazole chemotherapy is initiated at the time of 

diagnosis (5). In cases of total surgical resection, treatment is continued for a minimum of 2 

years to reduce the likelihood of relapse (5). In case-patients who are not surgical candidates, 

chemotherapy treatment might be prescribed indefinitely to slow the progression of disease (6). 

Historically, in patients from Alaska, France, and Germany, the average survival rate 10 years 
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after diagnosis was 29% when left untreated (7). The advent of benzimidazole chemotherapy has 

increased the 10-year survival rate to ~80% (8). 

Red foxes (Vulpes vulpes) are commonly the primary definitive host for E. multilocularis 

tapeworms in Europe and North America (1). More recently, studies have shown that coyotes 

(Canis latrans) also maintain the parasite in North America (9,10). This development is 

important because coyotes can expedite the spread of E. multilocularis because they have larger 

home ranges compared with red foxes (11). 

The area of endemicity of E. multilocularis in North America was thought to include 2 

distinct regions: the north tundra zone and the north central region. The north tundra zone begins 

on the west coast of Alaska and extends northward and eastward to occupy most of the Canadian 

Arctic; the distribution is consistent with that of the Arctic fox (10,12). The north central region 

includes the southern portions of the Canadian provinces of Alberta, Saskatchewan, and 

Manitoba, along with 13 neighboring U.S. states (North Dakota, South Dakota, Iowa, Minnesota, 

Montana, Wyoming, Nebraska, Illinois, Wisconsin, Indiana, Ohio, Missouri, and Michigan) 

(9,10,13). Recent reports suggest that the distribution is expanding or perhaps is wider than 

previously thought; for example, in 2009, a dog from the Quesnel region in British Columbia, 

with no travel history outside of that province, was diagnosed with AE (14). A subsequent study 

determined that ~33% of wild canids in the same region were infected with E. multilocularis 

tapeworms, suggesting that this represents a newly endemic area (15). 

Before 2012, Ontario was considered free of E. multilocularis. Since then, AE has been 

diagnosed in 5 dogs, 3 privately owned lemurs (Lemur catta), and a wild-caught eastern 

chipmunk (Tamias striatus) in the region surrounding the western shores of Lake Ontario in 
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southern Ontario (16–21; A. Peregrine, unpub. Data); the primary organ of involvement was the 

liver in all except 1 case, which involved only a subcutaneous lesion. To the authors’ knowledge, 

only 1 of the aforementioned dogs had traveled outside this region; the other animals must have 

acquired the infection locally, probably as a result of ingestion of canid feces containing eggs of 

E. multilocularis. Canine AE is a rare disease that most likely occurs when dogs ingest a 

substantial number of eggs (22). Collectively, these cases suggest that parts of southern Ontario 

have substantial levels of infection among wild canids. Although southern Ontario encompasses 

an extensive geographic area (136,907 km2), it is the most densely-populated region of the 

province, with »12 million residents (23). At the time of the aforementioned cases of AE in 

animals, human AE was not a disease of public health importance (i.e., it was not reportable) in 

Ontario; therefore, whether autochthonous human cases were occurring in the province was 

unknown. Nevertheless, the presence of E. multilocularis represented a potentially serious threat 

to humans and animal health. 

In light of these developments, we sensed an urgent need to accurately define areas in 

southern Ontario where E. multilocularis occurs and to identify the areas of highest risk within 

this region. We therefore conducted a study to estimate the prevalence and geographic 

distribution of E. multilocularis infection among foxes and coyotes across southern Ontario. 

MATERIALS AND METHODS 

Carcass collection and necropsy 

We obtained wild canid carcasses through collaboration with licensed hunters and 

trappers and the Ontario Ministry of Natural Resources and Forestry. We disseminated 
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information about the project to hunter and trapper groups in southern Ontario that ordinarily 

harvest coyotes and foxes for their pelts. Submission of a carcass was contingent on provision of 

the geographic location of origin of the harvested carcass. We obtained carcasses over 2 

collection periods: November 1, 2015–August 10, 2016, and August 30, 2016–March 27, 2017. 

During each collection period, hunters and trappers were limited to 10 carcass submissions of 

each species. No animals were killed for the purpose of this study. We submitted frozen and 

fresh carcasses for a limited postmortem examination. We removed the large intestine from each 

carcass and stored it at ~80°C for a minimum of 5 days to eliminate infectivity of the eggs (24), 

after which we collected 2 aliquots of rectal fecal material (3 g each) from each intestinal sample 

and stored them at ~20°C before analysis. 

Magnetic capture probe DNA extraction and real-time PCR 

At the end of each collection period, we sent fecal samples to the Section for 

Microbiology at the National Veterinary Institute, Uppsala, Sweden, for analysis using a semi-

automated magnetic capture probe DNA extraction and real-time hydrolysis PCR (MC-PCR) 

method for the presence of E. multilocularis DNA (25). Compared with the sedimentation and 

counting technique, which is typically considered the reference standard for the diagnosis of 

infection in wild canids (26), the MC-PCR method is less labor-intensive and is well suited for 

processing large numbers of samples (25), and, when applied to foxes, has an overall sensitivity 

of 88% (81% with <100 parasites and 96% sensitivity with >100 parasites) with a minimum 

specificity of 99.9% (25,27). For each batch of extracted samples that was examined, we used 1 

positive and 2 negative controls to validate the extraction process and real-time PCR assay; the 
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positive control was a known positive fox fecal homogenate. We analyzed all samples in 

duplicate and considered a sample positive if >1 of the duplicates tested positive. 

Statistical and spatial analyses 

Human exposure or case follow-up of AE falls within the legislative mandate for public 

health in Ontario on the basis of the geographic boundaries of each public health unit (PHU). 

Therefore, we visualized the prevalence of infection in wild canids across southern Ontario by 

using choropleth maps organized by the administrative boundaries of the 29 southern Ontario 

PHUs (Figure 2.1). To account for potentially unreliable prevalence estimates in certain PHUs 

resulting from small sample sizes, we used a Bayesian estimation method with local priors to 

smooth prevalence estimates (28,29). We performed Bayesian smoothing by using R 3.4.2 with 

R packages: maptools 0.8–39 and spdep 0.6–13 (R Foundation for Statistical Computing; 

http://cran.r-project.org). Graphic displays were produced by using QGIS 2.14.3 (Quantum GIS 

Development Team; http://www.qgis.org). 

An underlying assumption for constructing CIs is independence of observations. Our data 

fail to meet this assumption because we cannot assume that the infection status of a wild canid is 

independent of others in the population. Thus, the dependence of the observations must be 

considered. Therefore, we constructed Agresti-Coull CIs for prevalence estimates by using 

Stata/SE 15.1 (StataCorp; http://www.stata.com) (30); this method has been recommended for 

data that violate the assumption of independence (31). 

To assess for areas of high risk for infection (hotspots), we performed a 1-tailed spatial 

scan statistic by using a Bernoulli probability model with SaTScan 9.4.4 (Kulldorff, Boston, MA, 

USA, and Information Management Services, Inc., Rockville, MD, USA). We set the maximum 
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size of the circular scanning window size to 50% of the total population. We estimated the 

statistical significance of the spatial clusters by using Monte Carlo hypothesis testing based on 

999 iterations. We reported statistically significant primary and secondary nonoverlapping 

spatial clusters. We set the significance level for all analyses at 5% (α = 0.05). We performed the 

spatial scan test with the observations georeferenced to the centroids of the PHUs and then 

according to the latitude and longitude of PCR-positive and -negative tested wild canids to assess 

the consistency of results using different levels of spatial resolution. 

RESULTS 

During November 2015–March 2017, we collected 460 wild canids (416 coyotes and 44 

foxes) from 25 of the 29 southern Ontario PHUs and tested them for the presence of E. 

multilocularis DNA by using MC-PCR. We collected 205 wild canids (183 coyotes and 22 

foxes) in the first collection period and 255 wild canids (233 coyotes and 22 foxes) in the second. 

During both collection periods, we collected >80% of the wild canids during the months of 

January, February, and March. Hunters and trappers consistently reported low fox population 

numbers throughout the duration of the project, resulting in a low number of sampled foxes. No 

canids were collected from PHUs 3535, 3553, 3555, and 3595 (Figure 2.1). Overall, 23% (95% 

CI 20-27%) of wild canids, from 18 PHUs, tested positive for E. multilocularis (Table 2.1). 

Among coyotes, 24% (95% CI 20-28%) tested positive; 21% (95% CI 11-35%) of foxes tested 

positive. Raw prevalence ranged from 0% to 100% among PHUs (Figure 2.2). Smoothed 

prevalence by PHU estimates ranged from 4% to 46% (Table 2.1) and varied on a gradient of 

higher to lower prevalence from the southwestern to northeastern regions of southern Ontario 

(Figure 2.2). 
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The spatial scan test, georeferenced by PHU, detected a significant spatial cluster of high 

prevalence of infection (relative risk 2.26; p = 0.002) centered in PHU 3534, consisting of 10 

contiguous PHUs (3527, 3531, 3534, 3536, 3537, 3544, 3546, 3552, 3554, and 3565) (Figure 

2.2). The prevalence of infection among the 205 wild canids included in the cluster was 34% 

(95% CI 28-40%). A second spatial scan test, using data georeferenced to each wild canid’s 

location of origin, detected a significant spatial cluster of high prevalence of infection (relative 

risk 2.53; p = 0.001), with a radius of 120 km also centered in PHU 3534. The prevalence of 

infection among the 216 wild canids included in the cluster was 34% (95% CI 28-41%). No 

statistically significant nonoverlapping secondary high-risk spatial clusters were identified at 

either level of spatial resolution. 

DISCUSSION 

This report describes the prevalence of E. multilocularis infection in wild canids in 

Ontario. Because Ontario was previously considered free of E. multilocularis, we were surprised 

that 23% of the wild canids (107/460) tested positive for the parasite in our study. This finding is 

comparable to recent wild canid prevalence data from Edmonton, Alberta, Canada (9), where E. 

multilocularis has been recognized for decades (32). We anticipated that infection among wild 

canids would be confined to the region surrounding the western shores of Lake Ontario in 

southern Ontario, where the aforementioned cases of AE were observed. However, our findings 

indicate that E. multilocularis infection in wild canids is widely distributed across the western, 

central, and eastern regions of southern Ontario, with a high prevalence hotspot consisting of 10 

PHUs in the western-central region (Figure 2.2). The combination of the high prevalence and 

wide geographic distribution of infection suggests that E. multilocularis was not a recent 
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introduction into Ontario. Additionally, to the authors’ knowledge, only 1 other study has 

investigated E. multilocularis in the province; a survey of 302 red foxes from southern Ontario 

during 1979–1980 did not detect evidence of the parasite (33). Therefore, E. multilocularis 

probably was introduced sometime after 1980. 

How E. multilocularis was introduced into Ontario is unclear. However, the spatial 

pattern of high infection prevalence among wild canids in the southern PHUs that border the 

northern shores of Lake Erie (Figure 2.2) might indicate a natural northeastern expansion from 

Michigan, a known endemic area (33). Also, the importation of dogs from endemic areas in 

North America or Europe, without any requirement for cestocide treatment, might have 

contributed to the introduction of E. multilocularis tapeworms into the province. Notably, 

molecular characterization of the metacestode stage from 1 of the southern Ontario dogs 

diagnosed with AE without travel history was consistent with E. multilocularis of possible 

European origin (1), whereas another appeared to be North American in origin (K. Gesy, pers. 

comm. 2017 Dec 14). These findings strengthen the possibility that an importation event 

occurred, perhaps in addition to a natural range expansion. However, the meaning of this 

information remains unclear because data concerning the epidemiologic importance of individual 

strain variants are limited (34,35). 

We measured an infection prevalence of 34% (95% CI 28-40%) among wild canids 

within the southern Ontario hot spot. Consequently, a question of public health importance is to 

what extent the human population in southern Ontario is at risk for human AE. Across the 

endemic countries in Europe, where the prevalence of E. multilocularis infection in wild canids 

ranges from <1% to >50% (1), human AE is rare; the overall average annual incidence in these 
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countries ranges from 0.03 to 0.3 cases/100,000 residents (36). However, substantial variation in 

risk exists across regions. For example, in areas with consistently high prevalence in wild canids 

(i.e., 35-65% prevalence), the annual incidence of human AE can be as high as 8.1 cases/100,000 

residents (37,38), which is similar to the prevalence estimates among wild canids in the southern 

Ontario hotspot that we describe. Furthermore, the location of the infection cluster encompasses 

multiple urban areas with human population densities of up to 1,700 residents/km2 (23). 

Therefore, transmission of E. multilocularis should be considered a public health risk. 

In areas endemic for E. multilocularis, dog ownership has been associated with increased 

risk for human AE (37,39–41). Dog ownership might entail various human and dog behaviors 

that might lead to an increased risk for human infection with E. multilocularis. These behaviors 

include leaving dogs outside unattended, walking dogs without a leash, allowing dogs to 

consume rodents, and owners inconsistently deworming their dogs (40). As such, monthly 

treatment with praziquantel is recommended for dogs in endemic areas that consume rodents to 

prevent patent intestinal infections and therefore mitigate the risk for transmission to humans 

(36). The same is also recommended for dogs with hepatic AE because such dogs might also 

have concurrent intestinal infections (42). Thus, even in instances of canine hepatic AE, a 

follow-up investigation of possible exposure to E. multilocularis for in-contact humans is 

warranted (43). 

