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THESIS ABSTRACT 

Background: Campylobacter spp., commonly detected in poultry, are the third most common 

cause of foodborne illness in Canada. Campylobacter while self-limiting and typically only 

requiring supportive care treatment, can be resistant to antimicrobials important to human health. 

To better understand the dissemination of antimicrobial resistant Campylobacter, the overall 

objective of this thesis was to investigate the human exposure to, and risk from, antimicrobial 

resistant Campylobacter in Canada. In addition to investigating transmission pathways in 

general, because of the contribution of chicken meat to Campylobacter spread, this thesis also 

investigated the potential exposure from broiler chickens.  

Methods: A scoping review was used, following PRISMA guidelines and the Joanna Briggs 

Institute framework, to determine factors potentially associated with human infection with 

Campylobacter spp. that are resistant to fluoroquinolones, macrolides, or tetracyclines. An 

integrated assessment model component was developed to evaluate the probability of human 

exposure to antimicrobial resistant Campylobacter spp. from broiler chicken in Canada, 

specifically resistance to fluoroquinolones, tetracyclines, or macrolides, and identify knowledge 

and data gaps. 

Results: The scoping review identified 8,527 de-duplicated articles and 27 articles were included 

after screening. Factors were broadly categorized into seven categories: animal contact, prior 

antimicrobial use, participant characteristics, food and food preparation, travel, underlying health 

conditions, and water. Articles exploring factors related to travel (n=17) and participant 

characteristics (n=14) were most common. The factors and regions studied, the types of 

investigations, and the knowledge they contributed were broad and diverse. The populations 

included, data sources utilized, and analyses employed varied greatly. Travel was an important 
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risk factor, and infections were commonly associated with gastrointestinal Campylobacter jejuni 

and were often evaluated using only a univariable analysis. Most of the studies were conducted 

in a small sample of high-income, westernized countries. 

 The integrated assessment model literature review identified 7,344 de-duplicated articles 

of which 15 articles were included in the qualitative synthesis after screening. Identified factors 

were allocated into the model at three stages of production: farm, abattoir, and retail. Factors 

included management practices, antimicrobial use on farm, chilling type at processing, and 

packaging type. Two scenarios were compared to a reference scenario to investigate: 

1. How the Canadian context influenced human exposure to antimicrobial resistant 

Campylobacter. 

2. How fluoro(quinolone) use in broiler chickens influenced human exposure to 

antimicrobial resistant Campylobacter. 

Conclusions: This thesis contributed the first scoping review of potential factors associated with 

human infections with antimicrobial resistant Campylobacter. The heterogeneity of the results 

and articles provided a broad overview of the available factors while also illuminating areas for 

potential future research. These future research areas include studies examining time at risk and 

AMR, the effect of comorbidities that require antimicrobial use, and the recent effects of 

antimicrobial stewardship policies.  

This thesis also represents the first integrated assessment model that brings together the 

body of literature to estimate human risk of exposure to antimicrobial resistant Campylobacter 

from broiler chicken in Canada. This model framework can now be used for future 

understanding of the risk of exposure of Canadians from the broiler production chain. The model 

also provided initial insights into factors that may influence the levels of antimicrobial resistant 
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Campylobacter in the broiler food chain while identifying substantial gaps in data and 

knowledge. The median estimated number of Canadians potentially exposed (NCPE) values 

ranged from 101.71 to 2,052.65 standardized per 100,000 and the maximum values ranged from 

14.041.95 to 19,066.81 standardized per 100,000. One key result from the fluoroquinolone 

resistance model suggests that there is persistent fluoroquinolone resistant Campylobacter spp. in 

Canada in broiler chickens. Two important assumptions of interest were that modeled factors 

occurred independently of each other and that they also occurred concurrently. The model 

currently does not account for time or ordering of factors and did not have enough data to control 

and evaluate correlations or interactions between factors, which may affect external validity.  

Lastly, this thesis suggests areas for future research including filling gaps in baseline 

surveillance data, a need for increased transparency about the prevalence of broiler chicken 

production types and extending the model past the retail node to include consumer practices and 

human health outcomes. 
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PREFACE 

 The work presented in this thesis is original work by Christine Neustaedter. Parts of this 

thesis have been previously presented at various conferences (below). No part of this work has 

been previously published in a peer-reviewed journal. A manuscript of chapter 2 was submitted 

for review to Epidemiology and Infection on May 7, 2022 (pending).  
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

1.1 Literature Review 

1.1.1 Antimicrobial resistance 

What is antimicrobial resistance and how does it develop? 

Antimicrobial resistance is defined by the World Health Organization as the ability of a 

microorganism to stop an antimicrobial from working against it, rendering standard treatments 

ineffective (1). The organisms that can develop antimicrobial resistance include bacteria, viruses, 

parasites, fungi, and amoeba; while antimicrobials are classified as antibacterials, antivirals, 

antifungals, and antiparasitics (1). Antibacterials are further subdivided into classes, such as 

fluoroquinolones, macrolides, and tetracyclines and work to kill or inhibit the growth of bacteria 

in different ways (2). Antimicrobial resistance becomes an even greater issue when organisms 

develop resistance to multiple antimicrobials in different classes and sometimes to all drugs 

available for treatment. Organisms with multi-drug resistance are often defined as having 

resistance to at least one drug in three or more antimicrobial classes; extensively-drug resistant 

organisms are resistant to at least one drug in all but two or fewer antimicrobial classes; pan-drug 

resistant organisms are resistant to all available drugs in all antimicrobial classes (3). As more 

organisms become pan-drug resistant, we risk moving back into a pre-antibiotic era (1, 4).  

Antimicrobial resistance can occur in different ways. Some organisms are intrinsically 

resistant to certain drugs either because the mechanism or target of the drug does not exist in that 

organism or the organism already naturally has the genes for physical characteristics needed to 

resist the antimicrobial (2). Organisms can also acquire resistance, either through genetic 

mutation or incorporating other genetic material in mobile genetic elements (MGEs) in the form 

of antimicrobial resistance genes (ARGs) through horizontal-gene transfer (2). Sometimes, genes 



2 
 

that carry resistance do so at a survival cost to the organism which may not flourish under 

normal circumstances (2).  However, when these same organisms are in the presence of 

antimicrobials, the ARGs allow these organisms to survive and multiply, potentially replacing 

the wild-type susceptible organisms (5). Sometimes resistance adaptations are multi-purpose. For 

example, genes that increase the number of efflux pumps along the cell membrane can bring 

about resistance to fluoroquinolones but can also increase resistance to tetracyclines because 

these pumps remove both drug classes, referred to as cross-resistance (2). Co-selection, another 

important element to consider, occurs when ARGs are linked on a chromosome, plasmid or other 

MGE so that the use of one drug selects both ARGs together and the two types of resistance at 

the same time (2, 6). One example is the co-selection of resistance in response to metal-induced 

toxicity coupled with an antimicrobial (2, 6). 

Consequences of antimicrobial resistance 

The threat of antimicrobial resistance to human health has been apparent since the 

discovery of the first antimicrobial (7). Alexander Fleming warned about the dangers of 

antimicrobial resistance in his 1945 Nobel speech following his formal discovery of penicillin 

(7). Evidently, his warning went unheeded and antimicrobials have frequently been used without 

proper stewardship leading to a proliferation of resistance so that today, there are resistance 

mechanisms for every known drug and class of antimicrobial (4). Any use of antimicrobials can 

select for resistance, making their stewardship of the utmost importance for human and animal 

health as increased levels of resistance can negatively affect individual health outcomes, increase 

healthcare costs, and negatively impact the economy and the Canadian society at large (4, 8).  

With the risk of having no available treatments, individual health consequences from 

antimicrobial resistance include an increased risk of death, increased length of illness, as well as 
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social and economic consequences associated with long-term illness (4, 8). The risk of acquiring 

a resistant infection increases with exposure to antimicrobials, but the consequences of 

antimicrobial resistance affect populations differently (4). Groups such as immunocompromised 

and elderly people often bear an increased burden of the consequences (4).  

A lack of treatment options may lead to increased length of hospital stays, and with 

higher consequences, more healthcare resources will be required as rates of antimicrobial 

resistant infections increase (4, 8). The lack of treatment options is also accompanied by the 

demand for new treatment options to replace those that are no longer effective (4, 8).  Finding, 

developing, and licensing new treatment options is a lengthy and highly expensive process and 

with every new treatment option, a resistance mechanism is likely to occur (4, 8). Antimicrobials 

are also used preventatively for many surgeries and medical procedures and should there be a 

lack of preventative treatment options the impact on patients needing invasive procedures will be 

larger (4). An increased burden on the healthcare system means increased costs of healthcare in 

Canada (4).  

In addition to increased healthcare costs the economy will also be affected by 

antimicrobial resistance by way of increased labour shortages and increased disability-adjusted 

life years (4, 8). Additionally, while this will be discussed further in later paragraphs, 

antimicrobials are also used in agriculture, from crop production to aquaculture to food-animal 

production, which means resistance will also greatly impact the agricultural sector (1, 4, 9, 10).  

As a result, estimates of the effect of antimicrobial resistance on the Canadian economy, 

assuming no intervention and constant rates of resistance or rates rising to 40%, approximate a 

$268 to $388 billion reduction in gross domestic product (GDP) by 2050, a drop of 

approximately one-third of Manitoba’s GDP (4). The resulting social effects of antimicrobial 
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resistance could include a growth in healthcare mistrust, reduced quality of life, food shortages, 

or increased food prices. Furthermore, since travel is a common risk factor for resistant 

infections this could lead to travel restrictions or a growth in xenophobia (4).  

According to a recent systematic analysis, antimicrobial resistance is the leading cause of 

death globally and disproportionately affects low-resource areas (8, 11). In 2015, the World 

Health Organization made a call to action for reducing the emergence and spread of 

antimicrobial resistance with countries around the world committing to a Global Action Plan, 

and this call to action was renewed in 2021 (1). Despite the prominence of antimicrobial 

resistance in global policy, this activity does not appear to have translated into impact, especially 

in low- and middle-income countries where resources are less abundant; there has also been a 

noted interruption in momentum due to COVID-19 (11). In an effort to gain control of this issue 

and slow its spread, a number of recently published articles have investigated key intervention 

strategies. These suggested intervention strategies tend to fall into five main categories: infection 

prevention and control programs, vaccination programs, reducing non-human antimicrobial use 

and exposure, minimizing unnecessary antimicrobial use in human health, and investing in the 

development of new antimicrobials (8, 11-14). The Pan-Canadian Framework for Action has 

identified a number of challenges regarding these interventions such as inconsistent stewardship 

that tends to not extend beyond regional boundaries, insufficient investment in surveillance, and 

a lack of feedback and evaluation of effective interventions (15). These challenges have been 

echoed further by Otto et al., 2022 and 2021 (12, 13).  

The importance of a One Health approach to antimicrobial resistance 

Antimicrobial resistance affects the health of all sectors: human health, animal 

agriculture, companion animals, crop production, the health of pollinators, and aquaculture just 
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to name a few (1, 4, 16-19). Other considerations include how resistant bacteria are spread, 

whether nosocomially or by travel, through an animal or environmental vector, or even by fomite 

(4, 16, 20). While some of the mechanisms of antimicrobial resistance dissemination are 

discussed further in coming sections, antimicrobial residues and resistant organisms can persist 

and spread in the environment, and genes that convey resistance can also spread between 

organisms and within organism species (2). Even in the absence of selective pressures, resistant 

organisms can be found in areas where antimicrobial use has not been indicated (21). Some 

research suggests that only 28% of global antimicrobial resistance prevalence is attributable to 

antimicrobial use (22) and that political corruption, poor governance, poor infrastructure, and 

reduced health-care spending are better predictors for increased resistance (22, 23). Considering 

the complex interconnectivity of all these systems and dynamics, it is key to study antimicrobial 

resistance using a One Health lens which studies the intersection of humans, animals, and the 

environment (4, 13, 16, 24, 25). 

1.1.2 Campylobacter spp. 

What are Campylobacter? 

Campylobacter species are a Gram-negative, motile, microaerophilic, toxin-producing 

bacteria consisting of around 22 different species, the two most notable and common of which in 

humans are C. jejuni and C. coli (26-29). Globally, Campylobacter are one of the leading causes 

of foodborne illness (26-29). Symptoms vary but often include watery diarrhea, fever, and 

abdominal pain (26, 27). While infections are often self-limiting and most patients will recover 

with supportive care and rehydration, there are rare instances of associated conditions such as: 

reactive arthritis (ReA), irritable bowel syndrome (IBS), Guillain-Barré Syndrome (GBS), and 

Miller Fisher Syndrome (MFS), a variant of GBS, which are autoimmune disorders characterized 
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by nerve damage, muscle weakness and sometimes paralysis (26, 27, 29). The proportion 

patients with Campylobacter infections that develop IBS has been estimated to be 4.01%, the 

proportion that developed ReA was 2.86%, and the proportion that developed GBS (or MFS) 

was 0.07%, although there are high levels of uncertainty reported with these statistics (30). 

Furthermore, Campylobacter is among the top three causes of foodborne hospitalizations along 

with Salmonella spp., verotoxigenic E. coli, and norovirus (31). The pathogenicity of 

Campylobacter is a result of a combination of toxin production, iron acquisition from the host, 

flagella-mediated mobility allowing colonization, and invasion of host cells triggering immune 

reactions (26, 27, 29). The most critical risk factors for Campylobacter infection in humans have 

generally been international and domestic travel followed by consumption of undercooked 

chicken meat or cross-contamination during food preparation, environmental exposure such as 

contaminated water, and contact with animals (28). Keep in mind that travel is a complex 

variable that is largely a proxy for a number of different, often unmeasured, factors including 

different water quality, differing food handling practices, and potential exposure to different 

pathogens (32). Regardless, risk factors for infection with Campylobacter spp. tend to circle back 

to ingesting contaminated products (28).  

Poultry, especially chicken, are the most common reservoir of Campylobacter; other 

reservoirs include water, wild birds, swine, cattle, shellfish, pets, and flies (26-29). 

Campylobacter are often considered a commensal bacteria in poultry and wild birds with 

horizontal transmission being the most common means of spread (26-28). These sources of 

horizontal transmission include wild birds to farmed birds, between flocks, contaminated animal 

feed and water, contamination of environments surrounding poultry farms, farmers, and visitors, 

flies, and mealworm beetles (26-28). Hakeem et al., 2021 found that Campylobacter tended to 
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survive longer in the presence of yeasts, molds, and other microbial eukaryotes possibly by 

invading and replicating within these hosts, thereby cross-contaminating flocks in successive 

flocks (28). Besides transmission, Campylobacter can also spread by cross-contamination during 

transportation from farms to abattoirs, the abattoir processing stages, and during food-

preparation (26-28). Campylobacter do not grow below 30˚C or above 50˚C and are unable to 

survive in ambient oxygen levels but can persist in suboptimal conditions, especially when 

moisture or a biofilm is present which means proper food handling and preparation may be a key 

point of intervention to prevent Campylobacter infection (26-28). Biofilms, a matrix of sugars, 

proteins, DNA, and one or more bacterial community, may contribute to the persistence and 

survival of Campylobacter outside the host and under suboptimal conditions (2, 33). The top 

ranked behaviours for reducing Campylobacter jejuni cross-contamination are: use of a 

thermometer to ensure adequate cooking temperature, washing surfaces and knives with hot 

water and soap after contact with meat, drinking pasteurized milk and juices, and washing hands 

with hot water and soap after handling raw meat (34). A 2017 Canadian consumer food study 

revealed that about 90% of Canadians self-reported taking the necessary precautions to prevent 

foodborne illness from raw meat (35). Unfortunately, accurate measurement of consumer 

compliance with proper food safety practices and behaviours is challenging (35). Other 

suggested key strategies include: requiring retail chicken be frozen or requiring fly screens in 

broiler barns (36, 37). 

What are the mechanisms of antimicrobial resistance in Campylobacter? 

Multiple species of Campylobacter display resistance to most classes of drugs due to 

various resistance mechanisms (5, 38). In addition to acquiring antimicrobial resistance to some 

antimicrobial classes, Campylobacter are also intrinsically resistant to a number of antimicrobial 
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classes such as glycopeptide and lipopeptide antibiotics (5, 38). This intrinsic resistance is likely 

due to the low permeability of the Campylobacter membrane in conjunction with multi-drug 

efflux pumps such as CmeABC (5, 38-40).  

Campylobacter most frequently develops acquired resistance to other antimicrobial 

classes through chromosomal mutations that code for mechanisms rather than horizontal gene 

transfer (5, 38). Fluoroquinolone resistance in Campylobacter occurs, in part, because of a point 

mutation that affects the target for fluoroquinolones so that it is ineffective; the mutation is 

paired with an existing efflux pump, CmeABC, which works to decrease the amount of 

fluoroquinolone within the cell (5, 38). The point mutation occurs in the quinolone resistance-

determining region of DNA gyrase A, which conveys resistance by modifying the expression of 

the antibiotic target (5, 38). Macrolide resistance in Campylobacter works similarly with a 

modification of the target for macrolides, either by point mutation or by adding a methyl- group 

(5, 38). There are three main areas of this point mutation, the most common is in the 23S rRNA, 

a component of the large ribosomal subunit, or the lesser occurring mutations in ribosomal 

proteins L4/L22 (5, 38). The same efflux pump that is responsible for removing 

fluoroquinolones, CmeABC, is also able to remove macrolides and tetracyclines (5, 38). Instead 

of point mutations, tetracycline resistance is conferred by tet(O), a gene that can already be part 

of the chromosome, or to a lesser extent can either be delivered via a plasmid, and produces 

proteins that structurally changes the target of tetracyclines so that they are ineffective (5, 38).  

Some of these adaptations do not come at a survival cost to Campylobacter and result in 

stable, long-lasting resistance despite the removal of the antimicrobial that introduced the 

selective pressure (5, 38). This is particularly true for fluoroquinolone resistance in 

Campylobacter (5, 38). Chicken colonization experiments indicate that fluoroquinolone 
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resistance does not carry a fitness burden, and that resistant strains can outcompete 

fluoroquinolone susceptible Campylobacter and persist stably in the population after removing 

the antibiotic selective pressure (5, 38). Even in the absence of selective pressure from 

antimicrobial use, resistance genes in Campylobacter can spread through horizontal gene transfer 

mechanisms such as conjugation, spreading the genetic information needed to acquire resistance 

to antimicrobials (5, 38). Until recently horizontal gene transfer had not been identified as a 

significant contributor to resistance transmission in Campylobacter, as is the case for other 

enteric gram negative bacteria like Salmonella or Escherichia coli, but recent findings indicate 

that it may play a larger role than initially thought, especially in the presence of biofilms (41, 

42). Biofilms also make it difficult for antimicrobial agents to reach the targeted bacteria (2). 

Should horizontal gene transfer of ARGs prove to be a major contributor of resistance to 

Campylobacter spp. then this would change the threat of resistance from something that is spread 

within Campylobacter spp., to something that can spread to and from Campylobacter spp. and 

other pathogens.  However, these findings of horizontal gene transfer have only been 

investigated with chloramphenicol and kanamycin resistance (41, 42).   

Why is antimicrobial resistance in Campylobacter important? 

As with any pathogen it is important to determine whether resistance strains behave 

differently from susceptible strains, for example, with respect to transmission and risk factors, 

and if resistance is associated with an increased burden of illness. Patients with a resistant strain 

of Campylobacter can experience prolonged diarrhea, a longer duration of illness, have an 

increased risk of an adverse health event such as invasive illness or death, and may have a higher 

rate of hospitalization than a susceptible infection (43-45). In Canada, the national rate of 

reported Campylobacter infections is approximately 27.2 cases per 100,000 population (46, 47). 
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The reported rate of infection is likely an underestimation as those with minor symptoms may 

not seek care, only a proportion seeking care will have a sample tested to determine the 

pathogen, and not all laboratories will report cases to provincial authorities (48).  

From 1999 to 2006, 37.2% of Campylobacter jejuni and 43.3% of Campylobacter coli 

isolates from patients in Saskatchewan were resistant to at least one class of antimicrobial (49). 

While levels of resistance by class varied over the study period, the class with the highest rates of 

resistance was frequently tetracyclines (49). The proportion of fluoroquinolone resistance was 

often higher in C. coli samples than C. jejuni samples, and increased from 2004 to 2006 (49). 

The proportion of macrolide resistance was also higher in C. coli than C. jejuni and tended to 

peak in 2004 (49). Lastly, while there is national reporting of human Campylobacter infections 

in Canada, there is no national testing or reporting of resistance levels in human Campylobacter. 

Aside from a handful of studies which have examined Canadian isolates, there is no ongoing 

surveillance (47, 49, 50). When taking into consideration the evidence of an increased burden of 

illness in combination with the aforementioned socio-economic consequences of antimicrobial 

resistance, the prevalence of Campylobacter in Canada, and the rates of antimicrobial resistance 

(46, 49), it is becoming increasingly important to understand infections with antimicrobial 

resistant Campylobacter and the dynamics of their transmission.  

