
ANTIMICROBIAL RESISTANCE OF HUMAN CAMPYLOBACTER JEJUNI 

INFECTIONS FROM SASKATCHEWAN 

 

 

 

 

 

 

A Thesis 

Presented to 

The Faculty of Graduate Studies 

of 

The University of Guelph 

 

 

 

 

 

by 

SIMON JAMES GARFIELD OTTO 

 

 

 

In partial fulfillment of requirements 

for the degree of 

Doctor of Philosophy 

April, 2011 

 

 

© Simon James Garfield Otto, 2011



ABSTRACT 

 

 

ANTIMICROBIAL RESISTANCE OF HUMAN CAMPYLOBACTER JEJUNI 

INFECTIONS FROM SASKATCHEWAN: PREVALENCE, ANALYTICAL 

MODELING, CLUSTER DETECTION AND RISK FACTORS 
 

 

 

Simon James Garfield Otto      Advisor: 

University of Guelph, 2011      Dr. S. A. McEwen 
 

 

 

 Saskatchewan is the only province in Canada to have routinely tested the 

antimicrobial susceptibility of all provincially reported human cases of 

campylobacteriosis. From 1999 to 2006, 1378 human Campylobacter species infections 

were tested for susceptibility at the Saskatchewan Disease Control Laboratory using the 

Canadian Integrated Program for Antimicrobial Resistance Surveillance panel and 

minimum inhibitory concentration (MIC) breakpoints. Of these, 1200 were C. jejuni, 129 

were C. coli, with the remaining made up of C. lari, C. laridis, C. upsaliensis and 

undifferentiated Campylobacter species. Campylobacter coli had significantly higher 

prevalences of ciprofloxacin resistance (CIPr), erythromycin resistance (ERYr), 

combined CIPr-ERYr resistance and multidrug resistance (to three or greater drug 

classes) than C. jejuni. Logistic regression models indicated that CIPr in C. jejuni 

decreased from 1999 to 2004 and subsequently increased in 2005 and 2006. The risk of 

CIPr was significantly increased in the winter months (January to March) compared to 

other seasons. A comparison of logistic regression and Cox proportional hazard survival 

models found that the latter were better able to detect significant temporal trends in CIPr 

and tetracycline resistance by directly modeling MICs, but that these trends were more 



difficult to interpret. Scan statistics detected significant spatial clusters of CIPr C. jejuni 

infections in urban centers (Saskatoon and Regina) and temporal clusters in the winter 

months; the space-time permutation model did not detect any space-time clusters. 

Bernoulli scan tests were computationally the fastest for cluster detection, compared to 

ordinal MIC and multinomial antibiogram models. eBURST analysis of antibiogram 

patterns showed a marked distinction between case and non-case isolates from the scan 

statistic clusters. Multilevel logistic regression models detected significant individual and 

regional contextual risk factors for infection with CIPr C. jejuni. Patients infected in the 

winter, that were between the ages of 40-45 years of age, that lived in urban regions and 

that lived in regions of moderately high poultry density had higher risks of a resistant 

infection. These results advance the epidemiologic knowledge of CIPr C. jejuni in 

Saskatchewan and provide novel analytical methods for antimicrobial resistance 

surveillance data in Canada. 
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CHAPTER 1  

Introduction, literature review and study rationale 

 

INTRODUCTION 

 Campylobacter is one of the leading causes of acute diarrheic illness in the world. 

Antimicrobial resistance has increased among Campylobacter isolates from humans 

around the globe to antimicrobials of critical importance to human health, namely 

fluoroquinolones (e.g., ciprofloxacin) and macrolides (e.g., erythromycin). It is well 

documented that increases in fluoroquinolone resistance among isolates from human 

infections followed the approval of fluoroquinolones for use in agriculture. Further, 

resistant Campylobacter has been detected in food animal species and the food chain, 

posing a risk to human health. Resistant human Campylobacter infections may increase 

its burden of illness and has been shown to increase the severity of infection by 

lengthening clinical signs and increasing the risk of adverse health events, including 

death. 

 Despite its public health importance, representative human surveillance of 

antimicrobial resistance for Campylobacter is scant in Canada. The Saskatchewan 

Disease Control Laboratory has tested the antimicrobial susceptibility of all provincially 

reported human cases of Campylobacter since the 1990s. These data represent the first 

Canadian opportunity to study Campylobacter antimicrobial resistance in a large 

provincial sample. Such data are typically categorized based on accepted minimum 

inhibitory concentration (MIC) breakpoints to determine prevalences of resistance. From 

a surveillance perspective, this categorization may obscure subtle trends in MICs over 

time. Applying analytical models to MICs may offer alternatives for antimicrobial 
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resistance data analysis. Further, identifying methods to detect clusters of and risk factors 

for resistant Campylobacter infection could provide important information for policy 

decisions regarding antimicrobial resistance surveillance and antimicrobial use in both 

humans and agriculture. The objectives of this review are: 

1) To summarize published research pertaining to the significance of Campylobacter as 

a cause of diarrheic illness. 

2) To discuss the state of antimicrobial resistance in Campylobacter species around the 

world. 

3) To highlight the public health importance of antimicrobial resistant Campylobacter 

infection. 

4) To discuss analytical methods for antimicrobial MIC data and resistance cluster 

detection with respect to Campylobacter species. 

  

LITERATURE REVIEW 

The epidemiology of Campylobacter species in humans 

The organism 

 The genus Campylobacter comprises 16 species and 6 subspecies and is grouped 

within the family Campylobacteraceae (1,2). Campylobacter jejuni is divided into two 

subspecies, namely jejuni and doylei, the former of which is most common in human 

cases as the latter has no animal host (2). Any further reference to Campylobacter jejuni 

is specifically meaning C. jejuni subsp. jejuni. 

Campylobacter species are microaerophilic, gram negative, spirally curved, 

motile rods with polar flagellae that are intestinal commensals of mammals and birds 
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(1,3). They are slow-growing organisms, requiring selective media containing charcoal 

and various antibiotics, such as cephalothin, to suppress competing fecal microflora (4,5). 

Microaerophilic bacteria require oxygen for growth, but at lower levels than regular 

atmospheric air and as such, Campylobacter species grow best at 5-10% oxygen and 10% 

carbon dioxide (4,6). Campylobacter jejuni and C. coli are thermotolerant, growing best 

at 42°C (5), while other Campylobacter species such as C. fetus are not (7,8). Hence, 

typical stool culture at 42°C on media containing cephalothin for recovery of C. jejuni 

and C. coli from cases of human diarrhea may not be optimal for growth of other species 

such as C. fetus or C. upsaliensis, which occasionally cause human illness (8-10). 

 

The disease 

Infection with Campylobacter is recognized as the leading cause of acute bacterial 

gastroenteritis in both the developed and developing world (7,11,12). The majority of 

human enteric infections are caused by C. jejuni (80-85%) and C. coli (10-15%), with a 

variety of other species being identified infrequently (7). Enteric Campylobacter 

infections are characterized by profuse, watery progressing to bloody diarrhea, often 

accompanied with abdominal pain, while vomiting is uncommon (7,13). Other associated 

clinical signs can include fever, headache, asthenia, and anorexia (7). Diarrhea begins 

acutely after the ingestion of contaminated food, with a mean incubation period of 3.2 

days (range: 18 hours to 8 days), which is longer than other intestinal infections such as 

Salmonella (13). Diarrhea is usually self-limiting with a median duration of 4.6 days in 

most healthy patients and hospitalization rates of 5-10%, but the organism can be shed in 

the stool for several weeks (13). 
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 Uncomplicated campylobacteriosis typically requires supportive treatment with 

oral or intravenous fluids and electrolytes (13,14). Intestinal complications can include 

appendicitis, colitis and post-infectious irritable bowel syndrome, but are uncommon. 

The effectiveness of antimicrobial therapy is debatable, though some studies, including a 

meta-analysis of clinical trials, have shown a shorter duration of illness if patients were 

treated empirically when first seeking care for diarrhea, providing that the Campylobacter 

strain was susceptible to the antimicrobial prescribed (13,15,16). The meta-analysis 

demonstrated that treatment with either erythromycin or a fluoroquinolone (ciprofloxacin 

or norfloxacin) decreased the mean number of days of diarrheic symptoms and shortened 

the excretion of Campylobacter in feces (16). However, others have noted that this effect 

was reduced in developing countries where mixed infection with other pathogens was 

common; moreover, treatment may even increase the risk of general and antimicrobial 

resistant Campylobacter infection (13,17,18). The most common antimicrobials used to 

treat acute, undifferentiated gastroenteritis and Campylobacter specifically are 

erythromycin (a macrolide) or ciprofloxacin (a fluoroquinolone) and it is common 

practice for physicians to prescribe one of these medications before any positive culture 

and antimicrobial susceptibility results are known (13). As a result, many cases of 

Campylobacter infection are treated with antimicrobials. 

 Direct complications secondary to Campylobacter infection are uncommon, but 

can be serious and potentially lethal. As Campylobacters are invasive bacteria, they may 

enter the blood stream via the gut, resulting in bacteremia that can disseminate to other 

body organs, causing problems such as abscesses, endocarditis/myocarditis, 

thrombophlebitis, peritonitis, osteomyelitis, septic arthritis, nephritis, prostatitis, urinary 
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tract infection, mastitis or abortion (7,13,19). Certain species of Campylobacter are 

isolated more frequently as the result of systemic infection, including C. fetus (usually 

subspecies fetus) and less commonly, C. upsaliensis, two species which are uncommon in 

enteritis cases (7,10,19). Patients with liver disease or compromised immune systems, 

such as persons with HIV/AIDS or systemic lupus erythematosus, are at increased risk of 

complications and recurrent infections and are a higher priority for antimicrobial 

treatment (13,20,21).     

 Indirect consequences of Campylobacter infection are also uncommon. Guillain-

Barré Syndrome, a neurological condition characterized by ascending paralysis due to 

acute demyelination of peripheral neurons, can arise secondary to any acute respiratory or 

intestinal infection, however, association with C. jejuni infection is common (22-26). 

Approximately 70-80% of cases recover completely, but severe, irreversible neurologic 

dysfunction and mortality can occur (24,25). Other complications include reactive 

arthritis (Reiter’s syndrome), urticaria, cellulitis, and erythema nodosum (7,13). A study 

by Lecuit et al. using molecular techniques suggested that there may be a link between C. 

jejuni infection and immunoproliferative small intestinal lymphoma, though the case 

numbers of the study were low (n = 7) and there was no temporal evidence to suggest 

infection preceded the proliferative state (27,28). 

 

Burden of illness 

 Campylobacter is estimated to cause 2.4 million human cases of diarrheic illness 

annually in the United States (29). In Canada, the National Notifiable Disease (NND) 

Summary reported annual cases ranging from 11,503 to 14,236 in 1996-1999 (30). The 
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reported annual rate in Canada for 2004 and 2005 was approximately 30 cases per 

100,000 person years (31). However, there is a high degree of under-reporting of 

infectious gastrointestinal illness cases in Canada as demonstrated by Majowicz et al., 

who developed a model to estimate the under-reporting in the Ontario surveillance chain 

(32). Flint et al. estimated that 5% of acute gastrointestinal illness cases reported to 

regional public health authorities in Canada were not forwarded to appropriate provincial 

counterparts, demonstrating the loss of information at one point in this multi-tiered 

reporting system (33). Some question the degree to which current isolation techniques 

may bias the population of Campylobacter species identified through the exclusion of 

slower-growing, less viable species with selective media (34). 

A Canadian study undertook to approximate the actual burden of illness of 

Campylobacter, Salmonella and verotoxigenic E. coli in Canada by estimating the 

proportion of cases that were not reported at each tier of the surveillance system from the 

point of primary physician contact to reporting of the case to the NND registry (35). 

Estimates were derived from known pathogen-specific data, the Public Health Agency of 

Canada’s National Studies on Acute Gastrointestinal Illness (NSAGI), the number of 

cases reported to the NND, the variation of sensitivities for pathogen isolation and levels 

of reporting for bloody versus non-bloody cases of diarrhea. Application of this model 

determined that for every human case of campylobacteriosis reported to the NND there 

were approximately 23-49 cases annually per 1000 Canadian population (35). This 

translated into 283,052-599,650 human cases annually compared to the average 12,264 

cases reported to the NND (2003-2004 data) (35). 
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Risk factors for infection 

 In developed countries there is a bimodal age distribution of cases, with an 

increased incidence in children less than 4 years and young adults from 15-44 years of 

age (11,21). In developing countries, there is a peak incidence in children, but not in 

adults, which has been attributed to acquired immunity from repeated exposure (11,21). 

There is a mild predilection towards male infection, with a case ratio of approximately 

1.2:1 (11,21). The incidence of campylobacteriosis varies seasonally similar to that of 

Salmonella and E. coli O157:H7, with a peak number of cases in the mid to late summer 

months (21,36). This may be the result of higher risk food practices, such as barbecuing, 

but has also been shown to coincide with higher levels of poultry and cattle colonization 

(21,37). Others have suggested it has a pattern similar to waterborne illnesses (38). 

 Though common-source outbreaks associated with food or water have been 

identified, the majority of human cases occur sporadically. It is well recognized that food 

is the main source of sporadic human infection (21). There are many case-control studies 

in the literature identifying risk factors for Campylobacter infection in developed 

countries that indicate several common routes of transmission: consumption of 

(undercooked) poultry products, exposure to poultry, zoonotic transmission from pets and 

other animals, drinking raw milk and drinking contaminated water (21). Other, less 

common sources and exposures include other meats, shellfish, swimming, foreign travel, 

and in one study, prior treatment with antimicrobials (17,21). 

It is not surprising that food is a common source of human infection as healthy 

food animal reservoirs include cattle, swine, and especially poultry (39). There are 

species predilections, as C. jejuni tends to predominate in poultry whereas C. coli 
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predominate in swine (40-42). Campylobacter can also be found in companion animals 

(dogs and cats), zoo animals, and wild birds, with different Campylobacter species 

predilections in these other sources (39,43,44). Colonization is especially high in 

chickens where new broiler chicks entering production houses are typically negative for 

enteric Campylobacter colonization but have prevalences of up to 100% by market age 

(39). Cross contamination of carcasses is common at slaughter, resulting in the retail 

poultry contamination detected by surveillance programs (39,45-48). 

 

Antimicrobial susceptibility testing in Campylobacter species 

 Agar dilution, broth macrodilution and broth microdilution methods have been 

used to determine quantitative minimum inhibitory concentrations (MICs) for 

Campylobacter strains (4). Agar dilution, considered the gold standard, and broth 

macrodilution are not practical for routine antimicrobial susceptibility testing in clinical 

laboratory settings (49). However, increasing standardization and automation of broth 

microdilution have enhanced its use. Its disadvantages are cost and decreased flexibility 

to test various antimicrobial agents (49). Disc diffusion is a common, inexpensive method 

that qualitatively classes isolates into susceptible or resistant groups by measuring the 

zone of inhibition around an antibiotic-impregnated disc on an agar surface of 

standardized growth medium (49). The epsilometer (E) test is a more expensive 

modification of this technique, using a strip containing a defined antibiotic concentration 

gradient with a serial two-fold MIC interpretive scale; the intersection of inhibition with 

the scale gives an estimation of the MIC (49). 
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 The lack of standardized methods and breakpoints for the antimicrobial 

susceptibility testing of Campylobacter has created variability in reports of resistance 

profiles (4). Comparisons have shown common methods (disc diffusion and E test) to be 

comparable to dilution methods for most antimicrobials. Gaudreau et al. demonstrated 

very small percentages (<2%) of minor, major and very major errors of susceptibility 

classification to erythromycin, ciprofloxacin, and tetracycline for C. jejuni and C. coli 

(50). Further work by Gaudreau et al. compared agar dilution to disk diffusion and found 

that there was complete agreement between the two for resistance categorization of 

nalidixic acid, ciprofloxacin and erythromycin (51). However, the comparison of 

agreement in these studies was simply for classification of each isolate as susceptible or 

resistant, not for actual MIC values. 

Studies comparing E test to dilution methods for Campylobacter have yielded 

mixed results with varying consistencies between MICs (52-58). Generally, E test tended 

to underestimate highly susceptible and overestimate highly resistant MICs compared to 

agar dilution methods for ciprofloxacin, erythromycin and tetracycline, but they generally 

had good reliability for the classification of resistance (52-54,59). Comparisons of E test 

to broth microdilution were less consistent and dependent on the antimicrobial in 

question. Luber et al. found that compared to E test, broth microdilution tended to 

overestimate MICs for quinolones as well as the proportion of quinolones that were 

resistant (57). They found that for erythromycin, the effect was the opposite in that broth 

underestimated MICs compared to E test, but the categorization of resistance was not 

affected. Despite these findings, they demonstrated that 90% of strains had MICs within 

the accepted accuracy limit of ±1 log2 dilution for all antimicrobials tested. In contrast, 
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Ge et al. found the overall MIC agreement (±1 log2 dilution) to be 61.9%, ranging from 

21.4% for nalidixic acid to 92.6% for gentamicin, when comparing E test with agar 

dilution (53). 

Despite differences noted in MIC determination using the E test method, the 

agreement in resistance interpretation remains high for most antimicrobials (52,54). Most 

errors tend to be minor, meaning that a strain that was intermediate by one method is 

classed as resistant by another. Comparisons tended to find higher proportions of minor 

differences in MIC values for erythromycin (54). Some studies reporting high agreement 

between E test and dilution methods had low proportions of resistant organisms; test 

agreement might be affected by isolates with a wider range of MICs and a higher 

prevalence of resistance (52,56). Overall, the literature would suggest that E test is a 

reasonable substitute for dilution methods when considering its utility. However, 

awareness of the potential for minor errors is necessary. 

 

Surveillance of antimicrobial resistance in Campylobacter species 

In the 21
st
 century, surveillance for antimicrobial resistance in enteric organisms 

is commonplace in a number of developed countries. These programs, like the Canadian 

Integrated Program for Antimicrobial Resistance Surveillance (CIPARS), employ an 

integrated “farm-to-fork” approach, meaning that they collect, analyze, and report data on 

antimicrobial use and resistance in enteric pathogens and commensal organisms from 

humans and agri-food sectors (60). Active surveillance of Campylobacter from retail 

chicken has been in place in Ontario and Québec since 2003 (61). Surveillance of retail 

chicken in Saskatchewan and abattoir beef in Canada were added in 2005 (48), retail 
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chicken in British Columbia in 2006 (47) and the Atlantic Provinces in 2008 (62). 

Despite these activities, representative surveillance of antimicrobial resistance in 

Campylobacter isolates from humans in Canada remains scant. Saskatchewan is the only 

province in Canada to conduct passive surveillance of antimicrobial resistance in human 

isolates of Campylobacter (63). The United States and a number of European countries, 

including Denmark, the Netherlands, Sweden, and Norway have integrated antimicrobial 

resistance surveillance programs that include human isolates of Campylobacter (64-68). 

The European Antimicrobial Resistance Surveillance Network monitors resistance at the 

continental level, but does not currently include Campylobacter (69). 

 

Human Campylobacter resistance to antimicrobials important for human health 

Fluoroquinolones 

 The emergence of fluoroquinolone resistance in C. jejuni and C. coli isolates from 

human cases followed their approval for use in agricultural food animals in many 

countries (70,71). As a result, increasing resistance to quinolones and fluoroquinolones 

have been noted around the globe in the 21
st
 century (13,72). Popular tourist destinations, 

such as Spain and Thailand, have reported alarming increases. Ciprofloxacin resistance 

from human Campylobacter isolates in Spain increased from zero (1988) to 49.5% in 

1992 (73). Other Spanish studies of C. jejuni and C. coli showed similar trends from 1987 

to 1993 (74,75). By 1998, resistance in human isolates of C. jejuni and C. coli in Spain 

reached 75% (76). Similar trends have been reported in Thailand with levels as high as 

95% in C. jejuni (77-80). Reports from China (2008), Hong Kong (2002) and Taiwan 

(1994-2003) report high levels as well, but these results should be interpreted with 



 

 12 

caution as they were based on small, convenience samples of isolates, and in one case on 

a mixed sample of human and chicken isolates (81-83). 

 Ciprofloxacin resistance rose to between 20-40% in European countries by 2006, 

including Denmark, the Netherlands, France and Austria (13). Proportions of resistance 

from 2006-2009 by country are shown in Table 1.1. Denmark (domestic cases) and the 

UK (all cases) remained between 20-40%, while Sweden and the Netherlands reached as 

high as 62% and 51%, respectively; levels in domestic cases in Norway have remained 

low (0-12%) in the same period. In comparison, resistance in human cases in the United 

States remained lower than Europe, ranging from 20-26% in 2006-2008 and have had 

comparable levels since 1993 (13). 

 For Canada, there are no human antimicrobial resistance surveillance data for 

Campylobacter species other than the preliminary report of data for human isolates of 

Campylobacter in Saskatchewan, a collection of all provincially reported cases from 

passive surveillance where ciprofloxacin resistance was 8% from 1996-2004 (63). Other 

targeted Canadian studies have found varying levels of ciprofloxacin resistance. The most 

recent data are from 2004-2005 in Alberta, where a study of 210 patients from two health 

regions with Campylobacter species infection found ciprofloxacin resistance in 31% of 

infections (84). Earlier work in Alberta reported levels of 2% in C. jejuni isolates from 

the Provincial Public Health Laboratory from 1999-2002 (85). Work in Québec detected 

the emergence and significant increase of ciprofloxacin resistance in isolates from the 

Hôpital Saint-Luc du Centre Hospitalier in Montreal (0%, 3.5%, and 12.7% in 1985-86, 

1992-93, and 1995-97, respectively; p < 0.05) (86). In this region, resistance increased 

significantly to alarming levels in this population by 2001 (p < 0.01), with levels of 10% 
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(1998), 27% (1999), 26% (2000), 47% (2001) (87), and 44% (2002-2006) (51). Another 

study in the St. Hyacinthe region of Québec detected levels of 9% in C. jejuni and 19% 

from C. coli in 1998-1999 (42). 

 

Macrolides 

 Resistance to macrolides, namely erythromycin and azithromycin used to treat 

campylobacateriosis, emerged in 1989, but levels have remained low and stable in many 

countries around the globe, with a few exceptions (13,70). However, all studies report 

higher levels of erythromycin resistance in C. coli (0-29%) compared to C. jejuni (0-

20%) (72). In fact, some studies found higher levels of fluoroquinolone and macrolide 

resistance in C. coli isolates compared to C. jejuni, and this finding was further 

pronounced in pigs, which reported macrolide resistance in up to 83% of C. coli isolates 

(41,42,88-90). Though human erythromycin resistance in C. jejuni between 1997-2005 

ranged from 0-20%, levels were less than 10% in the majority of countries (Europe, 

Australia, Mexico, Spain, Thailand, the United Kingdom, and Vietnam) (13,85). The only 

countries with higher resistance were Bosnia-Herzegovina (20%) and Canada, 

specifically Québec (12%) (13,87). For C. coli in the same time period, the levels of 

erythromycin resistance ranged from 0-29%, with the majority of countries less than 

20%; however, Denmark, Germany, Italy, Spain, Thailand, the United Kingdom and 

Bosnia-Herzegovina all reported resistance between 20-29% in human isolates (13). 

 The levels of erythromycin resistance from 2006-2009 by country are shown in 

Table 1.2. All countries with data, including Denmark, Norway, the Netherlands, 

Sweden, the United States, Scotland, Ireland and Canada (Alberta) remained at stable, 
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low levels (< 10%). One exception is Québec, that reported erythromycin resistance of 

12% in 2001 (87) and 16% from 2002-2006 (51) in a collection of human isolates of C. 

jejuni from a hospital population. The preliminary report of the Saskatchewan data 

reported 57 % erythromycin resistance in human isolates of Campylobacter species in 

Saskatchewan (1996-2004), a collection of all provincial cases from passive surveillance 

(63). However, it was later verified that the large majority of these isolates had MICs of 

intermediate susceptibility (1-4 µg/mL) based on old CIPARS breakpoints prior to 2005 

(91), and that the actual proportion of erythromycin resistance was very low. Another 

study in Alberta from 1999-2002 on C. jejuni cases from the Provincial Public Health 

Laboratory found no erythromycin resistance (85).  

 

Mechanisms of antimicrobial resistance in C. jejuni and C. coli 

 Sequencing of the C. jejuni genome identified that it lacked elements allowing for 

incorporation of resistance genes on mobile genetic elements, such as insertion 

sequences, prophages and transposons (72). As a result, resistance to antimicrobials of 

importance to human health in C. jejuni and C. coli, such as macrolides or 

fluoroquinolones, is generally the result of genetic mutation resulting in protection of 

antimicrobial targets or target modification (92,93). Interestingly, unlike macrolides and 

fluoroquinolones, tetracycline resistance in Campylobacter is mediated by plasmid 

transfer of the tet(O) gene coding for a ribosomal protection protein, though this gene can 

also be chromosomally encoded in some strains (85,93,94). Conjugative transfer of this 

plasmid appears to occur between the different Campylobacter species, but does not seem 

to occur with other gram negative bacteria (85,95). 
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 Cross-resistance to all fluoroquinolones, such as ciprofloxacin, is chromosomally 

mediated by spontaneous mutations in the quinolone-resistance determining regions of 

DNA housekeeping genes, DNA gyrase and topoisomerase, preventing the double-

stranded DNA breaks and bacterial cell death that is typically the result of exposure to 

these antimicrobials (96). In C. jejuni, clinically relevant resistance can develop with a 

single point mutation in the gyrA gene coding for GyrA subunit of DNA gyrase (93). 

Various mutations have been identified in C. jejuni, including those at Thr-86, Asp-90, 

Ala-70, with the Thr-86-Ile mutation being most common, resulting in high-level MICs 

for all fluoroquinolones (72,92,93,97). Though mutations in the parC gene for 

topoisomerase in Campylobacter were initially reported, subsequent research identified 

that Campylobacter lack the parC and parE genes (92,93,98). 

 Macrolides, such as erythromycin and azithromycin, target the bacterial ribosome 

and inhibit protein synthesis by their subsequent binding (93). Macrolide resistance in C. 

jejuni and C. coli is the result of modification of the ribosome target binding site by either 

mutation of the 23S rRNA or resulting proteins at the site rather than target methylation 

or enzymatic drug modification seen in other bacterial species (72,96). Base substitutions 

at positions 2074 and 2075 of the adenine residues in all three copies of the 23S rRNA 

gene (rrnB operon) in Campylobacter are the most common mutations conveying 

erythromycin resistance (92). Resistance to erythromycin tends to correspond with cross-

resistance to other macrolides (e.g. azithromycin and clarithromycin) as well as related 

drugs of the lincosamide (e.g. clindamycin) and strepotgramin groups (94). 

Multi-drug resistance in pathogens and commensal bacteria decreases treatment 

options for human infection and serves as a source of resistance determinants in bacterial 
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populations (99,100). The presence of genes on mobile genetic elements encoding 

resistance mechanisms to antimicrobials of different classes is of particular concern as 

this allows for co-selection of resistance to these varied classes through antimicrobial 

treatment (101,102). Some work has noted a possible epidemiologic linkage between 

ciprofloxacin and tetracycline resistance in Campylobacter, but molecular explanations 

for this were not reported (46,87). Campylobacter jejuni and C. coli have been shown to 

possess a multi-drug efflux pump, named CmeABC, encoded by a three-gene operon 

(cmeABC) that can increase the MICs of various antimicrobial classes and may contribute 

to multidrug resistance (103-106). More recently, another CmeDEF efflux pump in C. 

jejuni has been shown to interact with CmeABC to confer intrinsic resistance (107,108). 

The CmeABC pump contributes synergistically to high levels of macrolide, 

fluoroquinolone and tetracycline resistance, as well as resistance to other structurally 

unrelated antimicrobial compounds, such as chloramphenicol, ethidium bromide, acridine 

orange die, sodium dodecyl sulfate detergent and bile (92,93,103,109,110). Though the 

pump on its own does not convey resistance to antimicrobials important to human health, 

its contribution to multidrug resistance including these antimicrobials is a concern (72). 

 

Epidemiology of resistance in C. jejuni and C. coli from humans 

Antimicrobial resistance in Campylobacter from animals and the food chain – the risk 

to human health 

 It is well recognized that food is the main source of human infection with 

Campylobacter. There is a large body of evidence documenting the presence of both 

fluoroquinolone and macrolide-resistant Campylobacter in food animal species, including 
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broiler chickens, pigs and beef cattle (111,112). There is a similarly large body of 

evidence documenting resistant Campylobacter in the food chain, including retail meats 

in Canada (62,112-114). The presence of antimicrobial resistant Campylobacter in food 

animals and in the food chain, therefore, represents an exposure risk for human infection 

with resistant isolates (115). There is a strong temporal link between the approval of 

fluoroquinolones for use in poultry and the subsequent emergence of resistance in food 

animal and human populations (116). Endtz et al. demonstrated the emergence of 

ciprofloxacin resistance in poultry and human isolates from 1982 to 1989 after the 

approval of enrofloxacin for veterinary use in the Netherlands in 1987 (71). Similar 

temporal evidence resulted in the withdrawal of fluoroquinolone approval in poultry in 

Canada (1997) and the Unites States (2005) (70,111). The US withdrawal followed a 

quantitative risk assessment of the human health impacts from consuming chicken 

harboring fluoroquinolone-resistant Campylobacter (117). 

Experimental evidence supports the hypothesis that agricultural antimicrobial use 

selects for antimicrobial resistance in Campylobacter species. Studies in the Netherlands 

and the United States demonstrated the rapid induction of fluoroquinolone resistance in 

Campylobacter species from broilers when treated with fluoroquinolones (118,119). A 

similar study found that fluoroquinolone treatment of chicks experimentally infected with 

susceptible C. jejuni not only developed resistance within one day of treatment, but that 

these resistant strains outcompeted susceptible strains and likely transmitted between 

birds, resulting in ubiquitous colonization within flocks (109). It has also been shown that 

fluoroquinolone resistant C. jejuni may have a fitness advantage over susceptible strains 

in chickens (120). When co-inoculated into chickens, fluoroquinolone-resistant C. jejuni 
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strains outcompeted and completely replaced susceptible strains (121). This would allow 

for the persistence of resistant strains in food animal species even after the removal of 

selection pressure through the withdrawal of fluoroquinolone approval in agriculture 

(122). 