As of January 1 2018, E. multilocularis was designated a reportable disease in animals in 

Ontario (44). Veterinarians and diagnostic laboratories are required to report animal cases 

directly to their local PHUs to minimize potential risks to human and public health. Furthermore, 

as of May 1, 2018, E. multilocularis infection in humans was designated a disease of public 
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health importance (i.e., a disease that must be reported) in Ontario (45). Although human AE 

was not reportable before 2018, data from the Canadian Institute for Health Information indicate 

that >3 cases of human AE have been diagnosed in Ontario since 2014 (46); however, these data 

do not include information regarding patient travel or exposure histories. Therefore, whether 

these cases were locally acquired is unknown. Designating E. multilocularis as reportable in 

humans and animals is potentially important because in endemic areas (i.e., Europe) a large 

proportion of the economic burden associated with human AE is attributable to patients typically 

being diagnosed in the late stages of the disease, requiring life-long chemotherapy and 

occasionally interventional procedures (e.g., percutaneous biliary and centro-parasitic abscess 

drainage) (5,36). Therefore, the ability to anticipate E. multilocularis exposure and to diagnose 

early-stage human AE is essential to reduce the need for long-term treatment, thereby 

minimizing the economic burden associated with the disease. A limitation of having the infection 

reportable only in humans is that, given the long clinical incubation period of AE in humans, 

other persons potentially at risk would likely have been infected years earlier. Thus, in areas 

where E. multilocularis is endemic, a One Health surveillance approach that also requires 

mandatory reporting of E. multilocularis in animals to public health authorities could facilitate 

prompt investigation of suspected exposure in persons and lead to earlier diagnosis. 

Our study has several limitations. First, sample collection was dependent on carcass 

submission from hunters, trappers, and the Ontario Ministry of Natural Resources and Forestry. 

Although this convenience sampling allowed us to achieve a large sample size, it resulted in 

underrepresentation of parts of the study area. Because this approach resulted in PHUs with low 

sample sizes and thus potentially unreliable prevalence estimates, we used a Bayesian estimation 

method to smooth prevalence estimates. Second, the MC-PCR method used to detect E. 
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multilocularis DNA is imperfect, having an overall sensitivity of 88% and specificity of 99% 

(25,27); however, we chose to employ this method because it is suitable for large-scale screening 

and its performance is comparable to what is considered the reference standard for diagnosis of 

infection in wild canids, the sedimentation and counting technique (26). 

Our findings underscore the importance for continued surveillance among wild canids 

within and outside endemic areas in North America to monitor the spread of E. multilocularis 

tapeworms. Additionally, an understanding of the prevalence of intestinal infections among dogs 

in endemic areas would provide valuable information on potential exposure risk in human 

populations. Collectively, the data would guide public health and veterinary efforts in the 

development of targeted prevention strategies in this region. 
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TABLES 

Table 2.1. Prevalence of Echinococcus multilocularis and Bayesian-smoothed prevalence estimates in wild canids, by public health unit, southern Ontario, 

2015–2017. 

Public health unit No. wild canids Prevalence 

ID Name Tested Positive Unadjusted, % (95% CI)* Bayesian estimate, % 

3527 Brant County Health Unit 14 10 71 (45–89) 46 

3530 Durham Regional Health Unit 2 0 0 (0–71) 27 

3531 Elgin-St. Thomas Health Unit 15 5 33 (15–58) 30 

3533 Grey Bruce Health Unit 56 6 11 (5–22) 13 

3534 Haldimand-Norfolk Health Unit 10 4 40 (17–69) 36 

3535 Haliburton, Kawartha, Pine Ridge District Health Unit 0 – – – 

3536 Halton Regional Health Unit 11 5 45 (21–72) 28 

3537 City of Hamilton Health Unit 12 5 42 (19–68) 34 

3538 Hastings and Prince Edward Counties Health Unit 1 1 100 (17–100) 25 

3539 Huron Health Unit 39 3 8 (2–21) 19 

3540 Chatham-Kent Health Unit 1 1 100 (17–100) 31 

3541 Kingston, Frontenac and Lennox and Addington Health Unit 2 0 0 (0–71) 5 

3542 Lambton Health Unit 1 0 0 (0–83) 21 

3543 Leeds, Grenville and Lanark District Health Unit 44 2 5 (<1–16) 4 
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Public health unit No. wild canids Prevalence 

ID Name Tested Positive Unadjusted, % (95% CI)* Bayesian estimate, % 

3544 Middlesex-London Health Unit 41 14 34 (21–50) 28 

3546 Niagara Regional Health Unit 19 6 32 (15–54) 37 

3551 City of Ottawa Health Unit 3 0 0 (0–62) 4 

3552 Oxford County Health Unit 36 7 19 (9–35) 28 

3553 Peel Regional Health Unit 0 – – – 

3554 Perth District Health Unit 35 10 29 (16–45) 24 

3555 Peterborough County-City Health Unit 0 – – – 

3557 Renfrew County and District Health Unit 1 0 0 (0–83) 5 

3558 Eastern Ontario Health Unit 1 0 0 (0–83) 4 

3560 Simcoe Muskoka District Health Unit 1 0 0 (0–83) 17 

3565 Waterloo Health Unit 12 3 25 (8–54) 28 

3566 Wellington-Dufferin-Guelph Health Unit 55 12 22 (13–35) 20 

3568 Windsor-Essex County Health Unit 40 10 25 (14–40) 27 

3570 York Regional Health Unit 8 3 38 (13–70) 27 

3595 City of Toronto Health Unit 0 – – – 

*Our data fail to meet the underlying assumption of independence for constructing CIs. We constructed Agresti-Coull confidence intervals for prevalence 
estimates because this method has been recommended for data that violate the assumption of independence (31). 
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FIGURES 

 

Figure 2.1. Map of the 29 southern Ontario public health units’ boundaries and corresponding 

identification numbers. Inset shows location of southern Ontario within Canada.



 

 57 

 

Figure 2.2. Choropleth maps of A) the unadjusted prevalence and B) the empirical Bayesian-smoothed prevalence of Echinococcus 

multilocularis in coyotes and foxes across 25 southern Ontario public health units, 2015–2017. Unadjusted and smoothed prevalence 

estimates are categorized by quartiles on the basis of unadjusted prevalence estimates. Red boundaries indicate a significant spatial 

cluster of high prevalence identified by using a spatial scan test with a Bernoulli model on the basis of data georeferenced to their 

public health units (relative risk 2.26; p = 0.002). 
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CHAPTER 3 - FACTORS ASSOCIATED WITH ECHINOCOCCUS 

MULTILOCULARIS INFECTION IN COYOTES IN SOUTHERN 

ONTARIO 

 This chapter is formatted for submission to Zoonoses and Public Health as: Jonathon D. 

Kotwa, David L. Pearl, Mats Isaksson, Claire M. Jardine, Olaf Berke, Nicola J. Mercer, Eva 

Osterman-Lind, Andrew S. Peregrine. Factors associated with Echinococcus multilocularis 

infection in coyotes in southern Ontario. 

ABSTRACT 

Echinococcus multilocularis was recently reported in wild canids across southern 

Ontario, a newly recognized endemic area in Canada. In such areas, a comprehensive 

understanding of factors associated with infection in definitive hosts (wild canids) is critical for 

mitigating risk of transmission to humans. However, little is known about the transmission 

dynamics of the parasite in definitive hosts for this region. A study was therefore carried out to 

investigate the association of host-level (sex, body condition), environmental (southern Ontario 

region, landcover), temporal (season, hunting season, calendar year), and extraneous factors 

(submitter type) with E. multilocularis infection in coyotes in southern Ontario. Between 

November 2015 and March 2017, 416 coyotes were collected from across the region as part of a 

study that investigated the prevalence and distribution of the parasite in wild canids; 

approximately 24% of coyotes were positive for E. multilocularis. Associations between 

infection and factors of interest were assessed via a mixed-effects logistic regression model with 

a random intercept for submitter to account for clustering. Coyotes with poor body condition 
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were at greater odds of E. multilocularis infection than those in good condition (odds ratio (OR) 

2.14; 95% CI 1.08-4.26; P=0.030). A negative association was observed between infection in 

coyotes and the proportion of natural land in a coyote’s estimated home range (OR 0.67; 95% CI 

0.52-0.85; P=0.001). Coyotes from the western region of southern Ontario had lower odds of 

infection compared to coyotes from the central region (OR 0.26; 95% CI 0.12-0.55; P<0.001). 

These data are valuable, as they can help guide future public health prevention strategies for 

human alveolar echinococcosis. 

 

INTRODUCTION 

The larval stage of Echinococcus multilocularis, a small zoonotic tapeworm, is the 

causative agent of alveolar echinococcosis (AE). In humans and dogs, AE is typically fatal when 

left untreated. The parasite has a wide distribution in the Northern Hemisphere, including 

extensive endemic regions in North America, Europe, and Asia (Deplazes et al., 2017). In areas 

endemic for E. multilocularis, a sound understanding of the parasite’s transmission dynamics in 

definitive hosts (i.e., wild canids) is critical for guiding effective prevention strategies.  

Several host-level factors have been associated with E. multilocularis infection in foxes, 

specifically: body condition, sex, and age (Tackman et al., 1998; Morishima, Tsukada, Nonaka, 

Oku, & Kamiya, 1999; Losson et al., 2003; Vervaeke et al., 2005; Brossard, Andreutti, & 

Stiegenthaler, 2007; Immelt, Thelen, & Eskens, 2009; Bružinskaitė-Schmidhalter et al., 2012). 

Additionally, environmental conditions (e.g., landcover, climate, and meteorological conditions) 

and temporal factors (e.g., season) have been associated with infection in foxes (Staubach, 

Thulke, Tackmann, Hugh-Jones, & Conraths, 2001; Giraudoux et al., 2003; Hegglin, Bontadina, 
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Contesse, Gloor, & Deplazes, 2007). It is of interest to note that these factors also contribute to a 

heterogenous distribution of E. multilocularis infection in foxes (Denzin, Schliephake, & Ewert, 

2005; König, Romig, Thoma, & Kellermann, 2005; Dubinský, Malczewski, Miterpakova, 

Gawor, & Reiterova, 2006; Casulli, Széll, Pozio, & Sréter, 2010). 

In North America, coyotes have recently been recognized to play a critical role in the 

maintenance and transmission of E. multilocularis (Massolo, Liccioli. Budke, & Klein, 2014). 

However, to the authors’ knowledge, only three studies have investigated factors associated with 

the parasite’s presence in coyotes. Researchers found that the prevalence of E. multilocularis 

infection in coyotes from Calgary, Alberta, Canada, was significantly greater in juvenile animals 

compared to adults, and in males compared to females (Catalano et al., 2012; Liccioli et al., 

2012). Conversely, in a more recent study conducted in Edmonton, Alberta, researchers found no 

association between either age or sex with E. multilocularis infection status in coyotes (Luong, 

Chambers, Moizis, Stock, & Clair, in press). In light of these different findings, factors that are 

important for E. multilocularis infection in coyotes may vary between regions. 

Before 2012, Ontario, Canada, was thought to be free of E. multilocularis. However, 

since then, six dogs, three privately owned lemurs (Lemur catta), and a wild caught eastern 

chipmunk (Tamias striatus) were diagnosed with AE in southern Ontario (Skelding et al., 2014; 

Oscos-Snowball et al., 2014; Turner et al., 2016; French et al., 2018; Pinard et al., in press; A. 

Peregrine, unpub. data). A subsequent survey among foxes and coyotes in southern Ontario 

described an overall infection prevalence of 23% (Kotwa et al., 2019). Among coyotes alone, 

24% were positive for the parasite; 21% of foxes were positive. With respect to geographic 

distribution, E. multilocularis was detected across southern Ontario with a high-risk infection 
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cluster in the central-west region (i.e., regions surrounding the western shores of Lake Ontario 

and northern shores of Lake Erie) (Kotwa et al., 2019). These findings suggest a newly 

recognized endemic region for E. multilocularis in Canada. 

It is important to note that southern Ontario is the most densely populated region in 

Canada with ~12 million residents (Statistics Canada, 2016) and the occurrence of E. 

multilocularis in a highly populated region represents a potential threat to human health. Since 

little is known about factors associated with E. multilocularis infection in wild canids in the 

region, we conducted a study to investigate the association of host-level (sex, body condition), 

environmental (southern Ontario region, landcover), temporal (season, hunting season, calendar 

year), and extraneous factors (submitter type) with E. multilocularis infection in foxes and 

coyotes across southern Ontario.  

MATERIALS AND METHODS 

Study population and explanatory variables 

Data were collected as part of another study that investigated the prevalence and 

geographical distribution of E. multilocularis in foxes and coyotes from southern Ontario, 

Canada (Kotwa et al., 2019). Briefly, between November 2015 and March 2017, 460 wild canid 

carcasses (416 coyotes and 44 foxes) were collected in collaboration with licensed hunters and 

trappers and the Ontario Ministry of Natural Resources and Forestry rabies surveillance program 

(i.e., government surveillance) from across southern Ontario. The location of origin (i.e., latitude 

and longitude) was collected for each carcass. Rectal fecal samples from each carcass were 

analyzed for the presence of E. multilocularis DNA via a magnetic capture probe extraction and 

real time hydrolysis probe PCR method (Isaksson et al., 2014). The justification for analyzing 
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both foxes and coyotes was to understand the role of each species in the transmission and 

maintenance of the parasite in the region. However, hunters and trappers consistently reported 

low fox population numbers throughout the duration of the project, resulting in a low number of 

sampled foxes (Kotwa et al., 2019). As such, the following analysis focuses on coyotes.  