Antimicrobial use and resistance in Campylobacter in chicken in Canada 

Food is a common source of human Campylobacter infection, with chicken meat in 

particular, being a major source (27, 29, 51). The Canadian National Microbiological Baseline 

Study of Broiler Chicken which ran from 2012-2013 puts the national prevalence of 

Campylobacter in broiler chickens, sampled from whole carcasses, at 24.1%, with British 

Columbia reporting the highest prevalence at 41.3% (52). More recent data indicate that 
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nationally, 40.8% of Campylobacter isolates from broiler chicken are resistance to at least one 

antimicrobial class (53). Since antimicrobial use is the strongest driver of antimicrobial 

resistance emergence, the Chicken Farmers of Canada have implemented plans to phase out the 

preventative use of antimicrobials important to human medicine in broiler chicken production (2, 

4, 54). Following the ban on preventative use of category I antibiotics for chicken in 2014, which 

includes fluoroquinolones, in 2017, restrictions were placed on Canadian chicken farmers to ban 

the preventative use of category II antimicrobials, which include macrolides and quinolones (54). 

They are currently working towards a ban on the preventative use of category III antimicrobials, 

which include tetracyclines (54). As of December 2018, the Government of Canada has 

restricted use of all Medically Important Antimicrobials in animals to be under veterinary 

prescription only (55, 56). This restriction is also in place with the Chicken Farmers of Canada 

who also only support using these antimicrobials of very high, high, and medium importance to 

human health by prescription only (54). Although fluoroquinolone use is allowed therapeutically 

in chicken production, there are no approved products for poultry use in Canada and any use is 

therefore off-label use and requires a valid veterinarian-client-patient relationship; this includes 

off-label use for metaphylaxis (Dr. Agnes Agunos, Public Health Agency of Canada, personal 

communcation, October-December 2021) (57). Even with the ban, interventions to the 

prevention of infection can also contribute to reducing the use of antimicrobials; these include 

improved animal husbandry practices such as improved ventilation, improved sanitation, 

vaccination, and reducing cross-contamination between flock turnovers (9, 28, 54, 58). 

1.1.3 Surveillance of Antimicrobial Resistance in Canada  

Surveillance data is key in quantifying, monitoring, and tracking antimicrobial resistance 

in addition to guiding policy and identifying areas for interventions (13, 16). The Public Health 
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Agency of Canada has a national antimicrobial resistance surveillance program, the Canadian 

Antimicrobial Resistance Surveillance System (CARSS), launched in 2015, which incorporates a 

summary of data from a number of sector-specific programs. These programs include the 

Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS), initiated in 

2002, which conduct surveillance on foodborne antimicrobial resistance in the food chain (food 

animals, food, and humans) and antimicrobial use in animals, and the Canadian Nosocomial 

Infection Surveillance Program (CNISP), initiated in 1994, which conducts surveillance of 

antimicrobial resistant nosocomial infections, primarily in tertiary referral hospitals (59). The 

CIPARS program incorporates data on antimicrobial use in crops from the Pest Management 

Regulatory Agency and in aquaculture form the Department of Fisheries and Oceans (18). In 

addition to CIPARS and CNSIP, CARSS includes data from seven other PHAC surveillance 

systems and collects data on antimicrobial use in humans (13). However, CARSS and its current 

components do not encompass the full scope of antimicrobial resistance and use in Canada (13, 

16). Gaps in surveillance include but are not limited to: full integration of data, limited data on 

resistance in companion animals and the associated risks, up-to-date resistance prevalence 

estimates for sectors outside of the main livestock groups, limited or no data on resistance in 

animal pathogens, a lack of data for the many regions in Canada, and limited data for non-

hospitalized patients (13, 16). A recent evaluation of integrated, One Health surveillance of 

antimicrobial use and resistance in Canada aimed to assess the current state of these surveillance 

programs in Canada and recommended three critical areas to focus attention which were: 

increased resources for antimicrobial resistance and use surveillance, policies that standardize 

reporting of resistance and antimicrobial use across jurisdictions, and the development of a 

complete and fully integrated surveillance program across One Health sectors (12-14).  
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Despite the strong link of human foodborne illness to food-producing animals, the link 

between antimicrobial resistance in animals and resistance in humans is more complex (60). 

Resistant bacteria can be exchanged between livestock and farm workers but there is less 

evidence of direct transmission from food to the general population (60). The reasons for this are 

complex but there is a growing body of research using genomics and bioinformatics to track the 

transmission of resistance from food, although this is mostly for Salmonella (61). Furthermore, 

since most foodborne illnesses should not be treated with antimicrobials, the lack of selective 

pressure may favour susceptible bacteria over the resistant bacteria, especially for resistance 

mechanisms that result in a fitness burden (62). An additional consideration is that the risk of 

transmission can be reduced if animal products are handled and prepared according to food 

safety guidelines (60). Clarifying the transmission pathway between animals and humans will 

not only allow us to quantify the risk to humans from animals but will also allow us to identify 

areas of intervention and prevention. There are a number of possible ways to model this 

transmission pathway, these include but are not limited to: quantitative microbial risk 

assessments, agent-based modelling, and integrated assessment models (63-66). 

Following the call from the World Health Organization urging countries to implement 

antimicrobial resistance surveillance and for that surveillance to include the food animals and 

foodborne antimicrobial resistance, CIPARS was initiated in the early 2000s (18). CIPARS is the 

only surveillance system for antimicrobial use and resistance in Canada that was designed with a 

One Health approach to represent farm-to-fork surveillance of foodborne antimicrobial resistance 

and animal antimicrobial use (13). In order to be better able to interpret CIPARS and other 

antimicrobial resistance surveillance data related to foodborne resistance in the broader context 

and with respect to potential resistance mitigation interventions, an integrated assessment model 
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for antimicrobial resistance (iAM.AMR) has been developed (67). Integrated assessment models, 

used for other complex systems like climate change research (9, 68), are a useful tool for 

understanding antimicrobial resistance since they provide a structured process for incorporating 

knowledge from various disciplines about complex issues in order to produce integrated insights 

for decision-makers (68). Currently the model incorporates chicken, cattle, and swine 

transmission pathways mainly for E. coli and Salmonella, and resistance to tetracyclines, 

macrolides, quinolones, and third generation cephalosporin drug classes (9, 67). The integrated 

assessment model utilizes factor data from peer-reviewed articles, prevalence data from CIPARS 

and other surveillance programs, national food consumption data, and expert opinion (67). To 

date, the model does not include the Campylobacter-chicken pathway from farm to retail for any 

drug class. Additionally, the model has not been taken beyond the retail step to assess the impact 

of human exposure, the consequences of antimicrobial resistance in the course of foodborne or 

other illness. 

1.2 Research Objectives 

To better understand the dissemination of antimicrobial resistant Campylobacter, the 

overall objective of this thesis was to investigate the human exposure to, and risk from, 

antimicrobial resistant Campylobacter in Canada. In addition to investigating transmission 

pathways in general, because of the contribution of chicken meat to Campylobacter spread, this 

thesis also investigated the potential exposure from broiler chickens. The overall objective was 

broken down into two main research questions and objectives: 

1. Which factors are associated with antimicrobial resistant Campylobacter infections in 

humans?  
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Objective: To determine factors potentially associated with human infection with 

Campylobacter spp. that are resistant to fluoroquinolones, macrolides, or 

tetracyclines. 

2. What is the probability of exposure to antimicrobial resistant Campylobacter from 

broiler chickens and chicken meat in Canada from farm to retail?  

Objective: To develop an integrated assessment model component to evaluate the 

probability of human exposure to antimicrobial resistant Campylobacter spp. from 

broiler chicken in Canada resistant to fluoroquinolones, tetracyclines, or 

macrolides and identify knowledge and data gaps.  
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CHAPTER 2: A SCOPING REVIEW OF FACTORS ASSOCIATED WITH 

ANTIMICROBIAL RESISTANT CAMPYLOBACTER SPP. INFECTIONS IN HUMANS 

Abstract 

 Campylobacter spp., a leading cause of acute diarrheic illness in humans around the 

world, have developed resistance to antimicrobials important for human medicine. Infection with 

antimicrobial resistant Campylobacter spp. is an important public health concern as antimicrobial 

resistance (AMR) has been linked with increased severity of illness and risk of death. The 

objective of this study was to perform a scoping review of factors associated with human 

infection with antimicrobial resistant Campylobacter. 

Comprehensive literature searches were performed in five primary and three grey 

literature databases. Criteria for inclusion were analytical English publications investigating 

humans infected with a Campylobacter strain resistant to macrolides, tetracyclines, 

fluoroquinolones, and/or quinolones that reported factors potentially linked with the infection. 

Primary and secondary screening were completed independently by two reviewers using Distiller 

SR®. 

The search identified 8,527 de-duplicated articles and 27 articles were included after 

screening. Factors were broadly categorized into seven categories: animal contact, prior 

antimicrobial use, participant characteristics, food and food preparation, travel, underlying health 

conditions, and water. Articles exploring factors related to travel (n=17) and participant 

characteristics (n=14) were most common. The factors and regions studied, the types of 

investigations, and the knowledge they contributed are broad and diverse. The populations 

included, data sources utilized, and analyses employed varied greatly. Travel was an important 

risk factor, and infections were commonly associated with gastrointestinal Campylobacter jejuni 
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and were often evaluated using only a univariable analysis. Most of the studies were conducted 

in a small sample of high-income, westernized countries. 

 This scoping review mapped current literature investigating factors related to 

antimicrobial resistant Campylobacter infections in humans. The heterogeneity of the results and 

articles provided a broad overview of the available factors while also illuminating areas for 

potential future research.  
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2.1 Background 

2.1.1 Rationale 

Risk Factors for Campylobacter in General 

Campylobacter spp. is one of the leading causes of acute diarrheic illness, accounting for 

16% of foodborne illness globally (69) and 8.42% of foodborne illness in Canada (48). Infections 

are characterized by acute, watery diarrhea progressing to bloody diarrhea and often 

accompanied by abdominal pain, but vomiting is uncommon (51). Campylobacter infection has 

an incubation period of 2-4 days and most people recover within 2-5 days (70). An 

uncomplicated infection typically only requires supportive care to avoid dehydration (70); 

however, some cases develop bacteremia (71). Although uncommon, complications related to 

Campylobacter include but are not limited to: reactive arthritis (ReA), irritable bowel syndrome 

(IBS), Guillain-Barré Syndrome (GBS), and Miller Fisher Syndrome (MFS), a variant of GBS, 

which are autoimmune disorders characterized by nerve damage, muscle weakness and 

sometimes paralysis (26, 27, 29, 71).  

Antimicrobials in the macrolide and quinolone family are sometimes used in the 

treatment of complicated Campylobacter infections and have been indicated to reduce duration 

of illness (72), providing that the infection is susceptible to these antimicrobials. However, 

resistance to macrolides, fluoro(quinolones), and other antimicrobial classes including 

tetracyclines, is not rare (5). There is evidence that inappropriate antimicrobial prescribing 

practices occur in Canada when it comes to Campylobacter spp. infections, such as: prescribing 

antimicrobials after symptoms have resolved, or before the culture results have confirmed the 

diagnosis of Campylobacter, and even treatment before the collection of a sample (50). 

Furthermore, antimicrobials not suggested by prescribing guidelines have also been prescribed 
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(73). Antimicrobial resistance is the ability of a microorganism to stop an antimicrobial from 

working against it, rendering standard treatments ineffective (1). Patients with a resistant strain 

of Campylobacter may have an increased risk of an adverse health event such as a longer 

duration of illness, hospitalization, invasive illness or death, than patients with a susceptible 

infection (43, 45, 74).  

Some known risk factors associated with Campylobacter spp. infections in general 

include: undercooked meat, especially chicken, contaminated unpasteurized milk, animal 

contact, and contaminated water (70). There is a relatively large amount of research on factors 

associated with Campylobacter infections; however, a search on January 21, 2020 in Ovid 

Medline®, Cochrane Library, Joanna Briggs Institute Systematic Review Registry, and Google 

Scholar did not reveal any scoping or systematic reviews on factors associated with antimicrobial 

resistant Campylobacter infections.  

2.1.2 Objective 

The objective of this scoping review is to synthesize the available, globally published 

literature on factors associated with human infections and antimicrobial resistant Campylobacter 

species. The antimicrobials of interest for this scoping review were: macrolides, tetracyclines, 

fluoroquinolones and/or quinolones. 

2.2 Methods 

2.2.1 Protocol and registration 

The review followed the Joanna Briggs Institute framework (75) as well as the PRISMA 

Scoping Review guidelines (76). The protocol was registered with the Joanna Briggs Institute 

Systematic Review Register on February 5, 2020.  

2.2.2 Eligibility criteria 
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The review included any analytic study, which was generally defined as a study that used 

a comparison group, including theses and dissertations. Study designs or publications that were 

excluded from the review were: review articles, commentaries, opinion pieces, editorials, 

newspaper articles, books, book chapters, and conference proceedings. There were no limits 

applied to language, geographical location, Campylobacter species, and date of publication. 

However, due to a lack of translation resources, non-English articles that were identified during 

primary screening were excluded from this review.  

Any study that evaluated humans of any age with a Campylobacter spp. infection 

(confirmed by recognized laboratory methods) were included. Non-human research, studies that 

evaluated infections other than Campylobacter, studies that evaluated colonization instead of 

infection, and studies that failed to confirm a Campylobacter infection by recognized laboratory 

methods were excluded. 

Studies also needed to evaluate an exposure of interest, including factors involved with a 

human infection with a resistant Campylobacter strain. These factors include but are not limited 

to: age, recent travel, or pre-existing medical conditions. Studies that did not evaluate factors 

related to a human infection were excluded. The comparator group had to be appropriate to the 

study design. For example, when applicable, the comparator group for case-control studies were 

infections with Campylobacter that are susceptible to the antimicrobials of interest. Studies had 

to include the outcome of interest, namely infection with Campylobacter resistant to the 

antimicrobials of interest: macrolides, tetracyclines, and fluoro(quinolones). Resistance had to be 

determined by recognized laboratory antimicrobial susceptibility testing methods such as disk 

diffusion or broth micro-dilution.  

2.2.3 Information sources 
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Databases included: MEDLINE® in Ovid, AGRICOLA™ in ProQuest®, Centre for 

Agriculture and Bioscience abstracts in Web of Science, EMBASE® in Ovid, and Scopus®. 

Grey literature sources included: World Health Organization’s Global Index Medicus, and the 

Bielefield Academic Search Engine. Additionally, the first 250 results, sorted based on 

relevance, from Google Scholar were included. 

2.2.4 Search 

The search string was developed based on eligibility criteria with the assistance of a 

research librarian, beginning with an initial limited search in Ovid MEDLINE® using a 

preliminary search string. Following an informal analysis of terms used in the title, abstract, and 

index, relevant terms were included in the search string. Next, the search string was adapted (see 

Appendix 2.1) and applied across the remaining information sources. Articles were de-duplicated 

in three stages in Mendeley (Mendeley, Version 1.19.8. Elsevier; 2021), EndNote (EndNote, 

Version X9.2. Clarivate Analytics; 2018), and DistillerSR (DistillerSR. Version 2.35. Evidence 

Partners; 2021.). The search was completed on February 5, 2020 following the confirmation of 

protocol registration. The search was updated on May 7, 2021.  

2.2.5 Selection of sources of evidence 

Primary and secondary screening were completed by two independent reviewers. Primary 

screening involved reviewing the title and abstract of each article and followed the primary 

screening decision tree found in Appendix 2.1. The possible answers were yes, no, or unclear. 

Articles proceeded to secondary screening if all questions were answered with a yes or unclear 

from both reviewers. Reviewers met to resolve conflicts if there was a disagreement about 

whether to include the article. The secondary decision tree was followed for secondary screening 

(see Appendix 2.1) and answers were based on review of the full text articles, if they could be 
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located. After initially testing the secondary screening form on ten articles, questions were 

rearranged to streamline the screening process by moving the article type question to the first 

question position. Questions only had yes or no response options and an article was included if 

all questions were answered with yes. The reasons for exclusion were documented.   

2.2.6 Data collection and synthesis 

The data extraction form was designed with input from the project team so that extracted 

data could be linked for further research (see Appendix 2.3). Extracted data included: 

characteristics of the study, characteristics of the study participants, and a description of and 

results for factors investigated in the study. Initially, the form was tested on five articles and 

adjustments were made before extracting all articles. Data were extracted by one reviewer in 

Distiller SR and exported into Excel for cleaning. 

Results were synthesized into tables, figures, and qualitative findings to present an 

effective comprehensive narrative of the research. 

2.3 Results 

2.3.1 Selection of sources of evidence 

The search identified 8,527 de-duplicated articles. Of these, 8,089 articles were excluded 

during primary screening and an additional 411 additional articles were excluded during 

secondary screening, including 12 articles that we were unable to locate a full-text pdf despite 

inter-library loan requests (Figure 2.1). Twenty-seven articles met all inclusion criteria and were 

included in the review.  
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Figure 2.1. PRISMA-ScR flow diagram of the study selection process for the scoping review of 
human infection with antimicrobial resistance Campylobacter. 

 

2.3.2 Characteristics of sources of evidence 

An overview of the characteristics of included articles can be found in Table 2.1. All 

articles were published between the years of 1998 and 2018 with the exception of one article that 

was published in 1988. The most common countries that data were collected from included: the 

United States (six articles), Denmark (four articles), Canada (three articles), and the United 

Kingdom (three articles). Study designs were primarily cross-sectional (n=12) and case-

control/comparison (n=9). The average age of participants in most studies was between 20 and 
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50 but variations in reporting age details made summarizing age characteristics difficult. Out of 

the 27 studies, some either did not specify gender or sex of participants (n=9) or did not include 

females in their study (n=4). The majority of the articles studied gastrointestinal infections 

(n=19, 70.4%), and focused on or included data for Campylobacter jejuni (n=22, 81.5%). Most 

studies determined resistance to multiple antimicrobials: 74.1% of articles (n=20) studied 

resistance to fluoroquinolones, 33.3% (n=9) studied resistance to quinolones, 48.1% (n=13) 

studied macrolide resistance, and 25.9% (n=7) studied tetracycline resistance. There was a four 

article overlap that included data on resistance to both quinolones and fluoroquinolones. 
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Table 2.1. Key characteristics of peer-reviewed references included in the scoping review of factors related to human infection with 
antimicrobial resistant Campylobacter spp. 