The use of tetracycline for growth promotion has been shown to increase 

tetracycline resistance in Campylobacter isolates from feedlot cattle (123). Lin et al. 

demonstrated that chickens fed tylosin (a macrolide) at sub-therapeutic doses typical for 

growth promotion developed erythromycin resistance in both C. jejuni and C. coli, but 

only after 17-31 days of treatment (124). They also found that in vitro exposure of both 

species induced similar but low spontaneous mutation frequencies conveying 

erythromycin resistance (124). Experimental evidence demonstrated that the macrolide 

resistance phenotype associated with common 23S rRNA mutations was stable in vitro 

for both C. jejuni and C. coli in the absence of antimicrobial selection pressure (125). 

Other work found that highly resistant C. jejuni strains (MIC > 256 µg/mL) harboring 

23S rRNA mutations maintained the resistance phenotype in the absence of macrolide 

selective pressure or competition in vitro and in vivo in chickens (126). This was in 

contrast to low-level resistant strains with different mutations that were not stable in the 

absence of selection pressure. Further, experimental work on C. coli demonstrated that 

erythromycin resistance could be obtained via transformation in vitro, but there is little 

work on its stability in vivo in swine and poultry (127). Unpublished findings discussed 

in a recent review of antimicrobial resistance in Campylobacter suggested that 

erythromycin-susceptible strains were able to outcompete resistant strains in a live 
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chicken model (90), but the in vivo fitness of macrolide-resistant Campylobacter species 

remains in question. 

 The majority of experimental research for the induction and/or selection of 

resistance through agricultural antimicrobial use has been in poultry. A systematic review 

and meta-analysis found that Campylobacter from conventional retail chicken were more 

likely to be ciprofloxacin-resistant compared to organic retail chicken (odds ratio 9.62, 

95% CI 5.76-16.35) (128). However, studies included in the meta-analysis still detected 

resistance to ciprofloxacin, erythromycin and tetracycline in C. jejuni and C. coli from 

organically produced chicken that in theory has not been exposed to antimicrobials (129-

131). Quantification of the level of risk to human health from antimicrobial resistant 

Campylobacter infection that is attributable to agricultural antimicrobial use remains a 

difficult task due to the complex nature of the farm to consumption continuum and the 

lack of data for many steps in this transmission pathway (132). A risk assessment 

conducted on behalf of the United States Food and Drug Administration attempted to 

estimate the human burden of illness of fluoroquinolone-resistant C. jejuni attributable to 

eating chicken meat (117). This quantitative risk assessment employed a top-down 

approach using Campylobacter antimicrobial resistance surveillance data rather than a 

bottom-up approach that would consider the farm to consumption pathway and used 

epidemiological studies to estimate the risk from fluoroquinolone-resistant 

Campylobacter on chicken meat (117,132). 
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The source of resistant Campylobacter infections 

 Much debate exists over the roles of agricultural and human antimicrobial use in 

the rapid development of antimicrobial resistance in Campylobacter from humans in such 

a short time. Though there is vast evidence for resistant Campylobacter in the food chain, 

it has also been documented that fluoroquinolone resistance develops rapidly in 

previously susceptible C. jejuni and C. coli in human patients treated with norfloxacin or 

ciprofloxacin (133,134). However, published data regarding changes in human 

antimicrobial use and its role in resistant Campylobacter infection is lacking. Further, 

most Campylobacter infections are sporadic and resistant strains likely do not transmit 

between humans (21). 

The epidemiologic studies of resistant Campylobacter infections in humans have 

focused on fluoroquinolone resistance. All reported case-control studies in developed 

countries have identified travel to foreign destinations such as Asia, Latin America, the 

Middle East and some regions of Europe (e.g. Spain and Portugal) as a risk factor for 

fluoroquinolone-resistant Campylobacter infection (18,84,135-139). However, only one 

US study identified a link between prior quinolone use and quinolone-resistant infection 

(18). These authors also determined that though quinolone use was a risk factor, it was 

only responsible for 15% of resistant cases in the study. In contrast, other studies 

considered prior antimicrobial use and found that it was not a risk factor for resistant 

infection (136,137,139). Identification of common food source risk factors for resistant 

infection remains inconsistent, ranging from chicken and turkey consumption to cold, 

pre-cooked meats, other poultry products and bottled water (135,137,139). Comparisons 

between studies are also hindered by varying case definitions with respect to species (C. 
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jejuni versus all Campylobacter species) and MIC breakpoints for CIP resistance 

(18,135,137,139). 

There are few published data that describe local Canadian risk factors for 

fluoroquinolone-resistant Campylobacter infection. A case-control study in Alberta found 

that foreign travel to Asia, Latin America and Europe, as well as the possession of non-

prescribed antimicrobials for future use were associated with increased risk of 

ciprofloxacin resistance in Campylobacter species infections (84). However, food 

consumption variables and empirical antimicrobial treatment prior to stool sample 

collection were not associated with resistant infection. Further, this study was based on 

Campylobacter cases from two of five health regions in the province, representing only a 

small portion of the cases in that province and Canada. 

 

Clinical consequences of resistant Campylobacter infection 

 Emerging resistance to the fluoroquinolone class is a major public health concern 

for numerous reasons. First, these drugs are commonly used to treat severe gram negative 

infections in people (93); emerging resistance may limit their effectiveness and increase 

their burden of illness (140,141). Second, resistance appears quickly under selection 

pressure in various bacterial species, especially Campylobacter (118,119). Third, the 

approval of fluoroquinolones by many countries for the use in poultry, often for mass 

medication by addition to water, is a major selection pressure for the development of 

resistance in Campylobacter (70). Fourth, as food, particularly poultry, is the main source 

of human Campylobacter infection, poultry has become a reservoir for human infection 

with resistant isolates (111,112). Consideration of the potential number of Campylobacter 
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infections in the Canadian population in concert with the increased burden of illness from 

resistance further highlights the public health importance of resistant Campylobacter 

(35,142). 

 There are a number of studies that document an increased clinical significance of 

resistant Campylobacter infection. Helms et al. conducted a large cohort study in 

Denmark demonstrating that, after adjusting for co-morbidity, patients with resistant 

Campylobacter species infection had an increased risk of an adverse health event, defined 

as invasive illness or death. Specifically, patients with a quinolone or erythromycin-

resistant strain had a greater than 5-fold increased risk of an adverse health event (OR 

6.17, 95% CI 1.62-23.47; OR 5.51, 95% CI 1.19-25.50, respectively) (143). A review of 

fluoroquinolone resistance in Campylobacter reported that based on unpublished Centers 

for Disease Control and Prevention data, resistant infections may be associated with 

higher rates of hospitalization than susceptible infections (144). 

 Initial studies suggested that fluoroquinolone resistance increased the duration of 

clinical symptoms of diarrheic illness from Campylobacter species infection in humans. 

Nelson et al. analyzed the median duration of diarrhea in ciprofloxacin-resistant and 

susceptible Campylobacter infections using multivariable ANOVA. In their final 

multivariable model, they found that persons with a resistant infection had a median 

duration of 9 days versus 8 days for susceptible infections (p = 0.01), after adjusting for 

foreign travel and treatment with antimicrobials, antidiarrheals and antacids (145). Other 

studies reported similar findings, but did not conduct multivariable analyses to adjust for 

these factors (18,137), and some reports did not find a difference in the duration of illness 

between resistant and susceptible infections (135,146). A review and re-analysis of data 
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from these existing studies and new data found that resistant infections did not have 

prolonged diarrhea compared to susceptible infections (147). However, these results need 

to be interpreted with caution for two reasons: 1) they combined data from multiple 

studies that used different MIC breakpoints for resistance categorization; and 2) they did 

not use a formal systematic review and meta-analysis to account for and measure 

heterogeneity between studies and derive an overall estimate of the effect of resistance. 

As a result, the most thorough analysis of the duration of diarrhea, provided by Nelson et 

al., suggests there is a longer duration of clinical symptoms on resistant cases, but this 

finding requires further study. 

 

Analyzing antimicrobial resistance surveillance data 

Models to assess temporal trends in resistance 

Most antimicrobial resistance studies and surveillance programs report the 

prevalence of resistant isolates based on measured MICs and standardized MIC 

breakpoints for categorization into susceptible, intermediate susceptibility and resistant 

(S-I-R) or simply S-R groups (46). Such categorization has the potential to limit the 

sensitivity of surveillance programs to detect subtle changes in MICs over time that may 

only be identified with substantial shifts in resistance prevalence (148,149). Further, lack 

of consistency and changes in MIC breakpoints can affect reported prevalences, altering 

and obscuring important temporal increases in resistance (63). If practicle and valid, such 

methods could enable earlier detection of shifts in resistance trends for different bacteria / 

antimicrobial combinations, enabling surveillance programs to recommend more timely 

interventions before there are large changes in resistance prevalence (149). However, 
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modeling MICs to detect temporal patterns has proven difficult due to their inherent lack 

of a normal distribution as a discrete, censored, ordinal outcome (149-152). 

Several analytical models have been considered for MIC data. Transformation of 

MIC values onto a linear scale has been attempted, but typically suffers from a non-

normal distribution (149). Tobit regression models have been used for left and right 

censored data, as they model the probability of reaching the floor and ceiling of the data, 

as well as the probability of the outcome between these low and high values (153,154). 

However, they cannot account for censoring of categories between the low and high 

values and to date, there are no published reports of their application to MIC data. 

Several studies have employed multinomial regression models with antimicrobial 

resistance data (151,155-157). Multinomial logistic regression can consider multiple 

outcomes beyond a simple dichotomous disease or non-diseased state (158). Such models 

could be used to analyze categorized S-I-R or MICs, but no published studies have 

considered these outcomes to date. 

Cox proportional hazard survival modeling is another analytical strategy for MIC 

data (149,152). These discrete-time survival models consider concentration-to-inhibition 

of bacterial growth as the “time-to-event” typical of Cox models (159). These semi-

parametric models included indicator variables for MIC dilutions, which avoids the need 

to make assumptions about the form of the underlying hazard function for time, or in this 

case concentration (159). The models can be used to predict discrete-MIC hazards, which 

represent the conditional probability of the event (inhibition of growth), occurring at a 

concentration point, given that it has not already been inhibited (160). Time is 
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incorporated as a covariate into these models to predict how the MIC hazards change 

over time. 

The only work that has considered analytical models for MIC data was a report to 

CIPARS that used ciprofloxacin MIC data for human isolates of Salmonella (161). This 

report compared a proportional-odds ordinal logistic regression model, a form of 

multinomial regression, to the Cox proportional hazard model for MIC data. The 

proportional-odds model violated the main model assumption that the effect of the 

predictors on the outcome was constant across all categories, a finding that has been 

supported by others (151,158). Reasonable success was achieved with the Cox survival 

models using spline variables for date to model the effect of time. There has also been 

interest in the use of Poisson models to approximate the Cox proportional hazards model 

with the potential advantage of fewer problems with parameter estimation and model 

convergence (150,152,161). 

The validity of interpreting temporal changes in antimicrobial resistance using 

surveillance data hinges on two main assumptions: constancy over the time period in 

question with respect to 1) the sampling intensity of the surveillance program; and 2) the 

population at risk (148,161). Antimicrobial resistance surveillance data are typically 

based on passive surveillance and the sample may be biased by changes in clinical 

awareness of the disease agent in question. As a result, temporal trends in resistance need 

to be interpreted with caution as laboratory sample submissions may vary between 

clinicians, regions and time periods, as well as by disease and age group (148,161,162). 

Identified trends should be considered in light of any major changes in population or 

perceptions of disease importance between regions and time periods. 
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Scan statistics and clustering of Campylobacter infections 

Scan statistics are a useful tool for identification of clusters of infectious and 

foodborne disease in space, time and space-time (163-166). They have been used to 

identify clusters of foodborne diseases in Canada, including human infections due to E. 

coli O157:H7 in Alberta (164) and Campylobacter species in rural and urban populations 

in Manitoba (163). A Norwegian study identified significant space-time clusters of 

Campylobacter species in humans and broiler flocks in simultaneous local regions (167). 

Scan statistics utilize a moving scanning window of variable size across space (circular 

window), time (date interval window) or space-time (cylindrical window with the circular 

base for space and the height for time) while comparing the ratio of observed to expected 

cases within the window (168). The significance of each cluster is determined using 

Monte Carlo simulation methods that employ a likelihood ratio test for the null 

hypothesis that the risk of being a case within the window is no different than outside the 

window. Identification of significant spatial clusters of resistant Campylobacter infection 

could suggest underlying geographical risk factors, whereas temporal or space-time 

permutation clusters may represent outbreaks of resistant infection. To date, there are no 

published studies that have applied the scan statistic to detect clusters of resistant 

Campylobacter infection. 

Molecular epidemiology is another tool for source attribution and validation of 

clusters of foodborne diseases such as Campylobacter by relating isolates from various 

sources (e.g., humans and food or livestock) within clusters to one another genetically. 

Work in Québec using multilocus sequence typing (MLST) determined that human 

isolates of C. jejuni were related to isolates found in chicken, raw milk and environmental 
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water (169). A number of molecular techniques have been used to type Campylobacter 

species beyond the traditional phenotypic serotyping methods, but none have been 

identified as the universal method (170-172). 

The eBURST extension of the BURST (Based Upon Related Sequence Types) 

analysis applies heuristic clustering algorithms to divide large groups of isolates into non-

overlapping clonal complexes based on unique sequence types derived from MLST data 

of conserved housekeeping genes (172-174). The resulting arrangement of clonal 

complexes with their predicted primary, and possibly secondary founders are one 

proposed hypothesis for the pattern of evolution of a group of isolates. Such an 

arrangement can be used to infer short-term relatedness within a smaller group of isolates 

from an identified epidemiologic cluster or longer term evolution of a larger group of 

isolates from a larger geographic or temporal region. Though not its traditional use, the 

application of eBURST to categorized antimicrobial resistance data has been used to 

group isolates in the same manner (175). The presence of eBURST antibiogram groups 

would lend weight to the biological importance of detected clusters. This identification 

could be used to further generate hypotheses for the epidemiologic investigation of the 

resistant infections in humans. 

Inferring short and long term evolutionary relatedness of Campylobacter species 

using molecular typing techniques has been challenging owing to its frequent intraspecies 

recombination (176-178). eBURST analysis of MLST data has provided some insight in 

the population structure of groups of C. jejuni isolates, but the organism’s propensity for 

recombination and transformation continues to create problems with evolutionary 

inference based on the relatively few genes sampled by this method (172,174). Recently, 
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comparative genomic hybridization has showed promise for the molecular typing of 

Campylobacter species; this genomic analysis is a micro-array-based method that 

considers the entire genome and has high discriminatory capacity (179,180). 

 

STUDY RATIONALE AND RESEARCH OBJECTIVES 

 Representative antimicrobial resistance surveillance data for human 

Campylobacter infections in Canada is scant. The Saskatchewan Disease Control 

Laboratory has maintained and tested the antimicrobial susceptibility of all reported 

human cases of Campylobacter species for the province of Saskatchewan since the mid-

1990s. These data offer the first opportunity to study the antimicrobial susceptibility of a 

provincial sample of human Campylobacter infections in Canada. Although the focus of 

the research described in the following chapters is resistance in Campylobacter species 

from Saskatchewan, the findings should apply to antimicrobial resistance surveillance for 

Campylobacter and other foodborne bacterial species in Canada and other countries. The 

major research objectives of this project are to: 

1) Describe the prevalence of antimicrobial resistance in human isolates of 

Campylobacter species in Saskatchewan from 1999 - 2006 (Chapter 2). 

2) Assess analytical strategies for antimicrobial resistance data that compare 

categorized (S-R) to MIC data using susceptibility data from C. jejuni in 

Saskatchewan (Chapters 3 and 4). 

3) Identify temporal changes in antimicrobial resistance from human isolates of C. 

jejuni using logistic and Cox proportional hazard survival models (Chapter 3). 
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4) Detect clusters of ciprofloxacin-resistant infections with C. jejuni in space, time 

and space-time in Saskatchewan and to identify the optimal scan statistic model to 

detect these clusters (Chapter 4). 

5) Assess the utility of eBURST methods for antibiogram data to validate clusters of 

ciprofloxacin-resistant C. jejuni in Saskatchewan (Chapter 4). 

6) Identify individual, regional contextual and agricultural risk factors for human 

infection with ciprofloxacin-resistant C. jejuni in Saskatchewan using multilevel 

models (Chapter 5). 

7) Inform the Saskatchewan Ministry of Health about significant trends and risk 

factors for antimicrobial resistance in human Campylobacter infection to direct 

future surveillance and epidemiologic study and to use the results of this research 

to make recommendations to surveillance programs regarding future analytical 

methods for antimicrobial resistance data. 
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Table 1.1. The reported prevalences of ciprofloxacin resistance in human isolates of Campylobacter species by nation from 1996 to 

2009. Data for all years are not available or reported for each country / region. 

Country Species * 
Case 

Source 
†
 

Prevalence of Ciprofloxacin Resistance (%) 
‡
 

References 
2009 2008 2007 2006   Other Years % 

Denmark A 1 24 28 39 23  2005 28 (65,181-184) 
2 61 73 70 54  2005 80 

Norway A 
1 12 6 5 0  2005 6 

(68,185-188) 
2 74 70 57 59  2005 62 

Sweden 
§
 B 3 52 62 45 44  2005 52 (67) 

The Netherlands B 3 No Data 51 45 45  2002-2005 35 (66) 

UK C 4 35 38 34 27  2004-2005 26 (189,190) 

Scotland B 4 No Data No Data No Data 14  - No Data (191) 

N. Ireland 
║
 C 4 No Data No Data 32 24  2004-2005 19 (192) 

USA A 3 No Data 22 26 20  2005 22 (64,193-195) 

Canada – Alberta C 4 No Data No Data No Data No Data  2004-2005 31 (84) 

Canada – Alberta A 3 No Data No Data No Data No Data  1999-2002 3 (85) 

Canada – Saskatchewan C 3 No Data No Data No Data No Data  1996-2004 8 (63) 

Canada – Québec A 4 No Data No Data No Data No Data  2002-2006 44 (51) 

Canada – Québec A 4 No Data No Data No Data No Data  1998-2001 27 (87) 

           
 

* A: C. jejuni, B: C. jejuni + C. coli, C: all Campylobacter species. 
†
 1: surveillance – domestic cases, 2: surveillance – foreign cases, 3: surveillance – all cases, 4: study population – all cases. 

‡
 Minimum inhibitory concentration (MIC) resistance breakpoint is ≥4 µg/mL unless otherwise specified. 

§
 MIC resistance breakpoint is ≥1 µg/mL. 

║
 No MIC resistance breakpoint specified. 
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Table 1.2. The reported prevalences of erythromycin resistance in human isolates of Campylobacter species by nation from 1996 to 

2009. Data for all years are not available or reported for each country / region. 

Country Species * 
Case 

Source 
†
 

Prevalence of Erythromycin Resistance (%) 
‡
 

References 
2009 2008 2007 2006   Other Years % 

Denmark A 1 0 2 0 1  2005 0 (65,181-184) 
2 0 7 5 2  2005 0 

Norway A 
1 0 0 1 0  2005 0 

(68,185-188) 
2 0 2 6 1  2005 3 

Sweden
 §
 B 3 1 7 7 4  2005 1 (67) 

The Netherlands
 §

 B 3 No Data 2 3 2  2002-2005 2 (66) 

Scotland B 4 No Data No Data No Data 2  - No Data (191) 

N. Ireland
 ║

 C 4 No Data No Data 1 2  2004-2005 3 (192) 

USA A 3 No Data 2 2 1  2005 2 (64,193-195) 

Canada - Alberta A 3 No Data No Data No Data No Data  1999-2002 0 (85) 

Canada - Saskatchewan 
¶
 C 3 No Data No Data No Data No Data  1996-2004 57 (63) 

Canada - Québec A 4 No Data No Data No Data No Data  2002-2006 44 (51) 

Canada - Québec A 4 No Data No Data No Data No Data  1998-2001 1-12 (87) 

           
 

* A: C. jejuni, B: C. jejuni + C. coli, C: all Campylobacter species. 
†
 1: surveillance – domestic cases, 2: surveillance – foreign cases, 3: surveillance – all cases, 4: study population – all cases. 

‡
 Minimum inhibitory concentration (MIC) resistance breakpoint is ≥32 µg/mL unless otherwise specified. 

§
 MIC resistance breakpoint for C. jejuni is ≥8 µg/mL and for C. coli is ≥32 µg/mL. 

║
 No MIC resistance breakpoint specified. 

¶
 MIC resistance breakpoint is ≥8 µg/mL. This prevalence contains resistant and intermediate-susceptibility isolates (which were the majority). The actual 

prevalence of resistance was not reported. 
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CHAPTER 2  

Antimicrobial resistance of human Campylobacter species infections in 

Saskatchewan, Canada (1999-2006): a provincial collection of all reported cases 

 

ABSTRACT 

The objective of this study was to describe antimicrobial resistance in human 

clinical Campylobacter species isolates obtained by laboratory surveillance from 1999 to 

2006 in Saskatchewan. A total of 1378 Campylobacter isolates were subjected to 

antimicrobial susceptibility testing using the E test method; 1200 (87.1%) were C. jejuni 

and 129 (9.4%) were C. coli. Prevalences of resistance among C. jejuni isolates were: 

ciprofloxacin (9.4%), erythromycin (0.5%), and tetracycline (33.3%). Ordinary logistic 

regression models demonstrated that ciprofloxacin resistance in C. jejuni decreased 

significantly from higher levels in 1999 (15.5%, OR = 3.96, p = 0.01) and 2000 (12.7%, 

OR = 3.10, p = 0.01) compared to 2004 (4.4%), but then increased significantly in 2005 

(10.2%, OR = 2.47, p = 0.05) and 2006 (13.0%, OR = 3.22, p = 0.01). Ordinary and exact 

logistic regression models demonstrated that the risk of resistance in C. coli was 

significantly higher for ciprofloxacin (15.5%, OR = 1.78, p = 0.03) and erythromycin 

(13.2%, OR = 60.12, p < 0.01) compared to C. jejuni isolates. No C. jejuni isolates were 

multidrug resistant (≥ 3 classes) or were resistant to both ciprofloxacin and erythromycin, 

but C. coli isolates had a significantly higher risk of multidrug resistance (2.3%, OR = 

36.29, p < 0.01) and ciprofloxacin-erythromycin resistance (3.1%, OR = 50.23, p < 0.01) 

than C. jejuni. This is the first report of antimicrobial resistance from a provincial 

collection of all reported human isolates of Campylobacter species in Canada. Further 
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work is warranted to elucidate risk factors for resistant Campylobacter infection in 

Saskatchewan. 
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INTRODUCTION 

Campylobacter is one of the leading causes of acute bacterial gastroenteritis (1). 

Infection is typically characterized by self-limiting diarrhea (2) and serious complications 

are rare, but can include invasive (blood stream) infection, reactive arthritis and acute 

peripheral nervous demyelination, known as Guillain-Barré syndrome (1). In many 

countries, it is well recognized that food, particularly raw or undercooked chicken, is the 

main source of human infection, though other sources have been implicated (3). 

Resistance to antimicrobials may increase the public health burden of 

campylobacteriosis. People with Campylobacter isolates resistant to quinolones have 

been shown to have a longer duration of diarrhea (4,5) and quinolone-resistant 

Campylobacter infections have been linked to an increased frequency of hospitalization 

and an increased risk of adverse health events and death (6,7). As chicken is a potential 

source of campylobacteriosis for humans, it is possible that isolates resistant to 

antimicrobials originating in poultry could pass through the food chain to humans (8-10). 

Both agricultural and human antimicrobial use may be risk factors for human 

infection with resistant strains. Short periods of ciprofloxacin exposure in both poultry 

and humans have been shown to select for fluoroquinolone resistant Campylobacter 

isolates (11-15). Passive surveillance from the Netherlands detected the emergence of 

fluoroquinolone resistance in human clinical Campylobacter isolates shortly after the 

approval of fluoroquinolones in humans and poultry (8). Other risk factors may also be 

important, for example, foreign travel to certain regions including countries in Europe, 

Asia, Latin America and the Middle East, was consistently identified as a risk factor for 

quinolone-resistant infections for people in the United Kingdom, Denmark, the United 
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States, and Canada (5,16-19). Other risk factors, such as poultry consumption and prior 

antimicrobial treatment remain inconsistently associated with infection (2). 

Prevalences of antimicrobial resistance in Campylobacter species have increased 

over the past fifteen years around the globe, particularly to fluoroquinolones, which are 

important for the treatment of campylobacteriosis (8,20-22). Antimicrobial resistance in 

Campylobacter species from humans, food animals and retail foods has been documented 

in specific regions of Canada. Studies from Québec detected emerging and increasing 

fluoroquinolone and erythromycin resistance in human isolates from the late 1980’s to 

2006 (23-25). More recent studies and antimicrobial resistance surveillance have detected 

fluoroquinolone and macrolide resistance in Campylobacter isolates from poultry meat, 

swine and humans in Saskatchewan, Alberta and Ontario (19,26-28). 

Since the 1990s, Saskatchewan has maintained a collection of isolates from all 

reported human cases of campylobacteriosis, which was unique for Canada, and tested 

those collected from 1999-2006 for antimicrobial susceptibility. The objectives of this 

study were to: 1) describe the antimicrobial resistance profiles for human clinical 

Campylobacter species isolates from the province of Saskatchewan from 1999 to 2006; 

2) determine if there were differences in the prevalences of resistance to antimicrobials 

between C. jejuni and C. coli; and 3) to determine if there were changes in the annual 

prevalences of antimicrobial resistance in the two species. 
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MATERIALS AND METHODS 

Source of isolates 

From January 1, 1999 to December 31, 2006, the Saskatchewan Disease Control 

Laboratory (SDCL) in Regina received fecal samples for Campylobacter isolation and 

speciation as well as Campylobacter isolates from hospitals and diagnostic laboratories; 

all isolates received by the SDCL from the province of Saskatchewan were included in 

the study. Isolates were accompanied by unique patient identification, sex, age, date of 

sample collection and location of the health care center from which the sample was 

submitted (location of submission). 

 

Campylobacter culture, species identification, and antimicrobial susceptibility testing 

 Fecal specimens were cultured on charcoal-based selective medium (Becton 

Dickinson, Mississauga, Canada) and incubated in a microaerophilic atmosphere at 42
o
C 

for 48 hours. Isolates were identified and speciated using standard methods, as described 

by Fitzgerald and Nachmakin (29). Minimum inhibitory concentrations (MICs) were 

determined for the Canadian Integrated Program for Antimicrobial Resistance 

Surveillance (CIPARS) antimicrobial panel for Campylobacter species (30) using E-test 

strips (AB Biodisk, Sweden) as previously described by Baker et al (31). Methods and 

MIC breakpoint categorization were conducted according to the Clinical and Laboratory 

Standards Institute standard M45-A for fastidious bacteria (32) and were the same as 

those used by CIPARS (30). The panel and concentration ranges (µg/mL) included: 

ciprofloxacin (CIP: 0.032-32), azithromycin (AZM: 0.032-256), clindamycin (CLI: 

0.032-256), erythromycin (ERY: 0.032-256), gentamicin (GEN: 0.032-256), nalidixic 
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acid (NAL: 0.032-256), chloramphenicol (CHL: 0.032-32) and tetracycline (TET: 0.032-

256) (30). The MIC breakpoints (µg/mL) for resistance/susceptibility for each 

antimicrobial were: CIP (≥4/≤1), AZM (≥8/≤2), CLI (≥8/≤2), ERY (≥32/≤8), GEN 

(≥8/≤2), NAL (≥64/≤16), CHL (≥32/≤8) and TET (≥16/≤4), with values in between being 

intermediate.  

 

Statistical analysis 

Summary statistics of antimicrobial resistance prevalence, minimum inhibitory 

concentrations (MICs) and case demographics were calculated. The prevalences of 

resistance by Campylobacter species were determined by categorizing isolates as 

resistant or not using the MIC breakpoint for resistance; intermediate isolates were 

classed as non-resistant. The prevalence of resistance to CIP, ERY and TET for C. jejuni 

and C. coli were compared using ordinary logistic or exact logistic regression models for 

each antimicrobial and for antimicrobial patterns including resistance to CIP and ERY, 

pan-susceptibility, or multidrug resistance (MDR), defined as resistance to three or more 

antimicrobial classes. Temporal patterns in the prevalence of resistance for C. jejuni and 

C. coli were assessed by including annual indicator variables in the models. 

Species and year were assessed individually using univariable, logistic regression 

and where models would converge, exact logistic regression models. Both variables were 

then incorporated into a multivariable model and an interaction between the two was 

considered for inclusion. Years were assessed as groups of annual indicators from 1999 

to 2006 and interactions between species and were tested as a group. Individual variables 

were kept in models if two-sided P-values were ≤ 0.05. Variables not significant to each 
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model were included as confounders if they altered the log-odds of any model coefficient 

by greater than 25%. Logistic regression models were assessed for fit using the Pearson 

Chi-squared test for binomial data and by evaluating residuals, leverages and influences 

(delta-betas) for extreme values and for having a large influence on the models (33). All 

data were analyzed using Stata 11 Intercooled or Stata 11 ME (StataCorp, College 

Station, Texas). The study was approved by the Research Ethics Boards of the 

Universities of Guelph and Regina. 

 

RESULTS 

From January 1, 1999 to December 31, 2006, 1378 Campylobacter species 

isolates from humans were tested for antimicrobial susceptibility by the SDCL. Of these, 

1200 (87.1%, 95% CI 85.3-88.9%) were C. jejuni and 129 (9.4%, 95% CI 7.8-10.9%) 

were C. coli. There were four C. upsaliensis, one C. laridis and two C. lari isolates, with 

the remaining 42 identified only as Campylobacter species. Of the 1378 cases, 804 

(58.3%, 95% CI 55.7-61.0%) were male and 574 (41.7%, 95% CI 39.0-44.3%) were 

female (the ratio was approximately 1.4:1). The median age of cases was 27 years, with a 

range of 1.5 months to 97 years. The prevalence of CIP resistance in all Campylobacter 

species isolates (142/1378) was 10.3% (95% CI 8.7-11.9%). 