Coyotes were categorized as originating from western, central, or southern Ontario 

according to their site of collection, as well as by season of collection, and calendar year. 

Additionally, since the hunting season for coyotes in Ontario occurs between September and 

March (Ontario Ministry of Natural Resources and Forestry, 2015), the coyote carcasses were 

also categorized as to whether they were collected during the hunting season or not. 

The host-level explanatory variables recorded were sex, age, and body condition. At the 

time of post-mortem examination, the body condition of each carcass was scored on a four-point 

scale (i.e., emaciated, poor, good, or excellent) based on muscle condition and fat stores (Sacks, 

2005; Kelly & Johnson, 2011); for the present analysis, we considered body condition as either 

poor (emaciated and poor) or good (good and excellent) in order to reduce subjectivity of the 

classification method. Animals were classified as juvenile (<6 months) or adult based on size and 

date of collection (Gese, Bekoff, Andelt, Carbyn, & Knowlton, 2008). 

The proportion of three landcover classifications (developed, agricultural, and natural 

land) was determined for each coyote’s home range using the following methods and 

assumptions: using the location of origin for each carcass circular buffer zones were generated 

based on average home range size using QGIS 2.14.3 (Quantum GIS Development Team; 

http://www.qgis.org/). The average home range was estimated to be a circular region 

encompassing 40 km2 (Gosselink, Van Deelen, Warner, & Joselyn, 2003). Landcover data were 
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obtained from the Southern Ontario Land Resource Information System version 2.0 (SOLRIS 

2.0) (Ontario Ministry of Natural Resources, 2011) and the Provincial Land Cover Database 

2000 edition (PLCD 2000) (Ontario Ministry of Natural Resources, 2004) and were used to 

classify southern Ontario landcover as either developed, agricultural, or natural land. 

Visualizations of landcover classifications in each home range buffer were captured using QGIS 

2.14.3 and saved as Portable Graphic Image files. Image files were subsequently processed using 

ImageJ (National Institutes of Health; https://imagej.nih.gov/ij/) via the colour thresholding 

function to determine the proportion of developed, agricultural, and natural landcover within 

each coyote’s home range. 

Statistical analysis 

Descriptive statistics for all host-level, environmental, and temporal variables were 

examined. For some categorical variables, categories were collapsed if the number of 

observations within a category were too sparse (n<10) for statistical analyses. All statistical 

analyses were conducted in STATA/SE 15.1 (StataCorp, College Station, Texas, USA; 

http://www.stata.com). 

Statistical modelling 

Lowess curves were used to assess linearity of continuous variables relative to the log 

odds of E. multilocularis infection status in coyotes. If a quadratic relationship was apparent, a 

quadratic term was included in the model and its significance was tested. In the absence of a 

quadratic relationship, additional transformations were attempted to achieve linearity. If linearity 

could not be achieved, the variable was categorized based on median values, quantiles, or 

biologically relevant categories. 
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The relation between explanatory variables was assessed using either the Pearson’s or Phi 

correlation coefficient. If the correlation was >|0.8|, only the most biologically plausible variable 

was used for subsequent analyses to avoid issues of collinearity. 

A causal diagram was constructed to examine possible confounding and intervening 

relationships among explanatory variables relative to E. multilocularis infection in coyotes 

(Figure 3.1). 

Univariable mixed-effects logistic regression models with a random intercept for 

submitter were constructed to examine the association between the variables of interest and E. 

multilocularis infection status in coyotes. Variables for inclusion in the multi-variable model 

were selected using a liberal significance level (α £ 0.20).  

A mixed-effects multivariable logistic regression model with a random intercept for 

submitter was constructed by manual backwards elimination using all variables that were 

statistically significant in univariable analysis based on a liberal significance level (p-value £ 

0.20). Variables were considered significant in the final model based on a significance level of α 

£ 0.05. If variables were not significant, they were removed in a stepwise fashion, while 

assessing confounding; a variable was considered a confounder if it was not an intervening 

variable based on the causal diagram, and if its removal resulted in a 20% or greater change in 

the coefficient of a variable. Once the main effects model was constructed, potential pairwise 

interactions between all variables in the main effects model were assessed for statistical 

significance. All categorical variables, including interaction terms, were assessed using Wald’s 

χ2. Variables that were statistically significant, acted as confounders, or were part of a significant 

interaction term were included in the final model. 
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Pearson and deviance residuals were explored for outlying observations. Model fit was 

assessed by determining if the best linear unbiased predictors (BLUPs) in the model met the 

assumptions of normality and homogeneity of variance.  

RESULTS 

Descriptive analyses 

 Descriptive statistics for the categorical variables of interest in relation to E. 

multilocularis infection status in coyotes are outlined in Table 3.1. The prevalence of E. 

multilocularis infection in coyotes varied the most by body condition, region of Ontario, 

submitter type, and hunting season (Table 3.1). There was little variation in the prevalence 

between male and female coyotes (Table 3.1).  

Statistical modelling 

Results from the mixed-effects univariable analyses are summarized in Table 3.2. 

Variables considered for inclusion in the multivariable model included: body condition, season, 

hunting season, submitter type, southern Ontario region, proportion of developed land in home 

range, proportion of agricultural land in home range, and proportion of natural land in home 

range. 

In the final multi-variable mixed-effects model, body condition, proportion of natural 

land in home range, and southern Ontario region were found to be associated with E. 

multilocularis infection. Coyotes with a poor body condition were at greater odds of E. 

multilocularis infection than those with good body condition (Table 3.3). A negative association 

between E. multilocularis infection in coyotes and the proportion of natural land in their home 
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range was also observed (Table 3.3). Finally, coyotes from the western region of southern 

Ontario had lower odds of E. multilocularis infection compared to coyotes from the central 

region (Table 3.3). 

Based on our final model, 9.1% (95% CI 2.1-32.2%) of the variance in the outcome is 

explained at the submitter level. No outlying observations were identified. Graphical 

examination of the BLUPs for submitter appeared to meet the assumption of homogeneity of 

variance and assumption of normality. 

DISCUSSION 

In the present study we identified several factors that were associated with E. 

multilocularis infection in coyotes from southern Ontario, specifically: body condition, 

proportion of natural land in home range, and southern Ontario region. 

We observed a higher odds of E. multilocularis infection in coyotes with poor body 

condition compared to those with good body condition. This finding is comparable to a previous 

study that observed a similar association between body condition and the parasite in red foxes in 

Germany (Immelt et al., 2009). It is possible that coyotes with poor body condition represent 

animals consuming low-quality diets and are more susceptible to infection due to reduced 

immune function. Evidence suggests that animals with nutritionally poor diets (e.g., low protein) 

can experience reduced body condition and diminished immune function (Ezenwa, 2004; 

Blanchet, Thomas, & Loot, 2009; Murray, Edwards, Abercrombie, & St. Clair, 2015). Notably, 

previous work has shown seasonal variation in E. multilocularis infection prevalence in foxes in 

Switzerland, with the highest being observed in the winter (Stieger, Hegglin, Schwarzenbach, 
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Mathis, & Deplazes, 2002). Coyotes typically exhibit a reduction in fat stores over the winter 

season (Windberg, Engeman, & Bromaghin, 1991). Since ~80% of carcasses were collected over 

the winter, it is possible that the association between body condition and E. multilocularis 

infection observed in the present work may represent a proxy for seasonality. 

 As previously mentioned, there are different results regarding the association of E. 

multilocularis infection in coyotes with sex and age. Sex was not found to be associated with E. 

multilocularis infection in the present study. This finding is consistent with results from a recent 

study in which Luong et al. (in press) did not detect a difference in prevalence between male and 

female coyotes from Edmonton, Alberta. With respect to age, Liccoli et al. (2012) found that 

juvenile (<1 year) coyotes from Calgary, Alberta had a higher prevalence of E. multilocularis 

infection compared to adults in the same region. However, Luong et al. (in press) did not detect a 

difference among coyotes from Edmonton. Unfortunately, there was little variation in the age of 

the coyotes included in the present study (Table 3.1); ~80% of carcasses were collected between 

January and March, months in which coyotes would have reached adult size (Gese et al., 2008). 

Thus, the relationship between age and E. multilocularis infection in southern Ontario coyotes 

could not be investigated. Future studies that focus on year-round collection of coyotes in order 

to capture ample variation in age would assist in investigating this relationship.  

 The predator-prey dynamics between definitive and intermediate hosts are a key 

determinant driving E. multilocularis transmission (Raoul, Deplazes, Rieffel, Lambert, & 

Giraudoux, 2010). This relationship depends on the host population densities and structures, 

which are directly influenced by interacting ecological factors (i.e., food availability, 

reproduction, survival trends) (Krebs & Myers, 1974). Rodents are often found in specific 
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landscapes where food and cover from predators are abundant. Thus, landcover characteristics 

can influence predator-prey interactions and may ultimately influence E. multilocularis 

transmission (Otero-Abad & Torgerson, 2013). In light of this, it was not surprising that we 

observed a negative association between the proportion of natural landcover in a coyote’s 

estimated home range and risk of E. multilocularis infection in coyotes. Notably, the majority of 

natural landcover in southern Ontario is comprised of forested landscapes (Ontario Ministry of 

Natural Resources, 2011); these accounted for an average of 88% of the natural landcover for the 

coyotes included in the present study. This finding is similar to that of Staubach et al. (2001) 

who observed a lower E. multilocularis infection prevalence among foxes in Germany from 

forested regions compared to other regions. Forests may represent areas with different population 

structures of intermediate hosts, abundance of intermediate hosts and definitive hosts, or a 

combination of factors that could result in lower contact rates between intermediate and 

definitive hosts (Dumond & Villard, 2000; Staubach et al., 2001). The effect of natural landcover 

on E. multilocularis infection is also unlikely to reflect other regional effects since it was 

retained in the model even after controlling for the potential confounding effect of region. 

Coyotes analyzed in the present study were collected from two different sources: hunters 

and trappers, and government surveillance for rabies. As a result, we were interested in 

evaluating potential differences in populations of coyotes between collection sources. 

Interestingly, on univariable analysis, coyotes submitted by government surveillance were at 

greater odds of E. multilocularis infection compared to those submitted by hunters and trappers 

(Table 3.3). Notably, inclusion of collection source in the final model resulted in a 27% change 

in the southern Ontario region regression coefficient. Based on the causal diagram (Figure 3.1), 
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collection source represents an intervening variable for the southern Ontario region variable and 

was therefore removed from the final model. 

There are several limitations to consider for the present study. First, we classified 

landcover using SOLRIS 2.0 and PLCD 2000, data that were captured in 2011 and 2004, 

respectively. This is potentially important since the landcover data predates the present study 

period of 2015 to 2017. Changes to the landcover over time would decrease the 

representativeness of the data for the landcover of the region for the study. However, at the time 

of this analysis, SOLRIS 2.0 and PLCD 2000 were the most up-to-date landcover data available 

for the study region. Second, sample collection depended on carcass submission from hunters, 

trappers and the Ontario Ministry of Natural Resources and Forestry. Although this method 

facilitated the collection of a large sample size, it resulted in underrepresentation of parts of the 

study region. To account for the potential confounding effect of region, we controlled for this 

variable in our analysis.  

 Our findings provide insights into the transmission dynamics of E. multilocularis in 

coyotes in southern Ontario. From the work described here, body condition, natural landcover, 

and southern Ontario region are important factors associated with infection risk in coyotes. These 

data are valuable, as they can help guide future public health prevention strategies for human 

AE. For example, this information could be used to develop risk communications for groups 

likely to interact with wildlife (e.g., wildlife managers, conservation officers, wildlife 

researchers) about E. multilocularis. Such resources would help raise awareness about the 

parasite and of subpopulations of coyotes and regions where coyotes are at increased risk of 

infection in southern Ontario 
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TABLES 

Table 3.1. Descriptive statistics concerning categorical variables and the prevalence of Echinococcus multilocularis in coyotes across southern Ontario from 

2015 to 2017. 

Explanatory variable Total 

observations 

Category Number of observations (% 

total observations)  

Prevalence of E. multilocularis 

infection (95% CI) 

Body condition 416 Good 363 (87.26) 21.49 (17.37-26.08) 

 Poor 53 (12.74) 37.74 (24.79-52.11) 

Age 416 Adult 413 (99.28) 23.24 (19.42-27.56) 

 Juvenile 3 (0.72) 66.67 (20.24-94.37) 

Sex 414 Female 201 (48.31) 21.89 (16.37-28.25) 

 Male 213 (51.20) 25.25 (19.66-31.75) 

Calendar year a 416 2016 195 (46.88) 20.00 (15.00-26.20) 

 2017 221 (53.12) 26.70 (21.29-32.90) 

Season b  416 Fall/Winter 332 (79.81) 22.29 (17.92-27.15) 

 Spring/Summer 84 (20.19) 28.57 (19.24-39.47) 

Collected during hunting season c  416 No 26 (6.25) 34.62 (17.21-55.67) 

 Yes 390 (93.75) 22.82 (18.75-27.31) 

Submitter type 416 Hunter/Trapper 390 (93.75) 21.28 (17.32-25.68) 

 Government 26 (6.25) 57.69 (36.92-76.65) 
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Explanatory variable Total 

observations 

Category Number of observations (% 

total observations)  

Prevalence of E. multilocularis 

infection (95% CI) 

Southern Ontario region 416 Central 76 (18.27) 40.79 (29.65-52.67) 

 Eastern  41 (9.86) 2.43 (<0.01-12.86) 

 Western  299 (71.87) 22.07 (17.50-27.21) 

95% CI, 95% confidence interval 
a 2016 consists of 3 coyotes that were collected between November and December, 2015   
b Seasons were defined as: winter (December, January, February), spring (March, April, May), summer (June, July, August), and fall (September, October, 
November) 
c Hunting season was defined as September to March inclusive
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Table 3.2. Results from the univariable mixed-effects logistic regression analyses, with a random effect for submitter, that examined the association between 

host-level, environmental, temporal, and extraneous variables and infection with Echinococcus multilocularis in coyotes across southern Ontario from 2015 to 

2017. 

