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Antimicrobial resistance (AMR) is a significant global threat to human and veterinary
medicine. AMR is a complex health issue, with factors across human and veterinary medicine,
plant and animal production, and the economy driving the emergence and persistence of
resistance. This thesis sought to incorporate diverse methodological approaches, including data
sources, methods of analyses, and types of data, and explore how these data could improve our
understanding of AMR and its drivers. The primary objectives were to a) evaluate the use of
different data sources to improve understanding of AMR, the drivers of AMR, and the
interactions between drivers in the overall system, and b) explore perceptions about AMR, key
messages to be communicated, and preferred methods of communication about AMR with future
antimicrobial prescribers. The methods used included analysis of surveillance data for extendedspectrum beta-lactamase (ESBL)-producing bacteria, synthesis of literature-derived risk factor
data for ESBL-producing Escherichia coli in select food-producing animals, analysis of the
AMR system using social network analysis, and qualitative exploration of AMR perceptions
among future antimicrobial prescribers. The results suggested that overall prevalence of ESBLproducing E. coli and Salmonella in humans and agrifood samples is low, but that ESBLs are
widely distributed in agrifood and human sources. There were few studies examining factors
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associated with ESBL-producing organisms in food-producing animals, highlighting an
important research gap. Analysis of the overall AMR system identified key leverage points,
including on-farm antimicrobial use and consumer demand for product, that should be explored
as targets for future interventions to reduce AMR. Finally, future antimicrobial prescribers felt
that AMR is a very important global issue, and that collaboration between sectors is needed to
mitigate AMR successfully. These findings highlight the need for ongoing, integrated
surveillance and research efforts across food-producing animals, food products, and humans in
Canada, including the drivers of use and resistance, to identify emerging trends and assess the
relative contribution of different transmission pathways to resistant human infections.
Furthermore, the results have important implications for future knowledge translation and
communication materials, and can be used to support the development of communication tools
that are tailored to the needs of different stakeholders.
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Chapter 1: Literature Review
1.0 Introduction
Antimicrobial resistance (AMR) has been identified by the World Health Organization as
one of the most significant threats to public health, food security, and global development
(World Health Organization 2014). Resistant organisms, such as extended-spectrum betalactamase-producing bacteria, can have many adverse consequences, including an increased
frequency, duration, and severity of infection, as well as an increased risk of mortality. Recent
estimates predict that if action is not taken to slow the emergence and spread of resistant
organisms, AMR will be the direct cause of death for 10 million people globally each year by
2050 (O’Neill 2014). AMR is a One Health issue, as it is a result of various social, economic,
behavioural, and biological factors interacting across human medicine, veterinary medicine,
plant and animal production, and the environment (Ferri et al. 2017; Flowers 2018; McEwen and
Collignon 2018). As a result of the complexity of the AMR system, a One Health approach
involving all relevant stakeholders must be adopted to effectively address the issue of AMR and
ensure that antimicrobials remain effective for future populations. Additionally, the use of
different methods and types of data are needed to develop a comprehensive understanding of
AMR and potential areas for implementing interventions.
The objectives of this literature review are to:
1. Describe the significance and public health implications of AMR in Canada, as well as
the current Canadian AMR surveillance system in humans and food-producing animals.
2. Summarize background information on the epidemiology of extended-spectrum betalactamase-producing Enterobacteriaceae (ESBLs), including risk and protective factors
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for ESBLs in humans and food-producing animals, characteristics of ESBL infections,
and the genes that encode ESBLs.
3. Describe the use of different methodological approaches to investigate complex systems,
including integrated assessment models (IAMs) and social network analysis (SNA).
4. Summarize the current state of knowledge related to knowledge translation and
communication approaches and AMR.
Lastly, this literature review concludes with a summary of the overall goals and specific
objectives of this research.

2.0 Antimicrobial Resistance
2.1 Background
Antimicrobial resistance (AMR) is the ability of a microorganism to counteract drugs that
are commonly used to treat them by developing mechanisms that make them resistant and allow
the transfer of resistant genetic traits between populations (Ferri et al. 2017). AMR is a
significant global health issue that threatens human and animal health, as it challenges our ability
to treat and prevent infections caused by bacteria, viruses, parasites, and fungi (Littmann and
Viens 2015; Ferri et al. 2017). This thesis will focus on antimicrobials with antibacterial
properties (i.e., antibiotics).
Resistant infections can result in increased morbidity and mortality, in addition to
significant social and economic costs, including productivity losses and an increased burden on
healthcare systems (Kim, Oh, and Simor 2001; Littmann and Viens 2015; Council of Canadian
Academies 2019; Friedman, Temkin, and Carmeli 2016). In 2018, approximately 26% of human
bacterial infections in Canada were resistant to the drugs that are typically used to treat them
(Council of Canadian Academies 2019). Additionally, the Council of Canadian Academies
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estimated that approximately 5,400 Canadian lives were lost as a direct result of AMR in 2018,
resulting in a cost of $1.4 billion to the Canadian healthcare system (Council of Canadian
Academies 2019). If the prevalence of resistance increases to 40% by 2050, the mortality rate
will increase to 13,700 Canadian lives lost per year as a direct result of AMR, with an associated
economic burden of $7.6 billion on the Canadian healthcare system (Council of Canadian
Academies 2019). Furthermore, our ability to perform many routine medical procedures that are
critical to the functioning of health systems is jeopardized without effective antimicrobials,
including caesarean sections, joint replacement surgeries, and chemotherapy (Council of
Canadian Academies 2019; Tomson and Vlad 2014).
2.2 Major Drivers of the Emergence and Transmission of AMR
AMR is a complex public and veterinary health issue. Emergence and transmission of
resistant microorganisms results from the direct and indirect interconnections between many
biological, social, economic, environmental, and behavioural factors (Ferri et al. 2017;
Laxminarayan et al. 2013; So et al. 2015). The major driver of AMR is generally considered to
be antimicrobial use (AMU) in human medicine, veterinary medicine, and agricultural
production, as use increases selection pressure on bacteria to become resistant (Ferri et al. 2017;
Hoelzer et al. 2017; Marshall and Levy 2011; McEwen and Fedorka-Cray 2002; D. W. Graham
et al. 2019). Antimicrobials are one of the most commonly prescribed drugs, and most
antimicrobial classes are used in both human and veterinary medicine (Holmes et al. 2016;
McEwen and Collignon 2018). Any use can contribute to the emergence of resistance. However,
the overuse, misuse, and improper use of these critical drugs is considered to be a major driver of
the emergence of resistance (Holmes et al. 2016) In humans, a variety of other risk factor
categories have also been identified, including health-care factors, demographics, and
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community-level factors (Chatterjee et al. 2018). Health-care factors include invasive
procedures, prior hospitalizations, surgery, length of stay in hospital, and being resident in a
nursing home or other facility (Chatterjee et al. 2018). Community-level factors include contact
with animals, consumption of meat, and international travel (Chatterjee et al. 2018).
Additionally, an individual’s clinical history and the presence of comorbidities, such as diabetes
or cardiovascular disease, have been shown to be associated with resistant infections (Chatterjee
et al. 2018).
At the regional level, there are several socioeconomic factors associated with increased
resistance rates. A 2015 multivariate analysis of 28 European countries revealed that poor
governance and corruption were significantly associated with bacterial resistance rates, and these
factors may be more important determinants of resistance than human antimicrobial use
(Collignon et al. 2015). These types of socioeconomic factors can impact overall infrastructure
and quality of infection control and sanitation practices, animal husbandry, access to clean
drinking water, and quality of hygiene (Collignon and Beggs 2019). The global movement of
humans, animals, and food products makes it necessary to consider regional differences and
socioeconomic determinants of resistance rates to identify high-risk areas. International travel
plays an important role in the dissemination of AMR; with an increasingly mobile global
population of humans, animals, and food products, there is a greater risk of spread of resistant
genes and bacteria (Frost et al. 2019; Hernando-Amado et al. 2019). In particular, travel to lowand middle-income regions poses a significant risk, as these areas are less likely to have a strong
healthcare system, effective sanitation, good quality of governance, and access to clean water
(Frost et al. 2019; Collignon et al. 2018). Most bacteria and resistance genes can move readily
within and between humans, animals, and the environment (McEwen and Collignon 2018), and
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therefore global travel likely plays an important role in the widespread dissemination of
resistance.
2.3 AMR in Food-Producing Animals and the Food Chain
Antimicrobials are used widely in food-producing animals for three main purposes:
disease treatment, disease prophylaxis, and growth promotion/feed efficiency. In 2016,
approximately 78% of the total kilograms of antimicrobials distributed and/or sold in Canada
were intended for food-producing animals (Government of Canada 2018). As the global
population continues to increase and there is an increased demand for food products, there may
be a corresponding increase in the use of antimicrobials in food-producing animals worldwide
(Hernando-Amado et al. 2019). Globally, the consumption of antimicrobials in food-producing
animals is anticipated to increase by 67% by the year 2030 as a result of increasing population of
animals raised for food production, as well as a shift to intensive farming systems in low- and
middle-income countries (Van Boeckel et al. 2015). The use of antimicrobials for growth
promotion is a controversial practice, as these drugs are often administered at sub-therapeutic
doses, and for extended periods of time to healthy animals via feed and water (Marshall and
Levy 2011; McEwen and Collignon 2018). This may promote the selection and dissemination of
resistant bacteria and/or genes between food-producing animals and humans through the food
chain or environment. Furthermore, producers often use mass medication via feed or water, as it
is impractical to individually treat each animal in intensive farming systems with large animal
populations (Ferri et al. 2017). Several studies have demonstrated an association between AMU
and the emergence of resistance in food-producing animals, including broiler chickens, swine,
beef cattle, and dairy cattle (Price et al. 2005; Chantziaras et al. 2014; Hoelzer et al. 2017; A. M.
Scott et al. 2018). A 2014 study of the association between the quantities of antimicrobials
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administered to food-producing animals and resistant E. coli in the animal hosts in seven
European countries found a strong correlation for pigs, poultry, and cattle (Chantziaras et al.
2014). Additionally, an examination of fluoroquinolone-resistant Campylobacter isolates from
conventional and antibiotic-free chicken products demonstrated that conventional products had
significantly higher odds of containing resistant strains compared to antibiotic-free products
(Price et al. 2005). Furthermore, there is evidence to suggest that terminating the use of
antimicrobials in food-producing animals can have significant implications for the prevalence of
resistance. Following the voluntary withdrawal of ceftiofur in chicken hatcheries in Japan in
2012, the percentage of broad-spectrum cephalosporin-resistant E. coli isolates from chickens
decreased significantly (Hiki et al. 2015). Overall, these studies indicate that reducing the use of
antimicrobials in food-producing animals results in decreased prevalence of resistance to
antimicrobials.
Food-producing animals represent an important reservoir of resistant bacteria and
resistant genes; genes for resistance to beta-lactams, quinolones, tetracyclines, sulfonamides, and
aminoglycosides have been identified in animals. Many resistance genes of clinical importance
are associated with mobile genetic elements that can easily disseminate between different host
and bacterial species (Hernando-Amado et al. 2019), therefore making transmission through the
food chain a possibility. Many antimicrobials used in food-producing animals are the same, or
structurally similar to antimicrobials used in human medicine (Graham et al. 2019). Over the past
decade, several studies have generated significant evidence to suggest that AMU in foodproducing animals contributes to resistance in pathogens that are of clinical importance to
humans. Many pathogens that are found in food-producing animals (e.g., Salmonella,
Escherichia coli, Campylobacter) are zoonotic, and therefore can be transmitted between
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animals and humans. Resistant bacteria that emerge on farms can potentially be transmitted
between food-producing animals and humans indirectly through the food chain or environment,
or through direct contact (Hoelzer et al. 2017). For example, farm workers, abattoir workers,
veterinarians, and those in close contact with farm workers may be at an increased risk of being
colonized or infected with resistant bacteria (Marshall and Levy 2011). Additionally, consumers
may be exposed to resistant bacteria through the handling or consumption of food products of
animal origin (Marshall and Levy 2011). The transmission routes of resistant bacteria and
resistance genes are numerous, and can occur between and within species (both host and
bacterial species) (Ferri et al. 2017). As a result of this complexity, the relative contribution of
resistance emerging from the food chain to resistant human infections remains incompletely
understood (van Bunnik and Woolhouse 2017; Hoelzer et al. 2017; Cheng et al. 2019). However,
there is evidence to suggest that AMU and AMR in food-producing animals is associated with
resistant bacteria in humans. For example, Dutil et al. (2010) highlighted a correlation between
resistance in chickens and resistant bacteria in humans in Quebec. In this study, the authors
suggested that following the voluntary withdrawal of ceftiofur for use in ovo, the prevalence of
ceftiofur-resistant Salmonella Heidelberg in both retail chicken and human clinical samples
appeared to decrease, although this association was not analyzed (Dutil et al. 2010). Following
the re-introduction of the use of ceftiofur in ovo, the prevalence increased; these results
suggested that ceftiofur use in chickens is associated with extended-spectrum cephalosporin
resistance in Salmonella from chickens and humans (Carson et al. 2019). Furthermore, several
studies have highlighted similarities between genes encoding resistance in food-producing
animals and humans (Huijbers et al. 2014; Muloi et al. 2018).
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2.4 AMR Surveillance in Canada
Surveillance is a critical component of any strategy to address AMR, as up-to-date,
relevant data is needed to monitor existing and emerging trends in resistance (Tacconelli et al.
2018). The Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS)
uses active and passive surveillance to collect, analyze, and communicate trends in AMU and
AMR from humans, animals, and retail meat (Government of Canada 2018).The enteric bacteria
included in this surveillance program include Salmonella, generic E. coli, and Campylobacter.
Samples are collected along the farm-to-fork continuum (i.e., at farm, abattoir, retail) using
active surveillance methods. Farm surveillance of AMU and AMR occurs on sentinel broiler
chicken farms, grower-finisher pig farms, feedlot beef, dairy, and turkey farms. Surveillance of
AMR in broiler chickens, swine, and cattle occurs at abattoirs, and the retail component of
CIPARS includes beef, chicken, pork, and turkey meat bought at the grocery store (Government
of Canada 2018). Additionally, clinical Salmonella isolates from animals and humans are
collected passively by provincial/territorial laboratories, or private animal health laboratories and
also forwarded to the National Microbiology Laboratory for susceptibility testing. The collection
of data across host species and surveillance component allows for integrated analyses that can be
used to inform evidence-based public health decision-making.

3.0 Extended-Spectrum Beta-Lactamase-Producing Bacteria (ESBLs)
3.1 Background on ESBLs
Extended-spectrum beta-lactamases (ESBLs) are enzymes first detected in the 1980s that
can be produced by bacteria and are capable of hydrolyzing and conferring resistance to most
beta-lactam antimicrobials (Paterson and Bonomo 2005). Beta-lactam antimicrobials, including
penicillins and extended-spectrum cephalosporins, are one of the most commonly used classes of
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antimicrobials in human and veterinary medicine (Paterson and Bonomo 2005; Pitout and
Laupland 2008). Of particular concern, ESBLs confer resistance to third-generation
cephalosporins, which are considered critically important for both human and veterinary
medicine (McEwen and Collignon 2018). ESBL-producing Enterobacteriaceae are also often
associated with resistance to other classes of antimicrobial agents (Pitout and Laupland 2008).
For example, ESBL-producing bacteria that infect both humans and animals have also
demonstrated resistance to trimethoprim-sulfamethoxazole, indicating that co-resistance is
possible among ESBL producers (Schmiedel et al. 2014). Co-resistance is an important
consideration for treatment and infection control, and the multidrug-resistant nature of ESBLs
limits the available options for antimicrobial therapy. The prevalence of ESBLs has continued to
increase worldwide as a result of the extensive use of beta-lactams and ESBLs have been
identified in a range of bacterial species, such as E. coli, Klebsiella spp., and Pseudomonas spp.
(Rupp and Fey 2003; Shaikh et al. 2015). As a result, ESBL-producing bacteria have been
identified as important pathogens for which interventions and public health strategies should be
prioritized, both in Canada and globally (Garner et al. 2015; World Health Organization 2017).
3.2 Epidemiology of ESBLs in Humans
In humans, ESBL-producing bacteria can cause conditions such as urinary tract
infections, pneumonia, gastroenteritis, intra-abdominal infections, and bloodstream infections
(Pitout and Laupland 2008; Council of Canadian Academies 2019). In most cases, humans
colonized with ESBL-producing bacteria do not display any clinical signs of disease. However,
these individuals can still transmit the bacteria to others who may be clinically impacted.
Infections caused by ESBL-producing bacteria result in significant morbidity and mortality,
longer duration of hospitalizations, and increased economic burdens on the healthcare system
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compared to infections caused by non-ESBL-producing bacteria (Pitout and Laupland 2008;
Esteve-Palau et al. 2015; Rottier, Ammerlaan, and Bonten 2012). In Canada, ESBL infections
are estimated to cost $20,893 per patient compared to a patient with a susceptible infection
(Council of Canadian Academies 2019). In Canadian hospitals, the prevalence of ESBLproducing bacteria among patients receiving care has been significantly increasing (LagacéWiens et al. 2019; Denisuik et al. 2019). In 2007, the annual prevalence of ESBL-producing E.
coli amongst hospital patients was 3.4%; in 2016, this prevalence rose to 11.1% (Denisuik et al.
2019). A dramatic increase was also observed for Klebsiella pneumoniae isolates over the same
time period, with a prevalence of 1.3% in 2007 to 9.7% in 2016 (Denisuik et al. 2019). Infections
caused by ESBL-producing bacteria were traditionally associated with hospital and other
healthcare settings, but have become increasingly prevalent in community settings (Doi, Iovleva,
and Bonomo 2017; Pitout and Laupland 2008; Rodríguez-Baño et al. 2010). Most studies
examining ESBL-producing bacteria in human populations focus on E. coli or Klebsiella spp.,
and there are very few studies investigating ESBL-producing Salmonella.
Most studies exploring risk factors for colonization or infection caused by ESBLproducing Enterobacteriaceae have identified AMU as a significant risk factor (Goulenok et al.
2013; Marchaim et al. 2012; Doernberg and Winston 2012; Reuland et al. 2016; Otter et al.
2019).The use of beta-lactam antimicrobials likely exerts a selective pressure and favours the
emergence of ESBLs. In particular, the use of third- and fourth-generation cephalosporins has
been found to significantly increase the risk of colonization or onset of infection by ESBLproducing Enterobacteriaceae. This association has been noted for both pediatric and adult
populations, and in both hospital and community populations (Calitri et al. 2016; Doernberg and
Winston 2012; Fan et al. 2014; Rodríguez-Baño et al. 2010; Kuster et al. 2010; Graffunder et al.
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2005; Zerr et al. 2016). The uses of other antimicrobial classes have also been identified as risk
factors for ESBL-producing bacteria, including fluoroquinolones, glycopeptides, penicillins,
trimethoprim/sulfamethoxazole, and aminoglycosides (Doernberg and Winston 2012; Fan et al.
2014; Rodríguez-Baño et al. 2010; Kuster et al. 2010; Graffunder et al. 2005).
Several healthcare related factors have also been positively associated with colonization
or infection by ESBL-producing bacteria. Residence in a long-term care facility, recent
hospitalization, time spent in intensive care units, and receiving hemodialysis treatment have
been identified as risk factors for ESBL-producing bacteria across different populations and
settings (Rodríguez-Baño et al. 2010; Kuster et al. 2010; Fan et al. 2014; Tham et al. 2013;
Graffunder et al. 2005). Additionally, patients with conditions requiring invasive devices such as
urinary and intravenous catheters, ventilators, and feeding tubes face an increased risk of
developing an infection caused by ESBL-producing bacteria, because the contamination of the
outer or inner surface of these devices increases the risk of bacteria entering the bloodstream
(Lautenbach et al. 2001; Kuster et al. 2010; Chopra et al. 2015; Council of Canadian Academies
2019). There are several conditions and comorbidities that may put an individual at an increased
risk of developing an infection caused by ESBL-producing bacteria (Doernberg and Winston
2012; Huijbers et al. 2014; Isendahl et al. 2019; Wu et al. 2019). For example, a recent study of
community-onset bloodstream infections caused by ESBL-producing bacteria demonstrated that
individuals with underlying urological disorders, immunological disorders, chronic obstructive
pulmonary disorder, diabetes, dementia, and solid tumour malignancy were at an increased risk
compared to population controls (Isendahl et al. 2019).
Furthermore, there are several lifestyle factors, such as occupation, that have been
associated with ESBL-producing bacteria. For example, occupational exposure to ESBLs in
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those who work in close proximity to food-producing animals (e.g., farmers) has been identified
as a potential risk factor for ESBL infections, as these individuals typically have a higher
prevalence of ESBLs compared to the general population (Dierikx et al. 2013; Huijbers et al.
2014). A study of individuals working on Dutch broiler farms found that farmers and farm
employees were at an increased risk of ESBL/Amp-C producing E. coli carriage compared to
their partners and family members who had less contact with broilers, suggesting that close
contact is a risk factor for acquiring these bacteria (Huijbers et al. 2014). However, the partners
and family members had an overall higher prevalence of ESBL/Amp-C producing E. coli
carriage compared to estimates from the general population, suggesting that environmental
conditions on the farm and in households may be an important contributor to dissemination
(Huijbers et al. 2014). A study of hospital employees in Austria and Germany found that contact
with pets was a risk factor for colonization with ESBL-producing E. coli (Meyer et al. 2012),
providing more evidence that contact with animals likely increases the risk of acquiring an ESBL
infection.
Finally, international travel has been identified as a significant risk factor for the
acquisition of ESBL-producing bacteria (Birgy et al. 2016; Östholm-Balkhed et al. 2013; Otter et
al. 2019; Wietske Dohmen et al. 2017; Woerther, Andremont, and Kantele 2017). Travel to highrisk areas, including Africa, Asia, and the Indian subcontinent, has also been shown to increase
risk of colonization with ESBL-producing bacteria (Östholm-Balkhed et al. 2013; Reuland et al.,
n.d.; Otter et al. 2019). The risk of ESBL colonization and infection depends on the geographic
region of travel. For example, the risk of colonization appears to be highest to the Indian
subcontinent, with an average of 64% of travellers becoming colonized (Schwartz and Morris
2018). A 2013 study of individuals travelling outside of Scandinavia found that individuals who
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became colonized with ESBL-producing Enterobacteriaceae were 24 times more likely to have
visited the Indian subcontinent, 8 times more likely to have visited Asia, and 4 times more likely
to have visited Africa north of the equator compared to those who were not colonized (ÖstholmBalkhed et al. 2013). A recent study of risk factors found similar results, with travel to Asia and
Africa significantly associated with a higher risk of gastrointestinal carriage of ESBL-producing
bacteria (Otter et al. 2019). ESBLs are endemic in various communities, environments, and
hospitals, and therefore ESBLs may be spread between patients, animals, or a contaminated
environment in different regions.
3.3 Epidemiology of ESBLs in Food-Producing Animals
ESBL-producing bacteria have been isolated from various food-producing species
including broiler chickens, swine, beef cattle, and dairy cattle, across different stages of the food
chain (Gonggrijp et al. 2016; W. Dohmen et al. 2017; Cohen Stuart et al. 2012; Nahar et al.
2018; Montso et al., n.d.). To date, there have been very few studies examining risk factors for
fecal shedding of ESBL-producing bacteria in food-producing animals. The studies investigating
potential risk or protective factors have focused mainly on antimicrobial use, production type,
and various on-farm management factors that may be associated with the emergence or
persistence of ESBL-producing bacteria. Antimicrobial use, particularly the use of third- and
fourth-generation cephalosporins, has been investigated in dairy cattle and swine; these studies
showed that exposure to these drugs significantly increased the odds of samples testing positive
for ESBL-producing E. coli (Gonggrijp et al. 2016; Hammerum et al. 2014; Wietske Dohmen et
al. 2017). Furthermore, production type and other management factors have demonstrated an
association with ESBL-producing E. coli. For example, one study of retail chicken meat showed
production type (organic vs. conventional) associated with the prevalence of ESBL-producing E.
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coli, with organic retail chicken demonstrating a significantly lower prevalence of ESBLproducing E. coli compared to conventional retail chicken (Cohen Stuart et al. 2012). In swine,
several farm biosecurity measures have been associated with a lower prevalence of ESBLproducing E. coli, including having pest control handled by a professional, external organization
and the isolation of sick animals (Wietske Dohmen et al. 2017). Overall, in comparison to human
populations, there are very few studies exploring potential risk factors for ESBL-producing
Enterobacteriaceae in food-producing animals. In Canada specifically, there is a lack of research
examining the prevalence of, and risk factors associated with, ESBL-producing bacteria in foodproducing animals in Canada, and this is an important gap to address to identify relevant
potential interventions.
3.4 Molecular Epidemiology of ESBLs
There are several genes responsible for encoding ESBLs, but most can be broken down
into three types: CTX-M, TEM, and SHV types (Pitout and Laupland 2008; Doi, Iovleva, and
Bonomo 2017). These ESBL types differ in terms of global prevalence, bacterial hosts, and
antimicrobial classes to which resistance is conferred. SHV-type-ESBLs originally conferred
resistance to broad-spectrum penicillins (e.g., ampicillin) and first-generation cephalosporins, but
have since acquired specific mutations allowing them to hydrolyze extended-spectrum
cephalosporins and monobactams (Rupp and Fey 2003). Similarly, original TEM-type ESBLs
were capable of conferring resistance to penicillins and first-generation cephalosporins, but have
since evolved hydrolysis capabilities for some extended-spectrum cephalosporins (Rupp and Fey
2003). Both TEM and SHV ESBL variants are typically produced by Klebsiella spp. (Paterson
and Bonomo 2005; Doi, Iovleva, and Bonomo 2017). CTX-M-type ESBLs were the most recent
group to emerge, and have become the most common variant worldwide, both in low- and
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middle-income countries (Pitout and Laupland 2008; Doi, Iovleva, and Bonomo 2017). The
ability to hydrolyze extended-spectrum cephalosporins and penicillins, as well as aztreonam,
makes the CTX-M variants very significant in terms of potential public health impacts. This
group is produced by several bacterial genera, with the most common host being E. coli, and
they have been identified in humans, animals, and different environments (Doi, Iovleva, and
Bonomo 2017; Cantón, González-Alba, and Galán 2012).
The genes responsible for encoding ESBLs are often associated with mobile genetic
elements, such as plasmids, insertion sequences, and transposons (Dolejska et al. 2013;
Schmiedel et al. 2014; Rozwandowicz et al. 2018). As a result of the mobility of these elements,
ESBL genes are easily disseminated within and between bacterial and host species populations,
contributing to the global spread and increasing prevalence of ESBL-producing bacteria
(Schmiedel et al. 2014; Rozwandowicz et al. 2018). Furthermore, the genes responsible for
encoding ESBLs are often carried on plasmids containing additional AMR factors, contributing
to the resistance of ESBL-producing organisms to other antimicrobial classes (Pitout and
Laupland 2008). For example, the CTX-M-15 enzyme is a common type of ESBL found
globally, and has been located on plasmids that frequently carry determinants of resistance for
other antimicrobial classes, such as fluoroquinolone and aminoglycoside resistance genes
(Carattoli 2008; Hansen et al. 2012).
There is evidence to suggest that ESBL-producing Enterobacteriaceae in food-producing
animals and humans share a similar distribution of ESBL genes (Mesa et al. 2006; Huijbers et al.
2014; Dorado-García et al. 2017; Tate et al. 2017); therefore, these genetic determinants could
potentially be disseminated between human and animal populations through direct contact, or
indirectly through the food chain. For example, a study conducted in the Netherlands found a
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similar distribution of ESBL/Amp-C genes and plasmid families between broilers and farm
employees (Huijbers et al. 2014). Therefore, transmission between food-producing animals and
humans is likely for ESBL-producing bacteria, but knowledge and a comprehensive
understanding of the relative contribution of this route is lacking. A large scale study in Germany
found a higher prevalence of ESBL-producing E. coli in poultry products compared to beef,
turkey, and pork products (Kaesbohrer et al. 2019), suggesting that these products should be
prioritized in future research efforts. More research is needed, as the comparison of isolates from
different origins will help assess the relevance and contributions of different foodborne
transmission routes to human infections (Dorado-Garcia et al. 2016; Dorado-García et al. 2017).
3.5 Detection of ESBLs
ESBLs can be detected in bacteria using phenotypic and/or genotypic detection methods
(Rupp and Fey 2003; Kluytmans-van den Bergh et al. 2016). Phenotypic methods typically
employ the use of the minimum inhibitory concentration (MIC) of specific extended-spectrum
cephalosporin or aztreonam, and are based around the knowledge that most ESBLs will
hydrolyze third-generation cephalosporins (Rupp and Fey 2003). Bacterial growth occurring in
the presence of at least one extended-spectrum cephalosporins (i.e., ceftazidime, ceftriaxone, or
cefotaxime) indicates the potential presence of an ESBL (Rupp and Fey 2003; Paterson and
Bonomo 2005). Disk diffusion methods for screening for ESBL production are also used, and
can determine the extent to which bacteria are sensitive to the antimicrobials on the plate; in this
method, specific zone diameters in the presence of a third-generation cephalosporin are
examined, as these can indicate ESBL production (Paterson and Bonomo 2005). Phenotypic
confirmatory tests often include the addition of clavulanic acid (an inhibitor of ESBLs) to
ceftazidime and cefotaxime (Pitout and Laupland 2008). To summarize, isolates are usually
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screened in the presence of third-generation cephalosporins, followed by confirmatory tests with
third-generation cephalosporins in combination with clavulanic acid (Pitout and Laupland 2008).
ESBLs can also be detected through the use of genotypic detection methods, including
polymerase chain reaction (PCR) and whole genome sequencing (WGS). WGS has high
discriminatory power, and is an appropriate method of molecular detection for any type of study
and bacterial species (Kluytmans-van den Bergh et al. 2016). Although WGS is more expensive,
this method is often much quicker compared to typical phenotypic methods of ESBL detection,
and therefore has important implications for diagnostics, treatment, and infection control
(Schürch and van Schaik 2017). PCR is sometimes sufficient for identifying specific genes
responsible for an ESBL phenotype; for example, PCR can determine that a CTX-M gene is
responsible for ESBL production for a given isolate (Shaikh et al. 2015). However, PCR would
not have the ability to distinguish between different variants of the CTX-M gene. In contrast to
CTX-M ESBL variants, WGS is critical to differentiate between the ESBL and non-ESBL
variants of the TEM and SHV enzymes (Pitout and Laupland 2008). Some TEM and SHV
variants are not true ESBLs, as they do not have the ability to hydrolyze beta-lactam
antimicrobials with an extended spectrum of activity (for example, the third- and fourthgeneration cephalosporins). Therefore, sequencing can provide greater precision when
identifying the specific genes responsible for ESBL production. This has important implications
for identifying sources and transmission routes of ESBLs in both human and food animal
populations. In summary, PCR results can help identify ESBL genes that are circulating in
populations, but the specific enzyme variant cannot be determined without sequencing, making it
difficult to determine whether these organisms are true ESBL-producers.
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4.0 Integrated Assessment Models (IAMs)
4.1 Background on IAMs
Integrated assessment modeling (IAMs) has been documented in the literature as a way
of investigating complex, dynamic, evolving systems across the environmental and natural
sciences to ultimately inform decision-making and policy development. IAMs are appropriate for
studying complex systems, as they can integrate different types of data from diverse sources and
incorporate uncertainty measures (Ewert et al. 2009; Kinzey, Watters, and Reiss 2018). A key
feature of IAMs is that these models can bring together diverse methods, study designs,
disciplines, and degrees of certainty, and they are useful for highlighting areas where knowledge
and research gaps exist (Consortium for International Earth Science Information Network
(CIESIN) 1995). IAMs provide a framework for understanding the relative impacts that different
changes (e.g., policies) can have in a system, based on underlying assumptions about how the
system under investigation behaves (Consortium for International Earth Science Information
Network (CIESIN) 1995). Ultimately, IAMs are an effective tool for linking research findings
with policies, as they can enhance understanding of directions and magnitudes of change, for a
given issue under different conditions (Jakeman and Letcher 2003).
4.2 Examples of IAMs in the Literature
Each IAM available in the literature differs in terms of the types and sources of data
included in the model, the methods of data integration, and the underlying model assumptions.
Overall, the use of this type of modeling has been predominantly reported in the environmental
science and climate change literature, where complex interactions exist between humans,
ecological, and socio-cultural systems at national and international levels. Integrated assessment
allows the synthesis of the various drivers and processes underlying climate change, and enables
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the integration of biological and socio-economic factors under different scenarios. For example,
Mastrandrea and Schneider (2004) assessed both surface temperature changes and optimal
carbon taxes to ultimately evaluate the magnitude of potential policy changes to address climate
change (Mastrandrea and Schneider 2004). Additionally, integrated assessment has been used to
aid with decision-making about emissions of environmental pollutants causing acid rain
(Mariam, Lam, and Barre 1998). This method of modeling has also been utilized to assess the
impacts of environmental conditions on public health outcomes, such as respiratory and
cardiovascular disease (Zhang et al. 2017). Model inputs and outputs vary across the disciplines,
and as a result, different models exhibit different underlying assumptions, parameters, and
methodologies to ensure model development is tailored to its purpose (Gough, Castells, and
Funtowicz 1998). IAMs have also been used to examine population dynamics in various wildlife
species. For example, Kinzey et al. (2018) developed an IAM investigating the impact of
different parameters on the status and productivity of Antarctic krill. Furthermore, an IAM has
been developed to assess the impacts of environmental changes, such as climate change and
ocean acidification, on the US Atlantic sea scallop (Rheuban et al. 2018). Although the use of
IAMs in public health is limited, and there are no published studies utilizing IAMs to explore
infectious diseases, this method may be a valuable tool when quantitatively investigating
complex systems requiring the analysis of data from different sources, such as AMR. A key
feature of most of these models is that the model outputs are not precise numerical estimates—
rather, the relative impact of different scenarios is reported.
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5.0 Social Network Analysis
5.1 Background
Social network analysis (SNA) is a method used frequently in the social sciences to
characterize the relationships between objects in a system (Borgatti et al. 2009; Adam 2014).
SNA methods can highlight relationships and quantify interactions in complex systems, and so
improve our understanding of multifaceted issues (Wilkinson et al. 2018). SNA is therefore an
appropriate method for studying complex issues, such as AMR, that result from interactions
between many agents (El-Sayed et al. 2012; Peters 2014). SNA also provides a visual and
mathematical analysis of the relationships between different nodes in a network or system (Scott
and Carrington 2011). The nodes are typically people, institutions, or organizations, but can be
any group of elements that have relationships, connections, or interactions (Martínez-López,
Perez, and Sánchez-Vizcaíno 2009). The connections between nodes in a network are referred to
as “edges”, and these connections can be either directional or non-directional (Martínez-López,
Perez, and Sánchez-Vizcaíno 2009).
There are both node-level and network-level measures that can be used in SNA; nodelevel metrics are centrality measures that analyze the relative importance and position of all
nodes in the network, whereas network-level measures provide an overview of the entire network
structure (Martínez-López, Perez, and Sánchez-Vizcaíno 2009). Some examples of node-level
metrics are degree (the number of connections a node has), betweenness (the number of times a
node lies on the shortest path between two other nodes), closeness (how close a node is to all
other nodes on the basis of distance), and eigenvector centrality (an extension of degree
centrality that looks at the centrality of the nodes that any single node is connected to) (Luke and
Harris 2007; Martínez-López, Perez, and Sánchez-Vizcaíno 2009). Each of these metrics provide
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unique insight into the relative importance, influence, and position of nodes in a network or
system. Network-level measures describe the structure of the entire network, such as the total
number of nodes and edges in the network, and they can be used to determine how connected a
system is (Luke and Harris 2007; Martínez-López, Perez, and Sánchez-Vizcaíno 2009).
5.2 Examples of Applications of Social Network Analysis
SNA has traditionally been applied in the social sciences to describe the interactions and
connections between people, or to understand the overall behaviour of a group; the analysis of
social networks has typically involved the input of different fields, including sociology,
psychology, anthropology, communication, mathematics, statistics, and physics (Luke and Harris
2007). In recent years, SNA has become an increasingly common approach to study various
aspects of public health and animal health, such as the analysis of disease transmission networks
to explore how diseases spread within populations (Luke and Harris 2007). These methods have
most commonly been used to investigate the transmission of HIV/AIDS, sexually transmitted
infections, and other infectious diseases. For example, network analysis was used to predict the
transmission of HIV infection in low-income areas of Houston, Texas (Bell et al. 2002), and to
identify community members who could help reach marginalized young women infected with
HIV in Botswana (Loutfi et al. 2019).
In addition to public health studies, SNA has been used to study the transmission of
veterinary infectious diseases in animals. For example, SNA was used to assess factors
associated with the transmission of E. coli O157 in a dairy herd in the United Kingdom (Turner
et al. 2008). Additionally, network analysis was used to describe the movement patterns between
swine farms in three production systems in the United States to determine effective interventions
to limit the spread of an infectious pathogen (Kinsley et al. 2019). To date, SNA has rarely been
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applied in the context of AMR (Miller et al. 2018); however, given that AMR is a complex topic
with many actors, drivers, and interconnections, SNA represents a potentially useful method to
improve our understanding of the overall AMR system, and the impacts of future changes or
policies.