Author Year Study Design a Location 
Total 

Sample 
Size 

Female  
(%) b 

Age Details  
(years) c AMR d Species Infection 

Type e 

Bottieau, E  
et al. (77) 2011 Prospective 

cohort Belgium 1730 NS Mean = 33 
Range = <1-73 FLQ jejuni GI 

Engberg, J  
et al. (45) 2004 Case-control Denmark 126 83.3 Mean = 33  

IQR = 20-45 
QL 

FLQ 
jejuni NS 

Evans, M  
et al. (78) 2009 Case-control United 

Kingdom 556 50.7 Med (cases) = 53      
Med (comp.) = 49 FQL NS NS 

Feodoroff, B  
et al. (79) 2010 Cross-sectional Finland 166 59.6 NS FQL jejuni GI 

Gallay, A  
et al. (80) 2007 Case-case-

control France 570 0 
Mean (cases) = 

19.5    
Mean (cont.) = 20 

FQL 
jejuni, 

coli, fetus, 
lari 

GI 

Gaudreau, C 
 et al. (81) 2003 Retrospective 

cohort Canada 14 0 Range = 26-40 
MCL  
FQL 
TET 

jejuni GI 

Gaudreau, C  
et al. (82) 2015 Retrospective 

cohort Canada 31 0 Range = 21-64 
QL 

FQL 
TET  

jejuni GI 

Ghunaim, H 
 et al. (83) 2015 Cross-sectional United 

Kingdom 174 40.2 Med. = 2 
Range = <1-75 

MCL 
FQL 

jejuni GI 

Hakanen, A  
et al. (84) 2003 Cross-sectional Finland 354 NS NS FQL jejuni GI 

Helms, M  
et al. (43) 2005 Cohort Denmark 3541 NS Mean = 27.4  

Range = 0.2-92.3 
MCL 
QL 

NS GI 

Jenkin, G  
et al. (85) 1998 Cross-sectional Australia 20 10.0 Mean = 40  

Range = 27-53 FQL 
upsaliensi

s GI 
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Johnson, J   
et al. (86) 2008 Case-control Canada 210 45.2 16+ FQL 

jejuni, 
coli, NS NS 

Koningstein, 
M  

et al. (87) 
2011 Cross-sectional Denmark 10475 NS Range = 0-80+ MCL 

FQL 
NS GI 

Kownhar, H 
 et al. (88) 2007 Case-Control India 400 41.8 

Mean (cases) = 37            
Mean (cont.) = 

39.3 

MCL 
QL 

FQL 
TET 

jejuni GI 

Lu, P  
et al. (89) 2000 Retrospective 

cohort Taiwan 21 42.9 Med. = 45  
Range = 4-81 MCL jejuni, coli BS 

Nelson, J  
et al. (44) 2004 Case-control United 

States 740 46.0 Med. = 34  
Range = <1-96 FQL NS GI 

Patrick, M 
 et al. (90) 2018 Cross-sectional United 

States 16549 45.0 Med. = 38 MCL 
QL 

jejuni Both 

Perlman, D. 
M.  

et al. (91) 
1988 Cohort United 

States 4 0 Mean = 47  
Range = 39-67 MCL jejuni, coli GI 

Ricotta, E  
et al. (92) 2014 Cross-sectional United 

States 24433 45.5 

Mean (cases) = 
37.1           

Mean (comp.) = 
36.2 

MCL 
QL 

Mostly 
jejuni GI 

Sharma, H  
et al. (93) 2003 Case-control Australia 155 NS NS 

MCL 
QL 

FQL 
TET 

jejuni GI 

Skjot-
Rasmussen, 

L  
et al. (94) 

2009 Cross-sectional Denmark 1023 NS NS 
MCL 
QL 
TET 

jejuni NS 

Smith, K E  
et al. (95) 1999 Case-control United 

States 390 NS NS QL jejuni GI 
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Moore, J E  
et al. (96) 2002 Cross-sectional Ireland 15 26.7 Mean = 29.4  

Range = 1-67 
FQL 
TET 

15 jejuni,  

2 coli GI 

Uzunovic-
Kamberovic, 

S  
et al. (97) 

2009 Cross-sectional 
Bosnia and 
Herzegovin

a 
2491 NS Med. range = 0-6  

Range = 0-64+ 
MCL 
FQL 

jejuni, coli GI 

CSSSC f,  
Painter, M J 
et al. (98) 

2002 Case-control United 
Kingdom 495 52.3 Mean (cases) = 39               

Mean (cont.) = 38 FQL jejuni GI 

WonHee, C  
et al. (99) 2016 Cross-sectional United 

States 94 42.9 Med. = 23.5 
Range = <2-50+ FQL jejuni NS 

van Hees, B  
et al. (100) 2006 Cross-sectional Netherlands 18856 NS NS 

MCL 
FQL 
TET 

94% jejuni NS 

 a When a study design was not specified by the authors, a study design was assigned during data extraction 
b % female vs other, specified in article or calculated during data extraction where possible, NS=Not specified 
c Specified in article or calculated during data extraction where possible, IQR= interquartile range, Med.=Median, 

cont.=controls, comp.=comparisons, NS=Not specified 
d Antimicrobial Resistance, MCL=Macrolides, QL=Quinolones, FQL=Fluoroquinolones, TET=Tetracyclines 
e Specified in article or determined during data extraction where possible, GI=Gastrointestinal Infection, BS=Blood-

stream infection, NS=Not specified/could not be determined 
f CSSSC= Campylobacter Sentinel Surveillance Scheme Collaborators 
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2.3.3 Results of individual sources of evidence 

Factors related to antimicrobial resistant Campylobacter spp. infections investigated from 

the 27 articles are summarized in Table 2.2 and can be broadly categorized into seven categories: 

animal contact (Table 2.3), prior antimicrobial use (Table 2.4), participant characteristics (Table 

2.5), food and food preparation (Table 2.6), travel (Table 2.7), underlying health conditions 

(Table 2.8), and water (Table 2.9). Articles exploring factors related to travel (n=17) and 

participant characteristics (n=14) were most common. Odds ratios with a value less than one are 

associated with lower odds of the outcome of infection with an antimicrobial resistant 

Campylobacter, while odds ratios with values greater than one are associated with higher odds of 

the outcome (101) for a given factor. In this context, when comparing resistant infections to 

susceptible infections, an odds ratio with a value of less than one is generally considered a 

protective factor while a value greater than one is generally considered a risk factor. 
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Table 2.2. Factors investigated related to antimicrobial resistant Campylobacter spp. infections 
in humans identified in studies included in the scoping review*.  

Category Factor 

# of 
relevant 
articles Reference 

Animal Contact 5  
 Unspecified 1 (45) 
 Pets 4 (78, 95, 98, 99) 
 Zoo animals 1 (78) 
Prior Antimicrobial Use 7   
  7 (45, 78, 80, 86, 89, 93, 95) 
Characteristics 13   
 Age 8 (78, 83, 86, 87, 90, 97-99) 
 Contact with children 1 (78) 
 Education 3 (44, 78, 86) 
 Employment status 2 (78, 98) 
 Gender/Sex 6 (44, 78, 83, 86, 96, 99) 
 Geography 3 (44, 86, 90) 
 Income 1 (44) 
 Men who have sex with men 2 (81, 82) 
 Race 2 (44, 90) 
 Season of infection 3 (86, 98, 99) 
 Species of Campylobacter 2 (86, 90) 
 Year of collection 1 (84) 
Food and Food Preparation 4   
 Baby food 1 (98) 
 Barbequed 1 (98) 
 Beef 1 (45) 
 Chicken 4 (45, 78, 98, 99) 
 Cold cuts 2 (78, 98) 
 Eggs 1 (78) 
 Eating away from home 2 (78, 98) 
 Fish and shellfish 1 (98) 
 Handling of raw chicken 1 (78) 
 Handling of raw meat 1 (45) 
 Lamb or mutton 1 (78) 
 Organic Vegetables 1 (98) 
 Pate 1 (98) 
 Pork 1 (78) 
 Poultry (excl. chicken or turkey) 1 (45) 

 Sausages 2 (45, 98) 
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 Storing raw chicken in fridge 1 (78) 
 Unpasteurized milk 1 (78) 
Travel 16   
 Africa 4 (77, 83, 92, 98) 
 Arabian Peninsula 1 (83) 
 Asia 6 (77, 83, 84, 92, 95) 
 Australia/New Zealand 1 (98) 
 Europe 5 (78, 84, 92, 95, 98) 
 Ill contact who traveled  1 (78) 
 Travel (general) 13 (43-45, 78, 79, 86, 90, 93-95, 98-100) 
 Latin America 2 (77, 98) 
 North Africa-Middle East 1 (77) 
 North America 2 (95, 98) 
Underlying Conditions 5   
 Antacid use 1 (78) 
 Diabetic 1 (78) 
 HIV 3 (85, 88, 91) 
 Unspecified 1 (44) 
Water 4   
 Bottled water 2 (78, 98) 
 Filtered jug water 1 (98) 
 Private water supply 1 (98) 
 Public water supply 2 (45, 98) 
 Sparkling bottled water 1 (78) 
 Swimming 3 (45, 95, 98) 
 Tap water 1 (78) 
  Untreated water 1 (95) 
*This table includes factors that were investigated, regardless of statistical significance. 

 

2.3.3 Synthesis of results 

Animal contact 

Four articles explored the effects of animal contact on resistant Campylobacter spp. 

infections (45, 78, 98, 99). The significance and direction of the association between animal 

contact and a resistant infection varied between the five articles (Table 2.3). Outside of contact 

with zoo animals, animal contact was indicated as a protective factor (45, 78, 98, 99). 
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Prior Antimicrobial use 

Seven distinct articles explored the effect of prior antimicrobial use on resistant 

Campylobacter spp. infections (Table 2.4) (45, 78, 80, 86, 89, 91, 95). Statistically significant 

risk factors for a resistant infection included: possession of non-prescribed antibiotics (86) and 

use of an antibiotic before specimen collection (45, 95), but results were variable and 

inconsistent. Five of the seven articles defined the interval for prior antimicrobial use as a month, 

or four weeks (45, 78, 80, 93, 95) and the start point of this interval included a month prior to: 

onset of illness (80, 95), onset of symptoms (45), infection (93), or stool sample (86).  

Characteristics 

Fourteen articles (51.9%) explored factors related to participant characteristics such as 

age, season of infection acquired, or level of education (44, 78, 81-84, 86, 87, 90, 96-99). The 

significance and direction of these association varied among the articles (Table 2.5). Only four 

articles conducted analyses on their data (78, 90, 98, 99). Summer was indicated as a protective 

factor (98, 99), while the odds of infection with resistant Campylobacter spp. infection increased 

with age (78, 90, 98, 99). 

Food and Food Preparation 

Four articles investigated factors related to food and food preparation (Table 2.6) (45, 78, 

98, 99). Similar to patient characteristics and animal contact factors, direction of the association 

between the food factors and their significance varied greatly between the articles. Results from 

multivariable analyses even provided opposing results for factors such as chicken consumption 

(45, 98). 

Travel 
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Sixteen out of the twenty-seven articles (59.3%) investigated factors related to travel and 

its effect on risk of a resistant Campylobacter infection (Table 2.7) (44, 45, 77-79, 83, 84, 86, 90, 

93-95, 98-100). Nine explored foreign travel in general and all articles found it to be a 

statistically significant risk factor for a resistant infection (44, 45, 78, 90, 92, 93, 95, 99, 100). 

Evans et al. 2009 looked at food and water exposure during travel, both international and 

domestic, but did not evaluate travel type as a possible interaction in their analysis (78). 

Quantifying the comparison group for travel-related factors was difficult because it varied from 

study to study. As a result, it was challenging to identify specific travel locations associated with 

resistant infections.  

Underlying conditions 

Five studies explored factors related to underlying health conditions and their effect on 

the risk of a resistant Campylobacter spp. infection (Table 2.8) (44, 78, 85, 88, 91). Two of these 

studies completed analyses on their data (44, 78) and the only statistically significant factor was 

a protective effect for those with diabetes (78). 

Water 

Four articles explored factors related to water and infections from resistant versus 

susceptible Campylobacter (Table 2.9) (45, 78, 95, 98). Due to varying water qualities in 

different countries, we included the country of water origin where possible for context. While 

most factors included were statistically significant, direction and size of effect of factors varied 

among articles. 
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Table 2.3. Key data extracted for animal contact factors identified in studies included in the scoping review for human infection with 
antimicrobial resistant Campylobacter species isolates compared to susceptible isolates, sorted by ascending univariable result. 

Reference Study Designa Factor Speciesb AMRc Univariable 
Result* 

Multivariable 
Result* 

(78) Case-control Domestically acquired infection: own 
rabbit or guinea pig NS FQL OR = 0.0 (0.0-

0.7), p=0.01 N/A 

(98) Case-control Contact with a pet hamster J FQL OR = 0.10 (0.01-
0.90), p=0.0106 N/A 

(98) Case-control Indigenousd acquired: contact with a pet 
guinea pig J FQL OR = 0.21 (0.03-

1.57), p=0.09 N/A 

(98) Case-control Contact with a pet bird J FQL OR = 0.21 (0.06-
0.75), p=0.0078 

OR = 0.11 (0.02-
0.58), p=0.009 

(95) Case-control Contact with pets J QL OR = 0.3 (0.2-
0.6), p<0.001 N/A 

(99) Cross-sectional Domestic animal contact J FQL OR = 0.37 (0.10-
1.33), p=0.19 

OR = 0.26 (0.041-
1.659), p=0.1542 

(98) Case-control Contact with a pet rodent J FQL OR = 0.38 (0.12-
1.20), p=0.0864 N/A 

(45) Case-control Animal contact J FQL OR = 0.44 (0.20-
0.94), p=0.032 N/A 

(98) Case-control Contact with animals J FQL OR = 0.52 (0.34-
0.77), p=0.0011 N/A 

(78) Case-control Own any pets NS FQL OR = 0.6 (0.4-
0.8), p=0.003 N/A 

(98) Case-control Contact with a pet dog J FQL OR = 0.65 (0.39-
1.07), p=0.0883 N/A 

(78) Case-control Contact with zoo animals NS FQL OR = 5.8 (1.2-
36.2), p=0.01 N/A 

aStudy design was either specified by author or designated during data extraction 
bCampylobacter species; NS=Not specified, J=jejuni, C=coli, F=fetus, L=lari, U=upsaliensis, O=other 
cFQL=Fluoroquinolones, MCL=Macrolides, QL=Quinolones, TET=Tetracyclines, dThe term ‘Indigenous’ was the term used in the source text 
and can be considered synonymous with domestic acquisition (i.e., not obtained during travel) 
*Per the scoping review protocol, data were only extracted if results compared resistant to susceptible. Data include the estimate of the measure 
of association from the model (OR = odds ratio), the 95% confidence interval in brackets, and the p-value. 
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Table 2.4. Key data extracted for prior antimicrobial use factors identified in studies included in the scoping review for human 
infection with antimicrobial resistant Campylobacter species isolates compared to susceptible isolates, sorted by ascending univariable 
result. 

Reference Study Designa Factor Speciesb AMRc Univariable 
Result* 

Multivariable 
Result* 

(89) Retrospective 
Cohort 

Appropriate vs inappropriate antimicrobial 
agents JC MCL No analysis 

(91) Cohort Erythromycin use and HIV JC MCL No analysis 

(78) Case-control Antibiotic use in the previous month NS FLQ OR = 0.8 (0.3-
1.9), p=0.77 N/A 

(80) Case-case-
control 

Association between use of antibiotics in 
the month before disease onset and 

ciprofloxacin-resistant Campylobacter 
infection in a case-control study by species 

JCFL FLQ OR = 1.5 (0.7-3.5) N/A 

(80) Case-case-
control 

Association between use of antibiotics in 
the month before disease onset and 

ciprofloxacin-resistant Campylobacter 
infection in a case-control study by species 

J FLQ OR = 2.3 (0.9-5.8) N/A 

(45) Case-control 
Fluoroquinolone treatment after illness 

onset but before stool sample or 4 weeks 
before symptom onset 

J FQL OR = 4.44 (1.15-
17.09), p=0.031 N/A 

(86) Case-control 

Possession of non-prescribed antibiotics: 
participant possessed antibiotics that were 
not prescribed for them that were saved for 

future use 

JCOd FLQ OR = 4.8 (1.3-
17.1), p<0.05 

OR = 13.3 (2.2-
80.9), p=0.005 

(95) Case-control Use of a quinolone before the collection of 
stool specimens J QL OR = 7.4 (3.1-

20.3), p<0.001 
OR = 7.5 (2.6-
21.3), p<0.001 

aStudy design was either specified by author or designated during data extraction 
bCampylobacter species; NS=Not specified, J=jejuni, C=coli, F=fetus, L=lari, U=upsaliensis, O=other, dother, as specified in the text 
cFQL=Fluoroquinolones, MCL=Macrolides, QL=Quinolones, TET=Tetracyclines 
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*Per the scoping review protocol, data were only extracted if results compared resistant to susceptible. Data include the estimate of the measure 
of association from the model (OR = odds ratio), the 95% confidence interval in brackets, and the p-value. 

 



36 
 

Table 2.5. Key data extracted for factors related to patient characteristics identified in studies included in the scoping review for 
human infection with antimicrobial resistant Campylobacter species isolates compared to susceptible isolates, sorted by ascending 
univariable result. 

Reference Study Designa Factor Speciesb AMRc Univariable 
Result* 

Multivariable 
Result* 

(84) Cross-sectional 
Difference between two study periods: 

1995-1997 (comparison group) compared 
to 1998-2000 (exposed group) 

J FQL No analysis 

(83) Cross-sectional Gender: male vs female J FQL No analysis 
(83) Cross-sectional Gender: male vs female J MCL No analysis 
(83) Cross-sectional Age class J MCL No analysis 
(83) Cross-sectional Age class J FQL No analysis 
(87) Cross-sectional Age group by class of drug NS FQL No analysis 
(87) Cross-sectional Age group by drug class NS MCL No analysis 

(81) Retrospective 
cohort Men who have sex with men (MSM) J MCL No analysis 

(81) Retrospective 
cohort MSM J TET No analysis 

(81) Retrospective 
cohort MSM J FQL No analysis 

(82) Retrospective 
cohort MSM J FQL No analysis 

(82) Retrospective 
cohort MSM J QL No analysis 

(82) Retrospective 
cohort MSM J FQL No analysis 

(82) Retrospective 
cohort MSM J TET No analysis 

(85) Cross-sectional HIV U FQL No analysis 
(96) Cross-sectional Gender/sex: male vs not male JC TET No analysis 
(96) Cross-sectional Gender/sex: male vs not male JC FQL No analysis 

(97) Cross-sectional Age group of 20-64 compared to the age 
group of 0-6 JC MCL No analysis 

(97) Cross-sectional Age group of 20-64 compared to the age 
group of 0-6 JC FQL No analysis 
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(86) Case-control Sex: female vs male JCO FQL No analysis 
(86) Case-control Age, 4 categories= <28, 28-37, 38-49, 50+ JCO FQL No analysis 
(86) Case-control College or university education JCO FQL No analysis 
(86) Case-control Season of reported infection JCO FQL No analysis 
(86) Case-control Health region JCO FQL No analysis 
(86) Case-control Rural residence JCO FQL No analysis 
(86) Case-control Species: C.jejuni JCO FQL No analysis 
(44) Case-control Race: white vs other NS FQL No analysis 
(90) Cross-sectional Metro vs suburban and rural areas J QL/MCL No analysis 
(90) Cross-sectional Campylobacter species JC QL No analysis 
(90) Cross-sectional Campylobacter species JC MCL No analysis 

(44) Case-control Education: bachelor's degree or higher vs 
other NS FQL p<0.01 N/A 

(44) Case-control Residence: urban/suburban vs other NS FQL p=0.02 N/A 
(44) Case-control Household income: >60,000 vs lower NS FQL p=0.02 N/A 
(44) Case-control Sex: male vs other NS FQL p=0.55 N/A 

(99) Cross-sectional Age (years) J FQL N/A 
OR = 1.05 
(0.99-1.1), 
p=0.0536 

(78) Case-control Domestically acquired infection 1: student NS FQL OR = 0.0 (0.0-
0.7), p=0.01 N/A 

(78) Case-control Employment status 2: student NS FQL OR = 0.2 (0.0-
0.7), p=0.02 N/A 

(78) Case-control Living with a child under 5 years (versus 
not) NS FQL OR = 0.3 (0.2-

0.7), p=0.004 N/A 

(78) Case-control Domestically acquired infection 2: living 
with child under 5 years NS FQL OR = 0.4 (0.1-

1.0), p=0.05 N/A 

(98) Case-control Indigenouse acquired: summer (versus 
other seasons) J FQL 

OR = 0.44 
(0.32-0.60), 

p<0.001 

OR = 0.46 
(0.33-0.65), 

p<0.001 

(98) Case-control Indigenouse acquired: school children J FQL 
OR = 0.47 

(0.22-1.03), 
p=0.05 

N/A 

(78) Case-control Gender [male vs other] NS FQL OR = 0.9 (0.6-
1.4), p=0.71 N/A 



38 
 

(99) Cross-sectional Sex (female) J FQL 
OR = 0.92 

(0.32-2.68), 
p=0.88 

N/A 

(98) Case-control Indigenouse acquired: retired individuals J FQL 
OR = 1.32 

(0.96-1.80), 
p=0.08 

N/A 

(90) Cross-sectional Age: over vs under 20 J NS OR = 1.4 (1.1-
1.8) N/A 

(98) Case-control Indigenouse acquired: autumn (versus 
other seasons) J FQL 

OR = 1.60 
(1.21-2.12), 
p=0.0008 

N/A 

(98) Case-control Indigenouse acquired: winter (versus other 
seasons) J FQL 

OR = 1.67 
(1.24-2.26), 
p=0.0007 

N/A 

(98) Case-control Indigenouse acquired: semi-skilled manual 
workers J FQL 

OR = 1.71 
(0.96-3.04), 

p=0.06 
N/A 

(78) Case-control Employment status 1: employed NS FQL OR = 1.8 (1.2-
2.6), p=0.01 N/A 

(90) Cross-sectional Race: Asian vs other J NS OR = 2.3 (1.4-
3.9) N/A 

(78) Case-control Age group 1/3: 18-44 vs <18 years NS FQL OR = 2.8 (1.1-
7.7), p=0.03 

OR = 1.5 (0.5-
4.0), p=0.47 

(78) Case-control Age group 3: 65+ vs <18 NS FQL OR = 2.8 (1.1-
8.1), p=0.04 

OR = 2.0 (1.0-
8.2), p=0.04 

(99) Cross-sectional Season (winter) J FQL 
OR = 3.27 

(0.92-11.58), 
p=0.056 

OR = 8.1 (0.9-
72.7), p=0.0614 

(78) Case-control Age group 2 = 45-64 vs <18 NS FQL OR = 4.3 (1.8-
11.6), p=0.004 

OR = 2.3 (0.9-
6.2), p=0.09 

aStudy design was either specified by author or designated during data extraction 
bCampylobacter species; NS=Not specified, J=jejuni, C=coli, F=fetus, L=lari, U=upsaliensis, O=other, dother, as specified in the text 
cFQL=Fluoroquinolones, MCL=Macrolides, QL=Quinolones, TET=Tetracyclines 
eThe term ‘Indigenous’ is the term used in the source paper and can be considered synonymous with domestic acquisition (i.e., not obtained 
during travel) 
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*Per the scoping review protocol, data were only extracted if results compared resistant to susceptible. Data include the estimate of the measure 
of association from the model (OR = odds ratio), the 95% confidence interval in brackets, and the p-value. 
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Table 2.6. Key data extracted for food and food preparation factors identified in studies included in the scoping review for human 
infection with antimicrobial resistant Campylobacter species isolates compared to susceptible isolates, sorted by ascending univariable 
result. 