Explanatory variable Category Odds ratio (95% CI) P-value a Submitter-level variance (95% CI) 

Body condition Good Referent   1.00 (0.33-3.03) 

Poor 2.44 (1.23-4.76) 0.011  

Sex Female Referent  1.04 (0.34-3.23) 

Male 1.18 (0.72-1.95) 0.511  

Calendar year 2016 Referent  0.94 (0.29-3.11) 

 2017 1.13 (0.56-2.31) 0.731  

Season Fall/Winter Referent  1.10 (0.36-3.33) 

Spring/Summer 1.77 (0.85-3.70) 0.128  

Collected during hunting 

season 

No Referent  1.05 (0.34-3.19) 

Yes 0.44 (0.16-1.24) 0.199  

Submitter type Hunter/Trapper Referent  0.66 (0.20-2.26) 

Government 7.69 (2.27-25) 0.001  

Southern Ontario region Central Referent  <0.001 0.51 (0.14-1.89) 

Eastern  0.03 (<0.01-0.26) 0.001  

Western  0.32 (0.15-0.68) 0.003  
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Explanatory variable Category Odds ratio (95% CI) P-value a Submitter-level variance (95% CI) 

Proportion of developed land 

in home range b 

Low Referent 0.008 0.55 (0.13-2.41) 

Medium 2.70 (1.32-5.53) 0.007  

High 3.08 (1.42-6.67) 0.004  

Proportion of agricultural land 

in home range b 

Low Referent 0.144 1.03 (0.35-3.06) 

Medium 0.77 (0.39-1.56) 0.471  

High 1.60 (0.75-3.45) 0.225  

Proportion of natural land in 

home range c  

 0.68 (0.55-0.85) <0.001 0.59 (0.17-2.12) 

95% CI, 95% confidence interval 
a  Significance of variables with three or more categories were assessed via Wald χ2 test 
b Continuous variables for the proportion of developed and agricultural land violated the linearity assumption; developed and agricultural land were therefore 
converted to categorized variables based on tertiles 
c The continuous variable for the proportion of natural land violated the linearity assumption; linearity was achieved after application of a square-root 
transformation
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Table 3.3. Results from the final mixed-effects logistic regression analysis, with a random effect for submitter, exploring the association between host-level and 

environmental variables on Echinococcus multilocularis infection in coyotes across southern Ontario. 

Explanatory variable category Odds ratio (95% CI) P-value a 

Body condition Good Referent   

 Poor 2.14 (1.08-4.26) 0.030 

Proportion of natural land in home range - 0.67 (0.52-0.85) 0.001 

Southern Ontario region Central Referent  0.008 

 Eastern  0.12 (0.01-1.12) 0.062 

 Western  0.26 (0.12-0.55) <0.001 

Variance (95% CI)  Submitter  0.33 (0.07-1.57) - 

95% CI, 95% confidence interval 
a  Significance of variables with three or more categories were assessed via Wald χ2 test 
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FIGURES 

 

Figure 3.1. Causal diagram of factors potentially associated with Echinococcus multilocularis 

infection in coyotes in southern Ontario.
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CHAPTER 4 - PREVALENCE AND DISTRIBUTION OF DIROFILARIA 

IMMITIS INFECTION IN WILD CANIDS IN SOUTHERN ONTARIO 

 This chapter is formatted for submission to Veterinary Parasitology: Regional Studies 

and Reports as: Jonathon D. Kotwa, Claire M. Jardine, G. Douglas Campbell, Olaf Berke, David 

L. Pearl, Nicola J. Mercer, Andrew S. Peregrine. Prevalence and distribution of Dirofilaria 

immitis infection in wild canids in southern Ontario.  

ABSTRACT 

Wild canids represent a potential reservoir host for Dirofilaria immitis infection in dogs 

in Ontario. Since wild canids are not protected by preventive medication, understanding the 

epidemiology of D. immmitis in these populations may help elucidate the background risk of 

infection for dogs. The objectives of this study were to determine the prevalence and distribution 

of D. immitis infection in wild canids in southern Ontario. From February 2016 to March 2017, 

290 wild canid carcasses (273 coyotes and 17 foxes) were collected from across the region and 

assessed for the presence of D. immitis at the time of necropsy. Overall, D. immitis infection was 

identified in 4.8% (95% CI 2.8-8.0%) of these wild canid carcasses. Among coyotes, 5.1% (95% 

CI 3.0-8.5%) were positive; no evidence of D. immitis was found in the 17 foxes. Cases of D. 

immitis infection in wild canids were detected in two regions of southern Ontario: 12 of the 14 D. 

immitis cases were detected in the south-western region and two were detected in the eastern 

region. Our findings provide preliminary insights into the prevalence and geographical 

distribution of D. immitis in coyotes and foxes in southern Ontario. 
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INTRODUCTION 

Dirofilaria immitis (heartworm) has been recognized as endemic in Canada since 1977, 

with the majority of cases occurring in Ontario (Slocombe, 1978). As such, Ontario has been a 

major focus of D. immitis chemoprophylaxis and surveillance programs for dogs in Canada 

(Klotins et al., 2000). What is known about D. immitis infection in dogs in the province is largely 

based on two sources. The first consists of survey data from 1977 to 2010 that describes the 

number of D. immitis cases, the number of dogs tested, and the number of dogs on preventive 

medication, as voluntarily reported by veterinary clinics across the province (Slocombe, 1978; 

McGill et al., 2019). The second consists of D. immitis antigen test results from in-clinic testing 

and submissions to diagnostic laboratories from 2007 to 2016 (Herrin et al., 2017; Evason et al., 

2019); preventive medication and travel history is not available for the dogs included in this data 

set. Based on these data, the prevalence of D. immitis infection in dogs in the province is low, 

with the most recent reported infection prevalence of 0.12% in dogs from 2008 to 2015 (Evason 

et al., 2019). However, the above data sources are from dogs that visit veterinary clinics; dogs 

that do not visit veterinary clinics are inherently underrepresented. This latter subset of dogs is 

unlikely to be on heartworm preventive medication as all heartworm preventive products in 

Canada are prescription-only medications. Since such dogs are at greater risk for D. immitis 

infection, it is possible that the true transmission rates and background risk of infection for dogs 

in Ontario are being underestimated.  

With respect to spatial distribution, the risk of D. immitis infection in dogs in Canada 

varies geographically and is considered highest in southern Ontario. Historically, an endemic 

focus for D. immitis infection in dogs in southern Ontario has been the south-western region. A 
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second endemic focus in the eastern region was recognized in the early 1990’s (Slocombe and 

Villeneuve, 1993). These foci continue to represent higher risk areas for dogs in Ontario; McGill 

et al. (2019) found that the risk of D. immitis infection for dogs was 7 times and 2.6 times greater 

in census divisions from the south-western and eastern regions, respectively, of southern Ontario 

compared to dogs from the rest of Ontario. 

Untreated dogs and wild canids, including coyotes (Canis latrans), which thrive in rural 

and urban regions, are potential sources of D. immitis infection for dogs in North America 

(Brown et al., 2012). The presence of wildlife reservoirs increases the risk of D. immitis infection 

in dogs, even if most dogs in the area are on preventive medication (Bowman and Atkins, 2009). 

Since these wild populations are not protected by chemoprophylaxis programs, infection 

prevalence data are important for understanding the true transmission dynamics in a region; such 

information could help assess the background risk of infection for dogs (Brown et al., 2012; 

Wang et al., 2014). 

In contrast to the data available for D. immitis infection in dogs, there is a paucity of 

knowledge regarding the infection in wildlife in Ontario. Cases of D. immitis infection have been 

reported in foxes (Vulpes vulpes) and coyotes in southern Ontario since 1979 (Slocombe and 

McMillan, 1980; Slocombe, 2002; 2011); however, to the authors’ knowledge, no large-scale 

survey appears to have been conducted. Thus, the role of wild canids in the epidemiology of D. 

immitis in the region is unknown. The objectives of the present work were to describe the 

prevalence and spatial distribution of D. immitis infection in coyotes and foxes across southern 

Ontario. 
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METHODS 

Study population 

 Wild canid carcasses were obtained as part of a study investigating Echinococcus 

multilocularis in wild canids in southern Ontario. Details pertaining to sample collection are 

described by Kotwa et al. (2019). Briefly, from February 2016 to March 2017, wild canid 

carcasses were collected from across southern Ontario and were obtained through collaboration 

with licensed hunters and trappers and the Ontario Ministry of Natural Resources and Forestry. 

The geographic location of origin (i.e., latitude and longitude) was recorded for each carcass. 

The D. immitis infection status of each wild canid was determined at the time of necropsy 

by examining for the presence of D. immitis. This method is considered the gold standard for D. 

immitis diagnosis (Atkins, 2003). Starting at the caudal vena cava, the heart was dissected 

following the blood flow; the right atrium and the right ventricle were dissected along the septum 

into the pulmonary artery (Henry et al., 2018). Dissection continued following major pulmonary 

arterial branches and terminated at the branching of the left and right lobar arteries (Henry et al., 

2018). Worm burdens were quantified when the parasites were not damaged by the hunting 

process. Wild canids were excluded from the study if the heart was destroyed by the hunting 

process. 

Statistical analyses 

Confidence intervals (CI) for D. immitis prevalence were estimated using the Agresti-

Coull CI method (Agresti and Coull, 1998). Resultant diagnostic data were plotted on a map of 

southern Ontario according to the latitude and longitude of each D. immitis-positive and -
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negative wild canid. Graphic displays were produced via QGIS 2.14.3 (Quantum GIS 

Development Team; http://www.qgis.org). All statistical analyses were conducted using Stata/SE 

15.1 (StataCorp, College Station, Texas, USA; http://www.stata.com). 

RESULTS 

 Of the 310 wild canids collected, 290 were suitable for examination. These included 91 

(86 coyotes and 5 foxes) collected in 2016 and 199 (187 coyotes and 12 foxes) collected in 2017. 

Wild canids were collected between January and May each year; 92% were collected between 

January and March. 

Dirofilaria immitis infections were identified in 4.8% (14/290; 95% CI 2.8-8.0%) of the 

wild canids examined. Among coyotes, 5.1% (14/273; 95% CI 3.0-8.5%) were positive; no 

evidence of D. immitis parasites were found in the 17 foxes examined (95% CI 0-21.6%). Of the 

14 D. immitis infections identified, worm burden was assessed for 9 cases. The median worm 

burden for the cases that were assessed was 5 adult parasites (range 3 to 27) (Table 4.1); no 

immature parasites were detected. Cases of D. immitis infection were found primarily in 

carcasses from two regions of southern Ontario: 12 of the cases were detected in census 

subdivisions in the south-western region and two were detected in the eastern region (Figure 4.1) 

DISCUSSION 

 To the best of the authors’ knowledge, this is the first survey of D. immitis infection in 

wild canids in southern Ontario. Overall, D. immitis infection was detected in 4.8% (14/290) of 

the wild canids examined. The overall prevalence is low compared to studies in the south-eastern 

United States that have reported prevalence estimates ranging from 16% to 100% in wild canids 
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(Custer and Pence, 1981; Nelson et al., 2003). However, the latter region is a major endemic 

focus for D. immitis infection in North America (Bowman et al., 2009) because the warmer, 

more humid, climate creates environments conducive to faster parasite development in the vector 

host and longer transmission periods (Bowman and Atkins, 2009). In contrast, the cooler climate 

in southern Ontario hinders D. immitis development for parts of the year and limits the 

transmission period of the parasite from June to October (Slocombe et al., 1995). 

Notably, D. immitis infection was not detected in any of the 17 foxes examined in the 

present study. It is possible this reflects a lack of power as a result of the small number of foxes 

sampled. Alternatively, our negative findings may support work which suggests that foxes are 

unimportant reservoir hosts for D. immitis, largely due to low burdens of adult D. immitis that are 

typically found in surveyed fox populations (Simmons et al., 1980; King and Bohning, 1984; 

McCall et al., 2008). Nevertheless, although we did not find evidence of the parasite in the foxes 

we examined, a large confidence interval associated with our small sample size makes it difficult 

to draw any reasonable conclusions concerning the parasite in Ontario foxes. 

 The prevalence of infection in wild canids in southern Ontario observed in the present 

study is considerably higher than the estimated 0.12% prevalence in dogs from 2008 to 2015, as 

determined by antigen testing of dogs across this region (Evason et al., 2019). However, that 

prevalence estimate for dogs is likely biased by dogs on preventive medication and does not 

indicate the true risk for dogs in the province (Herrin et al., 2017; Evason et al., 2019). Thus, it 

would be more appropriate to compare infection in wild canids to infection in unprotected dogs 

since neither population is protected by chemoprophylaxis (Wang et al., 2014). Unfortunately, 
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recent data pertaining to D. immitis infection in unprotected dogs in Ontario are currently 

limited. 