6.0 Knowledge Translation (KT) and AMR
6.1 Background on KT and Health Communication
Research and surveillance generates knowledge and evidence that can be used by diverse
stakeholders, such as policy makers, practitioners, patients, and the public, to make decisions
(Graham et al. 2006). However, this available evidence is not consistently used or applied in
practice, which makes knowledge translation (KT) an important aspect of addressing any public
health issue. The Canadian Institute for Health Research defines KT as a “dynamic and iterative
process that includes synthesis, dissemination, exchange, and ethically-sound application of
knowledge to improve health, provide more effective health services and products, and
strengthen the health care system” (Canadian Institutes of Health Research 2016). KT includes
stakeholders or potential research knowledge users throughout the entire KT process to produce
research findings that are useful and relevant to the end users (Canadian Institutes of Health
Research 2016). One of the primary goals of KT is to communicate research evidence to inform
policies and practice, and to address the gap between research findings and use of this knowledge
by key stakeholders to improve health care outcomes (Graham et al. 2006; Barwick et al. 2014;
Rajić, Young, and McEwen 2013). Therefore, communication of research evidence, through
knowledge dissemination and exchange, is a key component of KT plans (Barwick et al. 2014).
However, KT goes beyond communication, and also includes knowledge synthesis (e.g.,
systematic review), and the application of knowledge that comes from research (Barwick et al.
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2014). Additionally, an important component of KT is the evaluation and monitoring of
initiatives and activities (Canadian Institutes of Health Research 2016).
Health communication research explores how health-related information is generated and
disseminated, and how that information impacts individuals, institutions, and public health
policy. Health communication allows researchers and practitioners to identify the most effective
factors, channels, and messages to motivate individuals to correctly utilize health-related
information (Cipolla, Bonizzi, and Zecconi 2015). In order for stakeholders (e.g., health care
professionals, patients/clients, the public, policy makers) to use the knowledge generated from
research and surveillance, communication activities must be tailored to their respective needs, as
behavior change is more likely to occur if interventions are planned, focused, and targeted to the
different groups you are trying to reach (Graham et al. 2006).
6.2 KT and Communication Initiatives to Address AMR
KT and health communication play important roles in the issue of AMR, as these
strategies and approaches can be used to address the behavioural aspect of many drivers of the
emergence of AMR, such as antimicrobial prescribing and use practices, and infection control
(Smith, M’ikanatha, and Read 2015). The key messages that we choose to disseminate, and how
we choose to disseminate them, can contribute to positive behaviour changes to address AMR.
Because there are many AMR stakeholders, each with their own beliefs, needs, and level of
understanding of the issue, tailored approaches to KT and communication are needed. Audience
segmentation is the process of dividing your target audience into distinct groups based on shared
beliefs, attitudes, and behaviours, such as shared antimicrobial stewardship intentions (Edgar,
Boyd, and Palame 2008; Smith et al. 2015). A “one size fits all” approach will not be effective at
changing behaviours among multiple and diverse stakeholder groups, and therefore audience

24
segmentation can help researchers identify the subgroups that they need to reach and the targeted
messages that need to be communicated. Additionally, there is a need for campaigns and KT
initiatives that are based on scientific evidence to maximize the uptake of information amongst
target groups (Huttner et al. 2019).
There are several examples of campaigns developed to address AMR in different target
audiences, particularly physicians and patients (Huttner et al. 2010; McKay et al. 2011). For
example, an educational intervention program designed to reduce the incidence of methicillinresistant Staphylococcus aureus (MRSA) infections was developed in Northern Saskatchewan
(Golding et al. 2012). This program targeted the community members and prescribers using
different approaches and activities that were tailored to each group. For example, the community
was targeted using both print media and radio advertisements (prevalent media forms in the
community), which were distributed in the three predominant languages used in the area. The
key messages of this campaign focused on reducing the incidence of infections overall by
promoting hand hygiene and vaccination; the campaign also focused on enhancing the overall
awareness and understanding of MRSA. The researchers used pre and post-community surveys
to assess the uptake and understanding of the messages provided. For prescribers, the researchers
focused mainly on enhancing awareness of MRSA by establishing a comprehensive surveillance
system to identify cases of MRSA and linking these to prescribing practices and other
demographic variables. Overall, the researchers observed a significant decrease in the incidence
of MRSA infections in the community, and also demonstrated positive uptake of the messages
delivered through the campaign materials (Golding et al. 2012).
There are several notable research gaps with respect to KT and effective communication
to address the issue of AMR. Firstly, the Canadian programs/campaigns developed to date have
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primarily focused on enhancing understanding and awareness of AMR in physicians and the
general public. These are relevant groups to target, as the most recognized driver of AMR is
AMU, and physicians and their patients are important in terms of prescribing and use practices.
However, AMU in all sectors contributes to the emergence and persistence of AMR, and
therefore it is necessary to consider other antimicrobial prescribers in KT and communication
research. In particular, AMU in food-producing animals represents a large proportion of the total
AMU in Canada (Government of Canada 2018), and therefore veterinarians and food-producing
animal producers need to be engaged in KT research. The potential contributions of health
communication in veterinary medicine to improve public health have been noted (Cipolla,
Bonizzi, and Zecconi 2015). Health communication in veterinary medicine can promote the
responsible use of antimicrobials in animals, and act in collaboration with the initiatives to
address AMU in human medicine (Cipolla, Bonizzi, and Zecconi 2015). Additionally, it is
necessary to consider other antimicrobial prescribers and dispensers in the issue, such as dentists,
nurse practitioners, and pharmacists. These individuals can prescribe and communicate with
patients who will be using antimicrobials, and it is important that they have a thorough
understanding of the issue and are prescribing judiciously. Although current antimicrobial
prescribers are an important target for KT and communication research related to AMR, future
antimicrobial prescribers (i.e., students) are also important to engage. These individuals may be
easier to access than practicing healthcare professionals, and it may be beneficial to engage with
them prior to when they begin practicing in their respective fields.

7.0 Thesis Objectives
AMR is an extremely complex public health issue with factors across human medicine,
veterinary medicine, and plant and animal production contributing to the emergence of
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resistance. It is therefore important to adopt a One Health approach when exploring the issue of
AMR to develop a comprehensive understanding of the system. Different methodological
approaches, including both quantitative and qualitative methodologies, provide different types of
data and outputs that may contribute to our understanding of the issue. Overall, this thesis sought
to explore how different sources and types of data (genotypic, phenotypic, social, and qualitative
data), as well as diverse methodological approaches, can improve our understanding of AMR,
the drivers of AMR, and the interactions between drivers in the overall AMR system. Therefore,
the objectives of this research are:
1. To describe the prevalence of phenotypically- and genotypically-confirmed extendedspectrum beta-lactamase (ESBL)-producing Enterobacteriaceae isolated from humans
and along the Canadian food chain (Chapter 2).
2. To identify risk and protective factors associated with ESBL-producing
Enterobacteriaceae in food animal species and humans (Chapter 3).
3. To develop an integrated assessment model of ESBLs along the food chains and in
humans (Chapter 3).
4. To adopt a systems approach to characterize the relationships between drivers of
foodborne AMR in Canada and identify points in the system to implement interventions
(Chapter 4).
5. To explore medical and veterinary student perceptions and understanding of the factors
associated with AMR (Chapter 5).
6. To determine medical and veterinary student communication preferences related to
content/messages, format, and transmission of knowledge translation products about
AMR (Chapter 5).
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Chapter 2: Integrated surveillance of extended spectrum betalactamase (ESBL)-producing Salmonella and E. coli from humans
and food-producing species in Canada from 2012 to 2017
Abstract
Beta-lactam antimicrobials are one of the most widely used classes of antimicrobials in
human and veterinary medicine; resistance to these drugs caused by extended spectrum betalactamase (ESBL)-producing organisms is a global health concern. The objectives of this study
were to 1) summarize the prevalence of potential ESBL-producing E. coli (ESBL-EC) and
Salmonella spp. (ESBL-SA) isolates from agrifood and human clinical sources in Canada from
2012 to 2017, and 2) describe the distribution of ESBL genotypes among these isolates. All data
were obtained from the Canadian Integrated Program for Antimicrobial Resistance Surveillance
(CIPARS), which monitors antimicrobial resistance in enteric bacteria from humans, animals,
and animal-derived food sources. CIPARS analyzed samples for the presence of ESBLs through
phenotypic classification and identified beta-lactamase genes (blaTEM, blaSHV, blaCTX, blaOXA,
and blaCMY-2) using polymerase chain reaction (PCR) and whole genome sequencing (WGS).
The prevalence of PCR-confirmed ESBL-EC in agrifood samples ranged from 0.5% to 3%
across the surveillance years and was detected most frequently in samples from broiler chicken
farms. The overall prevalence of PCR-confirmed ESBL-SA varied between 1% and 4% between
2012 and 2017 and was most frequently detected in clinical isolates from domestic cattle. The
TEM-CMY2 gene combination was the most frequently detected genotype for both potential
ESBL-EC and ESBL-SA. Among Class A ESBLs, SHV-2 was found in both human and
agrifood sources of Salmonella, however, the other SHV and CTX-M alleles found in humans
and the food chain had different distributions in human and agrifood sources. The data suggest
that the prevalence of ESBL-EC and ESBL-SA in Canada between 2012 and 2017 was low (i.e.,
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<5%), but ongoing surveillance is needed to detect emerging or changing trends in these resistant
organisms.

Introduction
Beta-lactam antimicrobials are one of the most widely used classes of antimicrobials in
human and veterinary medicine, and resistance to these drugs is a global public health concern
(Paterson & Bonomo, 2005; Pitout & Laupland, 2008). Extended-spectrum cephalosporins and
penicillins (beta-lactam antimicrobials) are important for treating and preventing infections
caused by Gram-negative pathogens (Pitout & Laupland, 2008). As a result of the extensive use
of third- and fourth-generation cephalosporins, extended-spectrum beta-lactamase enzymes
(ESBLs) capable of hydrolyzing and conferring resistance to these antimicrobials emerged in
people in both community and healthcare settings (Doi, Iovleva, & Bonomo, 2017; Pitout &
Laupland, 2008; Rodríguez-Baño et al., 2010). ESBL-producing Enterobacteriaceae have been
increasing in prevalence in people worldwide, and are associated with adverse health outcomes
and increased burden on health care systems (Esteve-Palau et al., 2015; Rottier, Ammerlaan, &
Bonten, 2012). For example, patients with bloodstream and urinary tract infections caused by
ESBL-producing Escherichia coli experience prolonged hospitalizations, as well as increased
medical costs (Leistner et al., 2014; Macvane, Tuttle, & Nicolau, 2014; Stewardson et al., 2013).
Compared to infections caused by non-ESBL producing strains, patients with infections caused
by ESBL-producing Enterobacteriaceae are more likely to receive inappropriate antimicrobial
treatment and face increased rates of treatment failure and mortality (Freeman et al., 2012;
Haruki, Hagiya, Haruki, & Sugiyama, 2018; Lee, Kotapati, Kuti, Nightingale, & Nicolau, 2006;
Ndir et al., 2016; Nivesvivat, Piyaraj, Thunyaharn, Watanaveeradej, & Suwanpakdee, 2018;
Schwaber & Carmeli, 2007). Additionally, ESBL-producing organisms often express a
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multidrug-resistant phenotype, leaving limited treatment options (Pitout & Laupland, 2008).
Consequently, the emergence of ESBL-producing organisms has resulted in the increased use of
last-resort antimicrobials, such as carbapenems (Chong, Shimoda, & Shimono, 2018; Martinez et
al., 2019). Last-resort antimicrobials are often the final line of defense after other treatments
have been unsuccessful; development of resistance to these drugs will compromise our ability to
treat future infections.
ESBLs pose a significant challenge to the effectiveness of infection control and
antimicrobial stewardship efforts, as the genes encoding the ESBL enzymes are mostly located
on or near mobile genetic elements, such as plasmids, insertion sequences, and transposons
(Dolejska, Villa, Hasman, Hansen, & Carattoli, 2013; Rozwandowicz et al., 2018; Schmiedel et
al., 2014). The mobility of the genetic elements makes ESBL genes easily transmissible between
individual bacteria, even between bacteria of different species and genera (Rozwandowicz et al.,
2018; Schmiedel et al., 2014). Furthermore, the genes coding for ESBL production are often
carried on plasmids that carry additional antimicrobial resistance (AMR) factors, which
contributes to the multi-class resistance of many ESBL-producing organisms (Pitout &
Laupland, 2008). For example, the CTX-M-15 enzyme is a common type of ESBL found
globally in humans and agrifood sources, and has been located on specific plasmids that are also
associated with other resistance determinants, particularly fluoroquinolone and aminoglycoside
resistance genes (Carattoli, 2011; Hansen et al., 2012). Infections caused by ESBL-producing
organisms in both human and animal populations have also demonstrated resistance to ampicillin
and trimethoprim-sulfamethoxazole, indicating that co-resistance may occur and must be
considered when making treatment decisions and for infection control purposes (Schmiedel et
al., 2014).
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Because of gene transfer within and between bacterial genera, it is difficult to
characterize the transmission pathways of ESBL genes in bacterial populations and host species
(Schmiedel et al., 2014). However, ESBL-producing organisms have been isolated from several
food animal species and associated products, including domestic cattle, chickens, turkeys, and
pigs, and some studies have suggested the existence of shared reservoirs of ESBL genes,
plasmids, and clones between animals and humans (Geser, Stephan, & Hächler, 2012;
Leverstein-van Hall et al., 2011; Madec, Haenni, Nordmann, & Poirel, 2017; Randall et al.,
2011). The evidence is less clear regarding potential transmission of ESBL isolates to humans
from the food-chain. Some studies have demonstrated that ESBL-producing bacteria in foodproducing animals and humans share a similar distribution of ESBL genes (Dorado-García et al.,
2018; Mesa et al., 2006; Tate et al., 2017), indicating that the food chain, specifically
consumption of contaminated meat, could be an important route of transmission of ESBL genes
and bacteria to humans. A study of ESBL-producing E. coli isolates from both human and
poultry sources in the Netherlands found 19% of the human isolates contained the same ESBL
genes as farm poultry isolates and 39% of ESBL-producing E. coli isolates found in retail
chicken meat were associated with genotypes also found in the human samples (Leverstein-van
Hall et al., 2011). This suggests that the transmission of ESBL E. coli may occur between live
poultry, poultry products and humans, most likely through the food-chain (Leverstein-van Hall et
al., 2011). It is also important to consider the importance of direct contact with animals
potentially harbouring ESBL-producing organisms, as this could represent an additional
transmission pathway between humans and animals. For example, a 2014 study in the
Netherlands demonstrated that broiler farmers and farm employees were at higher risk of ESBL
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gene carriage than their partners and family members with less animal contact (Huijbers et al.,
2014).
To date, there have been no studies examining ESBL-producing Enterobacteriaceae
across human and animal sources in Canada. The objectives of this study are to 1) summarize the
prevalence of ESBL-producing E. coli (ESBL-EC) and Salmonella spp. (ESBL-SA) from human
and agrifood sources in Canada from 2012 to 2017, and 2) describe the distribution of ESBL
genotypes among these isolates.

Methods
Surveillance protocol for sample selection
All E. coli and Salmonella isolates were obtained from the Canadian Integrated Program
for Antimicrobial Resistance Surveillance (CIPARS), a national surveillance program that
monitors human and animal antimicrobial use (AMU), and AMR in select bacteria from humans,
animals, and retail food (Government of Canada, 2018). This study included all isolates
(Salmonella and E. coli) collected by CIPARS between 2012 and 2017 from the agrifood
surveillance components, and between 2012 and 2016 for the human surveillance component, as
the 2017 data were not available at the time of analysis. CIPARS uses active surveillance to
obtain samples and associated risk factor information from farms, slaughter plants and from
grocery stores. The CIPARS farm component uses sentinel farms to monitor AMU and AMR in
broiler chickens, feedlot beef cattle, dairy cattle, grower-finisher pigs, and turkeys. The CIPARS
farm broiler chicken component collects placement (flocks sampled at the time of chick
placement on the farm) and pre-harvest (flocks sampled at least 1 week before shipment for
slaughter) samples (Government of Canada, 2018). At abattoir, samples of caecal content are
collected from Canadian federally inspected plants that slaughter chickens, pigs, or cattle. The
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CIPARS retail component collects samples of raw chicken, beef, pork, and turkey meat from
grocery stores to test for AMR as a surrogate for potential human exposure to resistant bacteria
through the consumption of meat. The farm, abattoir, and retail surveillance components monitor
trends in AMR in Salmonella, Campylobacter, and generic E. coli. Additionally, CIPARS tests
Salmonella isolates from human and veterinary diagnostic submissions for resistance.
Susceptibility and ESBL Testing
The methods used for sample collection and antimicrobial susceptibility testing are
described in detail in the CIPARS annual reports (Government of Canada, 2018). All
susceptibility testing was completed by the National Microbiology Laboratory, Winnipeg,
Manitoba (human clinical isolates), Guelph, Ontario (agrifood Salmonella isolates) or SaintHyacinthe, Québec (agrifood E. coli isolates). Briefly, minimum inhibitory concentration (MIC)
values for E. coli and Salmonella were determined using a broth microdilution method, and
susceptibility categories were interpreted according to Clinical and Laboratory Science Institute
(CLSI) guidelines (Clinical and Laboratory Standards Institute, 2017). We defined potential
ESBL-producers as any E. coli or Salmonella isolate with a ceftiofur MIC of ≥ 4 μg/ml or a
ceftriaxone MIC of ≥ 0.5 μg/ml. Until 2016, we conducted phenotypic confirmation of ESBLproducers using CLSI confirmatory disk tests using disks containing cefotaxime, cefotaximeclavulanic acid, ceftazidime, and ceftazidime-clavulanic acid, in addition to polymerase chain
reaction (PCR) testing (Clinical and Laboratory Standards Institute, 2015). In 2016 and 2017,
potential ESBL-SA and ESBL-EC were confirmed by conventional PCR and whole genome
sequencing (WGS) only. Genotype was determined using PCR on all isolates to detect blaCMY-2,
blaCTX-M, blaSHV, blaTEM and blaOXA. Isolates that lacked blaCMY-2, but contained a potential
ESBL (blaCTX-M, blaSHV, blaTEM or blaOXA) underwent WGS by the National Microbiology
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Laboratory (Winnipeg, Manitoba) to differentiate between the variants of the ESBL enzymes
(Figure 2.1). Sequencing was carried out on the MiSeq platform (Illumina, San Diego, CA). A
subset of blaCMY-2/blaTEM isolates underwent sequencing on the NextSeq platform (Illumina, San
Diego, CA). AMR prediction from whole genome sequences was carried out with the staramr
tool (https://github.com/phac-nml/staramr). When there were disagreements between the results
by PCR and WGS, the results of WGS were used.
Selective media testing
A subset of the CIPARS retail samples collected between 2012 and 2014 underwent
additional testing for potential ESBL-producing Enterobacteriaceae using a selective media
isolation approach. Frozen retail meat samples were thawed and enriched in 225mL of buffered
peptone water and incubated at 37°C for 18-24hrs. Incubate broth was inoculated onto
CHROMagar™ ESBL plates and incubated at 37°C for 18-24 hrs. Presumptive positive samples
were subcultured onto MacConkey agar. Presumptive ESBL-producing colonies were further
subcultured onto a tryptic soy agar plate and incubated. Disk diffusion phenotypic testing was
then performed as described above. Presumptive isolates from meat samples were then submitted
for phenotypic testing to the National Microbiology Laboratory (Guelph, Ontario) and further
submitted for WGS testing at the National Microbiology Laboratory (Winnipeg, Manitoba).
Data Analysis
Surveillance data for each year were received from the laboratory in a Microsoft Excel
2016 spreadsheet. All isolate susceptibility and ESBL testing data were compiled into a summary
spreadsheet, and all descriptive analyses were performed in Microsoft Excel 2016. An isolate
was defined as ESBL-producing if it contained the blaCTX-M, blaSHV, or blaOXA genes or if it was
a known ESBL variant of blaTEM. Although we recognize that isolates containing the blaCMY-2

56
gene are not true ESBL producers, we classified isolates containing either the blaCMY-2 gene with
one of the true extended-spectrum beta-lactamase genes to be potential ESBL producers. The
prevalence of ESBL-producing Salmonella and E. coli was calculated and defined as the total
number of ESBL-EC or ESBL-SA isolates detected by PCR divided by the total number of
samples submitted for testing for E. coli or Salmonella. The proportion of E. coli and Salmonella
isolates that were potential ESBL-producers each year was also examined and was defined as the
total number of ESBL-EC or ESBL-SA isolates detected genotypically (by PCR) divided by the
total number of E. coli or Salmonella isolates recovered. Exact confidence intervals (Clopper
Pearson confidence intervals, 95%) were calculated for all prevalence and proportion
estimations. Summary tables were created for PCR-confirmed ESBL producers for both human
and agrifood species. For both Salmonella and E. coli, the data were examined to identify any
differences in the prevalence of agrifood ESBLs between years, regions, and host species using
univariable logistic regression in STATA (StataCorp., 2017). Differences in the prevalence of
human ESBLs between age classes, gender, region, and year were also examined using
univariable logistic regression.

Results
Prevalence of ESBL-EC
The total number of agrifood samples tested for E. coli by CIPARS between 2012 and
2017 was 25,353, and the total number of E. coli isolates recovered was 21,517. A total of 394
PCR-confirmed ESBL-EC were detected for an overall prevalence of 1.8% (95% CI: 1.7-2.0)
and an ESBL-EC proportion of 1.6% (95% CI: 1.4-1.7; Table 2.1). The annual prevalence of
potential ESBL-EC ranged between 0.3% and 2.2%. The highest annual prevalence of PCR-
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confirmed ESBL-EC was detected in 2016, with 93 PCR-confirmed ESBL-EC isolates identified
and a prevalence of 2.2% (95% CI: 1.8-2.8).
The largest proportion of PCR-confirmed ESBL-producing E. coli were detected in
isolates recovered from chicken samples, with ESBL-EC detected across all chicken surveillance
components (i.e., farm, abattoir, and retail). The highest prevalence of PCR-confirmed ESBL-EC
was in broiler chickens on farm (Table 2.2), with a prevalence of 5.7% (95% CI: 4.5-7.1) at preharvest, in comparison to a prevalence of 4.7% (95% CI: 3.9-5.6) detected among samples
collected upon chick placement at farm. The next highest prevalence of PCR-confirmed ESBLEC was found in retail chicken (3.4%, 95% CI: 2.8-4.1), followed by chicken samples collected
at abattoir (2.8%, 95% CI: 2.0-4.0).
Effect of year, animal species, and region on the prevalence of ESBL-EC
Univariable logistic regression models revealed no significant differences (p>0.05) in the
prevalence of potential ESBL-EC across years, animal species/food commodities, or sampling
region in Canada.
Molecular characterization of ESBL-EC
Beta-lactamase genes identified in the ESBL-producing E. coli isolates from CIPARS
agrifood surveillance are summarized in Table 2.3. Two hundred and forty-four (62%) of the
ESBL-producing isolates carried multiple beta-lactamase genes, with TEM/CMY-2 (53%,
208/394) being the predominant genotype combination. The next most common genotypes were
SHV-type gene in ESBL-EC (20.4%, 90/394) and blaCTX-M containing ESBL-EC (13.0%,
51/394). Furthermore, a total of 163 potential ESBL-EC isolates underwent sequencing to further
characterize the ESBL variants (Table 2.3). Of the 163 potential ESBL-EC isolates that
underwent sequencing, 157 isolates were confirmed to be ESBL-EC. The most common
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genotype detected in the ESBL-EC isolates was SHV-2 (48.5%, 79/163), followed by CTX-M-1
(26.4%, 43/163) and SHV-1/TEM-1B (4.9%, 8/163), respectively. ESBLs CTX-M-14, -15, and 27, which are common in human-source E. coli, were also detected in this study in agrifood
sources.
Selective media results
Using selective media, we identified an additional nine ESBL-EC isolates from the retail
surveillance component of CIPARS (Table 2.4); none of these nine isolates had been detected
through the non-selective media isolation methodology. Most of the additional isolates (67%,
6/9) were collected from retail chicken samples, with the remaining ESBL-EC detected in retail
pork (1/9), turkey (1/9), and beef (1/9). The most common genotype observed in the ESBL-EC
isolated using selective media was TEM-52B (33.3%, 3/9), followed by CTX-M-1 (22.2%,2/9).
Prevalence of ESBL-SA
CIPARS tested a total of 28,552 agrifood samples for Salmonella between 2012 and
2017, and a total of 13,461 Salmonella isolates were recovered. Among those isolates, 263 PCRconfirmed ESBL-SA were detected, yielding an overall prevalence of 0.9% (95% CI: 0.8-1.0).
Overall, 2% of the Salmonella isolates collected between 2012 and 2017 were potential ESBLproducers. The annual prevalence of potential ESBL-SA ranged between a low of 0.5% (95% CI:
0.3-0.8) in 2012 and a high of 1.6% (95% CI: 1.3-1.9) in 2014 (Table 2.5).
The highest percentage of PCR-confirmed ESBL-SA were detected among clinical
isolates collected by passive surveillance (91%), and diagnostic cases from domestic cattle
(n=187) accounted for 71% of the total ESBL-SA detected (Table 2.6). Very few ESBL-SA
(n=24, 9.1% of all Salmonella isolates) were detected among samples collected from CIPARS
active surveillance components; among these components, the highest prevalence of potential
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ESBL-SA appeared in isolates collected from turkey farms (0.7%; 95% CI: 0.3-1.4) and swine
farms (0.2%; 95% CI: 0.07-0.4).
CIPARS tested 13,894 human clinical Salmonella isolates for ESBL-production between
2012 and 2016 (Table 2.7). Over this study period, the numbers of ESBL-SA remained very low,
with 0.4% (n=82) of all Salmonella isolates identified as potential ESBL-producers.
Effect of year, animal species, and region on the prevalence of ESBL-SA
Univariable logistic regression models revealed no significant differences (p>0.05) in the
prevalence of potential ESBL-SA across years, animal species/food commodities, or sampling
region in Canada.
Effect of year, gender, age class, and location on human ESBL-SA Detection
Univariable logistic regression models were used to examine differences in the
prevalence of potential ESBL-SA in humans across years, gender, region in Canada, and age
class. There were no differences (p > 0.05) in the prevalence of potential ESBL-SA detected
between years, gender, region, or age class.
Molecular characterization of ESBL-SA
Beta-lactamase genes identified in the ESBL-producing Salmonella spp. isolates from
CIPARS agrifood surveillance are summarized in Table 2.3. Of the 263 total potential ESBL-SA
isolates detected over 2012 to 2017, 81.6% contained multiple beta-lactamase genes. The most
frequently identified genotype combination was TEM/CMY-2 (74.5%, 210/263), followed by
SHV (5.7%,16/263) and CTX-M (5.0%,14/263). The genotypes of 38 ESBL-SA isolates were
further characterized using WGS (Table 2.3). Of these 38 isolates, the principal genotype was
SHV-2 (39.5%,14/38), followed by CTX-M-1 (34.2%,13/38). Additionally, four phenotypically
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identified ESBL-SA clinical isolates from domestic cattle carried two beta-lactamase genes
(SHV-12 and TEM-1B), in addition to CMY-2.
A total of 15 different genotypes were identified in the ESBL-SA isolates from human
clinical cases (Table 2.8), with the most common being CTX-M-65, followed by SHV-2/TEM-1.

Discussion
To the best of our knowledge, these are the first published data on the frequency and
distribution of PCR-confirmed ESBL E. coli and Salmonella data from the various CIPARS
surveillance components and this is the first study examining the prevalence of AmpC and
ESBL-producing Salmonella across animals, food, and humans in Canada. Overall, the results of
this study highlight a relatively low prevalence (<5%) of ESBL-EC in animals and meat and
ESBL-SA among animal, meat, and human isolates in Canada, but several different ESBL
genotypes were identified across species and surveillance components.
The CIPARS surveillance data demonstrated that the prevalence of ESBL genes in broiler
chickens and chicken meat in Canada is generally lower than rates reported by other countries,
although prevalence rates of ESBL producers from broiler chickens in the literature vary widely
by region. A German study found a prevalence of ESBL-producing Enterobacteriaceae of 1.7%
in cloacal and environment samples in seven broiler flocks upon chick arrival at the farm
(Daehre, Projahn, Semmler, Roesler, & Friese, 2018). In contrast, a Dutch study of 50 broiler
farms found a pooled prevalence of 80% or higher on 85% of farms sampled using selective
media (Dierikx et al., 2013). Additionally, a Japanese study investigating ESBL-producing E.
coli across food animal species highlighted a prevalence of 60% among individual broiler rectal
isolates (Hiroi et al., 2012). Differences in sampling, year, bacterial species being investigated,
and testing methodologies make comparisons challenging; however, there are clear differences in
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the prevalence between geographic regions, which could be a result of differing AMU or other
management practices on farms. Because genes encoding ESBLs are often found on plasmids
carrying other resistance genes, overall use of antimicrobials may play an important role in the
ESBL prevalence differences observed among different countries. Furthermore, our results
highlight a lower prevalence of ESBL-EC in broilers in Canada compared to those in Japan.
However, the data were collected in 2011, and therefore these results may be reflective of
historical use. It may also be important to consider other farm-related factors that may account
for differences in prevalence of ESBL-producing organisms. Several farm management factors,
such as exposure to contaminated water or feed, water acidification, and type of production
system (i.e., organic vs. conventional) may facilitate the transmission of ESBL-producing
organisms (Saliu, Vahjen, & Zentek, 2017). Therefore, differences between farm management in
Canada and other geographical regions may at least partly account for differences in the
prevalence of ESBL-EC detected from surveillance data, and these differences make it difficult
to compare Canadian ESBL-EC prevalence to other countries.
In total, 23% of the potential ESBL-EC isolates detected by CIPARS over the study
period were found in retail chicken. The overall prevalence of potential ESBL-EC in retail
chicken was 3.4% (95% CI 2.8-4.1; this prevalence is relatively low compared to data published
in other regions. For example, 37% of retail chicken samples in a study in Germany were ESBLEC positive (Kola et al., 2012), and a French study found a prevalence of 91.7% in retail
chicken, although this study used selective media, which probably enhanced the detection of the
ESBL bacteria (Casella, Nogueira, Saras, Haenni, & Madec, 2017). Despite the low prevalence
of potential ESBL-EC demonstrated in farm broiler chicken and retail chicken in Canada,
ongoing surveillance and research is needed, as many Canadians are exposed to bacteria from
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chicken through the food chain, and chicken may represent an important reservoir for ESBLproducing organisms and ESBL genes (Blaak et al., 2015; Dorado-García et al., 2018; Huijbers
et al., 2014). ESBL genes are often located on plasmids that may be transmitted within and
between populations, and the presence of these genes has been documented in chicken
(Leverstein-van Hall et al., 2011). In addition to the potential exposure through broiler chicken
consumption, direct contact with chickens or their production environment could represent an
alternative transmission route for ESBL-producing bacteria. A study in the Netherlands found
that individuals on broiler farmers had a higher prevalence of ESBL- and AmpC beta-lactamase
producing E. coli carriage compared to the general population (Huijbers et al., 2014). The
authors also found a positive association between individuals having a high degree of contact
with live broiler chickens and ESBL- and AmpC beta-lactamase producing E. coli carriage.
Considering the mobility of ESBL genes and the potential for humans to be exposed through the
food chain or direct contact, this highlights an important area for ongoing surveillance.
Future surveillance efforts should carefully consider the choice of methods used for
phenotypic and/or molecular detection of ESBL-producing organisms among samples. Although
appropriateness of the methods will depend on the objectives of the surveillance system,
selective media can improve detection of microorganisms that are present in low numbers (van
den Bijllaardt et al., 2018). In our study, the use of a selective medium identified ESBL-EC
isolates that were not captured when using a non-selective medium, which indicates that the
choice of medium could have important implications for the recovery of ESBL-EC and the
ongoing surveillance of these organisms. Previous studies have demonstrated that using selective
media can enhance the detection of ESBL-EC in rectal and fecal samples collected from
hospitalized patients (N. Jazmati, Jazmati, & Hamprecht, 2017; Nathalie Jazmati, Hein, &
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Hamprecht, 2016; Kluytmans-van den Bergh et al., 2016). A study of rectal swabs from over 500
patients in a Dutch hospital concluded that 25% of ESBL-EC rectal carriers were identified only
by a selective medium, and were not detected by non-selective testing (Kluytmans-Van Den
Bergh et al., 2015). Similar results were observed in a study of stool samples collected from
hospitalized patients in Germany, and highlighted the added value of a pre-enrichment step, as
31% of ESBL-EC carriers were identified only by pre-enrichment (Nathalie Jazmati et al., 2016).
Furthermore, use of selective media may be a valuable addition to standard monitoring for AMR
organisms in food-producing species (Agersø et al., 2012). A 2012 study demonstrated that the
use of selective media identified ESBL-EC in pigs on farm, retail chicken, pork, and beef that
were not identified by standard surveillance of E. coli (Agersø et al., 2012).
Despite the evidence that selective media may enhance the sensitivity of diagnostic
screening, the use of ESBL-detecting selective media is not common practice in clinical or
research settings, and the benefits of using this approach are still controversial and debated
(Nathalie Jazmati et al., 2016; Kluytmans-Van Den Bergh et al., 2015). This approach is more
time-consuming, resulting in higher costs and required resources (Nathalie Jazmati et al., 2016;
Kluytmans-Van Den Bergh et al., 2015). Surveillance programs usually carry out susceptibility
testing on a variety of drug classes, not just beta-lactam drugs. Additionally, a recent study raised
concerns that the use of selective media may be unreliable, and suggested that the selective
enrichment method selects for TEM-type ESBLs, resulting in a potentially inflated detection
level of TEM-type ESBL producers in samples (Clasen, Birkegård, Græsbøll, & Folkesson,
2019). Despite these potential limitations, the added value of selective media in detecting ESBLproducing organisms should continue to be investigated. A lack of detection of ESBL-EC is not
equivalent to the absence of ESBL-EC, and without careful consideration of methods for
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capturing ESBL-EC, these organisms could remain undetected. The selective media results of
this study suggest that ESBL-producing bacteria are present in our surveillance isolates, but at
very low levels below the detection limit of standard methods. These levels may not be sufficient
to cause disease in humans or animals, but it is still important to monitor these bacteria and
identify potential trends. The prevalence of ESBLs is likely higher than our standard surveillance
methods indicate and use of selective media could be a beneficial surveillance supplement to
ensure that ESBL-producing organisms are being identified early to best trigger action to limit
transmission between and within populations. Because of the increased cost of this method, it
may not be feasible to test all samples collected by a large-scale surveillance system using
selective media. Retail meats may be the most beneficial surveillance component to target with
this approach, as this surveillance component is closest to the point of human exposure and so
interventions at this point could have major impacts on the transmission of ESBL-producing
organisms between the food chain and consumers. Overall, selective media can help with
surveillance efforts if the goal of the surveillance system is to determine the prevalence of
samples that are positive for ESBL-EC or ESBL-SA.
The prevalence of potential ESBL-SA was highest among clinical isolates collected from
domestic cattle. Clinical isolates are recovered from animals that would not be immediately
entering the food chain and would therefore not present the same risk to public health compared
to isolates from healthy animals on farm or at slaughter. However, these animals could
potentially be a source of environmental contamination, and transfer ESBL-SA to other animals
in the herd that may be entering the food chain or come into direct contact with humans, so it is
important to continue to monitor clinical isolates. In contrast, the prevalence of potential ESBLSA among food animal isolates on farm, at abattoir, and at retail was very low. There are few
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studies investigating the prevalence of ESBL-SA in food-producing species compared to ESBLEC, hence it is challenging to compare our results to other findings. A 2014 study of Salmonella
enterica in healthy chickens and swine in Belgium highlighted that 96.6% of chicken-derived
Salmonella isolates carried an ESBL gene, and 71.4% of swine-derived Salmonella isolates
carried an ESBL gene (de Jong et al., 2014). Our data indicate a much lower prevalence of
ESBL-SA overall, and a lower prevalence of ESBL-SA in broilers compared to pig isolates
collected on farms. However, the total number of ESBL-SA isolates were still very low in both
species over the study period, with one isolate detected from broiler chickens on farm, and five
ESBL-SA isolates detected from pigs on-farm. A previous study of 32 randomly selected broiler
farms concluded that the β-lactam antimicrobial amoxicillin is the most frequently used
antimicrobial in Belgian broiler production, with 43% of sampled farms reporting use (Persoons
et al., 2012). In contrast, the most commonly used antimicrobial on broiler chicken farms
participating in CIPARS in 2016 was bacitracin, and no farms reported the use of any of Health
Canada’s Category I antimicrobials that year (third generation cephalosporins or
fluoroquinolones) (Government of Canada, 2018). Furthermore, a 2017 study of Salmonella
contamination in retail chicken in South Korea found that 63.6% of Salmonella isolates from
conventionally-raised broiler chicken were ESBL-producers (Park et al., 2017), which is
substantially higher than the prevalence observed in isolates obtained from Canadian retail
chicken samples. However, the South Korean study was based on a small sample size and may
not be reflective of the prevalence in retail chicken across South Korea. Overall, it appears that
the prevalence of ESBL-SA in Canada is lower compared to ESBL-EC across the agrifood
surveillance components, with very few isolates collected over the study period.
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The annual proportion of potential ESBL-SA among human clinical isolates collected by
CIPARS ranged between 0.11% and 0.72%, with an overall prevalence of 0.39% between 2012
and 2016. These data are similar to reports from the National Antimicrobial Resistance
Monitoring System for Enteric Bacteria (NARMS) in the United States, which reported ESBLSA prevalence of 0.34% and 0.28% among human clinical isolates in 2014 and 2015,
respectively (Centre for Disease Control, 2016, 2018). The distribution of ESBL genes was also
similar between CIPARS and NARMS. In the United States in 2015, ceftriaxone resistance in
human isolates was most commonly conferred by CTX-M and SHV.
Importantly, the most common ESBL-SA genotype in this study was TEM-CMY2 among
both the human clinical and agrifood isolates. This highlights the potential for humans and
animals to share similar genes encoding for resistance to the critically important drugs, such as βlactam antimicrobials. However, this does not necessarily represent direct evidence for the
zoonotic transfer of ESBL genes through food contamination. The majority of the TEM-CMY2
isolates were from clinical Salmonella cases in domestic cattle rather than from animals close to
slaughter or from retail meat; any spread of ESBL genes from clinically sick animals to humans
is more likely through direct contact or via the environment than through food.
A potential limitation of our study is the relatively small number of isolates that
underwent further molecular characterization via WGS. Although PCR results can help inform
which ESBL genes are circulating in each of the host species examined, the specific genotype
(e.g., TEM-1 vs. TEM-2) cannot be determined without further analysis such as sequencing,
making it challenging to determine whether these organisms are true ESBL-producers.
Additionally, PCR only identifies the ESBL genes for which primers are available, so novel or
rare ESBL gene variants may not be detected using only PCR. Whole genome sequencing can
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produce more precise information on the specific genes and plasmids compared to PCR, which
can help gain greater insight into different transmission routes and the complex epidemiology of
ESBL-producing Enterobacteriaceae, including molecular relatedness of isolates collected from
different species (Kluytmans-Van Den Bergh et al., 2015). Sequencing has important
implications for surveillance, diagnostics, and infection control (Schürch & van Schaik, 2017).
Obtaining more precise results more quickly will be beneficial when monitoring trends in ESBLproducing bacteria and can also help identify uncommon or novel ESBL genes that are
circulating. The molecular relatedness of isolates can help inform epidemiological investigations
to determine the source of ESBL outbreaks and identify the drivers contributing to the
emergence of ESBLs, which is important knowledge for the implementation of interventions. An
improved understanding of the transmission routes of ESBL genes will be useful for developing
potential interventions and policy changes to reduce the presence of ESBL-producers. The ability
to monitor the prevalence of ESBL-encoding genes across bacteria isolated from humans and
food-producing animals can be used to rapidly identify emerging issues and help implement
timely control strategies. The diversity of ESBL genes identified in this study highlights the need
for ongoing surveillance of the genes circulating in animals, food and humans, as this
information will be critical for identifying areas to intervene. For example, if surveillance data
show similar genes among human infections and isolates collected from broiler chickens on
farms with certain management practices, we can attempt to implement targeted interventions to
reduce the transmission of ESBL bacteria and genes through the food chain. Alternatively, if
human isolates contain different ESBL genes than we are detecting in retail meat samples, then it
may suggest that factors extraneous to the food chain are contributing to these infections, and we
can consider prioritizing these areas for research and mitigation efforts.
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In conclusion, this study highlighted the relatively low prevalence of potential ESBL-EC
and ESBL-SA across animals, food, and humans in Canada. Between 2012 and 2017, the total
number of ESBL-EC and ESBL-SA isolated obtained from CIPARS surveillance generally
decreased, though this trend was not statistically significant. This may be a result of the 2014
poultry industry initiative that banned the preventative use of ceftiofur in chicken, as this has
resulted in a decrease in AMU and AMR in poultry and people in Canada (Agunos et al., 2017).
However, the trends in the total quantity of beta-lactams distributed in Canada for use in animals
fluctuate annually (Government of Canada, 2018). Given that the use of beta-lactams in Canada
may increase or decrease over the following years, it is important to continue to monitor the
prevalence of ESBL-EC and ESBL-SA.
Despite the low prevalence detected, ongoing surveillance across the farm-to-fork
continuum and humans is needed to detect emerging trends, as ESBL-producing organisms can
pose significant treatment challenges in both human and veterinary medicine. Additionally,
future research should continue to identify potential risk factors for ESBL-producing organisms
in animal species and humans in Canada to identify priority areas for interventions.
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Table 2.1: The annual prevalence of PCR-confirmed extended-spectrum beta-lactamase producing
Escherichia coli (ESBL-EC) for all agrifood samples obtained from the Canadian Integrated Program for
Antimicrobial Resistance Surveillance (CIPARS) for the period of 2012-2017.