The prevalences of antimicrobial resistance and MIC distributions among 

Campylobacter jejuni are shown in Table 2.1. The highest prevalence of resistance was to 

TET (33.3%, 95% CI 30.6-35.9%), followed by CIP / NAL (9.4%, 95% CI 7.8-11.1%), 

ERY / AZM / CLI (0.3%, 95% CI 0.0-0.5%), and one isolate was resistant to CHL; all 

isolates were susceptible to GEN. Temporal prevalences of resistance to CIP, ERY and 
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TET are shown in Figure 2.1 and the results of the annual logistic regression model are 

shown in Table 2.2. Annual CIP resistance in C. jejuni decreased significantly from 

15.5% (95% CI 6.1-24.9%) in 1999 and 12.6% (95% CI 7.4-17.8%) in 2000 to 4.4% 

(95% CI 1.2-7.7%) in 2004, but increased significantly to 10.2% (95% CI 5.7-14.7%) in 

2005 and 13.0% (95% CI 8.2-17.9%) in 2006 (Figure 2.1 and Table 2.2). Annual 

indicators were not significant to the C. jejuni model for TET resistance (Chi-sqare = 

11.43; df = 7; p = 0.12) and were not confounding; the C. jejuni model annual indicators 

of ERY resistance would not converge as there were only three resistant isolates. 

The prevalences of resistance, MIC distributions, and results of the logistic 

regression models for C. coli are shown in Tables 2.1 and 2.2. The highest prevalence of 

resistance was to TET (27.1%, 95% CI 19.4-34.8%), which did not differ significantly 

from C. jejuni (Table 2.2). Annual indicators were also not significant to the C. coli 

model for TET resistance (LRT Chi-sqare = 3.68; df = 6; p = 0.72) and were not 

confounding. For C. coli the prevalences of resistance to NAL, CIP and ERY were 17.1% 

(95% CI 10.5-23.6%), 15.5% (95% CI 9.2-21.8%) and 13.2% (95% CI 7.3-19.0%), 

respectively. CIP resistance in C. coli was significantly higher than C. jejuni in the 

logistic regression model (Table 2.2). Annual indicators were significant to the 

ciprofloxacin resistance logistic regression model that included both species (LRT Chi-

square = 16.4; df = 7; p = 0.02) and showed a similar annual trend in CIP resistance to the 

model with C. jejuni alone. The interaction between species and year was not significant 

(LRT Chi-square = 11.92; df = 7, p = 0.10). ERY resistance was also significantly higher 

in C. coli compared to C. jejuni (Table 2.2), but the annual indicators were not significant 

to the model with both species (LRT Chi-square = 10.47; df = 3; p = 0.16) or the model 
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with C. coli only (LRT Chi-square = 10.45; df = 7; p = 0.16), nor were they confounding. 

One C. coli isolate was resistant to GEN and none was resistant to CHL. 

Antimicrobial susceptibility profiles of C. jejuni and C. coli, based on resistant or 

non-resistant classification, are shown in Table 2.3. There were nine and eleven distinct 

profiles for C. jejuni and C. coli, respectively; the most common pattern for both species 

was pan-susceptibility to all eight antimicrobials (Table 2.3). There were 62.8% (95% CI 

60.0-65.5%) pan-susceptible C. jejuni isolates compared to 56.6% (95% CI 47.9-65.3%) 

for C. coli, which did not differ significantly (Table 2.2). Single resistance to TET was 

the next most common profile at 27.4% (95% CI 24.9-29.9%) of C. jejuni isolates and 

16.3% (95% CI 9.8-22.7%) of C. coli isolates. Isolates resistant to NAL-CIP or those to 

TET-NAL-CIP were also reasonably common in both species. There were two C. jejuni 

and two C. coli isolates resistant to NAL that were not CIP-resistant. Conversely, there 

were two C. jejuni isolates resistant to CIP that were not resistant to NAL, where NAL 

MICs were both 16 µg/mL. Otherwise all CIP-resistant isolates were NAL-resistant. All 

Campylobacter isolates displaying resistance to ERY were also resistant to AZM and 

CLI. No C. jejuni isolates were resistant to both CIP and ERY or were MDR. In contrast, 

2.3% (95% CI 0.0-5.0%) of C. coli isolates were MDR and 3.1% (95% CI 0.1-6.1%) 

were resistant to both CIP and ERY, half of which were also resistant to TET. Exact 

logistic models found that the prevalence of C. coli isolates with CIP and ERY resistance 

or MDR were significantly higher compared to C. jejuni (Table 2.2). 

The models used to determine differences in resistance prevalence between C. 

jejuni and C. coli or between annual indicators are shown in Table 2.2. Model and 

residual diagnostics were performed for all ordinary logistic regression models and no 
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lack of fit was identified based on Pearson Chi-squared tests with p > 0.05. Binomial 

residuals did not indicate any obvious outliers or values with high leverage or influence. 

The antimicrobial resistance profiles of the remaining Campylobacter species 

isolates other than C. jejuni and C. coli are shown in Table 2.4. Both of the C. lari 

isolates were resistant to NAL, while only one was resistant to CIP. The single C. laridis 

isolate was resistant to TET-NAL-CIP and the single C. upsaliensis was pan-susceptible 

to all eight antimicrobials. Of the 42 isolates designated as Campylobacter species, 23 

were pan-susceptible. Seven of these isolates were resistant to CIP, while one of these 

also harboured resistance to all eight antimicrobials. 

 

DISCUSSION 

 This study described the antimicrobial resistance profiles for human clinical 

Campylobacter species isolates for the province of Saskatchewan from 1999 to 2006. 

This represents the first report of the antimicrobial resistance of a provincial collection of 

all reported human isolates of Campylobacter in Canada. The overall prevalence of 

ciprofloxacin resistance in C. jejuni was 9.4% and the annual prevalence varied from 

4.4% (2004) to 15.5% (1999). In C. jejuni, there was a significant decrease in 

ciprofloxacin resistance in 2004 compared to 1999 (15.5%) and 2000 (12.7%), with a 

subsequent significant increase in the last two years of the study (10.2% in 2005 and 

13.2% in 2006). 

These data suggest that the prevalence of ciprofloxacin resistance in human 

clinical isolates of Campylobacter from Saskatchewan is lower than that documented in 

other parts of Canada during the same time periods. The prevalence of ciprofloxacin 



 

 71 

resistance in C. jejuni from this study in 2001 was 6.3% compared to 47% in Québec 

(23). In addition, further work in Québec from 2002 to 2006 found 44.3% of isolates to 

be ciprofloxacin-resistant compared to a high of 13.2% in 2006 in Saskatchewan (25). An 

Alberta study (19) found that 31% of all human cases of Campylobacter species from 

2004 to 2005 were resistant to ciprofloxacin compared to 5.6% in 2004 and 10.6% in 

2005 for C. jejuni and 19.0% in 2004 and 9.1% in 2005 for C. coli in Saskatchewan. 

These differences may be due to different sources of Campylobacter infection in the three 

provinces attributable to varying food consumption, travel patterns or antimicrobial use in 

both humans and animals. The Alberta study obtained cases from two of five health 

regions within the province and also did not report on resistance by Campylobacter 

species, but 196/210 isolates were C. jejuni (19). The Québec study obtained C. jejuni 

isolates from patients at the Centre Hospitalier de l’Université de Montréal (23). 

Resistant C. jejuni infections may be more severe and as a result, more likely to seek or 

require medical attention at a hospital, which may include antimicrobial treatment (4). 

Neither study was based on a provincial sample of all reported cases, while the 

Saskatchewan data comprised all culture-confirmed human isolates from the province 

and are therefore highly representative of a provincial sample of cases of a notifiable 

enteric disease obtained by passive surveillance. 

Among C. jejuni the observed prevalence of resistance to macrolide / lincosamide 

antimicrobials (ERY, AZM and CLI), was low compared to other studies in Canada and 

some developed countries (22,23) but was comparable to surveillance results from the US 

in 2004 and the UK in 2002 (16,34). The interpretive breakpoint for erythromycin 

resistance was increased from ≥8 to ≥32 µg/mL by CIPARS in 2005 to harmonize with 
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the US National Antimicrobial Resistance Monitoring System’s increase in 2004 (30,34). 

The Québec study reported a prevalence of 12% in 2001 using the old breakpoint. A 

preliminary analysis of these Saskatchewan data reported a high prevalence of 

erythromycin resistance (57%, 688/1207) in human clinical Campylobacter isolates from 

1996 to 2004 using the old breakpoint (Otto et al., 2006, unpublished data). These data 

included all Campylobacter species, and those with intermediate susceptibility (1-4 

µg/mL) were grouped as resistant, comprising the majority of the isolates in this group. 

However, when the old erythromycin breakpoints (≤ 0.5 µg/mL / ≥ 8 µg/mL) were 

applied to this complete Saskatchewan collection of 1200 C. jejuni isolates (1999-2006), 

the prevalence of resistance did not change from 0.3% when grouping intermediate 

isolates as non-resistant. This varying classification of resistance based on changing 

breakpoints highlights the importance of their harmonization to allow for meaningful 

comparisons of resistance prevalence between regions and over time. 

 There was significantly higher resistance to quinolones and macrolides among C. 

coli compared to C. jejuni from Saskatchewan, however, C. jejuni was the most common 

isolate from human cases. This finding is in accordance with studies from other 

geographic locations, including other provinces in Canada (19,22,28). The basis for this 

difference in resistance between the two Campylobacter species is not known, but may at 

least in part be attributable to different agricultural sources and their varied antimicrobial 

use patterns. The majority of Campylobacter in poultry are C. jejuni, compared to C. coli 

in pigs and there are marked differences in their resistance profiles (27,35-37). Though 

fluoroquinolone use has been banned in poultry in Canada since 1997 (22), its off-label 

use is not prohibited and fluoroquinolone resistance may offer a fitness advantage and 
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persist even after their withdrawal from use (38,39). In contrast, Rosengren et al. reported 

high ERY resistance in Albertan and Saskatchewan swine associated with macrolide 

treatment, which is common in the industry (27). Moreover, while quinolone and 

macrolide resistance in Campylobacter jejuni and coli are both the result of chromosomal 

mutation (22), there may be species differences in the rate of acquisition or retention of 

such mutations in the population, though this has not been studied (40). There was no 

difference in tetracycline resistance prevalence between C. jejuni and C. coli. In addition, 

there were no significant temporal trends in macrolide or tetracycline resistance, as well 

as negligible resistance to chloramphenicol or gentamicin in both species. 

CIPARS initiated antimicrobial resistance surveillance for Campylobacter from 

retail chicken in the province of Saskatchewan in 2005. In 2005 (42 isolates) and 2006 

(40 isolates), no macrolide / lincosamide resistance (erythromycin, azithromycin and 

clindamycin) was detected in C. jejuni from retail chicken samples (26,30). This was 

comparable to the extremely low prevalence of macrolide / lincosamide resistance 

detected in this study, which found only three resistant isolates from 1999-2006. 

Similarly, in 2005, no ciprofloxacin resistance was observed in C. jejuni from retail 

chicken, but one isolate (2.5%) was resistant in 2006. In comparison, this study found 

that ciprofloxacin resistance from human clinical C. jejuni isolates in this study was 

higher in 2005 (10.2%and 2006 (13.0%) compared to retail chicken. 

This apparent disparity in ciprofloxacin resistance prevalences among 

Campylobacter jejuni from humans and retail chicken samples in Saskatchewan raises 

questions about the source of human infection with Campylobacter, in particular 

ciprofloxacin-resistant Campylobacter. These findings suggest there may have been other 
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sources of ciprofloxacin-resistant Campylobacter infections than retail chicken purchased 

in the province. It is possible that some resistant infections may be due to human 

fluoroquinolone use (11,13,17). However, other studies in developed countries have 

identified prior antimicrobial use, as well as consuming chicken, produce, seafood, raw 

milk or contaminated drinking water, or contact with companion or farm animals as risk 

factors for general Campylobacter infection (3,41). 

It is possible that a portion of these resistant isolates were obtained during foreign 

travel, which is a well documented risk factor for acquiring a resistant Campylobacter 

infection in developed countries (5,17-19,42,43). Travel destinations in these studies 

included: Europe, the Mediterranean, Southeast Asia, the Middle East, and Latin 

America. However, the US studies indicated that while foreign-travel and prior 

fluoroquinolone treatment were potential risk factors, the majority of resistant infections 

were either acquired domestically and were not the result of fluoroquinolone treatment 

(17,18). There is also the possibility for admission bias for resistant cases, as they may 

have more severe signs of disease and be more likely to be admitted to the hospital, 

artificially increasing the prevalence of ciprofloxacin resistance in the group of human 

isolates compared to retail chicken (6,7). 

This study found a high level of consistency in resistance determination between 

antimicrobials of human health importance within the same class. All C. jejuni and C. 

coli isolates resistant to erythromycin were also resistant to the macrolide azithromycin 

and the lincosamide clindamycin. The majority of C. jejuni and C. coli isolates with 

nalidixic acid resistanc also displayed ciprofloxacin resistance. In contrast, two C. jejuni 

isolates that were resistant to ciprofloxacin were susceptible to nalidixic acid. The most 
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common mutational resistance on Campylobacter, the Thr-86-Ile chromosomal mutation 

in the gyrA subunit of DNA gyrase, conveys high level resistance to both ciprofloxacin 

and nalidixic acid (44,45). One exception is the Thr-86-Ala mutation in gyrA that results 

in resistance to the nalidixic acid but at most, only reduced susceptibility to ciprofloxacin 

(25,46-48). The study by Bachoual et al. also found one C. jejuni isolate that was highly 

resistant to ciprofloxacin and susceptible to nalidixic acid, but were not able to identify 

the molecular mechanism (46). This resistance to ciprofloxacin without resistance to the 

nalidixic acid could also be the result of an error inherent in the E test method for 

quinolones. One study demonstrated that for nalidixic acid, MICs from the E test method 

may not correlate well and be lower than agar dilution methods; however, another study 

found that this did not affect resistance categorization (49,50). 

A limitation of this study was the incomplete individual epidemiologic 

information available for cases where Campylobacter was isolated from humans in 

Saskatchewan. This lack of information precluded the ability to identify potential 

exposures for people colonized with ciprofloxacin-resistant Campylobacter. Further, the 

lack of travel information prevented the ability to separate domestic from travel-related 

infections with resistant isolates, which may have different exposure risk factors. As a 

result, there was an apparent asynchrony between the prevalence of ciprofloxacin 

resistance in the collection of human isolates compared to retail poultry isolates in 

Saskatchewan for which travel may be one explanation. Lastly, though the data were 

representative of a provincial sample of Campylobacter cases based on passive 

surveillance, they may not be completely representative all human cases in the population 

as there is a large degree of under-reporting of human Campylobacter infection in 
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Canada (51). The fact that resistant cases have been shown to have increased severity of 

illness may result in selection bias in the reported cases entering the surveillance database 

(4,7). 

In conclusion, this is the first report of antimicrobial resistance from a provincial 

collection of all reported human isolates of Campylobacter species in Canada. This study 

detected fluctuating fluoroquinolone resistance in C. jejuni isolates from 1999 to 2006, an 

increased prevalence in 2005-2006, and very low macrolide / lincosamide resistance. 

There were significantly higher prevalences of resistance to fluoroquinolones and 

macrolides / lincosamides, as well as multidrug resistance in C. coli compared to C. 

jejuni. However, the prevalence of antimicrobial resistance among human isolates of C. 

jejuni in Saskatchewan was higher than that detected by retail chicken surveillance in 

2005 and 2006. Further investigation is warranted to elucidate risk factors and the role of 

agricultural and human antimicrobial use in human infection with antimicrobial-resistant 

Campylobacter. 

 

ACKNOWLEDGEMENTS 

 I wish to thank the Saskatchewan Disease Control Laboratory for their laboratory 

work and support of this project. I would also like to acknowledge the support of the 

Public Health Agency of Canada (PHAC) and the computational infrastructure used for 

this research that was obtained with the support of a Canada Foundation for Innovation 

and the Ontario Ministry of Research and Innovation grant to D.L. Pearl. 



 

 77 

The primary author has been supported by the Blake Graham Fellowship at the 

Ontario Veterinary College, the Laboratory for Foodborne Zoonoses (PHAC) and the 

Centre for Foodborne, Environmental and Zoonotic Infectious Diseases (PHAC). 

 

 



 

 78 

REFERENCES 

(1) Moore JE, Corcoran D, Dooley JSG, Fanning S, Lucey B, Matsuda M, et al. 

Campylobacter. Vet Res 2005;36(3):351-382.  

(2) Blaser MJ, Engberg J. Clinical aspects of Campylobacter jejuni and Campylobacter 

coli infections. In: Nachamkink I, Szymanski CM, Blaser MJ, editors. Campylobacter. 

3rd ed. Washington, D.C.: ASM Press; 2008. p. 99-121.  

(3) Olson CK, Ethelberg S, Van Pelt W, Tauxe RV. Epidemiology of Campylobacter 

jejuni infections in industrialized nations. In: Nachamkin I, Szymanski CM, Blaser MJ, 

editors. Campylobacter. 3rd ed. Washington, D.C.: ASM Press; 2008. p. 163-189.  

(4) Nelson JM, Smith KE, Vugia DJ, Rabatsky-Ehr T, Segler SD, Kassenborg HD, et al. 

Prolonged diarrhea due to ciprofloxacin-resistant Campylobacter infection. J Infect Dis 

2004 Sep 15;190(6):1150-1157.  

(5) Engberg J, Neimann J, Nielsen EM, Aerestrup FM, Fussing V. Quinolone-resistant 

Campylobacter infections: risk factors and clinical consequences. Emerg Infect Dis 2004 

Jun;10(6):1056-1063.  

(6) Nelson JM, Chiller TM, Powers JH, Angulo FJ. Fluoroquinolone-resistant 

Campylobacter species and the withdrawal of fluoroquinolones from use in poultry: a 

public health success story. Clin Infect Dis 2007 Apr 1;44(7):977-980.  



 

 79 

(7) Helms M, Simonsen J, Olsen KEP, Mølbak K. Adverse health events associated with 

antimicrobial drug resistance in Campylobacter species: a registry-based cohort study. J 

Infect Dis 2005 Apr 1;191(7):1050-5. Epub: 2005 Mar 01.  

(8) Endtz HP, Ruijs GJ, Vanklingeren B, Jansen WH, Vanderreyden T, Mouton RP. 

Quinolone resistance in Campylobacter isolated from man and poultry following the 

introduction of fluoroquinolones in veterinary medicine. J Antimicrob Chemother 

1991;27(2):199-208.  

(9) Aarestrup FM, Wegener HC. The effects of antibiotic usage in food animals on the 

development of antimicrobial resistance of importance for humans in Campylobacter and 

Escherichia coli. Microb Infect 1999;1(8):639-644.  

(10) Saenz Y, Zarazaga M, Lantero M, Gastanares MJ, Baquero F, Torres C. Antibiotic 

resistance in Campylobacter strains isolated from animals, foods, and humans in Spain in 

1997-1998. Antimicrob Agents Chemother 2000;44(2):267-271.  

(11) Wretlind B, Stromberg A, Ostlund L, Sjogren E, Kaijser B. Rapid emergence of 

quinolone resistance in Campylobacter jejuni in patients treated with norfloxacin. Scand J 

Infect Dis 1992;24(5):685-686.  

(12) McDermott PF, Bodeis SM, English LL, White DG, Walker RD, Zhao S, et al. 

Ciprofloxacin resistance in Campylobacter jejuni evolves rapidly in chickens treated with 

fluoroquinolones. J Royal Stat Soc 2002 Mar 15;185(6):837-840.  



 

 80 

(13) Adler-Mosca H, Luethy-Hottenstein J, Martinetti Lucchini G, Burnens A, Altwegg 

M. Development of resistance to quinolones in five patients with campylobacteriosis 

treated with norfloxacin or ciprofloxacin. Clin Microbiol Infect Dis 1991;10(11):953-

957.  

(14) Inglis GD, Morck DW, McAllister TA, Entz T, Olson ME, Yanke LJ, et al. 

Temporal prevalence of antimicrobial resistance in Campylobacter spp. from beef cattle 

in Alberta feedlots. Appl Environ Microbiol 2006 Jun;72(6):4088-4095.  

(15) Jacobs-Reitsma WF, Kan CA, Bolder NM. The induction of quinolone resistance in 

Campylobacter bacteria in broilers by quinolone treatment. Lett Appl Microbiol 

1994;19(4):228-231.  

(16) Campylobacter Sentinel Surveillance Scheme Collaborators. Ciprofloxacin 

resistance in Campylobacter jejuni: case-case analysis as a tool for elucidating risks at 

home and abroad. J Antimicrob Chemother 2002 Oct;50(4):561-568.  

(17) Smith KE, Besser JM, Hedberg CW, Leano FT, Bender JB, Wicklund JH, et al. 

Quinolone-resistant Campylobacter jejuni infections in Minnesota, 1992-1998. N Engl J 

Med 1999;340(20):1525-1532.  

(18) Kassenborg HD, Smith KE, Vugia DJ, Rabatsky-Ehr T, Bates MR, Carter MA, et al. 

Fluoroquinolone-resistant Campylobacter infections: Eating poultry outside of the home 

and foreign travel are risk factors. Clin Infect Dis 2004 S279-S284. 15 Apr;38(Suppl. 

3):S279-S284.  



 

 81 

(19) Johnson JY, McMullen LM, Hasselback P, Louie M, Jhangri G, Saunders LD. Risk 

factors for ciprofloxacin resistance in reported Campylobacter infections in southern 

Alberta. Epidemiol Infect 2008 Jul;136(7):903-912.  

(20) Smith JL, Fratamico PM. Fluoroquinolone resistance in Campylobacter. J Food Prot 

2010 Jun;73(6):1141-1152.  

(21) Moore JE, Barton MD, Blair IS, Corcoran D, Dooley JS, Fanning S, et al. The 

epidemiology of antibiotic resistance in Campylobacter. Microbes Infect 2006 

Jun;8(7):1955-1966.  

(22) Engberg J, Aarestrup FM, Taylor DE, Gerner-Smidt P, Nachamkin I. Quinolone and 

macrolide resistance in Campylobacter jejuni and C. coli: resistance mechanisms and 

trends in human isolates. Emerg Infect Dis 2001 Jan-Feb;7(1):24-34.  

(23) Gaudreau C, Gilbert H. Antimicrobial resistance of Campylobacter jejuni subsp. 

jejuni strains isolated from humans in 1998 to 2001 in Montreal, Canada. Antimicrob 

Agents Chemother 2003 June;47(6):2027-2029.  

(24) Gaudreau C, Gilbert H. Antimicrobial resistance of clinical strains of Campylobacter 

jejuni subsp. jejuni isolated from 1985 to 1997 in Quebec, Canada. Antimicrob Agents 

Chemother 1998 Aug;42(8):2106-2108.  

(25) Gaudreau C, Girouard Y, Ringuette L, Tsimiklis C. Comparison of disk diffusion 

and agar dilution methods for erythromycin and ciprofloxacin susceptibility testing of 



 

 82 

Campylobacter jejuni subsp jejuni. Antimicrob Agents Chemother 2007;51(4):1524-

1526.  

(26) Government of Canada. Canadian Integrated Program for Antimicrobial Resistance 

Surveillance (CIPARS) 2006. Guelph, ON: Public Health Agency of Canada; 2009.  

(27) Rosengren LB, Waldner CL, Reid-Smith RJ, Valdivieso-Garcia A. Associations 

between antimicrobial exposure and resistance in fecal Campylobacter spp. from grow-

finish pigs on-farm in Alberta and Saskatchewan, Canada. J Food Prot 2009 

Mar;72(3):482-489.  

(28) Cook A, Reid-Smith R, Irwin R, McEwen SA, Valdivieso-Garcia A, Ribble C. 

Antimicrobial resistance in Campylobacter, Salmonella, and Escherichia coli isolated 

from retail turkey meat from southern Ontario, Canada. J Food Prot 2009 Mar;72(3):473-

481.  

(29) Fitzgerald C, Nachamkin I. Campylobacter and Arcobacter. In: Murray PR, Baron 

EJ, Jorgensen JH, Landry ML, Pfaller MA, editors. Manual of Clinical Microbiology. 9th 

ed. Washington, D.C.: ASM Press; 2007. p. 933-946.  

(30) Government of Canada. Canadian Integrated Program for Antimicrobial Resistance 

Surveillance (CIPARS) 2005. Guelph, ON: Public Health Agency of Canada; 2007.  

(31) Baker CN, Stocker SA, Culver DH, Thornsberry C. Comparison of the E-Test to 

agar dilution, broth microdilution, and agar diffusion susceptibility testing techniques by 

using a special challenge set of bacteria. J Clin Microbiol 1991;29(3):533-538.  



 

 83 

(32) Clinical and Laboratory Standards Institute. Methods for antimicrobial dilution and 

disk susceptibility testing of infrequently isolated or fastidious bacteria; Approved 

Guideline M45-A. In: CLSI, editor. Wayne, PA: Clinical and Laboratory Standards 

Institute; 2006.  

(33) Dohoo IR, Martin SW, Stryhn H. Veterinary Epidemiologic Research. 2nd ed. 

Charlottetown, P.E.I.: VER, Inc.; 2009.  

(34) CDC. National Antimicrobial Resistance Monitoring System for Enteric Bacteria 

(NARMS): Human Isolates Final Report, 2004. Atlanta, Georgia: U.S. Department of 

Health and Human Services, CDC; 2007.  

(35) Deckert A, Valdivieso-Garcia A, Reid-Smith R, Tamblyn S, Seliske P, Irwin R, et 

al. Prevalence and antimicrobial resistance in Campylobacter spp. isolated from retail 

chicken in two health units in Ontario. J Food Prot 2010 Jul;73(7):1317-1324.  

(36) Varela NP, Friendship R, Dewey C. Prevalence of resistance to 11 antimicrobials 

among Campylobacter coli isolated from pigs on 80 grower-finisher farms in Ontario. 

Can J Vet Res 2007;71(3):189-194.  

(37) Guevremont E, Nadeau E, Sirois M, Quessy S. Antimicrobial susceptibilities of 

thermophilic Campylobacter from humans, swine, and chicken broilers. Can J Vet Res 

2006;70(2):81-86.  



 

 84 

(38) Price LB, Lackey LG, Vailes R, Silbergeld E. The persistence of fluoroquinolone-

resistant Campylobacter in poultry production. Environ Health Perspect 

2007;115(7):1035-1039.  

(39) Luo N, Pereira S, Sahin O, Lin J, Huang S, Michel L, et al. Enhanced in vivo fitness 

of fluoroquinolone-resistant Campylobacter jejuni in the absence of antibiotic selection 

pressure. Proc Natl Acad Sci USA 2005 Jan 18;102(3):541-546.  

(40) Aarestrup FM, McDermott PF, Wegener HC. Transmission of antibiotic resistance 

from food animals to humans. In: Nachamkin I, Szymanski CM, Blaser MJ, editors. 

Campylobacter. 3rd ed. Washington, DC: ASM Press; 2008. p. 645-665.  

(41) Effler P, Ieong MC, Kimura A, Nakata M, Burr R, Cremer E, et al. Sporadic 

Campylobacter jejuni infections in Hawaii: associations with prior antibiotic use and 

commercially prepared chicken. J Infect Dis 2001 Apr 1;183(7):1152-1155.  

(42) Gaunt PN, Piddock LJ. Ciprofloxacin resistant Campylobacter spp. in humans: an 

epidemiological and laboratory study. J Antimicrob Chemother 1996 Apr;37(4):747-757.  

(43) Evans MR, Northey G, Sarvotham TS, Hopkins AL, Rigby CJ, Thomas DR. Risk 

factors for ciprofloxacin-resistant Campylobacter infection in Wales. J Antimicrob 

Chemother 2009 Aug;64(2):424-427.  

(44) McDermott PF, Taylor DE. Helicobacter and Campylobacter. In: White DG, 

Alekshun MN, McDermott PF, Levy SB, editors. Frontiers in Antimicrobial Resistance: 



 

 85 

A Tribute to Stuart B. Levy Washington, DC: American Society for Microbiology; 2005. 

p. 330-339.  

(45) Ge BL, McDermott PF, White DG, Meng JH. Role of efflux pumps and 

topoisomerase mutations in fluoroquinolone resistance in Campylobacter jejuni and 

Campylobacter coli. Antimicrob Agents Chemother 2005;49(8):3347-3354.  

(46) Bachoual R, Ouabdesselam S, Mory F, Lascols C, Soussy CJ, Tankovic J. Single or 

double mutational alterations of gyrA associated with fluoroquinolone resistance in 

Campylobacter jejuni and Campylobacter coli . Microb Drug Resist 2001;7(3):257-261.  

(47) McIver C, Hogan T, White P, Tapsall J. Patterns of quinolone susceptibility in 

Campylobacter jejuni associated with different gyrA mutations. Pathology 2004 

Apr;36(2):166-169.  

(48) Varela NP, Friendship R, Dewey C, Valdivieso A. Comparison of agar dilution and 

E-test for antimicrobial susceptibility testing of Campylobacter coli isolates recovered 

from 80 Ontario swine farms. Can J Vet Res 2008;72(2):168-174.  

(49) Ge B, Bodeis S, Walker RD, White DG, Zhao S, McDermott PF, et al. Comparison 

of the E-test and agar dilution for in vitro antimicrobial susceptibility testing of 

Campylobacter. J Antimicrob Chemother 2002 Oct;50(4):487-494.  

(50) Engberg J, Andersen S, Skov R, Aarestrup FM, Gerner-Smidt P. Comparison of two 

agar dilution methods and three agar diffusion methods, including the E-test, for 



 

 86 

antibiotic susceptibility testing of thermophilic Campylobacter species. Clin Microbiol 

Infect 1999 Sep;5(9):580-584.  