Reference Study Designa Factor Speciesb AMRc Univariable 
Result* 

Multivariable 
Result* 

(99) Cross-sectional Home prepared chicken J FQL 
OR = 0.082 

(0.0095-0.71), 
p=0.0095 

N/A 

(45) Case-control Handling of raw meat J FQL 
OR = 0.14 

(0.04-0.48), 
p=0.002 

N/A 

(98) Case-control Consumption of baby food J FQL 
OR = 0.14 

[0.03-0.74], 
p=0.0069 

N/A 

(45) Case-control Fresh chicken consumption J FQL 
OR = 0.17 

(0.06-0.45), 
p=0.0004 

OR = 0.04 
(0.004 to 0.39), 

p=0.005 

(45) Case-control Beef (not cold cuts) J FQL 
OR = 0.31 

(0.13-0.73), 
p=0.008 

N/A 

(45) Case-control Sausages J FQL 
OR = 0.32 

(0.12-0.88), 
p=0.027 

N/A 

(78) Case-control Store raw chicken in fridge NS FQL 
OR = 0.4 
(0.3-0.7), 
p<0.001 

N/A 

(98) Case-control Indigenousd acquired: baby food J FQL 
OR = 0.47 

(0.20-1.10), 
p=0.08 

N/A 

(98) Case-control Indigenousd acquired: barbequed food J FQL 
OR = 0.68 

(0.44-1.06), 
p=0.08 

N/A 

(78) Case-control Domestically acquired infection 4: ate chicken in 
the UK NS FQL 

OR = 0.7 
(0.3-1.5), 
p=0.37 

N/A 
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(78) Case-control Food history 1: eating away from home NS FQL 
OR = 0.7 
(0.4-1.0), 
p=0.07 

N/A 

(78) Case-control Food history 5: any unpasteurized milk NS FQL 
OR = 0.9 
(0.0-4.5), 
p=1.00 

N/A 

(78) Case-control Food history 3: any pork NS FQL 
OR = 0.9 
(0.6-1.3), 
p=0.05 

N/A 

(78) Case-control Food history 2: any chicken NS FQL 
OR = 1.0 
(0.5-2.0), 
p=0.91 

N/A 

(78) Case-control Domestically acquired infection 5: ate pre-
cooked cold meats in the UK NS FQL 

OR = 1.0 
(0.5-2.1), 
p=0.91 

N/A 

(78) Case-control Handled raw chicken NS FQL OR = 1.1(0.7-
1.8), p=0.74 N/A 

(98) Case-control Indigenousd acquired: eating in restaurants J FQL 
OR = 1.25 

(0.97-1.62), 
p=0.09 

N/A 

(98) Case-control Indigenousd acquired: fish and shellfish J FQL 
OR = 1.29 

(0.98-1.69), 
p=0.07 

N/A 

(98) Case-control Indigenousd acquired: organic vegetables J FQL 
OR = 1.37 

(0.95-1.96), 
p=0.09 

N/A 

(98) Case-control Indigenousd acquired: pate J FQL 
OR = 1.44 

(0.96-2.17), 
p=0.09 

N/A 

(78) Case-control Food history 4: any lamb or mutton NS FQL 
OR = 1.5 
(1.0-2.2), 
p=0.07 

N/A 

(98) Case-control Consumption of sausage J FQL 
OR = 1.51 

[1.00-2.29], 
p=0.0484 

N/A 
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(98) Case-control Indigenousd acquired: cold meats (pre-cooked) J FQL 
OR = 1.59 

(1.16-22.21), 
p=0.004 

OR = 2.13 
(1.44-3.13), 

p<0.001 

(98) Case-control Consumption of chicken J FQL 
OR = 2.33 

(1.29-4.22), 
p=0.0039 

OR = 4.95 
(2.12-11.56), 

p<0.001 

(78) Case-control Travel-related infection 4: ate chicken abroad NS FQL 
OR = 2.4 
(0.6-9.7), 
p=0.17 

N/A 

(45) Case-control Fresh poultry other than chicken and turkey J FQL 
OR = 2.40 

(0.73-7.86), 
p=0.148 

OR=19.10 
(2.18-167.30) 

p=0.008 

(78) Case-control Travel-related infection 5: ate eggs abroad NS FQL 
OR = 2.6 
(0.9-7.7), 
p=0.099 

N/A 

aStudy design was either specified by author or designated during data extraction 
bCampylobacter species; NS=Not specified, J=jejuni, C=coli, F=fetus, L=lari, U=upsaliensis, O=other, 
cFQL=Fluoroquinolones, MCL=Macrolides, QL=Quinolones, TET=Tetracyclines 
dThe term ‘Indigenous’ is the term used in the source paper and can be considered synonymous with domestic acquisition (i.e., not obtained 
during travel) 
*Per the scoping review protocol, data were only extracted if results compared resistant to susceptible. Data include the estimate of the measure 
of association from the model (OR = odds ratio), the 95% confidence interval in brackets, and the p-value. 
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Table 2.7. Key data extracted for travel factors identified in studies included in the scoping review for human infection with 
antimicrobial resistant Campylobacter species isolates compared to susceptible isolates, sorted by ascending univariable result. 

Reference Study Designa Factor Speciesb AMRc Univariable 
Result* 

Multivariable 
Result* 

(83) Cross-sectional Country of origin J MCL No analysis 
(83) Cross-sectional Country of origin J FQL No analysis 

(43) Cohort Domestically acquired infection vs travel acquired 
infection [two different drug classes explored] NS QL No analysis 

(43) Cohort Domestically acquired infection vs travel acquired 
infection [two different drug classes explored] NS MCL No analysis 

(77) Prospective cohort Susceptible vs norfloxacin resistant campylobacter 
jejuni in patients per travel destination J FQL No analysis 

(78) Case-control Travel-related infection vs domestically acquired 
infection NS FQL No analysis 

(79) Cross-sectional Travel-related vs domestic acquired infection J FQL No analysis 
(84) Cross-sectional Travel to Spain (including the Canary Islands) J FQL No analysis 
(84) Cross-sectional Travel to Thailand J FQL No analysis 
(84) Cross-sectional Travel to India J FQL No analysis 
(84) Cross-sectional Travel to China J FQL No analysis 
(84) Cross-sectional Travel to Portugal J FQL No analysis 

(86) Case-Control 

Foreign travel-related infection:  symptoms started 
at least 2 days after the first day of travel outside 

the United States and Canada and within 3 days of 
returning [yes/no] 

Macro-region of infection source country: broken 
down by Latin America, Asia, Europe 

JCO FQL No analysis 

(92) Cross-sectional 
Single destination international travel vs 

Multi/unknown destination international travel vs 
non-international travel 

JO QL No analysis 

(92) Cross-sectional 
Multi/unknown destination international travel vs 

single destination international travel vs non-
international travel 

JO MCL No analysis 

(92) Cross-sectional Resistance based on travel to single destination JO QL No analysis 

(92) Cross-sectional Macrolide resistant isolates based on single 
destination travel JO MCL No analysis 
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(94) Cross-sectional Travel associated human cases vs domestically 
acquired human cases in 2006 and 2007 J MCL No analysis 

(94) Cross-sectional Travel associated human cases vs domestically 
acquired human cases in 2006 and 2007 J TET No analysis 

(94) Cross-sectional Travel associated human cases vs domestically 
acquired human cases in 2006 and 2007 J QL No analysis 

(100) Cross-sectional Endemic vs travel-related Campylobacter infection JO FQL No analysis 
(100) Cross-sectional Qualitative trends: tetracycline JO TET No analysis 
(100) Cross-sectional Qualitative trends: macrolides JO MCL No analysis 
(44) Case-control Foreign travel: yes vs no NS FQL p<0.01 p<0.01 
(93) Case-control Locally-acquired vs overseas-acquired by antibiotic JO FQL p<0.05 N/A 
(93) Case-control Locally-acquired vs overseas-acquired by antibiotic J TET p<0.05 N/A 
(93) Case-control Locally-acquired vs overseas-acquired by antibiotic J QL p<0.05 N/A 
(93) Case-control Locally-acquired vs overseas-acquired by antibiotic J MCL p>0.05 N/A 

(78) Case-control Travel-related infection 1: ill household contact NS FQL 
OR = 0.2 
(0.0-0.7), 
p=0.01 

OR = 0.2 (0.0-
0.6), p=0.009 

(98) Case-control Africa (versus other countries) J FQL 
OR = 0.24 

(0.11-0.52), 
p=0.0001 

OR = 0.11 
(0.02-0.70), 

p=0.019; 
Interaction 
Term with 

consumption of 
mains water 
[OR = 9.17 

(1.06-79.67), 
p=0.044] 

(95) Case-control Travel within the United States outside of 
Minnesota J QL 

OR = 0.3 
(0.1-0.7), 
p=0.002 

N/A 

(98) Case-control France (versus other countries) J FQL 
OR = 0.35 

(0.16-0.74), 
p=0.0039 

N/A 

(98) Case-control Turkey (versus other countries) J FQL 
OR = 0.41 

(0.16-1.06), 
p=0.058 

N/A 
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(78) Case-control Travel-related infection 2: Spain (versus other 
countries) NS FQL OR =2.8 (0.9-

9.7), p=0.07 N/A 

(98) Case-control Portugal (versus other countries) J FQL 
OR = 3.04 

(1.04-8.89), 
p=0.0329 

OR = 22.40 
(4.36-114.99), 

p<0.001 

(98) Case-control Cyprus (versus other countries) J FQL 
OR = 3.53 

(0.80-15.64), 
p=0.0764 

OR = 11.74 
(1.28-108.02), 

p=0.03 

(95) Case-control Foreign travel: to Caribbean countries, South 
America, or Central America (not Mexico) J QL 

OR = 4.5 
(1.6-14.2), 
p<0.001 

OR = 45.5 
(9.7-214), 
p<0.001 

(98) Case-control Travel to Spain (versus other countries) J FQL 
OR = 4.79 

(2.88-7.98), 
p<0.001 

OR = 6.87 
(3.52-13.38), 

p<0.001 

(95) Case-control Foreign travel: to Mexico J QL 
OR = 5.6 

(3.1-12.6), 
p<0.001 

OR = 26.0 
(8.6-78.6), 
p<0.001 

(95) Case-control Foreign travel: to Asia J QL 
OR = 7.3 

(2.8-21.7), 
p<0.001 

OR = 40.7 
(10.2-163), 

p<0.001 

(90) Cross-sectional International travel JC  OR = 12 (6.4-
22.7) N/A 

(45) Case-control Travel abroad within the last 7 days J QL 
OR = 12.12 

(4.23-34.73), 
p<0.0001 

OR = 16.81 
(3.44-82.20), 

p=0.001] 

(90) Cross-sectional International travel J  OR = 12.5 
(10.0-15.7) N/A 

(95) Case-control Foreign travel: to Spain J QL 
OR = 14.0 
(1.8-631), 
p=0.001 

OR = 48.6 
(4.1-570), 
p=0.002 

(95) Case-control Foreign travel: Overall J QL 
OR = 16.0 
(7.8-38.8), 
p<0.001 

N/A 

(78) Case-control Travel abroad in last 7 days NS FQL 
OR = 16.8 
(9.7-29.6), 
p<0.001 

OR = 24 (12.6-
45.9), p<0.001 
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(99) Cross-sectional Foreign travel J FQL 

OR = 35.7 
(5.78-

220.38), 
p<0.0001 

OR = 33.4 
(3.9-285.2), 
p=0.0013 

aStudy design was either specified by author or designated during data extraction 
bCampylobacter Species; NS=Not specified, J=jejuni, C=coli, F=fetus, L=lari, U=upsaliensis, O=other, dother,as specified in the text 
cFQL=Fluoroquinolones, MCL=Macrolides, QL=Quinolones, TET=Tetracyclines 
*Per the scoping review protocol, data were only extracted if results compared resistant to susceptible. Data include the estimate of the measure 
of association from the model (OR = odds ratio), the 95% confidence interval in brackets, and the p-value. 
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Table 2.8. Key data extracted for factors related to underlying health conditions identified in studies included in the scoping review 
for human infection with antimicrobial resistant Campylobacter species isolates compared to susceptible isolates, sorted by ascending 
univariable result. 

Reference Study Designa Factor Speciesb AMRc Univariable 
Result* 

Multivariable 
Result* 

(91) Cohort Erythromycin use and HIV JC MCL No analysis 
(85) Cross-sectional HIV U FQL No analysis 

(88) Case-control HIV (n=16) vs non-HIV (n=5) [11 
antibiotics tested] J QL No analysis 

(88) Case-control HIV (n=16) vs non-HIV (n=5) [11 
antibiotics tested] J FQL No analysis 

(88) Case-control HIV (n=16) vs non-HIV (n=5) [11 
antibiotics tested] J MCL No analysis 

(88) Case-control HIV (n=16) vs non-HIV (n=5) [11 
antibiotics tested] J TET No analysis 

(44) Case-control Pre-existing medical condition: yes vs 
no NS FQL p=0.55 N/A 

(78) Case-control Diabetic (vs. not) NS FQL OR = 0.3 (0.1-1.0), 
p=0.07 

OR = 0.2 (0.0-
0.9), p=0.031 

(78) Case-control Antacid use in the previous month NS FQL OR = 1.5 (0.9-2.4), 
p=0.099 N/A 

aStudy design was either specified by author or designated during data extraction 
bCampylobacter Species; NS=Not specified, J=jejuni, C=coli, F=fetus, L=lari, U=upsaliensis, O=other 
cFQL=Fluoroquinolones, MCL=Macrolides, QL=Quinolones, TET=Tetracyclines 
*Per the scoping review protocol, data were only extracted if results compared resistant to susceptible. Data include the estimate of the measure 
of association from the model (OR = odds ratio), the 95% confidence interval in brackets, and the p-value. 
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Table 2.9. Key data extracted for water-related factors identified in studies included in the scoping review for human infection with 
antimicrobial resistant Campylobacter species isolates compared to susceptible isolates, sorted by ascending univariable result. 

Referenc
e Study Designa Factor Speciesb AMRc Univariable Result* Multivariable 

Result* 

(45) Case-control Public water supply (Denmark) J FQL OR = 0.17 (0.06-
0.46), p=0.001 N/A 

(98) Case-control Consumption of mains water while travelling J FQL OR = 0.38 (0.23-
0.62), p<0.001 

OR = 0.24 (0.12-
0.50), p<0.001; 

Interaction Term 
with travel to Africa 
[OR = 9.17 (1.06-
79.67), p=0.044 

(78) Case-control Food history 6: any tap water (UK) NS FQL OR = 0.4 (0.3-0.7), 
p<0.001 N/A 

(98) Case-control Indigenousd acquired: Private water supplies 
(UK) J FQL OR = 0.45 (0.22-

0.94), p=0.03 N/A 

(98) Case-control Consumption of filtered jug water (UK) J FQL OR = 0.56 (0.31-
1.02), p=0.0539 N/A 

(98) Case-control Swimming (UK) J FQL OR = 1.47 (0.99-
2.17), p=0.0531 N/A 

(95) Case-control Drinking untreated water (US) J QL OR = 2.0 (1.1-3.7), 
p=0.02 N/A 

(95) Case-control Swimming (US) J QL OR = 2.2 (1.3-3.7), 
p=0.002 N/A 

(98) Case-control Consumption of bottled water (UK) J FQL OR = 2.28 (1.30-
4.00), p=0.0031 

OR = 3.70 (1.69-
8.10), p=0.001 

(78) Case-control Food history 7: any still bottled water (UK) NS FQL OR = 2.6 (1.7-4.0), 
p<0.001 N/A 

(78) Case-control Food history 8: any sparkling bottled water 
(UK) NS FQL OR = 2.9 (1.4-5.9), 

p=0.002 
OR = 3.3 (1.5-7.2), 

p=0.002 

(45) Case-control Swimming (pool, ocean, lake, or other place) 
(Denmark) J FQL OR = 3.22 (1.48-

7.00), p=0.003 
OR = 5.01 (1.14-
21.99), p=0.033) 

(78) Case-control Domestically-acquired infection 3: drank 
sparkling bottled water in the UK NS FQL OR = 3.4 (1.4-7.8), 

p=0.004 
OR = 3.1 (1.3-7.2), 

p=0.011 
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(78) Case-control Travel-related infection 3: drank still bottled 
water abroad NS FQL OR = 3.8 (0.8-18.4), 

p=0.05 
OR = 5.2 (1.1-24.8), 

p=0.039 
aStudy design was either specified by author or designated during data extraction 
bCampylobacter species; NS=Not specified, J=jejuni, C=coli, F=fetus, L=lari, U=upsaliensis, O=other 
cFQL=Fluoroquinolones, MCL=Macrolides, QL=Quinolones, TET=Tetracyclines 
dThe term ‘Indigenous’ is the term used in the original paper and can be considered synonymous with domestic acquisition (i.e., not obtained 
during travel) 
*Per the scoping review protocol, data were only extracted if results compared resistant to susceptible. Data include the estimate of the measure 
of association from the model (OR = odds ratio), the 95% confidence interval in brackets, and the p-value. 
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2.4 Discussion 

2.4.1 Summary of evidence 

This scoping review of 27 studies with factors related to human infection with 

antimicrobial resistant Campylobacter spp. provides insight into the available literature and the 

factors associated with these infections. While some themes of identified factors emerged with 

similarities between studies, this review primarily demonstrates the heterogeneity of available 

data and highlights the gaps that could benefit from further study. The factors and regions 

studied, the types of investigations, and the knowledge they contributed are broad and diverse. 

The populations included, data sources utilized, and analyses employed varied greatly. Travel 

was an important risk factor, and infections studied were commonly gastrointestinal infections 

with Campylobacter jejuni and were often evaluated using only a univariable analysis. Most of 

the studies were conducted in a small sample of high-income, westernized countries.  

Risk factors 

This review identified several important risk factors for antimicrobial resistant 

Campylobacter infections in humans. The foremost and most consistent of these was foreign 

travel (44, 45, 78, 90, 92, 93, 95, 99, 100). Care needs to be taken in interpreting this result as all 

travel studies only researched travel as a departure from a wealthy, westernized country, with 

highly inconsistent definitions of a comparator group. Travel is a complex variable that, in this 

context, is largely a proxy for a number of different, often unmeasured, factors including 

different water quality, differing food handling practices and microbial contamination, and 

potential exposure to different pathogens (32). Results from studies that compare foreign travel 

to domestic travel, or travel-acquired infections compared to domestic acquired infections, 

should likely be prioritized over those that only measured foreign travel in general or travel to a 
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specific country. Unfortunately, none of the studies that gathered this comparison provided a 

statistical analysis of their data.  

The next most important category of factors identified are those related to prior 

antimicrobial use. Considering that antimicrobial use is a well-established risk factor for 

antimicrobial resistance in organisms including Campylobacter (1, 4), only seven of the included 

studies assessed prior antimicrobial use as a factor (45, 78, 80, 86, 89, 91, 95) and only five of 

the seven articles defined the interval for prior antimicrobial use as a month, or four weeks (45, 

78, 80, 93, 95) and the start point of this interval included a month prior to: onset of illness (80, 

95), onset of symptoms (45), infection (93), or stool sample (86). Prior antimicrobial use has 

been identified as a risk factor for other foodborne bacterial infections, such as Salmonella 

Heidelberg (102) and Escherichia coli (103). Consistency in assessing prior antimicrobial use is 

an important consideration in future research as the timing of prior use has been indicated to 

have an effect on resistant E. coli urinary tract infections (104) and may also apply to infections 

from resistant Campylobacter. Inappropriate antimicrobial prescribing and inadequate 

antimicrobial stewardship policies are known to exacerbate rates of antimicrobial resistant 

organisms (4), but only one included study measured an aspect of inappropriate antimicrobial 

stewardship, possession of non-prescribed antibiotics (86). Despite international calls for 

antimicrobial stewardship plans and policies (1, 4), no studies measured antimicrobial 

prescribing practices or stewardship and their relation to an antimicrobial resistant 

Campylobacter infection. It is also surprising that very few medical conditions requiring 

antimicrobial use were explored as comorbidities in the included studies. Only three articles 

looked at HIV and Campylobacter, but these articles only included count data (85, 87, 91). Other 

medical conditions frequently requiring antimicrobial use were not found in the included studies, 
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and may be a direction for future research, including: cystic fibrosis, urinary tract infections, and 

sexually transmitted diseases (1, 4). Lastly, reasons for prior antimicrobial use was not defined 

which may also provide important context to this factor, especially if it is a relapsed 

Campylobacter infection.  