Year

Total
Number
of
Samples
Tested
for E.
coli

Total
Total
Total
Total Number
Number Number
Prevalence Proportion
Number
of E. coli
of ESBLof
of ESBLof ESBLof E. coli
isolates
EC
ESBLEC (95%
EC (95%
Isolates
Screened in
Detected
EC
CI) ††
CI)†††
Recovered Phenotypically* by Disk Detected
Diffusion† by PCR

2012

3586

3302

228

2

36

1.0% (0.71.4)

1.1 (0.81.5)

2013

3996

4187

229

18

77

1.9% (1.52.4)

1.8 (1,52.3)

2014

5349

4937

220

20

91

1.7% (1.42.1)

1.8 (1.52.3)

2015

4250

3030

119

14

14

0.3% (0.20.6)

0.5 (0.30.8)

2016

4168

3096

117

--

93

2.2% (1.82.8)

3.0 (2.53.7)

2017

4004

2965

68

--

83

2.1% (1.72.6)

2.8 (2.53.7)

Total

25,353

21,517

981

54

394

1.8% (1.72.0)

1.6 (1.41.7)

*Indicates the total number of E. coli isolates that have minimum inhibitory concentrations (MIC) of ≥4mg/L for
ceftiofur and ≥0.25mg/L for ceftriaxone as determined by microbroth dilution for 2012-2015. In 2016 and 2017,
only the MIC for ceftriaxone was used.
†

Disk diffusion was not performed in 2016 or 2017

††

The prevalence of ESBL-EC for each year is defined as the total number of ESBL-EC isolates detected
genotypically (by PCR) divided by the total number of samples submitted to CIPARS that year
†††

The proportion of ESBL-EC for each year is defined as the total number of ESBL-EC detected genotypically (by
PCR) divided by the total number of E. coli isolates recovered.
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Table 2.2: The animal species distribution of PCR-confirmed extended-spectrum beta-lactamase producing
Escherichia coli (ESBL-EC) for agrifood isolates obtained from the Canadian Integrated Program for
Antimicrobial Resistance Surveillance (CIPARS) for the period of 2012 to 2017.
CIPARS
Surveillance
Component
On-Farm

Abattoir

Retail

Total
†

Species

Number of
Samples Tested
for E. coli

E. coli
Recovery
Rate (n)†

Number of
ESBL-EC
(% of all
ESBL-EC)

Prevalence of
ESBL-EC
(95% CI) ††

Broiler Chicken (placement)

1247

80.8% (1008)

71 (18.1)

5.7% (4.5-7.1)

Broiler Chicken (pre-harvest)

2408

99.2% (2389)

112 (28.6)

4.7% (3.9-5.6)

Turkey

920

98.7% (908)

12 (3.1)

0.4% (0.2-0.7)_

Swine

3023

98.3% (2972)

32 (8.2)

1.1% (0.8-1.5)

Broiler Chicken

1100

99.5% (1094)

31 (7.9)

2.8% (2.0-4.0)

Swine

1059

99.0% (1048)

5 (1.3)

0.5% (0.2-1.1)

Chicken

2739

92.6% (2535)

93 (23.6)

3.4% (2.8-4.1)

Turkey

2730

90.2% (2462)

24 (6.1)

0.9% (0.6-1.3)

Beef

3954

49.9% (1974)

4 (1.0)

0.1% (0.04-0.3)

Pork

4994

25.4% (1267)

10 (2.6)

0.2% (0.1-0.4)

24,174

73.0%
(17,657)

394 (100)

The recovery rate is defined as number of E. coli isolates recovered/number of samples submitted

††

The prevalence of ESBL-EC is defined as the number of PCR-confirmed ESBL-EC isolates detected/number of
samples submitted
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Table 2.3: The genotypic distribution of PCR-confirmed extended-spectrum beta-lactamase producing Escherichia coli (ESBL-EC) and extendedspectrum beta-lactamase producing Salmonella spp. (ESBL-SA) for agrifood isolates obtained from the Canadian Integrated Program for
Antimicrobial Resistance Surveillance (CIPARS) for the period of 2012-2017.

ESBL-EC

ESBL-SA

PCR Results Only

WGS Results

PCR Results Only

WGS Results

(n = 394)

(n = 163)

(n = 263)

(n = 38)

Genotype

n (% of
all ESBLEC)

Genotype

n (% of all
sequenced
ESBL-EC)

Genotype

n (% of all
ESBL-SA)

Genotype

n (% of all
sequenced
ESBL-SA)

blaTEM/CMY-2

208 (53.1)

blaSHV-2

79 (48.5)

blaTEM/CMY-2

210 (74.5)

blaSHV-2

14 (5.3)

blaSHV

80 (20.4)

blaCTX-M-1

43 (26.4)

PCR-†

19 (6.7)

blaCTX-M-1

13 (4.9)

blaCTX-M

51 (13.0)

blaSHV-2/TEM-1B

8 (4.9)

blaSHV

16 (5.7)

blaTEM

18 (4.6)

blaSHV-2/CMY-2

7 (4.3)

blaCTX-M

14 (5.0)

blaCTX-M-1/CMY-2

2 (0.8)

blaSHV/TEM

12 (3.1)

blaCTX-M-55

4 (2.5)

blaOXA/CMY-2

6 (2.1)

blaSHV-12/TEM-1B

2 (0.8)

blaTEM/CTX-M

8 (2.0)

blaTEM-52B

3 (1.8)

blaSHV/TEM/CMY-2

4 (1.4)

blaSHV/CMY-2

7 (1.8)

blaCTX-M-1/CMY-2

3 (1.8)

blaTEM/CTX-M

4 (1.4)

blaCTX-M/CMY-2

3 (0.77)

blaCTX-M-1/TEM-1A

2 (1.2)

blaTEM

3 (1.1)

blaOXA/CMY-2

2 (0.51)

blaCTX-M-124

1 (0.61)

blaCTX-M/CMY-2

2 (0.7)

blaSHV/TEM/CMY-2

2 (0.51)

blaCTX-M-15

1 (0.61)

blaSHV/TEM

2 (0.7)

blaOXA/CTX-M

1 (0.26)

blaCTX-M-27

1 (0.61)

blaCTX-M-65

1 (0.61)

blaSHV/TEM/CTXM/CMY-2

1 (0.4)

blaSHV-12/TEM1B/CMY-2

blaCTX-M-1/TEM1A

blaCTX-M-1/TEM-1B
blaCTX-M-55/TEM1B

4 (1.5)

1 (0.4)
1 (0.4)
1 (0.4)
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ESBL-EC

ESBL-SA

PCR Results Only

WGS Results

PCR Results Only

WGS Results

(n = 394)

(n = 163)

(n = 263)

(n = 38)

Genotype

n (% of
all ESBLEC)

Genotype

n (% of all
sequenced
ESBL-EC)

blaCTX-M-15/OXA-1

1 (0.61)

blaSHV-2/TEM-1B/CMY2

blaTEM-88
blaSHV-2/TEM-1C/CMY2
†

Genotype

n (% of all
ESBL-SA)

Genotype

1 (0.61)
1 (0.61)
1 (0.61)

PCR- indicates isolates that tested positive phenotypically using the disk diffusion test, but did not have ESBL genes detected during PCR

n (% of all
sequenced
ESBL-SA)
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Table 2.4: The distribution by sampled animal species/food commodity of the nine extended-spectrum betalactamase producing Escherichia coli (ESBL-EC) isolates collected from the retail surveillance component of
the Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) between 2012 and
2014, and isolated using a selective media methodology.
Species (n)

Genotype (n)

Retail Chicken (6)

blaTEM-52B (3)
blaCTX-M-1 (1)
blaCTX-M-55 (1)
blaSHV-2/CMY-2 (1)

Retail Pork (1)

blaCTX-M-15/TEM-1B

Retail Beef (1)

blaCTX-M-15/OXA-1

Retail Turkey (1)

blaCTX-M-1
blaTEM-52B (3)
blaCTX-M-1 (2)

Totals (n = 9)

blaCTX-M-15/TEM-1B (1)
blaCTX-M-15/OXA-1 (1)
blaSHV-2/CMY-2 (1)
blaCTX-M-55 (1)
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Table 2.5: The annual prevalence of potential extended-spectrum beta-lactamase producing Salmonella spp.
(ESBL-SA) for agrifood isolates obtained from the Canadian Integrated Program for Antimicrobial
Resistance Surveillance (CIPARS) for the period of 2012-2017.
Total Number of
ESBL-SA
Detected by Disk
Diffusion†

Total
Number
of ESBLSA
Detected
by PCR

442

110

2210

503

5782

2212

2015

4810

2016

Year

Total
Number of
Samples
Tested for
SA

Total
Number of
SA Isolates
Recovered

Total Number
of SA Isolates
Screened in
Phenotypically*

2012

4017

2337

2013

4562

2014

Prevalence
of ESBL-SA
(95% CI)

Proportion
of ESBL-SA
(95% CI)†††

24

0.6% (0.40.9)

1.0% (0.71.5)

123

44

1.0% (0.71.3)

2.0% (1.52.7)

323

163

91

1.6% (1.31.9)

4.1% (3.35.0)

2450

303

103

30

0.6% (0.40.9)

1.2% (0.91.7)

4786

2221

191

--

51

1.1% (0.81.4)

2.3% (1.83.0)

2017

4595

2031

167

--

23

0.5% (0.30.8)

1.1% (0.81.7)

Total

28,552

13,461

1929

499

263

0.9% (0.81.0)

2.0% (1.72.2)

*Indicates the total number of Salmonella isolates that have minimum inhibitory concentrations (MIC) of ≥4mg/L
for ceftiofur and ≥0.25mg/L for ceftriaxone as determined by microbroth dilution for 2012-2015. In 2016 and 2017,
only the MIC for ceftriaxone was used.
†

Disk diffusion was not performed in 2016 or 2017

††

The prevalence of ESBL-SA for each year was defined as the total number of ESBL-SA detected genotypically
(by PCR) divided by the total number of samples submitted to CIPARS for that year
†††

The proportion of ESBL-SA for each year was defined as the total number of ESBL-SA detected genotypically
(by PCR) divided by the total number of Salmonella isolates recovered.
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Table 2.6: The animal species distribution of potential extended-spectrum beta-lactamase producing
Salmonella spp. (ESBL-SA) for agrifood isolates obtained from the Canadian Integrated Program for
Antimicrobial Resistance Surveillance (CIPARS) for the period of 2012-2017.
CIPARS
Surveillance
Component
On-Farm

Abattoir

Retail

Diagnostic
Cases/Passive
Surveillance

Total
†

Species

Number of
Samples Tested
for Salmonella

Salmonella
Recovery Rate (n)†

Number of
ESBL-SA (%
of all ESBLSA)

Prevalence of ESBL-SA
(95% CI)

Broiler Chicken

3562

39.5% (1441)

1 (0.4)

0.03% (0.004-0.2)

Turkey

920

45.7% (420)

6 (2.3)

0.7% (0.3-1.4)

Swine

3042

22.6% (686)

5 (1.9)

0.2% (0.07-0.4)

Broiler Chicken

4373

16.2% (709)

2 (0.8)

0.05% (0.01-0.2)

Swine

2112

50.2% (1060)

1 (0.4)

0.05% (0.008-0.3)

Chicken

5002

32.0% (1600)

5 (1.9)

0.1% (0.04-0.2)

Turkey

4437

19.8% (878)

4 (1.5)

0.09% (0.04-0.2)

Pork

4995

1.6% (81)

0 (0)

--

Domestic Cattle

187 (71.1)

Turkey

20 (7.6)

Swine

20 (7.6)

Chicken

3 (1.1)

Other (dog,
horse, mink, cat,
unspecified bird)

9 (3.4)

28,443

24.2% (6875)

263

The bacterial recovery rate is defined as number of Salmonella isolates recovered/number of samples submitted.
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Table 2.7: The annual proportion of human clinical Salmonella spp. cases that are potential ESBL-producers
obtained from the Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) for the
period of 2012-2016.

†

Year

Total Number of
Salmonella
Isolates Screened

2012

3645

2013

Total Number of
ESBL-SA Detected
by Disk Diffusion

Total Number of
ESBL-SA Detected
by PCR

Proportion of
ESBL-SA (%)†

18

14

0.38

2940

19

10

0.34

2014

2544

7

6

0.24

2015

2360

11

10

0.42

2016

2405

2

2

0.08

Total

13,894

57

42

0.30

The proportion of ESBL-SA for each year was defined as the total number of ESBL-SA detected genotypically (by
PCR) divided by the total number of Salmonella isolates screened.
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Table 2.8: The genotypic distribution of potential extended-spectrum beta-lactamase producing Salmonella
spp. (ESBL-SA) from human isolates obtained from the Canadian Integrated Program for Antimicrobial
Resistance Surveillance (CIPARS) for the period of 2012-2016. All genotypes were confirmed using whole
genome sequencing.
Genotype

n (% of all ESBL-SA)

blaCTX-M-65

9 (21.4)

blaSHV-2/TEM-1

8 (19.0)

blaSHV-2

4 (9.5)

blaCTX-M-1

3 (7.1)

blaCTX-M-15

3 (7.1)

blaCTX-M-9

3 (7.1)

blaCTX-M-14

2 (4.8)

blaCTX-M-55

2 (4.8)

blaCTX-M-55/TEM-1

2 (4.8)

blaCTX-M-14/TEM-1

1 (2.4)

blaCTX-M-15/OXA-1/TEM-1

1 (2.4)

blaSHV-5

1 (2.4)

blaCTX-M-14/CMY-2

1 (2.4)

blaCTX-M-3

1 (2.4)

blaCTX-M-65/CMY-2

1 (2.4)
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Figure 2.1: Schematic of the methods used for detection of potential extended-spectrum beta-lactamaseproducing E. coli (ESBL-EC) and Salmonella spp. (ESBL-SA) by the Canadian Integrated Program for
Antimicrobial Resistance Surveillance (CIPARS) during the period of 2012-2017.
*MIC refers to the minimum inhibitory concentration.
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Chapter 3: Developing an integrated assessment model for
extended-spectrum beta-lactamase-producing Escherichia coli in
humans and the Canadian food chain
Abstract
Bacteria producing extended-spectrum beta-lactamases (ESBLs) pose a significant threat
to public health and the treatment of human and veterinary infectious diseases. ESBLs are a
multi-sectoral issue, as ESBL-producing organisms have been found across many sources
including in humans in various health care settings, in humans in the community, in foodproducing animals, and in the environment. Because these organisms can result in beta-lactam
treatment failure, it is important to identify risk and protective factors for colonization and
infection caused by ESBL-producing bacteria and characterize the contribution of different
sources of ESBLs infecting humans. The objectives of this exploratory research were to a) search
the literature to identify published risk and protective factors for ESBL-producing Escherichia
coli (ESBL-EC) carriage, colonization, and/or infection in broiler chickens, grower-finisher pigs,
and humans, b) develop an integrated assessment model of ESBL-EC along the broiler chicken
and grower-finisher pig production chains, and c) develop a framework and identify the data
required to develop an integrated assessment model of ESBL-EC infections in humans from all
potential sources. Based on a literature review, the single factor identified to be associated with
ESBL-EC in broiler chickens was production type (one study). In pigs, two studies explored risk
factors for ESBL-EC, including antimicrobial use (AMU) and a variety of farm management
factors. The integrated assessment models estimated that Canadians are more likely to be
exposed to ESBL-EC through retail chicken compared to retail pork. Even though few factors
were identified in the literature, the integrated assessment model framework enabled us to
explore the comparative effects of these factors on the prevalence of ESBL-EC from these two
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food production pathways. This research highlights the lack of published studies identifying
factors associated with ESBL-EC in food-producing animals, specifically in broiler chickens and
swine. There were many factors reported in the literature associated with ESBL-producing
Enterobacteriaceae in people, with most characterized as related to AMU or healthcare factors.
There were no Canadian studies identified, limiting the generalizability of our model to the
Canadian agrifood and human healthcare systems. More research is needed to develop a better
understanding of the key factors associated with ESBL-EC and to identify potential intervention
points to reduce the occurrence and/or impact of ESBL infections in human and animal
populations. Additionally, future models should characterize various transmission pathways of
human ESBL infections and link these to the existing model, which is constructed to reflect
foodborne transmission.

Introduction
Antimicrobial resistance (AMR) is a major public health concern that threatens the
treatment of infectious diseases worldwide. AMR can have significant human health, animal
health and welfare, and economic impacts, and these will continue to worsen if effective
interventions are not identified and implemented. In 2018, approximately 26% of select human
infections were resistant to first-line antimicrobials (those generally prescribed first to treat an
infection), and AMR cost the Canadian healthcare system an estimated $1.4 billion as a result of
extended hospitalizations, longer courses of treatment, and other expenses [1]. This estimate is
expected to increase to $6 to $8 billion per year by 2050, if resistance to first-line antimicrobials
in these important clinical pathogens remains consistent or rises to 40% [1].
Beta-lactam antimicrobials are one of the most widely used classes of antimicrobials in
human and veterinary medicine [2,3]. Extended-spectrum beta-lactamases (ESBLs) are enzymes
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that facilitate the breakdown of beta-lactam antimicrobials and ESBL-producing
Enterobacteriaceae have continued to increase in prevalence worldwide since their emergence in
the 1980s [2]. ESBL-producing Enterobacteriaceae are associated with adverse health outcomes
and an increased burden on health care systems [4,5]. In Canada, ESBL infections are estimated
to cost $20,893 more per patient compared to a patient with a susceptible infection [1].
Additionally, the genes encoding ESBLs are mostly located on mobile genetic elements, such as
plasmids, insertion sequences, and transposons, facilitating the transmission within and between
bacterial populations [6–8].
The epidemiology of ESBL-producing organisms is complex, and it is challenging to
characterize the transmission pathways of these bacteria. ESBLs have been isolated from several
food animal species and products, including chickens, cattle, and pigs [9–13]. Furthermore,
studies have suggested that humans and animals may share reservoirs of ESBL genes, plasmids,
and clones [14–17]. Therefore, it is important to understand factors potentially associated with
the emergence of ESBLs across different populations to identify points at which to implement
interventions in order to maximize effectiveness and success.
Researchers have used integrated assessment models (IAMs) to investigate complex,
dynamic, evolving systems across the environmental and natural sciences to inform decisionmaking and policy development. Overall, this type of modeling has been predominantly used in
the investigation of environmental science issues (e.g., climate change), in which there are
complex interactions between humans, natural systems, and policies at different levels [18–20].
IAMs synthesize data from different sources (e.g., different disciplines, different research
methodologies) to capture the complexity of the interactions between drivers within systems
[21,22]. These quantitative models are therefore potentially useful for exploring the topic of
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AMR, and more specifically, the contributions of different transmission pathways for organisms
resistant to specific types of antimicrobials, such as ESBL-producing E. coli. It is important to
recognize that IAMs are not meant to be predictive models; instead, these models can provide
insight into the relative or comparative impacts of different practices, interventions, or policy
options when addressing an issue.
As part of the iAM.AMR (Integrated Assessment Models of Antimicrobial Resistance)
project, the research team previously developed an approach for building IAMs of resistance
along the food chain for the major food animal species in Canada, including broiler chickens,
pigs, and cattle [23]. These models were developed to propagate the probability of AMR through
the food production chain and to describe the relative contributions of different food-producing
animals to human exposure to AMR from food of animal origin. To date, these models include
nodes for farm, abattoir, and retail, and end at the point of potential human exposure to resistant
bacteria from the food production chain. At present, the model structure does not incorporate any
factors associated with resistance in human populations that are extraneous to the food chain.
Because there are many potential sources of human ESBL infections beyond food, it is important
to recognize the different transmission pathways and their relative contributions to human ESBL
infections. The objectives of this research were to a) search the published literature to identify
risk and protective factors for ESBL-producing E. coli (ESBL-EC) in humans and foodproducing animals, including beef cattle, broiler chicken, and swine, b) incorporate the findings
from the literature search into a basic food production chain IAM of ESBL-EC to estimate
human exposure to these bacteria from the foods of animal origin, and c) develop a conceptual
framework and identify data needs for expanding the IAM in future, so that it can also include
non-food related factors associated with ESBL-EC in people.
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Materials and Methods
The iAM.AMR Project
This study was part of a larger research project (the iAM.AMR project) that initially
conducted a scoping review to identify factors potentially associated with the occurrence of
AMR [23]. This scoping review was conducted to inform future quantitative IAMs of resistance
along the food chain for the major food-producing species in Canada, including cattle, swine,
and chicken. The iAM.AMR project was developed as a series of scenarios; each scenario was
defined by resistance to a specific antimicrobial or class of antimicrobials in a specific bacterial
species in a defined host population [23]. Some of the scenarios of interest for the iAM.AMR
project involved ESBL-producing Enterobacteriaceae in the major food-producing animal
species.
Scope and Literature Search Strategy
As part of the iAM.AMR project, a peer-reviewed literature search strategy and screening
criteria were developed to identify two types of variables of interest: 1) factors associated with
antimicrobial use (AMU) or AMR, and 2) Canadian antimicrobial AMU or AMR frequency data
[23]. For the purposes of the IAM scenarios, a factor was defined as a measured observation
(e.g., of a management system or AMU) potentially associated with AMR [23]. Briefly, the
initial literature search was conducted in March 2015 and updated in April 2018. The goal of the
literature search was to capture factors potentially associated with AMU or AMR across selected
food animal species and humans. The search was conducted in four electronic databases of
published literature: Medline, Cumulative Index to Nursing and Allied Health (CINAHL),
Agricola, and Centre for Agriculture and Bioscience (CAB). Papers were considered relevant to
the project and included in the review if the study measured AMR in E. coli, Salmonella enterica
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spp., or Campylobacter spp. from cattle, chickens, pigs, turkeys, or humans. Relevance screening
was independently completed by two research team members on each abstract or title (when the
abstract was not available), with any conflicts being resolved by a third party. All citations were
exported into a web-based citation management software (Mendeley© version 1.19.4) and deduplicated.
Following the identification of articles relevant to the overall iAM.AMR project, the
retained references were further screened to identify factors associated with ESBL-producing
Enterobacteriaceae infections in humans or the major food-producing animals in Canada (i.e.,
beef cattle, broiler chicken, and swine). Factors potentially associated with ESBL-EC were of
specific interest. Enterobacteriaceae were classified as ESBL-producers if they were described
by the respective authors as ESBL-producing. Factors that contribute to ESBL infections and
other important resistant pathogens are likely affected by many socioeconomic factors. Because
Canada has a very high human development index based on the classification by the United
Nations [24], articles were retained if the data were collected in a country also classified as
having a very high human development index to ensure the data were relevant to the Canadian
context.
An article was included in the study if it reported data for an association between a risk or
protective factor and ESBL-EC. There were no date limits for articles. Articles were excluded if
they did not characterize risk or protective factors using an odds ratio, or if they did not provide
raw data with which to construct a contingency table and calculate an odds ratio. Although the
primary outcome of interest was ESBL-EC, some papers included other Enterobacteriaceae (e.g.,
Klebsiella spp.) in combination with ESBL-EC (i.e., the outcome in the study could be any
ESBL-producing Enterobacteriaceae); these references were also retained. Data from articles that
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met the exclusion/inclusion criteria were extracted and entered into a Microsoft Excel 2016
spreadsheet.
IAM Structure and Inputs
The overall structure of the model included nodes for farm, abattoir, and retail. The
model was stochastic, and used 100 iterations of Median Latin Hypercube, Monte Carlo
simulation to produce a probability distribution to describe the uncertainty around the data inputs
and to reflect our certainty around the quantitative results generated at each node along the food
production chain. The first part of the model used three types of inputs: a baseline probability of
ESBL-EC (at the earliest measured point during animal production), the measure(s) of
association (i.e., odds ratio(s)) from the literature reflecting relationships between factors and
ESBL-EC, and the likely frequency of occurrence of each of the factors in the Canadian context,
based on expert opinion or consultation with stakeholders.
The baseline probability of ESBL-EC for each of the major food-producing species was
based on surveillance data collected by the Canadian Integrated Program for Antimicrobial
Resistance Surveillance (CIPARS; data in Chapter 2 of this thesis), and was based on the earliest
measured point during animal production (e.g., for broiler chickens, this was the prevalence of
ESBL-EC in chickens when placed on farm). The baseline probability was calculated as the
number of E. coli isolates determined to be ESBL-producers, divided by the total number of E.
coli isolates detected by CIPARS for that food animal species for the most recent surveillance
year (2017). To express uncertainty around the baseline probability, a beta distribution was used,
as this type of distribution bounds the data between 0 and 1. The function used for the beta
distribution was beta (n+1/d-n+1), where n refers to the total number of ESBL-EC isolates, and
d is the number of E. coli isolates collected by CIPARS.
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All factors identified in the relevant articles, for which an odds ratio was reported or
could be calculated, were included in the model, regardless of statistical significance; the latter
was addressed by the stochastic aspect of the model. Each odds ratio and the accompanying
standard error were used as parameters for a LogNormal distribution in the model, with the
distribution representing the uncertainty around the odds ratio. The quantitative models were
developed using the software Analytica, created by Lumina Decision Systems to develop
quantitative decision models [25].
To consider the relevance of the literature-derived factors in the Canadian context, the
likely frequency of each factor occurring (e.g. the percentage of Canadian farms that were
organic vs. conventional) was incorporated into the model based on expert opinion, or
consultation with stakeholders. The frequency of occurrence ranged from 0 (does not occur) to 1
(always occurs). If the frequency of occurrence of a factor was unknown and could not be
determined through expert consultation, a default value of 50% was used so the occurrence of a
factor would be evenly distributed between ESBL-positive and ESBL-negative groups. The
frequency estimate was included in the model as a point value.
To move the model beyond the food production chain and estimate potential human
exposure to ESBL-EC from each food-producing animal species, three additional model inputs
were considered: the frequency of E. coli recovery from samples of meat purchased at retail, the
frequency of human consumption of retail meat, and the population of Canada. The frequency of
E. coli recovery at retail was obtained from 2017 CIPARS report and was entered into the model
using a beta distribution. The frequency of recovery was calculated as the total number of E. coli
isolates recovered divided by the total number of retail samples tested. Information about how
often Canadians consumed chicken, beef and pork (the frequency of human consumption of
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retail meat) was obtained from the Public Health Agency of Canada’s Foodbook Report [26],
and was defined as the number of Canadians who reported consuming retail meat (i.e., chicken,
pork, or beef) in the previous 7 days. The estimate of the Canadian population in 2016 was
obtained from Statistics Canada [27].
In addition to the models containing literature-derived risk factor data, a baseline model
was developed for both broiler chicken and swine to estimate the potential exposure of people to
ESBL-EC through retail meat if no known factors were included in the model. These models
included only the baseline frequency of resistance, the retail recovery rate of E. coli, the human
population estimates and human consumption data.
Propagation of Probabilities in the IAM
The factors identified in the literature search were used to develop estimates of the
probability of the presence of ESBL-EC at the different nodes in the model. The probabilities of
ESBL-EC or ESBL-SA were propagated through the farm, abattoir, and retail nodes using
Equation (1).

"(ESBL)OUT =

OR x P(ESBL)IN
(1-P(ESBL)IN

+ OR x P(ESBL)IN

(1)

P(ESBL)OUT is defined as the probability of ESBL-EC calculated at each node (i.e., farm,
abattoir, and retail). OR refers to the literature-derived odds ratio(s) describing the relationship
between a factor and ESBL-producing E. coli at the given node. Factors identified in the
literature were placed at the node corresponding to the factor’s point of effect; for example, if an
article measured the prevalence of ESBL-EC at retail, but analyzed the association with a farmlevel factor (e.g., organic production), the factor was placed at the farm node. The “exposed” and
“referent” groups were defined in the model in the same way that the authors’ defined the groups
in the literature. P(ESBL)IN is the baseline probability of ESBL-EC that enters a given node
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(either from the previous node or the baseline probability used to initiate the model). The
resulting probability at each node (P(ESBL)OUT ) becomes the baseline probability P(ESBL)IN for
the subsequent node in the food production chain, until the P(ESBL)OUT for retail, which is then
multiplied by the retail recovery rate, frequency of consumption, and Canadian population, as
described below.
As previously mentioned, when propagating the probabilities of ESBL-EC throughout the
food production chain, we also accounted for how common the factor was in the Canadian food
production industry. The OR for each factor was adjusted based on the frequency of factor
occurrence to obtain an estimate of the probability of ESBL-EC if the factor occurred (Equation
2). The frequency of occurrence was defined as fi of a given factor i, with the value ranging
between 0 (never occurs) and 1 (always occurs). If there were two factors at a single node with
frequencies f1 and f2, and odds ratios OR1 and OR2, b1 was defined as the probability of ESBL-EC
if factor 1 occurred, and b2 the probability of ESBL-EC if factor 2 occurred. Additionally, b12
was the probability of ESBL-EC if both factors occurred, and b0 was the probability of ESBL-EC
if neither factor occurred. The probability of ESBL-EC after the frequency of both factors were
applied was defined as P(ESBL).
P(ESBL) = f1 f2 b12 + (1-f1 )f2 b2 + (1-f2 )f1 b1 + (1-f1 )(1-f2 )b0

(2)

Determining the Number of Canadians Potentially Exposed to Foodborne ESBL-EC
To estimate human exposure to ESBL-EC from each food-producing animal species, the
output of the retail node (P(ESBL)OUT from retail) was multiplied by the frequency of E. coli
recovery from retail meat (type of meat dependent on the specific scenario) to obtain an estimate
of the proportion of retail meat samples that contained ESBL-EC. The frequency of human
consumption of each food commodity (over a 7 day period) from the Foodbook Report was
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multiplied by the Canadian population to obtain an estimate of the number of “consumption
events”, which was then multiplied by the proportion of retail meat samples containing ESBLEC to obtain the number of Canadians potentially exposed to ESBL-EC (NCPE) (Equation 3).
NCPE = [P(ESBL)RETAIL x Retail recovery rate of E. coli]
x [Population of Canada x Canadian consumption rate]

(3)

The final output of the model estimates the NCPE from the major food-producing species
(i.e., via consumption) each week. The outputs of the model were compared to the outputs that
would be obtained using existing retail surveillance data from CIPARS for validation.
Human risk and protective factors for ESBL-EC
Factors associated with ESBL-EC in humans that were not part of the food chain (e.g.,
human AMU, hospitalization) were not included in the current IAM. Data for these non-food
chain factors were extracted and entered into a Microsoft Excel spreadsheet. When papers
reported data on associations between factors associated with ESBL-producing
Enterobacteriaceae, the article was included only when E. coli was specifically identified. First,
each relevant article was categorized based on the geographic location of the study, study
population, and risk factors that were analyzed. Next, the risk factors that were analyzed in each
article were categorized into larger themes [27], and the categories were summarized visually
using a conceptual map.