(51) Thomas MK, Majowicz SE, Sockett PN, Fazil A, Pollari F, Dore K, et al. Estimated 

numbers of community cases of illness due to Salmonella, Campylobacter and 

verotoxigenic Escherichia coli: Pathogen-specific community rates. Can J Infect Dis Med 

Microbiol 2006 July/Aug;17(4):229-234.  

 

 



 

 87 

Table 2.1. Antimicrobial susceptibilities and minimum inhibitory concentration distributions of human clinical Campylobacter species isolates 

from Saskatchewan (1999-2006). 

 

Antimicrobial % R (SE) % I (SE) MIC50 MIC90 
Distribution (%) of MICs 

0.032 0.064 0.125 0.25 0.5 1 2 4 8 16 32 64 128 256 >256 

* Campylobacter jejuni  

I CIP   9.4 (0.8) - 0.125 0.5 0.7 27.9 53.8 7.6 0.7     0.1 0.3 0.3 0.1 8.8       

II 

AZM   0.3 (0.1) 0.1 (0.1) 0.25 0.25 0.1 6.3 41.2 42.8 8.8 0.6   0.1             0.3 

CLI   0.3 (0.1) 0.5 (0.2) 0.5 1 0.1  1.5 23.0 42.9 25.8 6.0 0.5    0.2   0.1 

ERY   0.3 (0.1) - 1 2    0.1 0.4 14.2 55.9 26.0 3.2        0.3 

GEN - 0.1 (0.1) 1 1    0.1 5.6 42.1 48.5 3.7 0.1         

NAL   9.4 (0.8) 1.3 (0.3) 4 32           0.2 13.3 56.3 15.7 3.9 1.3   0.1   9.3 

III 
CHL   0.1 (0.1) 0.1 (0.1) 2 4         0.1 19.5 68.6 10.9 0.8 0.1 0.1         

TET 33.3 (1.4) 0.8 (0.2) 0.25 >256 0.3 6.3 26.1 23.0 6.5 2.0 0.9 1.0 0.8 3.1 5.6 7.3 2.6   14.7 

IV                                        

 Campylobacter coli  

I CIP 15.5 (3.2) - 0.125 >32 0.8 19.4 54.3 7.0 3.1             15.5       

II 

AZM 13.2 (3.0) - 0.25 >256   7.0 27.9 31.0 17.1 3.9                 13.2 

CLI 13.2 (3.0) 0.8 (0.8) 0.5 32    0.8 17.8 35.7 25.6 6.2 0.8  2.3 5.4 2.3   3.1 

ERY 13.2 (3.0) - 1 >256     1.6 25.6 24.0 18.6 14.7 2.3       13.2 

GEN   0.8 (0.8) - 1 2     1.6 20.2 62.0 15.5         0.8 

NAL 17.1 (3.3) 2.3 (1.3) 8 >256             7.0 41.9 21.7 10.1 2.3 1.6     15.5 

III 
CHL - - 2 4           11.6 51.9 33.3 3.1             

TET 27.1 (3.9) - 0.25 >256   3.1 26.4 20.9 12.4 7.8 0.8 1.6   2.3 3.9 2.3 3.1 0.8 14.7 

IV                     

R=resistant, I-intermediate susceptibility, MIC-minimum inhibitory concentration, MIC50-50
th

 percentile MIC, MIC90-90
th

 percentile MIC. 

MIC distributions: solid lines-susceptibility breakpoint; double lines-resistance breakpoint; grey shaded=dilutions beyond detection capability of E-test. 
*
 Roman numerals indicate the category of the antimicrobial’s importance to human medicine (Canadian Veterinary Drug Directorate classification).

 

CIP-ciprofloxacin, AZM-azithromycin, CLM-clindamycin, ERY-erythromycin, GEN-gentamicin, NAL-nalidixic acid, CHL-chloramphenicol, TET-tetracycline. 
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Table 2.2. The results of ordinary logistic regression and exact logistic regression models for antimicrobial resistance in C. jejuni and 

C. coli from humans in Saskatchewan (1999-2006). 

Outcome Model Variable Odds Ratio P value 95% CI 

CIP Resistance Logistic C. jejuni Referent - - 

C. jejuni + C. coli  C. coli 1.78 0.03 (1.05-2.99) 

  1999 3.58 0.01 (1.44-8.92) 

  2000 2.44 0.02 (1.12-5.29) 

  2001 1.58 0.28 (0.68-3.68) 

  2002 1.68 0.22 (0.74-3.82) 

  2003 1.18 0.73 (0.48-2.91) 

  2004 Referent - - 

  2005 1.92 0.11 (0.87-4.23) 

  2006 2.93 0.01 (1.38-6.22) 

      

CIP Resistance Logistic 1999 3.96 0.01 (1.40-11.20) 

C. jejuni  2000 3.10 0.01 (1.27-7.57) 

  2001 1.45 0.47 (0.53-4.00) 

  2002 2.23 0.09 (0.89-5.57) 

  2003 1.53 1.53 (0.57-4.13) 

  2004 Referent - - 

  2005 2.47 0.05 (1.00-6.09) 

  2006 3.22 0.01 (1.35-7.68) 

      

TET Resistance Logistic C. jejuni Referent - - 

All Years  C. coli 0.75 0.16 (0.50-1.12) 

      

ERY Resistance Exact Logistic C. jejuni Referent - - 

All Years  C. coli 60.12 * <0.01 (17.02-325.04) 
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Table 2.2. Continued.     

Outcome Model Variable Odds Ratio P value 95% CI 

Pan-susceptible Logistic C. jejuni Referent - - 

All Years  C. coli 1.29 0.17 (0.90-1.87) 

      

CIP+ERY Resistance Exact Logistic C. jejuni Referent - - 

All Years  C. coli 50.23 * <0.01 (6.24-infinity) 

      

MDR 
†
 Exact Logistic C. jejuni Referent - - 

All Years  C. coli 36.29 * <0.01 (3.88-infinity) 

            

      

CIP - ciprofloxacin, TET - tetracycline, ERY - erythromycin. 

* Exact logistic odds ratios are median unbiased estimates.    
†
 MDR - Multidrug resistance = resistance in three or more drug categories (quinolones: ciprofloxacin or nalidixic acid; 

macrolides/lincosamides: erythromycin, azithromycin, or clindamycin; tetracycline; gentamicin, or chloramphenicol). 
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Table 2.3. The antimicrobial resistance profiles of Campylobacter jejuni and 

Campylobacter coli isolates from humans in Saskatchewan (1999-2006). 

 

 

 

 

 

 

 

 

 

 

 

 

Resistance Pattern    C. jejuni No. (%)    C. coli No. (%) 

Pan-susceptible 753 (62.8) 73 (56.6) 

TET 329 (27.4) 21 (16.3) 

NAL 2 (0.2) 1 (0.8) 

CIP 2 (0.2) - - 

TET-NAL - - 1 (0.8) 

NAL-CIP 44 (3.7) 9 (7.0) 

TET-NAL-CIP 66 (5.5) 6 (4.7) 

NAL-CIP-CHL 1 (0.1) - - 

TET-NAL-CIP-GEN - - 1 (0.8) 

AZM-CLI-ERY 1 (0.1) 9 (7.0) 

TET-AZM-CLI-ERY 2 (0.2) 4 (3.1) 

NAL-CIP-AZM-CLI-ERY - - 2 (1.6) 

TET-NAL-CIP-AZM-CLI-ERY - - 2 (1.6) 

MDR - - 3 (2.3) 

Quinolones: NAL - nalidixic acid, CIP - ciprofloxacin.  

Macrolides/Lincosdamides: ERY – erythromycin, AZM – azithromycin, CLI – clindamycin. 

TET – tetracycline, GEN – gentamicin, CHL – chloramphenicol. 

MDR - resistance in three or more drug categories (quinolones, macrolides/lincosamides, 

tetracycline, gentamicin or chloramphenicol). 
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Table 2.4. The antimicrobial resistance profiles of other Campylobacter species isolates 

from humans in Saskatchewan (1999-2006). 

Species Profile 

No. of 

Isolates (%) 

C. lari NAL 1 (50) 

 NAL-CIP 1 (50) 

    

C. laridis TET-NAL-CIP 1 (100) 

    

C. upsaliensis Pan-susceptible 4 (100) 

    

C. species Pan-susceptible 23 (55.8) 

 TET 11 (26.2) 

 NAL 1 (2.4) 

 NAL-CIP 5 (11.9) 

 TET-NAL-CIP 1 (2.4) 

 TET-NAL-CIP-AZM-CLI-ERY-GEN-CHL 1 (2.4) 

    
 

NAL – nalidixic acid. CIP – ciprofloxacin. TET – tetracycline, AZM – azithromycin.  

CLI – clindamycin. ERY – erythromycin. GEN – gentamicin. CHL – chloramphenicol. 
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Figure 2.1. The annual prevalences of resistance to antimicrobials for human isolates of 

Campylobacter jejuni and Campylobacter coli from Saskatchewan, 1999-2006. Bars 

represent standard errors. CIP: ciprofloxacin, ERY: erythromycin, TET: tetracycline. 
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CHAPTER 3  

Modeling the minimum inhibitory concentrations of human isolates of 

Campylobacter jejuni from Saskatchewan, Canada (1999-2006) 

 

ABSTRACT 

Increasing antimicrobial resistance in Campylobacter jejuni from animals, food 

and humans is a global public health concern as it may increase the burden of illness of 

campylobacteriosis and adversely affect clinical treatment options. Antimicrobial 

resistance data are typically categorized according to recognized minimum inhibitory 

concentration (MIC) breakpoints, which may obscure subtle MIC shifts over time. 

Identifying methods to detect MIC shifts is important for early identification of selection 

pressures for resistance to antimicrobials critical to human health. Representative 

Canadian surveillance data on Campylobacter are scant; however, the Saskatchewan 

Disease Control Laboratory (SDCL) has maintained a provincial sample of all reported 

human isolates of Campylobacter species. The objective of this study was to compare the 

ability of analytic models for dichotomized and MIC data to detect temporal changes in 

antimicrobial resistance. Ciprofloxacin (CIP), erythromycin (ERY) and tetracycline 

(TET) MICs were determined by E-test for 1200 human C. jejuni isolates submitted to 

the SDCL from 1999 to 2006. Linear and tobit regression models were applied to CIP, 

ERY and TET MICs. Logistic regression models and Cox proportional hazard (discrete-

time) survival models were applied to MIC data for CIP and TET. Overall, the 

prevalences of resistance were: CIP 9.4% (95% CI 7.8-11.1%), TET 33.3% (95% CI 

30.5-35.9%), and ERY 0.3% (95% CI 0.0-0.5%). The linear and tobit regression MIC 
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models violated model assumptions for the three antimicrobials. The logistic models did 

not detect significant temporal trends for resistance. The Cox proportional hazard 

survival models detected significant temporal trends for both CIP and TET MICs, 

indicating potential MIC creep for mid-range MICs for both antimicrobials towards the 

end of the study period. The logistic model for CIP showed significantly higher risk of 

CIP resistance in the winter months (January to March) compared to the summer months 

(July to September). The ability of the survival models to demonstrate temporal changes 

in mid-range MIC dilutions provides utility for antimicrobial resistance surveillance data 

that do not rely on changes in resistance prevalence. Further evaluation of survival 

models for MICs in different bacterial species is warranted. 
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INTRODUCTION 

Campylobacter is an important cause of acute bacterial gastroenteritis in both the 

developed and developing world (1). Though infection typically causes self-limiting 

diarrhea, rare but serious complications can include invasive blood infections, reactive 

arthritis, or Guillain-Barré syndrome, an acute peripheral nervous demyelination resulting 

in temporary or occasionally lasting paralysis (1,2). It is well recognized that food is the 

main source of human infection, with raw or undercooked chicken being the most 

commonly identified risk factor, though other sources have been identified (3). 

The prevalence of resistance in Campylobacter to antimicrobials used to treat 

campylobacteriosis, such as ciprofloxacin (CIP) and erythromycin (ERY), has increased 

over the past fifteen years around the globe (4-7). Studies limited to specific regions in 

Québec and Alberta have mirrored these findings (8-10). Increasing resistance to drug 

classes important for the treatment of human disease is a major public health concern as it 

may increase the burden of illness of Campylobacter (11); studies have shown that 

persons infected with CIP-resistant Campylobacter have a longer duration of diarrhea and 

an increased risk of adverse health events, hospitalization and death (12-15). 

Chicken carrying resistant Campylobacter may pass through the food chain to 

humans, making antimicrobial use in agriculture a potential hazard for human infection 

(7,16-18). This does not rule out human antimicrobial use as a potential factor. Short 

periods of fluoroquinolone exposure in both humans and animals result in 

fluoroquinolone resistant Campylobacter isolates (19-23). Epidemiologic studies in the 

United States, Canada, the United Kingdom and Denmark have consistently identified 

travel to foreign countries, including regions of Europe, Asia, the Middle East and Latin 



 

 96 

America, as a risk factor for infection with a quinolone-resistant Campylobacter 

(10,15,24-27). Risk factors such as prior antimicrobial treatment and poultry 

consumption have been identified but remain inconsistent (2). 

Despite the heightened public health concern over antimicrobial resistance in 

Campylobacter, representative human surveillance in Canada remains scant. The 

Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) has 

monitored antimicrobial resistance in Campylobacter from retail chicken from Ontario, 

Québec, Saskatchewan, British Columbia and the Maritimes (28). Most surveillance 

programs report the prevalence of resistant isolates based on measured minimum 

inhibitory concentrations (MICs) and standardized MIC breakpoints for categorization, 

which limits the sensitivity of these programs to detect subtle changes in MICs over time 

(29,30). Further, lack of consistency and changes in MIC breakpoints for susceptible-

intermediate-resistance (SIR) categorization can affect changes in the reported prevalence 

of resistance (Chapter 2). Modeling MICs to detect temporal patterns has proven difficult 

due to their inherent distribution as a discrete, censored, ordinal outcome (30-33). 

However, Cox proportional hazard survival models have been applied to MIC data and 

may offer the ability for earlier detection in MIC shifts, allowing for more timely 

proactive interventions (33). 

Currently, Saskatchewan is the only province in Canada that has maintained a 

collection of all reported human cases of Campylobacter and tested the antimicrobial 

susceptibility of these isolates. The primary objective of this study was to compare 

analytical modeling strategies for the detection of temporal changes in antimicrobial 

susceptibility in C. jejuni. The secondary objective of this study was to detect significant 
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temporal changes in susceptibility to antimicrobials important to human health in 

Campylobacter jejuni from human infections in Saskatchewan. Here it is hypothesized 

that discrete-time survival models utilizing MIC data would be more sensitive to detect 

temporal changes in antimicrobial resistance in human isolates of C. jejuni than logistic 

regression models using MIC data from human C. jejuni surveillance in Saskatchewan 

from 1999 to 2006. 

 

MATERIALS AND METHODS 

Source of isolates and susceptibility testing 

From January 1, 1999 to December 31, 2006, the Saskatchewan Disease Control 

Laboratory (SDCL) maintained an isolate collection of all reported human 

Campylobacter species infections from patients in the province of Saskatchewan. Each 

isolate had data including a unique, anonymous patient identifier, sex, age, sample 

collection date and location of the health care center from which the sample was 

submitted (location of submission). This study was approved by the researchs and ethics 

boards of the Universities of Guelph and Regina. All isolates were identified and 

speciated as per standard methods (34) and subjected to antimicrobial susceptibility 

testing as previously described (Chapter 2). In brief, MIC values were determined using 

E-test strips (AB Biodisk, Sweden) to the CIPARS antimicrobial panel for 

Campylobacter (concentration ranges, µg/mL): ciprofloxacin (CIP: 0.032-32)), 

azithromycin (AZM: 0.032-256) , clindamycin (CLI: 0.032-256), erythromycin (ERY: 

0.032-256), gentamicin (GEN: 0.032-256), nalidixic acid (NAL: 0.032-256), 

chloramphenicol (CHL: 0.032-32) and tetracycline (TET: 0.032-256) (35). Susceptibility 
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testing was performed according to the Clinical Laboratory Standards Institute standard 

M45-A for fastidious bacteria (36), including MIC breakpoints, which were the same as 

those used by CIPARS (resistant/susceptible, µg/mL): CIP (≥4/≤1), AZM (≥8/≤2), CLI 

(≥8/≤2), ERY (≥32/≤8), GEN (≥8/≤2), NAL (≥64/≤16), CHL (≥32/≤8) and TET (≥16/≤4) 

(35). 

 

 Statistical analytical models 

Linear and tobit models were constructed to model CIP, ERY, and TET MICs. 

Linear regression models were applied to MIC values as a continuous outcome, which 

were transformed to natural log (base 2) scale (30). Tobit analysis modeled the 

probability of reaching the concentration ceiling of the E-test strip, as well as the 

inhibition of growth over concentrations within the range of the susceptibility test (37). 

Tobit models were applied to raw MIC values where dilutions greater than the test range 

were right-censored. For example, all values recorded as “> 32 µg/mL” (CIP) or “> 256 

µg/mL” (ERY or TET) were considered to be right-censored. 

Logistic models were created to assess temporal changes in antimicrobial 

susceptibility to CIP and TET in C. jejuni from 1999 to 2006. MIC values were 

dichotomized into resistant or not for the logistic model using a break points of ≥ 4.0 

µg/mL (CIP) and ≥16 µg/mL (TET); intermediate isolates were classed as non-resistant 

(35). The logistic models were compared to discrete survival models for CIP and TET 

MICs. Cox proportional hazard, discrete-time survival models were used to model 

concentration-to-inhibition of growth as the “time-to-event” for CIP and TET MICs (38). 

ERY was not analyzed further as only three C. jejuni isolates were resistant using the 
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current (≥ 32 µg/mL) or the old breakpoint (≥ 8 µg/mL) (Chapter 2) and discrete survival 

models would not converge. Figure 3.1 demonstrates how in an MIC context, an isolate 

was considered for bacterial growth at each two-fold concentration using survival 

analysis. The models predicted discrete-MIC hazards, which represent the conditional 

probability of the event (inhibition of growth), occurring at a concentration point, given 

that it has not already been inhibited (39). MIC survival data were modeled using 

complimentary log-log models, which are equivalent to Cox proportional hazard models 

for continuous survival data (38,39). These semi-parametric models included indicator 

variables for MIC dilutions, which avoided the need to make assumptions about the form 

of the underlying hazard function for time, or in this case concentration (38). 

Temporal trends in susceptibility were evaluated by modeling date as a 

continuous or categorical predictor. A continuous date variable represented the number of 

days from January 1, 1960, whereas a categorical variable incorporated indicators for 

each year of data, from 1999-2006. The best fit of models including time was assessed 

using the Akaike’s and Schwartz’s Bayesian Information Criteria (AIC and BIC), where 

a lower number indicated better fitting models (40). Other predictors offered to 

multivariable models included: sex, age of patient, and month of sample collection to 

adjust for any seasonal effect. Models were built using manual, backwards-stepwise 

elimination. Predictors, groups of predictors and interactions were included in models if 

they had a p ≤ 0.05 based on likelihood ratio tests. Individual variables were assessed for 

colinearity by pair-wise correlation analysis between all variables considered for the 

models using correlation and Spearman’s rank correlation coefficients. One of the 

variables was excluded if any correlation was greater than 0.8. Continuous variables were 
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assessed for linearity with the outcome in all models using squared quadratics, plots of 

the variable with the outcome, and assessment of model coefficients of categorized 

variables (40). Non-significant variables were included as confounding variables if their 

inclusion altered any of the model coefficients by greater than 25 per cent. Interactions 

were considered between non-temporal predictors and the time variable. The Cox 

proportional hazards survival model assumption of proportional hazards was assessed by 

including two-way interactions between all significant variables and the MIC dilution 

indicators (38). A significant interaction indicated that the hazards were not proportional, 

which was solved by including this interaction in the model. 

Location of submission was considered a proxy for the location of contraction of 

infection with Campylobacter jejuni. Location was included as a random intercept in the 

linear, tobit and logistic models to account for possible clustering in the data (40) under 

the assumption that Campylobacter submissions from people from the same location 

were more similar than those from people from different locations. For the Cox survival 

model, location of sample submission was added as a frailty to account for clustering (38-

40). All data were analyzed using STATA 11.1 Intercooled or Stata 11 ME (StataCorp, 

College Station, TX). Multilevel logistic models were run using the xtmelogit command 

in STATA, while the Cox proportional hazard survival models with frailties were run 

using the xtcloglog command, both using adaptive Gauss-Hermite quadrature (41). 

Model fit was assessed by examining location-level residuals for normality and 

individual level residuals for extreme values for the logistic regression models in 

STATA, and for the complimentary log-log models in MLwiN v.2.15 (Centre for 
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Multilevel Modeling, University of Bristol, Bristol, UK) using the restricted generalized 

iterative least-squares algorithm and second order penalized quasi likelihood (42). 

 

RESULTS 

 There were 1200 Campylobacter jejuni isolates from humans in Saskatchewan 

from 1999-2006. The overall prevalence of CIP resistance from 1999-2006 was 9.4% 

(95% CI 7.8-11.1%). The change in annual prevalence decreased from 15.5% in 1999 

(95% CI 6.1-24.9%) to 4.4% in 2004 (95% CI 1.2-7.7%), with an increase to 10.2% in 

2005 (95% CI 5.7-14.7%) and 13.0% in 2006 (95% CI 8.2-17.9%) (Table 3.1). Over the 

whole study period, only 3 isolates (0.3%, 95% CI 0.0-0.5%) were resistant to ERY. The 

prevalence of TET resistance from 1999-2006 was 33.3% (95% CI 30.5-35.9%) and the 

annual prevalence ranged from 28.3% to 40.9% with no distinct temporal trend. The 

monthly case incidence demonstrated a seasonal peak in the total number of C. jejuni 

cases in the summer months of June to August, but the prevalences of both CIP and TET 

resistance were highest in the winter months of December to March (Figure 3.2). The 

distributions of CIP, ERY and TET MICs are shown in Figure 3.3. The CIP and TET 

MIC distributions were bimodal; in contrast, the ERY distribution appeared almost 

normal, but the three resistant isolates produced a pronounced right tail. Linear and tobit 

regression models for two-fold MIC dilutions for CIP, ERY and TET violated the 

assumption of equal variances and normality of residuals and are not reported further. 
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Logistic regression models 

 Of the 1200 C. jejuni infections in Saskatchewan, 113 were CIP resistant. Raw 

CIP MICs decreased over time from 1999 to 2004, with a subsequent increase into 2005 

and 2006 (Figure 3.4). Odds ratios for the variables in the CIP logistic regression model 

are displayed in Table 3.2. The model included date as a continuous quadratic (date + 

date
2
), age as a continuous quadratic (age + age

2
) and month as seasonal indicators 

(winter: January-March; spring: April-June; summer: July-September; and fall: October-

December) with summer as the referent. Date + date
2
 were not significant (p = 0.18, LRT 

Chi-square = 3.43, df = 2), but were forced into the final model as the effect of time was 

the primary research question. Age + age
2
 (p < 0.01, LRT Chi-square = 44.26, df = 2) and 

the season indicators (p < 0.01, LRT Chi-square = 33.50, df = 3) were highly statistically 

significant in the final model. There was significantly higher risk of detecting CIP 

resistance in the winter months compared to summer months. The relationship between 

the risk of CIP resistance and ages of 0-95 years was curvilinear, while holding date and 

season constant, with increasing risk from 0 years to a peak between 35-45 years of age, 

after which it decreased. Sex was neither significant nor confounding and there were no 

significant interactions in the model. 

 Three hundred and ninety-nine of the 1200 C. jejuni isolates were resistant to 

TET. Raw TET MICs did not demonstrate the same curvilinear trend as the CIP MICs 

and tended to change less predictably from year to year (Figure 3.5). Odds ratios for the 

variables in the TET logistic regression model are displayed in Table 3.2. The model 

included annual indicators for each year (1999-2006), age + age
2
 and the season 

indicators. The year indicators were not significant (p = 0.08, LRT Chi-square = 12.67, df 
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= 7) but were forced into the final model; age + age
2
 (p = 0.04, LRT Chi-square = 6.44, 

df = 2) and the season indicators (p = 0.02, LRT Chi-square = 9.56, df = 3) were 

significant to the final model. In contrast to the CIP model, the risk of TET resistance was 

not significantly higher in the winter compared to the summer months in the final model. 

The relationship between the risk of TET resistance and ages of 0-95 years was 

curvilinear, while holding date and season constant, with increasing risk from 0 years to a 

peak between 25-45 years of age, after which it decreased. Sex was neither significant 

nor confounding in the model and there were no significant interactions. 

The probabilities of CIP and TET resistance were predicted from their logistic 

regression models from January 1, 1999 to December 31, 2006, while holding age 

constant. The probability of CIP resistance, like the raw CIP MICs, decreased from 1999 

to 2004, with a subsequent increase in 2006 (Figure 3.4). The predictions also captured 

the significant seasonal increase of CIP resistance in winter. Conversely, the probability 

of TET resistance generally showed a similar temporal trend to the raw MICs (Figure 

3.5), but this deviated in 2004 and did not have the same increased winter resistance as 

the CIP model. The location-level residuals for the TET model were approximately 

normally distributed, but those for the CIP model were not. Only small numbers of 

extreme values were detected at the individual level and all observations were included in 

both models. 

 

Cox proportional hazard survival models 

 For both antimicrobials, including individual indicators for each MIC dilution in 

the models caused problems with model convergence. These issues were compounded by 
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the addition of interactions between variables and the MIC indicators to test the 

assumption of proportional hazards. As a result, MIC categories were grouped together 

for each antimicrobial to achieve convergence and allow for model estimation. These 

groupings are indicated in Tables 3.3 and 3.4 showing hazard ratios for the final models. 

The hazard ratios for the CIP model including date + date
2
, age + age

2
 and the 

season indicators and their interactions are shown in Table 3.3. Due to non-proportional 

hazards, significant two-way interactions were included between the MIC categories and 

all three variables. The effect of the date quadratic and its MIC interaction was highly 

significant to the CIP survival model (p < 0.01, LRT Chi-square = 83.29, df = 12). The 

age-MIC interaction (p < 0.01, LRT Chi-square = 44.81, df = 12) and the season-MIC 

interaction (p < 0.01, LRT Chi-square = 55.87, df = 18, respectively) were also highly 

significant. Sex was neither significant nor confounding in the model and was not 

included. 

The hazards of each CIP MIC category were predicted from the survival model 

from January 1, 1999 to December 31, 2006, while holding age constant (Figure 3.6A). 

The hazard for each MIC category represents the conditional probability that this dilution 

was the MIC (the concentration at which growth was inhibited), given that there was 

growth at the previous dilution (39). As a result, the hazards were highest for the most 

common MICs in the data. The lower MICs of 0.064 and 0.125 µg/mL had increasing 

hazards from 1999 to 2004, and then subsequently decreased. The hazard of 0.25 µg/mL 

increased from 2004 to 2006, where 0.5 µg/mL increased from the beginning to the end 

of the study period. Though significant in the final model, there were no consistent 
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patterns in predicted hazards by season, holding age constant, or over age (0-95 years), 

holding date and season constant. 

The hazard ratios for the TET survival model are shown in Table 3.4, including 

the significant interaction between year indicators and MIC categories. The year-MIC 

interaction was highly significant (p < 0.01, LRT Chi-square = 211.75, df = 56), as were 

age + age
2
 (p = 0.01, LRT Chi-square = 10.10, df = 2), season (p < 0.01, LRT Chi-square 

= 14.15, df = 3) and sex (p = 0.02, LRT Chi-square = 5.39, df = 1). The hazards of each 

TET MIC category were predicted for each season within each year from 1999-2006, 

holding age constant, and are shown in Figure 3.7. Low MICs (0.032-0.125 µg/mL) 

showed subtle decreases while mid-range MICs (0.25-1 µg/mL) showed increases 

towards the end of the study period. As for the CIP model, though significant in the final 

model, there were no consistent patterns in predicted hazards by season, holding age 

constant, or over age (0-95 years), holding date and season constant. 

 Residual diagnostics for the multilevel complimentary log-log model in STATA 

were limited, so residuals were estimated for the final model in MLwiN. The location-

level residuals for the TET survival model appeared to have normal distribution, where 

the CIP survival model residuals did not. Only small numbers of extreme values were 

detected at the individual level and all observations were included in both models. 

 

DISCUSSION 

 This study compared the potential utility of logistic regression models and Cox 

proportional hazard survival models for the detection of temporal trends in antimicrobial 

resistance of human isolates of Campylobacter jejuni from Saskatchewan surveillance 
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data. Though the Cox survival models using MIC dilutions were more complicated to 

interpret, they provided a method for monitoring changes in MIC categories over time 

using surveillance data that does not require changes in resistance prevalence to highlight 

problems. Visual interpretation of the complex output from the survival models was 

challenging, however, the ability to assess the predicted hazards of mid-range and 

intermediate susceptible MIC categories provided a richer interpretation of temporal 

trends to detect MIC creep. This may permit earlier detection of changes, allowing for the 

implementation of more timely mitigation measures to limit antimicrobial selection 

pressures. 

The raw MIC data and the logistic model for CIP indicated that there was a 

decreasing probability of resistance from 1999 to 2004, with a subsequent increase in 

2005 and 2006. This temporal trend was not statistically significant in the logistic 

regression model after adjusting for other covariates, compared to the unadjusted model 

from Chapter 2. In contrast, the survival model detected a significant temporal effect and 

indicated potential MIC creep in the mid-range susceptible MICs (0.25 and 0.5 µg/mL) 

that may be the result of either decreasing probabilities for lower MICs or higher MICs. 

However, the CIP survival model could not demonstrate any trend for intermediate MICs 

(1 to 2 g/mL) as there were no isolates with these values in the dataset. This is not a 

surprise given that as few as one chromosomal gene mutation can convey high level 

resistance to CIP in C. jejuni (16). 