Animal contact, including contact with seemingly healthy pets, has been implicated as a 

risk factor for antimicrobial resistance in humans with methicillin-resistant Staphylococcus 

aureaus and antimicrobial resistant Salmonella spp., Escherichia coli, and enterococci (17, 105, 

106). Antimicrobial resistant Campylobacter has been isolated from cats and dogs, and pet store 

puppies have been implicated in a large extensively drug-resistant Campylobacter jejuni 

outbreak in humans (107, 108). Animal contact was frequently measured as a risk factor in the 

included studies, but the results were mixed (45, 78, 95, 98, 99), suggesting that confounding or 

potentially interacting factors may be present. 

 Contaminated food, especially chicken meat, are known risk factors for a Campylobacter 

infection (70), but only four studies included a food-related factor in their analysis (45, 78, 98, 

99). Due to antimicrobial use in agriculture, specifically broiler chicken farming, there is 

evidence of antimicrobial resistant and susceptible organisms travelling from farm to retail along 

the farm-to-fork pathway increasing the risk of antimicrobial resistant infections in humans (9, 

109). Despite this, the results of the factors in this review, including those related to chicken 

consumption, are mixed. Some reasons for this could be regional differences in antimicrobial use 

in animals, regional differences in processing, and individual-level differences in food handling 

and safety. Additionally, some of the risk factors for resistant Campylobacter operate 

independently of the susceptibility of the strain, and factors that reduce the prevalence of 

Campylobacter spp. in general could have an impact on the prevalence of antimicrobial 
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resistance, yet these types of factors were not studied (110-113). Lastly, while only one study 

included a factor related to vegetables (98), antimicrobial use in plant agriculture and the use of 

manure from treated animals as a fertilizer for crops may be increasing the risk of antimicrobial 

resistant organisms in produce (4, 16, 114).  

 Many different iterations of water consumption and contact were explored in the included 

studies, but only four studies incorporated a water-related factor, the definitions of which were 

varied, and the results were mixed (45, 78, 95, 98). Water quality varies by region, which could 

be the main explanation for this finding. On the other hand, since all identified water factors 

examined fluoroquinolone or quinolone resistance in Campylobacter, and fluoroquinolone 

resistance in Campylobacter is known to be acquired through genetic mutations instead of 

through mobile genetic elements (MGE) potentially found in organisms in water (5, 115), this 

could be another reason why the results were mixed. Furthermore, if MGEs were the main 

source of resistance in Campylobacter, rather than through mutation, then we might expect more 

consistent results from contaminated water (5). 

Antimicrobial resistance as a field of research  

The multidisciplinary nature of antimicrobial resistance as a field of research and practice 

is undoubtedly necessary but made this review particularly difficult. The studies discussed 

factors on the individual patient level; however, antimicrobial resistance is a complex, 

population-level issue that needs to take into account the health of the environment, cleanliness 

of water, agriculture, inclusive of both food-crop and animal-husbandry practices, and the overall 

availability of antimicrobials and the prescribing nature of the physicians in the region (4, 16, 

109). Foreign travel was one of the most commonly analyzed factors in the included studies and 

while there are a number of variables to consider within that factor that limit generalizability. 
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The more important dynamic to consider is that resistance does not recognize borders and more 

antimicrobial resistance surveillance in other countries, particularly travel destinations, is needed 

to curb the spread (32). Similarly, factors related to water were also common, but water quality 

levels vary greatly not only within countries but also between countries, further diminishing the 

generalizability of these findings. In addition to individual patient-level factors, population-level 

research on water quality, food-preparation, and antimicrobial stewardship would expand 

knowledge for risk-prevention strategies. An ecological study design, that uses a global One 

Health approach, would prove useful in this regard as it would capture large amounts of variation 

and in addition to containing the direct effects on the individual, indirect effects such as those 

mentioned above would also be captured (16, 116). Although there is always a trade-off, we 

would lose the ability to infer causality at the individual-level with ecological studies (116), 

therefore both levels of research are needed to understand the whole picture.  

Study design considerations 

Care needs to be taken when interpreting results, since not all study designs are created 

equal when it comes to determining factors for antimicrobial resistant infections (111-113, 116). 

Control group selection for case-control studies is key for determining whether the risk factor 

can be attributed to antimicrobial resistance and for controlling bias (111-113, 116). As 

previously stated, the most common study design of the included articles was a cross-sectional 

study design. While these studies are often used to measure the prevalence of Campylobacter 

and characteristics of a population at a given point in time, they represent statistical associations 

and provide weak evidence for causation because they do not have a strict control group (117). 

Cross-sectional studies also lack a time variable which are key to establishing causality and to 

dispute reverse causation (117). Results of cross-sectional studies provide an excellent starting 
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point for further exploration of risk factors but should be interpreted within the context of the 

year and location in which the study was done (117). 

The second most-common study design of the included articles was case-control. In 

general, to identify the risk factors for infection with an antimicrobial resistant strain of 

Campylobacter, among people with Campylobacter, then the control or comparison group needs 

to be patients with antimicrobial susceptible Campylobacter (116). However, while this is the 

method used for this review as guided by the research question, this comparison group may not 

be appropriate for all of the factors identified in this study, especially prior antimicrobial use 

(113). If the comparison group is patients with Campylobacter infections that are susceptible to 

the antimicrobials of interest and that antimicrobial is used, then the results of that factor will be 

biased because that antimicrobial was an effective treatment, preventing that patient from being 

in the comparison group because their Campylobacter would be gone (116). Moving forward, 

the case-case-control or case-control-control study designs are becoming the preferred study 

design when examining factors related to antimicrobial resistant organisms since there are three 

groups: those with a resistant infection, those with a susceptible infection, and those who are 

healthy with at least one specimen to confirm, which allows researchers to better control for bias 

(111). While it falls beyond the scope of this review, controlling for time at risk is especially 

important since the longer the exposure to the risk the greater chance there could be of a negative 

outcome (116). For factors such as travel, there was no consideration of how long people were 

travelling for and similarly for antimicrobial use, there was no indication that length of treatment 

was controlled for in the analysis. A further consideration for future research would be to 

examine whether or not studies control for time at risk (116). 
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Lastly, the cohort study design provides a time aspect and the opportunity to measure 

multiple outcomes, but it is not well suited for the research question (116). Antimicrobial 

resistant Campylobacter infections, while increasingly common, are still relatively quite rare and 

cohort study designs typically do not handle rare outcomes well, often underestimating the odds 

ratios for the effect of a factor (116). 

2.4.2 Limitations 

Scoping reviews, by design, only capture research that is published and that are captured 

by the systematic search strategy, which means the factor list identified in this review is by no 

means exhaustive and begs the question about what factors exist for which published research is 

lacking or was outside the scope of this search. Additionally, a publishing bias prevents finding 

articles on null findings. Other limitations include a minor deviation from the protocol, which 

was clearly documented above during the review. As well, sixteen studies with data related to 

factors of interest could not be interpreted because they presented count data and did not 

complete an analysis appropriate to the research question, but some had enough data where an 

odds ratio could be calculated independently (44, 78, 79, 81-84, 86, 87, 89, 90, 92, 94, 96, 97, 

100). Moreover, with only 27 included studies, often only one study presented data for a given 

factor. Due to the protocol decision to exclude non-English language articles during primary 

screening, there is a risk that pertinent factors were missed because they were published in other 

languages. Lastly, there is limited global generalizability because there were no studies from 

Africa and South America and 24 out of 27 studies were located in westernized, high-income 

countries. 

2.5 Conclusions 
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This scoping review mapped current literature investigating factors related to 

antimicrobial resistant Campylobacter infections in humans. The heterogeneity of the results and 

articles provided a broad overview of the available factors while also illuminating areas for 

potential future research. These future research areas include studies examining time at risk and 

resistance, the effect of comorbidities that require antimicrobial use, and the recent effects of 

antimicrobial stewardship policies. Antimicrobial resistance is a global issue that would greatly 

benefit from an interdisciplinary, One Health research approach moving forward.  
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CHAPTER 3: MODELLING ANTIMICROBIAL RESISTANT CAMPYLOBACTER SPP. 

IN BROILER CHICKENS 

Abstract 

Campylobacter spp., commonly detected in poultry, are the third most common cause of 

foodborne illness in Canada. Campylobacter infections, while self-limiting and typically only 

requiring supportive care treatment, can be resistant to antimicrobials important to human health. 

With Canadian agri-food surveillance reporting recovery rates of 35% of Campylobacter in retail 

broiler chicken, it is important to determine the risk of exposure to antimicrobial resistant 

Campylobacter for the consumer. An integrated assessment model for antimicrobial resistance 

(iAM.AMR) has been developed in order to facilitate a holistic understanding of the potential for 

exposure of Canadians to resistant bacteria arising from agri-food production systems in Canada. 

The objectives of the iAM.AMR component developed here were to estimate the number of 

Canadians potentially exposed (NCPE) to Campylobacter spp. that are resistant to 

fluoroquinolones, macrolides, and tetracyclines from broiler chickens disseminated from farm to 

retail, to describe the role of factors related to fluoroquinolone, macrolide and tetracycline-

resistant Campylobacter spp. in broiler chickens, and to identify associated knowledge and data 

gaps.  

A comprehensive literature search synthesized the available, globally published literature 

on factors associated with antimicrobial resistance in Campylobacter spp. in broiler chickens. 

Data extraction consisted of characteristics of the study, the study population, and a description 

of and results for factor(s) investigated. Models for fluoro(quinolone), macrolide, and 

tetracycline resistance were built in Analytica using baseline surveillance data, odds ratios of 

factors, frequencies of factors, and consumer data. The search identified 7,344 de-duplicated 
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articles of which 15 articles were included in the qualitative synthesis after screening. Identified 

factors were allocated into the model at three stages of production: farm, abattoir, and retail. 

Factors included management practices, antimicrobial use on farm, chilling type at processing, 

and packaging type. Two scenarios were tested against a reference scenario to investigate: 

1. How the Canadian context influenced human exposure to antimicrobial resistant 

Campylobacter. 

2. How fluoro(quinolone) use in broiler chickens influenced human exposure to 

antimicrobial resistant Campylobacter. 

 This is the first application of an integrated assessment model for antimicrobial resistance 

in Campylobacter spp. from broiler chickens. This model framework can now be used for future 

understanding of the risk of exposure of Canadians from the broiler production chain. Overall, 

the model provided an overview of the influence of included factors on the estimated NCPE to 

antimicrobial resistant Campylobacter spp. from broiler chickens. There was a high degree of 

variability in the estimated NCPE in all scenarios and antimicrobial classes, illustrating the lack 

of robust data available in the literature. While estimated NCPE tended to increase with the 

number of factors included in the model, it is important to keep in mind that this model is not 

well suited to or intended to assess causal relationships. Two important assumptions inherent in 

the current model methodology are that modeled factors occur independent of each other and that 

they occur concurrently. These methodological issues limit interpretation of the model outputs as 

absolute values but the principle intent is to assess relative change when factors are varied and 

pathway outputs relative to each other. The model highlighted a number of key data gaps: the 

general sparsity of baseline surveillance data resistant Campylobacter spp. at chick placement, 

lack of Canadian-specific factor data, lack of available data about the prevalence of broiler 
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chicken production types, and a lack of data on potential factors at the transport, abattoir and 

retail nodes.  
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3.1 Background 

Antimicrobial resistance, AMR, is a rapidly growing, complex global health threat that 

can impact severity and duration of illness, increase health care costs; it has the potential to 

exhaust all available treatment options (1, 4). Antimicrobial use is the predominant driver of 

AMR, and as such there are now resistance mechanisms for every known drug and class of 

antimicrobials (1, 4). To understand and address the threat and complexity of AMR, it is 

important to use a One Health approach taking into consideration the intersection of human, 

animal, and environmental health. With antimicrobials being used across multiple One Health 

sectors such as terrestrial livestock, aquaculture, crops, veterinary and human medicine, and with 

AMR occurring naturally in the environment, resistance genes and resistant bacteria can spread 

from agriculture to humans and vice-versa directly by contact, through the food chain, and 

through the environment (1, 4, 16) . 

Surveillance data is key in quantifying, monitoring, and tracking AMR in addition to 

guiding policy and identifying areas for interventions (12-14, 16). The Public Health Agency of 

Canada has a national antimicrobial resistance and use surveillance program, the Canadian 

Antimicrobial Resistance Surveillance System (CARSS), launched in 2015 (13). CARSS 

incorporates data from a number of sector-specific programs including the Canadian Integrated 

Program for Antimicrobial Resistance Surveillance (CIPARS), initiated in 2002, which conducts 

surveillance on foodborne antimicrobial resistance in organisms in the food chain (food animals, 

food, and humans) and antimicrobial use in animals (13, 18).  

It is estimated that in Canada, one in every four human bacterial infections are already 

resistant to the first-choice antimicrobial treatment (4). Resistant bacteria from agricultural 

sources are propagated to humans through foodborne transmission such as contaminated meat 
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(4). Every year, 1 in 8 Canadians (about four million) are affected by a foodborne illness and of 

these, there are about 11,600 hospitalizations and 238 deaths (118). Campylobacter, commonly 

detected in poultry and poultry meat products (70), is the third most common cause of foodborne 

illness in Canada (118). Campylobacter spp. have varying levels of resistance to antimicrobials 

important to human health including macrolides, fluoroquinolones, and tetracyclines (5, 49). For 

2018, CIPARS reported recovery rates of 35% for Campylobacter spp. from retail broiler 

chicken samples (53) with estimates of resistance to at least one antimicrobial of interest, to be 

about 54% in broilers and chicken products (119). Given the occurrence of Campylobacter 

infections and its common detection in chicken products, it is important to determine the risk of 

human infection with antimicrobial resistant Campylobacter spp. for the consumer. 

To understand and quantify the risk of AMR in the food chain in Canada, an integrated 

assessment model for AMR, the iAM.AMR, has been developed (9, 68). Integrated assessment 

models, used for complex systems like climate change research, are a structured process for 

incorporating  knowledge from various disciplines and sources into a single model producing 

holistic and integrated insights for decision-makers (68). The iAM.AMR has an overall goal to 

describe the relative contributions of particular types of AMR from the major Canadian livestock 

species (cattle, chicken, swine, and turkey) to understand the overall risk of exposure of 

Canadians to resistant bacteria arising from these agri-food production systems in Canada (120). 

The iAM.AMR project, to date, focuses on the following: 

1. Bacteria:  

a. Campylobacter spp. 

b. Enterococcus spp. 

c. Escherichia coli 
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d. Salmonella spp. 

2. AMR to the following antimicrobial classes: 

a. Fluoro(quinolones) 

b. Macrolides 

c. Tetracyclines 

d. Third generation cephalosporins 

3. Food animal hosts:  

a. beef cattle 

b. broiler chickens 

c. swine 

d. turkey 

The iAM.AMR incorporates factors and data identified in the literature to modify the 

baseline prevalence of AMR in a bacterium-drug-commodity combination and propagates this 

probability as the agri-food animals move from the farm to abattoir to retail to human exposure 

(i.e., the farm-to-fork pathway), with the outcome of interest being the number of people exposed 

or the servings at risk for each of the above combinations and how each factor affects this value 

(120).   

The objectives of this study were twofold. The primary objective was to estimate the 

number of Canadians potentially exposed, NCPE, to Campylobacter spp., that are resistant to 

fluoro(quinolones), macrolides, and tetracyclines, from broiler chickens as they move from farm 

to retail using an integrated assessment model. The secondary objective was to describe factors 

related to fluoroquinolone, macrolide and tetracycline-resistant Campylobacter spp. in broiler 

chickens and identify knowledge and data gaps.  
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3.2 Methods 

3.2.1 Literature search 

 A comprehensive literature search approach was devised for the overall iAM.AMR to 

synthesize the available, globally published literature on factors associated with AMR in the 

identified bacterial species and agri-food hosts. The literature search was conducted by a 

research team composed of epidemiologists and veterinary epidemiologists with expertise in 

AMR, a research librarian, trained graduate students, and research assistants. For the iAM.AMR, 

a factor is defined as a practice, circumstance or fact that positively or negatively influences the 

occurrence of AMR in the farm-to-fork pathway. Factors are further delineated as modifiable, for 

example packaging type, or non-modifiable, for example farm location (120). 

 The following databases were searched: MEDLINE® in Ovid, AGRICOLA™ in 

ProQuest®, Centre for Agriculture and Bioscience abstracts in Web of Science, EMBASE® in 

Ovid, and Food Science and Technology Abstracts. The search strategy was developed in Ovid 

MEDLINE® (Appendix 3.1) and adapted for the remaining databases. References returned from 

the search were de-duplicated first in RefWorks (Ex Libris, Jerusalem, Isreal) and again after 

they were imported into Rayyan (Rayyan, Doha, Qatar) prior to primary and secondary 

screening. The search was initiated on April 11, 2019. 

 The primary screening strategy was pretested using 50 references and was designed to 

highlight any problems with the review process or software (120). Primary and secondary 

screening were completed by two independent reviewers. Primary screening reviewed the title 

and abstract of each reference and followed the decision tree for primary screening (Appendix 

3.2). If consensus about inclusion status could not be reached between the two reviewers, a third 

reviewer was used to arbitrate (120). Secondary screening of the full text of the references was 
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performed using the secondary screening decision tree (Appendix 3.2). Any peer-reviewed, 

English language, analytic study, such as an observational or experimental study, that reported 

the effect of a modifiable factor that influences the occurrence of AMR was included. There 

were no limits placed on country or date of publication (120). 

 Data extraction was conducted using Microsoft Access (Microsoft, Redmond, 

Washington) and data were extracted by one reviewer. Data extracted were characteristics of the 

study, characteristics of the study population, and a description of and results for factor(s) 

investigated (120). Following the above stated definition of a factor, only modifiable factors, 

including their univariable, binary results, were extracted. If factors were assessed at multiple 

time-points, the measurement closest to human exposure was extracted. WebPlotDigitizer 

(Version 4.5, Ankit Rohatgi, Pacifica, California) was used to extract data from figures where 

numerical data were not presented. Factors related to multidrug resistance or factors that were 

influenced by the use of selective media were not extracted (16).  

 Data was exported from Microsoft Access into a Microsoft Excel (Microsoft, Redmond, 

Washington) for processing using R (R Core Team, Vienna, Austria), which calculated odds 

ratios, significance values, and meta-analysis results where applicable (120).  

3.2.2 Determining factors for inclusion 

 A complete manual validation of extracted data against each full-text reference was 

performed. Isolation methods described in the full-text references were reviewed and references 

using selective media for isolation of antimicrobial resistant Campylobacter were excluded. 

References were reviewed to confirm that the factor was a modifiable practice or circumstance 

which influences the occurrence of AMR (120). Factors related to breed, location of farm, or age 

are non-modifiable factors and were excluded. Next it was confirmed that production stages were 
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clear for each factor. For example, if a farm made the decision to produce organic chicken, but 

the AMR levels were tested in isolates collected from retail chicken, then this factor was not 

included in the model. The factor also could not combine multiple production stages or 

commodities. For example, for the pathway combination examined in this study, layer chicken 

data could not be combined with broiler data, poultry data could not contain turkeys, and isolates 

from different stages of production could not be used unless they could be separated into each 

stage. Factors had to be well-characterized and have clear referent and comparator groups. The 

outcome of resistance also needed to be well-defined and for a specific antimicrobial. With the 

exception of common combinations of antimicrobials, such as sulfamethoxazole and 

trimethoprim, factors were excluded where general resistance to any drug or multidrug resistance 

was the outcome.  

Following the manual validation, we determined factors for inclusion in the model. 

Experts from CIPARS with knowledge of the poultry industry and abattoir and retail foodborne 

AMR surveillance were consulted (Dr. Agnes Agunos, Dr. Anne Deckert, Allison Roberts, 

Public Health Agency of Canada, October-December 2021). The Chicken Farmers of Canada 

On-Farm Food Safety Program Manual (121) was reviewed for evidence of the applicability of 

specific factors to the Canadian broiler chicken industry (i.e., the factor is relevant or potentially 

relevant in Canada). Factors were reviewed for the possibility of combination via a meta-

analysis. To be included in a meta-analysis, factors, whether between or within studies, needed to 

match on the following: same or similar factor definitions, the resistance outcomes were in the 

same antimicrobial class, and the unit of sampling, such as isolate, flock, or carcass, was the 

same. If appropriate, factors were then combined in a random effects meta-analysis per methods 

that exist within the iAM.AMR framework (120). 
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3.2.3 iAM.AMR Structure and inputs 

The iAM.AMR is a quantitative, stochastic model developed in Analytica (Lumina 

Decision Systems, Los Gatos, California), with three main nodes to date: farm, abattoir, and 

retail. Model simulation employs Median Latin Hypercube sampling with 10,000 iterations to 

determine the uncertainty of the final outcome (66). An overview of the model and its structure 

can be found in Figure 3.1 and is explained in further detail below. For the pathway combination 

examined in this study, separate models were run in parallel for each antimicrobial class of 

interest: fluoro(quinolones), macrolides, and tetracyclines. 
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Figure 3.1. An overview of the integrated assessment model of antimicrobial resistant Campylobacter spp. in broiler chickens in 
Canada from baseline to number of Canadians exposed. 