Results and Discussion
Factors associated with ESBL-EC in broiler chicken and swine
The literature search and screening yielded one paper that examined factors associated
with ESBL-EC in broiler chickens [28] and two papers that examined factors associated with
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ESBL-producing E. coli in pigs [29,30]. No papers identified factors associated with ESBL-EC
in beef cattle. As a result, only swine and broiler chicken models were developed. The factors
that were identified and included in the model can be found in Table 3.1, and the study details
can be found in Appendix A.1.1.
In the paper that examined factors associated with ESBL-EC in broiler chickens, the
factor identified was type of production system (conventional vs. organic). The study measured
the prevalence of ESBL-EC from conventional and organic retail chicken in the United States
[28]. Therefore, production type was incorporated as a single factor input at the farm node in the
broiler chicken model; however, this global variable likely encompasses different practices on
the study farms, including AMU, housing types, and stocking density. As there are many
different practices that are encompassed in the designation of ‘organic’, it will be important in
the future to further investigate each specific practice to identify potential targets for
interventions. It is also important to consider the node at which the production type factor is
placed. In the included study, the prevalence of ESBL-EC was measured through samples
collected at retail, but the factor being analyzed (conventional vs. organic production) has its
main effect at the farm-level. Therefore, we placed this factor at the farm node. However, farm
production type may also influence transportation, slaughter and processing. Therefore, by
placing this factor at the farm node, we did not account for other organic production practices
that occur before the chicks arrive on the farm (e.g., at hatchery or in the parent flocks) or
between farm and retail, thereby impacting our quantitative outputs. This is an important
limitation of this model, and future model iterations will need to consider the appropriate node at
which to place these factors.
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The two studies that reported data on factors associated with ESBL-EC in pigs [30,31]
were conducted in the Netherlands and Denmark. The papers investigated AMU (specifically
cephalosporin use) and a variety of farm management factors, including biosecurity practices,
production type, source of water supply for animals, and housing types (Table 3.1). These
practices may be specific to the Dutch or Danish industries and may not represent potential
points of intervention for Canadian farms. These factors were included in the model under the
assumption that they were relevant in the Canadian swine industry, but the frequency of
occurrence was unknown for many of these factors. For future models, more collaboration with
the Canadian pig industry may help determine the relevance of these farm practices in the
Canadian context and identify other practices that should be investigated.
All factors that were identified across the two host species were farm-level factors, and
there were no identified risk or protective factors for ESBL-EC at the abattoir or retail nodes.
Research exploring practices that occur at the slaughterhouse and at the grocery store and their
influence on ESBL-EC occurrence will help identify potential interventions to reduce the
prevalence of ESBLs at different stages. Abattoirs have been identified as potential areas for
transmission of ESBL-producing bacteria, and likely represent an effective point of intervention
to reduce human exposure to both susceptible and resistant bacteria by reducing carcass load of
antimicrobial-resistant bacteria [31,32].
IAMs for ESBL-EC in broiler chicken and swine
We explored the impact of the factors identified in the literature using our IAM
framework. Based on the findings from the literature review, the IAM for ESBL-EC in broiler
chickens included a single factor at the farm node (Table 3.1). The inputs for the IAM for broiler
chicken are described in Table 3.2, and the probability of ESBL-EC at each node/stage of the
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food production chain is shown in Table 3.4. The structure of the IAM and the outputs of each
node along the broiler chicken production chain can also be visualized in Figure 3.1. In our
baseline model of ESBL-EC (containing no literature-derived odds ratios for factors), the output
estimates that 1.6 million Canadians are potentially exposed to ESBL-EC from retail chicken
each week (range of 753,000 to 2.8 million Canadians). In comparison, when we incorporated
the literature-derived odds ratio factor data into the model (which suggested that chickens raised
on conventional farms were 23 times more likely to have ESBL-EC than chickens raised on
organic farms), the model output estimated that 15.1 million Canadians (range of 800,300 to 25.1
million) are potentially exposed to ESBL-EC from retail chicken each week. Therefore, a notable
difference in the outcome exists when we compare the outputs of the baseline model to the
model that included the literature-derived measures of association. We can also use the retail
prevalence of ESBL-EC from Chapter 2 in the model to generate the number of Canadians
potentially exposed each week. In 2017, the proportion of E. coli isolates from retail chicken that
were confirmed to be ESBL-EC was 7.51% (Canadian Integrated Program for Antimicrobial
Resistance Surveillance, personal communication). If we run the model using 2017 ESBL-EC
prevalence data from CIPARS) and the 2017 E. coli recovery rate in retail chicken, we obtain an
estimate of 2.1 million Canadians potentially exposed to ESBL-EC each week. This estimate
falls between the number of Canadians exposed to ESBL-EC yielded by the baseline and
literature-derived models but is closer to the estimate provided by the baseline model. Although
the estimate provided by the scenario using the odds ratio factor data from the literature is much
higher than the estimate derived from using existing CIPARS 2017 retail surveillance data, the
latter does fall within the possible range of values from the literature-derived model. This
provides some validation for our model outputs, suggesting that the true estimate of Canadians
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exposed to ESBLs from retail chicken could fall within the range of values yielded by the
literature-derived model, noting that the range here is very wide and must be interpreted
cautiously.
By comparing the final results (i.e., the number of Canadians exposed to ESBL-EC from
retail chicken) of the baseline, the scenario with the factors included using literature-derived
odds ratios, and CIPARS surveillance data models, we are able to explore the relative
contributions of a different practice/potential interventions that may be affecting the probability
of ESBL-EC through the broiler chicken production chain. The comparison of models makes it
easier to identify the practices and factors in the model that are having the largest relative effect
on the final outcome, regardless of the specific point estimate. Therefore, comparing the IAMs
that are informed by different data sources is useful, as it allows us to explore the relative change
in our outcome depending on what factors and probabilities are being propagated through the
model. The differences in estimates in NCPE each week suggests that we are likely missing
some important factors (risk or protective) that are impacting our final output values; there is a
need to address these knowledge and data gaps, as this may help provide more accurate and
informed estimates of human exposure to ESBL-EC through retail chicken. Another possible
explanation for the differences in the estimates of the number of Canadians potentially exposed
to ESBL-EC each week from retail chicken could be that the odds ratio describing the
relationship between production system and ESBL-EC is different in the Canadian context. The
odds ratio included in the model to describe this relationship was large (OR=24), which has
important implications on the probability of ESBL-EC that is propagated through the model, and
ultimately the estimate of the number of Canadians exposed at the end of the model. If we altered
the frequency of organic farms in Canada, this would also likely impact the overall estimates of
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Canadian exposure to ESBL-EC. A small proportion (~10%) of Canadian broiler chicken farms
are currently considered to be organic (Agnes Agunos, personal communication). If this
proportion increases, and the frequency of conventional broiler farms decreases, we could expect
fewer Canadians to be potentially exposed to ESBL-EC from retail chicken meat each week.
Furthermore, it is important to recognize that the quality of the studies included in our IAMs
were not assessed, and therefore the definition of an “organic” production system may differ
between the study population and the Canadian industry. This is an important consideration for
future iterations of the IAMs, because assessing the quality of the studies that produce the odds
ratios used in the models can help determine if the estimate yielded is appropriate for inclusion in
the models. Future IAMs should aim to assess the qualities of the studies included to determine
the similarities or differences between the study populations and the Canadian production
systems.
The IAM of ESBL-EC in swine included several management and biosecurity factors
(derived from two studies) that were included in the farm node (Table 3.1); Figure 3.2
demonstrates the structure and outputs of each point in the swine production chain. The earliest
point of the food chain at which we have prevalence data for ESBL-EC was the farm node; the
baseline probability included as a beta distribution to account for uncertainty, and the prevalence
on-farm was used. ESBL-EC prevalence data are needed for earlier stages of the swine
production chain, as we are currently using a baseline value for the starting point of the model
that is occurring at the same point as the literature-derived risk factors. Therefore, this may not
be an accurate representation of the prevalence of ESBL-EC coming onto the farm prior to factor
occurrence; these data could be obtained from sows or nursery piglets.
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Although 16 AMU and farm management factors were included as model inputs,
frequency data could only be obtained for cephalosporin use. In the absence of data, all other
factors were assumed to occur on 50% of the swine farms. Table 3.3 highlights the quantitative
inputs that were used for the IAM of ESBL-EC in swine. The baseline model indicated that
11,900 (range of 733-49,390) Canadians are potentially exposed to ESBL-EC from retail pork
each week. When the risk factor data for all factors were jointly included in the model, the
adjusted output from the retail node estimated 714,200 Canadians (range of 99,690-2.445
million) are potentially exposed to ESBL-EC from retail pork each week. Similar to the broiler
chicken model, we can incorporate CIPARS surveillance data of ESBL-EC in retail pork into the
model to obtain estimates of potentially contaminated servings that can be compared to our
baseline and literature-derived models. In 2017, the proportion of E. coli isolates from retail pork
that were confirmed to be ESBL-EC was 0.87% (Canadian Integrated Program for Antimicrobial
Resistance Surveillance, personal communication). If this is multiplied by the bacterial recovery
rate to produce the prevalence of portions of retail pork contaminated with ESBL-EC and by the
consumption rate, the model yields a result of 30,902 Canadians potentially exposed to ESBLEC from retail pork. This value once again falls between the estimate produced by the baseline
and literature-derived models; however, this value does not fall within the range produced by the
literature-derived model. This could indicate that some of the factors we are including are not
relevant in the Canadian context, and therefore the frequency of factor occurrence may need to
be adjusted (note for 15 factors we made the assumption of 50% factor occurrence).
Additionally, an earlier baseline measure may yield more accurate model results, as the
literature-derived model is likely producing higher estimates as a result of the baseline measure
taking place at the end of the farm node. Moreover, the factors may be relevant in the Canadian
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context, but the value (and uncertainty) of the odds ratios describing the relationships between
the factors and ESBL-EC may be different if Canadian swine populations were investigated. It is
also likely that we are missing factors that are associated with ESBL-EC in swine, highlighting
the need for future research and analysis in this area. As more risk and protective factor data
become available, the model can be used to explore potential interventions and mitigation points
in the system.
To summarize, the model outputs indicate that the potential human exposure to ESBL-EC
is higher from retail chicken compared to pork, and this result is consistent across the baseline,
literature-derived, and surveillance data models. This is likely a reflection of the higher recovery
rate of E. coli from retail chicken, as well as the more frequent consumption of retail chicken
reported by Canadians. Because more Canadians consume chicken compared to pork, and we are
more likely to isolate E. coli from retail chicken, it is not surprising that the likelihood of
exposure to ESBL-EC is higher from chicken. As Chapter 2 demonstrated, there are also
differences in the frequency of occurrence of ESBL-EC between retail chicken and pork. The
prevalence of ESBL-EC in samples collected from broiler chickens between 2012 and 2017 was
notably higher compared to the prevalence from retail pork. The higher prevalence of ESBL-EC
in chicken meat as well as the higher proportion of carcasses contaminated with E. coli at retail,
and the frequency at which Canadians eat chicken contributed to the higher number of Canadians
potentially exposed to ESBL-EC each week. These results highlight the utility of integrated
assessment modelling to determine the contribution of different food animal production
pathways to potential human exposure and possible reasons for the difference. Although the
point estimates of contaminated servings have a wide range of values associated with them, this
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type of model demonstrates the relative contributions of the different pathways, which can then
help inform future AMR mitigation efforts.
The IAM scenarios were developed with a small number of literature-derived odds ratios
describing the relationship between factors and ESBL-EC; however, this type of modelling is
still valuable for identifying and possibly prioritizing knowledge gaps that exist. A key finding
from this research is that there is a paucity of data on risk or protective factors associated with
ESBL-EC across the food production chain. Additionally, because there were so few factors
identified in this study, it is difficult to assess whether the factors included in the model are
representative of the primary drivers of ESBL-EC along the broiler chicken and swine
production pathways. There is, in contrast, a large volume of data on the prevalence of ESBLproducing organisms across different food-producing animals, different stages of the food chain,
and different geographic regions, but little information on risk or protective factors modifying
this prevalence. The lack of studies examining risk factors in animal populations is surprising, as
ESBL-producing organisms have been isolated from other food-producing animal species and
products, including cattle, and turkeys, additionally, some studies have suggested the existence
of shared reservoirs of ESBL genes, plasmids, and clones between animals and humans [14–17].
Thus, to better mitigate the potential impact of ESBL-producing organisms in humans and
animals, we need a more comprehensive understanding of the factors associated with the
occurrence of these pathogens and potential targets for interventions.
It is imperative to recognize that the IAMs are not predictive models. The purpose of the
IAMs developed as part of this study was to better understand the relative contributions of
different factors to the probability of ESBLs propagated through the food production chains. By
comparing the outputs of models driven by only baseline surveillance data, literature-derived risk
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factor data, and the output we would expect based on retail surveillance data for ESBL-EC, we
are able to see the relative contributions of factors that could be driving the probability of ESBLEC throughout the IAM. The outputs of the IAMs can therefore be used to assess the potential
effects of different practices or policies by providing estimates of how different factors may
influence the probability of ESBL-EC along the food production chains. Although the absolute
point values yielded by the model should be interpreted cautiously given the wide ranges
associated with them, and the underlying model assumptions, an integrated assessment
modelling approach provides researchers with a framework to explore the relative contributions
of different practices or interventions to human exposure to ESBL-EC through the food
production chain. Additionally, this type of model allows researchers to explore how
probabilities of ESBL-EC at different stages change, and identify the factors, practices, or
policies that may be driving the change. The ability to alter the factors that are included in the
model, as well as the frequency of factor occurrence, allows model users to assess the relative
impact that factors or practices have on the final exposure estimates. This can help policymakers
evaluate the potential impacts of interventions, policies, or practices on the number of Canadians
exposed to these bacteria, as the model can demonstrate which practices may have a larger
impact on exposure compared to other practices. Although the current IAM is built with many
assumptions and considerations, it provides a framework for understanding ESBL-EC along the
food production chain, and also informs decision-making based on the relative impacts of
different options (e.g., policies, practices, interventions) for addressing this issue.
ESBL-EC in humans
The literature search yielded 27 papers that matched our inclusion criteria and reported
data on factors associated with ESBL-EC in humans [33–59]. The factors were collated into six
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major categories, including demographic factors, AMU healthcare factors (which includes
hospitalization, catheters, treatments/procedures), lifestyle factors (e.g., residence in a nursing
home, drug or alcohol use), travel, and co-morbidities (Figure 3.3). Examples of the factors that
were included in each category can be found in Table 3.6. AMU and healthcare factors were the
most commonly reported categories; all articles included in this study returned data on these
factors. This is an expected finding, as AMU is established as one of the major drivers of
bacterial resistance in human medicine [60–62]. Additionally, individuals with severe illnesses
and longer durations of hospitalization are considered to be high-risk for contracting an ESBL
infection [63]. Most (n=25) of the studies were conducted in hospital settings, or in outpatients
with some exposure to hospitals or other healthcare settings and may not be representative of
overall human exposure. Study details can be found in Appendix A.1.2.
Furthermore, there was wide variation in the geographic location of the studies (Figure
3.4); most studies were from the United States (n=10), followed by France (n=6). Our search did
not return any Canadian studies examining associations between factors and ESBL-EC
colonization or infection in humans. As previously discussed, a lack of Canadian studies can
have significant implications on the relevance of models to the Canadian context. Despite our
attempt to identify relevant human factors by limiting the included studies to countries classified
as having a very high development index, there is the possibility that some of the factors may not
be relevant to Canadians populations, and therefore the relevancy of these factors needs to be
reviewed. To identify potential policy changes or areas to implement sustainable interventions to
reduce ESBL infections in humans, Canadian risk factor data are needed. Between 2007 and
2016, significant increases in the annual prevalence of ESBL-EC infections in patients receiving
care at Canadian hospitals were observed [64]; over this 10 year period, the annual proportion of
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ESBL-EC among all E. coli infections increased from 3% to 11%. This significant increase
underscores the need to understand the risk factors for ESBL-EC in Canadian hospital patients
and highlights an important area for future research efforts.
The majority of the human studies used a case-control design (n=17), followed by
prospective cohort study design (n=5). Most studies (n=25) used patients infected with nonESBL-producing Enterobacteriaceae as the control group, but some studies used uninfected
patients as controls or were unclear as to control group classification. Differences in control
groups limits the comparability of data from different studies, as the associations between factors
and resistant bacteria can strengthen or disappear depending on the control group selected
[65,66]. For example, control group selection has been found to have important implications for
the evaluation of risk factors for ESBL-producing Klebsiella pneumoniae infections [66]. The
magnitude of the measure of association for the risk factors observed when the control group
included non-ESBL-producing K. pneumoniae patients was smaller in comparison to the
magnitude observed when using non-infected patients as controls [66]. For the purposes of future
modelling and data synthesis studies, authors should consider standardizing the control groups
used when assessing ESBL-producing bacteria as the outcome of interest. Alternatively, authors
could select multiple control groups to evaluate how the selection of these groups may impact
the magnitude of associations between risk/protective factors and ESBL-producing bacteria.
Most importantly, authors should ensure that their control groups are clearly described to ensure
that data across studies are compared appropriately.
The current IAM endpoint is potential human exposure to ESBL-EC from retail chicken
or pork. Factors that were outside of the food production chain were not included in our models,
as the data that would be required to quantify the contributions of the transmission pathways of
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ESBLs in humans are not presently available. Although the odds ratios describing the
relationships between factors and ESBL-EC in humans would be provided in the papers included
in the study, other data would be needed as model inputs to produce an adjusted estimate of
exposure to ESBL-EC from these other pathways. There is a wide variety of risk and protective
factors for ESBL-producing Enterobacteriaceae in humans identified in the literature; to
incorporate these factors into a mathematical model and attempt to characterize the contributions
of each category, certain pieces of information are needed (Table 3.7). These inputs would
modify the outputs (the probability of ESBL-producing bacteria) at each of the nodes (specific
factors) to obtain an overall estimate of human exposure to ESBL-producing bacteria from each
of the different sources, allowing for the relative comparison of how each contributes. Examples
of required data are presented in Table 3.7; such data would be analogous to the data/structure
we have included in the food production pathway model.
To summarize, the non-food chain factors and the accompanying measures of association
should be included in future studies of this type to establish a comprehensive understanding of
the contributions of different transmission pathways to ESBL-producing Enterobacteriaceae in
humans. Characterizing the contributions of different risk factors and pathways of transmission
of ESBL-producing bacteria can help identify priority areas for research, surveillance and
mitigation efforts, and highlight areas where effective interventions can be implemented.
Next Steps
In addition to including factors contributing to human exposure that are outside of the
food production chain, the next iterations of the IAMs should also include whole genome
sequencing information that could further improve understanding of the different routes of
transmission of ESBL-producing bacteria. The current IAM includes only phenotypic data on
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ESBL-EC but the integration of genomic data may help to establish the transmission dynamics of
these bacteria and help to further characterize the contributions of different pathways to human
ESBL infections. Whole genome sequencing can provide insight into different transmission
routes and the complex epidemiology of ESBL-producing Enterobacteriaceae, including
molecular relatedness of isolates collected from different animal and bacterial species, and
geographic locations [67]. For example, if we observe different ESBL-encoding genes or mobile
elements in human populations compared to those in retail meats, then we can mathematically
adjust the contribution of the food chain pathway accordingly. In contrast, if the majority of
ESBL-encoding genes present in ESBL-EC infections in Canadians are very similar to the genes
circulating in other countries, we may consider adjusting the relative importance of travel as a
risk factor. Overall, sequence data will allow us to account for genetic diversity and relatedness
in our modelling approaches and can help us better understand the relative contributions of the
different factors driving the emergence of ESBL-producing bacteria, which can then help
identify potential policy implications and target areas to implement interventions.
Considerations & Limitations
One of the major limitations of this study is that the robustness and comprehensiveness of
the model is limited by the paucity of input data. However, our results helped to identify
important knowledge gaps that can be used to prioritize future research efforts. Our literature
search returned very few studies examining factors associated with ESBL-EC in food-producing
animals. As a result, the IAM scenarios we developed are sparsely populated, and only contain
factors associated with ESBL-EC in broiler chickens and pigs identified at the farm level.
Additionally, the quality of the studies included in the IAMs was not evaluated. We must
therefore be cautious when interpreting the model outputs; more investigation into risk and
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protective factors for ESBL-EC along the food chain will help address some of the gaps in our
model. Furthermore, our model currently assumes that all factors are independent. This may not
be the case, and future models incorporating potential confounding effects and interactions terms
should be explored. Canadian surveillance data (such as those collected by CIPARS) can help to
inform future iterations of these models; risk and protective factors for ESBL-producing bacteria
may be identified through future analysis of farm questionnaires that collect information on
various farm management and biosecurity practices. Although the models thus far have
incorporated factor data from only peer-reviewed literature, surveillance data and other grey
literature sources may provide additional results that can be used to identify risk or protective
factors along the food chain.
An important consideration in future iterations of the model is the appropriate distribution
to use to reflect the uncertainty around point estimates included in the model, such as the
baseline probability of ESBL-EC or the E. coli retail recovery rate. Currently, beta distributions
are being used to model this uncertainty, but this distribution is overestimating the baseline
probability of ESBL-EC, and this overestimation appears to be more significant when the
baseline probability is very low. For example, the baseline probability of ESBL-EC in swine
generated when using the beta distribution (0.003458, range of 0.0002136 to 0.01522) was much
higher than the point estimate obtained from CIPARS used to generate the beta distribution
0.002, Table 3.5). It therefore may be necessary to explore other types of distributions when
attempting to model an input value, such as the prevalence of ESBL-EC in swine, that is rare.
Another important consideration is the interpretation of the outputs of the various scenarios
describing ESBL-EC in the broiler chicken and swine production pathways. The model output is
currently interpreted as the total number of Canadians that are potentially exposed to ESBL-EC
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from retail chicken or pork each week, and this estimate is obtained using the probabilities
propagated throughout the key nodes of the model, as well as the frequency of recovery in retail
meat, and the consumption data from the Foodbook Report. The consumption data indicate the
proportion of Foodbook respondents that reported consuming any chicken product in the past 7
days. It is unknown whether these individuals consumed chicken once or many times throughout
the 7-day period, and this could impact our final estimate of the total number of Canadians
potentially exposed.
There were no Canadian studies reporting data on factors associated with ESBL-EC in
either food-producing animals or humans. This is an important gap in the literature. To develop a
model that is most reflective of the Canadian chicken and pork industries, studies that identify
risk and protective factors relevant in these contexts are needed. Future human models should
also attempt to incorporate Canadian risk factor data, in order to better characterize the
transmission pathways and contributors to human ESBL infections.

Conclusions
This exploratory work used an IAM framework to explore the effects of different factors
on altering the prevalence of ESBL-EC at key nodes of the broiler chicken and swine production
chains. The quantitative outputs of these models suggest that Canadians are more likely to be
exposed to foodborne ESBLs from the consumption of retail chicken compared to pork.
Although these models were based on very few data sources, and are likely missing some
important risk and protective factors that would ultimately influence our final estimates, this
research highlights the utility of this approach to identify factors influencing resistance along the
food chain, explore the relative contributions of different food-producing species to human
infections, and highlight key knowledge gaps. Very few studies examining associations between
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risk factors and ESBL-EC in food-producing animals were identified. This finding highlights a
major gap in our knowledge of the issue, as ESBLs are highly mobile and can move between and
within populations and hosts. As a result, it is imperative to understand transmission dynamics
and identify points along the food chain where interventions can be put in place to reduce human
exposure to ESBL-producing bacteria from food sources. There are several potential
transmission pathways for human exposure to ESBL-producing bacteria, and it is important to
explore these to identify knowledge and research gaps, prioritize mitigation efforts, and identify
potential targets for interventions.
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Table 3.1: Factor data (odds ratios) identified from peer-reviewed literature and used in the integrated
assessment model of extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli (E. coli) in broiler
chicken and swine.
Factor

Odds Ratio
(95%
Confidence
Interval)

Standard
Error

Reference

24.2 (1.3443.3)

4.4

[28]

No use of
cephalosporins

12.6 (1.1144.4)

3.5

[29]

No consumption of 3rd
and 4th generation
cephalosporins

5.6 (2.811.8)

1.4

[30]

Goats are not present
on the farm

15.1 (0.8271.8)

4.4

[29]

Hygiene lock is the
only entrance

Hygiene lock is not the
only entrance

0.21 (0.041.0)

2.3

[29]

Farrow-to-finish

Farrowing

2.9

[29]

Public, from tap

Private source

2.6

[29]

Drivers do not enter
the clean road
Dogs can enter the
shed

Drivers do enter the
clean road
Dogs cannot enter the
shed

3.1 (0.425.4)
0.12 (0.020.87)
0.23 (0.051.18)
5.0 (0.928.7)

2.2

[29]

2.4

[29]

Manure stays <6
months

Manure stays >6
months

0.21 (0.031.46)

2.7

[29]

Pest control handled
by professional
organization

Pest control not
handled by
professional
organization

0.12 (0.020.75)

2.5

[29]

Yes

No

2.5 (0.6-9.5)

2.0

[29]

Cubicle

Groups

3.3 (0.619.1)

3.3

[29]

Sick and cripple
animals are taken
care of in their own
section

Sick and cripple
animals are not taken
care of in their own
section

4.7 (1.023.5)

2.2

[29]

Exposure

Referent
Broiler Chicken

Production
system

Conventional
production system

Organic production
system
Swine

Cephalosporin
Use (any)
Cephalosporin
use (3rd and 4th
generation)
Presence of
goats on farm
Use of a
hygiene lock
for biosecurity
Type of swine
production
Source of water
for animals
Drivers’ entry
to the farm
Dogs entry to
the shed
Frequency of
removal of
manure in the
summer
Handling of
pest control
Fosters sows
can have pigs
from more than
one litter
Housing of
gestating sows
Isolation of
sick animals

Use of
cephalosporins at
any sampling
moment
High consumption
of 3rd and 4th
generation
cephalosporins
Goats are present on
the farm
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Factor
Use of gloves
when treating
piglets
Tooth clipping
in piglets
Proportion of
group
treatments

Exposure

Referent

Odds Ratio
(95%
Confidence
Interval)

Gloves always used
when treating piglets

Gloves not always
used when treating
piglets

3.0 (0.615.9)

2.3

[29]

Yes

No

5.1 (0.9-29)

2.4

[29]

Above 0.5

Below 0.5

4.0 (0.819.2)

2.2

[29]

Standard
Error

Reference
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Table 3.2: Quantitative inputs for the integrated assessment model of extended-spectrum beta-lactamase
(ESBL)-producing Escherichia coli (E. coli) in broiler chicken along the food chain.

Input

Baseline probability of
ESBL-producing E. coli

Frequency of factor
occurrence

Description

The probability of ESBLproducing E. coli in chicken
upon placement at farm

The estimated proportion of
Canadian broiler farms that
are considered to be
conventional (as opposed to
organic)
The recovery rate of E. coli
in Canadian retail chicken
meat collected by CIPARS

Retail recovery values

Consumption rate of
chicken
Canadian population

The percentage of Canadians
that reported consuming
chicken products in the past
7 days
The total population of
Canada in 2016

Value (Number of
ESBL-EC
Isolates/Number of E.
coli isolates tested)

Source

5.5% (13/237)

Canadian
Integrated
Program for
Antimicrobial
Resistance
Surveillance,
personal
communication,
January 2020

90%

Agnes Agunos,
personal
communication,
January 2020

90% (293/325)

Canadian
Integrated
Program for
Antimicrobial
Resistance
Surveillance,
personal
communication,
January 2020

85.6%

Foodbook
Report (2015)

35.1 million

Statistics
Canada (2017)
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Table 3.3: Quantitative inputs for the integrated assessment model of extended-spectrum beta-lactamase
(ESBL)-producing Escherichia coli (E. coli) in swine.

Input

Baseline probability of
ESBL-producing E. coli

Frequency of factor
occurrence

Retail recovery values

Consumption rate of
pork
Canadian population

Description
The probability of
ESBL-producing E.
coli in pigs on farm
(Number of ESBLEC Isolates/Number
of E. coli isolates
tested)
The estimated
proportion of
Canadian broiler
farms that use
extended-spectrum
cephalosporins
(ceftiofur) on farm.
Due to absence of
data, all other factor
occurrence was
assumed to be 50%.
The recovery rate of
E. coli in Canadian
retail pork collected
by CIPARS (Number
of ESBL-EC
Isolates/Number of
E. coli isolates
tested)
The percentage of
Canadians that
reported consuming
pork products in the
past 7 days
The total population
of Canada in 2016

Value

0.2% (1/483)

Source
Canadian Integrated
Program for
Antimicrobial
Resistance
Surveillance, personal
communication,
January 2020

9% (7/82 herds)

Canadian Integrated
Program for
Antimicrobial
Resistance
Surveillance, personal
communication,
January 2020

18% (115/647)

Canadian Integrated
Program for
Antimicrobial
Resistance
Surveillance, personal
communication,
January 2020

55.1%

Foodbook Report
(2015)

35.1 million

Statistics Canada
(2017)
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Table 3.4: Quantitative outputs at each stage of the food chain from the integrated assessment model of
extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli (E. coli) in broiler chickens. The
baseline model refers to the model without the literature-derived odds ratio factor data.

Baseline
Probability
of ESBLE. coli

Probability of
ESBL-E. coli
at Farm
(Minimum
ValueMaximum
Value)

Probability
of ESBL-E.
coli at
Abattoir
(Minimum
ValueMaximum
Value)

Probability
of ESBL-E.
coli at Retail
(Minimum
ValueMaximum
Value)

Number of
Consumption
Events
(Consumption
Rate x
Canadian
Population)

Proportion of
ESBL
Contaminated
Portions
(Recovery rate
x Probability
at retail)

Number of
Canadians
Exposed
per 7 Days
(Minimum
ValueMaximum
Value)

0.05161

1.596
million
(753,000 2.814
million)

Baseline Model
0.055

0.05735
(0.026560.1043)

0.05735
(0.026560.1043)

0.05735
(0.026560.1043)

0.856

Model with Literature-Derived Odds Ratio Factor Data
0.055

0.5417
(0.02893 –
0.8919)

0.5417
(0.02893 –
0.8919)

0.5417
(0.02893 –
0.8919)

30.95 million

0.4875

15.09
million
(800,300 25.05
million)
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Table 3.5: Quantitative outputs at each stage of the food chain from the integrated assessment model of
extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli (E. coli) in swine. The baseline model
refers to the model without the literature-derived odds ratio factor data.

Baseline
Probability
of ESBL-E.
coli

Probability
of ESBL-E.
coli at Farm
(Minimum
ValueMaximum
Value)

0.002

0.003458
(0.00021360.01522)

0.002

0.2009
(0.02662 –
0.6332)

Probability
of ESBL-E.
coli at
Abattoir
(Minimum
ValueMaximum
Value)

Probability
of ESBL-E.
coli at Retail
(Minimum
ValueMaximum
Value)

Number of
Consumption
Events
(Consumption
Rate x
Canadian
Population)

Proportion of
ESBL
Contaminated
Portions
(Recovery rate
x Probability
at retail)

Baseline Model
0.003458
0.003458
(0.0002136(0.00021360.551
0.0006169
0.01522)
0.01522)
Model with Literature-Derived Risk Factor Data
0.2009
(0.02662 –
0.6332)

0.2009
(0.02662 –
0.6332)

19.92 million

0.03585

Number of
Canadians
Exposed
per 7 Days
(Minimum
ValueMaximum
Value)
11,900 (733
– 49,390)
714,200
(99,690 –
2.445
million)
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Table 3.6: The categories of factors examined for association with extended-spectrum beta-lactamase (ESBL)producing Escherichia coli (E. coli) in humans. Detailed descriptions of qualitative characteristics of each
article included in this Chapter can be found in Appendix A.1.2.

Category
Demographic Factors
Antimicrobial Use

Healthcare Factors

Lifestyle Factors

Travel

Examples of Factors Included
Age
Gender
Ethnicity
Any antimicrobials
Broad-spectrum beta-lactamase use
Cephalosporin use
• 1st generation, 2nd generation, 3rd generation, 4th generation
Fluoroquinolone use
• Ciprofloxacin use
Quinolone use
Glycopeptide use
Aminoglycoside use
Penicillin use
• Ampicillin, amoxicillin, aminopenicillin
Carbapenem use
Macrolide use
Trimethoprim-sulfamethoxazole use
Vancomycin use
Sulfonamide use
Tetracycline use
Metronidazole use
Rifampicin use
Catheters (urinary, venous)
Recent hospitalization
Intensive care unit (ICU) stay
ESBL-positive prior room occupant
Treatments/procedures
• Invasive procedures, recent surgery, hemodialysis, use of
immunosuppressive agents, recent operation, mechanical
ventilation, chemotherapy, use of acid suppressors, use of
sucralfate, use of steroids, use of feeding tubes
Transfer between hospitals
Patient residence
• Nursing facility, long-term care residence
Tobacco use
Alcohol use
Intravenous drug use
Animal contact
African/Mediterranean region
America (North and South)
Asia/Oceania
Western/Northern Europe
Africa, north of equator
Indian subcontinent
Type of journey (visit to relatives or friends, business, tourist, backpacker)
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Category
Co-morbidities

Examples of Factors Included
Tumour in the last 5 years, congestive heart failure, connective tissue
disease, chronic obstructive lung disease, cerebrovascular accident,
dementia, diabetes mellitus, hemiplegia, human immunodeficiency virus,
leukemia, low albumin, lymphoma, metastatic solid tumour, moderate to
severe liver disease, myocardial infarction, neutropenia, peptic ulcer
disease, peripheral vascular disease, renal disease, urinary tract infection
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Table 3.7: Examples of the data required to assess the contributions of different risk and protective factors on
the emergence of extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli (E. coli) in humans.
Category
Antimicrobial
use

Example Factor
3rd generation
cephalosporin use

Question
How many ESBLproducing E. coli
infections in Canadians
are a result of being
treated with 3rd
generation
cephalosporins?

Travel

Travel to Southeast
Asia

How many ESBLproducing E. coli
infections in Canadians
are a result of travel to
Southeast Asia?

Healthcare
factors

Hospitalization in
the past year

How many ESBLproducing E. coli
infections in Canadians
are a result of being
hospitalized in the past
year?

Data Required
• The number of Canadians that were
treated with 3rd generation
cephalosporins
• The number of Canadians who were
treated with 3rd generation
cephalosporins have a non-enteric E.
coli infection
• The number of Canadians who were
treated with 3rd generation
cephalosporins have an ESBLproducing E. coli infection
• The number of Canadians that travel
to Southeast Asia
• The number of Canadians who travel
to Southeast Asia and have a nonenteric E. coli infection
• The number of Canadians that have
an ESBL-producing E. coli infection
• The number of Canadians that have
been hospitalized in the past year
• The number of Canadians who were
hospitalized have a non-enteric E.
coli infection
• The number of Canadians who were
hospitalized and have an ESBLproducing E. coli infection
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15.09M

Figure 3.1. The structure and quantitative outputs of the integrated assessment model of ESBL-producing E. coli along the
broiler chicken production chain.
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Figure 3.2. The structure and quantitative outputs of the integrated assessment model of ESBL-producing E. coli along the
swine production chain.
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ESBL-producing
Enterobacteriaceae
from the food chain

ESBL-producing
Enterobacteriaceae
in humans

Demographic
Factors
Antimicrobial
Use

Hospitalization

Healthcare
Factors

Catheter Use

Lifestyle Factors

Treatments
and/or
Procedures

Travel

Co-morbidities

Figure 3.3. A conceptual map of the categories of factors associated with ESBL-producing
Enterobacteriaceae in humans.
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Figure 3.4. The geographic locations of studies returned from our literature search of
factors associated with ESBL-producing Enterobacteriaceae in humans. The sizes of the
bubbles are proportional to the number of studies that were included from each geographic
location.
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Chapter 4: A social network analysis of the potential drivers of
antimicrobial resistance in the Canadian food system
Abstract
Antimicrobial resistance (AMR) is a global public health issue that is impacting human and
veterinary medicine. AMR is also a complex issue that is affected by diverse drivers ranging
across human and veterinary healthcare, plant and animal production, and the environment. To
effectively address AMR and develop sustainable interventions, an understanding of the various
drivers of AMR is needed. The objectives of this study were to characterize the relationships
between potential drivers of foodborne AMR in Canada, and to identify key leverage points in
the system that can be used to prioritize interventions and determine where and how they should
be implemented. We used social network analysis (SNA) to analyze a previously developed
system map of the wide range of factors related to antimicrobial use (AMU) and AMR in the
Canadian food chain, and to further characterize the relationships between these factors.
Although SNA methods have previously been used in the study of infectious diseases, this
research represents a novel application of SNA to characterize relationships between factors in
an infectious disease system (i.e., foodborne AMR), rather than between individuals or
organizations. The SNA metrics investigated included indegree and outdegree centrality (i.e., the
number of incoming or outgoing connections a factor has), eigenvector centrality (a measure of a
factor’s importance based on the importance of its neighbors) and betweenness centrality (i.e.,
the number of times a factor is on the shortest path between two other factors). AMU in
production animals and aquaculture had the highest number of incoming connections, indicating
that use practices are influenced by several other factors related to foodborne AMR in Canada,
such as animal density and demand for specific production practices. If changes in AMU
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practices are going to be sustainable and effective, it is important to consider the impact of these
other factors in the system. Consumer choice and demand had the highest outdegree and
betweenness scores, highlighting the considerable influence of consumers on different parts of
the AMR system. The high outdegree score suggests that consumers have a strong influence on
the overall system, and ultimately the choices they make may play an important role in the
reduction or persistence of AMR in the Canadian food system.