Lastly, it should be mentioned that 12 of the 14 D. immitis infection cases were detected 

in wild canids within the south-western region of southern Ontario (Figure 4.1). As previously 

mentioned, this region is considered an endemic focus for D. immitis infection in dogs in the 

province (McGill et al., 2019); the concentration of D. immitis-positive wild canids in this area 

suggests that spatial patterns of infection may be similar among wild canids and dogs in the 

western region of southern Ontario. Additionally, two of the 14 cases of D. immitis infection in 

wild canids were identified in the eastern region of the study area, another endemic focus for D. 

immitis infection in dogs (McGill et al., 2019). However, it should be noted that while the 

aforementioned data for dogs were obtained throughout southern Ontario, the data in this study 

were sparsely distributed as we obtained wild canids mainly from the western and eastern 

regions of southern Ontario. The spatial gaps in our sample distribution make it difficult to 

compare spatial patterns of infection between dogs and wild canids in the region. It is therefore 

unclear how the spatial pattern of infection in wild canids relates to those observed in dogs. 

CONCLUSION 

Our findings provide preliminary insights into the prevalence and geographical 

distribution of D. immitis in coyotes and foxes in southern Ontario. However, sample collection 

focused on two discreet areas which limited our ability to compare spatial patterns of infection 

between wild canids and domestic dogs across the region. Future investigations that focus on a 

direct comparison between D. immitis infection in wild canids and unprotected dogs across 
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southern Ontario from the same geographic areas would help elucidate the relationship between 

these two populations. 
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TABLES 

Table 4.1. Median number and range of Dirofilaria immits parasites identified in the heart and pulmonary arteries 

from 9 wild canids in southern Ontario, from 2016-2017. 

D. immitis parasitesa Median Range 

All 5 3-27 

Female 2 1-8 

Male 3 1-19 

a All Dirofilaria immitis parasites identified were adults
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FIGURES 

 

Figure 4.1. Map of southern Ontario with the locations of necropsy-confirmed Dirofilaria 

immitis-negative (blue) and -positive (red) wild canids from 2016-2017. The south-western and 

eastern infection clusters of Dirofilaria immitis infection in dogs, identified by McGill (2019), 

are indicated by the green and orange boundaries respectively. The inset shows the location of 

southern Ontario within Canada.
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CHAPTER 5 - EVALUATION OF THE SNAP® 4DX® PLUS TEST FOR 

THE DETECTION OF DIROFILARIA IMMITIS ANTIGEN AND 

EXPOSURE TO TICK-BORNE PATHOGENS IN WILD CANIDS IN 

SOUTHERN ONTARIO 

 

This chapter is formatted for submission to Veterinary Parasitology as: Jonathon D. 

Kotwa, Claire M. Jardine, David L. Pearl, Olaf Berke, Nicola J. Mercer, Andrew S. Peregrine. 

Evaluation of the SNAP® 4Dx® Plus test for the detection of Dirofilaria immitis antigen and 

exposure to tick-borne pathogens in wild canids in southern Ontario. 

ABSTRACT 

Population-level surveys for Dirofilaria immitis in wild canids typically rely on 

identification of the parasite at necropsy. More recently, some studies have employed the use of 

the SNAP® 4Dx® Plus test. However, since the assay was designed for use with dogs it needs to 

be validated for use with wild canids for accurate interpretation of results. We therefore 

evaluated the performance of the SNAP® 4Dx® Plus test for detection of D. immitis in wild 

canids in southern Ontario. Overall, 199 wild canid carcasses were collected from across the 

region and assessed for the presence of D. immitis parasites at necropsy; ten were infected. Lung 

tissue extract (LE) and thoracic fluid filter paper extract (TFE) prepared from each wild canid 

were tested via the SNAP® 4Dx® Plus test, which simultaneously tests for the presence of D. 

immitis antigen and antibodies to Borrelia burgdorferi, Anaplasma spp., and Ehrlichia spp. The 

prevalence adjusted bias adjusted kappa (PABAK) and Gwet’s first-order-agreement coefficient 

(AC1) were used to assess the level of agreement between sample pairs. The PABAK and AC1 

between LF and TFE applied to the SNAP® 4Dx® Plus test and the necropsy-confirmed D. 
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immitis status indicated a very high level of agreement for all sample pairs. Compared to 

necropsy-confirmed D. immitis status, the estimated sensitivity and specificity of the SNAP® 

4Dx® Plus test for D. immitis antigen in LE was 80% (95% CI 44.4-97.5%) and 98.9% (95% CI 

96.2-99.9%), respectively. For the TFE, the sensitivity was 70% (95% CI 34.8-93.3%) and the 

specificity was 97.9% (95% CI 94.7-99.4%). With respect to the tick-borne pathogen 

components, 1.5% (3/199; 95% CI 0.3-4.5%) of wild canids tested positive for B. burgdorferi 

antibody; 1.0% (2/199; 95% CI 0-3.8%) of LE samples were positive and 0.5% (1/199; 95% CI 

0-3.1%) of TFE samples were positive. No samples tested positive for antibody to Anaplasma 

spp. (95% CI 0-2.3%) or Ehrlichia spp. (95% CI 0-2.3%). Collectively, the results indicate that 

the SNAP® 4Dx® Plus test is a suitable test for use with LE and TFE for the detection of D. 

immitis antigen in wild canids from southern Ontario.  

 

INTRODUCTION 

In North America, wild canids are considered an important reservoir of Dirofilaria 

immitis (heartworm) infection for domestic dogs (Brown et al., 2012). Knowledge of the 

transmission dynamics among these populations is therefore important in understanding the risk 

of infection for dogs in the same geographic regions (Wang et al., 2014). Typically, surveys for 

D. immitis among wild canid populations rely on the identification of parasites at necropsy. This 

method is considered the gold standard for diagnosis of the parasite (Atkins, 2003). More 

recently, some studies have employed the use of the SNAP® 4Dx® Plus test to determine the 

prevalence of infection (Paras et al., 2012; Fisk, 2016; Jara et al., 2016). This method tests for 

the presence of D. immitis antigen as well as antibodies against several tick-borne pathogens 

(i.e., Borrelia burgdorferi, Anaplasma spp., and Ehrlichia spp.). 
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Research has shown that the SNAP® 4Dx® Plus test is highly sensitive and specific for 

the detection of D. immitis antigen in dogs (Courtney and Zeng, 2001; Stillman et al., 2014). 

However, since the assay was designed for use with dogs it must be validated for use with wild 

canids for accurate interpretation of the results. In particular, it is possible that antigen from other 

parasites found in wild canids that do not occur frequently in dogs (e.g., Dracunculus insignis) 

can cross-react with test antibodies, resulting in false-positive results (Sacks et al., 2002; Little et 

al., 2018). 

Another important consideration for evaluating the performance of the SNAP® 4Dx® Plus 

test for use with wild canids is that the assay was designed for use with standard serological 

specimens (i.e., serum and plasma) from dogs. This is important because, in wildlife research, 

sampling of wild populations often relies on the submission of carcasses with varying degrees of 

decomposition (Jakubek et al., 2012). As such, the availability of serum and/or plasma samples, 

suitable for analysis, are limited since changes that occur post mortem typically reduce the 

quality of liquid blood (Tryland et al., 2006). As an alternative, some studies have demonstrated 

that applying tissue extracts or body fluids, that have accumulated post mortem, may serve as a 

suitable substitute for analysis for several pathogens (Mörner et al., 1988; Tryland et al., 2006; 

Jakubek et al., 2012). For example, lung tissue extract has been evaluated for use in 

seroepidemiological studies for the detection of antibodies against Francisella tularensis biovar 

palaearctica in goshawks (Accipiter gentilis) and European beavers (Castor fiber) (Jakubek et 

al., 2012). In light of this, it seems reasonable that applying tissue extracts or body fluids from 

the carcasses of wild canids to the SNAP® 4Dx® Plus test might constitute suitable alternative 

fluids for detection of D. immitis antigen. 
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Two previous studies have investigated the performance of the D. immitis antigen 

component of the SNAP® 4Dx® Plus test for use with wild canids. Jara et al. (2016) found that 

the assay underestimated D. immitis infection prevalence among grey wolves from Wisconsin, 

USA when compared to the necropsy-confirmed D. immitis status. Conversely, despite finding 

no evidence of D. immitis parasites in coyotes from Nevada, USA at necropsy, Fisk (2016) 

obtained several positive results via the SNAP® 4Dx® Plus test. Notably, sensitivity and 

specificity estimates were not available for either study. In light of these different findings, the 

performance of the SNAP® 4Dx® Plus test for wild canids is unclear and may vary regionally. 

In Ontario the SNAP® 4Dx® Plus test represents the most commonly used D. immitis 

antigen assay for dogs (Herrin et al., 2017). The application of this test to wild canids could be a 

powerful tool for monitoring D. immitis infection in southern Ontario among wild populations by 

facilitating large scale surveys for the parasite. However, to the authors’ knowledge, the SNAP® 

4Dx® Plus test has not been investigated for use in wild canids from this region. Therefore, the 

objective of this work was to assess the performance of the SNAP® 4Dx® Plus test for the 

detection of D. immitis antigen in wild canids (i.e., coyotes and foxes) from southern Ontario. To 

accomplish this, the performance of the SNAP® 4Dx® Plus test was evaluated by comparing 

results using lung tissue extract (LE) and thoracic fluid filter paper extract (TFE) samples with 

the necropsy-confirmed D. immitis status. Additionally, we report the seroprevalence for other 

diagnostic components of the test. 

METHODS 

Wild canid carcasses were obtained as a part of a study that investigated Echinococcus 

multilocularis infection in southern Ontario. Details of sample collection are described by Kotwa 
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et al. (2019). Briefly, from January to March 2017 inclusive, wild canid carcasses were collected 

from across southern Ontario through collaboration with licensed hunters and trappers and the 

Ontario Ministry of Natural Resources and Forestry. The location of origin (i.e., latitude and 

longitude) was recorded for each carcass. Fresh and frozen carcasses were submitted for a 

limited necropsy examination. The D. immitis infection status of each carcass was determined at 

necropsy by assessing for the presence of D. immitis parasites as described (Henry et al., 2018). 

Briefly, starting at the caudal vena cava, the heart was dissected following the blood flow; the 

right atrium and right ventricle were dissected along the septum into the pulmonary artery 

(Henry et al., 2018). Dissection continued following major pulmonary arterial branches and 

terminated at the branching of the left and right lobar arteries (Henry et al., 2018). 

Lung tissue extract for each carcass was prepared using a protocol modified from 

Jakubek et al. (2012). A 2cm3 section of caudal lung lobe from either lung was removed from 

each carcass and placed in 2mL of phosphate buffered solution (PBS) in a 15mL tube. The tube 

containing the lung lobe and PBS were vortexed for two minutes using a fixed speed vortex 

mixer (Fisher Scientific, Pittsburgh, PA, USA) and subsequently centrifugated for 10 minutes at 

2500g. The resultant supernatant was transferred to a 2mL tube and stored at -20oC prior to 

analysis. 

Additionally, TFE was prepared from each carcass. Filter paper strips designed to absorb 

40 μl of liquid (Nobuto filter paper strips, Advantec, MFS, Pleasanton, CA, USA) were 

submerged in thoracic cavity fluid (i.e., a mixture of fluid exudate and blood), allowed to dry at 

room temperature, placed in individual resealable plastic storage bags, and stored in a dry place 

away from direct sunlight at room temperature prior to analysis. The filter paper strips were 

eluted according to the manufacturer’s procedures. This involved cutting the strip into three 
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pieces and soaking them in 400 μl of PBS at room temperature for one hour; the resultant eluted 

solution was used for analysis. Because the strips were designed to absorb 40 μl of liquid, the 

eluted solution represented a minimum 1:10 dilution. 

SNAP® 4Dx® Plus test 

Samples were tested with the SNAP® 4Dx® Plus test (IDEXX Laboratories, Inc., 

Westbrook, Maine, USA), an in-clinic ELISA. Tests were assessed via the SNAP Pro Analyzer 

(IDEXX Laboratories, Inc., Westbrook, Maine). When applied to dog serum, the D. immitis 

component has a reported sensitivity and specificity of 99% (95% CI 94.3-99.9%) and 99.3% 

(95% CI 97.4-99.9%), respectively (IDEXX, 2016). The B. burgdorferi assay detects antibody 

against B. burgdorferi sensu stricto. The reported sensitivity and specificity of this component in 

dogs is 94.1% (95% CI 88.3-97.6%) and 96.2% (95% CI 92.9-98.3%), respectively (IDEXX, 

2016). The Anaplasma assay detects antibodies against Anaplasma spp. but cannot differentiate 

between Anaplasma phagocytophilum and Anaplasma platys, and has an overall sensitivity and 

specificity in dogs of 90.3% (95% CI 85.8-93.7%) and 94.3% (95% CI 90.7-96.7%), respectively 

(IDEXX, 2016). Lastly, the Ehrlichia spp. component cannot differentiate between antibodies 

against Ehrlichia canis, Ehrlichia ewingii and, possibly, Ehrlichia muris-like agent (Hegarty et 

al., 2012; Herrin et al., 2017). The Ehrlichia spp. component has a reported sensitivity and 

specificity in dogs of 97.1% (95% CI 94.0-98.8%) and 95.3% (95% CI 92.7-97.2%), respectively 

(IDEXX, 2016). 