The raw TET MICs and the TET logistic regression model did not demonstrate a 

clear temporal trend in TET resistance. Like the CIP models, time was not statistically 

significant in the logistic regression model, but was to the survival model. The TET 
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survival model estimated a larger number of MIC categories compared to the CIP 

survival model, and the predicted hazards were more erratic. Overall, there was a notable 

increase in the mid-range susceptible MICs (0.25 to 1.0 g/mL) with a sharper increase 

in the intermediate-susceptibility (8-16 g/mL) and resistant (≥32 g/mL) MICs in 2005 

and 2006, which may indicate MIC creep. 

There are few studies in the published literature that have evaluated the usefulness 

of models that consider MIC values for antimicrobial resistance data. These study data 

reflected the common modeling problem posed by MIC values, that is the typical non-

normal distribution which is often bimodal. In addition, two-fold MIC dilutions represent 

discrete, ordinal and censored rather than continuous data (30,38,39). MICs typically 

violate the assumption of normality required for linear regression models using 

continuous data, despite a log-2 transformation of the MIC values, as was experienced in 

this study. One study compared the use of logistic and Cox proportional hazard models 

for temporal trends in resistance in Entercoccus faecium from broilers and applied yearly 

indicators to model the effect of time (33). The authors did not consider other risk factors 

in their models, such as sex or season. In addition, they did not detect significant 

interactions between MIC indicators and time. As a result, they were able to report odds 

ratios and their significance for one year compared to the referent. The survival model for 

CIP in this study modeled date as a continuous quadratic, whereas the TET model used 

year indicators, both of which included significant interactions with the MIC categories 

to prevent violation of the proportional hazards assumption (38,39). Graphical 

representation of the complex relationship between time and the predicted MIC hazards 

allowed a visual representation of how the probability of obtaining MIC categories 
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changed with date. These graphs identified potential changes in individual MIC 

categories over time that did not necessarily alter the prevalence of resistance to CIP or 

TET. These subtle changes may have antimicrobial resistance surveillance implications 

that should be considered in Saskatchewan, as they may indicate changing antimicrobial 

selection pressures that warrant attention. 

The question remains as to whether or not the survival models provided additional 

informative detail for antimicrobial resistance surveillance in C. jejuni. They may be 

more useful to identify subtle temporal trends in the data when there are no significant 

changes in the annual proportions of resistance. It was interesting that time was 

significant to the survival models, but not the logistic regression models for both 

antimicrobials. The detection of MIC creep was in concert with the temporal trends 

identified in the previous study (Chapter 2). However, it is uncertain whether the results 

of the survival models would have prompted a response beyond the trends detected by the 

unadjusted logistic regression models in Chapter 2. In addition, the survival models were 

more complex to estimate and interpret. Further investigation is warranted to assess the 

utility of these models in other situations using other bacteria and antimicrobials. 

 Other models have been considered for MIC data. One study used multinomial 

logistic regression to evaluate risk factors for swine farms to be positive for susceptible or 

antimicrobial resistant Salmonella species, compared to Salmonella-negative farms (43). 

Another used the same model to look at different resistance profiles as outcomes 

compared to pan-susceptibility (44). However, there are no published studies that 

consider MIC dilutions as ordinal outcomes. Multinomial logistic regression offers the 

advantage of being able to consider more than two outcomes and could presumably be 
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applied to SIR-categorized MIC data or to the MICs themselves, which could provide 

more information than a dichotomous outcome of resistant or not. A report to the 

CIPARS compared the application of proportional-odds (ordinal) logistic regression, a 

form of multinomial regression, and Cox proportional hazard models to CIP MICs in 

Salmonella (J. Sanchez, personal communication). This report determined that the ordinal 

models violated the main model assumption that the effect of predictors on the outcome 

was constant across all categories, but that the Cox models may be useful. Neither of the 

published studies discussed assessment of the fit of the multinomial models (43,44). 

There has also been interest in the use of Poisson models to approximate the Cox 

proportional hazards model with the potential advantage of fewer problems with 

parameter estimation and model convergence (31,33). Tobit analysis did not prove to be 

useful in this study. Tobit models afford the ability to adjust for interval censoring owing 

to floor and ceiling effects of the minimum and maximum values obtainable in the data, 

but do not allow for adjustment of internal interval censoring within these values that are 

inherent to MICs (30,37). 

This study detected a seasonal pattern of increased CIP resistance in the winter 

months in human isolates of C. jejuni from Saskatchewan using logistic regression. 

Though season was statistically significant to both the CIP and TET survival models, this 

obvious seasonal pattern was less evident owing to their complexity. Despite a marked 

decrease in case incidence from November through March, there were higher proportions 

and overall case numbers of CIP-resistant isolates from January to March. This finding is 

consistent with other studies in the United States and the Netherlands (25,45,46). The 

reasons for increased resistance in C. jejuni in Saskatchewan could not be determined 
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with this data, however, it is well documented that foreign travel is a common risk factor 

for resistant C. jejuni infections in people in Alberta, the United Kingdom and United 

States (10,15,24-27). It is possible that this winter increase in Saskatchewan may be due 

to travel-related infections, as some of the potential tourist destinations (e.g., Spain and 

Thailand) reported high prevalences of fluoroquinolone resistance in Campylobacter 

(18,47). Unfortunately, travel information was not available for these human isolates. An 

alternative hypothesis is that antimicrobial use patterns in people may differ in the winter 

months. For example, treatment of colds, influenza and pneumonia in the winter may 

alter the selection pressure on human C. jejuni infections. Numerous studies have 

documented the rapid acquisition of resistance in C. jejuni exposed to antimicrobial 

selection pressure in both animals and humans (19-21,23). 

The effect of age was significantly associated with both CIP and TET resistance. 

There appears to be an increased risk of people having a CIP-resistant isolate in their late 

twenties, thirties and early forties. This finding may represent other, unmeasured risk 

factors such as international travel. People in this age group may be more likely to travel 

to destinations reporting high prevalences of resistance (18,47). Though Canadian data 

suggests that 45-64 year olds have the highest frequency of overseas travel (48), a study 

in British Columbia found that the proportion of international versus domestically-

acquired Campylobacter infections was highest in 30-39 year olds (49). This further 

highlights the need to consider travel status when evaluating predictors for resistance. 

 This study had some potential limitations. First, the use of surveillance data in 

temporal analyses relies on the assumption that the source population is relatively 

constant over the study period (29). As the data in this study were acquired by passive 
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surveillance of clinical cases, this study assumed that surveillance intensity was steady 

throughout the study period (29). Significant changes in the target population and 

reporting intensity may bias the estimated prevalence of resistance in the sampled 

population, decreasing the validity of temporal comparisons. The lack of international 

travel data prevented the ability to get a true picture of temporal resistance trends in 

domestic infections, which would better indicate provincial antimicrobial selections 

pressures. The semi-parametric Cox survival models make no assumption about the 

underlying hazard function other than it is proportional over time (38,39). The effect of 

grouping the MIC indicators on the semi-parametric model framework is not known. 

 In conclusion, this study indicated that Cox proportional hazard survival models 

for discrete, censored MIC data were useful for detection of subtle trends in antimicrobial 

resistance over time, but their value over logistic regression models remains in question. 

The models suggest that there may be CIP MIC creep in human C. jejuni isolates the 

latter years of the study period in SK that requires further epidemiologic investigation. 

This study detected a greater risk of CIP-resistant C. jejuni from human infections in the 

winter months in Saskatchewan. Though the survival analysis of MICs may be useful, the 

models experienced some difficulty estimating larger numbers of model parameters. In 

addition, understanding the varying temporal trends of multiple MIC categories was 

challenging. Further work on these and other potential models for MIC values is 

warranted in other bacterial species to determine their usefulness for analysis of 

antimicrobial surveillance data. 
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Table 3.1. The annual incidence of human Campylobacter jejuni infection and the 

prevalences of resistance to ciprofloxacin and tetracycline of these isolates from 

Saskatchewan (1999-2006). 

Year Total # of Isolates 
Ciprofloxacin* Tetracycline* 

Number (%) [95% CI] Resistant 

1999 58      9   (15.5)  [6.1, 24.9]    20   (34.5) [22.1, 46.8] 

2000 158    20   (12.7)  [7.4, 17.8]    47   (29.6) [22.4, 36.7] 

2001 143      9   (6.3)    [2.3, 10.3]    42   (29.4) [21.9, 36.9] 

2002 171    16   (9.4)    [5.0, 13.7]    61   (35.7) [28.5, 42.9] 

2003 151    10   (6.6)    [2.6, 10.6]    57   (37.7) [30.0, 45.5] 

2004 158      7   (4.4)    [1.2, 7.7]    48   (30.3) [23.2, 37.6] 

2005 176    18   (10.2)  [5.7,14.7]    72   (40.9) [33.6, 48.2] 

2006 184    24   (13.0)  [8.2, 17.9]    52   (28.3) [21.7, 34.8] 

Total 1200   113  (9.4)    [7.8, 11.1]    399 (33.3) [30.5, 35.9] 

* Ciprofloxacin resistance ≥ 4 µg/mL; Tetracycline resistance ≥ 16 µg/mL. 
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Table 3.2. Final model variables from the multilevel logistic regression models for 

ciprofloxacin and tetracycline resistance in human isolates of Campylobacter jejuni from 

Saskatchewan (1999-2006). 

Variable Odds Ratio Wald P-Value 95% CI 

CIP Model*       

Date 1.000096          0.47 (0.999834 - 1.000358) 

Date
2
 1.000000          0.07 (1.000000 - 1.000001) 

Age 1.0375        <0.01 (1.0212 - 1.0541) 

Age
2
 0.9983        <0.01 (0.9976 - 0.9990) 

Summer Referent - - 

Winter 5.26        <0.01 (2.92 - 9.47) 

Spring 1.61          0.12 (0.88 - 2.92) 

Fall 1.61          0.18 (0.80 - 3.22) 

    

        

TET Model*       

1999
†
 Referent - - 

2000 0.87 0.68 (0.44 - 1.69) 

2001 0.89 0.73 (0.45 - 1.75) 

2002 1.14 0.70 (0.59 - 2.18) 

2003 1.30 0.44 (0.67 - 2.51) 

2004 0.90 0.77 (0.46 - 1.76) 

2005 1.48 0.24 (0.77 - 2.82) 

2006 0.76 0.42 (0.40 - 1.47) 

Age
‡
 1.0022 0.49 (0.9959 - 1.0087) 

Age
2
 0.9997 0.01 (0.9995 - 0.9999) 

Summer
‡
 Referent - - 

Winter 1.40 0.07 (0.97 - 2.02) 

Spring 0.77 0.10 (0.56 - 1.05) 

Fall 0.96 0.84 (0.67 - 1.38) 

    
 

CIP – ciprofloxacin; TET – tetracycline. 

* Models included location of sample submission as a random intercept. 
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Table 3.3. Final model variables from the multilevel, complimentary log-log, Cox 

proportional hazard survival model
†
 for ciprofloxacin minimum inhibitory concentrations 

for human isolates of Campylobacter jejuni from Saskatchewan (1999-2006). 

Variable Hazard Ratio Wald P-Value 95% CI 

0.032 MIC Referent -                       - 

0.064 MIC 81.49 <0.01            (13.91 - 477.44) 

0.125 MIC 448.42 <0.01            (77.02 - 2610.58) 

0.250 MIC 110.98 <0.01              (17.8 - 691.92) 

0.500 MIC 20.43 0.02              (1.48 - 281.16) 

4->32 MIC 5.53 0.17              (0.49 - 62.31) 

Date 1.0005 0.31          (0.9995 - 1.0014) 

0.064*Date 0.9997 0.56          (0.9988 - 1.0007) 

0.125*Date 0.9993 0.15          (0.9984 - 1.0003) 

0.25*Date 0.9996 0.38          (0.9986 - 1.0005) 

0.50*Date 1.0011 0.40          (0.9986 - 1.0036) 

4->32*Date 0.9989 0.15          (0.9974 - 1.004) 

Date
2
 1.0000000 0.96      (0.999999 - 1.000001) 

0.064*Date
2
 0.9999995 0.43      (0.999998 - 1.000001) 

0.125*Date
2
 0.9999996 0.52      (0.999998 - 1.000001) 

0.25*Date
2
 1.0000000 0.60      (0.999999 - 1.000002) 

0.50*Date
2
 0.9999995 0.71      (0.999997 - 1.000002) 

4->32*Date
2
 0.9999995 0.54      (0.999998 - 1.000001) 

Age 0.9832 0.37          (0.9474 - 1.0203) 

0.064*Age 1.0112 0.56          (0.9741 - 1.0498) 

0.125*Age 1.0091 0.63          (0.9721 - 1.0475) 

0.25*Age 1.0005 0.98          (0.9621 - 1.0404) 

0.50*Age 0.9631 0.31          (0.8962 - 1.0351) 

4->32*Age 0.9873 0.77          (0.9059 - 1.0757) 

Age
2
 0.9998 0.84          (0.9982 - 1.0015) 

0.064*Age
2
 1.0004 0.67          (0.9987 - 1.0020) 

0.125*Age
2
 1.0005 0.54          (0.9989 - 1.0021) 

0.25*Age
2
 1.0011 0.22          (0.9994 - 1.0028) 

0.50*Age
2
 1.0020 0.19          (0.9990 - 1.0050) 

4->32*Age
2
 0.9981 0.52          (0.9922 - 1.0040) 

Summer Referent -                       - 

Winter 1.41 0.78              (0.13 - 15.62) 

Spring 1.88 0.49              (0.31 - 11.29) 

Fall 2.10 0.46              (0.29 - 15.01) 

0.064*Winter 1.10 0.94              (0.10 - 12.49) 

0.064*Spring 0.70 0.70              (0.11 - 4.30) 

0.064*Fall 0.54 0.54              (0.07 - 3.94) 
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Table 3.3. Continued.   

Variable Hazard Ratio Wald P-Value 95% CI 

0.125*Winter 0.42 0.48              (0.04 - 4.74) 

0.125*Spring 0.52 0.47              (0.08 - 3.14) 

0.125*Fall 0.44 0.41              (0.06 - 3.17) 

0.25*Winter 0.13 0.12              (0.01 - 1.68) 

0.25*Spring 0.44 0.39              (0.07 - 2.85) 

0.25*Fall 0.36 0.33              (0.05 - 2.83) 

0.5*Winter 0.00 1.00              (0.00 - infinity) 

0.5*Spring 0.00 1.00              (0.00 - infinity) 

0.5*Fall 0.27 0.30              (0.02 - 3.25) 

4->32*Winter 0.39 0.55              (0.02 - 8.98) 

4->32*Spring 0.98 0.99              (0.08 - 12.00) 

4->32*Fall 0.00 1.00              (0.00 - infinity) 

    

  

MIC – minimum inhibitory concentration. 
†
 Model included a frailty for location of sample submission. 
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Table 3.4. Final model variables from the multilevel, complimentary log-log, Cox 

proportional hazard survival model† for tetracycline minimum inhibitory concentrations 

for human isolates of Campylobacter jejuni from Saskatchewan (1999-2006). 

Variable Hazard Ratio P-Value 95% CI 

Age 0.9975 0.13         (0.9944 - 1.0007) 

Age
2
 1.0002 <0.01         (1.0001 - 1.0003) 

Summer Referent -                      - 

Winter 0.85 0.11             (0.70 - 1.04) 

Spring 1.22 0.01             (1.05 - 1.43) 

Fall 1.08 0.43             (0.90 - 1.29) 

Male Referent -                      - 

Female 0.86 0.02             (0.72 - 0.98) 

0.032-0.064 MIC Referent -                      - 

0.125 MIC 12.36 <0.01             (3.57 - 42.74) 

0.25 MIC 12.77 <0.01             (3.55 - 45.86) 

0.5-1 MIC 5.97 0.01             (1.54 - 23.13) 

2-4 MIC 0.96 0.98             (0.10 - 9.28) 

8-16 MIC 4.32 0.06             (0.97 - 19.33) 

32-64 MIC 24.12 <0.01             (6.68 - 87.12) 

128->256 MIC 8.18 0.02             (1.36 - 49.32) 

1999 Referent - - 

2000 3.57 0.04             (1.08 - 11.76) 

2001 2.23 0.2             (0.65 - 7.64) 

2002 0.22 0.09             (0.04 - 1.3) 

2003 0.71 0.63             (0.18 - 2.86) 

2004 1.06 0.93             (0.29 - 3.94) 

2005 1.07 0.92             (0.29 - 3.89) 

2006 0.2 0.08             (0.03 - 1.22) 

    

0.125*2000 0.42 0.2             (0.11 - 1.57) 

0.125*2001 0.74 0.66             (0.19 - 2.86) 

0.125*2002 3.01 0.25             (0.45 - 19.97) 

0.125*2003 1.32 0.72             (0.29 - 5.98) 

0.125*2004 0.96 0.96             (0.23 - 4.04) 

0.125*2005 0.92 0.91             (0.22 - 3.81) 

0.125*2006 3.13 0.24             (0.47 - 20.71) 

    

0.25*2000 0.2 0.02             (0.05 - 0.81) 

0.25*2001 0.56 0.43             (0.14 - 2.32) 

0.25*2002 6.27 0.06             (0.93 - 42.21) 

0.25*2003 1.4 0.67             (0.30 - 6.57) 
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Table 3.4. Continued.   

Variable Hazard Ratio P-Value 95% CI 

0.25*2004 1.24 0.78             (0.28 - 5.39) 

0.25*2005 0.91 0.93             (0.21 - 3.92) 

0.25*2006 10.2 0.02             (1.52 - 68.22) 

    

0.50-1*2000 0.11 0.01             (0.02 - 0.54) 

0.50-1*2001 0.13 0.02             (0.02 - 0.71) 

0.50-1*2002 4.23 0.16             (0.58 - 30.86) 

0.50-1*2003 0.93 0.93             (0.18 - 4.86) 

0.50-1*2004 0.82 0.8             (0.17 - 3.98) 

0.50-1*2005 0.41 0.28             (0.08 - 2.06) 

0.50-1*2006 6.58 0.06             (0.91 - 47.65) 

    

2-4*2000 1 1             (0.09 - 10.84) 

2-4*2001 0.42 0.53             (0.03 - 6.27) 

2-4*2002 5.92 0.22             (0.35 - 100.3) 

2-4*2003 92 0.95             (0.06 - 14.7) 

2-4*2004 1.14 0.92             (0.08 - 15.59) 

2-4*2005 0.5 0.62             (0.03 - 7.66) 

2-4*2006 0 1             (0.00 - infinity) 

    

8-16*2000 0.12 0.02             (0.02 - 0.72) 

8-16*2001 0.2 0.09             (0.03 - 1.26) 

8-16*2002 2.51 0.41             (0.29 - 22) 

8-16*2003 0.43 0.39             (0.06 - 3.03) 

8-16*2004 0.64 0.62             (0.11 - 3.84) 

8-16*2005 0.29 0.19             (0.05 - 1.84) 

8-16*2006 5.15 0.13             (0.62 - 43.12) 

    

32-64*2000 0.11 <0.01             (0.03 - 0.047) 

32-64*2001 0.23 0.05             (0.06 - 0.99) 

32-64*2002 3.14 0.24             (0.46 - 21.48) 

32-64*2003 0.29 0.13             (0.06 - 1.45) 

32-64*2004 0.26 0.09             (0.06 - 1.23) 

32-64*2005 0.44 0.27             (0.10 - 1.91) 

32-64*2006 2.59 0.34             (0.37 - 17.98) 

    

128->256*2000 0.17 0.08             (0.02 - 1.21) 

128->256*2001 0.23 0.17             (0.03 - 1.83) 

128->256*2002 2.5 0.16             (0.23 - 27.77) 

128->256*2003 0.05 0.04             (0.00 - 0.86) 

128->256*2004 0.05 0.04             (0.00 - 0.82) 

128->256*2005 0.13 0.07             (0.01 - 1.2) 

128->256*2006 2.87 0.39             (0.26 - 31.86) 

    

MIC – minimum inhibitory concentration. 
†
 Model included a frailty for location of sample submission. 
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Figure 3.1. An illustration of the application of a discrete-time, Cox proportional hazard 

survival model to bacterial minimum inhibitory concentrations (MICs) from 

antimicrobial resistance surveillance data. 
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Figure 3.2. The monthly case incidence of human Campylobacter jejuni infections and 

the prevalence of resistance to ciprofloxacin (CIP) and tetracycline (TET) among these 

isolates in Saskatchewan for the entire study period (1999-2006). 
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Figure 3.3. The minimum inhibitory concentration (MIC) distributions for ciprofloxacin 

(CIP), tetracycline (TET) and erythromycin (ERY) in human isolates of Campylobacter 

jejuni isolates in Saskatchewan (1999-2006). E-test concentration ranges (µg/mL): CIP: 

0.032-32, TET + ERY: 0.032-256. MIC breakpoints: CIP: Susceptible (S) ≤ 1 µg/mL, 

Intermediate (I) = 2 µg/mL, Resistant (R) ≥ 4 µg/mL; TET: S ≤ 4 µg/mL, I = 8 µg/mL, R 

≥ 16 µg/mL; ERY: S ≤ 8 µg/mL, I = 16 µg/mL, R ≥ 32 µg/mL. 

 



 

 130 

 

Figure 3.4. The lowess smoothed plot of raw ciprofloxacin (CIP) minimum inhibitory 

concentrations (MIC) (solid line) and the predicted probability of CIP resistance (dashed 

line) over time from the logistic regression model (p = 0.18) for human isolates of 

Campylobacter jejuni from Saskatchewan (1999-2006). 
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Figure 3.5. The lowess smoothed plot of raw tetracycline (TET) minimum inhibitory 

concentrations (MIC) (solid line) and the predicted probability of TET resistance (dashed 

line) over time from the logistic regression model (p = 0.08) for human isolates of 

Campylobacter jejuni from Saskatchewan (1999-2006). 
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A              B 

Figure 3.6. The predicted hazards over time from the ciprofloxacin (CIP) Cox proportional hazard survival model (p < 0.01), by 

season, for human isolates of Campylobacter jejuni in Saskatchewan (1999-2006): A) for all minimum inhibitory concentration (MIC) 

categories; B) for resistant MICs (≥ 4 µg/mL). 
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Figure 3.7. The predicted hazards over time from the tetracycline (TET) Cox 

proportional hazard survival model (p < 0.01), by season and minimum inhibitory 

concentration (MIC) category, for human isolates of Campylobacter jejuni in 

Saskatchewan (1999-2006). 
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CHAPTER 4  

Detection of space, time and space-time clusters of human infection with 

ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan, Canada (1999-2006), 

and their comparison to eBURST groups of antibiogram patterns 

 

ABSTRACT 

Ciprofloxacin resistance in Campylobacter jejuni from animals, food and humans 

is a global public health concern as it may increase the burden of illness of 

campylobacteriosis and adversely affect clinical treatment options. Saskatchewan is the 

only province in Canada to have tested the antimicrobial susceptibility of all provincially 

reported cases of human C. jejuni from 1999-2006. The objectives were to determine if 

ciprofloxacin-resistant Campylobacter jejuni isolates clustered in space and/or time, to 

determine the optimal scan statistic model to detect these clusters and to compare these 

clusters with antibiogram groupings using eBURST analysis. There were postal code data 

associated with 1145 of 1200 human isolates of C. jejuni in the province of Saskatchewan 

from 1999 to 2006, of which 9.5% were resistant to ciprofloxacin. Scan statistics were 

used to detect clusters of ciprofloxacin resistant isolates in space, time and space-time 

using latitude and longitude coordinates of geocoded postal code centroides and the date 

of fecal sample collection. Evaluated models included: unadjusted Bernoulli, ordinal, 

multinomial, space-time permutation and Bernoulli models adjusted for sex and age of 

patient. Generally, all models detected significant spatial clusters within the two large 

urban population centers in the province, Saskatoon and Regina. Significant temporal 

clusters were identified in winter months (January to early April) by most models in 
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2000, 2002 and 2005. Space-time models identified similar winter clusters associated 

with these urban centers, but these were not detected by space-time permutation scan 

tests. Overall, the Bernoulli models were computationally the fastest for cluster detection. 

Substantial benefits were not realized by the added complexity of the ordinal or 

multinomial models and the former may result in false alarms by including resistant and 

non-resistant isolates as cases. The age-sex adjusted Bernoulli models further refined the 

clusters that were detected. The “case” (ciprofloxacin-resistant) isolates from significant 

Bernoulli clusters had antibiogram patterns that grouped on their own distinct branch of 

the eBURST diagram that was connected to but had no overlap with the rest of the “non-

case” (non-resistant) isolates. This study concludes that scan statistics were useful tools 

to detect clusters of ciprofloxacin-resistant C. jejuni from humans in Saskatchewan, but 

that there were no outbreaks of resistant infection. Clustering of ciprofloxacin-resistant 

isolates in the eBURST analysis, urban centers and the winter months suggests that the 

presence of epidemiologic risk factors in the province warranting further research.  
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INTRODUCTION 

Campylobacter is one of the leading causes of acute bacterial gastroenteritis, 

typically characterized by self-limiting diarrhea (1,2). Rare, but serious complications can 

include invasive (blood stream) infection, reactive arthritis and acute peripheral nervous 

demyelination, known as Guillain-Barré syndrome (1). Food, particularly undercooked 

chicken, is recognized to be the main source of human infection, though other sources 

have been implicated (3). 

Resistance to antimicrobials used for treatment of Campylobacter infections, such 

as ciprofloxacin and erythromycin, may increase the public health burden of 

campylobacteriosis by causing treatment failures, prolonging the severity and duration of 

illness and triggering infections that otherwise would not have occurred (4,5). Studies 

have shown that quinolone-resistant infections have a longer duration of diarrhea, an 

increased frequency of hospitalization and an enhanced risk of adverse health events and 

death (6-9). As chicken is a potential source of campylobacteriosis, it is possible that 

isolates resistant to antimicrobials originating in poultry could pass through the food 

chain to humans (10-12). Both agricultural and human antimicrobial use may be global 

factors impacting human infection with ciprofloxacin or erythromycin-resistant strains. 

Short periods of fluoroquinolone exposure in both poultry and humans can select for 

ciprofloxacin resistant Campylobacter isolates and studies have shown a temporal 

association between the emergence of fluoroquinolone resistance in human infections 

with their approval for use in agriculture (10,13-17). Risk factors for resistant infection 

are varied; the most common is foreign travel to regions such as Europe, Asia, Latin 

America and the Middle East (7,18-22). Other factors, such as poultry consumption and 
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prior antimicrobial treatment have been inconsistently associated with quinolone-resistant 

infections (7,18-22). 

Spatial scan statistics have become useful tools for the identification of clusters of 

infectious and foodborne disease in space, time and space-time in Canada (23,24). 

Identification of significant clusters, particularly space-time clusters, may represent 

outbreaks of disease that require more detailed investigation to identify risk factors. Scan 

tests have been used to identify clusters of other foodborne diseases such as E. coli 

O157:H7 in Alberta (24) and spatial clustering of human cases of Campylobacter species 

in rural and urban populations in Manitoba (23). A Norwegian study identified significant 

space-time clusters of Campylobacter species in humans and broiler flocks 

simultaneously in local regions (25). Molecular epidemiological techniques are another 

tool for source attribution of foodborne diseases such as Campylobacter by relating 

isolates from various sources (e.g., humans and food or livestock) within clusters to one 

another genetically. Work in Québec using multilocus sequence typing (MLST) 

determined that human isolates of C. jejuni were related to isolates found in chicken, raw 

milk and environmental water (26). 

The eBURST extension of the BURST (Based Upon Related Sequence Types) 

analysis applies heuristic clustering algorithms to divide large groups of isolates into non-

overlapping “clonal complexes” using unique sequence types derived from MLST data 

based on conserved housekeeping genes (27-29). The resulting arrangement of clonal 

complexes with their predicted primary and possibly secondary founders is one proposed 

hypothesis for the pattern of evolution of a group of isolates. Such an arrangement can be 

used to infer short-term relatedness within a smaller group of isolates from an identified 
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epidemiologic cluster or longer term evolution of a larger group of isolates from a larger 

geographic or temporal region. Though not its traditional application, eBURST analysis 

of categorized antimicrobial resistance data has been used to group isolates in the same 

manner (30). The presence of antibiogram eBURST groups would lend weight to the 

biological importance of detected clusters. This identification could be used to further 

generate hypotheses for the epidemiologic investigation of the ciprofloxacin-resistant 

isolates of C. jejuni from humans in the province of Saskatchewan. 

The province of Saskatchewan has tested the antimicrobial susceptibility of all 

provincially-reported cases of campylobacteriosis from 1999 to 2006. This provincial 

sample represents a unique collection of antimicrobial resistance data for Campylobacter 

in Canada. The objectives were to determine if human infections of ciprofloxacin-

resistant Campylobacter jejuni clustered in space and/or time, to determine the optimal 

scan statistic model to detect these clusters and to compare the antibiogram patterns 

within clusters to groups determined by eBURST analysis. 

  

MATERIALS AND METHODS 

Source of isolates and susceptibility testing 

From January 1, 1999 to December 31, 2006, the Saskatchewan Disease Control 

Laboratory (SDCL) in Regina received fecal samples for Campylobacter isolation and 

speciation as well as Campylobacter isolates from hospitals and diagnostic laboratories. 

Isolates were accompanied by unique patient identification, sex, age, sample collection 

date and the subject’s six-digit postal code of residence. All patients remained 

anonymous and isolates were identified only by unique patient numbers assigned by the 
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lab. The study was approved by the Research Ethics Boards of the Universities of Guelph 

and Regina. All isolates were identified and speciated using accepted methods (31) and 

subjected to antimicrobial susceptibility testing using E test strips (AB Biodisk, Sweden) 

as previously described (Chapter 2). In brief, minimum inhibitory concentrations (MICs) 

were determined to eight antimicrobials using Canadian Integrated Program for 

Antimicrobial Resistance Surveillance (CIPARS) panel (µg/mL): ciprofloxacin (CIP: 

0.032-32), azithromycin (AZM: 0.032-256) , clindamycin (CLI: 0.032-256), 

erythromycin (ERY: 0.032-256), gentamicin (GEN: 0.032-256), nalidixic acid (NAL: 

0.032-256), chloramphenicol (CHL: 0.032-32) and tetracycline (TET: 0.032-256) (32). 