Introduction
Antimicrobial resistance (AMR) is a significant threat to human and animal health
globally, as it jeopardizes our ability to treat and prevent infections caused by bacteria, viruses,
parasites, and fungi (1,2). Resistant infections can result in significant social and economic costs,
including productivity losses and increased burden on healthcare systems (1,3). For example,
patients with resistant infections may require more expensive therapy as a result of initial
treatment regimen failure (4). In the United States, hospitals spend an average of $10,000 to
$40,000 USD more per patient to treat a multidrug-resistant infection compared to a susceptible
infection (4). In Canada, AMR costs the Canadian healthcare system approximately $1.4 billion
CAD per year, and this is expected to increase to $7.6 billion CAD per year by 2050 (5). It is
also important to consider the loss of economic outputs and productivity as a result of increased
illness, which are challenging to estimate (3). Canadian estimates suggest that AMR decreases
the Canadian gross domestic product by $2 billion CAD annually, affecting industries such as
recreation, transportation, manufacturing, and public service (5).
The emergence and dissemination of resistant microorganisms and resistance genes is
complex and incompletely understood, but the food chain is believed to play an important role
(2,4). In Canadian food production, medically-important antimicrobials are used for the
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treatment and prevention of disease (4). Antimicrobial use (AMU) across all sectors (e.g.,
humans, animals, plant production) is a recognized contributor to the emergence of AMR (2,6);
however, the association between AMU in food-producing animals and resistant infections in
humans is often debated (2,7,8). Resistant microorganisms can be transmitted from foodproducing animals to humans through direct contact, the environment, or consumption of
contaminated food (8). The association between AMU in food-producing animals and the
emergence of resistant foodborne bacteria has been demonstrated in several studies of different
animal species such as broiler chickens, weaner and finisher pigs, and beef cattle (8–11).
AMR is a multifaceted, complex issue that is affected by diverse factors such as
economics, the environment, agricultural production, and human behaviour (1). The use of
antimicrobials in human medicine, veterinary medicine, and plant and animal production is
believed to be the primary driver of AMR; however, there are several other factors associated
with AMR emergence and transmission. Healthcare factors, including invasive medical
procedures, prior hospitalizations, and patient clinical history (e.g., co-morbidities, such as
diabetes) are recognized risk factors for AMR in human populations (13). In food-producing
animals, associations between bacterial resistance and various management systems (e.g.,
organic vs. conventional) and biosecurity practices have been demonstrated (14–16). The
transmission of AMR can occur across sectors and geographic boundaries, and is impacted by
factors such as international travel and migration, variation in infection control and sanitation
practices, environmental contamination, and vaccination (17).
With the potential implications of AMR spanning human and veterinary medicine, plant
and animal production, the environment, and the economy, to effectively address the issue, a
holistic, One Health approach involving multiple sectors and aspects of AMR is needed (1,2,6).
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Stakeholders from multiple sectors need to be engaged in the efforts to address AMR to develop
effective and sustainable interventions. Systems thinking has emerged as an approach to
addressing issues that are multi-disciplinary and include diverse agents that are interconnected
(18,19). The potential for systems thinking to address infectious diseases and other health issues
is significant, because transmission is often a dynamic process involving many factors, such as
pathogen and microbial mutation, socioeconomic and behavioural factors, and environmental
factors (20). This approach takes into account the many actors at different levels, institutions,
and organizations, and the dynamic interactions between them (21). As a result of the complexity
and interconnectedness of the sectors involved in AMR, a systems thinking approach may be the
most effective in terms of identifying potential mitigation strategies and consequences of policy
changes (21–23).
Social network analysis (SNA) is a systems thinking method used to characterize the
relationships between objects in a system (24,25). Traditionally used in the social sciences, SNA
can help describe the interactions, connections, or relationships between a group of elements
(typically individuals within groups) and to understand the collective behaviour of a group (26).
These methods can highlight relationships and quantify interactions in complex systems, and
therefore improve our understanding of multifaceted issues (27). SNA is therefore an appropriate
method for studying complex issues encompassing interactions between many agents (19,28). In
recent years, SNA has been applied to study the transmission of infectious animal diseases
(29,30); however, to the best of our knowledge, this method has not been applied to the study of
AMR. Using a previously-developed visualization of AMR as a complex adaptive system, we
examined the interactions and dynamics between factors across different sectors and categories
using SNA. Our objectives were to characterize the relationships between the various drivers of
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foodborne AMR in Canada, and to identify key leverage points in the system that can help
prioritize areas for developing and implementing sustainable interventions to address the issue of
AMR in the Canadian food chain.

Methods
System Map
This study used a previously published map depicting the system of biological and social
factors underlying foodborne AMR in the Canadian context (31). This map was drafted by
researchers experienced in public health and veterinary medicine, and then refined and finalized
using a participatory group model building process involving actors with diverse perspectives
(31).
Data Management & Analysis
The map described above was re-created using the interactive online software Kumu
(32). The drivers of AMR identified from the group model building process were grouped by the
research team into six categories: economic factors, agricultural factors, environmental factors,
individual-level factors, societal-level factors, or research and innovation factors, with some
drivers falling into more than one of these categories (Figure 4.1). The drivers and their
interconnections were transferred into an edge list (a two-column list of the nodes connected in a
network), managed in Microsoft Excel version 16.26. All data analysis was conducted using the
igraph package (33) in R version 3.6.0 (34) which allows the visualization and generation of
SNA metrics.
Social Network Analysis (SNA)
A directed, one-mode network (a network in which all nodes are the same type) was
generated based on the foodborne AMR systems map. In this network, a node was defined as any
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factor that was part of the foodborne AMR system map for Canada, and an edge was a
connection (with an associated direction) between these factors. The following network-level
SNA measures (calculated based on the entire network and indicative of the network structure)
were calculated: network size, density, average path length, and diameter of the network (35,
36). Network size is the number of nodes and edges in the network. Density is the proportion of
possible connections that are actually present in the network, and represents the connectedness of
a network (35). The average path length is the average of the distances between all nodes in the
network (35). The diameter of the network is the largest distance between any two nodes in the
graph; this indicates how compact a network is (35).
We calculated the following node-level measures of interest for all nodes in the systems
map: indegree, outdegree, betweenness, and eigenvector centrality. Indegree centrality is the
number of incoming edges that any single node has; in contrast, outdegree centrality is the
number of outgoing edges that any single node has (35,37). Thus, indegree centrality measures
the number of factors directly influencing a given factor; outdegree centrality measures the
number of factors directly influenced by a given factor in the system. Eigenvector centrality is an
extension of degree centrality, but rather than examining only the number of adjacent edges, this
measure looks at the centrality of the nodes that any single node is connected to (35). Nodes with
high eigenvector centrality are influential in the network, as they connect to other nodes that are
central and well connected. Betweenness centrality is defined as the number of times that a
single node lies on the shortest path between two other nodes (35). A node with a high
betweenness value can act as a bridge or gate-keeper that connects many different parts of a
network, but could also act as a bottleneck and prevent information or policy changes from
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reaching other nodes (35, 36). In the context of foodborne AMR, a factor with a high
betweenness value may alter the impact and effectiveness of interventions or policy changes.

Results
Network description and network-level measures
The directed network of the drivers of foodborne AMR contained 104 nodes and 232
edges. The network was connected, indicating that any node in the network could be reached by
any other node in the network, if directionality is ignored. Of the 104 nodes, 28% were classified
as individual-level factors, 22% were classified as agricultural factors, 15% were classified as
economic factors, and 12% of factors were classified as either environmental or societal-level
factors, or as a factor related to research, innovation, and access to antimicrobials (Table 4.1).
The remaining 23% of factors fell into more than one category of classification, with the most
common multi-category classification being agricultural and economic factors. The network
density was 0.0217 indicating that only 2.2% of all possible connections between nodes are
present in the systems map. The average path length between nodes for the directed network was
5.165 nodes, and the network diameter was 15 nodes, meaning that the largest distance between
any two nodes in the graph was 15 nodes and that the network was less compact and not tightly
connected.
Node-level measures
The node-level measures calculated from the directed network are listed in Table 4.2. The
median indegree of the nodes in the network was 2 (range 0-12), and the factor with the highest
indegree score was ‘on-farm antimicrobial use in production animals and aquaculture’ (Table
4.3). The median outdegree of the nodes was 2 (range of 0-7), and the factor with the highest
outdegree score was ‘consumer choice and demand’. Similarly, consumer choice and demand
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was the factor with the highest betweenness score; the median betweenness score of the nodes in
the network was 74, and the scores ranged from 0 to 1722. The ranking of consumer choice
based on these metrics may indicate that this is an important factor to consider in terms of the
potential impacts of interventions and may determine the success of an intervention. Finally, the
median eigenvector value was 0.0110, with a range of scores between 0 and 0.401. In contrast to
the degree centrality measures, ‘number of resistant human infections’ yielded the highest
eigenvector value. This means that the number of resistant infections in humans is connected to
factors that are also very central and influential in the system.
Overall, nodes that were categorized as individual, agricultural, and societal-level factors
had the highest mean degree scores (Table 4.3); this means that these nodes are the most
connected compared to other categories. Factors falling into these categories include demand for
antimicrobials, demand for alternatives to antimicrobials, and demand for specific production
practices. The high mean degree score suggests that these factors may represent important
intervention targets. When looking more closely at the metrics, nodes that were categorized as
individual, agricultural, and societal-level factors also had the highest mean indegree scores,
indicating that these factors have the highest mean number of incoming connections. In terms of
outgoing connections to nodes in the system, societal level factors had the highest mean
outdegree score. Factors in this category include institutional food procurement practices (e.g.,
hospitals, schools, retail food industry) and food marketing.

Discussion
This study used SNA to explore relationships between potential drivers of foodborne
AMR in Canada and identified on-farm AMU and consumer choice and demand as influential
factors in the AMR system. SNA is a well-established set of methods typically used to look at
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interactions between people and organizations, however our use of SNA to characterize the
AMR system was a novel application. The identified AMR factors were broad and represented
many different thematic areas, including agricultural factors, environmental factors, economic
factors, individual-level factors, societal-level factors, and factors related to research, innovation,
and access to antimicrobials.
The SNA findings in this study highlight the importance of certain factors in the
foodborne AMR system. Perhaps not surprisingly, on-farm AMU in both production animals and
aquaculture was the factor with the highest indegree score, as it had the highest number of
incoming connections from other factors in the systems map. In other studies using SNA across
different disciplines, indegree centrality has been interpreted in several different ways; for
example, the node with the highest indegree may indicate the most susceptible uninfected human
or animal in terms of infectious disease transmission (38) or the node with the most prestige or
highest status (39,40). Generally, nodes with high indegree values are said to be prominent and
play important roles in their respective networks (35). Our analyses support the findings from
many other studies that on-farm AMU is an important factor in the system (2,41,42). However,
our analyses also suggest that changing use practices alone may not be sufficient to fully address
the issue of AMR, as AMU was influenced by several other nodes in the system, such as farm
biosecurity and management (hygiene) practices, housing type and farm design, and animal
density. Previous research also highlighted the need to consider factors other than AMU, such as
governmental, societal, and economic factors, to explain the varying levels of resistant bacteria
in different settings (6,43,44). Although AMU practices are undoubtedly an important aspect of
AMR, it may be necessary to investigate the impact of factors that are upstream of the farm, or
factors that could influence on-farm practices, to reduce AMR.
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Consumer choice and demand was the factor with the greatest potential influence on
other drivers of foodborne AMR in the Canadian context, connecting different sectors in the
Canadian AMR system. This result highlights an interesting potential target for AMR
interventions, as the analyses indicate that the food choices of Canadians could potentially drive
change in the Canadian AMR system. The influence of consumer choice and demand for certain
products is already clear in the fast food sector; many fast food chains have begun to source meat
from production animals raised without antimicrobials that are important for human medicine as
a result of consumer pressure (45). If consumer preference relates to factors in the system, such
as AMU on farms or animal welfare, this could provide incentives for industry to reduce
unnecessary AMU in food-producing animals and thereby potentially decrease selective pressure
favouring the further emergence of foodborne AMR in Canada. However, consumer demand
could also create challenges for producers relying on the use of antimicrobials to treat sick
animals. It is important that sick animals in need of antimicrobial therapy are not denied proper
treatment. Therefore, care is needed to balance consumer demand for restrictions on AMU,
producer response by reduction in AMU, and the need to ensure that appropriate AMU for
treatment of individual sick animals. Previous studies have shown that AMU in production
animals is viewed negatively by consumers, and meat raised without the use of antimicrobials is
generally preferred for various reasons. There may be a need to demonstrate to consumers that
antimicrobials, under some circumstances, are essential medicines for food-producing animals,
and while it makes sense to use their purchasing power to encourage producers to reduce
unnecessary AMU (e.g., for growth promotion, routine administration to healthy animals for
disease prevention), it is not ethical to encourage the denial of effective treatment of sick
animals. Furthermore, individuals with a negative attitude towards AMU in animal husbandry
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are more likely to purchase antimicrobial-free meat, and persuade others to do the same (50). As
changing animal production and husbandry practices are often associated with consumer
pressures and demand (51), consumer preferences could have implications for the foodborne
AMR system in Canada.
Effective communication and messaging can influence consumer knowledge, shape their
attitudes towards food choices and behaviour, and influence their decision-making (52,53).
Consumers are often provided with conflicting information about food safety, resulting in
uncertainty that can negatively impact public health and the food chain (54). Therefore, when
targeting this node and attempting to influence consumer preferences, we need to disseminate
clear and specific messaging by credible sources to ensure that consumers are making wellinformed decisions regarding their food choices.
It is challenging to predict the outcomes of changing consumer preferences; consumer
choice yielded the highest outdegree value, which means that change at this particular node
could have downstream consequences and influence several other nodes in the system. These
changes could be positive or negative, intended or unintended, and could therefore contribute to
either the reduction or persistence of AMR in the Canadian food system. For example, one of the
outgoing connections to consumer demand is institutional food procurement practices; some
examples of these institutions include schools, hospitals, and the retail food industry. To respond
to changing consumer preferences, institutions may need to re-assess their food procurement and
business practices to ensure they conform to consumer values, particularly in the retail food
industry. If food companies fail to modify their business practices to satisfy the demands of
consumers, they could suffer from serious economic implications. Although these analyses
identify consumers as important influencers on the AMR system, consumer choice and demand
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should not be the primary driver of change among industry and government to address AMR. It
is important for consumers to recognize that their purchasing practices can have far-reaching
implications, and it is likely that consumer preferences and demand will determine the success of
interventions that are implemented to reduce AMR. However, other sectors in the AMR system
are still responsible for developing interventions and changing their own practices to address the
issue, regardless of whether consumers are demanding these changes. The need to reduce the
emergence and persistence of AMR is not only a consumer responsibility, but a responsibility
that lies with all relevant sectors and stakeholders.
AMR is an extremely complex issue that is the result of several biological, economic,
behavioural, social, and environmental drivers; as a result of the complexity of the issue, a single
policy solution does not exist (21,55,56). Engaging all relevant sectors, including public health,
human and veterinary medicine, food production and safety, environmental health and
protection, consumers, and non-traditional organizations and institutions is critical to identifying
effective, sustainable interventions (2,6,55,57). The interconnected nature of AMR makes it
challenging to predict the impacts of policy interventions or changes in any given sector, as the
implementation of interventions in one area can have unintended or unexpected consequences in
another area (21,56). Identifying potential solutions to complex public health issues can benefit
from systems thinking, as the integration of knowledge from different stakeholders in a system
can better inform evidence-based practices and policies, and can highlight important data gaps
(58,59). Developing a comprehensive, visual representation of the AMR system has been
highlighted in the literature as a required step for improving our understanding of the issue (60).
A systems mapping approach should encompass the risk factors, drivers, transmission routes,
and potential reservoirs for resistant microorganisms (60). This study analyzed a system map for
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foodborne AMR and identified initial target points in the system for potential interventions.
Future research could build on this map and identify further drivers and relationships, and
expand to include transmission routes for resistant microorganisms outside of the food chain.
This project involved a novel application of SNA to characterize the relationships
between factors within a system, rather than examining the relationships between people, or the
transmission of disease or information within a network. SNA lends itself to the study of
complex issues encompassing several interacting agents that require systems thinking (59,61).
Because foodborne AMR involves many sectors, organizations, and actors, SNA is an
appropriate method to improve our understanding of the drivers of the issue and their relative
importance. Furthermore, our results demonstrate the ability of SNA to provide useful metrics
for examining the connections between non-human elements within a system. The network
nodes yielding the highest values, such as consumer choice and demand for products, may
provide important targets for future interventions, as these nodes play significant roles in the
Canadian AMR system. This approach may be adapted to study other complex issues with nonhuman drivers, such as climate change.
The SNA metrics provided greater insight into influential factors in the foodborne AMR
system in Canada, and highlighted some potential targets for interventions. However, specific
findings should be interpreted cautiously. This research represents an initial attempt at applying a
set of methods based in the social sciences to improve our understanding of the relationships
between drivers of foodborne AMR and identify key drivers to prioritize for research and
mitigation efforts. As a result, determining the relevance and correct interpretation of the various
SNA metrics in this context is challenging, and further research is needed to validate these
findings and the value of this analytic approach when investigating non-human nodes. Future
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research could provide quantitative measures for the arrows between the factors in the Canadian
AMR system, and confirm or alter the directionality of the arrows that emerged from the modelbuilding sessions. Case studies using the systems map could then be investigated to examine the
impacts of potential policy changes or interventions on the overall system, and validate the
leverage points identified in these analyses.
There are likely some inherent biases in the systems map in terms of the factors initially
included, and the connections between them; the researchers developing the earlier versions of
the map have expertise in public health, veterinary medicine, and foodborne disease, and these
areas were reflected in the initial conceptual diagram. Additionally, the factors and connections
included in the map being analyzed were based on input from a purposively selected group of
individuals from areas not typically engaged in foodborne AMR mitigation efforts. There are
likely other factors and connections driving the emergence and transmission of AMR in the
Canadian food system, and these will need to be considered to make the systems map as
complete as possible. Finally, there were several factors identified by participants in the group
model-building process that were not included in the map, such as climate change, power and
governance, and evidence and communication. Participants were unsure of how or where to
place these factors on the map, as they would likely form connections with most, if not all, of the
factors in the foodborne AMR system. Therefore, future analyses will need to consider the
placement of these overarching factors in the map, and the relevance of different SNA metrics
with these factors in place.
In conclusion, the results from this analysis further emphasize the complex nature of
AMR; there are a range of interconnected factors that are driving the emergence and persistence
of AMR across sectors. The interactions between these factors are complex and at times
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challenging to predict, and integrated approaches across sectors are therefore necessary to
consider when developing and implementing interventions. The SNA metrics provided potential
targets for policy changes and interventions to reduce foodborne AMR in Canada. Future case
studies could quantify the connections between drivers, and further examine the impacts of
changing consumer demand and preferences for specific agricultural products and on-farm AMU
practices. Overall, the findings emerging from this research improve our understanding of
foodborne AMR in Canada, and highlights areas in which to focus research and mitigation
efforts to address this critical public health issue.
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Table 4.1: The categorization of the drivers of foodborne antimicrobial resistance in Canada based on a systems map developed with input from various
subject matter experts and diverse stakeholders (31).
Category

Driver of Foodborne AMR
Non-retail food sources (e.g., foraging, backyard gardens)
Geographic location (e.g., rural, urban)
Social network and interactions
Practitioner education and practice
Chronic non-communicable diseases
Resistant human infections
Complexity of surgical procedure
Employment benefits (e.g., sick days)
Changing gut microflora
Socioeconomic status
HIV and other infectious diseases

Individual-level
factors

Biological population vulnerabilities
Changes to individual food insecurity (e.g., access)
Vaccination
Good food safety and hygiene practices
Population social vulnerabilities
Food variety and availability
Antimicrobials in vaccinations
Consumption of other non-meat/egg foods
Gender, ethnicity, and cultural identity
Antimicrobial use in companion animals
Burden of illness
The need to not miss work (presenteeism)
Meat/egg consumption
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Human antimicrobial use
Nutritional composition of diet
Death
Individual stress and control over environment
Malnutrition
Use for preventative purposes
Farm hygiene practices
On-farm antimicrobial use in production animals and aquaculture
Resistance in food-producing animals
Antimicrobial use in non-animal agriculture (e.g. horticulture crops, ethanol production)
Time to market weight
Animal illness and death
Use for growth promotion
Land use regulations
Crop mix and rotation practices
Agricultural
Factors

Terrestrial animal production level (e.g. kilograms, litres)
Resistant animal infections
Availability of land (amount, location)
Resistance in food products
Breeding for animal and crop health rather than production
Housing type and farm design
Treatment post-procedure (e.g. post-castration, de-homing)
Restocking with animals/eggs at higher risk for infection
Burden of animal illness
Animal density
Crop production level
Animal/eggs arriving from a distance
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Feed efficiency
Generational differences (e.g., baby boomers vs. millennials)
Societal-level
factors

Institutional food procurement practices (e.g., hospitals, schools, retail food industry)
Pharmaceutical company marketing
Food marketing
Antimicrobial resistance via non-food exposure (e.g., water, person-to-person, wildlife)

Environmental
factors

Antimicrobial resistance entering the wider environment (e.g., manure, run-off, wastewater)
Large-scale environmental changes (e.g., drought)
Antimicrobial use and consumption in wildlife (e.g., baiting)
Domestic standards and targets
Amount of imported products
Changes to national/community food security
Healthcare costs
Cost of living
Global price per unit
Antimicrobial use in other countries

Economic
factors

Uncertain labour situations
Exposure to resistance in imported products
Global parent corporation decisions
Amount of exported products
Competition in export market
Amount of domestic product
International trade agreements
Global political economy

Factors related
to research,

International standards and targets
Black Market
Access to antimicrobials
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innovation,
access

Research
Future efficacy of antimicrobials
Animal welfare
Employer pressure (e.g., profits)
Demand for specific production practices
Demand for alternatives to antimicrobials
Environmental footprint of agriculture
Viability of Canadian food system
Corporate profits for antimicrobials
Retail availability of meat/eggs in Canada
Number of units (e.g., kg, L) set by quota
Development of alternatives to antimicrobials

Factors falling
into more than
one category

Retail cost of meat/eggs
Non-antimicrobial disease prevention (e.g., vaccination, isolation, zinc)
Global economic incentives
Work intensification (e.g., staffing level, workload)
Cost per unit (e.g. kg, L) set by quota
Development of new antimicrobials
Consumer choice and demand
On-farm economics/cost of production
Demand for antimicrobials
Research, innovation, and access to antimicrobials
Demand for evidence
Market price per production unit (e.g., kg, L, bushel)
Knowledge and scientific literacy
Retail cost of non-meat/eggs
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Producer Viability
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Table 4.2: Descriptive network-level and node-level measures of the directed network of foodborne antimicrobial resistance in Canada.

Measure
Nodes
Edges
Density
Diameter
Clustering coefficient
Average path length
Indegree
Outdegree
Betweenness centrality
Eigenvector centrality

Number
104
232
0.0217
15
0.0177
5.165
-----

Median
------2
2
74
0.0110

Range
Minimum Value
------0
0
0
0

Maximum Value
------12
7
1722
0.4014
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Table 4.3: Measures of degree centrality for the directed network of drivers of foodborne antimicrobial resistance in Canada based on factor type.

Type of Factor

Mean Degree
(total)

Agricultural factors
Economic factors
Environmental factors
Individual-level factors
Societal-level factors
Factors related to research, access, or
innovation

4.87
3.50
5.50
4.48
4.50
2.50

Degree
standard
deviation
2.80
1.86
3.70
3.11
3.70
1.00

Mean Indegree

Mean
Outdegree

2.39
1.63
2.75
2.41
0.75
1.00

Indegree
standard
deviation
2.81
1.45
3.77
2.26
1.50
0.82

2.48
1.88
2.75
2.01
3.75
1.50

Outdegree
standard
deviation
1.75
1.41
1.26
1.44
2.63
0.58

Agricultural and environmental
factors
Agricultural and economic factors

3.00

N/A

2.00

N/A

1.00

N/A

3.78

2.54

1.67

1.66

2.11

1.36

Agricultural and individual factors

6.00

N/A

5.00

N/A

1.00

N/A

Agricultural and societal factors

6.00

4.24

4.50

3.54

1.50

0.707

Economic and societal factors

2.00

N/A

1.00

N/A

1.00

N/A

Individual and agricultural factors

6.00

N/A

5.00

N/A

1.00

N/A

Individual and societal factors

6.00

4.69

2.50

2.38

3.50

2.38

Individual, societal, and agricultural
factors
Research and economic factors

8.50

3.54

5.50

3.54

3.00

0.00

4.50

2.08

2.50

1.73

2.00

0.817
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Figure 4.1: A systems map of drivers of foodborne antimicrobial resistance in Canada based on subject matter expertise and group model building
process with different stakeholders. This is a modified version of the map previously published (31).
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Chapter 5: Exploring Ontario medical and veterinary students’
perceptions and communication preferences related to antimicrobial
resistance
Abstract
Antimicrobial resistance (AMR) threatens our ability to treat and prevent infectious
diseases worldwide. A significant driver of AMR is antimicrobial use (AMU) in human and
veterinary medicine. Therefore, education and awareness of AMR among antimicrobial
prescribers and dispensers is critical. Human and animal health professionals play important
roles in the AMR issue, both as contributors to the emergence of AMR, and as potential
developers and implementers of effective solutions. Studies have shown that engaging
stakeholders prior to developing communication materials can increase relevance, awareness,
and dissemination of research findings and communication materials. As future antimicrobial
prescribers, medical and veterinary students’ perspectives about how the issue is perceived are
important, as well as their preferences for future communication materials. The first objective of
this study was to explore medical and veterinary student perceptions and understanding of
factors associated with emergence and spread of AMR. The second objective was to identify key
messages, knowledge translation (KT) methods, and dissemination strategies for communication
of AMR information to future antimicrobial prescribers and dispensers. Beginning in November
2018, focus groups were conducted with medical and veterinary students in Ontario, Canada. A
semi-structured format, using standardized open-ended questions and follow-up probing
questions was followed. Thematic analysis was used to identify and analyze patterns within the
data. Analyses showed that students believed AMR to be an important global issue and identified
AMU in food-producing animals and human medicine as the main drivers of AMR. Students
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also highlighted the need to address society’s reliance on antimicrobials and the importance of
collaboration between different sectors to effectively reduce the emergence and transmission of
AMR. When assessing different communication materials, students felt that although
infographics provide easily digestible information, other KTT materials such as fact sheets are
better at providing more information without overwhelming the target audiences (e.g.,
professional or general public). This research will help inform the development of future
communication materials and support development of AMR-KTT tools tailored to the needs of
different professional groups.

Introduction
Antimicrobial resistance (AMR) has emerged as a significant threat to public health, with
adverse health consequences including increased frequency, duration, and severity of infection
(Eliopoulos, Cosgrove, and Carmeli 2003; Marshall and Levy 2011; Tillotson and Zinner 2017).
In 2018, approximately 26% of select reported human infections in Canada were resistant to
first-line antimicrobials, resulting in an estimated 5,400 lives lost per year as a direct result of
AMR (Council of Canadian Academies 2019). By 2050, the prevalence of resistant human
infections is expected to increase to 40% in Canada, which could result in 13,700 lives lost each
year as a direct result of AMR (Council of Canadian Academies 2019). AMR is a highly
complex issue with the potential to impact several societal sectors, including human and animal
health, the economy, the environment, and animal and plant production (Ferri et al. 2017;
Laxminarayan et al. 2013; Littmann and Viens 2015; So et al. 2015). Due to the complex nature
of AMR and its multiple impacts on society, animals, and the environment, a multi-pronged One
Health approach that encourages multisectoral collaboration is necessary to ensure that
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antimicrobials remain effective for treatment of infectious diseases (Flowers 2018; So et al.
2015).
A significant contributor to the emergence and persistence of AMR is antimicrobial use
(AMU) in human and veterinary medicine (Ferri et al. 2017; Hoelzer et al. 2017; Marshall and
Levy 2011; McEwen and Fedorka-Cray 2002). Professional oversight can help reduce
unnecessary use; therefore, antimicrobial prescribers, including both physicians and
veterinarians, are important stakeholders to engage in discussion about actions and approaches to
reduce AMR. The complexity of AMR poses unique intervention challenges, such as the need to
address multiple behaviours and beliefs among different antimicrobial prescribers, dispensers
and consumers. Because of the different target groups and behaviours that need to be addressed,
it is necessary to engage in audience segmentation, where researchers or policy-makers consider
distinct target audiences to develop a comprehensive understanding of the issue within each
audience and identify communication methods that are appropriate and accessible for each
group. Groups may differ in their attitudes, beliefs, and barriers to change, but all perspectives
are relevant to the development of comprehensive strategies to address AMR.
Knowledge translation and communication initiatives in relation to AMR have primarily
focused on improving the use of antimicrobials among the general public and physicians
(Golding et al. 2012; Huttner et al. 2010; McKay et al. 2011). These studies found that
educational campaigns targeting the public and physicians simultaneously appeared to reduce
AMU. For example, an educational program using posters, radio broadcasts, community
presentations, and other communication products (e.g., school educational materials, physician
treatment guides) targeted at healthcare professionals and the community resulted in an increase
in knowledge of appropriate AMU, and a simultaneous reduction in the rate of methicillin-
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resistant Staphylococcus aureus infections (Golding et al. 2012). Furthermore, a previous study
in the United Kingdom (UK) used a survey to assess the knowledge, perceptions, and practices
related to AMU and AMR in human and animal health students (Dyar et al. 2018). Although the
study was exploratory and based on a small sample size, the results suggested that both types of
students desired more information on the links between the health of humans, animals, and the
environment (Dyar et al. 2018). We are not aware of any previous studies that have explored indepth medical or veterinary students’ understanding of the wider dimensions (i.e., non-clinical
aspects) and variety of drivers contributing to the emergence of AMR.
The need for qualitative research to address AMR has been recognized, as qualitative
methodologies can provide a more detailed and broad understanding of the various drivers of
AMR and help develop effective interventions (Haenssgen, Charoenboon, and Zaw 2018;
Zellweger et al. 2017). Focus groups are a commonly used method of collecting qualitative data.
This method can provide a rich, detailed understanding of complex issues and participant
perceptions of the many factors involved in the issues and interactions between them, leading to
new insights and understanding (Morgan 1997; Ritchie et al. 2013). Hence, this study used focus
groups with Ontario veterinary and medical students to identify the most preferred methods of
communicating the complexity of AMR to these groups. Additionally, this study explored
student perceptions of AMR, student perceptions of the drivers of the issue, and their role as
future healthcare professionals in addressing the issue.
The overall objectives of this study were to: 1) explore medical and veterinary student
perceptions of AMR and their understanding of the factors associated with AMR emergence and
spread, 2) identify relevant content, including key messages, for future AMR communication
products for these groups, 3) identify the most preferred format of knowledge translation and
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transfer (KTT) communication products for each group, and 4) identify preferences and
strategies for delivering future communication products to each group.

Methods
Study Design
The study consisted of four focus groups conducted between November 2018 and April
2019. The study protocol was approved by the University of Guelph Research Ethics Board
(REB #18-05-13) and the Public Health Agency of Canada Research Ethics Board (REB #20180009) for compliance with guidelines for research involving human participants. The relevant
ethics committees at each participating university also reviewed and approved the study protocol.
Study Participants
Students registered in any year of the Doctor of Veterinary Medicine (DVM) program at
the Ontario Veterinary College or the Doctor of Medicine (MD) program at one of six Ontario
universities (Queen’s University, University of Toronto, McMaster University, University of
Ottawa, University of Western Ontario, Northern Ontario School of Medicine) who spoke fluent
English were eligible for inclusion in this study. A recruitment email (Appendix A.2.1) was
distributed to all students enrolled at the schools that agreed to disseminate this email. The
recruitment email included an information letter and consent form (Appendix A.2.2) that
highlighted the purpose and specific objectives of the study. Written informed consent was
obtained from each focus group participant prior to the start of the discussions and each
participant was provided with a $25 gift card and pizza and refreshments at the focus group for
participating in the study.
Focus Group Structure
Focus groups were conducted on the campuses of the Ontario universities participating in
the study and were 1.5 to 2 hours in length. The discussions were facilitated by the primary
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researcher (CP) with the assistance of a note-taker. The focus groups were conducted in English,
and a semi-structured format using a series of standardized open-ended questions was followed
(Appendix A.2.3). The focus group guide highlighted four main themes: perceptions of AMR,
content of future communication products, format of future communication products, and
transmission of future communication products. Examples of questions from the focus group
guide can be found in Table 5.1.
After completing the introductory questions in the focus group guide, a slide deck about
AMR was presented to participants (Appendix A.2.4). The slides described AMR and its
importance; they also highlighted why antimicrobials are important for humans, animals, and
plants. These slides were developed by the research team to provide all participants with a
baseline introduction to AMR, as we expected there to be differing levels of awareness and
understanding of the issue among participants. Participants were also shown example
communication products that were obtained online, including infographics, short reports, fact
sheets, and long reports (Appendix A.2.5). All focus groups were recorded with consent using a
digital audio recorder.
Pre- and Post-Focus Group Survey
Prior to the focus group discussions and presentation of the AMR slide deck, participants
were asked to complete an anonymous survey (Appendix A.2.6). The survey assessed how
participants would rank the issue of AMR in terms of importance relative to other global issues
(e.g., climate change, terrorism, food security, chronic diseases) and assessed their general
knowledge of the drivers and impacts of AMR. The purpose of the survey was to initiate
thinking about the topic of AMR and to provide the research team with some context around the
ideas that emerged, as participants were expected to vary in their baseline knowledge of the
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topic. The survey was re-administered at the end of the focus group to assess whether participant
beliefs, attitudes, and understanding had changed.
Data Analysis
All identifying information provided by the participants was removed upon transcription
of the audio recordings. The principles of inductive thematic analysis were used to identify,
analyze, and report patterns within the data (Braun and Clarke 2006). Briefly, the focus group
data were transcribed verbatim and read several times by the primary researcher (CP). A
codebook including codes and accompanying definitions was developed and used to code the
transcripts. A subset of the focus group transcripts were coded by two additional reviewers
(members of the advisory committee, SM and EJP) to ensure the codebook was valid and reliable
for coding the data, and to refine the codebook when necessary (Berends and Johnston 2005).
Discrepancies in coding were discussed until consensus was reached. Codes were then collated
into potential sub-themes and larger themes to develop a thematic map of the data. Additionally,
descriptive statistics using Microsoft Excel 2016 were used to analyze the results of the pre- and
post-focus group surveys.