Statistical analysis 

Necropsy assessment for D. immitis parasites was considered the gold standard for D. 

immitis diagnosis (Atkins, 2003). To evaluate the performance of the test, the sensitivity and 
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specificity of the SNAP® 4Dx® Plus test were evaluated using both LE and TFE samples from 

wild canids. 

A McNemar’s test was used to determine if the proportion of positives differed between 

sample pairs. Percent agreement was estimated for each test comparison. Cohen’s kappa is 

commonly used to measure inter-rater agreement (Sim and Writght, 2005); however, it is 

dependent on the prevalence of the outcome and is affected by unbalanced marginal totals 

(Banegas et al., 2015). For this reason, evaluation of agreement using other indices is 

recommended (Banegas et al., 2015). Therefore, in addition to Cohen’s kappa, the following 

measures were also used to assess the level of test agreement beyond chance for sample pairs: 1) 

Prevalence Adjusted Bias Adjusted Kappa (PABAK) (Byrt et al., 1993), and 2) the first-order-

agreement coefficient (AC1) (Gwet, 2008; Wongpakaran et al., 2013). The strength of agreement 

was classified using the criteria described by Landis and Koch (1977) for assessing the strength 

of agreement for Cohen’s kappa statistic. 

Confidence intervals (CI) were estimated using Agresti-Coull CIs for prevalence 

estimates (Agresti and Coull, 1998). Diagnostic data were plotted on a map of southern Ontario 

according to the latitude and longitude where each wild canid originated. Graphic displays were 

produced via QGIS 2.14.3 (Quantum GIS Development Team; http://www.qgis.org). All 

statistical analyses were conducted using Stata/SE 15.1 (StataCorp, College Station, Texas, 

USA; http://www.stata.com). 

RESULTS 

A total of 199 wild canids (187 coyotes and 12 foxes) collected from across southern 

Ontario were used in this study. Ten of the carcasses were determined to be positive for D. 
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immitis at necropsy (Appendix 5.1). The geographic place of origin of each tested carcass and its 

serostatus determined by each test are shown in Figure 5.1 and Figure 5.2. 

Lung tissue extract applied to the SNAP® 4Dx® Plus test versus necropsy-confirmed D. 

immitis status 

Overall, 5.0% (10/199; 95% CI 2.6-9.1%) of wild canid LE samples were D. immitis 

antigen positive with the SNAP® 4Dx® Plus test (Figure 5.1A). There were four samples from 

the 199 animals assessed that gave discordant results when compared to the necropsy-confirmed 

D. immitis status (Table 5.1); two were false-negative results and two were false-positive results. 

One of the false-negative wild canid LE samples corresponded to an animal with only one adult 

female parasite present at necropsy, while the other had eight adult female parasites present.  

The sensitivity and specificity of LE examined with the SNAP® 4Dx® Plus test were 80% 

(95% CI 44.4-97.5%) and 98.9% (95% CI 96.2-99.9%), respectively. The McNemar’s test did 

not indicate a difference in the proportion of positives between sample pairs (odds ratio (OR) 1; 

95% CI 0.07-13.80; p-value>0.999) (Table 5.2). The Cohen’s kappa indicated a substantial level 

of agreement between LE applied to the SNAP® 4Dx® Plus test and the necropsy-confirmed D. 

immitis status (Table 5.2); the PABAK and the AC1 both indicated a very high level of 

agreement between the tests (Table 5.2). 

Thoracic fluid filter paper extract applied to the SNAP® 4Dx® Plus test versus necropsy-

confirmed D. immitis status 

Overall, 5.5% (11/199; 95% CI 3.0-9.7%) of wild canid TFE samples tested positive for 

D. immitis antigen on the SNAP® 4Dx® Plus test (Figure 5.1B). Seven of the 199 animals 

assessed gave discordant results when compared to the necropsy-confirmed D. immitis status 
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(Table 5.1); three were false-negative results and four were false-positive results. One of the 

three false-negative TFE samples corresponded to an animal with only one adult female parasite 

present at necropsy, while another had eight adult females present (Table 5.1); the worm burden 

for the third could not be assessed because the parasites were damaged by the hunting process 

(Chapter 4). 

The sensitivity and specificity of TFE examined with the SNAP® 4Dx® Plus test were 

70% (95% CI 34.8-93.3%) and 97.9% (95% CI 94.7-99.4%), respectively. The McNemar’s test 

did not indicate a difference in the proportion of positives between sample pairs (OR 0.75; 95% 

CI 0.11-4.43; p-value = 0.706) (Table 5.2). The Cohen’s kappa indicated a substantial level of 

agreement between TFE applied to the SNAP® 4Dx® Plus test and the necropsy-confirmed D. 

immitis status (Table 5.2); the PABAK and AC1 both indicated very high level of agreement 

between the tests (Table 5.2). 

Lung tissue extract versus thoracic fluid filter paper extract applied to the SNAP® 4Dx® 

Plus test 

Of the 199 wild canids assessed, 96% (192/199) were classified the same way by LE and 

TFE samples applied to the SNAP® 4Dx® Plus test (Table 5.2). The McNemar’s test did not 

indicate a difference in the proportion of positives between sample pairs (OR 0.75; 95% CI 0.11-

4.43; p-value = 0.706) (Table 5.2). The Cohen’s kappa indicated a substantial level of agreement 

between LE and TFE samples examined with the SNAP® 4Dx® Plus test (Table 5.2); the 

PABAK and AC1 both indicated a very high level of agreement between the test results obtained 

using different sample types (Table 5.2). 
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Results from the SNAP® 4Dx® Plus test components for tick-borne pathogens 

Overall, 1.5% (3/199; 95% CI 0.3-4.5%) of wild canid LE and TFE samples tested 

positive for B. burgdorferi antibody; 1.0% (2/199; 95% CI 0-3.8%) of LE samples were positive 

and 0.5% (1/199; 95% CI 0-3.1%) of TFE samples were positive (Figure 5.2). Of the 199 wild 

canids assessed, 96% (192/199) were classified the same way by LE and TFE samples applied to 

the SNAP® 4Dx® Plus test. The McNemar’s test did not indicate a difference in the proportion of 

positives between sample pairs (OR 2.0; 95% CI 0.10-17.99; p-value = 0.564) (Table 5.2). The 

Cohen’s kappa (-0.01; 95% CI -0.02-<0.01) indicated a poor level of agreement between LE and 

TFE samples examined with the SNAP® 4Dx® Plus test; the PABAK (0.97; 95% CI 0.94-1.00) 

and AC1 (0.98; 95% CI 0.97-1.00) both indicated a very high level of agreement between the 

test results obtained using different sample types. 

No samples tested positive for evidence of antibodies to either Anaplasma spp. (95% CI 

0-2.3%) or Ehrlichia spp. (95% CI 0-2.3%). 

DISCUSSION 

 The work described here was carried out to evaluate the performance of the SNAP® 4Dx® 

Plus test for the detection of D. immitis antigen in wild canids using two different sample types: 

LE and TFE. The estimated sensitivities for the SNAP® 4Dx® Plus test when used with either LE 

(80%; 95% CI 44.4-97.5%) or TFE (70%; 95% CI 34.8-93.3%) were similar as demonstrated by 

their overlapping confidence intervals. In terms of performance, the estimated sensitivities for 

both sample types are lower in comparison to the reported point estimate for sensitivity of the 

assay (99%; 95% CI 94.3-99.9%) in dogs using standard serological specimens (IDEXX, 2016). 

However, it is important to note that the performance of the SNAP® 4Dx® Plus test varies by D. 
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immitis parasite burden. For example, Courtney and Zeng (2001) described sensitivity values 

ranging from 75% in infections with only one female parasite present in dogs to 96% when three 

or more parasites were present. In the present study, with samples from 199 wild canids, there 

were a total of three false-negative results; two of which corresponded to LE and TFE samples 

from the same two animals (Table 5.1). A third false-negative result was observed with just a 

TFE sample (Table 5.1). False-negative results occur most commonly in infections with low 

worm burdens, immature female parasites, or only involving male parasites (Rohrbach and 

Patton, 2013). One of the two false-negative results observed with both sample types 

corresponded to an animal with only one female parasite present at necropsy, while the other had 

eight female parasites (Table 5.1). Parasite burden data were not available for the false-negative 

result observed with just the TFE sample.  

 In the present study, we estimated a D. immitis antigen specificity of 98.9% (95% CI 

96.2-99.9%) and 97.9% (95% CI 94.7-99.4%) for LE and TFE when applied to the SNAP® 4Dx® 

Plus test, respectively. These estimates are comparable to the reported specificity (99.3%; 95% 

CI 97.4-99.9%) of the assay with dogs using standard serological specimens (IDEXX, 2016). 

One possible explanation for the observed false-positive results is a cross-reaction due to 

infection with another species of nematode with the SNAP® 4Dx® Plus test (e.g., Dracunculus 

insignis and/or Toxocara canis) (Venco et al., 2017; Little et al., 2018). 

 With respect to spatial distribution, all D. immitis antigen positive LE and TFE samples 

were from wild canids in the south-western region of southern Ontario (Figure 5.1). Notably, the 

south-western and the eastern regions of southern Ontario are considered endemic foci for D. 

immitis infection in dogs (McGill et al., 2019). However, the data in this study are largely limited 

to the south-western region of southern Ontario. The lack of data in the other regions make it 
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difficult to compare the overall spatial pattern of infection between dogs and wild canids across 

southern Ontario.  

Although the main focus of this work was to evaluate the D. immitis component of the 

SNAP® 4Dx® Plus test, we were also interested in reporting results from the other diagnostic 

components of the test. No wild canid tested positive for antibodies against Anaplasma spp. or 

Ehrlichia spp. However, overall, three wild canids tested positive for B. burgdorferi antibody 

(1.5%; 95% CI 0.3-4.5%); two were positive with LE samples (1.0%; 95% CI 0-3.8%) and one 

was positive with TFE samples (0.5%; 95% CI 0-3.1%). These estimates are similar to the 

reported 2.3% B. burgdorferi seroprevalence estimates in dogs in southern Ontario from 2013-

2014 (Herrin et al., 2017). Notably, the PABAK and AC1 both indicated a very high level of 

agreement, despite there being no agreement between samples testing positive. This lack of 

agreement was reflected in the negative Cohen’s kappa value; a negative value indicates 

agreement was worse than expected and low negative values may generally be interpreted as no 

agreement (McHugh, 2012). Although the PABAK and AC1 are recommended for populations 

with low prevalence, there were only three B. burgdorferi-positive samples overall in the present 

study and therefore, our effective sample size was limited. Future studies with a larger effective 

sample size are warranted to further compare the agreement of LE and TFE samples for the 

detection of B. burgdorferi antibody with the SNAP® 4Dx® Plus test. 

Geographically, the B. burgdorferi-positive results from the two sample types were from 

wild canids in the south-western region of southern Ontario (Figure 5.2). In southern Ontario, 

risk areas include the region surrounding the western shores of Lake Ontario as well as several, 

discontinuous regions along the northern shores of Lake Erie (OAHPP, 2019); estimated risk 

areas are calculated as a 20km radius from the centre of a location where established Ixodes 
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scapularis tick populations were identified, as determined by drag sampling surveillance 

(OAHPP, 2019). The two B. burgdorferi-positive LE samples were identified from these areas. 

Notably, with the exception of the one positive TFE sample, B. burgdorferi antibody was not 

detected in canids originating from locations outside of the B. burgdorferi risk areas in the south-

western region. An additional endemic focus for B. burgdorferi in southern Ontario is in the 

eastern region along the northern shores of Lake Ontario continuing further east to the Quebec 

boarder (Herrin et al., 2017; OAHPP 2019). Unfortunately, as mentioned, the data in this study 

are largely limited to the south-western region of southern Ontario. As such, it is difficult to 

compare the spatial patterns of seropositivity between dogs and wild canids in southern Ontario, 

specifically in the eastern region. Furthermore, to the authors’ knowledge, the tick-borne 

components of the SNAP® 4Dx® Plus test have not been validated for use with coyotes and foxes 

in southern Ontario; it is unclear how their performance compares to that of dogs. 

CONCLUSION 

On the basis of the estimated sensitivity and specificity in comparison to necropsy-

confirmed D. immitis status, the results suggest that the SNAP® 4Dx® Plus test is suitable for 

population-level D. immitis surveys in wild canids from southern Ontario. The high level of 

agreement between the results obtained with both LE and TFE samples indicates that both 

sample types perform comparably. 
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TABLES 1 

Table 5.1. Comparison of data from necropsy examination of 199 wild canids (187 coyotes, 12 foxes) for 2 

Dirofilaria immitis, and lung tissue extract (LE) samples and thoracic fluid filter paper extract (TFE) for the same 3 

animals when applied to the SNAP® 4Dx® Plus test where at least one test was positive. 4 

Wild 

canid ID  

Necropsy 

status 

LE TFE Number of D. immitis parasitesa 

Female Male Total 

C222 - + - 0 0 0 

C227 + + + 2 1 3 

C242 + + + ND ND ND 

C250 + + + 3 2 5 

C280 + + + 4 6 10 

C283 - - + 0 0 0 

C295 + - - 8 19 27 

C309 + + - ND ND ND 

C324 + + + ND ND ND 

C337 - - + 0 0 0 

C350 + + + ND ND ND 

C372 + + + 1 3 4 

C375 - + - 0 0 0 

C380 + - - 1 2 3 

C389 - - + 0 0 0 

F33 - - + 0 0 0 

C, coyote 5 
F, fox 6 
ND, Not determined because the parasites were damaged by the hunting process 7 
a Original data reported in Chapter 48 
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Table 5.2. Assessment of the level of agreement between diagnostic results for Dirofilaria immitis infection in 199 

wild canids (187 coyotes, 12 foxes) obtained at necropsy examination and for lung tissue extract (LE) samples and 

thoracic fluid filter paper extract (TFE) for the same animals when applied to the SNAP® 4Dx® Plus test. 