 



69 
 

Table 3.1. Summary of parameters, descriptions, and the associated distributions and inputs for the integrated assessment model of 
antimicrobial resistant Campylobacter spp. in broiler chickens in Canada. 

A B C F G 
Parameter 

Type Description Source Uncertainty Notes 

Baseline 

Overall baseline amount of 
antimicrobial resistant 

Campylobacter in broiler 
chicken in Canada 

(53, 122) Pert distribution 

See Figure 3.3 for more detail 
Baseline Max A (122) Beta distribution 

Baseline Max B (53) Beta distribution 

Selecting Baseline Max 

(Dr. Agnes Agunos, 
Public Health Agency 

of Canada, email, 
November 2021) 

Bernoulli 
distribution 

Odds Ratio Flumequine use (123) Lognormal 
distribution See Appendix 3.5 

Odds Ratio Tetracycline use (124) (125) Lognormal 
distribution See Appendix 3.5 

Odds Ratio Fluoroquinolone (FQL) use (123, 125-128) Lognormal 
distribution See Appendix 3.5 

Odds Ratio Ionophore use (124) Lognormal 
distribution See Appendix 3.5 

Odds Ratio Avilamycin use (124) Lognormal 
distribution See Appendix 3.5 

Odds Ratio Production type (129-133) Lognormal 
distribution See Appendix 3.5 

Odds Ratio Tylosin use (134) Lognormal 
distribution See Appendix 3.5 
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Odds Ratio Meat chilling type (135) Lognormal 
distribution See Appendix 3.5 

Odds Ratio Packaging type (136) Lognormal 
distribution See Appendix 3.5 

Frequency Frequency of flumequine use (53, 137) Pert distribution 

Used enrofloxacin as a proxy for 
F(QL) use, in water: 

Min=0% 
Mode=1% (2018 national 

proportion) 
Max=3% (Max reported 

proportion by region) 

Frequency Frequency of tetracycline use (53, 137) Pert distribution 

In water, tetracycline or 
tetracycline-neomycin: 

Min=0% 
Mode=1% (2018 national 

proportion) 
Max=8% (Max reported 

proportion by region) 

Frequency Frequency of fluoroquinolone 
use (53, 137) Pert distribution 

Used enrofloxacin as a proxy for 
F(QL) use, in water: 

Min=0% 
Mode=1% (2018 national 

proportion) 
Max=3% (Max reported 

proportion by region) 

Frequency Frequency of ionophore use (53, 138) Pert distribution 

In feed: 
Min=0% 

Mode=70% (2018 national overall 
proportion) 

Max=100% (Max reported 
proportion by region) 

Frequency Frequency of avilamycin use (53, 137) Pert distribution In feed: 
Min=0% 



71 
 

Mode=15% (2018 national 
proportion) 

Max=63% (Max reported 
proportion by region) 

Frequency Frequency of tylosin use (53, 137) Pert distribution 

In feed: 
Min=0% 

Mode=14% (2018 national 
proportion) 

Max=29% (Max reported 
proportion by region) 

Frequency Frequency of production types 

 (Dr. Agnes Agunos, 
Public Health Agency 

of Canada, email, 
February 2022) 

Pert distribution 
Min=15% non-conventional 

Mode=18% non-conventional 
Max=21% non-conventional 

Frequency Frequency of meat chilling type (64) Pert distribution 
Min=0% 

Mode=1% 
Max=25% 

Frequency Frequency of packaging type (139) Pert distribution 

See Appendix 3.6 
Min=6% (lowest reported 

proportion) 
Mode=13% (overall proportion) 
Max=50% (estimated maximum) 

Bacterial 
Recovery 
Proportion 

Recovery proportion of 
campylobacter from broiler 
chicken at retail in Canada 

(53) Beta distribution 
Used year 2015 

201 Campylobacter samples 
779 total samples 

Consumption 
Proportion 

The number of Canadians who 
reported consuming any chicken, 

not including deli meat, in the 
previous seven days 

(140) Pert distribution 

Proportion: 
Min=84.0% (lower confidence 

interval) 
Mode=85.6% 

Max=87.3% (upper confidence 
interval) 
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Population 
Population of Canada, total 

number of people potentially 
exposed 

(141) Not applicable Used Q3 data 
35.7 million 
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The main parameters of the Campylobacter-broiler chicken component of the iAM.AMR 

are summarized in Table 3.1. While the final outcome of the iAM.AMR is the estimated NCPE , 

in this case to fluoro(quinolone), tetracycline, or macrolide-resistant Campylobacter spp., 

inference can also be gained for how the individual factors affect the estimated NCPE  for each 

AMR outcome of interest (66).  

Ideally the baseline probability of antimicrobial resistant Campylobacter spp. in broiler 

chickens would have been sourced from CIPARS or other Canadian surveillance data and pulled 

from the earliest measured point of broiler chicken production currently included in the 

iAM.AMR - when the chicks are placed on the farm (53). However, the prevalence of 

Campylobacter spp. in broiler chickens at placement has never been assessed by CIPARS or any 

other surveillance program in Canada. The only available Canadian data on Campylobacter 

occurrence in chicks at placement were from an Ontario broiler farm study which ran from 2003 

to 2004, and collected barn environment and bird-associated samples (122). Only two of 90 

farms had any positive Campylobacter isolates at chick placement, a positive water sample from 

the drinker line and a positive chick liner swab (142), but only the water sample was available 

for susceptibility testing (122). While the relevant data are sparse they are derived from a large 

and representative sample. Due to the data sparsity, an ad hoc adjustment to the baseline was 

made to allow the model to run; the placement data were combined with CIPARS pre-harvest 

data and data from the literature and expert opinion were used, as summarized in Figure 3.2. This 

overall baseline probability was modelled using a Pert distribution that relied on a maximum 

from stacked input distributions using the data from Agunos et al., 2018 and CIPARS 2018, with 

the minimum and most likely values assumed to be zero (53, 122). A complete explanation of the 

methods of this baseline can be found in Appendix 3.4. 
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Figure 3.2. Description of the combined baseline of antimicrobial resistant Campylobacter spp. 
in broiler chickens in Canada used in the integrated assessment model. 

 

Following manual validation, factors were included in their respective nodes using the 

odds ratios, standard errors, and p-values as calculated in R (66). Odds ratios were selected as 

model parameters for the following reasons: they are bound by 0 and can range to ∞, the 

estimated outcome is not altered by the order of the factors, and they are not linked to risk in the 

referent population, which increases their generalizability (66, 143). Uncertainty for each odds 

ratio was calculated by log transforming the odds ratios, producing a lognormal distribution, 

from which the standard error of the log odds ratio could be calculated. These were then 

converted back to the linear scale by exponentiating them (see Appendix 3.3) (66).  

To modify the model so that it was applicable to the Canadian context, the frequency of 

occurrence of each factor in Canada was included. Frequencies were determined through 

literature or expert opinion and could range from 0, does not occur, to 1, always occurs, and was 
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represented by a probability distribution. If the frequency was unknown for Canada and could 

not be reasonably estimated from literature from a comparable region or country, a default value 

of 0.50 was used per iAM.AMR methodology (66). Frequencies of antimicrobial use in Canada 

were reported based on route of administration in the Canadian context as reported in Agunos et 

al., 2020 or Agunos et al., 2019 and summarized in Table 3.1 (137, 138). 

To measure the NCPE  to antimicrobial resistant Campylobacter spp. from broiler 

chickens through the food-chain, the probability from the final retail node was modified by three 

additional inputs: the frequency of Campylobacter spp. recovered from chicken samples at retail 

in Canada (53), the frequency of human consumption of chicken from the Canada Foodbook 

survey (140), and the population of Canada (66, 141). To calculate the frequency of 

Campylobacter spp. recovered from chicken samples at retail, the total number of 

Campylobacter spp. isolates recovered from retail chicken was divided by the total number of 

retail samples tested (66). Lastly, an estimate of the Canadian population was obtained from 

Statistics Canada (141); 2015 was used for consistency with the timing of collection of the 

Foodbook data. 

3.2.4 Propagation of probabilities in the iAM.AMR 

To calculate the outcome, probabilities were propagated as they move from baseline 

through the three main nodes: farm, abattoir, and retail (66). A summary of how the probabilities 

of factors and their frequency of occurrence are propagated within a node can be found in Figure 

3.3 and is further explained in Primeau, 2020 (66, 143). The outcome probability from a node 

becomes the starting probability for the next node in the pathway (66). Lastly, the NCPE were 

calculated using the simplified equation (1) below where P(AC)RETAIL is the probability of 

antimicrobial resistant Campylobacter spp. at the retail node (see Table 3.1 for parameter 
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details). Foodbook data reflects a seven day recall period which translates to NCPE per seven 

days (140). 

 

(1) NCPE = [P(AC)RETAIL x (2018 Retail recovery proportion of Campylobacter in chicken)] 

x [(2015 Population of Canada) x (2015 Proportion who consumed chicken)] 

 

 Determining which scenarios to run in the model were decided post hoc and depended on 

which factors were extracted from the literature. Since one of the objectives of this study was to 

model resistant Campylobacter spp. in Canada, one of the scenarios was set to be as close to the 

Canadian context as possible, pending available factors.  
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Figure 3.3. A diagram of the propagation of probabilities within a single node in the integrated assessment model of antimicrobial 
resistance (adapted from (66, 143)). 
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3.2.5 Model assumptions 

 Based on a number of data limitations such as regional gaps in surveillance data, 

inconsistencies among study sampling units, and the interest in resistance at the antimicrobial 

class level, the following model assumptions were made a priori: 

1. AMR is consistent in Campylobacter isolates from across Canada. 

2. Frequencies of the factors are consistent across Canada and factors measured outside 

of Canada are applicable to Canada if Canadian data do not exist. 

3. Campylobacter isolates are spread uniformly across the surface of retail chicken and 

AMR is uniform within the colony forming units on a piece of chicken. 

4. Different sampling units, e.g., isolate, flock, and farm, have a uniform weight on the 

outcome of the model. 

5. Factors are independent and do not correlate or interact with each other. 

6. Factors occur concurrently within a node. 

7. Resistance is uniform within an antimicrobial class. 

 

3.3 Results 

3.3.1 Results of the literature search 

 The search conducted for the Campylobacter-broiler chicken component of the 

iAM.AMR identified 7,344 de-duplicated citations. Of these, 6,562 citations were excluded 

during primary screening and an additional 394 references were excluded during secondary 

screening (Figure 3.4). Of the 388 references that were included in data extraction, 29 contained 

AMR data for Campylobacter spp. in broiler chickens and an additional 14 references were 

further excluded for documented reasons (Figure 3.4). Overall, 15 references were included in 

the qualitative synthesis resulting in 13 factors. 
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3.3.2 Summary of factors 

 A summary of the included factors can be found in Table 3.1 and Table 3.2 (for a 

complete list of extracted data, see Appendix 3.3). The majority (11/13) of the included factors 

were applicable at the farm node and were predominantly antimicrobial use factors (9/11). The 

factors did not contain results uniformly across antimicrobial classes: 8/13 reported an effect 

associated with fluoroquinolone resistance, 7/13 reported an effect associated with quinolone 

resistance, while 5 and 4 reported an effect associated with macrolide and tetracycline resistance, 

respectively. As some studies only reported results for Campylobacter coli, Campylobacter 

jejuni, or unspeciated Campylobacter, the decision was made to aggregate data up to the 

Campylobacter spp. level. This resulted in 2/13 factors not qualifying for inclusion in the model 

because they could not be aggregated up to this level since the total number of farms that were 

positive for Campylobacter and the total that were positive for resistant Campylobacter, 

regardless of species, was not available. Due to the variety of types of production of broiler 

chickens in Canada such as organic, antibiotic free, free-range, or conventional, production type 

factors were combined into conventional management practices compared to unconventional 

management practices. Of the 15 studies included, the top countries represented were the United 

States (4/15) and the United Kingdom (3/15); there were 0 studies from Canada. Years of study 

ranged from 1994 to 2018 (Appendix 3.5).  
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Figure 3.4. PRISMA flow diagram of the study selection process for the literature search to 
identify factors potentially associated with antimicrobial resistant Campylobacter spp. in broiler 
chickens in Canada (as of February 20, 2022).  
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3.3.3 Model scenarios and output  

 Integrated assessment models are not meant to be predictive. The purpose of the model is 

to better understand the relative contribution of the various factors to the probability of human 

exposure to antimicrobial resistant Campylobacter spp. Based on the availability of the extracted 

factors and consulting with veterinary public health experts with detailed industry knowledge 

(Dr. Agnes Agunos, Public Health Agency of Canada, personal communication, October-

December 2021) two research questions were devised to explore the dynamics of the model and 

the contributions of the factors: 

1. How does the Canadian context influence exposure to antimicrobial resistant 

Campylobacter spp.? (Table 3.2) 

Choosing from the available extracted factors, the Canadian context scenario 

included factors reflective of common practices in Canada. Meta-analysis factors 

were selected over single study factors. Duplicate factor types were included only 

if they did not have an overlap in resistance class data. 

2. How does the inclusion of fluoro(quinolone) use influence exposure to antimicrobial 

resistant Campylobacter spp.? (Table 3.2) 

The fluoro(quinolone) use scenario was built onto the Canadian context scenario 

but included additional fluoroquinolone use factors for the fluoroquinolone- and 

quinolone-resistance models. While neither flumequine, nor any other quinolone, 

is known to be used in broilers in Canada, it was used as proxy in the model for 

potential quinolone use (Dr. Agnes Agunos, Public Health Agency of Canada, 

personal communication, October-December 2021). There were no 

fluoro(quinolone) or other antimicrobial use factors available for the macrolide- 
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or tetracycline-resistance models. As a result, these models were not run for this 

additional scenario.  
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Table 3.2. A summary of factors associated with antimicrobial resistant Campylobacter spp. in broiler chickens that were included in 
the integrated assessment models by antimicrobial class and scenario. 

Scenario 1: No factors 
Scenario 2: Factors which are common to the Canadian context 
Scenario 3: Factors which are common to the Canadian context + fluoroquinolones and quinolone use factors (the factors for the 

MCL and TET models were the same as in scenario 2, so these scenarios were not run) 
                  

    All potential factors Scenario 2 Scenario 3   

    Inclusion in the Antimicrobial Class Model   

Node Factor Factor Description Unita FQLb MCLc QLd TETe FQL MCL QL TET FQL MCL QL TET Reference MAf 

Farm Tylosin Use Subtherapeutic vs 
therapeutic use Animal                         (134) -g 

Farm Ionophore Use Use vs no use Flock                         (124) - 

Farm Avilamycin Use Use vs no use Flock                         (124) - 

Farm Flumequine Use Use vs no use [Meta] Isolate                         (123) WSh 

Farm Tetracycline Use Use vs no use Flock                         (124) - 

Farm Tetracycline Use Use vs no use Farm Not available for aggregation at unspeciated level (125) - 

Farm FQL Use Use vs no use [Meta] Sample                         (126, 127) BSi 

Farm FQL Use Use vs no use [Meta] Isolate                         (123, 128) BS 

Farm FQL Use Use vs no use Farm Not available for aggregation at unspeciated level (125) - 

Farm Production Type 
Unconventional MP 
vs conventional MP 
[Meta] 

Isolate                         (129-132) BS 

Farm Production Type Unconventional MP 
vs conventional MP Sample                         (133) - 

Abattoir Meat Chilling 
Type 

Immersion chilling vs 
air chilling [Meta] Carcass                         (135) WS 

Retail Packaging Type Unpackaged vs pre-
packaged Carcass                         (136) - 

aSampling unit, bFQL=Fluoroquinolone model, cMCL=Macrolide model, dQL=Quinolone model, eTET=Tetracycline model, fMA=Meta-Analysis, gno meta-
analysis, hWS=Within study meta-analysis, iBS=Between study meta-analysis 
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The results of the scenarios are summarized in Figures 3.5, 3.6, and 3.7 and were 

standardized to the 2015 Canadian population per 100,000. The probability densities of NCPE 

tended to be higher below 2,000 per 100,000 potentially exposed Canadians per 7 days and 

peaked at zero for all models, but particularly so for the “No Factor” model, with probability 

densities increasing for non-zero exposures for the Canadian and fluoroquinolone use models 

(Figure 3.5). There was a high amount of variability in the estimated NCPE in all scenarios and 

classes. Overall, the estimated NCPE increased as the number of factors included in the models 

increased. The estimated NCPEs were lowest in the “No Factor” models for all antimicrobials 

resistance classes, followed by the Canadian context models, and then fluoroquinolone use 

models (Figure 3.6). The largest change in estimated NCPE was for the macrolide resistance 

model, especially between the “No Factor” (median 101.71 per 100,000 Canadians per 7 days) 

and Canadian models (median 1,721.47 per 100,000 Canadians per 7 days, for brevity the “per 7 

days” will be dropped from following results). Interestingly, the median estimated NCPE for the 

quinolone, macrolide, and tetracycline Canadian models were similar (ranging from 1,721.47 per 

100,000 for the macrolide to 1,915.63 per 100,000 for the quinolone model). The Canadian 

fluoroquinolone model median was lower (965.12 per 100,000). There was more discrepancy 

between the median estimated NCPE among the AMR classes for the fluoroquinolone use 

models. 

 When investigating how the Canadian context influenced potential exposure to 

antimicrobial resistant Campylobacter spp., the Canadian model compared to the “No Factor” 

model, the median estimated NCPE increased compared to the average median and the “No 

Factor” model medians for all AMR classes (Figure 3.7). The lack of additional antimicrobial 

use factors precluded running this scenario for the macrolide- and tetracycline-resistance models. 
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When investigating the inclusion of fluoro(quinolone) use factors compared to the Canadian 

context for fluoroquinolone and quinolone resistance, the median estimated NCPE increased 

compared to the Canadian medians.   
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Figure 3.5. The simulated model probability distributions of the estimated number of Canadians 
potentially exposed (standardized per 100,000 population) to antimicrobial resistant 
Campylobacter spp. from broiler chickens in Canada by antimicrobial resistance class and model 
scenario.  
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Figure 3.6. Boxplot results from the simulated models of the estimated number of Canadians 
potentially exposed (standardized per 100,000 population) to antimicrobial resistant 
Campylobacter spp. from broiler chickens in Canada by antimicrobial resistance class and model 
scenario.  
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Figure 3.7. Heat map of the model simulated median estimated number of Canadians potentially 
exposed (standardized per 100,000 population) to antimicrobial resistant Campylobacter spp. by 
antimicrobial resistance class and model scenario and colored due to their deviation from zero 
with the darker the red meaning more deviation compared to models using CIPARS 2018 retail 
surveillance data. 

 

3.4 Discussion 

3.4.1 Summary of evidence 

 This is the first application of an integrated assessment model approach to the risk of 

human exposure to antimicrobial resistant Campylobacter spp. in the broiler chicken farm-to-

fork pathway. The model estimated the number of Canadians potentially exposed to 

Campylobacter spp., that are resistant to fluoro(quinolones), macrolides, and tetracyclines, from 

broiler chickens as they moved from farm to retail. The model also described factors related to 

fluoro(quinolone), macrolide and tetracycline-resistant Campylobacter spp. in broiler chicken 

and identified knowledge and data gaps.  

 The objectives of this research were to model scenarios for four antimicrobial classes: 

fluoroquinolones, quinolones, macrolides, and tetracyclines. However, based on the interest in 

fluoroquinolone resistance in Canada and the lack of factors throughout the farm-to-fork 

pathway for the macrolide- and tetracycline-resistance models for scenario 3, the interpretation 

and discussion of model results focused on the fluoroquinolone resistance model. Additionally, 
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based on the difference in factors available for inclusion between resistance models, the decision 

was made to focus on comparisons within resistance models rather than between resistance 

models.  

 Despite an industry initiated ban on the preventative use of category I antimicrobials, 

including fluoroquinolones, for broiler chickens in 2014 (54), the fluoroquinolone resistance 

model showed persistent resistance across all three scenarios. The 2018 CIPARS data on 

frequency of use indicated low to no use of fluoroquinolones in broiler chickens in Canada (53). 