Results
Study Participants
In Ontario, there are six medical schools, two pharmacy schools, and one veterinary
school. All Ontario medical and pharmacy schools were contacted regarding participation in the
study and asked to disseminate the recruitment email to students. Out of the six Ontario medical
schools, four medical schools agreed to disseminate the recruitment email to their students. Out
of the two Ontario pharmacy schools, one pharmacy school agreed to disseminate the
recruitment email to their students. A total of four focus groups were conducted: one with
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medical students, and three with veterinary students. Given the role of pharmacists in dispensing
antimicrobials, we attempted to recruit students at one Ontario pharmacy school but were unable
to conduct any focus groups with this audience due to a lack of response to recruitment emails.
A total of 18 students participated in the focus groups: 13 veterinary students (three focus
groups) and five medical students (one focus group). Of the veterinary students, eight were in
their first year of study, three were in second year, one student in third year, and one in fourth
year. Four medical students were in their first year of study, and one student was in second year.
Pre- and Post-Focus Group Survey
Student participants were surveyed about their general knowledge of AMR, including the
drivers and impacts of the issue (Table 5.2). When asked about the impacts of AMR in the prefocus group survey, all students indicated that AMR can affect human and animal health, and the
majority of students (89%) indicated that AMR can impact the environment. When asked about
the drivers of AMR, all students indicated that human antimicrobial use (AMU) in the
community, and AMU in food-producing animals were contributors. Antimicrobial use in
hospitalized people and in companion animals were identified as contributors to AMR by 94% of
students. Furthermore, when asked if they were familiar with the terms “antibiotic stewardship”
or “antimicrobial stewardship”, over one-third (39%) of students indicated that were unsure or
had not heard of either term. A greater proportion of veterinary students were familiar with the
terms compared to medical students (69% vs. 40%, respectively).
Participants were also asked to rank AMR in terms of its importance relative to other
global challenges on a scale of 1 to 5, with a score of 5 indicating an extremely important issue
(Table 5.3, Figure 5.1). Prior to the focus group discussions, the ranking of AMR (mean score of
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3.3) was higher than other global challenges apart from climate change (mean score of 3.8); this
remained the same in the post survey.
Thematic Analysis
The results of the thematic analysis of the focus group transcripts were organized into
four broad topics based on the focus group guide, including knowledge and perceptions of AMR,
content of AMR communication products, format of AMR communication products, and
transmission of AMR communication products (Figure 5.2). Several themes emerged from the
analysis of the focus group transcripts, and these will be discussed in the following sections of
this Chapter.
Knowledge and Perceptions of AMR
Theme 1: Reliance on antimicrobials in human and veterinary medicine
The medical and veterinary students participating in the focus groups discussed the
importance of AMR in depth, and often commented on the reliance on antimicrobials in their
respective fields. Veterinary students felt that this reliance was a significant issue with many
implications for the practice of veterinary medicine in the future. These participants described
the potential impacts of AMR in a world without effective antimicrobials, explaining that it
poses a threat to the spread and treatment of infectious diseases. The veterinary students also
highlighted that AMR presents significant animal welfare issues, with one participant stating that
“We’re going to get to a point where we aren’t going to be able to treat anything, and you are
just going to have to see these animals suffer.” Medical students also described the importance of
AMR and the need to preserve the effectiveness of antimicrobials; as one medical student stated,
“Antibiotics are the biggest medical revolution we’ve ever had. They vastly improved people's
quality of life, length of life. […] We want them to continue working.”
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Theme 2: Drivers of AMR across human and veterinary medicine
Participants in all focus groups highlighted AMU as an important driver of AMR. Across
the veterinary focus groups, most participants focused their AMU discussions on the overuse of
antimicrobials in both production animals and human medicine and felt that overuse in these
sectors was the largest contributor to the emergence of AMR. Many veterinary student
participants felt that the media and society placed an undue burden on veterinarians and food
producers in terms of responsibility for AMU and AMR and felt that AMU in human medicine
was just as important, but often overlooked. In contrast, one veterinary student felt that there was
greater awareness of AMU in human medicine compared to veterinary medicine, explaining that
“I’ve always heard more about antibiotic use in humans, and you don’t hear much for veterinary
usage. In the small animal sector, you don’t really think of it as much of an issue, which is why
you can just put animals on antibiotics and see how it goes. All streams of veterinary medicine
need to be involved in trying to reduce use, not just the food production sector.”
Interestingly, participants in the medical student focus group emphasized the role of
AMU in production animals relative to human AMU in the emergence of AMR, and this was
raised several times during the discussion, despite these participants stating they lacked a
thorough understanding of AMR and its links to the agricultural sector. One participant stated
that “...I know that you see a lot more routine use. I think that kind of caused resistance. But I'm
not really sure about but I can talk based on what I’ve seen in the media. It’s just always kind of
used in regular cow rearing and stuff.” Another medical student participant followed up on this
comment, explaining that “I have this notion that it was about like overcrowding and farms and
stuff and in order to get more animals into smaller spaces to make meat cheaper, they used a lot
of prophylactic antibiotics to just stop it from spreading…”
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The influence of patient pressure on physicians was reported by medical students to be an
important driver of antimicrobial prescribing practices, and therefore something to consider
when addressing AMR. Most of the medical student participants described having experienced
this firsthand when completing placements at family health clinics, and also discussed how they
have observed physicians “…giving in to patient demands” to find a “quick and easy solution,
which you need because you don’t have much time to spend with each patient that comes into
the clinic”. One medical student participant described their experience in a clinic, explaining that
“...When I was doing a placement and I went to see two children with some kind of chest
infection, we didn’t know if it was viral or bacterial. The parents kept sitting there, suggesting
antibiotics. We kept trying to explain it to them, kept trying to explain and eventually the
physician was just so frustrated, so he gave them the antibiotic so they would just leave... we
aren’t taught what to do when patients are demanding a certain course of action. These are hard
scenarios and sometimes we do get told, sometimes you just kind of gotta give in.” Furthermore,
medical students felt that there was a need for clear guidelines to help with some of the
uncertainty surrounding prescribing. As one student explained, “I think it would also be really
helpful to have more clear guidelines as a medical community overall as to when it is appropriate
to prescribe. You’re kind of left in this limbo where you don’t know if you should prescribe, and
your patients want something, and it might help, you never know. What is the guideline? Do I do
a swab?”.
Similarly, the idea of client pressure to prescribe emerged across most of the focus
groups conducted with veterinary students. They described the barriers that veterinarians face
when it comes to diagnostic testing and attempting to identify a causative agent for a sick animal.
For example, participants felt that owners of companion animals may face financial constraints
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and be unwilling or unable to pay for proper diagnostic tests for their pets. As a result, owners
will “come in and ask for an antibiotic, hoping that it will help their pet, rather than pay to get
blood work or other tests done to find out what is really going on”. Veterinary students felt that
determining the cause of illness in animals is more difficult than in humans, because “if you need
to do more diagnostic tests to be sure you are prescribing correctly, those are added costs that the
clients may not want to do. You get it all the time where someone will call and say their cat has a
UTI [urinary tract infection] again, and I just want to refill the antibiotic again. It’s a lot harder to
be more stringent in clinical practice.”
Theme 3: External influences on perceptions of AMR
The role of external influences (e.g., family members, peers, the media, industry) on the
understanding and perceptions of AMR was discussed in depth across all focus groups. Both
veterinary and medical students felt that the media had a significant impact on understanding and
perceptions of AMR, and they believed this to be true for both themselves and members of the
general public. In the veterinary student focus groups, students explained that media coverage
can raise general public awareness of an issue, with one student explaining that “The messages
that are communicated through the media tend to resonate with people, whether those messages
are correct or incorrect…it’s also such a good tool to reach a wide variety of audiences.”
Additionally, the amount of media coverage attributed to global issues was discussed by the
medical students, and they felt that the amount of media coverage an issue receives can
significantly influence perception of the importance of the issue. Students in this focus group
generally felt that AMR received less media coverage compared to other global issues, with one
student explaining that “I don’t think that AMR gets equal coverage in the media, so people
don’t think of it or maybe aren’t as aware of the issue.” Another medical student felt that
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physicians should be involved in the media coverage of AMR, as people tend to respect the
opinions of physicians, explaining that “...there definitely is a role for medical professionals to
speak out and say more in the public realm or in the media or whatever that we recognize that
this is an issue.”
Additionally, the role of family members and peers in shaping perceptions of AMR was
mentioned by medical and veterinary student participants. Students felt that people are very
likely to be influenced by those around them, and this may impact their understanding of AMR
and increase uncertainty and misconceptions of the drivers of the issue. One medical student
reflected on her own upbringing on a farm, and her skepticism of some of the information being
conveyed by her family members, explaining that “Like I grew up on a farm and my whole entire
family are farmers and I remember one of my relatives telling me at one point, which I don't
know if it's true or not, that because the antibiotics that we use in animal feed and agriculture are
different than the ones prescribed for human illnesses, it is not supposed to interfere with their
resistance build up for the types of antibiotics used in hospitals. But I'm a little bit skeptical that
that's exactly true.” The role of medical professionals in influencing medical and veterinary
student perceptions was also discussed, with students noting that the professionals responsible
for training have their own thoughts and opinions on how best to treat patients, and this can
sometimes influence medical or veterinary student perceptions of AMU. Both student groups
mentioned that in many cases, prescribing antimicrobials without proper diagnostic tests is a
common occurrence. As one veterinary student explained, “I’ve trained under vets who tell
clients “we are pretty sure it’s a UTI [urinary tract infection], so here you go, finish the pills”.
This sentiment was shared by a medical student participant, stating that “One time when I was in
the clinic, people coming in with sore throats and colds and whatever, it seemed very routine that
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the doctor I was shadowing wouldn't really think twice about just prescribing antibiotics and
saying we would just try it and see what happens. In my head I was thinking, are they even
considering this or is it just routine for them? Might be bacterial, might as well prescribe them
antibiotics.”
Theme 4: Collaboration between Human and Veterinary Health Professionals
Across all focus groups, the idea of AMR being a shared responsibility among human
and veterinary medicine emerged and was discussed in depth. Medical and veterinary students
alike felt that both sectors played important roles in AMR, and collaboration between the two
fields is critical to effectively address AMR. Additionally, students indicated that because AMU
is an important driver of AMR, and the misuse of antimicrobials is an issue in both sectors, there
must be equal effort to reduce human and animal AMU. As one veterinary student explained,
“Use in both animals and humans is an issue. If we (vets) are trying to make a difference, we
want to make sure human healthcare professionals are trying, too.” Another veterinary student
emphasized the importance of collaboration between sectors, mentioning that “Vets won’t be
able to address the issue alone. We need to change behaviours of the general public, and that
doesn’t include only pet owners. We need to be realistic and know that we can change our own
prescribing practices, but overall it’s hard to say what effect that will have without some
simultaneous and collaborative initiatives with human health professionals.” Veterinary students
also felt that their role in the issue is the same as other health professionals, explaining that “The
role of a vet in AMR is on par with other health professionals. You should try to be more
stringent with how often you are giving antibiotics, and what kinds of antibiotics you are using,
and how long you are prescribing them for. Being sure you are using them for the right thing,
and that they are necessary.”
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In addition to antimicrobial prescribing practices, both medical and veterinary students
felt that physicians and veterinarians can play significant roles in education of patients and the
general public, as well as advocacy. Veterinary students highlighted the potential roles of
veterinarians, beyond clinical duties and prescribing practices, in depth. As one veterinary
student participant explained, veterinarians could be “...involved in public health and
dissemination of information—being in the first line of health care along with doctors and nurses
and other healthcare professionals. I think that maybe vets aren’t very involved with public
health efforts right now, but it could be an interesting new role for them in addition to their usual
patient/client interactions.” Another veterinary student participant highlighted the importance of
a unified message across all relevant sectors, explaining that “Different health professionals
(vets, doctors, nurses) saying the same thing and getting the same message across would have a
huge impact on society.” Medical student participants echoed the idea of multi-sectoral
collaboration, with one student mentioning “Vets and pharmacists need to be included in the
efforts. Microbiologists, basic scientists. Public health needs to be involved too. Governmental
representation is needed to speak out on the issue and bring some of these sectors together.”
Content of Communication Products about AMR
Theme 1: Content to address pressure to prescribe antimicrobials
Both medical and veterinary students felt that their patients and clients needed to know
about the issue of AMR, what it is, and how it could impact them, as well as the distinction
between viral and bacterial infections. The participants felt that if these aspects were
communicated effectively to patients and clients, it could decrease the pressure to prescribe, and
potentially have an impact on AMR. For example, one medical student indicated that
“Sometimes it is confusing for patients. Sometimes your infection is caused by bacteria,
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sometimes it’s caused by a virus. It can send confusing messaging. Half the time we'll never
even know if it was a virus or bacteria if we don’t get to the testing stage. They need a basic
understanding of viruses and bacteria and how we would go about treating each.”
Patient pressure to prescribe was described in depth during the focus group with medical
students, as were the challenges balancing patient needs and desires with prudent use of
antimicrobials. Medical students described their own experiences with demanding patients
during school placements or volunteer experience in clinics and discussed how these interactions
may influence prescribing behaviours. Students suggested that communication with patients
should try and personalize the issue of AMR to highlight its importance, with one student
explaining that “When patients come in and they want antibiotics and they might not need them,
I always try and tell them ‘these might not work for you in the future if you use them without
needing them’. I know that largely it’s more that it won’t work for the general population, but I
just said that so they would get it. If you make it personal, people may be more likely to listen.”
Another participant highlighted that when patients have an improved understanding of the issue,
they may be less likely to ask for an antimicrobial and the interaction may be less
confrontational, explaining that “They need to have a general understanding of AMR—what
causes it, why it is important, so that they don't pressure the physician and they do understand the
issue. In that same family clinic I volunteered at, I had a mom come in and her kid had strep
throat, and she said “I know if it’s viral you aren’t going to give me anything”. It was nice for the
patient to have that understanding and be okay with our treatments. It made the patient encounter
super easy.”
Both medical and veterinary students explained that a patient or client’s past lived
experiences often influenced their desire for an antimicrobial, as they may have received an
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antimicrobial for themselves or their pet(s) in the past with successful results, and therefore
believe that an antimicrobial prescription is the correct course of action. One medical student
explained that “[Patients] need to understand what antibiotics are, rather than assuming that
because it made them feel good one time, it’s going to fix all of their problems.” Veterinary
student participants reiterated the concern that if a client has given their pet an antimicrobial in
the past, they are more likely to want a similar treatment in the future. One veterinary student
participant explained that “Many patients with dogs or cats with a simple infection, like a urinary
tract infection, will just call the office and ask for an antibiotic prescription instead of bringing
their pet in for an examination because their pet has had this happen before and the antibiotic
worked.” When asked what veterinary clients should know about AMR, veterinary students felt
that they needed an overall understanding of the issue and how complex it is, and they also
needed to understand how it could impact their own health, as well as the health of their pets.
“You need to make it personal for them, because if they think it’s some big, complex issue, they
aren’t going to care. You need posters or handouts or something that explains why you shouldn’t
use antimicrobials if you don’t need them, and you need to mention that someday there might not
be a drug that can treat your pet’s infection. A lot of people care more about their pet’s health
than they do about their own, so you need to mention the human health consequences but mainly
focus on how their pet could get very sick without having an effective treatment.”
Theme 2: Content to improve understanding of AMR among physicians and veterinarians
Both medical and veterinary student participants voiced a lack of confidence in their
understanding of AMR and expressed a desire to learn more about the issue. Veterinary student
participants felt that because AMR is such an important issue and threat to public health, it is
imperative to have a thorough understanding of the issue and its underlying drivers. One
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veterinary student believed they did not know as much as they should about AMR, but
acknowledged that they are still early in their veterinary career, explaining that “I don’t think I
have as good of an understanding of the issue as I should. For example, I don’t really know about
how the environment plays a role. But I think that as I go on in vet school I will learn more, and
I’ll make sure to educate myself, because it’s a really important issue. The implications go
beyond the patient and their owner.” Although one medical student participant stated that
medical students are “much more educated about it than people in vet school,” this participant
also indicated that they don’t have a comprehensive understanding of the issue, explaining that “I
don’t know very much about AMR. I just know that I have this kind of general sense that I
should avoid prescribing antibiotics whenever possible…”. The lack of understanding was also
emphasized by other medical students, with one student mentioning that they “...have no super
specific knowledge. But I do have a sense of the importance of preserving the resources that we
have right now.” How lack of knowledge and the complexity of AMR affect patient and client
interactions was also discussed among both veterinary and medical students. Veterinary students
felt that to best communicate the complexity and importance of the issue with their clients, they
need to have a comprehensive understanding of the issue themselves. As one veterinary student
explained, “It starts with ourselves first. We need to fully understand the issue, what causes it,
and how to try and solve the problem before we can expect pet owners to understand. We can’t
just be looking at the clinical aspects, because if an animal has a resistant infection, the source of
the infection might not be prior antibiotic use in that animal. It could have acquired the infection
from the environment, for example. So it’s important for us to understand all of that.” Students
also emphasized the importance of health professionals having a solid understanding of the issue
and its drivers in order to educate patients, with one medical student explaining that “...I think
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that our patients need to know that it’s a complex, broad issue, but I don’t think that physicians
necessarily know enough about the non-clinical aspects to communicate these well to their
patients. Education needs to start with the physicians before we can be expected to communicate
all of these complex things with patients.”
Importantly, both medical and veterinary student participants indicated that
communication products are of equal importance to students and practicing medical
professionals as they are to patients and clients, and expressed the need for a more broad
understanding of the issue and how it relates to their own practices. Generally, veterinary
students felt that it was important for veterinarians to know about the connections between
human, environmental, and animal health as they relate to AMR. Veterinary students explained
that having a greater understanding of the relationships between these health sectors emphasized
the need for prudent prescribing practices, because the implications of AMR go beyond the
patient that they are treating. An increased awareness and understanding of the drivers and
impacts of AMR across all sectors can serve as a motivator to “Do things properly, and only
prescribe when you need to. You don’t want to be responsible for all of these downstream
effects, like making people sick, or contaminating the environment.” In contrast, there was some
uncertainty among the medical student participants as to whether this information is useful in
practice, though they acknowledged its role in informing advocacy for responsible prescribing.
Medical student participants expressed a desire to understand the connections between human,
environmental, and animal health, but were unsure of how they would apply it in everyday
interactions with their patients. As one medical student explained, “If you have a patient coming
in with a resistant infection, do you think it's helpful to know about those other things that
contribute to the problem? Or do you think it's better just to be focused on what kind of infection
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it is, and how to treat it?” Another student felt that it was important that they know about these
connections to better understand the potential sources of infection amongst their patients, but was
unsure of whether this information should be communicated to patients, saying “I don’t think
that patients having that information would be bad, but I also don’t know how it would impact
the interaction with the patient. If a patient comes in with a resistant infection, I don’t think it
would change my interaction with that patient, but it might change the way I think about using
antibiotics in the future. I would be more likely to advocate for proper antimicrobial use among
all sectors, not just human medicine, because I have seen patients with resistant infections, and I
have seen how it impacts them.” Another medical student felt that having information about the
complexity of AMR and how the sectors are connected could help them take a more active role
in combating the issue in the future, explaining that “...in terms of advocacy, like if I know more
about how using antibiotics routinely in prevention and farming, how does that impact human
health? If I knew more about that, then I would be able to take a little bit more of a stand in terms
of advocating for how we should use these drugs in agriculture and human medicine.”
Across all focus groups, the need for continuing education among practicing physicians
and veterinarians was highlighted. Students felt that it is important for physicians and
veterinarians to continue to be informed about developments in the field, suggesting that
“…[there are] a lot of practicing physicians who did not start practicing within the last five years,
and are not going back to school, so continuing education is important.” This concept was also
discussed amongst veterinary student participants, with one student explaining that “Vets need to
be continuously updated on new research in the field, especially if it relates to what or how they
are prescribing to their patients.”
Theme 3: Content targeted appropriately for different audiences
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Across all focus groups, students indicated the need to consider different target audiences
when developing communication products to enhance knowledge, awareness, and understanding
of AMR. Students described the need to consider different levels of knowledge of AMR and the
importance of tailoring products to the target audience to enhance awareness and information
uptake. Furthermore, several participants recognized that one communication product would not
be suitable for all target audiences, and a more widespread, comprehensive knowledge
translation strategy encompassing many communication products is needed. As indicated by a
veterinary student participant, “You need to be aware of differences in knowledge, and what the
average person in society is aware of. You need a general, widespread approach to educate and
you can’t just use one tool to reach everyone”. A medical student participant echoed these
thoughts, suggesting that “There is no one-size-fits-all approach when it comes to
communicating this type of information, especially because it is so complex.” Another veterinary
student participant suggested that health professionals can take a more active approach when it
comes to increasing awareness of the issue among the general public, stating that “You can’t just
put papers online—you need to access different groups in different ways. Education and going
into communities and actually teaching everyone about AMR would go a long way.”
Overall, focus group participants explained that developing targeted messaging is critical
to the success of any communication efforts, explaining that messages specific to the target
audience (e.g., clients, patients, physicians, or veterinarians) are needed to make it relevant and
enhance the uptake of this information. However, the participants did not provide any
suggestions for how to target content of communication products to these different audiences.
Format of Communication Products about AMR
Theme: Balancing the quantity of information with visual appeal
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The major theme that emerged during discussions of the example communication
products was the need to balance the quantity of information with visual appeal of the
communication products. When presented with four different communication products,
preferences varied, both between the medical and veterinary focus groups and within each of the
respective groups. Overall, students felt that the most useful communication product for
practicing physicians or veterinarians was the fact sheet, as it contained “A good amount of
information so that you are actually learning something, but not too much to overload you to the
point where you can’t even determine what the key messages are.” Medical students explained
that it could be something they could quickly refer to in practice and extract the important
messages as a result of the length and layout of this type of product. An interesting finding was
that both veterinary and medical students found the example infographics to be the least useful
communication product. Although they did acknowledge that this format presented information
in a digestible way for certain target audiences (e.g., the general public), they felt that it didn’t
provide enough information to “…explain why AMR is important, why we should care, and
what we should do about it”, and it was therefore challenging to make this type of
communication product impactful for this purpose.
The communication product that generated the most conflicting opinions was the
example long report, a document produced by the Canadian government to summarize all AMRrelated surveillance findings over a period of one year. The participants were asked to focus on
the layout and the type of information this report could convey, and were asked not to read the
report in its entirety or focus on the content of the report. Veterinary students generally disliked
this report; although they did acknowledge the report’s utility and ability to convey a large
quantity of information, they could not see themselves using this in practice or distributing this to
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clients. They also explained that in practice, they likely would not have time to search through a
long report to find the information they needed and would turn to the internet instead. In contrast,
the medical student participants felt that this report should always accompany a shorter
communication product for those individuals who wanted more information about a specific
topic. The medical students felt that they would use this type of communication product
regularly. Due to the length of the report, they explained that they likely would not use this
during a patient interaction, but it would be something they would like to have access to and
refer to when needed.
During the veterinary student focus groups, there was a significant amount of discussion
surrounding the balance between text information and graphics, with most students preferring a
product with more text than visuals. Students felt that more information can be conveyed via text
in comparison to graphics, and this would be more useful in practice and during interactions with
clients. In terms of communication products for patients or clients, though, both veterinary and
medical student participants felt that graphics are important. Veterinary student participants felt
that if a communication product was not visually appealing, it would not attract the target
audience and would reduce the uptake of information. Medical student participants felt the same,
indicating that the other communication products may not be as easily embraced as infographics,
because there may be too much information that they are not willing to read. Overall, all medical
and veterinary students agreed that a comprehensive approach would be needed, and that no
single communication product could be used for all target audiences. The participants explained
that a variety of communication products, including infographics, fact sheets, and long reports,
should be available and distributed to patients/clients and practicing physicians/veterinarians.
This strategy would ensure that the messages are tailored to the target audience, and members of
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the target audience can choose to use the products based on the quantity of information they
desire.
Veterinary students suggested that videos may be an alternative communication product
that could be adopted for both professionals and clients, and suggested that “…they could be
played on YouTube as ads that you have to watch before you can watch your video. This could
be the best way of reaching the younger generations and millennials, because they use YouTube
so much already.”
Dissemination of Communication Products about AMR
Theme: Accessibility and reach of communication products
The importance of making communication products accessible to the target audiences
was discussed in the medical and veterinary student focus groups. Veterinary students felt that
distributing communication products to clinics on a regular basis would be effective, particularly
for those in small animal practice, rendering products accessible for veterinarians and easily
distributed to clients. The students felt that distributing hard copies of the communication
products would be beneficial, as clinics could then post or distribute these as they see fit. The
veterinary students acknowledged that some veterinarians outside small animal practice may not
be routinely working in a clinic setting and suggested that products also be distributed at industry
meetings, conferences, or other events to reach veterinary professionals working across different
settings.
Medical students raised similar comments and felt that distributing communication
products to clinics would be an effective way of reaching both physicians and patients.
Additionally, students suggested that distributing these products through specialty-specific
scientific journals may be the best way of reaching physicians who work in different settings.
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The medical students explained that many physicians work across multiple clinics or multiple
hospitals and distributing products through scientific journals may be the best way to reach
individuals with a wide geographic distribution.
Students suggested that social media can play a very important role in disseminating
information, as “…it is a really good way to reach the general public. So many people use social
media, and this could be a good way to raise more attention and awareness of the issue.” Medical
students discussed how reputable sources releasing AMR communication products via social
media could have positive impacts, as “…people believe what they read online, so if reputable
sources are releasing information, it can maybe combat some of the un-reputable sources, or
articles containing false information, that are online.”

Discussion
This study qualitatively explored both Ontario medical and veterinary student perceptions
of AMR to gain an in-depth understanding of the knowledge and attitudes of future prescribers.
Overall, the student participants felt that AMR is an important global issue and they generally
understood the key drivers of the issue, but still felt they needed additional knowledge and
training to understand the connections between AMR in humans, animals, and the environment.
Additionally, the participants highlighted the need to consider external influences, such as the
media, on perceptions of AMR, as well as the need to develop a variety of communication
products tailored to different audiences. Students generally preferred communication products in
a format with more text than visuals but acknowledged that visual products (e.g., infographics)
may be best for communicating AMR information with the general public.
Knowledge and Perceptions of AMR
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Encouragingly, all students generally understood the key drivers and potential impacts of
AMR; however, several participants indicated that they had not heard of antimicrobial
stewardship, or were unsure if they had heard the term, with fewer medical students reporting
recognition of the term compared to veterinary students. This may be attributed to the majority of
participants being first year students, as a survey of human and animal health students in the UK
found that students in later stages of their respective programs were more likely to have heard of
antibiotic stewardship (Dyar et al. 2018). Although there may be differences in curricula between
Ontario and the UK, it is likely that focus group participants early in their medical or veterinary
education may not yet have been exposed to stewardship or its principles. Alternatively, a
different term with a similar meaning to antimicrobial stewardship may be taught to medical
students. If this is true, students may associate stewardship principles with a different term.
Overall, the medical and veterinary students who participated in this study felt that AMR was an
important global challenge, with students ranking AMR higher in importance than most other
global issues. Both the pre- and post-focus group surveys revealed that Canadian students felt
that AMR was not as important as the issue of climate change, whereas the UK survey
demonstrated that students believed that AMR was a more important global challenge than all
other issues, including climate change (Dyar et al. 2018). The UK study had a sample size of
over 200 students, and therefore likely provided a more representative sample compared to our
study; if the dissemination of our survey was widespread and not limited to medical and
veterinary students who participated in the focus group discussions, we may see different results.
This highlights the utility of different research methodologies and approaches; although surveys
that are widely disseminated may provide more representative results, focus groups can provide
more in-depth understanding of perceptions and views, and context around survey results.
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Another theme that emerged from the focus groups was the impact of external influences
on the perceptions of AMR amongst the students themselves, as well as the general public. In
particular, the influence of the media on understanding and perceptions was discussed. Students
felt that the media play important roles in raising awareness around any issue, and they perceived
AMR to receive less media coverage compared to other global issues. These findings can be
applied to the agenda-setting theory, which describes how the influence of media can affect
public perceptions of reports and issues (Kozel et al. 2006). The relative importance of an issue
may determine how often an issue appears in the media, which can influence public perception
of awareness of the issue (Kozel et al. 2006). This can also have implications for policies and
actions to address the issue, as media coverage and the public agenda can influence the actions
and awareness of policy-makers (Kozel et al. 2006). Therefore, it is important to consider the
influence of external sources of information on knowledge and awareness of AMR, including the
agenda-setting role of the media regarding AMR-related behaviours and perceptions.
Content, Format, and Dissemination of Communication Products about AMR
In addition to exploring student perceptions of AMR, this study used focus groups to
develop an in-depth understanding of how to communicate information about AMR amongst
health care professionals and their patients/clients. A theme that emerged in both the veterinary
and medical student focus group discussions was the influence of patients or clients on
prescribing practices, and students highlighted that the content of future AMR communication
products should address this. Medical students raised the idea of patients pressuring physicians to
prescribe an antimicrobial and highlighted how it was sometimes easier to give into this pressure,
rather than attempting to influence patient knowledge and attitudes on the issue of AMR.
Similarly, veterinary students discussed the impact of pet owners on prescribing practices; some
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pet owners may pressure veterinarians to prescribe an antimicrobial to their pets due to an
unwillingness or inability to pay for diagnostic testing. This may have important implications for
communication products aimed at the general public, pet owners and farmers, as decreasing the
pressure on health professionals could lead to less AMU in human and veterinary medicine.
Health communication plays an important role in the issue of AMR; previous mass media
campaigns aimed at improving knowledge and awareness of AMR among the general public
have successfully resulted in decreases in unnecessary AMU in humans (Smith, M’ikanatha, and
Read 2015). However, to date there have been no campaigns aimed at increasing awareness of
AMR specifically among veterinary clients (i.e., pet owners, food animal producers); this is a
significant gap, as improving understanding of the issue amongst these clients could have
positive implications for the emergence of AMR. The student participants suggested that
communication products about AMR aimed at patients and clients should attempt to personalize
the issue to improve understanding of its overall importance and implications. This concept may
provide insight into facilitating AMR-related behavioural change, or changes in perception of the
issue, using a theoretical framework such as the Health Belief Model (HBM) (Jones et al. 2015).
The idea of creating communication products that are personal to the target audience ties into the
perceived susceptibility construct of the HBM, which states that individuals must believe that
they are at risk of acquiring an illness or disease in order to change health-related behaviours
(Jones et al. 2015; Glanz and Bishop 2010). Risk perception must be considered when
developing and identifying key messages for future AMR communication products aimed at the
general public. If patients and veterinary clients understand that AMR can negatively impact
themselves and those around them, they may be less likely to pressure their healthcare
professional to prescribe an antimicrobial. Future communication products should frame the
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issue of AMR in a way that is relevant to the target audience (e.g., patients, pet owners, food
animal producers) by using examples and explaining the potential of resistant infections to affect
anyone (Wellcome Trust 2019). Although statistics provide valuable information on the
importance and the magnitude of a public health issue, using stories involving real people
affected by AMR may be more likely to resonate with the public, make the potential impacts of
AMR more relatable, and enhance support for behavioural change (Wellcome Trust 2019). For
example, using multiple examples of treatments and procedures that can be affected by a lack of
effective antimicrobials may enhance the personal relevance of the issue, and encourage the
public to engage in the issue. Raising awareness of AMR using communication products is not
sufficient to overcome the “know-do gap”, where individuals may know and understand positive
health behaviours, but their actual behaviours do not align with this (Pakenham-Walsh 2004). It
is important to enhance the personal relevance of the key messages of communication products
to the target audience to increase the likelihood of positive behavioural change(Graham, Kothari,
and McCutcheon 2018). Furthermore, multi-sectoral collaboration is necessary to address the
issue of AMR, and this can be initiated with unified messages about the importance and
relevance of AMR and AMU from both human and veterinary health professionals. Human and
veterinary health professionals should work together to ensure that communication products
contain messages about the importance of AMR and the need to preserve the effectiveness of
antimicrobials.
Moreover, the results of this study provide some insight into effective formats and
methods of dissemination for future communication products aimed at veterinarians, physicians,
and their clients/patients. The major theme that emerged from the discussions of communication
material format was the need to balance the quantity of information contained in a
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communication product with visual appeal. Participants identified fact sheets as the most useful
communication product for practicing veterinarians and physicians but highlighted the need to
develop a suite of communication products to reach all target audiences effectively, including the
general public. Participants felt that fact sheets could provide an appropriate amount of
information for practicing health professionals in a method that is still digestible and can be
accessed quickly and easily. Infographics were the least preferred communication products
amongst all focus groups. However, the participants did acknowledge that communication
products with more visuals, such as infographics and videos, may be more helpful for the public.
Infographics have been identified as a tool to make health information more accessible to the
general public (McCrorie, Donnelly, and McGlade 2016). Although infographics may have less
capacity to contain large amounts of information, the public may be more interested in reading a
communication product with visual appeal. Infographics are good alternatives to longer reports
or summaries for health information, as some individuals may lack the time or patience to read
and understand products with large quantities of text (McCrorie, Donnelly, and McGlade 2016).
Additionally, infographics can disseminate messages to a variety of audiences, as they can
facilitate effective communication when language, culture, or literacy differences are present
(Stonbraker et al. 2019). To date, there have been no studies examining how infographics can
enhance AMR knowledge, how they are used across different stakeholders, and their utility as an
AMR communication strategy. However, infographics have been shown to be effective strategies
for communicating information related to other public health issues. For example, stakeholders
in the field of concussions were asked to evaluate knowledge acquisition and overall perceptions
of infographics (Provvidenza et al. 2019). Study participants indicated that the infographics met
their knowledge needs, provided them with new knowledge, and provided them with a tool they
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could use to educate others (Provvidenza et al. 2019). Public health agencies and other AMR
stakeholders must consider the specific needs of their target audiences to develop effective AMR
communication products. There is no “one size fits all” approach to communicating AMR
information, as there is considerable variation in the key messages and level of detail needed by
different stakeholders, including healthcare professionals, pet or livestock owners, and the
general public. A comprehensive communication strategy should carefully consider the different
target audiences that need to be reached, the key messages that need to be communicated about
AMR to each audience, and the most effective type of communication product for each audience.
Furthermore, the potential role of social media in disseminating communication products
was discussed several times across the veterinary student focus groups, as well as in the medical
student focus groups. Student participants felt that social media is a tool that can be used to reach
specific target audiences, particularly those with younger demographics, as the participants felt
that these age groups are more likely to engage in social media. An analysis of Twitter activity
about antibiotics over a six-month period was conducted to determine the most influential users
and the flow of information (Cumbraos-Sánchez et al. 2019). Physicians, medical journals,
pharmacists, and institutions were identified as key influencers or opinion leaders on Twitter in
the area of antibiotics. Another analysis of Twitter-use related to both AMR and antibiotics
identified health news sources, and others working within the medical and pharmaceutical fields
as influential users (Andersen et al. 2019). These results highlight the need to develop
comprehensive knowledge translation strategies that incorporate social media to disseminate key
messages about AMU and AMR, particularly by individuals who are viewed as leaders in the
field. Social media platforms, including Twitter, may provide novel communication
opportunities that will allow patients and clients to engage with health professionals, and receive
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important information about AMR. As people continue to increasingly seek out health
information online, social networking sites are important places for dialogue and enhancing
awareness and understanding of complex issues. Some communication products targeted at the
general public, such as infographics, are easily sharable through social media channels, further
enhancing the appeal of incorporating social media into communication strategies (Siricharoen
and Siricharoen 2018). Additionally, key influencers can engage in dialogue with other
stakeholders in the AMR issue (e.g., other health professionals) to share research findings, and
messages regarding antimicrobial stewardship.
Considerations and Limitations
This study provided an in-depth exploration of medical and veterinary student
perceptions of AMR and preferences for AMR knowledge translation and communication
strategies; however, there are several limitations to this research. Firstly, participant recruitment
for the focus groups was challenging, and resulted in fewer focus groups being conducted than
originally planned. Several institutions had ethics processes in place for conducting research with
students, and these processes often required a local investigator to oversee the study. Because our
research team was largely based at a single institution, it was difficult to access the student
populations at other institutions. Additionally, few responses to the recruitment email and
scheduling issues with interested students were also challenges when recruiting medical students
at several universities.
Secondly, there is likely to be some bias arising from the focus group discussions,
particularly with the medical student focus group. Overall, there was a lack of diversity in the
sample of medical and veterinary students that participated in the discussions in terms of year of
study. The focus groups conducted with veterinary students did have at least one participant from
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every year of veterinary school, but the majority of students were in their first year of study.
Additionally, as a result of the recruitment challenges outlined previously, only one focus group
was conducted with medical students, and most of the participants in this focus group were first
year students. A more equal distribution across the four years of medical and veterinary school
may have provided additional perspectives on the issue of AMR, and future studies could target
students that are farther along in their studies, as they may have different perspectives as a result
of completing more coursework and clinical experience. It is also important to acknowledge that
the participants in the focus groups were medical and veterinary students, and not healthcare
professionals that are currently working in the field. Healthcare professionals may have different
views on AMR, and different communication preferences compared to students training to be
professionals based on their experiences with different cases, patients and/or clients. As these
students complete their education and move into the realities of day-to-day practice, their views
on the issue and preferred methods of communication may evolve. However, it is important to
explore the perceptions and communication preferences of students, as they represent the next
generation of practitioners and antimicrobial prescribers.
Conclusion
In conclusion, this research demonstrated that Ontario medical and veterinary students
recognize the importance of AMR as a public health issue, and the reliance of human and
veterinary medicine on effective antimicrobials. By investigating medical and veterinary student
perspectives, public health agencies and researchers will be better positioned to develop
effective, targeted communication tools to address AMR in each of these groups of health
professionals. Future research should attempt to incorporate other health professionals, such as
pharmacists, nurse practitioners, and dentists. These groups can dispense and/or prescribe
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antimicrobials to patients, and they play important roles in primary health care in many
communities. Additionally, it will be important to consider the perspectives of persons who
administer antimicrobials to crops. Continuing this research and incorporating multiple, diverse
viewpoints from future and current antimicrobial prescribers will help further elucidate the key
messages, format, and method of delivery for communication tools aiming to address this
significant public health issue.
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Table 5.1: Ontario medical and veterinary students focus group topic guide.
Topic
Perceptions of antimicrobial resistance (AMR)

Content of future communication materials

Format of future communication materials
Transmission/delivery of future communication
materials

Areas explored
• General knowledge of AMR
• The role of their respective health profession in the
issue of AMR
• Key messages that
physicians/veterinarians/pharmacists need to know
about AMR
• Key messages that patients/clients need to know
about AMR
• Assessment of different types of communication
materials, such as infographic, short summary, fact
sheet, and a long report
• Most effective ways of receiving and accessing
information about AMR
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Table 5.2: Summary of results of the pre-focus group survey on antimicrobial resistance knowledge
administered to medical and veterinary student participants.
Question: Antimicrobial resistance can impact which of the following (select all that apply):
All students (n=18)
Veterinary students
Medical students (n=5)
(n=13)
The environment
89%
92%
80%
Human health
100%
100%
100%
Animal health
100%
100%
100%
Unsure
0%
0%
0%
Question: In your opinion, which of the following contributes to the issue of antimicrobial resistance? Select all
that apply.
All students (n=18)
Veterinary students
Medical students (n=5)
(n=13)
Antimicrobial use in
94%
92%
100%
hospitals
Antimicrobial use in the
89%
92%
80%
environment
Antimicrobial use in the
100%
100%
100%
community
Antimicrobial use in
94%
100%
80%
companion animals (e.g.
dogs, cats)
Antimicrobial use in
100%
100%
100%
food-producing animals
(e.g. cattle, pigs, chicken)
Other (please specify)
0%
0%
0%
Question: Have you ever heard of the term “antibiotic stewardship” or “antimicrobial stewardship”?
All students (n=18)
Veterinary students
Medical students (n=5)
(n=13)
Yes
61%
69%
40%
No
28%
31%
20%
Unsure
11%
0%
40%
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Table 5.3: Relative ranking (mean scores) of the perceived importance of antimicrobial resistance on a scale
of 1 to 5 (with 1=not important, 5=extremely important) in relation to other global challenges amongst
Ontario medical and veterinary student focus group participants.
Global challenge

Antimicrobial Resistance
Climate Change
Terrorism
Food Security
Chronic Diseases

All students (n=18)
Pre-focus
group
3.3
3.8
3.0
2.6
2.4

Post-focus
group
3.3
3.8
2.8
2.6
2.6

Veterinary students
(n=13)
Pre-focus
Post-focus
group
group
3.5
3.5
4.0
4.1
2.6
2.5
2.6
2.5
2.3
2.3

Medical students (n=5)
Pre-focus
group
2.8
3.2
4.0
2.4
2.6

Post-focus
group
3.4
3.0
2.8
2.8
3.2
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4.5
4
3.5
3
2.5
2
1.5
1
0.5
0
Pre-focus group

Post-focus group

Pre-focus group

All students (n=18)
Antimicrobial Resistance

Post-focus group

Veterinary students (n=13)
Climate Change

Terrorism

Pre-focus group

Post-focus group

Medical students (n=5)
Food Security

Figure 5.1: Relative ranking (mean scores) of the perceived importance of antimicrobial
resistance on a scale of 1 to 5 (with 1=not important, 5=extremely important) in relation to
other global challenges amongst Ontario medical and veterinary student focus group
participants.
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Figure 5.2: Thematic map of the major themes (square box) arising from each of the topics of the focus group guide (bolded
text) used to explore the perceptions of antimicrobial resistance (AMR) and communication preferences for AMR information
amongst medical and veterinary students.
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Chapter 6: Summary Discussion of Key Findings, Conclusions, and
Future Directions
Abstract
Antimicrobial resistance (AMR) has been identified as one of the most significant threats
to public health, directly resulting in approximately 5,400 Canadian lives lost and costing the
Canadian healthcare system $1.4 billion each year (Council of Canadian Academies, 2019). If
actions are not taken to reduce the emergence and persistence of AMR in Canada, the resulting
morbidity, mortality, and economic burden will continue to increase. AMR is an example of a
One Health issue, as it has the potential to impact the health of humans, animals, and the
environment. Several different factors across human medicine, veterinary medicine, animal
production, plant production, and other sectors are likely contributing to the emergence of AMR.
It is therefore important to adopt a One Health approach to develop a comprehensive
understanding of the issue. Adopting an interdisciplinary approach with the relevant sectors (e.g.,
human medicine, veterinary medicine, economics, plant and animal production) is necessary to
address AMR and reduce the drivers of AMR across these sectors. A systems approach that
considers the complexity of AMR will be beneficial, as AMR impacts different species (e.g.,
food-producing animals, humans, companion animals), in different locations (e.g., hospitals,
community settings, low-income countries, high-income countries), and therefore requires the
input and collaboration different professional perspectives and disciplines.
The system of AMR emergence and spread is extremely complex, and the drivers and
transmission routes of resistant microorganisms are incompletely understood. The primary
objectives of this thesis were to a) evaluate the use of different data sources to improve our
understanding of AMR, the drivers of AMR, and the interactions between drivers in the overall
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system, and b) determine the perceptions of the issue, key messages to be communicated, and
most preferred methods of communication about AMR with future antimicrobial prescribers.
This thesis used a series of methodological approaches to help improve our understanding of
AMR and its drivers, including the analysis of Canadian agrifood and human surveillance data
for ESBL-producing E. coli and Salmonella (Chapter 2), synthesis of risk factor data across
humans and different food animal species for mathematical modelling of AMR along the food
chain (Chapter 3), and a social network analysis (SNA) of the potential drivers of foodborne
AMR (Chapter 4). Chapters 3 and 4 adopt a systems approach to examine factors associated with
AMR (including ESBL-producing organisms, and foodborne AMR more broadly) across
different animal species, humans, and societal sectors to identify research gaps and potential
areas for interventions. Additionally, this research used the qualitative method of focus groups to
provide an in-depth look at the perceptions of AMR among future antimicrobial prescribers,
explore how medical and veterinary students view the AMR system (including drivers and their
own role in the issue), and determine their most preferred communication methods for
communicating complex AMR information to themselves and their patients/clients (Chapter 5).
The use of several methodological approaches to address our research objectives highlights the
complexity of the issue overall, as each of the methodologies incorporated in this thesis provided
insights into the AMR system across different levels that must be considered when identifying
potential interventions or other ways to address AMR. For example, the analysis of molecular
data can provide evidence to support potential transmission routes of resistant bacteria, but these
transmission routes may only form a small component of the overall AMR system. There are
other factors that contribute to the selection pressure on bacteria, and therefore the emergence of
resistant bacteria, and these factors may often be a result of human behaviours (e.g.,
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antimicrobial use) that need to be addressed. The valuable results provided by the use of diverse
methodological approaches underscores the need to consider different methods and study designs
in AMR research. In this final chapter, the key findings from this research are discussed in terms
of the implications for surveillance and future research efforts.