Methods 

compared 

(Sample 

type) a 

% 

agreement 

Cohen’s Kappa 

(95% CI) 

PABAK  

(95% CI) 

AC1 (95% CI) McNemar’s 

Chi2  

(p-value) 

SNAP® 4Dx® 

Plus (LE) 

versus 

Necropsy 

 

98 0.79 (0.59-0.99) 0.96 (0.92-0.99) 0.98 (0.96-1.00) 0 (>0.999) 

SNAP® 4Dx® 

Plus (TFE) 

versus 

Necropsy 

 

96 0.65 (0.40-0.89) 0.93 (0.88-0.98) 0.96 (0.93-0.99) 0.14 (0.706) 

SNAP® 4Dx® 

Plus (LE) 

versus 

SNAP® 4Dx® 

Plus (TFE) 

96 0.65 (0.40-0.89) 0.93 (0.88-0.98) 0.96 (0.93-0.99) 0.33 (0.564) 

95% CI, 95% confidence interval 
AC1, first-order-agreement coefficient 
PABAK, prevalence adjusted bias adjusted kappa 
a Apparent prevalence of D. immitis was 5.0% (10/199; 95% CI 2.64-9.11%) at necropsy examination, 5.0% 
(10/199; 95% CI 2.64-9.11%) with lung tissue extract applied to the SNAP® 4Dx® Plus test, and 5.5% (11/199; 95% 
CI 3.01-9.74%) with thoracic fluid filter paper extract applied to the SNAP® 4Dx® Plus test.
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FIGURES 

 

Figure 5.1. Maps of southern Ontario with the locations of Dirofilaria immitis antigen-negative (blue) and -positive (red) wild canids 

collected from January to March 2017, as determined by examination of (A) lung tissue extract and (B) thoracic fluid filter paper 

extract samples with the SNAP® 4Dx® Plus test. The inset shows the location of southern Ontario within Canada. 
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Figure 5.2. Maps of southern Ontario with the locations of Borrelia burgdorferi antibody-negative (blue) and -positive (red) wild 

canids collected from January to March 2017, as determined by examination of (A) lung tissue extract and (B) thoracic fluid filter 

paper extract samples with the SNAP® 4Dx® Plus test. The inset shows the location of southern Ontario within Canada. 
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APPENDICES 

 

Appendix 5.1. Map of southern Ontario with the locations of necropsy-confirmed Dirofilaria 

immitis-negative (blue) and -positive (red) wild canids from January to March 2017. Original 

data were reported in Chapter 4. The inset shows the location of southern Ontario within Canada. 
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CHAPTER 6 - GENERAL DISCUSSION 

SUMMARY 

The primary goal of this thesis was to investigate wild canids as sentinels for 

Echinococcus multilocularis and Dirofilaria immitis in southern Ontario. To address this goal, 

the principal objectives were to: (a) determine the prevalence and geographic distribution of E. 

multilocularis in foxes and coyotes in southern Ontario (Chapter 2); (b) identify high risk areas 

or “hot spots” of E. multilocularis infection in foxes and coyotes in southern Ontario (Chapter 2); 

(c) identify factors associated with E. multilocularis infection in foxes and coyotes in southern 

Ontario (Chapter 3); (d) determine the prevalence and geographic distribution of D. immitis in 

foxes and coyotes in southern Ontario (Chapter 4); (e) evaluate the performance of the SNAP® 

4Dx® Plus test to detect D. immitis in foxes and coyotes in southern Ontario (Chapter 5); and (f) 

report the seroprevalence and geographic distribution of D. immitis antigen and Borrelia 

burgdorferi, Anaplasma spp., and Ehrlichia spp. antibodies in foxes and coyotes in southern 

Ontario (Chapter 5). 

Echinococcus multilocularis (chapters 2 and 3) 

Between November 2015 and March 2017, rectal fecal samples were collected from 460 

wild canids (416 coyotes, 44 foxes) during post-mortem examination and analyzed for E. 

multilocularis DNA (Isaksson et al., 2014). Overall, 23% (107/460; 95% confidence interval (CI) 

20-27%) of wild canids tested positive. Our findings also indicated that E. 

multilocularis infection in wild canids is widely distributed across the western, central, and 

eastern regions of southern Ontario. In addition, using a spatial scan test, an infection cluster 
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(i.e., hotspot) was identified among ten contiguous public health units in the central-west region 

of the province.  

Since Ontario was considered free of E. multilocularis prior to 2012, it was surprising 

that 23% of wild canids tested positive for the parasite. This is similar to the reported prevalence 

in coyotes from Edmonton, Alberta, Canada, where E. multilocularis has been recognized for 

decades (Holmes et al., 1971; Catalano et al., 2012). Additionally, we anticipated that the 

geographic distribution of infection in wild canids would correspond to the area surrounding the 

western shores of Lake Ontario, where alveolar echinococcosis (AE) was diagnosed in 5 dogs, 3 

lemurs, and a wild caught chipmunk since 2012 (Skelding et al., 2014; Oscos-Snowball et al., 

2014; Turner et al., 2016; French et al., 2018; Pinard et al., in press). However, E. multilocularis 

was found in the western, central, and eastern regions of southern Ontario. The combination of 

high prevalence and wide distribution suggests that E. multilocularis was not a recent 

introduction to the region. Notably, one study investigated E. multilocularis among 308 red foxes 

in southern Ontario from 1979-1980 (Storandt and Kazacos, 2012); the authors did not detect 

evidence of the parasite. Therefore, it is likely that E. multilocularis was introduced into southern 

Ontario sometime after 1980. 

Although it is unclear how E. multilocularis was introduced into southern Ontario, the 

spatial pattern of high prevalence in wild canids along the northern shores of Lake Erie suggests 

a natural eastward expansion from Michigan, a known endemic area (Storandt and Kazacos, 

2012). Also, it is possible that the import of dogs from endemic regions without cestocide 

treatment may have contributed to the introduction of E. multilocularis into southern Ontario. 

Notably, molecular characterization of one of the southern Ontario dogs without travel history 

was consistent with E. multilocularis of possible European origin (Deplazes et al., 2017), 
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whereas another appeared to be of North American origin (K. Gesy, pers. comm.). In 

combination, this information strengthens the possibility that one or more import events 

occurred, possibly in addition to a natural range expansion. However, the relavence of strain 

variants is unclear because data pertaining to the epidemiological importance of individual strain 

variants of E. multilocularis is limited (Thompson, 2008; Lymbery, 2017).  

In the present study, E. multilocularis was detected in regions near both the Quebec and 

New York state border. Although there was a diagnosis of AE in a child in the direction de santé 

publique des Laurentides, Quebec in 2018, no evidence of the parasite in animal hosts has been 

reported in either area (Ministère de la Santé et des Services sociaux, 2018). To the authors’ 

knowledge, only one study has investigated E. multilocularis in Quebec (Schurer et al., 2018); 

although no evidence of the parasite was found, the study assessed a small sample of wild canids 

from the region closest to the Ontario border (Schurer et al., 2018). It is therefore unclear 

whether the negative findings reflect a lack of power. Nevertheless, given the proximity of 

endemic areas in Ontario to Quebec and New York state, work to investigate the occurrence of 

E. multilocularis in wild canids in these regions is warranted. 

In the southern Ontario hotspot, we measured an infection prevalence of 34% (95% CI 

28-40%) among wild canids. In order to understand how this may impact public health in the 

same area, lessons can be distilled from Europe where E. multilocularis has been an emerging 

issue for decades. Across the endemic range in Europe, human AE is considered a rare disease 

with an average incidence of 0.03 to 0.3 cases/100,000 residents per year (Gottstein et al., 2015). 

However, it is important to note that there is substantial regional variation in risk for human AE. 

In areas with high infection prevalence among wild canids (i.e., 35-65%), markedly higher 

average incidence estimates of up to 8.1 cases/100,000 residents per year have been observed 
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(Piarroux et al., 2013; Said-Ali et al., 2013). Notably, the prevalence of E. multilocularis 

infection that was observed in wild canids in the southern Ontario hotspot is similar to the 

prevalence of infection in wild canids in these higher risk regions. Given that the location of the 

southern Ontario hotspot corresponds to areas with high human population density, transmission 

of E. multilocularis should be considered a public health concern in southern Ontario.  

Additionally, we found body condition, natural landcover, and region to be associated 

with E. multilocularis infection in coyotes in our final mixed-effects logistic regression model. 

The negative relationship between body condition and infection could be due to coyotes 

consuming low-quality diets being more susceptible to infection due to reduced immune function 

(Ezenwa, 2004; Blanchet et al., 2009; Murray et al., 2015). Additionally, previous work has 

shown seasonal variation in E. multilocularis infection prevalence in foxes in Switzerland, with 

the highest being observed in the winter (Stieger et al., 2002). Coyotes typically exhibit reduced 

body condition over winter (Windberg et al., 1991); since ~80% of carcasses were collected in 

the winter, it is possible that this association is related to seasonal factors (Chapter 3).  

It was not surprising that we observed a negative association between natural land and E. 

multilocularis infection in coyotes. This is because a key determinant driving E. multilocularis 

transmission is the predator-prey dynamics between definitive and intermediate hosts (Raoul et 

al., 2010). Since rodents are often found in specific landscapes where food and cover from 

predators are abundant, landcover characteristics can influence the predator-prey dynamics and 

ultimately E. multilocularis transmission (Otero-Abad and Torgerson, 2013). In southern 

Ontario, natural land is chiefly comprised of forested regions and accounted for ~88% of natural 

land for coyotes in this study. Forested regions are poor habitats for coyotes due to poor 

availability of prey resulting in lower contact rates between definitive and intermediate hosts 
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(Dumond and Villard, 2000). Notably, the effect of natural land on E. multilocularis infection in 

coyotes is unlikely to reflect other regional effects since it was retained in the model even after 

controlling for the potential confounding effect of region. 

Dirofilaria immitis (chapters 4 and 5) 

Between February 2016 to March 2017, 290 wild canids (187 coyotes and 12 foxes), 

collected from across southern Ontario, were examined for the presence of D. immitis at 

necropsy. Overall, D. immitis was identified in 4.8% (14/290; 95% CI 2.8-8.0%) of wild canids. 

Among coyotes, 5.1% (14/273; 95% CI 3.0-8.5%) were positive; no evidence of D. immitis was 

detected in the 17 foxes examined (95% CI 0-21.6%). The 14 cases were identified in two 

regions of southern Ontario: 12 were detected in the south-western region and two were detected 

in the eastern region. 

The 4.8% prevalence of D. immitis observed among wild canids in southern Ontario was 

lower than previous work that estimated 16-100% prevalence among wild canids from regions in 

the southeastern USA (Custer and Pence, 1981; Nelson et al., 2003). However, this is not 

surprising as the southeastern USA is an endemic focus for D. immitis because the warmer, more 

humid, climate creates environments conducive to faster parasite development in the vector and 

longer transmission periods (Bowman and Atkins, 2009). In contrast, the cooler climate in 

southern Ontario hinders D. immitis development for parts of the year and limits the transmission 

period of the parasite from June to October (Slocombe et al., 1995). 

Overall, the prevalence in wild canids was greater than the estimated 0.12% prevalence in 

dogs from 2008 to 2015, as determined by antigen testing of dogs across Ontario (Evason et al., 

2019). However, this estimate is likely biased by dogs that visit veterinary clinics. Dogs that do 



 

 134 

not visit veterinary clinics represent a subset of dogs unlikely to be on preventive medication 

because heartworm preventive products in Canada are prescription only. As such, these dogs are 

at greater risk for D. immitis infection. Therefore, it would be more appropriate to compare the 

infection prevalence of D. immitis in wild canids to unprotected dogs (Wang et al., 2014). For 

example, in 2002, one of the last survey years preventive medication history was available, the 

overall prevalence for dogs in Ontario on prophylaxis was 0.01% compared to 0.50% in dogs 

that were not (Slocombe, 2003). Unfortunately, more recent data pertaining to D. immitis 

infection in unprotected dogs in Ontario are not available. 

The southwestern and eastern region in southern Ontario are considered endemic foci for 

D. immitis infection in dogs (McGill et al., 2019). Notably, 12 of the 14 D. immitis-positive wild 

canids were identified in the southwestern region and two were found in the eastern region. This 

suggests that the spatial patterns of infection in wild canids and dogs in these regions may be 

similar. However, wild canids included in this study were mainly collected from the western and 

eastern regions of southern Ontario, while data pertaining to dogs were available throughout 

southern Ontario. Based on the available data, the spatial pattern of infection seems to be similar 

between the two populations, however, the spatial gaps in our data limit our ability to draw 

stronger conclusions.  

Additionally, we assessed the performance of the SNAP® 4Dx® Plus test for the detection 

of D. immitis antigen in wild canids by comparing results using lung tissue extract (LE) and 

thoracic fluid filter paper extract (TFE) samples with the necropsy-confirmed D. immitis status. 