MIC values were compared to breakpoints used by CIPARS according to the Clinical and 

Laboratory Standards Institute standard M45-A for fastidious bacteria (32,33). The 

breakpoints for for resistance/susceptibility used in this study included (µg/mL): CIP 

(≥4/≤1), AZM (≥8/≤2), CLI (≥8/≤2), ERY (≥32/≤8), GEN (≥8/≤2), NAL (≥64/≤16), CHL 

(≥32/≤8) and TET (≥16/≤4). 

 

Geocoding and spatial scan statistics 

The study included all human isolates of Campylobacter jejuni received by the 

SDCL from Jan. 1, 1999 to Dec. 31, 2006 that were tested for antimicrobial susceptibility 

and that had six-digit postal codes available in the SDCL database. All patients remained 

anonymous and isolates were identified only by unique patient numbers assigned by the 

lab. Six-digit postal codes were geocoded using unique geo-reference points from 

GeoPinpoint
TM

 Suite (geo-reference database v.2009.3; software v.6.4; DMTI Spatial
TM

 

Inc., Markham, ON, Canada). GeoPinpoint
TM

 Suite attached geographic coordinates 
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(longitude-Y and latitude-X) to the centroid of each postal code region by matching them 

within a DMTI proprietary geo-reference database (34). 

Isolates were subjected to scan statistics to detect clusters of CIP resistance 

(“cases”) in space, time and space-time using multiple, discrete model distributions, 

including Bernoulli, ordinal, multinomial and space-time permutation in SaTScan v.8.1.1 

(35). Scan statistics utilized a moving scanning window of variable size across space 

(circular window), time (date interval window) or space-time (cylindrical window with 

the circlular base for space and the height for time) while comparing the ratio of observed 

to expected “cases” within the window at each location (36-38). These discrete 

probability models adjusted for any uneven geographical distribution in the background 

population by comparing cases to non-cases; the only exceptions were the space-time 

permutation models that considered the relative distances of cases in space and time (39). 

The significance of each cluster was determined by a likelihood ratio test under the null 

hypothesis that the risk of being a case within the window is no different than outside the 

window. The P value for the most likely cluster was based on hypothesis testing where 

the likelihood of each cluster is compared to the maximum likelihood determined by 

Monte Carlo replications of the data under the null hypothesis that there is no clustering 

in the data (36). 

Each model distribution considered clusters of cases. Variable case definitions 

including CIP resistance were used to assess different models with different probability 

distributions. Unadjusted, Bernoulli models were used to detect clusters of: 1) CIP-

resistant (CIPr) C. jejuni isolates (≥4 µg/mL) versus non-resistant isolates; and 2) clusters 

of C. jejuni isolates resistant to CIP, NAL (≥64 µg/mL) and TET (≥16 µg/mL) (CIPr-
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NALr-TETr) versus all other isolates, a pattern that has been identified in other studies 

and Canadian surveillance (36,40,41). Unadjusted, ordinal models were used to consider 

CIP MICs for each isolate to detect clusters of higher-level compared to lower MICs  

(42) where two-fold MIC dilutions were treated as ordered categories. The model 

considered clusters of excess isolates within variable combinations of high-valued CIP 

MIC categories to obtain the highest likelihood to identify significant clusters. 

Unadjusted, multinomial models were used to detect clusters of isolates with unique 

antibiogram patterns, based on the resistant or non-resistant categorization of each of the 

eight antimicrobials for each isolate using the CIPARS resistance breakpoints (43,44). 

Lastly, adjusted Bernoulli models to detect clusters of CIP-resistant C. jejuni isolates 

were adjusted by age and sex to determine if these two potential confounding variables 

affected the cluster detection using the multiple dataset option in SaTScan (36). Cases 

were grouped into age categories (0-3 years, 4-17 years, 18-25 years, 26-60 years, and 

greater than 60 years of age). 

Each model group was run to detect clusters in space, time and space-time. 

Further, space-time permutation models were used to detect clusters unbiased by pre-

existing purely spatial or temporal clusters of: 1) CIPr isolates; and 2) CIPr-NALr-TETr 

isolates, as these models adjust for this bias, which may be present in the other space-

time models (39). Models were run for 9999 (spatial and temporal models) or 999 (space-

time models) replications. Spatial scan tests were run on all cases from 1999 to 2006. The 

maximum spatial cluster was set to the default of 50% of the population at risk. Temporal 

scan tests were run annually for each year in the data (1999-2006) using a time precision 

and aggregation of one day and set to detect a maximum cluster of 182 days, 50% of the 
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time at risk. Space-time scan tests were run annually for each year and used the same 

spatial and temporal settings. Space-time scan tests allowed for geographical overlap in 

detected clusters that did not include one another’s centroid to detect secondary clusters 

that overlap in space but not in time; only non-overlapping space-time clusters are 

reported. Clusters with a p ≤ 0.05 were considered significant. Spatial and space-time 

clusters were plotted on a provincial map of Saskatchewan using the North American 

Datum (NAD) 1983 Universal Transverse Mercator (UTM) 13N projection in ArcGIS 

(ESRI® ArcMap
TM

 9.3, ArcInfo, ESRI Inc., Redlands, CA). Cartographic boundary files 

for province, census metropolitan areas and census agglomerations were taken from 

Statistics Canada (45,46). 

 

eBURST analysis of antibiogram patterns 

 eBURST analysis was applied to the C. jejuni isolates included in the study in 

order to group them based on their antibiogram patterns. Each isolate was assigned a 

unique “antibiogram type” based on its pattern of susceptibility (s), intermediate 

susceptibility (i), or resistance (r) derived from the categorization of each of the eight 

“antimicrobial loci” using the MIC breakpoints from CIPARS (32). The eBURST 

algorithm was applied to the antibiogram types for the C. jejuni isolates from humans 

using the “most exclusive group” definition (27). In this context, isolates were included 

within a linked group only if they shared identical antimicrobial loci at seven or eight of 

the eight antimicrobial loci considered with at least one other isolate in the dataset. The 

optimization scheme in eBURST determined the most parsimonious pattern of linkage of 

the isolates within a group from a primary founding antimicrobial pattern and where 
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secondary founders had to have at least three single locus variants (27). The confidence 

of primary and secondary founder assignments were determined by conditional 

bootstrapping, where founders were assigned after the removal of one random isolate 

from the dataset, with 10,000 re-samplings (27). 

 

RESULTS 

 There were 1200 isolates of Campylobacter jejuni from humans in Saskatchewan 

from 1999 to 2006. Postal code data were available for 1145 of these individuals, of 

which 9.5% (95% CI 7.8, 11.2%) were resistant to CIP. The age and sex distribution of 

human C. jejuni cases by CIP resistance status are shown in Table 4.1. Case incidence 

changed by age, with higher numbers of cases in the 0-3 years and 18-25 years categories 

(Figure 4.1). In comparison, CIP resistance was uncommon in the 0-3 year group, with 

the highest prevalences in the 18-25 year and 26-60 year groups (Table 4.1). Overall, 

there were 665 male cases compared to 480 female cases. The prevalence of CIP 

resistance was similar between males (8.3%, 95% CI: 6.2 - 10.4%) and females (11.3%, 

95% CI: 8.4 - 14.1%). 

 

Spatial clusters 

 The spatial scan tests on complete data from 1999-2006 detected significant 

spatial clusters within the two large urban population centers in Saskatchewan: Saskatoon 

and Regina (Table 4.2). The unadjusted-CIPr Bernoulli model, the adjusted-CIPr 

Bernoulli model, the CIP MIC ordinal model and the multinomial model all detected 

virtually the same spatial cluster within Saskatoon that ranged from 4.68 to 4.74 km in 
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diameter (Figure 4.2). The adjusted-CIPr Bernoulli and CIP MIC ordinal clusters were 

identical and the unadjusted-CIPr Bernoulli and multinomial clusters were identical in 

size and location. The CIPr-NALr-TETr Bernoulli model also detected a 6.35 km 

diameter cluster within Saskatoon that contained the smaller clusters from the other 

models (Figure 4.2). The unadjusted-CIPr Bernoulli model and the multinomial model 

detected identical spatial clusters within Regina (Figure 4.2). The CIP MIC ordinal model 

detected a different cluster within Regina (Figure 4.2); however, it included case isolates 

with CIP MICs that were in both susceptible and resistant categories (MICs from 0.5 to 

>32 µg/mL), whereas clusters from other models contained only resistant case isolates. 

 

Temporal clusters 

 All models detected significant temporal clusters of CIP resistance in the winter 

months (January to early April) (Table 4.3). However, only the multinomial model 

identified a significant temporal cluster from July 13 to November 13, 2003, which 

included TETr isolates and one isolate with AZMr-CLIr-ERYr-TETr, but no CIPr 

isolates. The unadjusted-CIPr Bernoulli, unadjusted-CIPr-NALr-TETr Bernoulli, 

adjusted-CIPr Bernoulli, CIP MIC ordinal, and multinomial models detected virtually the 

same winter temporal clusters in 2000 and 2002. In 2005, the unadjusted-CIPr Bernoulli, 

CIP MIC ordinal, and multinomial models found the same winter temporal clusters. The 

adjusted-CIPr Bernoulli model found a similar, but shorter temporal cluster in 2005. 

 There were three temporal clusters that were not detected by all models in other 

years. The CIPr-NALr-TETr Bernoulli model detected a significant temporal cluster in 

March of 1999 (Table 4.3); the same cluster was borderline insignificant for the 
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multinomial model (p = 0.052). The CIP MIC ordinal model identified temporal clusters 

in 2004 and 2006 in the summer and fall months; however these clusters contained case 

isolates in both CIP susceptible and resistant categories (MICs from 0.125 to >32 

µg/mL), where clusters from other models contained only resistant case isolates. 

 

Space-time clusters 

 Multiple models detected significant space-time clusters in the winter months of 

2000, 2002 and 2005 that contained CIP-resistant isolates (Table 4.4). The unadjusted-

CIPr Bernoulli, adjusted-CIPr Bernoulli, CIP MIC ordinal and multinomial models 

detected space-time clusters in 2000 with diameters ranging from 149.80 to 279.64 km. 

None of these clusters shared the same exact date range and area, but all were in the 

winter months and included some or all of both large urban population centers, Saskatoon 

and Regina (Figure 4.3). The unadjusted-CIPr Bernoulli, CIP MIC ordinal and unadjusted 

CIPr-NALr-TETr Bernoulli models detected winter space-time clusters in 2002 ranging 

from 152.57 to 180.08 km in diameter. The unadjusted-CIPr cluster included Saskatoon 

and Regina, whereas the ordinal and CIPr-NALr-TETr Bernoulli clusters covered the 

same area, but only included part of Saskatoon and were centered on the southwest 

corner of the province (Figure 4.4). The CIP MIC ordinal 2002 cluster also contained CIP 

resistant and susceptible isolates as cases (MICs from 0.25 to > 32 µg/mL). 

 The unadjusted-CIPr Bernoulli model detected a winter space-time cluster in 2005 

(Table 4.4). It included a portion of and was centered northeast of Saskatoon (Figure 4.5). 

The CIP MIC ordinal model found summer-fall space-time clusters in 2001 and 2006 

(Figure 4.5), but cases had isolates with MICs in both CIP susceptible and resistant 
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categories (MICs from 0.25 to >32 µg/mL) (Table 4.4). The 2001 CIP MIC ordinal 

cluster included Regina and covered the southeast corner of the province while the 2006 

cluster included Regina and part of Saskatoon (Figure 4.5). There were no significant 

space-time permutation clusters for the unadjusted-CIPr, adjusted-CIPr or unadjusted 

CIPr-NALr-TETr models. 

 Overall, the Bernoulli models had the fastest simulation times for detection of 

clusters of CIP resistance. Unadjusted Bernoulli models were able to complete the Monte 

Carlo replications in a more reasonable time (e.g., seconds to minutes) compared to 

ordinal or multinomial models (e.g., hours to greater than one day), especially for space-

time models (Tables 4.2-4.4). The simulations in SaTScan were computationally 

intensive, often making it difficult to utilize an active computer for other tasks. As a 

result, scans that took long periods were performed on remote servers. The complex 

ordinal models detected additional clusters, but they included susceptible and resistant 

isolates as cases and ultimately were of questionable biological or surveillance 

importance. 

 

eBURST analysis – unadjusted-CIPr and adjusted CIPr models 

The majority of the C. jejuni isolates (1142) were connected within one group by 

eBURST analysis using the most exclusive group definition for antibiogram patterns 

(Figure 4.6). A second group contained the three remaining isolates (two AZMr-CLIr-

ERYr-TETr and one AZMr-CLIr-ERYr), for which no founders were assigned due to the 

low sample size. For the large group, the algorithm assigned the pan-susceptible isolates 

as the primary founder (bootstrap confidence 58%) with two, connected secondary 
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founders: CIPr-NALr (bootstrap confidence 60%) and CIPr-NALr-TETr (bootstrap 

confidence 37%). 

When comparing the antibiogram patterns of “case” (CIP resistant) to “non-case” 

(non-CIP resistant) isolates within any significant spatial, temporal or space-time clusters, 

the case isolates were always contained exclusively on the branches of the eBURST 

diagram including or spanning from the secondary group founders. Antibiogram patterns 

for case isolates within scan test clusters were comprised mostly by CIPr-NALr and 

CIPr-NALr-TETr isolates, ranging from 70-100 %, with nearly equal amounts of both 

(Tables 4.5-4.7). In contrast, the non-case isolates were contained exclusively on the 

branches of the diagram including or spanning from the primary group founder that did 

not include the secondary founders or any of their branches. There were no isolates 

resistant to both fluoroquinolones (e.g., CIP) and macrolides (e.g., ERY). As a result, the 

AZMr-CLIr-ERYr or AZMr-CLIr-ERYr-TETr isolates were never included as case 

isolates within any significant spatial, temporal or space-time clusters, nor were they 

included in non-case isolates for these clusters. 

 

DISCUSSION 

 This study detected significant clusters of ciprofloxacin-resistant isolates of C. 

jejuni from humans in the province of Saskatchewan from 1999 to 2006. This is the first 

report of the use of scan statistics to detect clusters of antimicrobial resistance using a 

provincial sample of all reported cases of Campylobacter jejuni. Spatial scan tests 

detected an excess number of ciprofloxacin-resistant isolates in the large urban centers of 

Saskatoon and Regina while temporal scan tests found excess cases in the winter months 
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of January to April. However, no clusters were identified by the space-time permutation 

scan test, which is consistent with the sporadic nature of human campylobacteriosis and 

the lack of human-to-human transmission. Generally, the unadjusted Bernoulli models 

were the fastest for detection of spatial and temporal clusters of ciprofloxacin-resistance 

based on computational requirements. However, adjusted Bernoulli models found fewer 

spatial and space-time clusters, indicating that they may be more appropriate to avoid 

false alarms of clusters explained by varying age-sex distribution in space and time. 

 All of the spatial scan statistic models detected significant spatial clusters of C. 

jejuni isolates resistant to ciprofloxacin in the province’s two large urban centers, 

Saskatoon and Regina. Comparison of the models revealed only slight variations in the 

cluster centroids and radii; clusters were always nearly identical and contained within the 

geographical boundaries of either Saskatoon or Regina. In addition, the Bernoulli models 

were not biased by high background populations as they adjusted for non-uniform 

background population distribution by comparing cases (resistant isolates) to non-cases 

(non-resistant isolates) (36). These findings suggest existence of risk factor(s) for 

ciprofloxacin-resistant C. jejuni infection that were unique to living in these urban 

environments in the province. Unfortunately, there was not sufficient epidemiological 

data to identify these risk factors, and there are no reports in the literature of risk factors 

to explain spatial clustering of ciprofloxacin-resistant Campylobacter infections in urban 

centers. The literature regarding clustering of Campylobacter infections in urban or rural 

settlings, ignoring antimicrobial susceptibility, remain conflicted. Multiple studies 

reported that human cases tended to cluster in rural areas with higher agricultural density, 

both in Canada and other countries such as Norway, Denmark and Scotland 
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(23,25,47,48). A Manitoba study detected significant spatial clusters in rural agricultural 

areas, as well increased rates of campylobacteriosis in these regions (23). It has been 

suggested that a significant association with increased agricultural density may be related 

to other risk factors such as drinking unpasteurized milk and contaminated drinking water 

(23,47). However, a study in the UK found an increased risk of campylobacteriosis in 

urban areas (49) while a study in the Netherlands suggested that the prevalence of 

fluoroquinolone resistance was higher in urban versus rural Campylobacter isolates (50). 

These studies had difficulty reconciling other identified individual risk factors in 

industrialized countries such as foreign travel and consumption of poultry products and 

did not consider antimicrobial susceptibility (3).  

 The reports of risk factors for Campylobacter infection remain varied and have 

commonly found positive association with eating undercooked chicken, but other factors 

have been implicated, such as prior quinolone use, other foods, drinking unpasteurized 

milk or contaminated water, or exposure to farm or companion animals (3,51). These are 

also potential risk factors for ciprofloxacin-resistant C. jejuni infection. Poultry 

consumption, foreign travel and prior quinolone consumption have been identified in 

case-control studies as risk factors for having a quinolone-resistant infection (7,18-22). 

Separating risk factors for quinolone-resistant infection from general campylobacter 

infection has proved difficult. Exposure to some factors occurs with high frequency in 

both the case and control populations, decreasing the power of these studies to detect 

consistent risk factors. The lack of travel information in this study prevented us from 

evaluating clusters of domestically acquired ciprofloxacin-resistant C. jejuni infections 

separate from travel-associated infections. 
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It is possible that food sources, consumption patterns, travel patterns, drinking 

water sources, antimicrobial use patterns or other individual factors varied between urban 

and rural residents in Saskatchewan (52,53). This study detected significant spatial 

clustering, but did not evaluate specific risk factors for this clustering. It is also possible 

that rural infections may have been under-represented in the provincial collection. Source 

attribution research in Scotland and New Zealand suggested that urban residents were 

more likely to have C. jejuni strains from chicken compared to rural residents, who were 

more likely to have ruminant and non-chicken strains (54,55). This represents a plausible 

hypothesis for the differing source of urban and rural infections, but does not address the 

susceptibility of the isolates. A less likely hypothesis is that rural residents may have less 

access to health care services and be less likely to seek medical attention, resulting in 

differential reporting bias of resistant infections compared to urban residents (49). 

However, the apparent prevalence of resistance in reported rural infections may be higher 

than the true prevalence if infections with resistant isolates were more likely to be 

reported than susceptible cases due to the link with increased severity (6,9). This could 

actually strengthen the finding of urban clusters of resistant cases identified over and 

above an inflated apparent prevalence of rural resistance. These findings indicate that 

further research into risk factors for ciprofloxacin-resistant C. jejuni infection in 

Saskatchewan, particularly in urban settings, is warranted. 

 Temporal scans from all models detected significant increases in the incidence of 

ciprofloxacin-resistant C. jejuni infections in the winter months in Saskatchewan. These 

results agree with those of the previous study (Chapter 3) that used regression models to 

assess the significance of temporal changes in the prevalence of resistance or MICs. The 
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seasonal pattern of resistance detected in both of these studies contrasts to the case 

incidence of all C. jejuni in the province, which peaked in the summer months of June to 

September (Chapter 3). Other studies have reported similar seasonal increases in 

Campylobacter incidence in the summer months (3,25,49). Two separate studies in the 

Netherlands using national surveillance data for Campylobacter identified this inverse, 

seasonal relationship between overall Campylobacter incidence and the incidence of 

ciprofloxacin-resistant infections (50,56). 

There was imperfect agreement in the periods of increased winter risk identified 

in this and the previous study using regression models (Chapter 3). This was likely due to 

the placement of arbitrary cutoffs in the temporal data. The regression models found 

increased risk of resistance in the quarter of January to March, whereas some of the 

temporal clusters from the scan statistics spanned these months and extended into April. 

In addition, descriptive data suggested that resistance started to increase in November and 

December, but this was not detected by either study. This may be related to the arbitrary 

division of the data at December 31 and January 1 in both studies. However, when all of 

the data from January 1, 1999 to December 31, 2006 were scanned for temporal clusters, 

no significant cluster in any model ever spanned the New Year (data not shown). 

 The reason for this seasonal pattern of ciprofloxacin-resistant C. jejuni infections 

in Saskatchewan is not clear. One hypothesis is that a significant proportion of these may 

be acquired outside of Saskatchewan or Canada. It is well documented that in developed 

countries foreign travel is the most consistent risk factor for acquiring a resistant 

infection. Studies in the United States, the United Kingdom, and Denmark found that 

travel to destinations including Europe, the Mediterranean, Southeast Asia, the Middle 
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East, and Latin America was associated with an increased risk of having a resistant 

infection compared to susceptible cases (7,18-20,57). It is reasonable to suspect that 

Saskatchewan residents have opted to travel to some of these warmer destinations during 

the cold winter months. The authors of studies in the Netherlands speculated that the 

source of winter infection (e.g., chicken products) may have been different than summer 

(e.g., water while swimming) and they also identified foreign travel as a potential risk 

factor (50,56). In addition, they hypothesized that there may be added selective pressure 

for fluoroquinolone resistance in the winter from human treatment of respiratory 

infections as short periods of human exposure to fluoroquinolones can result in the 

development of resistance in C. jejuni (13,15,50). Unfortunately, sufficient 

epidemiological data were not available to assess these factors in this study.  

 This study detected significant space-time clusters of ciprofloxacin resistance in 

all evaluated models (Bernoulli, ordinal and multinomial) with the exception of the 

space-time permutation model. These clusters always corresponded highly to the purely 

temporal clusters that spanned the winter months from January to April. Though their 

spatial areas included the large population centers of Saskatoon and Regina, they were 

much larger than the purely spatial clusters. Further, there was little agreement between 

the different models in the centroids and areas of the space-time clusters. Bernoulli, 

ordinal and multinomial space-time scan statistics can be biased by purely spatial or 

temporal clusters (39). The lack of corresponding space-time permutation clusters 

suggested that ciprofloxacin-resistant C. jejuni did not occur in outbreaks in the province 

(38,39). This is consistent with the view that the majority of Campylobacter cases in 

developed countries such as Canada tend to be sporadic, with point source outbreaks 
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occurring less frequently (3). This is further supported by the hypothesis that a portion of 

resistant cases are obtained during foreign travel rather than common-source outbreaks. 

 Overall, the unadjusted Bernoulli model was computationally the fastest for 

detection of spatial, temporal or space-time clusters, regardless of the case definition or 

adjustment by covariates. The ordinal model did not detect any additional clusters with 

high ciprofloxacin MICs that were informative. The models were more complex and 

required more time to run the Monte Carlo replications (42,43). At times, the ordinal 

results failed to differentiate between susceptible and resistant isolates, as they contained 

isolates with MICs in both susceptible and resistant categories as cases. This could result 

in false alarms that require careful scrutiny to determine the case composition. The 

multinomial models helped to confirm the significance of the ciprofloxacin-resistant 

Bernoulli clusters by detecting similar clusters of ciprofloxacin resistance, but were also 

computationally intensive. They did have the benefit of identifying clusters of resistance 

to other antimicrobials, as they detected an additional spatial cluster of tetracycline 

resistance that differed from the ciprofloxacin-resistant clusters. 

 The unadjusted Bernoulli models for ciprofloxacin resistance alone found some of 

the same, but also some different temporal clusters compared to the Bernoulli models for 

isolates with ciprofloxacin-nalidixic acid-tetracycline resistance, which represented a 

subset of the ciprofloxacin-resistant isolates. CIPARS surveillance of Campylobacter 

isolates from 2007 retail chicken in Saskatchewan, British Columbia, Ontario and 

Québec detected almost equal prevalences of isolates with the CIPr-NALr pattern (3% of 

253) and the CIPr-NALr-TETr pattern (2% of 253) (41). It may be that there was an 
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epidemiological linkage between resistances to these two antimicrobials. This potential 

relationship has been identified elsewhere and warrants further investigation (56,58). 

 The spatial and temporal clusters of ciprofloxacin resistant isolates detected by 

the sex and age-adjusted Bernoulli models had high degrees of overlap with those from 

the unadjusted Bernoulli models. Temporal clusters were almost identical from both 

models. However, the unadjusted models detected a spatial cluster in Regina not detected 

by the adjusted model, which could indicate a false alarm. The unadjusted space-time 

Bernoulli models detected additional clusters not identified by the adjusted models, but 

these were likely biased by purely spatial or temporal clusters. From a surveillance 

perspective, this suggests that unadjusted models may result in false spatial and space-

time clusters for ciprofloxacin resistant C. jejuni, but that temporal clusters were not 

affected by age and sex categorization. The previous study that modeled changing 

resistance over time found that sex was not related to the risk of resistance when added to 

regression models (Chapter 3). However, in that study, age was significantly related to 

the outcome of ciprofloxacin resistance. Therefore, age and sex should be considered 

when utilizing scan statistics for antimicrobial resistance cluster detection of C. jejuni in 

Saskatchewan 

 The eBURST analysis of antibiogram types was not used to infer evolutionary 

relationships amongst this group of C. jejuni isolates. Antibiogram typing often suffers 

from a lack of discriminatory power as there are relatively few antimicrobials considered 

and the categorization of isolates into susceptibility, intermediate susceptibility and 

resistance based on MIC breakpoints creates a relatively small number of profiles that 

may be shared by many isolates, hiding more subtle differences between strains (59). 
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Further, relative to the conserved housekeeping genes used in MLST, antimicrobial 

resistance gene loci are often subject to higher rates of genetic change from spontaneous 

mutation and horizontal gene transfer as the result of antimicrobial selection pressure 

(27,60,61). The low confidence in the assignments of primary and secondary founders in 

this data supports the belief that evolutionary inference based on the grouping of 

antimicrobial loci in C. jejuni was not warranted. 

In this study, grouping patterns of antibiogram types were compared to the s-i-r 

antibiogram types of isolates identified within scan statistic clusters of the unadjusted-

CIPr and adjusted CIPr-Bernoulli models to determine if there were any consistent visual 

sub-groupings between the two methods. eBURST groups had a high degree of overlap 

with the antibiogram patterns detected within significant clusters. In all instances, “case” 

(ciprofloxacin-resistant) isolates within clusters had highly consistent s-i-r antibiogram 

patterns that grouped on their own branch of the eBURST diagram, distinct from the 

branch that contained the “non-case” (non-ciprofloxacin-resistant) isolates. The presence 

of distinct sub-groups of case versus non-case isolates on the eBURST diagram lends 

support to the biological importance of clusters detected by the scan tests. This 

concurrence provides further epidemiologic support for differences between 

ciprofloxacin-resistant compared to susceptible C. jejuni infections suggesting that they 

may have different sources in the province. Identifying the propensity for clusters to 

occur in urban centers and during the winter months serves to generate hypotheses for 

further risk factor studies of ciprofloxacin-resistant C. jejuni infections in Saskatchewan. 

This study had some potential limitations. Geocoding of spatial locations was 

based on the centroids of six digit postal code regions, which for large, rural regions often 
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map to nearby urban centers. However, the large urban centers identified as having 

spatial clusters represent regions with the finest spatial detail available for the province. 

The smaller urban centers that often contained these rural postal code centroids were not 

included in these clusters. As a result, the spatial error in these data did not impact the 

finding of clusters of resistant infections in the two large urban cities of Saskatchewan. It 

is also possible that resistant cases were subject to selection bias as they have been shown 

to have a higher risk of hospitalization and adverse health events (6-9). It is possible that 

persons with resistant infections are more likely to seek medical attention, which could 

alter the spatial and temporal distributions of resistant versus non-resistant isolates. 

Further, the lack of travel information prevented the ability to separate domestically 

acquired from travel-related resistant infections, which may have revealed different 

clustering patterns if analyzed separately. 

This study represents the first Canadian application of scan statistics to detect 

clusters of antimicrobial resistance in human foodborne illness and is also the first to do 

so using a collection of all provincially reported C. jejuni isolates in Canada. In the 

province of Saskatchewan, human isolates of C. jejuni displaying ciprofloxacin-

resistance tended to cluster in large urban centers and in the winter months of the year. 

Age and sex-adjusted Bernoulli scan statistics that compared the incidence of cases to 

non-cases appeared to be the best models to detect spatial and temporal clusters of 

ciprofloxacin-resistant versus non-resistant isolates in the province. eBURST analysis of 

antibiogram patterns strongly supported the grouping of resistant isolates within these 

clusters. Further analysis is warranted to identify risk factors for human infection with 
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ciprofloxacin-resistant C. jejuni in urban centers and the winter months in the province of 

Saskatchewan. 
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Table 4.1. The age and sex distributions of human Campylobacter jejuni infections from 

Saskatchewan (1999-2006) by ciprofloxacin resistance status. 

 Campylobacter jejuni isolates 

 Factor % (No.) Resistant 95% Conf. Interval Total No. 

Sex    

Female 11.3 (54)  8.4 - 14.1 480 

Male   8.3 (55)  6.2 - 10.4 665 

    

Age (years)    

            0-3   0.7 (1)  0.0 - 2.0 147 

            4-17   3.0 (6)  0.6 - 5.2 205 

          18-24 13.2 (27)  8.6 - 17.9 204 

          25-60 14.4 (68)            11.3 - 17.6 471 

           >60   5.9 (7)  1.6 - 10.2 118 

    

Female (years)    

            0-3      No Isolates                    -   57 

            4-17   2.8 (2)  0.0 - 6.7   71 

          18-24 20.5 (17)            11.7 - 29.2   83 

          25-60 14.4 (31)  9.7 - 19.0 216 

           >60   7.5 (4)  0.4 - 14.7   53 

    

Male (years)    

            0-3   1.1 (1)  0.0 - 3.3   90 

            4-17   3.0 (4)  0.1 - 5.9 134 

          18-24   8.3 (10)  3.3 - 13.2 121 

          25-60 14.5 (37)            10.2 - 18.8 255 

           >60   4.6 (3)  0.0 - 9.8   65 
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Table 4.2. Spatial clusters of human infection with ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan (1999-2006) based 

on scan tests of all cases using 9999 Monte Carlo replications and a maximum cluster of 50% of the population at risk. 