Summary and Implications of Key Findings
This thesis explored the issue of AMR and the overall AMR system (the potential drivers
of AMR across all sectors, and the relationships between these drivers), beginning at the
microbiological level with the analysis of molecular data. Chapter 2 presented the results of the
integrated surveillance (humans and agrifood) of extended-spectrum beta-lactamase-producing
(ESBL) Salmonella and E. coli over a period of six years. ESBLs are a group of enzymes that
confer resistance to important antimicrobials, including extended-spectrum cephalosporins and
penicillins, resulting in significant treatment challenges in both human and veterinary medicine.
These data were collected by the Canadian Integrated Program for Antimicrobial Resistance
Surveillance (CIPARS), which monitors antimicrobial resistance in enteric bacteria from
humans, animals, and animal-derived food sources. The results of this chapter indicate that
overall prevalence of ESBL-producing Salmonella and E. coli in humans and agrifood samples
in Canada is low; however, ESBLs were found in many agrifood sources, suggesting that
although the overall prevalence may be currently low, these organisms are widely distributed.
Additionally, the use of selective media enhanced the detection of these organisms, indicating
that these organisms are likely present in our samples, but at very low levels that may not be
sufficient to result in disease, or even be detected using routine methods. These results suggest
that the specific methods used in surveillance can have important implications for analyses. The
use of selective media should be considered as a supplement to traditional (i.e., non-selective
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media) methods to ensure that ESBL-producing organisms are being identified when present, as
the early detection (even at low levels) could potentially help limit transmission within and
between populations if interventions are implemented following detection. Regardless of
whether interventions are implemented, the use of selective media to identify ESBL-producing
organisms can help improve awareness of the presence of these organisms in animal, food, and
human samples. Additionally, these results highlight the importance of ongoing surveillance in
humans and across the farm-to-fork continuum. Integrated surveillance of bacteria from foodproducing animals, food products, and humans is needed to compare data across sectors, identify
potential transmission routes of foodborne resistance, and identify potential target areas or
sectors for implementing interventions. Surveillance can also detect emerging trends and monitor
the impacts of interventions, such as policy changes (Tacconelli et al., 2018). For example, the
development and implementation of policies around specific farm biosecurity practices may
impact the occurrence of ESBLs. Chapter 3 identified several farm management and biosecurity
practices associated with ESBL-producing E. coli in swine, and Chapter 4 highlighted
antimicrobial use on farms as an important factor in the AMR system that was influenced by
several other farm-level factors, including farm hygiene practices, housing type and farm design,
and animal density. Therefore, changes in biosecurity practices could have direct implications for
the transmission of ESBL-producing organisms, and indirectly impact antimicrobial use
practices, which could in turn limit the emergence and spread of ESBLs in Canada.
In Chapter 3, a broad approach to exploring the occurrence of ESBL-producing
organisms and factors associated with the emergence of these bacteria was taken. The objectives
of this chapter were to develop an integrated assessment model incorporating data on factors
associated with ESBL-producing E. coli in food-producing animals, and to develop a framework
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to expand the model and incorporate factors associated with ESBL-producing E. coli in humans
in future model iterations. Factors associated with ESBL-producing E. coli were identified in
only two food-producing species: broiler chickens and swine. Furthermore, only a single factor
was identified in broiler chicken, and several factors extracted from only two studies were
identified in swine. These factors included antimicrobial use, and other farm management and
biosecurity practices. This chapter highlights the lack of studies examining factors potentially
associated with ESBL-producing organisms in select food-producing species. This was a
somewhat surprising finding considering that ESBLs have been isolated from several food
animal species and products, including broiler chicken, cattle, and pigs, and the genes encoding
ESBLs are mostly located on mobile genetic elements that may facilitate their transmission to
human populations (Dolejska, Villa, Hasman, Hansen, & Carattoli, 2013; Rozwandowicz et al.,
2018). Further research, ideally in Canadian populations, is needed to elucidate risk and
protective factors associated with ESBL-producing organisms in these food-producing species.
Integrated surveillance data, such as those collected by CIPARS, could be used to identify some
of these factors. Investigating associations between farm management factors and ESBLproducing organisms in food-producing species included in the CIPARS farm surveillance
program (chicken, swine, and cattle) may provide more data that can be included in an integrated
assessment model. Although the exploration of potential associations between general factors
(e.g., year, region, host species) and ESBL-producing E. coli and Salmonella did not yield any
significant associations in Chapter 2, ongoing analyses of these factors and more specific farm
management factors may produce useful data.
Furthermore, categories of risk factors for ESBL-producing organisms in humans were
developed based on the results of a scoping review, with AMU being the most commonly
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reported factor. When synthesizing the factors associated with ESBL-producing
Enterobacteriaceae in human populations, it became evident that there is a lack of
standardization with regards to control groups and study populations, which has been previously
identified as an issue when evaluating risk factors for AMR (Behar, Teixeira, Fachel, & Kalil,
2008; Rafailidis, Bliziotis, & Falagas, 2010). These differences make it challenging to compare
the data reported across different studies. There was also a lack of Canadian studies in both
humans and the agrifood sector, limiting the generalizability of these factors to Canadians human
and animal populations. In the future, more research and data are needed to explore associations
between factors and ESBLs. Additionally, Canadian studies are needed to ensure the factors we
are modelling are relevant to our own populations, making it easier to identify potential
interventions. Finally, the addition of whole genome sequencing (WGS) data will improve these
models, as the integrated assessment model is currently modelling only phenotypic results.
Genomic data may help to establish the transmission dynamics of these bacteria, and further
characterize the contributions of different pathways to human ESBL infections by exploring the
relatedness of isolates from different species and humans.
After analyzing surveillance data and synthesizing risk factor data for ESBLs, a specific
group of enzymes conferring resistance to beta-lactam antimicrobials, a systemic approach to
analyzing the overall issue of AMR was adopted in Chapter 4. AMR was visualized as a
complex adaptive system using a previously published systems map of the potential drivers of
foodborne AMR in Canada that was generated by expert opinion (Majowicz, Parmley, Carson, &
Pintar, 2018). The objectives of this research were to use social network analysis to characterize
the relationships between potential drivers of foodborne AMR, and identify key leverage points
in the system that can be used to prioritize interventions, surveillance, and mitigation efforts. The
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results of the social network analysis highlighted that consumer choice and demand for product
is an influential point in the AMR system, indicating that together, consumers may have the
ability to affect the system, change AMU practices, and ultimately impact the reduction or
persistence of AMR in the Canadian food system. Additionally, on-farm AMU (in production
animals and aquaculture) was an important factor that was influenced by several other factors in
the system, such as animal density, farm hygiene practices, and housing type. This has important
implications for potential policy changes or other interventions directed at antimicrobial use
practices. If changes in AMU practices are going to be sustainable and effective, it is important
to consider the other factors in the system that are driving AMU. Overall, this research highlights
the utility of social network analysis methods in different situations, particularly when analyzing
AMR as a system to identify the potential systemic effects of changes in any AMR drivers.
Although the systems map should continue to be updated as new research and knowledge in the
field emerges, and potential drivers of foodborne AMR continue to be identified, the results
provided potential targets to reduce foodborne AMR in Canada.
Chapter 4 enhanced our understanding of the overall AMR system, potential drivers of
foodborne AMR, and influential points in the system to potentially target interventions.
Antimicrobial use in human medicine was a factor included in the systems map, and on-farm
AMU (in production animals and aquaculture) was identified as an influential point in the
system. Additionally, Chapter 3 demonstrated that AMU was the most commonly reported factor
associated with resistant infections caused by ESBL-producing Enterobacteriaceae in humans.
Therefore, the research described in Chapter 5 aimed to explore the perceptions of AMR and
communication preferences among future antimicrobial prescribers using focus groups. Both
medical and veterinary students were included in this research, as AMU in both human and
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veterinary medicine can contribute to the emergence of resistance. The results of the focus
groups show that students believe AMR to be an important global issue, and they feel that the
main drivers include antimicrobial use in food-producing animals and human medicine. Students
also highlighted the importance of collaboration between different sectors to effectively reduce
the emergence of AMR. When asked about their preferred methods of communication and
dissemination of AMR information, students suggested that materials such as fact sheets are a
preferred communication method, as they can provide detailed information without
overwhelming the target audience. The results have important implications for the development
of future knowledge translation and communication materials, and can be used to support the
development of different communication tools that are tailored to the needs of different
professional groups.

AMR: A Complex Adaptive System
The research described in this thesis involved the analyses of several forms of data from
different sources, from the molecular level to the systems level. To develop a comprehensive
understanding of AMR and address the issue, it is necessary to think of the issue as a complex
adaptive system. Complex adaptive systems include many interacting elements, capable of
responding to changes or disruptions through complex and dynamic interactions (Wang, Zhang,
Liang, & Bloom, 2016). Systems thinking is an important tool for addressing existing and
emerging infectious diseases, and a key component of a One Health approach; systems thinking
can help explore/characterize factors and relationships that influence disease transmission, and
consider the potential impacts of interventions and mitigation strategies using data from a range
of sources and disciplines (Xia, Zhou, & Liu, 2017). Complex public health issues require
systems thinking to understand the relationships between factors across different levels, and
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anticipate the potential impacts of policy changes; the integration of knowledge from different
stakeholders in a system, and data from different sources and in different forms, can better
inform evidence-based practices and policies and highlight important data gaps (Leischow et al.,
2008; Peters, 2014). Additionally, an improved understanding of the dynamics between the
drivers of AMR will help to inform policymakers of the potential systemic consequences (both
intended and unintended) of any future policies or legislation.
The research described in thesis used several different forms and sources of data, all of
which made important contributions to improving the understanding of the AMR system. Firstly,
the analysis of phenotypic and genotypic data for a specific group of enzymes (ESBLs)
conferring resistance helped to determine the frequency of these enzymes from Canadian human
and agrifood surveillance data. The analysis of these data across agrifood species and humans
demonstrated the utility of this type of analysis in establishing links and infer the potential
transmission (or lack thereof) between humans and animals, which can help prioritize areas for
future surveillance, research, and mitigation efforts. Additionally, these analyses can be used to
help strengthen (or weaken) connections between nodes in the AMR system, and can thus be
used to inform future social network analyses. Although these analyses did not identify any
significant risk or protective factors for ESBL-producing E. coli and Salmonella, a
comprehensive literature search of factors potentially associated with AMR did return some data
that could be used to model ESBL-producing E. coli along the food chain and in humans.
Synthesizing risk factor data obtained from the literature using an IAM framework can identify
areas to prioritize for interventions across the food chain and in human populations, if data was
present. If data are lacking, this approach can highlight important research gaps that hinder our
understanding of the transmission of resistance from the food chain to humans. IAMs can also
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identify areas to focus future research efforts in Canada to determine the relevance of risk factor
data from other regions. Additionally, agrifood and human surveillance data can be incorporated
into this type of model to establish prevalence estimates at different stages of the food chain and
strengthen or weaken the connections between the food chain and humans.
Understanding the links between the food chain and resistant human infections is
necessary, as the food chain represents an important transmission route for resistant bacteria
(Hoelzer et al., 2017). However, this only represents a single transmission route for resistance; as
the systems map analyzed in Chapter 4 demonstrates, there are several other potential pathways
and factors associated with human resistant infections. This systems map contains a wide range
of factors (e.g., environmental, economic, agricultural), but is likely missing some factors and/or
connections between factors. There were also some larger, overarching factors (e.g. climate
change) that likely impact all nodes in the map but are not currently included. Additionally, we
are considering every connection to be of equal importance in the AMR system, and we are also
treating all connections as if equal amounts of information exist for each. To develop a more
comprehensive systems map of foodborne AMR, we need surveillance and risk factor data for all
parts of the system, similar to those collected and analyzed in Chapters 2 and 3. Alternatively,
the data used in the systems map could be qualitative in nature, particularly when assessing the
strength of a relationship between a factor and resistance relative to other factors. These data can
inform the connections between different factors and resistant infections, establish new
connections that may not be in the current map, and help to identify the most influential points in
the system for implementing interventions and mitigation efforts to reduce AMR. Furthermore,
the systems map can highlight the potential implications and downstream effects of changes at
any given node in the AMR system, such as a policy change or other intervention. This
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information can be used to explore the consequences of changes in the system, both intended and
unintended, as the complexity of AMR makes it difficult to predict the impacts of interventions.
Developing a comprehensive understanding of the AMR system, including AMR drivers
and transmission routes for resistant bacteria, is necessary to address the issue and reduce the
threat of AMR. However, even with a complete understanding of the system and the actions that
need to be taken, behaviour change across different sectors will be necessary to address the issue.
For example, as one of the major drivers of resistance is AMU (Flowers, 2018; Marshall & Levy,
2011), it will be important for interventions to target antimicrobial prescribing practices among
veterinarians, physicians, and other medical professionals with the ability to prescribe. It will
also be necessary to develop targeted interventions for those who are using the antimicrobials to
ensure they are using them appropriately and to recognize the system-level changes that will
need to happen for any intervention to be effective. There are many important stakeholders in the
issue of AMR, each with their own role. The drivers of AMR are found across sectors and
stakeholders, and each needs to understand their distinct roles when it comes to addressing
AMR. It is therefore important to explore the perceptions of the issue among different
stakeholders, as this can inform the key messages that need to be communicated to enact
behavioural change among these groups. We need to also determine the most effective ways of
communicating these key messages to stakeholders; developing communication materials that
are not relevant or useful to the target audience will not result in the uptake of information or
positive behavioural change. Therefore, qualitative research with stakeholders can enhance our
understanding of the most effective ways of communicating information about AMR (e.g. trends
in resistance based on surveillance data, risk or protective factors for AMR, etc.) and result in
positive behavioural change that is needed to mitigate the risk of AMR.
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It is also important to recognize that communication is one approach to promote positive
behaviours, but effective communication alone may not be sufficient to result in behaviour
change. We can increase the knowledge and awareness of AMR among stakeholders using the
preferred communication methods, but there are other factors that will impact an individual’s
willingness and/or ability to change their behaviours. Therefore, systemic change is needed to
enable all stakeholders to make informed decisions and adopt healthy behaviours related to
AMU and AMR. To accomplish these systemic changes, some of the upstream drivers of AMU
that were identified in the AMR system in Chapter 4 need to be addressed. For example, the
systems map indicated that an upstream driver of human AMU was the demand for
antimicrobials, which in turn was impacted by the need to not miss work (presenteeism) and
employment benefits (sick days). A patient could have a high level of knowledge of AMR and
the appropriate use of antimicrobials but may still pressure their physician to prescribe if they do
not have paid sick days and cannot afford to take time away from work. This could in turn lead
to a physician prescribing an antimicrobial unnecessarily, as Chapter 5 indicated that patient
pressure is an important issue to consider as a driver of AMU. Therefore, it is important for all
stakeholders to be knowledgeable about AMR and their own role in the issue, but it is important
that the system at large enables individuals to adopt changes in behaviours.
The contributions of the different types and sources of data highlight the need for
research at all levels of the system, from the analysis of genotypic data to systems mapping and
exploring how individuals perceive the issue. To develop a comprehensive understanding of the
bacterial transmission routes, drivers of resistance, and points in the system for implementing
sustainable interventions, all levels of data are important.

Strengths & Limitations
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The major strength of this thesis is the incorporation of several sources and types of data,
and the use of several methodologies to enhance knowledge of AMR and the overall AMR
system. This research contributes to the AMR literature by using diverse methodological
approaches and analyzing different forms of data, which contributed to an enhanced
understanding of AMR across several levels, from the molecular level to the systems level.
Actions to address AMR will need to take place across all of these levels, from small-scale
changes (e.g., using selective media to enhance detection of resistant organisms) to larger,
systemic changes (e.g., changes in labour laws to enable paid sick days for all employees). Thus,
it is imperative that researchers have a comprehensive understanding of the changes that need to
be made, and the impacts that changes at one level can have on other levels in the system.
Additionally, this research demonstrated the utility of methods that are traditionally used in the
social sciences (e.g., social network analysis, qualitative research) in AMR research. Another
strength of this research is that the results highlighted several research gaps that exist in the
AMR literature, and that are critical to address in order to elucidate the impact of foodborne
AMR on resistant human infections. By analyzing different forms of data using several different
approaches, this research yielded data that can be used to inform future surveillance, research,
and communication efforts to address AMR.
Each research chapter outlined the limitations of the various methodologies and data
sources used; overall, a common limitation across this thesis was a lack of data. In Chapter 2,
only a small subset of isolates collected from Canadian surveillance data underwent WGS, which
would have provided more precise results with regards to determining the prevalence of ESBLproducing bacteria and detecting true ESBL-producers. Additionally, this would have allowed
for more comparisons between the ESBL genes circulating in humans compared to those
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circulating in food-producing animals along the food chain and enabled quantitative modelling of
the determinants of resistance.
Furthermore, Chapter 3 highlighted a lack of studies examining risk and protective
factors for ESBLs in food-producing animals, and a lack of Canadian studies examining these
factors in both humans and food-producing animals. To develop a more robust quantitative
model exploring ESBLs along the food chain, more factors contributing to, or limiting, the
emergence of ESBLs is needed. Canadian studies can also provide additional insight and help to
develop a model of ESBLs across the food chain and in humans that is relevant in the Canadian
context and contains potential areas to implement interventions that will be effective in Canadian
populations.
Chapter 4 represented an initial attempt at applying a set of methods (social network
analysis) based in the social sciences to improve our understanding of the AMR system, and of
the relationships between drivers of foodborne AMR. Determining the correct interpretations of
these results in the AMR context is difficult, and future research is needed to validate the results
and the value of this analytic approach in this context. Additionally, the systems map used was
likely not a complete map, and there are likely other factors and connections driving the
emergence of foodborne AMR.
Finally, Chapter 5 provided an in-depth look at medical and veterinary student
perceptions of AMR, but this research has some limitations concerning participant diversity.
Fewer focus groups were conducted than originally planned, with only one focus group
conducted with medical students. This research would benefit from more focus groups, as well as
more diversity in the years of program represented. More focus groups need to be conducted to
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reach saturation, ensuring that new ideas and themes are not being generated, and fully explore
this issue with future antimicrobial stewards.

Future Directions
If actions are not taken to address AMR in Canada, there will be serious consequences to
population health and the health care system. The Council of Canadian Academies (Council of
Canadian Academies, 2019) estimates that approximately 396,000 deaths in Canada will occur
by 2050 as a direct result of AMR, and this will cost the Canadian healthcare system
approximately $7.6 billion per year. Additionally, there will be negative implications for the
Canadian economy, with a $21 billion annual reduction in the Canadian gross domestic product
(Council of Canadian Academies, 2019). The Council outlines 4 major mitigation strategies for
an effective approach to addressing AMR: surveillance, infection prevention and control,
stewardship, and research and innovation. The results of this thesis suggest that future research
directions should also align with these mitigation strategies to improve our understanding of the
AMR system and address some of the gaps in knowledge.
Surveillance
Surveillance is an important component of any strategy to address AMR, as it provides
the necessary data to identify emerging trends, and determine the most effective ways to target
interventions and the use of resources (Council of Canadian Academies, 2019). Chapter 2
described the analyses of Canadian surveillance data for ESBL-producing Salmonella and E. coli
in humans and agrifood species, and the results indicate that these organisms were found across
many surveillance components and in humans. Ongoing surveillance is needed across the food
chain, and surveillance efforts should consider the use of selective media to enhance detection of
these organisms. The use of ESBL-detecting selective media is not a common practice in clinical
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or research settings (Jazmati, Hein, & Hamprecht, 2016; Kluytmans-Van Den Bergh et al.,
2015), but the added value of this type of media indicates that it should be incorporated into
surveillance systems. The increased cost associated with selective media means that this
approach may have to be targeted to specific food chain components; for example, it may be
beneficial to use selective media to detect ESBLs in retail samples, as this is the stage of the food
chain most proximal to human consumption. Surveillance systems should also continue to use
whole genome sequencing for molecular characterization of isolates, as this can provide more
precise information and establish the relatedness of isolates from different species. This can help
inform mitigation and surveillance efforts to reduce resistance emerging from the food chain.
Infection Prevention and Control
Infection prevention and control (IPC) plays a significant role in reducing the
transmission of AMR organisms in both healthcare and agricultural settings (Council of
Canadian Academies, 2019). IPC activities are important to investigate, as they can decrease the
overall rates of infections and therefore limit the need for antimicrobials (Council of Canadian
Academies, 2019). Chapter 3 summarized the factors associated with ESBL-producing
organisms in humans, and although IPC programs were not specifically examined, many of the
identified factors would be related to IPC guidelines. For example, invasive procedures and
devices (e.g., catheters) were identified as factors potentially associated with ESBL-producing
organisms in several studies; these procedures would have associated guidelines to reduce the
transmission of disease-causing organisms. Canadian studies exploring IPC factors potentially
associated with ESBL-producing organisms would be valuable, as this could help identify
procedures and guidelines in healthcare settings that are effective at reducing the transmission of
ESBLs.
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This thesis also highlighted the lack of studies in food-producing animals when
examining factors associated with ESBL-producing organisms; however, there were some farm
management and biosecurity-related factors identified in pigs in the Netherlands and Denmark,
such as separation of sick animals and the use of gloves when treating piglets. More research is
needed to identify potential biosecurity and farm management factors, such as vaccination, in
Canada that may reduce the incidence of resistant bacteria in food-producing animals.
Associations between various on-farm factors and resistant bacteria, including ESBLs, should
continue to be investigated, as these data may provide areas to target interventions. Any factors
that can prevent and control infections on farms may ultimately reduce the need for
antimicrobials and minimize the emergence of resistance through the food chain.
Antimicrobial Stewardship
Antimicrobial stewardship (AMS) is an important aspect of reducing the emergence of
AMR across different populations and settings, as it includes interventions that can improve and
monitor the judicious use of antimicrobials to preserve their effectiveness (Council of Canadian
Academies, 2019). Antimicrobial stewards include anyone who prescribes, dispenses, uses, sells,
or influences antimicrobial use for human or animal health (Council of Canadian Academies,
2019). Chapter 5 explored the perceptions of AMR among two groups of future antimicrobial
stewards: Ontario medical and veterinary students. Conducting focus groups with these students
allowed for an in-depth look at their perceptions of the drivers of AMR, including antimicrobial
use, and their role in the issue. It also explored their preferences for communication materials,
including format, messaging, and transmission of information. This research can help inform
future communication materials targeting these medical professionals and attempt to change
prescriber behaviour around the use of antimicrobials. However, there are other groups of
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prescribers that were not involved in this research. For example, dentists, pharmacists, nurse
practitioners, and other medical professionals can prescribe and/or dispense antimicrobials, and
similar research should be conducted with these groups to develop a comprehensive, in-depth
understanding of the perceptions and communication preferences for AMR information among
all stewards.
Research and Innovation
Research and innovation are critical to inform surveillance, IPC, and antimicrobial
stewardship, and this thesis highlights many knowledge gaps and areas for future research that
need to be considered. For example, Chapter 3 demonstrated that there are very few studies
examining risk factors for ESBL-producing organisms in food-producing animals. This is an
important area for future research, as identifying risk and protective factors for these organisms
can help identify intervention points along the food chain. This chapter also highlighted that in
order to incorporate human factors for ESBL-producing organisms into a quantitative model,
there are certain inputs needed for each factor that we do not currently have access to. This will
become important data to have when quantifying the relative contribution of different sources
(e.g. the food chain, human antimicrobial use, healthcare factors) to the emergence of resistance
in humans.
Additionally, Chapters 5 identified some areas for future research, particularly with
different groups of antimicrobial prescribers. Focus groups were conducted with medical and
veterinary students, and it would be beneficial to conduct similar focus groups with practicing
physicians and veterinarians to determine how their views and opinions may have changed since
being in practice. It is also important to include other antimicrobial stewards, such as
pharmacists, dentists, and nurse practitioners to identify the most preferred methods of
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communicating with each group. Finally, similar research exploring perceptions of AMR and
preferences for different types of communication materials with the general public would
provide additional insight into the views of important stakeholders in the AMR system.
Behaviour change related to antimicrobial use will be necessary among all stakeholders to reduce
the persistence and emergence of AMR, and therefore comprehensive research with these groups
is important to identify the key messages and delivery of communication materials. Continuing
this research and incorporating multiple, diverse viewpoints from future and current
antimicrobial prescribers will help determine further elucidate the key messages, format, and
method of delivery for communication tools aiming to address AMR.

Conclusion
In conclusion, AMR poses a significant threat to human and animal health globally, and
the impacts of this critical issue will continue to increase if actions are not taken to reduce the
emergence and persistence of resistance. AMR is a complex issue, and the AMR system contains
many factors that are interdependent and can therefore affect the emergence and transmission of
resistant bacteria. This thesis explored different aspects of the AMR system using different forms
and sources of data, including molecular (phenotypic/genotypic) surveillance data, risk factor
data collected from peer-reviewed literature, and qualitative data derived from focus groups with
stakeholders. The results highlight the importance of ongoing, integrated surveillance of AMR to
monitor the prevalence and distribution of resistant organisms, as well as the need for Canadian
studies to identify risk and protective factors for resistance in humans and food-producing
species. Finally, this thesis demonstrates the importance of developing tailored knowledge
translation and communication materials for stakeholders to meet the needs of different groups.
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Using diverse methodological approaches can help improve our understanding of AMR and its
complexity and identify potential areas for future research and mitigation efforts.
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Appendices
Appendix A.1: Qualitative features of articles identifying factors potentially associated with extendedspectrum β-lactamase (ESBL)-producing Escherichia coli (E. coli) in broiler chicken, swine, and humans for
the integrated assessment model
Table A.1.1: The qualitative features of studies with factors potentially associated with extended-spectrum β-lactamase
(ESBL)-producing Escherichia coli (E. coli) in broiler chickens and pigs.
Population Outcome

Broiler
chicken

Pigs

ESBLproducing
E. coli
ESBLproducing
E. coli
ESBLproducing
E. coli

Control
group

Region

Site
sampled in
the food
chain
Non-ESBL- Netherlands Retail
producing
E. coli
No control Denmark
Farm
group, only
count data
provided

Sample

Factors

Reference

Chicken
breasts

Production type (organic and
conventional production systems)

Cohen Stuart et
al., 2012

Stool
samples

Hammerum
2014

Not
provided

Rectal
swabs

Antimicrobial use: high
consumption of third and fourthgeneration cephalosporins vs. no
consumption of third and fourthgeneration cephalosporins
Antimicrobial use: use of
cephalosporins, proportion of
group treatments

Netherlands Farm

Farm characteristics: number of
sows on farm, external supply of
gilts, production type, water
supply source for animals,
presence of goats on the farm,
MRSA prevalence,

Dohmen et al.,
2017
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Population Outcome

Control
group

Region

Site
sampled in
the food
chain

Sample

Factors

Biosecurity: hygiene lock
entrance, drivers entering clean
road, dogs can enter the shed,
removal of manure in the
summer, pest control handled by
professional organization
Animal management and contact
structure: foster sows can have
pigs from more than one litter,
housing of gestating sows
(cubicle vs. groups), separation of
sick animals, use of gloves during
treatment of piglets, tooth
clipping in piglets

Reference
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Table A.1.2: The qualitative features of studies with factors potentially associated with extended-spectrum β-lactamase
(ESBL)-producing Enterobacteriaceae in humans.
Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Adult
inpatients
admitted to
medical and
surgical
intensive care
units (ICUs) of
an academic
medical center

Acquired ESBLproducing gramnegative bacteria
(Escherichia coli
and Klebsiella
pneumoniae)

Did not acquire United
ESBLStates
producing gramnegative
bacteria

Perianal
cultures

Retrospective
cohort

Demographic Ajao et al.,
s: age, gender 2013
Antimicrobia
l use (in
ICU): any
antibiotics,
piperacillintazobactam,
1st generation
cephalospori
ns, 2nd
generation
cephalospori
ns, 3rd
generation
cephalospori
ns, cefepime,
antifungal
therapy,
antipseudom
onal βlactams,
macrolides,
quinolones,
anti-MRSA
(methicillinresistant

Reference
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

Staphylococc
us aureus)
therapy
Hospitalizati
on: ICU total
length of
stay, ESBLpositive prior
room
occupant
Comorbidities:
AIDS,
malignancy,
cerebrovascul
ar disease,
chronic
pulmonary
disease, liver
disease, renal
disease
Hospitalized
adult patients
in two large
community
hospitals

ESBL-producing
Enterobacteriacea
e (Escherichia
coli, Klebsiella
spp., Proteus
mirabilis,
Salmonella spp.)

Non-ESBLUnited
producing
States
Enterobacteriace
ae (Escherichia
coli, Klebsiella
spp., Proteus

Bloodstrea
m isolates

Case-control

Demographic
s: age,
gender,
ethnicity
Antimicrobia
l use (within

Augustine
et al., 2017
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Population

Outcome

Control Group
mirabilis,
Salmonella spp.)

Region

Sample

Study Design

Factors
90 days of
bloodstream
infection):
number of
courses of βlactams,
fluoroquinolo
nes
Lifestyle
factors:
residence at
skilled
nursing
facility
Hospitalizati
on: within 90
days of
bloodstream
infection
Catheters:
indwelling
urinary
catheter,
indwelling
central
venous
catheter

Reference
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors
Treatments/p
rocedures:
chemotherap
y (within 30
days of
bloodstream
infection),
outpatient
procedure
(within 30
days of
bloodstream
infection)
Comorbidities:
diabetes
mellitus, endstage renal
disease, liver
cirrhosis,
cancer,
immune
compromised
host, hospital
acquired
infection,
prior
infections/col
onization
with ESBL-

Reference
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

producing
Enterobacteri
aceae
Pediatric
patients aged
6-24 months
attending
routine checkups

ESBL-producing
Enterobacteriacea
e (E. coli,
Klebsiella
pneumoniae,
Enterobacter
absuriae,
Leclercia spp.
Citrobacter spp.)

Non-ESBLFrance
producing
Enterobacteriace
ae (E. coli,
Klebsiella
pneumoniae,
Enterobacter
absuriae,
Leclercia spp.
Citrobacter
spp.)

Rectal
samples

Prospective
cohort

Demographic Birgy et al.,
s: age, gender 2016
Antimicrobia
l use (7 days
to 3 months
before
enrollment):
recent use of
antibiotics,
oral thirdgeneration
cephalospori
ns,
amoxicillin,
amoxicillin/cl
avulanate,
other
Lifestyle
factors: type
of daycare
(child
minder,
home,
daycare
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

centre),
siblings
Hospitalizati
on: in the last
6 months,
since birth
Treatments/p
rocedures:
Caesarean
section
Travel:
yes/no,
African/Medi
terranean
region,
America,
Asia/Oceania
,
Western/Nort
hern Europe,
unknown

Pediatric
patients at a
tertiary care

ESBL-producing
Enterobacteriacea
e (E. coli,

Non-ESBLItaly
producing
Enterobacteriace

Blood,
urine,
nasal/phary

Prospective
case-control

Comorbidities:
preterm
Demographic
s: gender

Calitri et al.,
2016

246
Population

Outcome

Control Group

pediatric
centre

Klebsiella spp.,
Enterobacter
spp., Proteus
mirabilis,
Citrobacter
freundii )

ae (E. coli,
Klebsiella spp.,
Enterobacter
spp., Proteus
mirabilis,
Citrobacter
freundii )

Region

Sample
ngeal,
peritoneal,
surgical
wound,
tracheal,
bronchoalve
olar
samples

Study Design

Factors
Antimicrobia
l use
(previous 90
days): all
antibiotic
therapies,
broadspectrum
penicillins,
3rd and 4th
generation
cephalospori
ns,
aminoglycosi
des,
fluoroquinolo
nes,
cotrimoxazol
e
Hospitalizati
on: mean
length of the
current
hospital stay,
mean length
of hospital
stay in
previous 90
days,
admission to

Reference

247
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
an ICU
(previous 90
days)
Catheters:
central
venous
catheter
carriage
(previous 90
days), urinary
catheter
carriage
(previous 90
days),
Treatments/p
rocedures:
surgical
interventions
(previous 30
days),
endotracheal
tube
(previous 30
days),
parenteral
nutrition
(previous 30
days)

Reference

248
Population

Adults with a
positive urine
cytobacteriolo
gical
examination in
a suburban
laboratory

Outcome

ESBL-producing
Enterobacteriacea
e (E. coli,
Klebsiella spp.,
Enterococcus
spp., Proteus
spp.)

Control Group

Region

Non-ESBLFrance
producing
Enterobacteriace
ae (E. coli,
Klebsiella spp.,
Enterococcus
spp., Proteus
spp.)