Although fluoroquinolone use is allowed therapeutically, including for metaphylaxis, in chicken 

production, there are no approved products for poultry use in Canada, and any use is therefore 

off-label use requiring a valid veterinarian-client-patient relationship (Dr. Agnes Agunos, Public 

Health Agency of Canada, personal communication, October-December 2021) (57). Despite 

apparently limited fluroquinolone use the models suggested persistent potential for human 

exposure to fluoroquinolone-resistant Campylobacter from broiler chickens in Canada, 

consistent with CIPARS on-farm, abattoir and retail results (53). Given that fluoroquinolone 

resistance in Campylobacter tends to be the result of chromosomal mutation selected for by 

antimicrobial exposure, one might expect that based on the frequency data and timing of the ban 

that resistance levels would be low in the model, especially for the “No Factor” scenario, but this 

is not what the model suggested. If fluoroquinolone resistance in Campylobacter spp. came with 

a fitness burden to the organism, we would predict that resistance levels would fall with reduced 

fluoroquinolone use (62).  

This direct relationship between use and levels of resistance was observed with ceftiofur 

resistance in Salmonella Heidelberg in broiler chickens, retail chicken, and human cases, where 

levels of resistance tended to correspond to use levels (144), yet this does not appear to be the 
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case with the model results. One explanation could be that there is more off-label use of 

fluoroquinolones in Canadian broiler chicken production than what CIPARS surveillance, which 

is based in absolute terms is a small number of sentinel flocks. The CIPARS on-farm program is 

representative of large scale broiler poultry production in Canada by virtue of inclusion in the 

program of the majority of Canadian veterinarians with a focus on poultry. It is estimated that 

participating veterinarians are responsible for 95% of the national flock. Because of this 

representation, and because veterinarians have the primary responsibility for antimicrobial sue 

the CIPARS on-farm poultry program is well situated to capture routine or standard use. 

However, in absolute terms data are collected on approximately 130-140 flock/cycles per year 

via a questionnaire representing about 0.4% of the national slaughter volume, with the farms the 

samples are collected from representing about 5% of the national flock (Dr. Agnes Agunos, 

Public Health Agency of Canada, personal communication, May 2021). Therefore, CIPARS is 

not necessarily well-suited for capturing situational use, such as a disease outbreak (53).  

A further consideration is that fluoroquinolone resistance does not necessarily come with 

a fitness burden to Campylobacter spp.,  can therefore, potentially persist in the organism in the 

population even after the selective pressure of use has been removed (38). Combine this with the 

evidence that Campylobacter spp. can persist in the environment as well as being horizontally 

transferred by a number of vectors such as wild birds, contaminated water, flies, or mealworm 

beetles (26-28), and the ability for fluoroquinolone resistance to persist between broiler chicken 

flocks is plausible. This second explanation is supported by the literature where chicken 

colonization experiments have provided evidence that fluoroquinolone resistance does not carry 

a burden and can persist stably even after the selective pressure is removed (5, 38). The 

mechanisms of fluoroquinolone resistance in Campylobacter spp. could also be a factor in this 
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persistent resistance since this it arises from point mutation in the quinolone resistance-

determining region of DNA gyrase A in conjunction with the CmeABC multi-drug efflux pump, 

rather than plasmid mediated resistance since mutations occur relatively often in Campylobacter 

(5, 38). This persisting resistant strain of Campylobacter can then be transferred between flocks 

at the barn, during transport, and during processing at the abattoir (26-28, 145). This could result 

in resistance levels that are relatively uniform between nodes and could explain why the three 

tested scenarios produced similar, overlapping results. Overall, these results suggest that there is 

persistent fluoroquinolone-resistant Campylobacter spp. in Canada in broiler chickens. 

 The quinolone resistance model displayed similar levels of persistence in the “No Factor” 

scenario, but unlike the fluoroquinolone resistance model, the quinolone resistance model 

displayed a potentially large increase for both the Canadian context scenario and again for the 

fluoro(quinolone) use scenario. The factor potentially driving this increase could be ionophore 

use, which was unique to the quinolone resistance model. Frequency of ionophore use, typically 

as a coccidiostat, in Canada ranged from 0%-100%, with the 2018 national overall proportion 

reported as 70% (53). It is possible that ionophore use could be interfering with the gut 

microbiota in broiler chickens making room for Campylobacter spp. colonization (146), although 

data to support this hypothesis is minimal and this model is not able to assess such a causal 

relationship. It may simply be that including the ionophore factor data are driving the simulated 

values in the quinolone resistance model. 

 The macrolide and tetracycline resistance models did not include any additional factors 

between the Canadian scenario and fluoroquinolone use scenario, which is why the 

fluoroquinolone use scenario was not available for these two resistance models. Ideally, there 

would be tetracycline and macrolide use scenarios for these respective models, but data were not 
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available. Interestingly, the only viable tetracycline use factor was linked only to fluoroquinolone 

resistance data for the fluoroquinolone resistance model. There is emerging epidemiological 

evidence that the fluoroquinolone and tetracycline resistance might be linked in Campylobacter 

spp. (147, 148); however, the lack of data precluded the ability to explore this relationship. As 

previously mentioned, the largest change in estimated NCPE occurred in the macrolide 

resistance model, although this was likely due to the sparsity of the baseline data (Agunos 2018) 

(122), or the sparsity of data leading to a zero-finding (CIPARS 2018 pre-harvest data) (53) for 

this antimicrobial class. The baseline, especially for macrolides, was heavily weighted towards 

zero probability of resistance, which is likely what is driving the low median NCPE for the ‘No 

Factor’ scenario. The median NCPE for the Canadian scenario seems relatively in line with the 

tetracycline and quinolone resistance models, but care needs to be taken when comparing 

between models as they contain different factors. Despite the lack of factors to build out these 

models to more fully reflect the Canadian context, the framework for these antimicrobial classes 

in broiler chickens has been established when future data are available.  

3.4.2 Assessing model outputs 

 The outcomes of this model can be assessed by replacing the P(AC)RETAIL in equation (1) 

below with 2018 CIPARS data from retail surveillance (Table 3.3) and calculating a crude 

estimate of NCPE and comparing these values to the estimated NCPE from the models. Median 

estimated NCPE using CIPARS 2018 retail surveillance data are presented in Table 3.3 and 

Figure 3.7 for comparison.  

(1) NCPE = [P(AC)RETAIL x (Retail recovery proportion of Campylobacter in chicken)] 

x [(Population of Canada) x (Proportion who consumed chicken)] 

Table 3.3. CIPARS 2018 surveillance data of Campylobacter spp. in broiler chicken samples by 
resistance class at retail converted to probability of resistant Campylobacter at retail and the 



93 
 

median estimated number of Canadians potentially exposed, standardized per 100,000 using the 
CIPARS 2018 probability data in place of the probability of resistant Campylobacter at retail 
generated from the model. 

 CIPARS 
2018 

Counts 

CIPARS 
2018 

P(AC)RETAIL 

CIPARS 2018 Median 
Estimated NCPE 

(per 100,000 per 7 
days) 

Fluoroquinolones 14 0.1359 3,006.26  
Quinolones 14 0.1359 3,006.26 
Macrolides 14 0.1359 3,006.26 
Tetracyclines 26 0.2524 5,583.36 
Total number of Campylobacter spp. 
samples from chicken at retail 103   

 

Example simplified NCPE calculation: Fluoroquinolones 

[0.1359 x 0.258] x [35,700,000 x 0.856] = [0.0350622] x [30,559,200] = 1,071,472.78 

Standardized: (1,071,472.78 ∕ 35,700,000) x 100,000 = 3,001.32 per 100,000* 

*results may differ due to the use of distributions in the results in Table 3.3 

Crude estimates using the CIPARS 2018 retail surveillance data appear to be higher than 

the model generated estimates for every resistance model. This suggests that the model is 

underestimating the probability of human exposure to antimicrobial resistance from 

Campylobacter spp. from broiler chickens. In contrast, when Primeau 2020 compared their 

model generated estimates for extended spectrum beta lactamase E. coli to estimates using 

CIPARS 2017 retail surveillance data, the model produced higher estimates than the surveillance 

estimates, suggesting an overestimation in this case (66). Overall, this comparison provides 

evidence that the model is not be accurately estimating the number of Canadians potentially 

exposed to antimicrobial resistant Campylobacter spp. from broiler chickens, but is functioning 

reasonably well at incorporating the factors extracted from the literature to generate an estimate.  
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3.4.3 Identifying important knowledge gaps 

 The high levels of variability in these models prevent a robust prediction of a conclusive 

end-point value of the estimated number of Canadians potentially exposed; however, meaningful 

information can still be garnered from the model. Not only does this model provide a framework 

of understanding AMR in Campylobacter spp. in broiler chickens and the potential risks to 

Canadians from the farm-to-fork pathway, but it also highlights important areas where data are 

lacking to focus future research, these include: 

1. Limited baseline data, particularly recent data, for AMR in Campylobacter spp. from pre-

placement broiler chickens. Despite robust sampling and data collection in Agunos et al., 

2018, only two samples were positive for Campylobacter, and the one isolate tested for 

antimicrobial susceptibility showed no antimicrobial resistance.  This sparseness of data 

was likely a reflection of true low occurrence rather than a lack of data or a 

methodological issue, and makes the need for corroborating evidence all the more 

necessary. This study only analyzed Ontario samples and representative Canadian 

baseline data continues to be data gap in this model. This gap limited the ability to 

populate the model with AMR prevalence in Campylobacter from chicks prior to any 

interventions, and future collection of these data over time could also monitor trends in 

AMR. In addition, if the baseline is truly sparse, methodological approaches to dealing 

with sparse data will have to be explored to improve model function.  

2. A lack of data on factors for the Canadian broiler chicken context. While a strength of an 

integrated assessment model is its ability to incorporate and accommodate a broad range 

of data external to the context, Canadian-specific factor data is still preferred as broiler 

chicken production methods may vary between countries, which can affect the impact 
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that factors have on AMR (149). For example, while the Canadian poultry industry 

banned preventive fluoroquinolone use in broiler chickens in 2014, and the United States 

banned use in 2005, some of the world’s top broiler chicken producers such as China, 

Poland, and Spain still use fluoroquinolones in broiler production (149). This 

combination of differing production methods and fluoroquinolone use practices makes it 

difficult to interpret the Canadian models to provide specific industry recommendations 

for interventions without more Canadian data. 

3. Farm level factors such as the effect of biosecurity measures, animal husbandry practices, 

and flock-turnover practices were completely absent from identified factors and 

subsequently any of the models. These factors may provide evidence of risk or protective 

factors against AMR in broiler chickens, but without data, their measured effect is not 

known.  

4. The proportion of broiler chickens in the Canadian market by production type was not 

readily available and as a result, the frequency of unconventional management practices 

compared to conventional management practices needed to be estimated based on expert 

opinion (Dr. Agnes Agunos, Public Health Agency of Canada, personal communication, 

October-January 2021). Production type, which can include conventional, free-range, 

organic, or antibiotic-free, is a high-level factor that can include a number of lower level, 

component factors such as antimicrobial use or biosecurity measures. Differing 

prevalence levels of Campylobacter spp. in broiler chickens have been indicated for 

different production types, with flock positivity being higher in organic and free-range 

birds, presumably due to environmental exposure (28, 58, 131). There also appears to be 

varying prevalence of the different Campylobacter species present by production type, 
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which is discussed further under Assumption 8 below (28, 58, 131). Additionally, while 

prevalence levels of Campylobacter spp. in general appear to be higher in these non-

conventional production types, the levels of AMR tend to be lower, especially for 

organically raised birds (132, 150, 151). Conversely there is evidence that resistance 

levels may equalize in retail meat regardless of production type (150), which provides 

support for the need for surveillance along the entire farm-to-fork pathway and inclusion 

of non-conventional production types. Overall, the lack of information about the 

proportion of broiler chickens by production type in the retail marketplace in Canada is a 

major gap in understanding relative AMR. 

5. There remains an important lack of data regarding transportation factors as birds are 

moved from farm to abattoir. Chapman et al., 2016 also identified this gap and it persists. 

Transportation factors such as crate type or bird collection type can affect the spread of 

antimicrobial resistant Campylobacter spp. from infected birds to uninfected birds (145). 

6. While abattoir data regarding chilling type was included in the model, there are a number 

of processing steps absent from the included and available literature. Arguably, while 

each of these stages are modifiable and could influence the probability of consumer 

exposure to antimicrobial resistant Campylobacter, the lack of data prevented knowing 

where to best apply interventions to maximize the reduction of exposure or if an 

intervention at the abattoir stage would be effective in general.  

7. In addition to gaps in abattoir data, there was also a notable lack of factors at the retail 

stage, as well as factors related to transportation between abattoir and retail. These data 

gaps have been well documented (145). 
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 Some of the aforementioned gaps are consistent across multiple types of documented risk 

assessment models: transportation between abattoir and retail, portioning and packaging, rinse 

stages, and most abattoir stages, which supports the idea that data currently do not exist for these 

stages (63, 145). However, there are some gaps that are specific to this model, which suggests 

that the literature search did not capture all available factors or that the data were not in the form 

to be useful given the stated model inclusion and exclusion criteria. Furthermore, while the 

literature search focused on extracting data factors related to AMR, it is worthwhile to mention 

that any factor that reduces the prevalence of Campylobacter spp. in general could have an 

impact on the prevalence of AMR in Campylobacter spp. (110); however, because the overall 

iAM.AMR does not yet address these types of factors, they were not extracted and included in 

this model – this a key methodological evolution that will be necessary for the model to function 

optimally.   

3.4.4 Addressing model assumptions 

 The a priori model assumptions come with potential trade-offs. 

Assumption 1: AMR is consistent in Campylobacter isolates from across Canada. 

It is very likely that resistance in Campylobacter varied region to region and while the 

CIPARS sampling regime is designed to be weighted by province according to the proportion of 

national flocks, it is a pooled and weighted sample and does not necessarily provide enough data 

to compare results between provinces. Additionally, part of the baseline is only derived from 

Ontario data, which further limits regional comparisons. These limitations in AMR surveillance 

data in Canada thereby prevented regional specific modelling and the results were instead 

applied at the national level (13, 53).  
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Assumption 2: Frequencies of the factors were consistent across Canada and that factors 

measured outside of Canada were applicable to Canada if Canadian data did not exist. 

 This assumption was out of necessity due to the data gaps discussed above. Some 

regional data existed for frequency of use of some antimicrobials by province in the CIPARS 

2018 data (53), but this could not be implemented at the province level because we did not have 

provincial baseline data, nor was there consistent provincial data available for every factor 

included. The use of odds ratios to represent the factors were selected specifically because they 

are not linked to the referent population, allowing them to be applied to a different population 

than what they originated from (143). 

Assumption 3: Campylobacter spp. was spread uniformly across the surface of retail chicken and 

AMR was uniform within the colony forming units on a piece of chicken. 

 While Campylobacter spp. will form colonies that may not be uniformly spread across a 

sampling area, it is pragmatic when modelling to assume uniformity both in colony distribution 

and their AMR at the cellular level. This comes with its own set of assumptions. Considering the 

mean generational time for Campylobacter spp. in broiler chickens was about 6.7 hours (152), 

there is a possibility that between sampling and culturing, the Campylobacter sampled is not the 

same generation as the one cultured. This also creates the possibility that the resistance profile 

could also change between sampling and susceptibility testing. This assumption is applicable to 

all Campylobacter spp. microbiology-based studies unless they are specifically designed to 

address this assumption and is not a unique weakness of this analysis. 

Assumption 4: Different sampling units, e.g., isolate, flock, or farm, had a consistent impact on 

the outcome of the model. 
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 To limit the potential for the ecological fallacy, the decision was made within the larger 

iAM.AMR modelling research group to abstain from combining sampling units such as isolate, 

flock, or farm within a meta-analysis. However, using multiple unit types within the model was 

acceptable since different nodes require different “ideal” units. For example, the ideal unit at 

farm node would be one bird compared to one carcass for the abattoir node and 100g of meat for 

the retail node. Out of modelling necessity, it was also assumed that resistance within these units 

was uniform, but it is important to note that the more a unit diverges from the ideal unit, the 

more uncertainty there is that the measured AMR likely applies to that ideal unit (Kayla Strong, 

University of Calgary, October-December 2021) (120). 

Assumption 5: Factors are independent and do not correlate or interact with each other. 

 At the current stage of overall development and given the nature of the available factor 

data, the iAM.AMR makes the pragmatic assumption that factors are independent of each other; 

however, in many cases this may not be valid (120). This is especially true for the factors 

included at the farm node. As previously mentioned, production type is a high-level factor that 

can include lower-level component factors such as antimicrobial use. The lack of ability for this 

model to account for interaction or correlation between factors means that the relationships 

presented in the model results cannot be adjusted to include these dynamics. Ignoring statistical 

interactions in epidemiological models can have a large impact on the final estimates. For 

example, a survival analysis using a Cox regression model found that mis-specified interaction 

terms resulted in about a 9 fold bias in regression coefficients (153). Current knowledge gaps 

require this assumption because often these data from multivariable models are not available in 

the literature, particularly in a form that can be extracted and modeled using these methods. This 

presents an interesting and complex future direction for this research. 
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Assumption 6: Factors occur concurrently within a node. 

 Perhaps the most interesting assumption, and the area with the most potential for 

exploration in future research, is the assumption that factors occur concurrently within a node. In 

general, this model does not yet account for time. The only inclusion of time is in the separation 

of the farm, abattoir, and retail nodes. This model does not account for the order in which factors 

occur within the node, the length of exposure to factor, or how the lifespan of the broilers in 

comparison to other agri-food animals affects the overall time exposed and resulting risk 

estimates. This is less of a consideration for the abattoir and retail node of this specific model as 

there is only one factor in each, but it will become more important for nodes such as the farm 

node, or other models for other bacteria and commodities where more factor data are available. 

Determining the order and time in which these factors occur is no small challenge. This is 

another one reason why odds ratios were selected to represent factor data since the order in 

which they were included did not affect the end result (120, 143).  

Assumption 7: Resistance is consistent within antimicrobial classes. 

 While the mechanism of resistance in Campylobacter spp. is more consistent within the 

fluoro(quinolone) antimicrobial class (2), the level of resistance among antimicrobials within a 

class can vary for macrolides and tetracyclines (2, 38). However, due to the objective of the 

research, antimicrobials were grouped into classes based on the World Health Organization ATC 

vet index (154). It is also unlikely that data would have been available to model specific drug 

resistance as evidenced by the data gaps in this study. 

Assumption 8: Resistance and mechanisms behave uniformly across Campylobacter species (a 

post hoc assumption) 
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 While data scarcity prompted the decision to aggregate Campylobacter data up to a 

species level, it is important to remember that the species do have differences. These include the 

overall predominance of C. jejuni in conventional broiler chickens, meat contamination, and 

human illness (27). There are also differences in AMR profiles between C. jejuni and C. coli. 

One study of small poultry flocks in Ontario, Canada, which included chicken, turkey, duck, and 

game bird flocks, found higher levels of tetracycline resistance in C. jejuni compared to C. coli 

(155). Conversely, Otto et al., found higher AMR in C. coli compared to C. jejuni from human 

infections in Saskatchewan, Canada (49). The lack of species-specific data precluded the ability 

to explore how these differences affected the estimated NCPE values.  

3.4.5 Post-retail node considerations 

 This model investigated factors at the three main nodes of broiler chicken production: 

farm, abattoir, and retail. While it is beyond the scope of this research, it is important to consider 

the factors that occur post-retail. Quantitative microbial risk assessments of Campylobacter spp. 

in broiler chickens have identified that the factors with the greatest impact on human exposure 

are those at the post-retail consumer stage (63, 145). These include storage, cooking, cross-

contamination events, and dose response dynamics. A sensitivity analysis by Dogan et al., 

suggested that the leading factor that prevented campylobacteriosis from broiler chicken in 

consumers was cooking temperature (63), a factor  absent in the current model because general 

Campylobacter factors (vs antimicrobial-resistant Campylobacter factors) are not yet included. 

Two key next steps would be to: 

1) Add a human exposure node after the retail node that would include factors related to 

human exposure to antimicrobial resistant Campylobacter spp. sourced from the 

literature. 
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2) Explore the human health outcomes of exposure to resistant versus susceptible 

Campylobacter spp. 

3.4.6 In defense of integrated assessment models 

 A strength of integrated assessment models is their ability to integrate a variety of data 

types and sources from different regions to model and garner information about the relative 

contributions of different factors for complex phenomena, such as AMR in the food chain. They 

help to understand relative changes in exposure or impact when factors change between 

scenarios and to highlight possible intervention points (9, 66, 68, 120, 143). Other more 

mathematically robust modeling approaches are more suited to answering specific questions to 

describe and quantify AMR, such as quantitative microbial risk assessments (QMRA) and agent-

based modelling (ABM). However, the intended purpose of integrated assessment models lies at 

a more holistic level, compared to these other approaches that aim to answer more specific 

questions (68). 