With the assumption that necropsy findings were the gold standard, the estimated sensitivity and 

specificity of the SNAP® 4Dx® Plus test for D. immitis antigen in LE was 80% (95% CI 44.4-

97.5%) and 98.9% (95% CI 96.2-99.9%), respectively. For the TFE, the sensitivity was 70% 
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(95% CI 34.8-93.3%) and the specificity was 97.9% (95% CI 94.7-99.4%). With respect to the 

tick-borne pathogen components, 1.5% (3/199; 95% CI 0.3-4.5%) of wild canid LE and TFE 

samples tested positive for B. burgdorferi antibody; 1.0% (2/199; 95% CI 0-3.8%) of LE 

samples were positive and 0.5% (1/199; 95% CI 0-3.1%) of TFE samples were positive. No 

samples tested positive for antibody to Anaplasma spp. or Ehrlichia spp.. 

The estimated sensitivities for the SNAP® 4Dx® Plus test when used with either LE or 

TFE were lower in comparison to the reported estimated sensitivity of the assay (99%) in dogs 

using standard serological specimens (i.e. serum and/or plasma) (IDEXX, 2016). However, the 

performance of the SNAP® 4Dx® Plus test in dogs varies by D. immitis parasite burden. 

Courtney and Zeng (2001) observed sensitivity values ranging from 75% in infections with only 

one female parasite present to 96% when three or more parasites were present. In the current 

work, there were a total of three false-negative results; two of which corresponded to LE and 

TFE samples from the same two animals. A third false-negative result was observed with just a 

TFE sample. One of the two false-negative results observed with both sample types 

corresponded to an animal with only one female parasite present at necropsy, while the other had 

eight female adult parasites. Parasite burden data were not available for the false-negative result 

observed with just the TFE sample. 

The estimated specificity of the SNAP® 4Dx® Plus test when used with both LE and TFE 

was comparable to the reported specificity (99.3%) of the assay with dogs using standard 

serological specimens (IDEXX, 2016). False-positive results with the SNAP® 4Dx® Plus test can 

result from cross-reaction due to infection with other species of nematodes (e.g., Dracunculus 

insignis and/or Toxocara canis) (Venco et al., 2017; Little et al., 2018). 
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Overall, three wild canids tested positive for B. burgdorferi antibody (1.5%); two were 

positive with LE samples (1.0%) and one was positive with TFE samples (0.5%). Notably, there 

was no agreement between positive samples. These estimates are similar to the reported 2.3% B. 

burgdorferi seroprevalence estimates in dogs in southern Ontario from 2013-2014 (Herrin et al., 

2017). No wild canid tested positive for antibodies against Anaplasma spp. or Ehrlichia spp.. In 

southern Ontario, the reported seroprevalence of Anaplasma spp. and Ehrlichia spp. were 0.22% 

and 0.19%, respectively, in dogs from 2013-2014 (Herrin et al., 2017).  

All B. burgdorferi-positive wild canids were identified in the south-western region of 

southern Ontario. The risk areas for B. burgdorferi in southern Ontario include parts of the area 

surrounding the western shores of Lake Ontario and several discontinuous regions along the 

northern shores of Lake Erie (Herrin et al., 2017; OAHPP, 2019); estimated risk areas are 

calculated as a 20km radius from the centre of a location where established Ixodes scapularis 

tick populations were identified, as determined by drag sampling surveillance (OAHPP, 2019). 

These regions correspond to areas with higher seropositivity among dogs (Herrin et al., 2017); 

prevalence estimates of more than 5.1% were reported in dogs from the eastern region while 

prevalence estimates ranging from 0.1-5% in dogs have been reported in the western region 

(Herrin et al., 2017). Interestingly, with the exception of one positive TFE sample, B. burgdorferi 

antibody was not detected in wild canids from areas outside of the B. burgdorferi risk areas in 

the south-western region. An additional risk area for B. burgdorferi in southern Ontario is the 

region along the northern shores of Lake Ontario extending east towards the Quebec boarder 

(Herrin et al., 2017; OAHPP, 2019). In the present study, wild canids were largely collected from 

the western region of southern Ontario. As a result, it is difficult to compare the spatial patterns 

of seropositivity in wild canids to that of dogs in the eastern region of southern Ontario.  
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LIMITATIONS 

 There are several limitations to this study that should be acknowledged. Sample 

collection depended on carcass submission from hunters, trappers, and the Ontario Ministry of 

Natural Resources and Forestry. Although this convenience sampling allowed us to achieve a 

relatively large sample size, it restricted our geographic scope and resulted in spatial gaps in our 

data. In particular, this limited our ability in chapters 4 and 5 to make comparisons between the 

spatial patterns of D. immitis infection in wild canids to that of dogs across southern Ontario; 

wild canids included in chapter 4 were mainly obtained from the western and eastern regions of 

the province with few in the central region, while those included in chapter 5 were almost 

exclusively obtained from the western region. In comparison, D. immitis infection data for dogs 

are available throughout southern Ontario (Herrin et al., 2017; McGill et al. 2019).  

 Hunters and trappers consistently reported low fox population numbers throughout the 

duration of the project resulting in a low number of sampled foxes. Ideally, we wanted to study 

both foxes and coyotes in order to understand the role of each species in the transmission and 

maintenance of each parasite in the region. This low effective sample size limited our mixed-

effects regression analysis in chapter 3 to coyotes for the work on E. multilocularis. Since the 

relevance of the individual species for each parasite is unknown, we cannot generalize our 

findings for coyotes to foxes. Additionally, the low fox sample size made it difficult to draw 

concrete conclusions pertaining to D. immits infection in foxes. Although we did not find 

evidence of the parasite in the foxes we examined, a large confidence interval associated with 

our small sample size makes it difficult to draw any reasonable conclusions concerning the 

parasite in Ontario foxes. 
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 Another limitation to consider is the cross-sectional nature of this study. Multiannual and 

seasonal trends in transmission have been observed for both E. multilocularis and D. immitis 

(Bowman and Atkins, 2009; Otero-Abad and Torgerson, 2013). Our study was conducted over a 

two-year period and the majority of our sample collection occurred in the winter months. In light 

of this we were unable to investigate temporal and seasonal effects. This was particularly 

limiting for Chapter 3 while investigating putative factors associated with E. multilocularis 

infection in coyotes. 

SIGNIFICANCE 

 An important aspect of surveillance for E. multilocularis was to ensure timely collection 

of relavent data to identify areas of risk for human and dog health. Alveolar echinococcosis is a 

rare diagnosis in both humans and dogs (Corsini et al., 2015; Deplazes et al., 2017). In particular, 

canine AE is thought to occur primarily in areas with high prevalence among wild canid 

definitive hosts (Corsini et al., 2015). As a result, dogs with AE likely represent poor sentinels 

for the abovementioned surveillance aim. This can be evidenced by the following example: since 

2012, several cases of AE in dogs, lemurs, and a chipmunk were reported in the region 

surrounding the western shores of Lake Ontario (Skelding et al., 2014; Oscos-Snowball et al., 

2014; Turner et al., 2016; French et al., 2018; Pinard et al., in press). As previously mentioned, 

this was surprising since Ontario was considered to be free of E. multilocularis prior to the first 

report of canine AE in 2012. While the occurrence of index cases of AE signaled an underlying 

health issue, the full extent of the problem was not understood. That is to say, it was thought that 

E. multilocularis would be found mainly in the region where the animal cases of AE were 

diagnosed. However, six years after the first index case of canine AE was reported, a dog from 

the Ottawa area was diagnosed with AE in 2018 with no known history of travel (A. Peregrine, 
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unpub. data). In the absence of the prevalence and distribution data obtained through wild canid 

sentinel surveillance of E. multilocularis, this finding would have been surprising as all previous 

cases of canine AE were diagnosed several hundred kilometers away from the Ottawa region. 

Our findings therefore support the value of using wild canid sentinels for E. multilocularis 

surveillance in southern Ontario to help infer risk for humans and dogs. 

Perhaps the most significant, albeit more indirect, outcomes are the changes in public 

health policy in Ontario that occurred in part due to the results in this thesis. As of January 1, 

2018, E. multilocularis infection was designated a reportable disease in animals in Ontario 

(Communicable Diseases—General R.R.O. 1990, Reg. 557). This requires veterinarians and 

diagnostic laboratories to report animal cases directly to their local public heath units to 

minimize potential risks to human health. Furthermore, as of May 1, 2018, E. 

multilocularis infection in humans was designated a disease of public health importance (i.e., a 

disease that must be reported) in Ontario (Designation of Diseases, O. Reg. 135/18). Although 

human AE was not reportable before 2018, data from the Canadian Institute for Health 

Information indicate that >3 cases of human AE have been diagnosed in Ontario since 2014 

(Government of Ontario, 2018); however, these data do not indicate patient travel or exposure 

histories. Thus, it is unclear whether or not these cases were acquired locally. The 

aforementioned changes in public health policy are important for two reasons. The first being an 

increased awareness about E. multilocularis among public health officials, physicians, and 

veterinarians. The second is the ability to anticipate E. multilocularis exposure and to diagnose 

early-stage human AE. A limitation of having the infection reportable only in humans is that, 

given the long clinical incubation period of AE in humans, other persons potentially at risk 

would likely have been infected years earlier.  Designating the mandatory reporting of E. 
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multilocularis infection in animals to public health authorities could facilitate prompt 

investigation of suspected exposure in persons which may lead to earlier diagnosis. Notably, 

Ontario is the first region in North America to designate both human and animal E. 

multilocularis infections as reportable.  

The surveillance aim for D. immitis in wild canids was to enhance our current 

understanding of D. immitis transmission in southern Ontario. Our understanding of D. immitis 

infection in dogs is based on data that are likely biased by dogs on preventive medication. This 

limits the understanding of the risk of D. immitis infection for dogs in the region. Since wild 

canids represent unprotected populations and could indicate background transmission of the 

parasite, we investigated the prevalence and distribution of the parasite in foxes and coyotes in 

southern Ontario. To our knowledge, this was the first large-scale survey for D. immitis infection 

in wild canids in southern Ontario. Although we were limited in our ability to compare the 

infection pattern in wild canids and dogs in the region, we provide preliminary insights into the 

prevalence and distribution of D. immitis in wild canids in southern Ontario.  

The most common survey method for D. immitis in wild canid populations is necropsy 

examination for the presence of parasites. While this is considered the gold standard for D. 

immitis diagnosis, it is a laborious procedure that is not conducive to large scale surveys. On the 

basis of the estimated sensitivity and specificity (Chapter 5) in comparison to necropsy-

confirmed D. immitis infection in wild canids, we found that the SNAP® 4Dx® Plus test is 

suitable for the detection of D. immitis infection in wild canids. It is important to note that we 

examined two different sample types with the assay: LE and TFE. Our results indicated that the 

SNAP® 4Dx® Plus test performs comparably when using LE and TFE samples. In terms of 

practicality, the filter paper strips represent a simple procedure for collecting a suitable 
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serological specimen substitute that requires little training and can be easily stored. Since wild 

canids are commonly hunted in southern Ontario, it is possible that a collaborative citizen 

science filter paper sample collection network could be developed with licensed hunters and 

trappers. This could facilitate a cost-effective means for D. immitis surveillance among wild 

canids while engaging members of the public in scientific investigations. However, the risk of 

exposure to other pathogens (e.g. rabies, E. multilocularis) must be considered to ensure the 

safety of the hunter and trapper participants.  

FUTURE DIRECTIONS 

The epidemiology of E. multilocularis is complex, involving an interplay between host-

level, environmental, and temporal factors. In the present study we provided preliminary insights 

into factors that are important for infection in coyotes in southern Ontario. However, there were 

several factors that we did not assess. As mentioned, we were unable to include age as a 

parameter in our analysis because there was little variation in the age of the coyotes included in 

the present study. In previous studies, age has been involved in interactions with other important 

factors. That is to say, the association between one factor and E. multilocularis infection is 

dependent on age or vice versa. For example, in Switzerland, seasonal changes in E. 

multilocularis prevalence were found to be more pronounced in juvenile foxes than in adults 

(Hegglin et al., 2007). Furthermore, the fact that the majority of carcasses were collected during 

the winter months limited our ability to investigate seasonal variation in prevalence. Collectively, 

more detailed examination of the important factors, specifically age and multi-annual and 

seasonal parameters, would provide information that would help refine our current understanding 

of the transmission of E. multilocularis in southern Ontario.  
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While this work provided preliminary insights into the transmission dynamics of D. 

immitis in wild canids in southern Ontario, we were unable to make direct comparisons to the 

available dog data for the central region in chapter 4 and the central and eastern regions in 

chapter 5; D. immitis infection data for dogs has been obtained throughout southern Ontario, but 

the wild canids in this study were obtained mainly from the western and eastern regions of 

southern Ontario. This made it difficult to compare spatial patterns of infection between dogs 

and wild canids in the region. Future investigations that focus on comparing D. immitis infection 

in wild canids and unprotected dogs across southern Ontario from the same geographic areas 

would provide valuable information on how infections within these two populations relate. For 

example, spatial models could be used to evaluate whether areas of high risk for D. immitis 

infection in wild canids are similar to that in dogs (McGill et al., 2019). 

It is important to note that while the SNAP® 4Dx® Plus test simultaneously detects D. 

immitis antigen and antibody to several tick-borne pathogens, we only evaluated the D. immitis 

component using a gold standard. Studies that validate the B. burgdorferi, Anaplasma spp., and 

Ehrlichia spp. components of the test for use with wild canids in southern Ontario would 

generate information that would facilitate appropriate interpretation of the results. This would be 

incredibly valuable because it would allow for the test to be used for the surveillance of multiple 

vector-borne pathogens in wild canids in southern Ontario.  
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