Sample

Urine
samples

Study Design

Factors

Prospective
cohort

Comorbidities:
immunodepre
ssion, other
underlying
chronic
diseases
Demographic Chervet et
s: age
al., 2018
Hospitalizati
on: recent
hospitalizatio
n (<3
months)
Catheters:
urinary
catheters
Comorbidities:
recurrent
urinary tract
infections,
immunosuppr
ession,
diabetes
mellitus,
pregnancy,
benign

Reference

249
Population

Adult patients
with
bloodstream
infections at a
tertiary referral
hospital

Outcome

Bloodstream
infections caused
by ESBLproducing E. coli
or Klebsiella
pneumoniae

Control Group

Uninfected
controls

Region

United
States

Sample

Blood
cultures

Study Design

Factors

Reference

Retrospective
case-control

prostatic
hyperplasia
Demographic
s: age,
gender,
ethnicity

Chopra et
al., 2015

Antimicrobia
l use (1-30
days prior to
culture):
ampicillinsulbactam,
cefazolin,
cefepime,
cefoxatime,
ceftriaxone,
ciprofloxacin,
clindamycin,
daptomycin,
doxycycline,
linezolid,
metronidazol
e,
moxifloxacin,
piperacillintazobactam,
tobramycin,
trimethoprim
-

250
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
sulfamethoxa
zole, unasyn
Lifestyle
factors:
activities of
daily living at
time of
admission
(bathing,
feeding,
ambulation,
dressing,
bowel
incontinence,
urine
incontinence)
Hospitalizati
on: admitted
from home,
prior
hospitalizatio
n, surgery,
total
parenteral
nutrition,
ICU
admission

Reference

251
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
Catheters:
Foley
catheter,
central
venous
catheter
Treatments/p
rocedures:
mechanical
ventilation
Comorbidities:
chemotherap
y, tumour in
the last 5
years,
congestive
heart failure,
connective
tissue
disease,
chronic
obstructive
lung disease,
cerebrovascul
ar accident,
dementia,
diabetes
mellitus,

Reference

252
Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

hemiplegia,
HIV,
leukemia,
low albumin,
lymphoma,
metastatic
solid tumour,
moderate to
severe liver
disease,
myocardial
infarction,
neutropenia,
peptic ulcer
disease,
peripheral
vascular
disease, renal
disease
Inpatient
adults at a
tertiary care
hospital

Bacteremia
caused by ESBLproducing E. coli

Bacteremia
caused by nonESBLproducing E.
coli

France

Blood
cultures

Retrospective
case-control

Demographic Denis et al.,
s: age, gender 2015
Antimicrobia
l use:
antimicrobial
therapy in
past 3 months
Treatments/p
rocedures:

253
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
organ
transplant,
chemotherap
y (past
month),
Comorbidities:
Acute
Physiology
and Chronic
Health
Evaluation
score,
haematologic
al
malignancy,
solid tumour,
severe
neutropenia,
HIV, diabetes
mellitus,
healthcarerelated or
nosocomial
bacteremia,
prior ESBL
colonization

Reference

254
Population

Outcome

Control Group

Region

Sample

Study Design

Adult
inpatients at an
acute care
urban teaching
hospital

ESBL-producing
E. coli

Non-ESBLproducing E.
coli

United
States

Any
Matched casemicrobiolog control
ic culture
(blood,
catheterassociated
bloodstream
infection,
respiratory,
urine,
wound,
other)

Factors

Reference

Demographic
s: gender,
age, race

Doernberg
et al., 2012

Antimicrobia
l use: any
antibiotic use
in previous
30 or 90
days,
cephalospori
n use in
previous 30
or 90 days,
fluoroquinolo
ne use in
previous 30
or 90 days
Lifestyle
factors:
tobacco use,
alcohol
abuse,
intravenous
drug use,
residence in a
nursing
facility

255
Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

Hospitalizati
on:
hospitalizatio
n within the
last 6 months
Treatments/P
rocedures:
hemodialysis

Nonhospitalized
kidney

ESBL-producing
E. coli and

Non-ESBLproducing E.
coli and

Portugal

Urine

Retrospective
case-control

Comorbidities:
HIV, liver
disease,
diabetes,
cardiovascula
r disease,
cerebrovascul
ar disease,
peripheral
vascular
disease, solid
tumour,
liquid
tumour,
peptic ulcer
disease,
dementia
Demographic Espinar et
s: gender, age al., 2015

256
Population

Outcome

Control Group

transplant
patients with
urinary tract
infections

Klebsiella
pneumoniae

Klebsiella
pneumoniae

Region

Sample

Study Design

Factors
Antimicrobia
l use
(previous 2
months):
antibiotic
prophylaxis,
previous
antibiotic
therapy
Treatments/p
rocedures:
immunosuppr
ession
regimen
(tacrolimus,
ciclosporine,
everolimus)
Comorbidities:
diabetes
mellitus,
hypertension,
coronary
disease,
cytomegalovi
rus infection,
urinary
nitritus,
eritrocyturia,

Reference

257
Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

leucocyteria,
previous
UTI,
recurring
UTI,
relapsing
UTI, delayed
graft function
Veterans at a
Veterans’
Affairs
medical center

ESBL-producing
E. coli, Klebsiella
pneumoniae, or
Proteus mirabilis

Non-ESBLproducing E.
coli, Klebsiella
pneumoniae, or
Proteus
mirabilis

United
States

Urine,
blood,
respiratory,
and other
samples

Retrospective
matched casecontrol

Demographic Fitzpatrick
s: age, gender et al., 2016
Antimicrobia
l use (prior
90 days): any
antibiotic,
penicillins,
extendedspectrum
penicillins,
1st or 2nd
generation
cephalospori
ns, 3rd or 4th
generation
cephalospori
ns,
carbapenems,
macrolides,
tetracyclines,
aminoglycosi

258
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
des,
fluoroquinolo
nes,
vancomycin,
clindamycin,
nitrofurans,
sulfonamides,
metronidazol
e,
methenamine
, rifamycin
Hospitalizati
on: hospital
admission
(prior 90
days), long
term care
facility or
rehabilitation
stay, ICU
admission
Treatments/p
rocedures:
gastrostomy
or
jejunostomy,
surgery,
genitourinary
procedure,

Reference

259
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
mechanical
ventilation,
chronic
steroids
Comorbidities:
chronic
kidney
disease,
chronic liver
disease,
AIDS,
malignancy
or tumor,
chronic heart
failure,
diabetes,
cerebrovascul
ar disease,
peripheral
vascular
disease,
chronic
obstructive
pulmonary
disease,
pressure
ulcer,
complete
spinal cord

Reference

260
Population

Inpatients at an
acute pediatric
and adult
hospital

Outcome

Patients
previously
colonized with
ESBL-producing
E. coli, and
subsequently
infected with
clinical signs and
one ESBLproducing E. coli
positive clinical
sample

Control Group

Patients
previous
colonized with
ESBLproducing E.
coli, but
infection not
documented
during the
course of the
study

Region

France

Sample

Study Design

Rectal
Matched caseswabs for
control
colonization
, blood,
urine, or
respiratory
samples for
infection

Factors

Reference

injury,
pressure ulcer
Demographic Goulenok et
s: age, gender al., 2013
Antimicrobia
l use:
antibiotic
therapy (after
colonization
detected), Blactam/Blactamase
inhibitor
(amoxicillin/
clauvulante
and
piperacillin/ta
zobactam),
B-lactamins,
cephalospori
ns,
aminoglycosi
de,
cotrimoxazol
e,
carbapenem,
fluoroquinolo
nes,
glycopeptides
,

261
Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

metronidazol
e, rifampicin,
macrolides

Inpatients at a
tertiary care
facility

Patients
diagnosed with a
nosocomial ESBL
Citrobacter,
Enterobacter,
Klebsiella,
Serratia or E. coli

Patients
United
diagnosed with a States
nosocomial nonESBL
Citrobacter,
Enterobacter,
Klebsiella,
Serratia or E.
coli

Blood,
respiratory,
wounds,
and urine
cultures

Case-control

Treatments/p
rocedures:
surgery,
catheterizatio
n,
implantable
device,
enteral
nutrition,
parenteral
nutrition,
dialysis,
endoscopy
Demographic Graffunder
s: age, gender et al., 2005
Antimicrobia
l use:
aminoglycosi
des, 1st, 2nd,
and 3rd,
generation
cephalospori
ns, Blactamase
inhibitor
combination,

262
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
carbapenems,
glycopeptides
, quinolones,
metronidazol
e,
trimethoprim
sulfamethoxa
zole,
penicillins
Hospitalizati
on: ICU stay
Catheters:
urinary
catheter
Treatment/pr
ocedures:
chemotherap
y, dialysis,
acid
suppressors,
sucralfate,
surgery,
steroids, tube
feeds, total
parenteral
nutrition

Reference

263
Population

Patients with
urinary tract
infections
(UTIs) from 11
hospitals

Outcome

ESBL-producing
Enterobacteriacea
e (E. coli,
Klebsiella
pneumoniae,
Proteus spp.,
Enterobacter
spp., Citrobacter
spp.)

Control Group

Region

Non-ESBLSouth
producing
Korea
Enterobacteriace
ae (E. coli,
Klebsiella
pneumoniae,
Proteus spp.,
Enterobacter
spp., Citrobacter
spp.,
Pseudomonas
aeruginosa,
Acinetobacter
baumanii,
Enterococcus
spp.,
Staphylococcus
aureus, others)

Sample

Urine
samples

Study Design

Factors

Prospective
cohort

Comorbidities:
adult
respiratory
distress
syndrome,
chronic
obstructive
pulmonary
disorder,
diabetes,
HIV, sepsis,
kidney failure
Demographic Kim et al.,
s: age, gender 2013
Antimicrobia
l use: history
of antibiotics
(1 year prior
to inclusion),
extendedspectrum
cephalospori
ns,
fluoroquinolo
nes,
carbapenems,
β-lactam/βlactamase
inhibitors,

Reference

264
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
other
antibiotics,
duration of
intravenous
antibiotics,
days of
change of
antibiotics
Hospitalizati
on: admission
during 1 year
prior to
inclusion
Catheters:
intermittent
catheterizatio
n, history of
urinary
catheterizatio
n (1 month
prior to
inclusion)
Treatments/p
rocedures:
use of
chemotherap
eutic agents,
use of

Reference

265
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
immunosuppr
essants
Comorbidities:
Charlson
score,
diabetes
mellitus,
hemiplegia,
cerebrovascul
ar accident,
congestive
heart failure,
benign
prostatic
hyperplasia,
vesicouretera
l reflux,
connective
tissue
disease,
malignancy,
chronic
pulmonary
disease, liver
disease, renal
disease,
dementia,
pregnancy,

Reference

266
Population

Patients at a
tertiary care
teaching
hospital

Outcome

Bloodstream,
UTI, and
vascularassociated
infections due to
ESBL-producing
E. coli or K.
pneumoniae

Control Group

Bloodstream,
UTI, and
vascularassociated
infections due to
non-ESBLproducing E.
coli or K.
pneumoniae

Region

Switzerlan
d

Sample

Blood,
urine, and
vascular
catheter
cultures

Study Design

Matched casecontrol

Factors
menopause,
bedridden
state,
intubated
urinary tract,
neurogenic
bladder,
urolithiasis
urinary
retention,
vaginal wall
prolapse,
polycystic
kidney, renal
tumour
Antimicrobia
l use (limited
to past year):
antibiotic
exposure
(any),
previous
antimicrobial
use (any
AMU),
number of
antibiotic
courses,
cephalospori
n use,
quinolone

Reference

Kuster et
al., 2010

267
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
use,
aminoglycosi
de use,
penicillin
use,
carbapenem
use,
macrolide
use,
glycopeptide
use,
sulfonamide
use, use of
imidazole
derivatives,
tetracycline
use, others
Lifestyle
factors: travel
Catheters:
central
venous
catheter,
urinary
catheter
Hospitalizati
on: recent
hospitalizatio

Reference

268
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
n (past 30
days, past
year), ICU
stay, length
of ICU stay
Treatments/p
rocedures:
recent
surgery (last
30 days, last
year),
mechanical
ventilation,
duration of
mechanical
ventilation,
immunosuppr
essive
medication,
renal
transplantatio
n,
hemodialysis
Comorbidities:
urinary tract
anomaly,
recurrent
UTIs, renal

Reference

269
Population

Patients at a
tertiary care
hospital

Outcome

ESBL-producing
E. coli or K.
pneumoniae

Control Group

Non-ESBLproducing E.
coli or K.
pneumoniae

Region

United
States

Sample

Urinary,
wound,
central
venous
catheter,
blood,
respiratory,
and
abdominal
cultures

Study Design

Matched casecontrol

Factors
insufficiency,
malignoma,
diabetes,
HIV,
neutropenia
Demographic
s: age,
gender, race
Antimicrobia
l use: total
number of
antibiotics,
duration of
antibiotic
treatment,
ceftazidime/c
eftriaxone,
fluoroquinolo
nes,
aminoglycosi
des,
cotrimoxazol
e,
vancomycin,
metronidazol
e
Treatments/p
rocedures:
immunosuppr

Reference

Lautenbach
et al., 2001

270
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
essive agent
treatment,
surgery (past
30 days)
Catheters:
urinary
catheter,
central
venous
catheter
Comorbidities:
hepatic
dysfunction,
malignancy,
diabetes,
neutropenia,
HIV
infection,
renal
insufficiency,
surgery,
trauma (past
30 days),
steroid use,
transplant,
diarrhea

Reference

271
Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

Emergency
room users
with a UTI at a
university
hospital

ESBL-producing
E. coli

Non-ESBLproducing E.
coli

South
Korea

Urine
samples

Retrospective
case-control

Antimicrobia
l use (3
months):
penicillin,
cephalospori
n,
fluoroquinolo
ne,
carbapenem,
other

Lee et al.,
2018

Hospitalizati
on:
bedridden,
prior
hospitalizatio
n within 3
months,
outpatient
visits within
past year,
ICU care,
hospital days
Catheters:
urinary
catheter
Treatments/p
rocedures:
proton pump

272
Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

inhibitor,
immunosuppr
essant,
chemotherap
y, steroids

Patients from a
city healthcare
system,
consisting of
tertiary care
hospitals,
community

Carbapenem
susceptible,
ESBL-producing
Enterobacteriacea
e (E. coli, K.
pneumoniae, K.

Carbapenem
United
susceptible, non- States
ESBLproducing
Enterobacteriace
ae (E. coli, K.
pneumoniae, K.

Blood,
sputum,
urine,
wound
cultures

Matched casecontrol

Comorbidities:
cerebrovascul
ar disease,
prior UTI,
diabetes
mellitus,
cardiovascula
r disease,
respiratory
disease,
chronic renal
failure,
rheumatologi
c disease,
cerebrovascul
ar disease,
malignancy
Demographic Marchaim
s: age,
et al., 2012
gender, race
Antimicrobia
l use (past 3
months):

273
Population

Outcome

hospitals, long- oxytoca,
term acute
Enterobacter)
facilities,
nursing homes,
rehabilitation
centers, and
outpatient
clinics

Control Group
oxytoca,
Enterobacter)

Region

Sample

Study Design

Factors
overall
antibiotic
exposure,
time from
last
antibiotic,
penicillin,
cephalospori
n,
monobactam,
carbapenem,
fluoroquinolo
ne,
glycopeptide,
tetracycline,
colistin,
aminoglycosi
de,
trimethoprim
sulfamethoxa
zole,
daptomycin,
linezolid,
macrolides,
clindamycin,
metronidazol
e, rifampin,
number of
antibiotic

Reference

274
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
courses in
past 3 months
Hospitalizati
on: transfer
from another
hospital,
hospitalizatio
n in past 3
months, days
from last
hospitalizatio
n, ICU stay
in past 3
months,
regular
outpatient
clinic visits,
Lifestyle
factors:
permanent
residence in a
long-term
care facility,
Treatment/pr
ocedures:
hemodialysis,
invasive
procedure in

Reference

275
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
past 6 months
(any type,
including
endoscopies,
percutaneous
interventions,
biopsies, any
type of
surgery),
surgery in
past 6 months
(any type,
from minor
to major),
permanent
foreign
devices,
steroid use in
past month,
chemotherap
y in past 3
months,
radiotherapy
in past 3
months, posttransplantatio
n, anti-tumor
necrosis
factor in past
3 months

Reference

276
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
Comorbidities:
myocardial
infarction,
congestive
heart failure,
peripheral
vascular
disease,
diabetes,
chronic renal
disease, lung
disease,
peptic ulcer
disease, liver
disease, any
neurologic
disease,
cerebrovascul
ar disease,
hemiplegia,
dementia,
malignancy
(present or
past),
leukemia,
lymphoma,
solid tumour
(present or
past), AIDS,
chronic skin

Reference

277
Population

Adult
inpatients at a
university
hospital

Outcome

ESBL-producing
E. coli

Control Group

Non-ESBLproducing E.
coli

Region

Japan

Sample

Blood
cultures

Study Design

Factors

Retrospective
observational

ulcer,
neutropenia,
HIV
Demographic Namikawa
s: age, gender et al., 2017
Antimicrobia
l use:
quinolones,
thirdgeneration
cephalospori
ns, antiMRSA
(methicillinresistant
Staphylococc
us aureus)
agents,
carbapenems,
fourthgeneration
cephalospori
ns, second
generation
cephalospori
ns, other
Hospitalizati
on: within 90

Reference

278
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
days prior to
culture
Catheters:
urinary
Treatments/p
rocedures:
immunosuppr
essive drug
or
corticosteroid
use,
Comorbidities:
malignancy,
diabetes
mellitus,
cardiovascula
r disease,
autoimmune
disease,
respiratory
disease,
digestive
disease,
endocrine
disease,
chronic renal
failure,

Reference

279
Population

Individuals
aged 18 and
older attending
vaccination
clinics and
planning to
travel outside
of Scandinavia

Outcome

Carriers of travelassociated ESBLproducing
Enterobacteriacea
e (E. coli,
Klebsiella
pneumoniae,
Proteus vulgaris,
Enterobacter
cloacae)

Control Group

Region

Not carriers of
Sweden
travel-associated
ESBLproducing
Enterobacteriace
ae (E. coli,
Klebsiella
pneumoniae,
Proteus
vulgaris,
Enterobacter
cloacae)

Sample

Fecal
samples

Study Design

Factors

Prospective
cohort

central
nervous
system
disease,
others,
leukocyte
count, Creactive
protein level,
sequential
organ failure,
nosocomial
infection
Demographic Ӧstholms: age, gender Balkhed et
al., 2013
Antimicrobia
l use:
antibiotic
treatment in
previous 6
months,
antibiotics
taken during
travel,
antibiotics
taken before
travel
Travel: travel
in previous 5

Reference

280
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
years, length
of journey,
area visited
(Europe,
Africa—
north of
equator,
Africa—
south of
equator, Asia,
Indian
subcontinent,
Australia and
Oceania,
South
America,
North
America,
type of
journey (visit
to relatives or
friends,
business,
tourist,
backpacker)
Hospitalizati
on: hospital
care during
journey,
hospital care

Reference

281
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
in Sweden
(past 5
years),
hospital care
outside of
Sweden (past
5 years)
Treatments/p
rocedures:
oral cholera
vaccine
before
journey,
medication
for ulcers or
gastritis,
immunomod
ulating
medication
Comorbidities:
fever during
journey,
diarrhea
during
journey,
other GI
symptoms,
malignancy,

Reference

282
Population

Pediatric
patients (0 to
14 years old)
in a tertiary
care hospital

Patients > 18
years of age in
a 12-bed
intensive care
unit treated by
at least two
successive
nursing teams

Outcome

ESBL-producing
E. coli

Control Group

Non-ESBLproducing E.
coli

Region

Spain

Sample

Urine
samples

Study Design

Factors

Reference

Retrospective
observational

inflammatory
bowel
disease,
chronic
urinary tract
disease,
diabetes
Demographic
s: gender

Pérez Heras
et al., 2017

Hospitalizati
on: 7 days,
15 days, and
30 days prior
to the
infection

Colonization by
ESBL-producing
Enterobacteriacea
e (mainly E. coli)

No colonization France
by ESBLproducing
Enterobacteriace
ae

Rectal
swabs

Prospective
cohort

Comorbidities:
Nefruorologi
c pathology,
vesicouretera
l reflex
Demographic Repessé et
s: age, gender al., 2017
Antimicrobia
l use
(previous 3
months): any
antibiotics,

283
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
antibiotics
during ICU,
duration of
therapy,
Hospitalizati
on: ICU
length of
stay, transfer
from another
unit,
hospitalizatio
n within the
previous 3
months
Treatments/p
rocedures:
mechanical
ventilation,
catecholamin
e use,
postoperative
care
Comorbidities:
heart failure,
peripheral
arterial
disease,

Reference

284
Population

Adult patients
from tertiary
care hospitals

Outcome

Community-onset
bloodstream
infections caused
by ESBLproducing E. coli

Control Group

Communityonset
bloodstream
infections
caused by nonESBLproducing E.
coli

Region

Spain

Sample

Blood
cultures

Study Design

Matched casecontrol

Factors

Reference

diabetes,
cirrhosis,
chronic
obstructive
pulmonary
disease,
chronic
kidney
disease,
immunosuppr
ession
Demographic Rodríguezs: age, gender Baño et al.,
2010
Antimicrobia
l use:
aminopenicill
ins,
cephalospori
ns,
fluoroquinolo
nes
Hospitalizati
on: health
careassociated
bacteremia,
previous
admission

285
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
Lifestyle
factors:
nursing home
residency,
home care,
day hospital
Catheters:
venous
catheter use,
urinary
catheter use
Treatments/p
rocedures:
hemodialysis,
transplant,
surgery
Comorbidities:
diabetes
mellitus,
chronic
pulmonary
disease, heart
failure,
neoplasia,
cirrhosis of
liver, chronic
renal

Reference

286
Population

Hospital
patients in a
tertiary care
hospital

Outcome

ESBL-producing
bacteria (E. coli,
K. pneumoniae,
and K. oxytoca)_

Control Group

No previous
positive culture
for an ESBLproducing
organism

Region

United
States

Sample

Urine,
blood,
sputum,
wound, and
other
samples

Study Design

Case-control

Factors

Reference

insufficiency,
use of
immunosuppr
essive drugs,
obstructive
urinary
disease,
obstructive
biliary
disease,
neutropenia
Antimicrobia Siedelman
l use:
et al., 2012
previous
antibiotic use
(previous
year),
penicillins,
fluoroquinolo
nes,
cephalospori
ns,
sulfonamides,
aminoglycosi
des,
glycopeptides
,
miscellaneou
s class
antibiotics
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors
Catheters:
venous or
arterial
catheter
(within 90
days of study
inclusion)
Lifestyle
factors:
residence in a
long-term
care facility
Treatments/p
rocedures:
surgery
(previous 90
days),
endotracheal
tube,
nasogastric
tube, dialysis,
chest tube,
transplantatio
n within 90
days
Comorbidities
(previous

Reference

288
Population

Adults aged
15-85 years
from
populationbased
registries

Outcome

ESBL-producing
E. coli

Control Group

Non-ESBLproducing E.
coli

Region

Denmark

Sample

Urine
samples

Study Design

Case-control

Factors
year):
recurrent
urinary tract
infections,
diabetes,
pneumonia,
history of
other
antibioticresistant
infections,
cancer
Demographic
s: age,
gender,
European
citizenship,
marital status
Antimicrobia
l use (within
one year—
hospital use
excluded):
any
antibiotics,
broadspectrum
antibiotics,
narrowspectrum

Reference

Søgaard et
al., 2017
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors
antibiotics,
broadspectrum
penicillin,
narrowspectrum
penicillin,
mecillinam,
sulfamethizol
e,
trimethoprim,
macrolides,
nitrofurantoin
Hospitalizati
on (within
one year): 12 admissions,
>3
admissions,
admissions
without
surgical
procedures,
admissions
with surgical
procedures
Treatments/p
rocedures:
proton pump

Reference
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors
inhibitors
(use within
previous
year),
immunosuppr
essant
treatment
(use within
previous
year),
surgical
procedures
within
previous year
(genitourinar
y tract,
gastrointestin
al tract,
thorax,
orthopedic,
skin and soft
tissue)
Comorbidities:
Prior urinary
tract infection
(within 31180 days
before
culture,

Reference
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

within 181365 days
before
culture), liver
disease,
diabetes,
cancer,
myocardial
infarction,
congestive
heart failure,
peripheral
vascular
disease,
cerebrovascul
ar disease,
chronic
pulmonary
disease, ulcer
disease,
moderate to
severe renal
disease,
Charlson comorbidity
index score
Patients with
urinary or
bloodstream
infections

ESBL-producing
E. coli

Non-ESBLproducing E.
coli

Sweden

Urine or
blood
cultures

Matched casecontrol

Demographic Tham et al.,
s: age, gender 2013
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Population
identified from
a medical
laboratory at a
university
hospital

Outcome

Control Group

Region

Sample

Study Design

Factors
Antimicrobia
l use:
treatment in
previous
year,
fluoroquinolo
ne use
Lifestyle
factors:
occupation
(health care,
restaurant,
office,
kindergarten/
school),
nursing home
stay
Travel: highrisk areas
(Middle East
and Asia),
Europe, both
Europe and
others,
miscellaneou
s, Traveler’s
diarrhea

Reference

293
Population

Outcome

Control Group

Region

Sample

Study Design

Factors
Hospitalizati
on: hospital
stay in
previous year
in medical,
surgical, or
infectious
disease
department,
stay in ICU,
length of stay
at hospital
Catheter:
urinary tract
catheter
(including
chronic)
Treatments/p
rocedures:
endoscopy,
anti-ulcer
medication
(e.g.
omeprazole)
Comorbidities:
gastrointestin
al, ear, nose,

Reference
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Population

Outcome

Adult
Community-onset
inpatients at 50 bacteremia caused
hospitals
by ESBLproducing
Enterobacteriacea
e

Control Group

Communityonset bacteremia
caused by nonESBLproducing
Enterobacteriace
ae

Region

France
and
Switzerlan
d

Sample

Blood
samples

Study Design

Observational

Factors

Reference

and throat,
urinary tract
(including
renal
disease),
heart, liver,
lung,
diabetes,
cancer,
recurrent
UTI,
miscellaneou
s
Demographic Zahar et al.,
s: age, gender 2017
Antimicrobia
l use: prior
antibiotic
therapy
within 1 year
Lifestyle
factors:
native highrisk country,
living in lowrisk country,
travel to
high-risk
country
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Population

Outcome

Control Group

Region

Sample

Study Design

Factors

Reference

within 1 year,
residence at
home or in a
nursing home
Treatments/p
rocedures:
chemotherap
y, chronic
hemodialysis,
emergency
surgery

Pediatric (<21
years)
outpatient and
hospitalized

ESBL-producing
E. coli or K.
pneumoniae

E. coli or K.
pneumoniae
susceptible to
ceftriaxone,
cefoxatime,

United
States

Urine
samples

Prospective
surveillance

Comorbidities:
chronic
respiratory
disease,
chronic
cardiac
disease,
chronic liver
disease,
haematologic
al disease,
sepsis
Antimicrobia
l use
(previous 30
days,
previous 90

Zerr et al.,
2016
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Population
patients from
four hospitals

Outcome

Control Group
ceftazidime,
cefepime,
aztreonam

Region

Sample

Study Design

Factors
days): any
antibiotic,
broadspectrum
beta-lactams,
thirdgeneration
cephalospori
ns,
carbapenems,
cefepime
and/or betalactams/betalactamase
inhibitors,
anaerobic
agents,
aminoglycosi
des,
fluoroquinolo
nes,
trimethoprim
sulfamethoxa
zole

Reference
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Appendix A.2: Materials used to explore Ontario medical and veterinary
students’ perceptions and communication preferences related to antimicrobial
resistance
Appendix A.2.1.: Recruitment Email
Dear [M.D./DVM/PharmD] student,
My name is Courtney Primeau and I am a PhD Candidate at the University of Guelph. I am
emailing you to request your assistance with a research study aiming to explore
[medical/veterinary/pharmacy] students’ perceptions and understandings of antimicrobial
resistance (AMR). I hope to identify some of the key messages, and best ways of communicating
AMR information to practicing [physicians/veterinarians/pharmacists]. You are being invited to
participate because as a future healthcare professionals and antimicrobial prescribers, your
insight into this complex issue is very valuable.
If you agree to participate in the study, you will be asked to participate in a focus group held at
[name of campus]. You are invited to take part in the focus group on [insert date]. The focus
group will be led by myself and will last approximately 1.5 to 2 hours, and a pizza lunch with
refreshments will be provided.
Details about the focus groups including your rights as a participant and ethics approval are
provided in the attached information letter. This project has been reviewed by the Research
Ethics Board for compliance with federal guidelines for research involving human participants
(REB #18-05-013).
If you would like to participate in the study, please let me know by [insert date]. If you have any
other comments or questions about the study, please feel free to contact me.
I would truly appreciate your participation in this study.
Thank you in advance for considering this request,
Courtney Primeau
cprimeau@uoguelph.ca
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Appendix A.2.2: Information Letter and Consent Form
CONSENT TO PARTICIPATE IN RESEARCH
Engaging Medical, Pharmacy, and Veterinary Students in Antimicrobial Resistance
(AMR) Communication Research
You are invited to participate in a research study conducted by Dr. Scott McEwen, Professor, and
Courtney Primeau, a PhD Candidate in the Department of Population Medicine at the University
of Guelph. The goal of this research is to gain an in-depth understanding of medical, pharmacy,
and veterinary students’ knowledge, attitudes, and beliefs about the issue of antimicrobial
resistance (AMR) and how it relates to them as future healthcare professionals. This will enable
the development of targeted knowledge translation tools that effectively communicate the
complexity of AMR. You are receiving this notice because you are enrolled in a Doctor of
Medicine (M.D.) program, a Doctor of Pharmacy (PharmD) program, or Doctor of Veterinary
Medicine (DVM) program at an Ontario university.
If you have any questions or concerns about this research, or would like a summary of the
research once completed, please feel free to contact:
Scott McEwen, Professor
Department of Population Medicine, Ontario Veterinary College
smcewen@uoguelph.ca
Courtney Primeau, PhD Candidate
Department of Population Medicine, Ontario Veterinary College
cprimeau@uoguelph.ca
PROCEDURES
You will be invited to join 6 to 8 other people at a location on your university campus. Upon
arrival, you will be asked to complete a short, anonymous survey regarding your beliefs about
AMR. The researcher will then introduce the topic and invite all participants to speak about their
views on AMR. Please understand that you are under no obligation to answer any question on
the survey or in the discussions, or to take part in all of the conversation. The discussions will
take approximately 90-120 minutes of your time, and will be audio recorded.

POTENTIAL RISKS AND DISCOMFORTS
There is a risk to your privacy when taking part in a focus group – be aware that you are
essentially making your views public even though the researcher will not report your name in the
final report. You can control this risk by not providing any information that you would be
uncomfortable making public.
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You will be reminded prior to beginning the discussion that your participation is entirely
voluntary, and that you are free to withdraw from the discussion at any time.
POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY
While there are no direct benefits to you, your contribution to this research project is important
because the results will help identify the key messages, strategies, and methods for effective
communication of the complexity of AMR to future healthcare professionals. Because physicians
and veterinarians play key roles in human and veterinary health, effective communication with
these individuals is an important aspect of combating this significant public health issue.
INCENTIVES
If you consent to take part in this study, you will be provided with pizza and refreshments.
CONFIDENTIALITY
The researcher will not release your identity, including information that you took part in the
focus group, but remember that everyone in the focus group has a responsibility to keep all
information they hear during the meeting confidential. Please do not discuss who was there, or
what was said.
The data files containing the digital recordings will be transferred to a USB stick shortly after the
focus group concludes, and the files on the computer and recorder will be deleted. The researcher
will store the USB stick in a secure location until September 2020, after which point all data will
be destroyed. Only the student researcher will have access to the files. If the results of the study
are published, your name will not be used and no information that discloses your identity will be
released or published.
PARTICIPATION AND WITHDRAWAL
Your participation in this research is entirely voluntary. You may refuse to participate, refuse to
answer any questions or withdraw from the study at any time without penalty. If you choose to
withdraw, you will be thanked for your participation, and any questions you have will be
answered. If you choose to withdraw from the study, it will not be possible to withdraw data
already collected.
If you would like a summary of the results of this study once it has been completed, please
contact Courtney Primeau at cprimeau@uoguelph.ca.
RIGHTS OF RESEARCH PARTICIPANTS
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This project has been reviewed by the Research Ethics Board for compliance with federal
guidelines for research involving human participants (REB #18-05-013).
If you have questions regarding your rights and welfare as a research participant in this study,
please contact:
Director, Research Ethics, University of Guelph
reb@uoguelph.ca, 519-824-4120 (ext. 56606)
Please feel free to keep this page for your records.

SIGNATURE OF RESEARCH PARTICIPANT
I have read the above information provided for the study “Engaging Medical, Pharmacy, and
Veterinary Students in Antimicrobial Resistance Communication Research”, and I understand
the nature of this study.
I, ____________________________________ [PLEASE PRINT] agree to participate in this
research project. I have been given a copy of this form. My signature below indicates my
consent.

Signature of Participant

Date
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Appendix A.2.3: Focus Group Guide
Pre-Focus Group Survey (5 minutes)
The short focus group participant survey will be administered to participants, either using a paper
copy of the survey or an electronic audience response system.
Introduction to Participants and AMR (20 minutes)
1. Tell us who you are (first name), what year of the M.D., PharmD, or DVM program you
are in, and what you most enjoy doing outside of medical/veterinary school.
2. Tell me what you know about antimicrobial resistance (AMR).
• Where did/do you get your information about AMR?
3. In the future, you will be practicing physicians/veterinarians/pharmacists. What is the
role of a physician/veterinarian/pharmacist in the issue of AMR?
Basic introductory slides will be presented to the group to establish a baseline understanding of
how the student researcher is describing AMR. (10 minutes)
Content of Future Communication Materials (30 minutes)
4. What do physicians/veterinarians/pharmacists need to know about AMR, outside of the
clinical realm?
● Is it important for physicians/veterinarians/pharmacists to know about the social,
cultural, and economic drivers of AMR? Why?
● Is it important for physicians/veterinarians/pharmacists to know about the
environmental and foodborne aspects of AMR? Why?
● Is it important for physicians/veterinarians/pharmacists to know about the links
between human, environmental, and animal health, and the drivers of each of
these aspects?
5. What do your patients/clients need to know about AMR?
● For example, what do they need to know about the social and economic drivers of
the issue?
● Is it important for patients to know about the links between human,
environmental, and animal health? Why?
Format of Future Communication Materials (30 minutes)
The group will be presented with communication materials, such as an infographic, a short
summary, a fact sheet, and a long report relating to AMR.
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*Note that the focus of the participants should be on the format of each communication piece,
rather than their content.
6. For each communication piece:
a. What do you think about this type of communication material?
b. What are the strengths of using this type of material to communicate AMR
information (overall, not relating to the content on it)?
c. What are the weaknesses of using this type of material to communicate AMR
information?
7. You were presented with different options for AMR communication materials. What is
the most effective method of communicating the complexities of AMR to you in the
future, as someone diagnosing and prescribing antimicrobials?
● Which format did you prefer? Which was the most useful?
● How could you use these in the future?
● What would be the most effective method of communicating the relevant
information to your clients/patients?
8. What other formats, if any, would be effective at communicating this information?
● Would videos be used to communicate this information? Webinars?
● Could social media play a role in communicating this information?
Transmission/Delivery of Future Communication Materials (10-15 minutes)
9. Once you are practicing physicians/veterinarians/pharmacists, how would you like to
receive information about AMR?
● What type of information would you like to receive?
● What is the best way to deliver this information? (e.g. mailing lists, etc.)
● What would be the best way to access this information in practice?
Post-Focus Group Survey (5 minutes)
The short focus group participant survey will be re-administered to participants, either using a
paper copy of the survey or an electronic audience response system.
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Appendix A.2.4: Focus Group Slides
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Appendix A.2.5: Example Communication Products Shown to Focus Group Participants
Example Infographic

309
Example Infographic
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Example of Fact Sheet
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312
Example of Short Summary
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The example of the long report can be found at the following link:
https://www.canada.ca/content/dam/phac-aspc/documents/services/publications/drugs-healthproducts/antibiotic-resistance-antibiotique/antibiotic-resistance-antibiotique-2016-eng.pdf
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Appendix A.2.6: Focus Group Participant Survey
Participants will be provided with this short survey upon arrival at the focus group to initiate thinking
about the issue of AMR and provide the student researcher with context regarding their basic level of
understanding and perceptions of the issue. This survey will be re-administered following the focus group
discussions.
1. Please rank the following global issues in order of importance on a scale of 1 to 5 (1 = not
important, 5 = extremely important].
_______
_______
_______
_______
_______

Climate Change
Antimicrobial Resistance
Terrorism
Food Security
Chronic Diseases

Prefer not to answer
2. Antimicrobial resistance can impact which of the following (select all that apply):
The environment
Human health
Animal Health
Unsure
Prefer not to answer
3. In your opinion, which of the following contributes to the issue of antimicrobial resistance?
Select all that apply.
Antimicrobial use in hospitals
Antimicrobial use in the environment
Antimicrobial use in the community
Antimicrobial use in companion animals (e.g. dogs, cats, etc.)
Antimicrobial use in food-producing animals (e.g. cattle, pigs, chicken, etc.)
Other (please specify)
___________________________________________________________
Prefer not to answer
Have you ever heard of the term “antibiotic stewardship” or “antimicrobial stewardship”?
Yes
No
Unsure
Prefer not to answer