 

 

Model 

 

Case Type 

 

MLC 

Lat. 

(°N) 

Long. 

(°W) 

Rad. 

(km) 

 

P value 

CIPr 

Cases 

 

Popn 

 

RR 

Case CIP 

MICs (µg/mL) 

Simulation 

Time 

Unadj-Bernoulli CIPr 1st 52 107 4.68 <0.001 37 104 5.14 ≥4       16 secs 

Unadj-Bernoulli CIPr 2nd 50 105 9.30   0.008 15   43 4.09 ≥4  

            

Adj-Bernoulli CIPr 1st 52 107 4.74 <0.001 37 104 * ≥4       15 mins 

            

Ordinal CIP MICs 1st 52 107 4.74   0.001 37 104 5.45 16 to >32       25 mins 

Ordinal CIP MICs 2nd 50 105 6.00   0.004 14   29 5.23 0.5 to >32  

            

Unadj-Bernoulli CIPr-NALr-TETr 1st 52 107 6.35   0.013 26 199 3.25 ≥4       15 secs 

            

Multinomial SR patterns 1st 52 107 4.68 <0.001 37 104 A
†
 ≥4         7 mins 

Multinomial SR patterns 2nd 50 105 9.30   0.018 15   43 B
†
 ≥4  

 

 
†
 Multinomial 

Clusters 

Multinomial Clusters by Antimicrobial SR Pattern – No. of Cases (RR)  

 All S TETr NALr CIPr-TETr CIPr-NALr 
CIPr-NALr-

TETr 

CHLr-CIPr-

NALr 

AZMr-

CLIr-ERYr 

AZMr-CLIr-

ERYr-TETr 

A 46 (0.68) 21 (0.72) 0 (0.00) 0 (0.00) 20 (9.10) 16 (3.32) 1 (infinity) 0 (0.00) 0 (0.00) 

B 12 (0.43) 16 (1.39) 0 (0.00) 1 (25.63)   8 (6.03)   6 (2.65) 0 (0.00) 0 (0.00) 0 (0.00) 

 

MLC - most likely cluster. Lat. - Degrees latitude. Long. - Degrees longitude. Rad. - Cluster radius (km). Popn - population. RR - relative risk. 

CIP MICs – ciprofloxacin minimum inhibitory concentrations. Unadj - Unadjusted. Adj - adjusted. 

CIPr – ciprofloxacin resistanct. TETr – tetracycline resistance. NALr - nalidixic acid resistance. CHLr – chloramphenicol resistance. AZMr – azithromycin 

resistance. CLIr – clindamycin resistance. ERYr – erythromycin resistance. SR – susceptibility/resistance patterns. 

* Separate RR estimates for each age-sex group - data not reported. 
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Table 4.3. Temporal clusters of human infection with ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan (1999-2006) 

from annual scan tests using 9999 Monte Carlo replications, 1-day time aggregation and a maximum cluster of 182 days. 

 

Model 

 

Case 

Start Date 

(Y/M/D) 

End Date 

(Y/M/D) 

 

P value 

CIPr 

Cases 

 

Popn 

 

RR 

Case CIP MICs 

(µg/mL) 

Simulation Time 

(secs) 

Unadj-Bernoulli 

    CIPr-NALr- 

    TETr 1999/3/9 1999/3/11 0.008   3   3 52.00 ≥4                2 

Multinomial SR patterns 1999/3/9 1999/3/11 0.052   3   3 A* ≥4              27 

          

Unadj-Bernoulli CIPr 2000/1/29 2000/4/6   <0.001 11 18 10.31 ≥4                1 

Adj-Bernoulli CIPr 2000/1/29 2000/4/6   <0.001 11 17 † ≥4              93 

Ordinal CIP MICs 2000/1/29 2000/4/6   <0.001 11 18 11.79 >32              78 

Multinomial SR patterns 2000/1/29 2000/4/7   <0.001 11 19 B* ≥4              37 

          

Unadj-Bernoulli CIPr 2002/2/8 2002/4/8 0.010   8 18 8.95 ≥4               1 

Adj-Bernoulli CIPr 2002/2/8 2002/4/8 0.020   8 15 † ≥4           133 

Ordinal CIP MICs 2002/2/8 2002/4/8 0.011   8 18 12.53 ≥32           249 

Unadj-Bernoulli CIPr-NALr- 

TETr 

2002/2/8 2002/4/8 0.006   8      18      10.44 ≥4               4 

Multinomial SR patterns 2002/2/8 2002/4/8 0.013   8 18 C* ≥4             30 

          

Multinomial SR patterns 2003/7/13 2003/11/13 0.003   0 53 D* ≥4             44 

          

Ordinal CIP MICs 2004/6/3 2004/8/11 0.037 41 51 1.77 ≥0.125           120 

          

Unadj-Bernoulli CIPr 2005/1/28 2005/3/18 0.012   7 12 8.33 ≥4               2 

Adj-Bernoulli CIPr 2005/1/28 2005/2/22 0.035   6   9 † ≥4           101 

Ordinal CIP MICs 2005/1/28 2005/3/18 0.023   7 12 8.33 >32           129 

Multinomial SR patterns 2005/1/28 2005/3/18 0.039   7 12 E* ≥4             45 

          

Ordinal CIP MICs 2006/6/11 2006/12/3   <0.001 46 / 51       101 1.06 / 2.16 0.125 / ≥0.25           121 
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Table 4.3. Continued. 

 

 

* Multinomial 

Clusters 

Multinomial Clusters by Antimicrobial SR Pattern – No. of Cases (RR)  

 All S TETr NALr CIPr-TETr CIPr-NALr 
CIPr-NALr-

TETr 

CHLr-CIPr-

NALr 

AZMr-CLIr-

ERYr 

AZMr-CLIr-

ERYr-TETr 

A   0 (0.00)   0 (0.00) No Isolates No Isolates  0 (0.00) 3 (52.00) No Isolates No Isolates No Isolates 

B   2 (0.15)   6 (1.41) No Isolates 2 (infinity)  5 (8.82) 4 (7.05) No Isolates No Isolates No Isolates 

C   9 (0.78)   1 (0.18) No Isolates No Isolates  0 (0.0) 8 (10.44) No Isolates No Isolates No Isolates 

D 23 (0.61) 29 (2.93) No Isolates No Isolates  0 (0.0) 0 (0.0) No Isolates No Isolates 1 (infinity) 

E   1 (0.15)   4 (0.93) No Isolates No Isolates  4 (13.08) 3 (5.61) No Isolates 0 (0.0) No Isolates 

 

MLC - most likely cluster. Popn - population. RR - relative risk. CIP MICs – ciprofloxacin minimum inhibitory concentrations. 

Unadj - Unadjusted. Adj - adjusted. CIPr – ciprofloxacin resistanct. TETr – tetracycline resistance. NALr - nalidixic acid resistance. CHLr – chloramphenicol 

resistance. AZMr – azithromycin resistance. CLIr – clindamycin resistance. ERYr – erythromycin resistance. SR – susceptibility/resistance patterns.  

† Separate RR estimates for each age-sex group - data not reported. 
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Table 4.4. Space-time clusters of human ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan (1999-2006) from annual scan 

tests using 999 Monte Carlo replications, 1-day time aggregation and maximum clusters of 182 days and 50% of the population at 

risk. 

  Lat. Long. Rad. Date (Y/M/D)  CIPr   

Case CIP 

MICs Simulation 

Time 
Model Case (°N) (°W) (km) Start End P value Cases Popn RR (µg/mL) 

Unadj-Bernoulli CIPr 52 105 149.80   2000/1/29    2000/4/6 0.003 10 13 11.97         ≥4      6 mins 

Adj-Bernoulli CIPr 50 106 279.64   2000/2/1    2000/4/26 0.001  9 14 *         ≥4    16 hrs 

Ordinal CIP MICs 52 104 174.60   2000/1/29    2000/4/6 0.001 12 14 *         >0.25    20 hrs    

Multinomial SR patterns 52 104 174.60   2000/1/29    2000/4/7 0.001 10 15 A
†
         ≥4      7 hrs 

             

Ordinal CIP MICs 50 106 208.79   2001/7/5    2001/11/14 0.039 30 30 *         >0.25    19 hrs 

             

Unadj-Bernoulli CIPr 52 105 152.57   2002/2/8    2002/3/13 0.026   5  5 15.40         ≥4      8 mins 

Ordinal CIP MICs 51 108 180.08   2002/2/6    2002/4/8 0.025   6 7 18.61         ≥32    61 hrs 

Unadj-Bernoulli CIPr-NALr-

TETr 

51 108 180.08   2002/2/8    2002/4/8 0.011   6 7 16.29         ≥4      8 mins 

             

Unadj-Bernoulli CIPr 52 105   98.90   2005/2/1    2005/3/18 0.047   5   5 9.39         ≥4      6 mins 

             

Ordinal CIP MICs 52 104 178.11   2006/6/13    2006/12/3 0.004 32 48 2.34         ≥0.25    30 hrs 
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Table 4.4. Continued. 

 
†
 Multinomial 

Clusters 

Multinomial Clusters by Antimicrobial SR Pattern – No. of Cases (RR)  

 All S TETr NALr 
CIPr-

TETr 

CIPr-

NALr 

CIPr-NALr-

TETr 

CHLr-CIPr-

NALr 

AZMr-CLIr-

ERYr 

AZMr-CLIr-

ERYr-TETr 

A 0 (0.00) 5 (1.48) No Isolates 2 (infinity) 5 (11.50) 3 (5.52) No Isolates No Isolates No Isolates 

 

MLC - most likely cluster. Lat. - Degrees latitude. Long. - Degrees longitude. Rad. - Cluster radius (km). Popn - population. RR - relative risk. 

CIP MICs – ciprofloxacin minimum inhibitory concentrations. Unadj - Unadjusted. Adj - adjusted. 

CIPr – ciprofloxacin resistanct. TETr – tetracycline resistance. NALr - nalidixic acid resistance. CHLr – chloramphenicol resistance. 

AZMr –azithromycin resistance. CLIr – clindamycin resistance. ERYr – erythromycin resistance. SR – susceptibility/resistance patterns. 

* Separate RR estimates for each MIC or age-sex group - data not reported.. 
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Table 4.5. Antibiogram patterns of human Campylobacter jejuni infections contained within significant spatial clusters of 

ciprofloxacin-resistant isolates in Saskatchewan (1999-2006) from scan tests using all data, 9999 Monte Carlo replications and 

maximum clusters of 50% of the population at risk. 

Model MLC 
Latitude 

(°N) 

Longitude 

(°W) 

Radius 

(km) 

Start Date 

(Y/M/D) 

End Date 

(Y/M/D) 
Antimicrobial Pattern No. of Isolates 

Spatial Cases (CIP-resistant)      

Unadj-

Bernoulli 1st 52 107 4.68 N/A N/A CIPr-NALr         17 

       CIPr-NALr-TETr         16 

       CHLi-CIPr-NALr           1 

       CIPr-NALr-TCi           1 

       CIPr-CLIi-NALr           1 

       CHLr-CIPr-CLIi-NALr           1 

         

Unadj-

Bernoulli 2nd 50 105 9.30 N/A N/A CIPr-NALr           8 

       CIPr-NALr-TETr           6 

       AZMi-CIPr-TETr           1 

         

Adj-Bernoulli 1st 52 107 4.74 N/A N/A CIPr-NALr         17 

       CIPr-NALr-TETr         16 

       CHLi-CIPr-NALr           1 

       CIPr-NALr-TETi           1 

       CIPr-CLIi-NALr           1 

       CHLr-CIPr-CLIi-NALr           1 
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Table 4.5. Continued.      

Model MLC 
Latitude 

(°N) 

Longitude 

(°W) 

Radius 

(km) 

Start Date 

(Y/M/D) 

End Date 

(Y/M/D) 
Antimicrobial Pattern No. of Isolates 

Spatial Non-Cases (CIP-susceptible)      

Unadj-

Bernoulli 1st 52 107 4.68 N/A N/A S         44 

       TETr         21 

       TCi           1 

       NAi           1 

         

Unadj-

Bernoulli 2nd 50 105 9.30 N/A N/A S         12 

       TETr         16 

         

Adj-Bernoulli 1st 52 107 4.74 N/A N/A S         44 

       TETr         21 

       TCi           1 

       NAi           1 

                  
 

MLC - most likely cluster. Unadj - Unadjusted. Adj - adjusted.  S - pansusceptible. i – intermediate susceptibility. r - resistant. 

CIP - ciprofloxacin. TET - tetracycline. NAL - nalidixic acid. AZM - azithromycin. CLI - clindamycin. CHL - chloramphenicol. 
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Table 4.6. Antibiogram patterns of human Campylobacter jejuni infections contained within significant temporal clusters of 

ciprofloxacin-resistant isolates in Saskatchewan (1999-2006) from annual scan tests using 9999 Monte Carlo replications, 1-day time 

aggregation and maximum clusters of 182 days. 

Model Year 
Latitude 

(°N) 

Longitude 

(°W) 

Radius 

(km) 

Start Date 

(Y/M/D) 

End Date 

(Y/M/D) 
Antimicrobial Pattern 

No. of 

Isolates 

Temporal Cases (CIP-resistant)      

Unadj-Bernoulli 2000 N/A N/A N/A    2000/1/29      2000/4/6 CIPr-NALr          4 

       CIPr-NALr-TETr          4 

       CIPr-TETr          1 

       CHLi-NALr-TETr          1 

       AZMr-CIPr-TETr          1 

Adj-Bernoulli 2000 N/A N/A N/A    2000/1/29      2000/4/6 CIPr-NALr          4 

       CIPr-NALr-TETr          4 

       CIPr-TETr          1 

       CHLi-NALr-TETr          1 

       AZMr-CIPr-TETr          1 

         

Unadj-Bernoulli 2002 N/A N/A N/A    2002/2/8      2002/4/8 CIPr-NALr-TETr          8 

Adj-Bernoulli 2002 N/A N/A N/A    2002/2/8      2002/4/8 CIPr-NALr-TETr          8 

         

Unadj-Bernoulli 2005 N/A N/A N/A    2005/1/28      2005/3/18 CIPr-NALr          4 

       CIPr-NALr-TETr          3 
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Table 4.6. Continued.      

Model Year 
Latitude 

(°N) 

Longitude 

(°W) 

Radius 

(km) 

Start Date 

(Y/M/D) 

End Date 

(Y/M/D) 
Antimicrobial Pattern 

No. of 

Isolates 

Adj-Bernoulli 2005 N/A N/A N/A    2005/1/28      2005/2/22 CIPr-NALr          3 

       CIPr-NALr-TETr          3 

Temporal Non-Cases (CIP-susceptible)      

Unadj-Bernoulli 2000 N/A N/A N/A    2000/1/29      2000/4/6 S          2 

       TETr          5 

Adj-Bernoulli 2000 N/A N/A N/A    2000/1/29      2000/4/6 S          2 

       TETr          5 

         

Unadj-Bernoulli 2002 N/A N/A N/A    2002/2/8      2002/4/8 S          9 

       TETr          1 

Adj-Bernoulli 2002 N/A N/A N/A    2002/2/8      2002/4/8 S          9 

       TETr          1 

         

Unadj-Bernoulli 2005 N/A N/A N/A    2005/1/28      2005/3/18 S          1 

       TETr          4 

Adj-Bernoulli 2005 N/A N/A N/A    2005/1/28      2005/2/22 S          1 

       TETr          2 

                  
 

MLC - most likely cluster. Unadj - Unadjusted. Adj - adjusted.  S - pansusceptible. i – intermediate susceptibility. r - resistant. 

CIP - ciprofloxacin. TET - tetracycline. NAL - nalidixic acid. AZM - azithromycin. CLI - clindamycin. CHL - chloramphenicol. 
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Table 4.7. Antibiogram patterns of human C. jejuni infections contained within significant space-time clusters of ciprofloxacin-

resistant isolates in Saskatchewan (1999-2006) from annual scan tests using 999 Monte Carlo replications, 1-day time aggregation and 

maximum clusters of 182 days and 50% of the population at risk. 

Model Year 
Latitude 

(°N) 

Longitude 

(°W) 

Radius 

(km) 

Start Date 

(Y/M/D) 

End Date 

(Y/M/D) 
Antimicrobial Pattern 

No. of 

Isolates 

Space-Time Cases (CIP-resistant)      

Unadj-Bernoulli 2000 52 105 149.8    2000/1/29      2000/4/6 CIPr-NALr          4 

       CIPr-NALr-TETr          3 

       CIPr-TETr          1 

       CLi-NALr-TETr          1 

       AZMr-CIPr-TETr          1 

Adj-Bernoulli 2000 50 106 279.64    2000/2/1      2000/4/26 CIPr-NALr          3 

       CIPr-NALr-TETr          3 

       CIPr-TETr          1 

       AZi-CIPr-TETr          1 

         

Unadj-Bernoulli 2002 52 105 152.57    2002/2/8      2002/3/13 CIPr-NALr-TETr          5 

         

Unadj-Bernoulli 2005 52 105 98.9    2005/2/1      2005/3/18 CIPr-NALr          3 

       CIPr-NALr-TETr          2 
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Table 4.7. Continued.      

Model Year 
Latitude 

(°N) 

Longitude 

(°W) 

Radius 

(km) 

Start Date 

(Y/M/D) 

End Date 

(Y/M/D) 
Antimicrobial Pattern 

No. of 

Isolates 

Space-Time Non-Cases (CIP-susceptible)      

Unadj-Bernoulli 2000 52 105 149.8    2000/1/29      2000/4/6 S          1 

       TETr          2 

Adj-Bernoulli 2000 50 106 279.64    2000/2/1      2000/4/26 S          3 

       TETr          3 

         

Unadj-Bernoulli 2002 52 105 152.57    2002/2/8      2002/3/13 - No Isolates 

         

Unadj-Bernoulli 2005 52 105 98.9    2005/2/1      2005/3/18 - No Isolates 

                  
 

MLC - most likely cluster. Unadj - Unadjusted. Adj - adjusted.  S - pansusceptible. i – intermediate susceptibility. r - resistant. 

CIP - ciprofloxacin. TET - tetracycline. NAL - nalidixic acid. AZM - azithromycin. CLI - clindamycin. CHL - chloramphenicol. 
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Figure 4.1. The incidence of human Campylobacter jejuni infection in Saskatchewan by 

age (1999-2006). 
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Figure 4.2. Significant spatial clusters (centroids and geographical areas) of human 

infection with ciprofloxacin-resistant Campylobacter jejuni in Saskatoon (A) and Regina 

(B) overlaid on the southern half of the province of Saskatchewan (projection: NAD 1983 

UTM 13N) based on scan tests using all data (1999-2006), 9999 Monte Carlo replications 

and maximum clusters of 50% of the population at risk. A1: adjusted CIPr Bernoulli and 

CIP MIC ordinal models (4.74 km), A2: unadjusted CIPr Bernoulli and multinomial 

models (4.68 km), A3: CIPr-NALr-TETr Bernoulli model (6.35 km), B1: unadjusted 

CIPr Bernoulli model (9.30 km), B2: CIP MIC model (6.00 km). CIP: ciprofloxacin, 

NAL: nalidixic acid, TET: tetracycline, r: resistant, MIC: minimum inhibitory 

concentration. 
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Figure 4.3. Significant space-time clusters (centroids and geographical areas) of human 

infection with ciprofloxacin-resistant Campylobacter jejuni in 2000 from the southern 

half of the province of Saskatchewan (projection: NAD 1983 UTM 13N) based on annual 

scan tests using 999 Monte Carlo replications, 1-day time aggregation and maximum 

clusters of 182 days and 50% of the population at risk. A: Saskatoon, B: Regina. 1: 

unadjusted CIPr Bernoulli model (149.80 km), 2: adjusted CIPr Bernoulli model (279.64 

km), 3: CIP MIC ordinal model and multinomial model (174.66 km). CIP: ciprofloxacin, 

r: resistant, MIC: minimum inhibitory concentration. 
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Figure 4.4. Significant space-time clusters (centroids and geographical areas) of human 

infection with ciprofloxacin-resistant Campylobacter jejuni in 2002 from the southern 

half of the province of Saskatchewan (projection: NAD 1983 UTM 13N) based on annual 

scan tests using 999 Monte Carlo replications, 1-day time aggregation and maximum 

clusters of 182 days and 50% of the population at risk. A: Saskatoon, B: Regina. 1: 

unadjusted CIPr Bernoulli model (152.57 km), 2: CIP MIC ordinal model and CIPr-

NALr-TETr Bernoulli model (180.08 km). CIP: ciprofloxacin, NAL: nalidixic acid, TET: 

tetracycline, r: resistant, MIC: minimum inhibitory concentration. 
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Figure 4.5. Significant space-time clusters (centroids and geographical areas) of human 

infection with ciprofloxacin-resistant Campylobacter jejuni in 2001, 2005 and 2006 from 

the southern half of the province of Saskatchewan (projection: NAD 1983 UTM 13N) 

based on annual scan tests using 999 Monte Carlo replications, 1-day time aggregation 

and maximum clusters of 182 days and 50% of the population at risk. A: Saskatoon, B: 

Regina, 1: 2001 CIP MIC ordinal model (208.79 km), 2: 2005 unadjusted CIPr Bernoulli 

(98.90 km), 3: 2006 CIP MIC ordinal model (178.11 km). CIP: ciprofloxacin, r: resistant, 

MIC: minimum inhibitory concentration. 
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Figure 4.6. The eBURST diagram based on susceptibility (s), intermediate susceptibility 

(i) or resistance (r) categorization of 8 antimicrobials for human Campylobacter jejuni 

infections in Saskatchewan (1999-2006) using the most exclusive group definition. Two 

groups are displayed: the larger contains 1142 isolates (Group 1) and the smaller contains 

3 isolates (Group 2). The Group 1 primary founder is shown in light grey (S: n = 698, 

bootstrap confidence 58%) and the secondary founders are shown in dark grey (CIPr-

NALr: n = 38, bootstrap confidence 60%; CIPr-NALr-TETr: n = 63, bootstrap 

confidence 37%). CIP: ciprofloxacin, NAL: nalidixic acid, AZM: azithromycin, CLI: 

clindamycin, ERY: erythromycin, TET: tetracycline, GEN: gentamicin, CHL: 

chloramphenicol. 

 

1 
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CHAPTER 5  

A multi-level investigation of individual and contextual risk factors for human 

infection with ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan, 

Canada (1999-2006) 

 

ABSTRACT 

 Ciprofloxacin (CIP) resistance in Campylobacter jejuni may increase the burden 

of illness associated with infection. Saskatchewan is the only province in Canada to have 

tested the antimicrobial susceptibility of all reported human cases of campylobacteriosis. 

From January 1, 1999 to December 31, 2006, the Saskatchewan Disease Control 

Laboratory found 113 (9.4%, 95% CI 7.8-11.1%) of 1200 Campylobacter jejuni isolates 

to be resistant to CIP (≥ 4 µg/mL). The goal of this study was to identify individual and 

contextual risk factors associated with having a CIP-resistant C. jejuni infection in 

Saskatchewan. Two separate multilevel, multivariable logistic regression models were 

contructed with location of sample submission as a random intercept: one model included 

Statistical Area Classification (SAC) type, a classification for regional integration with an 

urban center (SAC model), and the other model excluded SAC type (non-SAC model). 

Variables significant to the SAC model included season, age, SAC type and poultry 

density (birds per km
2
). Variables significant to the non-SAC model included season, 

age, poultry density and percentage of movers. Winter infections had a higher risk of 

being CIP-resistant compared to summer infections (SAC model OR = 6.51, p < 0.01; 

non-SAC model OR = 6.40, p < 0.01). The risk of CIP-resistance increased from 0 to 40-

45 years of age, after which it decreased (SAC model and non-SAC model p < 0.01). 
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Persons living in regions classified as urban centers greater than 10,000 people had a 

higher risk of having a CIP-resistant infection. The risk of CIP-resistance increased for 

individuals living in regions with increasing poultry density to 40-45 birds per km
2
 (SAC 

model and non-SAC model p < 0.01) but decreased with higher poultry densities. These 

results indicate that middle-aged adult, seasonal and urban C. jejuni infections should be 

considered to be at higher risk of having CIP resistance. Further epidemiological work is 

indicated to identify individual risk factors for CIP-resistant C. jejuni infections in 

Saskatchewan and to quantify the relationship between resistant infections and living in a 

region of moderately high poultry density. 
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INTRODUCTION 

 Campylobacter infections in humans are typically characterized by acute, self-

limiting diarrhea, and are reported to be among the most common acute gastroenteric 

diseases in the developed world (1,2). Though most cases are mild, there can be rare and 

serious complications including invasive blood stream infection, reactive arthritis, or 

acute peripheral nervous demyelination known as Guillain-Barré syndrome (2). 

Antimicrobial resistance may increase the burden of illness of campylobacteriosis by 

causing treatment failure and by increasing the severity, duration and number of 

infections (3). For example, studies have shown that people with quinolone-resistant 

Campylobacter infections have a longer duration of clinical symptoms and an increased 

risk of hospitalization, adverse health events or death (4-8). 

Most studies in developed countries have identified travel to foreign countries as a 

risk factor for quinolone-resistant infection (5,7,9-13). One US study identified a link 

between prior quinolone use and quinolone-resistant infection (7), while others did not 

(5,11,13). Identification of common food source risk factors for resistant infection 

remains inconsistent, ranging from poultry consumption to other meats and bottled water 

(5,10,13). There are few published data that describe local Canadian risk factors. A case-

control study in Alberta found that foreign travel to Asia, Latin America and Europe, as 

well as the possession of non-prescribed antimicrobials for future use were associated 

with increased risk of ciprofloxacin (CIP) resistance in Campylobacter species infections, 

but not empirical antimicrobial treatment prior to stool sample collection (9). 

 It is well recognized that food is a significant source of sporadic Campylobacter 

infection in people, while drinking unpasteurized milk, contaminated water or exposure 
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to food and companion animals have also been identified as potential sources (14). 

Fluoroquinolone-resistant Campylobacter infections in humans increased after the 

approval of the use of these drugs in agriculture and resistant Campylobacter has been 

identified in the food chain, raising questions about the role of agricultural antimicrobial 

use as a risk for resistant human infection (15,16). Addressing these questions has been 

difficult as tracing resistant pathogens through the food chain to humans remains a 

challenge due to the complex nature of the farm to fork continuum. 

Ecological studies have been employed to explain demographic, regional 

population (e.g., socioeconomic, urbanization and mobility) and agricultural risk factors 

associated with increased incidence of enteric infections such as Campylobacter, 

Salmonella and E. coli O157 at the community level, but none has considered 

antimicrobial resistance (17-23). Regional risk factors may be particularly important for 

Campylobacter, where the majority of cases tend to arise from sporadic infection, rather 

than point-source outbreaks (1). Comparison of resistant to non-resistant isolates as a 

binomial outcome is another option to ascertain individual and regional risk factors using 

hierarchical multilevel models (24). Identification of regional variables as risk factors 

will serve to generate hypotheses for more targeted epidemiologic studies of resistant 

infections (22). 

 Saskatchewan has maintained and tested the antimicrobial susceptibility of all 

provincially reported cases of human Campylobacter from 1999 to 2006. This is a unique 

provincial collection of human Campylobacter in Canada. The objectives were to identify 

individual and contextual (e.g., regional population and agricultural) risk factors for 

human infection with a CIP-resistant isolate of Campylobacter jejuni in Saskatchewan. 
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Here it is hypothesized that: 1) there are individual level factors associated with having a 

CIP-resistant C. jejuni infection; 2) regional population characteristics are associated with 

a higher risk of resistant infection; and 3) resistant infections are linked to regions of 

higher agricultural intensity. 

 

MATERIALS AND METHODS 

Source of isolates and susceptibility testing 

The Saskatchewan Disease Control Laboratory (SDCL) received Campylobacter 

species isolates from all reported human cases in the province of Saskatchewan by 

submission of isolates or stool samples from regional or private laboratories. All isolates 

were identified and speciated by accepted methods (25) and subjected to antimicrobial 

susceptibility testing using E test strips (AB Biodisk, Sweden) according to the Clinical 

and Laboratory Standards Institute standard M45-A for fastidious bacteria (26) as 

previously described (Chapter 2). All cases of C. jejuni that were subjected to 

antimicrobial susceptibility testing were eligible for the study. Minimum inhibitory 

concentrations (MICs) were determined for eight antimicrobials using the Canadian 

Integrated Program for Antimicrobial Resistance Surveillance panel for Campylobacter 

species including (concentration ranges in µg/mL): ciprofloxacin (0.032-32), 

azithromycin (0.032-256), clindamycin (0.032-256), erythromycin (0.032-256), 

gentamicin (0.032-256), nalidixic acid (0.032-256), chloramphenicol (0.032-32) and 

tetracycline (0.032-256) (27).  
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Risk factor information and census data 

Patient data included individual demographic information for sex, date of birth, 

whether or not the person declared registered First Nations status (FN status), date of 

sample collection, six-digit postal code, five-digit provincial residence code and location 

of the health clinic or hospital to submit a stool sample (location of submission). All 

patients remained anonymous and isolates were identified only by unique patient 

numbers assigned by the lab. The study was approved by the Research Ethics Boards of 

the Universities of Guelph and Regina. Canada Census regions for Saskatchewan 

considered in the study are defined in Table 5.1 as per the 2006 Census of Canada 

Dictionary (28). Residence codes were created and assigned by the Saskatchewan 

Ministry of Health to uniquely identify cities, towns, rural municipalities, villages, 

hamlets, First Nations and northern communities (Rob Anderson, SDCL, personal 

communication). Each patient’s residence code was linked to their census subdivision 

(CSD) using a reference table from the Saskatchewan Ministry of Health. Each CSD was 

further linked to its census consolidated subdivision (CCS) and census division (CD) 

using the 2001 and 2006 Census of Canada Postal Code Conversion Files (PCCFs) 

(29,30). Cases from 1999-2003 were linked to CCSs and CDs from the 2001 PCCF and 

cases from 2004-2006 were linked to the 2006 PCCF, as some identifications changed 

between the two censuses. The PCCFs were also used to assign each CSD to its statistical 

area classification (SAC) type, a classification for the degree of a CSD region’s 

integration with an urban center, as defined in Table 5.1. To best balance the case counts 

by SAC type classification, SAC types of strong and moderate metropolitan influenced 

zones (MIZs) were grouped into one category called strong-moderate MIZ, while census 
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metropolitan area (CMA), census agglomeration (CA), weak and no MIZ classifications 

were kept on their own. Certain residence codes did not map to any CSD or mapped to 

multiple CSDs with no method of accurate CSD assignment. Cases missing residence 

codes or with residence codes that did not permit assignment of a unique CSD were 

excluded from the analysis. 