 Quantitative microbial risk assessments were first designed to model risk of chemical 

exposures, but have since been developed for use in drinking water and foodborne illness and 

AMR risk assessment, among other uses (156). The benefit of a QMRA over an integrated 

assessment model is that the end point value is often more reliable and accurate (156). Modelling 

AMR using a QMRA adds an additional layer of complexity to an already complex model, 

especially when assessing the dose-response aspect of a QMRA, since we not only need to 

consider the dose of antimicrobials to elicit resistance, or the time exposed to resistant genes to 

spread resistance, but also the dose needed to elicit illness in people (157). The downside of 

QMRAs is that they are complex, data intensive, and can take more resources to develop than 

integrated assessment models. 
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 Agent-based modelling simulates actual transmission characteristics of pathogens and 

AMR through dynamic systems that aim to understand large-scale phenomena emerging from 

small-scale behavior (65). As such, this type of model would be very well suited to tackle the 

post-retail stage for AMR in the farm-to-fork pathway as it can simulate the micro factors such 

as food handling, storage, and personal antimicrobial use, to model the risk of AMR for the 

consumer. However, this model may not be well suited for modelling macro level factors at play 

in the broiler chicken industry (65). They are also very data, programming, and computer 

resource intensive, limiting the ability for development and implementation (65). 

 Despite these differences, all models will be subject to similar data gaps as described for 

this study. The benefit of choosing to model antimicrobial resistant Campylobacter spp. in 

broiler chickens using an integrated assessment model is the ability to include diverse data 

sources and have reduced complexity in terms of model construction and programming, and can 

provide the more efficient results that can be used for general policy considerations and 

decisions. To gain the best understanding of AMR in the food chain, results from this integrated 

assessment model should be used in conjunction with the more specific data from a QMRA and 

an ABM from future research. Furthermore, the antimicrobial resistant Campylobacter-broiler 

chicken pathway is a fundamental pathway in looking at AMR in the food chain and its 

development in the iAM.AMR is a key step towards constructing a more complete model linking 

across the other bacteria, host, and antimicrobial class scenarios.  

3.4.7 Other limitations  

 Literature reviews, by design, only capture research that is published and that are 

captured by the designed search strategy, which means that the factors identified in this review 

are likely not exhaustive. The described reasons for exclusion contributed to this. Identifying the 
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missing factors was outside the scope of this project. Additionally, a publishing bias prevents 

finding articles on null findings. The literature review only included articles published in 

English, which means that there is a risk that pertinent factors were missed because they were 

published in other languages. It is also important to note that this model is likely not appropriate 

for measuring risk from backyard chicken producers, or small holder operations, especially those 

who choose to handle processing themselves since practices will vary greatly from conventional, 

large-scale production (158). Furthermore, this study only models one cycle through the 

production system and does not account for the potential cumulative effect of multiple cycles 

except for what is partially accounted for in the prevalence. The discussion of data gaps provides 

a thorough overview of the potential limitations of using this model to interpret farm level 

interventions to address AMR in Campylobacter in broiler chickens at this time. Filling these 

gaps with future research will improve the utility and application of the model.  

3.5 Conclusions 

 This is the first application of an integrated assessment model for AMR in 

Campylobacter spp. from broiler chickens and provides a model framework for future 

understanding of the risk of exposure of Canadians. This study mapped current literature 

investigating factors related to antimicrobial resistant Campylobacter spp. in broiler chickens. 

The results of the integrated assessment model provided a broad overview of how the available 

factors influence antimicrobial resistant Campylobacter spp. from broiler chickens in Canada 

while also illuminating data gaps. These areas for future research include filling gaps in baseline 

surveillance data, a need for increased transparency about the prevalence of broiler chicken 

production types and extending the model past the retail node to include consumer practices and 
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human health outcomes.  
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CHAPTER 4: CONCLUSION 

4.1 Overview of Study Results 

 Human infections with Campylobacter spp. are one of the top foodborne illnesses 

globally and antimicrobial resistance among Campylobacter spp. are a growing concern (26-29). 

With antimicrobial resistance potentially leading to increased duration of illness, increased 

length of hospital stays, rising economic costs and sociological impacts, it is important to 

identify factors that are potentially associated with resistance to help focus policy and 

interventions (4, 8). While there is conflicting evidence about whether a human infection with 

resistant Campylobacter spp. results in more adverse health outcomes than an infection with 

susceptible Campylobacter spp. (43, 45, 74), it is important to understand the factors and risk 

associated with Campylobacter to improve the overall understanding of resistance. Considering 

the greatest reservoir of Campylobacter spp. is poultry, including broiler chicken, it is key to 

understand the potential exposure to Canadians from broiler chicken and to investigate how 

different factors along the farm-to-fork pathway may affect the number of Canadians potentially 

exposed to antimicrobial resistant Campylobacter spp. from retail broiler chicken meat (26-29). 

One way to achieve this understanding of the factors affecting antimicrobial resistance in 

Campylobacter and the dissemination of antimicrobial resistant Campylobacter is through 

modeling. There are various approaches to modelling suited to answering specific questions and 

this thesis focused on developing the broiler chicken – antimicrobial resistant Campylobacter 

pathway from farm-to-fork as part of the overall iAM.AMR project (9, 66, 68). This thesis had to 

two main objectives. 

Objective 1: To determine factors potentially associated with human infection with 

Campylobacter spp. that are resistant to fluoroquinolones, macrolides, or tetracyclines. 
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 The scoping review identified 27 articles with factors related to human infection with 

antimicrobial resistant Campylobacter spp. The foremost and most consistent of these factors 

was foreign travel (44, 45, 78, 90, 92, 93, 95, 99, 100), often defined as departure from a 

wealthy, westernized country. Travel is a complex variable that can act as a proxy for many 

different unmeasured factors including different water quality, differing food handling practices, 

and potential exposure to different pathogens. Further work is warranted to better understand this 

relationship.  

The next most important category of factors identified were those related to prior 

antimicrobial use, but only seven of the included studies involved a prior antimicrobial use factor 

(45, 78, 80, 86, 89, 91, 95). Only one study measured an aspect of inappropriate antimicrobial 

stewardship, possession of non-prescribed antibiotics (21). No studies measured antimicrobial 

prescribing practices or stewardship and their relation to an antimicrobial resistant 

Campylobacter spp. infection. These findings highlight the challenges with measuring and 

defining prior antimicrobial use in terms of clinical outcomes, such as how prior antimicrobial 

use is defined or what the timeframe for prior antimicrobial use were.  

Animal contact (45, 78, 95, 98, 99), prior medical conditions (85, 87, 91), contaminated 

water (45, 78, 95, 98), and contaminated food (45, 78, 98, 99), especially poultry, were also 

indicated to potentially increase human risk of an infection with resistant Campylobacter spp. 

and are explored more in chapter two. 

Objective 2: To develop an integrated assessment model component to evaluate the probability 

of human exposure to antimicrobial resistant Campylobacter spp. from broiler chicken in 

Canada resistant to fluoroquinolones, tetracyclines, or macrolides and identify knowledge and 

data gaps. 
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 The data extraction from the literature search of the integrated assessment model of 

antimicrobial resistant Campylobacter spp. in broiler chicken in Canada identified 13 factors for 

inclusion, the majority of which were applicable at the farm node and were predominantly 

antimicrobial use factors. Three scenarios were modeled: 

1) A baseline model with no factors included. 

2) A scenario which included factors applicable to the Canadian context. 

3) A scenario which included factors related to fluoro(quinolone) use within the 

Canadian context. 

 While the data from the 13 identified factors were not spread uniformly between the 

resistance models, overall, increasing the number of included factors tended to result in an 

increase in the estimated number of Canadians potentially exposed to resistant Campylobacter 

spp. from broiler chicken. Identified factors fell into one of the following categories: production 

type, antimicrobial use on farm, abattoir chilling type, or retail packaging type.  

The probability density of the 10,000 iterations clustered heavily around zero Canadians 

potentially exposed which is likely a result of the baseline assumptions heavily favouring zero 

prevalence of antimicrobial resistant Campylobacter in broiler chicks, pre-placement. Results 

were standardized to the 2015 Canadian population per 100,000. However, this is not to say there 

is no probability of exposure as the median values range from 101.71 to 2,052.65 standardized 

per 100,000 estimated NCPE per 7 days and the maximum values, which range from 14,041.95 

to 19,066.81 standardized per 100,000 estimated NCPE per 7 days suggest a much higher 

likelihood of exposure to Campylobacter spp. resistant to fluoro(quinolones), tetracyclines, or 

macrolides from broiler chicken in Canada. To put these values into context the estimated 

incidence of celiac disease in Canada is about 1,000 per 100,000 (159). In addition to likelihood 
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of exposure, we must also consider the consequences of a human infection with antimicrobial 

resistant Campylobacter spp. (156) which can include longer duration of illness, more severe 

illness, hospitalization, and, in rare instances, ReA, IBS, GBS, and MFS (4, 8, 26, 27, 29, 43, 45, 

74). Overall it is important to consider both likelihood of exposure and its consequences to gain a 

more complete picture about the burden of a human infection with antimicrobial resistant 

Campylobacter spp. from broiler chicken in Canada.  

Based on the interest in fluoroquinolone resistance in Canada and the lack of factors 

throughout the farm-to-fork pathway for different antimicrobial classes (specifically the lack of 

additional scenario 3 factors for the macrolide- and tetracycline-resistance models), the 

interpretation and discussion of model results focused on the fluoro(quinolone) resistance 

models. Additionally, based on the difference in factors available for inclusion between 

resistance models, the decision was made to focus on comparisons within resistance models 

rather than between resistance models. The main results of the fluoroquinolone use model were 

that despite a ban on the preventative use of fluoroquinolones for broiler chickens in 2014 (54), 

the fluoro(quinolone) resistance models showed persistent resistance across all three scenarios. 

Although fluoroquinolone use is allowed therapeutically in chicken production, there are 

no approved products for poultry use in Canada and any use is therefore off-label use, including 

metaphylaxis, requires a valid veterinarian-client-patient relationship (Dr. Agnes Agunos, Public 

Health Agency of Canada, personal communication, October-December 2021).  Furthermore, the 

CIPARS on-farm program can capture routine use but is not necessarily well-suited for capturing 

situational use (53). Despite low, and in some years no, detection of fluoroquinolone use, the 

reason for this persistence may be the result of the potential for added fitness from resistance 

mechanisms, horizontal transfer from environmental sources, and/or cross-over between flocks 
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during production stages (26-28, 38). The rate of mutations and the generation time contribute to 

the plasticity demonstrated in Campylobacter spp. Recall that fluoroquinolone resistance in 

Campylobacter occurs, in part, because of a point mutation in the quinolone resistance-

determining region of DNA gyrase A, that affects the target for fluoroquinolones so that it is 

ineffective and is paired with an existing efflux pump, CmeABC, which works to decrease the 

amount of fluoroquinolone within the cell (5, 26-28, 38). This might also explain why 

fluoroquinolone resistance does not appear to come with a fitness burden on Campylobacter spp. 

(26-28, 38).  

Other key results of this chapter included identifying top knowledge gaps such as: a 

sparseness of pre-placement baseline resistance data for broiler chicken in Canada, a lack of 

research on factors associated with transportation, abattoir node and retail node, and a lack of 

Canadian data for the proportion of conventionally raised broiler chicken. Two important 

assumptions of interest that require further development in the overall iAM.AMR model 

structure are that modeled factors occur independently of each other and that they also occur 

concurrently. The overall model architecture currently does not account for time or ordering of 

factors and there are not enough data to control and evaluate correlations or interactions between 

factors. The results of the integrated assessment model provided a broad overview of how the 

available factors influence antimicrobial resistant Campylobacter spp. from broiler chickens in 

Canada while also illuminating data gaps. 

 In addition to the above findings, both of chapter two and three highlighted areas for 

future research, some of which have also been echoed by others. These include an increased need 

for surveillance data for antimicrobial resistance, surveillance data that is truly integrated across 

sectors, regions, and livestock groups, and is standardized (13, 16). The scoping review 
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identified the following gaps and areas for future research such as: improved definitions of the 

travel and water quality factors, population-level research of the effects of the identified factors, 

and increased research of the effects of prior antimicrobial use on human infections with resistant 

Campylobacter spp. The integrated assessment model identified gaps consistent with findings 

from other Campylobacter models (63, 145) such as: baseline data for antimicrobial resistant 

Campylobacter in pre-placement broiler chickens, a lack of Canadian factor data, factors related 

to farm-level biosecurity measures, proportion of broiler chicken by production type in Canada, 

and a lack of research on factors at the abattoir and retail node.  

4.2 Integrated Results 

 The overall objective of this thesis was to increase the understanding of the dissemination 

through the food chain and the factors affecting the occurrence of antimicrobial resistant 

Campylobacter spp. in broiler chicken and chicken meat in Canada, using an integrated 

assessment model approach as part of a broader integrated assessment model of antimicrobial 

resistance of the agri-food industry in Canada. Future directions of the research in general and 

specifically with respect to antimicrobial resistant Campylobacter and chickens, should go 

beyond exposure and incorporate consumer factors, infection, and the impact of antimicrobial 

resistance on the consequent human health outcomes. These consumer factors identified by using 

factor data from chapter two lay the groundwork for that direction of model development. 

However, neither chapters two and three capture transmission from broiler chicken to workers, 

an important area for future research (60, 160-162).  Understanding the overall risk to humans 

from antimicrobial-resistant Campylobacter spp. would also need to include a consideration of 

the consequences of acquiring a resistant infection and so burden of illness would also need to be 

accounted for potentially through the use of a quantitative microbial risk assessment.  
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Specific future research directions and recommendations include implementing 

Campylobacter spp. testing for pre-placement broiler chicks in CIPARS data surveillance, 

determining the proportion of broiler chickens by production type in Canada, linking the results 

of the scoping review to that of the integrated assessment model, and exploring risk factors for 

workers along the production pathway. 

4.3 Contextualizing the Current Research & Additional Future Research Considerations 

 While large knowledge gaps still exist for antimicrobial resistant Campylobacter spp. in 

Canada and around the globe, the gaps are slowly closing, and the pieces of the puzzle are slowly 

coming together. Broiler chicken, while the main reservoir, is not the only source of 

Campylobacter spp. Additional integrated assessment model components are currently being 

developed for Campylobacter in swine and beef cattle (9, 120). A quantitative microbial risk 

assessment of fluoroquinolone resistant Campylobacter spp. in broiler chicken is also under 

development as part of the overall suite of integrated assessment modelling and related risk 

modelling analysis initiatives (163). There has also been recently published data about trends in 

resistant Campylobacter spp. over time in Canada (49).  

 In addition to the future research directions suggested above, there are more areas that 

require future consideration which include: how climate change affects antimicrobial resistance 

(164), the impact of co-resistance with metals (6), how increased globalization and population 

movements as a result of conflict, climate change, (165) and large scale factors such as 

pandemics affect antimicrobial resistance (166). The effect of the COVID-19 on antimicrobial 

resistance levels has also yet to be quantified (167):  whether that be a reduction due to increased 

public health measures or an increase due to higher levels of antimicrobial use from 

inappropriate prescribing and higher levels of hand sanitizer use. Next steps in regard to 
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antimicrobial surveillance also needs to include monitoring environmental prevalence and 

identifying sources of resistance.  

 It is important to reiterate that both studies restricted papers to English language 

publications and resulted in papers largely from westernized, high-income countries. 

Antimicrobial resistance and Campylobacter spp. infections are global concerns and to have a 

lack of data from a large proportion of the planet potentially exposes the research to important 

data gaps. If management practices are a factor in both Campylobacter spp. prevalence and the 

prevalence of resistance, it is likely that in cultures or regions where conventional management 

practices are not as common, that the results of this research may not apply.  

4.4 Clinical and Public Health Implications 

 With the risk of an infection in humans with antimicrobial resistant Campylobacter spp. 

potentially increasing, it becomes ever more important to continue to push for antimicrobial 

stewardship policies to staunch and potentially reduce the growth and risk (38). Since 

antimicrobial resistance is an issue which intersects many policy areas, stewardship needs to be 

considered from a One Health perspective, and include agricultural sectors, in addition to the 

government and human health sectors (4, 13, 16, 24, 25). This includes evaluating ways in which 

we can reduce antimicrobial resistance at the farm such as finding alternatives to antimicrobial 

use, evaluating key interventions along the farm-to-fork pathway to reduce risk to the consumer, 

and adopting increased surveillance at the human level, specifically susceptibility testing of a 

patient when they present with a foodborne illness prior to prescribing antimicrobials which may 

exacerbate the issue.  

4.5 Conclusions 
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 This thesis contributes the first scoping review of factors potentially associated with 

human infections with antimicrobial resistant Campylobacter as well as the first integrated 

assessment model of antimicrobial resistant Campylobacter from broiler chicken in Canada. This 

model framework will serve to better understand the risks of foodborne transmission of 

antimicrobial resistance in Campylobacter to humans as future research adds to available data to 

do so. It also adds to the larger body of research that has identified gaps in data and knowledge 

related to antimicrobial resistant Campylobacter spp. Lastly this thesis suggests areas for future 

research to address these gaps and ways to add to the antimicrobial resistance field of research.  
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APPENDIX INDEX 

Appendix 1: No appendices for chapter 1 

Page intentionally left blank 

Appendix 2.1: Scoping review protocol 

The complete protocol for this scoping review, published in the Joanna Briggs Institute, includes 

a set of protocol appendices. 

Appendix 2.2: All extracted data from scoping review 

Tables with the complete set of extracted data from all included studies in the scoping review. 

Appendix 2.2.1 Data extraction table 1  

Which includes the following variables: Factor ID, paper reference, year of study, years 

the data were collected, study design, participant information collection method, study 

objective(s), method used for antimicrobial susceptibility testing, MIC interpretive 

criteria used, country of study population, the population sampled, and total sample size. 

Appendix 2.2.2 Data extraction table 2 

Which includes the following variables: Factor ID, paper reference, comparison group, 

sample size of the comparison group, method of identified participants, age details of the 

sample, proportion of females included, proportion of males included, proportion of 

unspecified gender included, and participant selection methods. 

Appendix 2.2.3 Data extraction table 3 

Which includes the following variables: Factor ID, paper reference, number of factors 

investigated, definition of factor, sample size of the exposed group, location of data, sub-
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location of data, Campylobacter species, type of infection reported, type of resistance, 

type of analysis, type of result, result and measure of variation, statistical significance, 

any additional information about the factor, and additional notes about the paper.  

Appendix 2.3: Data extraction form 

Images of the data extraction form built in DistillerSR for the scoping review and includes two 

separate pages: 

Data extraction form page 1 which contains questions 1-15 

Data extraction form page 2 which contains questions 16-29 

Appendix 3.1: Overall iAM.AMR Search Strategy 

The search strategy used to search for articles to include in the overall iAM.AMR literature 

search, developed by the Health Library of Health Canada and the Public Health Agency. 

Appendix 3.2: Data extraction forms for the iAM.AMR 

Images of the data extraction forms built in Microsoft Access by the iAM.AMR research team 

which includes reference data extraction and factor data extraction. The image list includes: 

Reference extraction 

1-Basic Info 

2-Study Info 

3-Location 

4-Auditing 

5-Notes and Issues 

Factor extraction form 

Appendix 3.3: Decision trees for the iAM.AMR literature screening 
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Decision trees for primary and secondary screening of articles developed by and for the 

iAM.AMR literature search. 

Appendix 3.4: Determining the baseline probability of antimicrobial resistant 

Campylobacter  

An explanation of determining the baseline probability of antimicrobial resistant Campylobacter 

in broiler chickens 

Appendix 3.5: Full Extracted Data Tables 

Tables with the complete set of extracted data from all included studies in the literature review. 

Appendix 3.5.1: Data Extraction Table 1 

Which includes the following variables: paper reference, factor identifier, id number, 

study country, year of study, antimicrobial resistance, factor title, factor description. 

Appendix 3.5.2: Data Extraction Table 2 

Which includes the following variables: paper reference, id number, exposed group, 

referent group, odds ratio, standard error of the log odds ratio, p value, log odds ratio, 

meta-analysis id, meta-analysis antimicrobial class. 

Appendix 3.5.3: Data Extraction Table 3 

Which includes the following variables: paper reference, id number, meta-analysis type, 

host, Campylobacter species, allocation stage, observed stage, unit of sampling, result 

format, “A”, “B”, “C”, “D”  (A-D described below). 

 
Count of AMR positive Count of AMR negative 
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Exposed Group A B 
Referent Group C D 

Appendix 3.5.4: Data Extraction Table 4 

Which includes the following variables: paper reference, id number, “P”, “Q”, “R”, “S”, 

total exposed, total referent (P-S described below). 

 
% of AMR positive %of AMR negative 

Exposed Group P Q 
Referent Group R S 

Appendix 3.6: FoodNet Canada Packaging Type Data 

Data from FoodNet Canada about the overall proportion and counts of broiler chicken samples at 

retail that are packaged at counter and proportion and counts of broiler chicken samples at retail 

that are pre-packaged, from 2015 to 2020, data request made in December 2021 
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