Data were extracted from the 2001 and 2006 Canada Census of Population at the 

CSD and CD level and from the 2001 and 2006 Canada Census of Agricultural at the 

CCS and CD level (31,32). As for CCS and CD assignment, cases from 1999-2003 and 

2004-2006 were linked to 2001 and 2006 census data, respectively. CSD population 

characteristic variables taken from the Canada Census of Population are defined in Table 

5.1 and included: percentage of movers (percent movers), percentage of aboriginal 

population (percent aboriginals), percentage of unemployment (percent unemployment), 

percentage of low income households (percent low income households), percentage of 

immigrant population (percent immigrants), and area of the CSD and CD in question 

(km
2
). There were some CSDs with small populations where data for some or all of these 

variables were suppressed. Cases missing Census of Population data at the CSD level for 

the variables in question were excluded from the analysis. 

Agricultural variables taken from the Canada Census of Agricultural included: the 

numbers of cattle, poultry and pigs at the CCS and CD level (33,34). Cattle included the 

total number of mature cattle and calves of all production types. Poultry included the total 

number of hens and chickens of all production types, turkeys and other poultry. Pigs 

included the total number of pigs of all ages. There were CCSs where the number of 

livestock farms was small and the data for the numbers of animals were suppressed. For 
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any CCS with suppressed data the number of animals for its corresponding CD was used. 

The density of each animal type for each CCS and CD was created by dividing the 

number of animals by the geographical area (km
2
) of the corresponding region. The area 

of each CCS was generated by a map of Saskatchewan CCSs using the North American 

Datum (NAD) 1983 Universal Transverse Mercator (UTM) 13N projection of the 2006 

Census of Canada Cartographic Boundary Files for Province and CCS in Saskatchewan 

(35,36) and the Calculate Area function in ArcGIS (ESRI® ArcMap
TM

 9.3, ArcInfo, 

ESRI Inc., Redlands, CA). The area for each CD was taken from the 2001 and 2006 

Canada Census of Population (31,32). 

 

Statistical methods 

 Multilevel logistic regression models were used to identify risk factors for human 

infection with a CIP-resistant C. jejuni isolate compared to non-resistant infections. 

Isolates were considered CIP-resistant if they had an MIC ≥ 4 µg/mL. Individual 

variables were assessed for colinearity by pair-wise correlation analysis between all 

variables considered for the models using correlation and Spearman’s rank correlation 

coefficients. One of the variables was excluded if any correlation was greater than 0.8. 

Individual variables were screened for association with the outcome using univariable, 

two-level logistic regression models that included either CSD identification or location of 

submission as a random intercept. Continuous variables were assessed for linearity with 

the outcome by considering the statistical significance (p ≤ 0.05) of their square terms, 

evaluating lowess and linear trend plots and by determining if there was a linear change 



 

 194 

in log odds of categorized variables. Variables with likelihood ratio Chi-square p ≤ 0.20 

were considered for inclusion in the multivariable models. 

Multivariable logistic regression models were built using screened variables in a 

manual, backwards-stepwise elimination process. Random intercepts for census region 

and location of submission were considered to account for potential clustering in the data. 

Three-level logistic regression models containing all possible two-way combinations of 

CSD, CCS, CD and location of submission as random intercepts were compared to two-

level models with each of these as a random intercept and to single level models by 

Akaike’s or Schwartz’s Bayesian Information Criteria (AIC or BIC, respectively), with a 

lower value indicating a better fitting model (37). Four-level models containing CSD, 

CCS and CD would not converge and were not considered. Variables were included in 

the final model if p ≤ 0.05 based on likelihood ratio tests. All two-way interactions were 

considered between statistically significant main effects in the multivariable model and 

were included if they met the same level of significance. All screened variables that were 

not statistically significant to the multivariable models were evaluated for potential 

confounding effects on model variables and were included if they changed the log odds 

of any coefficients by greater than 25% (37). Intra-class correlation coefficients (ICC) for 

two-level models were estimated using the latent variable technique (37). Final model fit 

was assessed by evaluating the normality of residuals at the level of included random 

intercepts. Individual level residuals and deviances were assessed for extreme values. All 

data were compiled and analyzed using: Excel 2003 (Microsoft® Office Professional 

Edition 2003, Microsoft Corporation, Redmond, WA), Beyond 20/20 (Release 7.0.2481 
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(32), Beyond 20/20 Inc., Ottawa, ON), and STATA/ME 11.0 (64-bit) or STATA/IC 11.1 

(32-bit) for Windows (StataCorp LP, College Station, TX). 

 

RESULTS 

 There were 1200 Campylobacter jejuni infections reported in Saskatchewan from 

January 1, 1999 to December 31, 2006. Of these, 1139 had identifiable CSDs with 

population census data available for the variables considered in the study. The prevalence 

of CIP resistance in the 1139 C. jejuni isolates (one per case) in Saskatchewan was 9.5% 

(95% CI 7.8-11.2%). Large proportions of the 1139 cases lacked associated CCS-level 

data for numbers of poultry (575/1139), pigs (736/1139) and cattle (176/1130). These 

agricultural data were included at the CD level in order to be able to test these variables 

in the models; the animal numbers were standardized by the geographical area of their 

CCS or CD. Descriptive statistics for the variables considered in the models are presented 

in Table 5.2. Cases from 1999-2003 (n = 644) by 2001 Saskatchewan census region were 

as follows: CSD - cases from 242/1002, range of 1-128 cases/CSD, mean 2.7, median 

1.0; CCS – cases from 176/301, range of 1-128 cases/CCS, mean 3.7, median 1.5; and 

CD – cases from 18/18, range of 2-165 cases/CD, mean 35.8, median 28.0 in the province 

(38). Cases from 2004-2006 (n = 495) by 2006 Saskatchewan census region were as 

follows: CSD – cases from 199/984, range of 1-126 cases/CSD, mean 2.5, median 1.0; 

CCS – cases from 138/300, range of 1-126 cases/CCS, mean 3.6, median 2.0; and CD – 

cases from 17/18, range of 4-170 cases/CD, mean 29.1, median 23.0 in the province (28). 

There were 66 unique locations of sample submission. The number of cases per location 

ranged from 1 to 416, with a median of 5 cases per location. 
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 None of the continuous variables had a linear relationship with the outcome of 

CIP resistance and were modified for assessment in the logistic regression models. 

Lowess graphs of the outcome with age, poultry density, percent movers, percent 

aboriginals, percent unemployment, percent low income households, and percent 

immigrants indicated quadratic relationships. They were kept as median-centered, 

continuous variables and modeled as quadratics by including their square terms. Due to 

the lack of quadratic relationships, pig and cattle density were categorized and modeled 

using indicator/dummy variables. Based on AIC and BIC values, pig density was divided 

into quartiles and cattle density was dichotomized into high (greater than the median) and 

low. Month was categorized into four seasons: winter (January to March), spring (April 

to June), summer (July to September), and fall (October to December). 

 The odds ratios for variables screened for individual association with the outcome 

of CIP resistance are shown in Table 5.3. No two variables had correlations exceeding 

0.80 (data not shown). All of the variables had p < 0.20 in both the location of submission 

and CSD random intercept models and were considered for inclusion in the multivariable 

models. Variables significantly (p < 0.05) associated with CIP resistance from the 

univariable location of submission random intercept models included: season, age, SAC 

type, percent movers, percent aboriginals, percent unemployment, percent low income 

households, percent immigrants, poultry density, pig density quartiles and high cattle 

density. In contrast, the univariable CSD models found that season, age, FN status, SAC 

type, percent movers, percent low income households, percent immigrants, poultry 

density and pig density quartiles were significantly (p < 0.05) associated with CIP 

resistance. 
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The random intercepts for CSD, CCS or CD in the two and three-level 

multivariable models were miniscule and were not significantly different from zero (data 

not shown). The two-level models including location of submission as a random intercept 

generally had lower AICs and BICs than single level or multilevel models with census 

regions and the random effects were significantly different than zero (Tables 5.4 and 5.5). 

As a result, two-level multivariable models including location of submission were built: 

one that considered all of the variables, including the variable for SAC type (SAC 

model), and one that considered all of the variables excluding SAC type (non-SAC 

model). The non-SAC model was built to evaluate the effect of agricultural and 

population census variables in the absence of SAC type to better understand the causal 

relationship between these variables. There were no significant interaction terms in either 

model (data not shown). 

The odds ratios for the final, multivariable SAC model are shown in Table 5.4. 

Variables significantly (p < 0.05) associated with the CIP resistance included: season, 

age, SAC type and poultry density. The odds ratios for the final, multivariable non-SAC 

model are shown in Table 5.5. Variables significantly (p < 0.05) associated with CIP 

resistance included: season, age, poultry density and percent movers. There was 

significantly higher risk of CIP resistance in the winter compared to the summer, spring 

or fall for both models, with no other significant seasonal differences. The univariable 

logistic models found that persons with C. jejuni infections living in CSDs that were 

classed as CMAs or CAs had a higher risk of CIP resistance than any type of MIZ 

(strong, moderate, weak or none). In the multivariable SAC model, this relationship was 

still evident between CAs and all MIZs, but only existed between CMAs compared to no 
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MIZ. The relationship between age and CIP resistance is shown in Figure 5.1. The 

probabilities of CIP resistance were predicted from both models for persons from 0-95 

years of age, while holding other variables constant: location = Saskatoon, season = 

winter, SAC type = CMA and median values for poultry density and percent movers. For 

both models, the probability of having a CIP-resistant infection increased from 0 to 40-45 

years of age, after which it declined, with the highest risk ages being 30-50 years (Figure 

5.1). 

The relationships between CIP resistance and poultry density and percent movers 

are shown in Figures 5.2 and 5.3, respectively. The probabilities of CIP resistance were 

predicted from both models for persons living in regions with poultry densities ranging 

from 0-100 birds per km
2
 or percent movers ranging from 0-80%, while holding all other 

variables constant: location = Saskatoon, season = winter, SAC type = CMA and median 

value for age. For both models, the probability of having a CIP-resistant infection 

increased with increasing poultry density to approximately 40-50 birds per km
2 

and 

subsequently decreased; the highest risk was for densities of approximately 30-70 birds 

per km
2
 (Figure 5.2); greater than 95% of CCSs or CDs in Saskatchewan had densities 

less than 100 birds per km
2
 (Table 5.2). The risk of CIP resistance in the non-SAC model 

increased with increasing percent movers to 15.0%, after which it declined, with the 

highest risk between 10.0-20.0% (Figure 5.3). 

The process of building the SAC model suggested that SAC type only became 

statistically significant to the multivariable model once the population census variables 

(percent movers, percent aboriginals, percent unemployment, percent low income 

households, and percent immigrants) were removed, none of which were statistically 
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significant when SAC type was included. When SAC type was excluded from the non-

SAC model, percent movers became statistically significant. Descriptive statistics of age, 

poultry density and percent movers by SAC type are shown in Table 5.6. There is little 

difference in the mean or median ages between SAC types. However, CMA had 

substantially higher mean and median poultry densities compared to the categories of 

MIZs. The same relationship was seen for mean and median percent movers in CMAs 

and CAs compared to MIZs. The overall pattern was that urban CSDs (CMAs and CAs) 

tended to contain the high-risk values of both poultry density and percent movers from 

Figures 5.2 and 5.3 compared to more rural areas (the MIZs), despite their lack of high 

correlation with SAC type. 

Assessment of residuals at the level of location of submission for the final two-

level models suggested they lacked a normal distribution based on normal quantile and 

standardized normal probability plots. Seven covariate patterns for the SAC model (n = 8 

observations) and nine for the non-SAC model (n = 10 observations) were identified as 

being extreme outliers based on assessment of residuals and deviance values at the 

individual level. Models were considered without these covariate patterns; however, the 

final models presented included them as they did not dramatically alter model 

coefficients or improve the normality of residuals at the location of submission level. The 

variances of both multivariable models and estimated intra-class correlation coefficients 

indicated that there was mild to moderate clustering of cases of CIP-resistant C. jejuni at 

the level of location of sample submission in Saskatchewan (Tables 5.4 and 5.5). 
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DISCUSSION 

 This is the first report of individual and contextual risk factors for ciprofloxacin-

resistant C. jejuni based on a collection of all provincially-reported cases in Canada and 

the world. People infected with C. jejuni in the winter months (January to March) had a 

higher risk infection with ciprofloxacin-resistant isolates compared to the other months of 

the year, as did persons between 30-50 years of age. In addition, people living in urban 

regions or in those with moderately high levels agricultural poultry production also had 

an increased risk of having a resistant infection. These findings suggest that there may be 

other factors associated with winter and urban infections that are specific risk factors for 

ciprofloxacin resistance. The link with poultry density raises questions about the role of 

agricultural antimicrobial use as a potential source of ciprofloxacin-resistant C. jejuni 

infection for people. 

 The finding of a seasonal winter increase in ciprofloxacin-resistant C. jejuni 

infections is consistent with other studies. The earlier temporal analysis using logistic 

regression models demonstrated a seasonal pattern of increased resistance in the winter 

months (Chapter 3). Significant temporal clusters of ciprofloxacin-resistant isolates were 

also detected in the winter using scan statistics (Chapter 4). Studies in the US and the 

Netherlands have detected seasonal increases in ciprofloxacin-resistant C. jejuni 

infections and fluoroquinolone-resistant Campylobacter species infections, respectively 

(7,12,39). The reason behind this seasonal pattern in ciprofloxacin-resistance in 

Saskatchewan is not clear. It is likely that a portion of these cases were obtained during 

foreign travel, as this is a well recognized a risk factor for fluoroquinolone-resistant 

infection (5,7,10,11). An Albertan case-control study also identified foreign travel as risk 



 

 201 

factor for resistance and suggested that there may be a seasonal pattern to resistant cases, 

but did not discuss hypotheses for this finding (9). In British Columbia (BC), a higher 

proportion of enteric Campylobacter infections were obtained during foreign travel in the 

winter months (January to April), while the majority of cases were domestic throughout 

the rest of the year (40). Other authors have suggested that the source of domestically-

acquired winter infections may differ from that of other seasons, and that there may be 

more human selection pressure for resistant infection owing to seasonal use of 

fluoroquinolones for respiratory disease in the winter months (12,39). Short periods of 

human exposure to these antimicrobials can result in fluoroquinolone-resistant 

Campylobacter infection (41,42). 

The finding that the risk of ciprofloxacin-resistant C. jejuni infection was highest 

between 30-50 years of age is similar to a study of Campylobacter species cases in Wales 

that found patients greater than 44 years of age had an increased risk of a resistant 

infection compared to patients under 18 years (13). However, several studies did not 

detect a significant relationship between age and risk of resistant infection (5,10), while 

others matched cases to controls based on age, preventing the assessment of this 

relationship (7,11). The Alberta study found that patients from 16-27 years of age had the 

highest risk of ciprofloxacin-resistant Campylobacter infection, but this risk was not 

significantly different than patients from 38-49 years of age, which is similar to the 

finding in this study (9). 

None of the authors discussed the reason for this increased risk of ciprofloxacin-

resistance in working-age adults, though international travel may be an explanation (40). 

It is interesting that the relationship between age and ciprofloxacin resistance in this 
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study was contrary to the relationship between age and overall C. jejuni incidence in 

Saskatchewan (Chapter 4) where the highest incidence was in young children (0-3 years 

of age) and young adults (18-25 years of age). This might be explained by different 

relative sources of Campylobacter for children and young adults compared to middle-

aged adults. It is possible that people in their thirties, forties and fifties are more likely to 

travel to foreign destinations where they may contract a resistant infection. In addition to 

the seasonal increase in travel-related infections in winter, the BC study found that the 

proportion of infections obtained during international travel was highest in 30-39 year 

olds (40). The travel hypothesis for the high-risk group in this study is supported by the 

fact that of Canadian residents, the 45-64 year age group has the highest frequency of 

overseas travel (43). The relative decreased risk of resistance in the young and old 

populations in Saskatchewan may be explained by a higher proportion of domestically-

acquired infections, as was shown in BC (40). The lack of travel data in this study 

highlights the importance of stratifying risk factor analyses by infection source to better 

understand and explain detected risk factors (44,45). 

The relationship between SAC type and ciprofloxacin-resistant C. jejuni suggests 

that the risk of contracting a resistant infection increases with the degree of urbanization. 

This work demonstrated an association between ciprofloxacin-resistant C. jejuni infection 

and living in municipalities centered on urban cores of greater than 10,000 people (CMAs 

and CAs). It was interesting that when SAC type was not considered, the percentage of 

movers (a regional population variable) became statistically significant. This suggests 

that SAC type may be acting as an intervening variable between population census 

variables and the outcome of ciprofloxacin resistance. Conversely, if population census 
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variables were added to the SAC model as potential confounders for SAC type, the latter 

lost statistical significance, suggesting these variables may intervene between SAC and 

the outcome of CIP resistance. As such, the causal association between these variables 

and CIP resistant C. jejuni remains in question. The fact that the high-risk values of the 

percentage of movers corresponded with urban SAC types may signify that movers are a 

crude indicator for the level of urbanization with respect to ciprofloxacin-resistant C. 

jejuni in Saskatchewan. 

The earlier work in this thesis supports the finding of increased risk of infection 

with C. jejuni resistant to ciprofloxacin in urban areas. This previous study detected 

statistically significant spatial clusters of ciprofloxacin-resistant isolates in the two large 

urban centers in Saskatchewan, Saskatoon and Regina (Chapter 4). There is little other 

published information regarding the link between urbanization and ciprofloxacin-resistant 

C. jejuni infections. One study from the Netherlands identified a higher risk of 

ciprofloxacin-resistant Campylobacter species infection in urban compared to rural 

communities, regardless of travel or domestic source (12). Authors suggested that this 

may be due to varied food consumption patterns in that people in cities may be more 

likely to eat ready-to-eat foods or chicken cooked in restaurants, which have been 

identified as risk factors for fluoroquinolone-resistant campylobacter infection (14). 

Other work has not considered resistant Campylobacter, but has suggested that 

Campylobacter cases, regardless of susceptibility, tend to cluster in rural areas with 

higher agriculture intensity (46-48) and that this relationship may vary with age (23,49). 

It is interesting that in this study, areas of higher poultry production intensity were 

associated with more urban versus rural areas. Together, this may suggest a difference in 
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source of ciprofloxacin-resistant C. jejuni infection for urban compared to rural residents. 

General Campylobacter infection has also been shown to be related to increasing 

socioeconomic status (50), which is consistent with an urban link, but ciprofloxacin-

resistant infection may also be related to differences in travel or food consumption 

patterns for urban compared to rural residents (51,52). Work in Scotland suggests that 

decreasing social depravity was protective for campylobacteriosis, but it is not evident 

how this relates to urbanization or C. jejuni susceptibility (23). 

The link between poultry density and ciprofloxacin-resistant C. jejuni infection in 

Saskatchewan is concerning. This finding suggests that increasing poultry density results 

in an increased risk of resistant infection, but that this risk plateaus and decreases for 

extremely high densities, which is less plausible from a biological sense. It is important to 

note that very few CCSs or CDs (less than 8%) have densities greater than the high risk 

zone of 40-60 birds per km
2
, decreasing the confidence for predictions in extremely high 

poultry regions. There are no published studies that have directly assessed the affect of 

poultry density on ciprofloxacin-resistant C. jejuni infections. However, it has been 

shown that general C. jejuni incidence was higher in US counties with higher poultry 

density (17). This US study also considered age together with poultry density, suggesting 

that the increased risk in the young and old indicated that occupational exposure to 

poultry was not the only explanation for this link. 

It is possible that high poultry density may be linked with increased 

Campylobacter contamination of drinking water sources by agricultural effluent, as 

drinking water has been shown to be a source of campylobacteriosis for humans in 

Canada (53). A study of Canadian waterborne outbreaks of enteric disease, including 
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Campylobacter, suggested that proximity to animal populations was associated with 

reported disease outbreaks (54). Other work has shown that human Campylobacter 

infection can be related to contaminated drinking water from wells or public sources 

(22,55,56). However, the link between drinking water in regions with moderately high 

poultry density and ciprofloxacin-resistant C. jejuni infection is tenuous as this would 

suggest that these regions in Saskatchewan had a higher probability of having 

ciprofloxacin-resistant C. jejuni in poultry flocks. There are no data concerning 

antimicrobial resistance in Campylobacter from Saskatchewan poultry to substantiate or 

refute this at this time, but ciprofloxacin resistance does exist in Campylobacter species 

from swine in the province (57). Further, no fluoroquinolones are approved for use in 

poultry in Canada; the only turkey-approved product was removed in 1997 (Dr. Shiva 

Ghimire, Health Canada, personal communication). However, off-label use of 

fluoroquinolones in poultry is not prohibited in Canada. Canadian surveillance of retail 

chicken found negligible levels of ciprofloxacin-resistant C. jejuni from retail chicken 

sampled in Saskatchewan in 2005 and 2006, but it was not known if this chicken 

originated in the province (27,58). Additional work is required to determine if there is a 

causal link between poultry density and ciprofloxacin-resistant infections in the province. 

 This study had some limitations. The lack of detailed exposure data at the 

individual level, such as travel information, foods consumed around the time of infection 

and prior antimicrobial therapy compromised the individual detail available for risk 

factor evaluation. Infections contracted during travel to foreign countries likely have 

different antimicrobial resistance profiles, suggesting that risk factors for resistant 

infections contracted in foreign countries are probably different than those for domestic 
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infections, as has been shown in other developed countries (7,10,11,13). There is the risk 

of ecological bias when assessing the effect of regional, contextual variables on 

individual level outcomes (37). This study did find that ciprofloxacin-resistant C. jejuni 

infections clustered at the level of location of sample submission, but the inability to 

model census regions as a random effect prevented us from accounting for a more 

detailed hierarchical structure of the data. However, model statistics indicated that the 

random intercept for location of submission was a better fit for this data than census 

region(s). It is possible and likely that the inclusion of the population census variables as 

fixed effects in the models explained a significant portion of the random variation at the 

census region level, negating any improvement of model fit by including census region(s) 

as random effect(s) in the models. 

 This study represents the first assessment of individual and contextual risk factors 

for human infection with ciprofloxacin-resistant C. jejuni in a regional sample of cases. 

This study demonstrated that in Saskatchewan, there was an increased seasonal risk of 

resistant infection in the winter months and in persons aged 30-50 years. People living in 

urban centers and in regions of the province with moderately high poultry density had an 

increased risk of contracting resistant C. jejuni. This research highlights the need for 

further epidemiologic study of ciprofloxacin-resistant C. jejuni in Saskatchewan, 

particularly in urban areas. Ongoing work is warranted to identify specific individual risk 

factors for resistant infection to elucidate the role of agricultural compared to human 

antimicrobial use and to allow for public health decision-making to mitigate the risk of 

ciprofloxacin-resistant C. jejuni. 
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Table 5.1. Definitions and acronyms for Canada Census regions and variables used in the analysis of risk factors for human infection 

with ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan (1999-2006). 

Variable Acronym Variable Definition* 

   

Census subdivision CSD An area (e.g. city, town, village and aboriginal reservation) that is a municipality 

Census consolidated subdivision CCS A group of adjacent CSDs. Generally smaller, more urban CSDs (e.g. towns, villages) are 

combined with the surrounding, larger, more rural CSDs 

Census division CD A group of neighbouring CCSs joined together for the purposes of regional planning and 

managing common services 

Location of sample submission location The location of the health care facility or hospital that submitted the stool sample for 

Campylobacter isolation and susceptibility testing 

Statistical area classification type SAC type A CSD classification to describe their degree of integration with an urban center 

   Census metropolitan area CMA One or more adjacent municipalities situated around a major urban core with a population 

≥ 100,000 

   Census agglomeration CA One or more adjacent municipalities situated around a major urban core with a population 

≥ 10,000 to 99,999 

   Metropolitan influenced zone MIZ A classification for CSDs that are not CMAs or CAs to describe the percentage of the 

residents who commute to work in the urban core of any CMA or CA 

      Strong MIZ strong MIZ A CSD classification where > 30% of the residents commute to work in any CMA/CA 

      Moderate MIZ moderate MIZ A CSD classification where > 5% to 30% of the residents commute to work in any 

CMA/CA 

      Weak MIZ weak MIZ A CSD classification where > 0% to 5% of the residents commute to work in any 

CMA/CA 

      Non-influenced MIZ no MIZ A CSD classification where fewer than 40 or none of its residents commute to work in 

any CMA/CA 
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Table 5.1. Continued. 
 

  

Variable Acronym Variable Definition* 

   

Percentage of movers percent movers Percentage of CSD residents who were living at a different address than where they 

resided one year earlier 

Percentage of aboriginal population percent 

aboriginals 

Percentage of CSD residents who reported aboriginal identity based on census questions 

regarding identity, treaty status, or band membership 

Percentage of unemployment percent 

unemployment 

Percentage of CSD residents 15 years and over in the labour force who were without paid 

work or without self-employment work and were available for work 

Percentage of low income households percent low 

income 

households 

Percentage of CSD one-family, tenant or home-owner households in non-farm, non-

reserve private dwellings, without additional persons, that spent 30% or more of 

household income on shelter costs 

Percentage of immigrant population percent 

immigrants 

Percentage of CSD residents who are landed immigrants, persons who have been 

permitted by immigration authorities to live in Canada permanently 

      

* Definitions are taken from the 2001 and 2006 Census dictionaries (28,38). 
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Table 5.2. Descriptive statistics for independent individual, population and agricultural variables used in multivariable models to 

determine risk factors for human infection with ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan (1999-2006). 

Variables N N (%) CIPr Mean Median Min 5
th

  95
th

  Max SD 

Season     1139     108 (9.5) NA NA NA NA NA NA NA 

Winter (January-March)       174       45 (25.9) NA NA NA NA NA NA NA 

Spring (April-June)       341       27 (7.9) NA NA NA NA NA NA NA 

Summer (July-September)       425       21 (4.9) NA NA NA NA NA NA NA 

Fall (October-December)       199       15 (7.5) NA NA NA NA NA NA NA 

          

Age (years)     1139     108 (9.5)  30.43    27.00 0 2.0   72.00    97.00      22.00 

          

Sex     1139     108 (9.5) NA NA NA NA NA NA NA 

Male       665       54 (8.1) NA NA NA NA NA NA NA 

Female       474       54 (11.4) NA NA NA NA NA NA NA 

          

Registered First Nations Status     1139     108 (9.5) NA NA NA NA NA NA NA 

No     1061     106 (10.0) NA NA NA NA NA NA NA 

Yes         78         2 (2.6) NA NA NA NA NA NA NA 

          

SAC Type     1139     108 (9.5) NA NA NA NA NA NA NA 

CMA       365       68 (18.6) NA NA NA NA NA NA NA 

CA       139       15 (10.8) NA NA NA NA NA NA NA 

Strong-moderate MIZ       170         7 (4.1) NA NA NA NA NA NA NA 

Weak MIZ       312       17 (5.5) NA NA NA NA NA NA NA 

No MIZ       153         1 (0.7) NA NA NA NA NA NA NA 

          

Percent movers     1139     108 (9.5)  13.24 14.40 0 0   21.90    61.10        7.05 

          

Percent aboriginals     1139     108 (9.5)    9.33 5.70 0 0   30.50     100      14.34 
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Table 5.2. Continued. 
 

     
  

  

Variables N N (%) CIPr Mean Median Min 5
th

  95
th

  Max SD 

          

Percent unemployment     1139     108 (9.5)    5.61     5.50 0 0   12.50     100        6.15 

          

Percent low income households     1139     108 (9.5)  14.97   15.90 0 0   26.00     100        9.39 

          

Percent immigrants     1139     108 (9.5)    4.66     4.00 0 0     9.20    25.70        3.36 

          

Poultry density (birds/km
2
)     1126     108 (9.6)  31.26     8.47 0    0.16   98.99  700.35      74.32 

          

Pig Density (pigs/km
2
) quartiles     1070     106 (9.9)    4.00     2.95 0    0.03   12.50    37.74 NA 

Q1       280       19 (6.8)    0.27     0.10 0 0     0.92      0.92        0.31 

Q2       262       26 (9.9)    1.82     1.54    0.92    1.06     2.95      2.95        0.72 

Q3       355       59 (16.6)    4.61     4.34    2.96    3.02     5.32      5.32        0.68 

Q4       173         2  (1.2)  12.13   11.42    5.92    6.39   26.75    53.43        6.92 

          

High Cattle Density (cattle/km
2
 > median)     1126     108 (9.6)  10.01     9.08    0.68    3.60   20.10    38.40 NA 

No       629       85 (13.5)    6.20     6.34    0.68    2.63     9.08      9.08        2.34 

Yes       497       23 (4.6)  14.83   13.83    9.08    9.53   22.37    38.40        4.35 

          
 

N – number; CIPr – ciprofloxacin-resistant; SD – standard deviation; 5
th

/95
th

 – percentile values; SAC type – statistical area classification type; 

CMA – census metropolitan area; CA – census agglomeration; MIZ – metropolitan influenced zone; Q1-Q4 – first to fourth quartiles; NA – not applicable.  
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Table 5.3. Odds ratios and 95% confidence intervals for the univariable, two-level logistic regression models to determine 

independent risk factors for human infection with ciprofloxacin-resistant Campylobacter jejuni in Saskatchewan (1999-2006). 

  Models with Random Intercept for Location   Models with Random Intercept for CSD 

Variable Odds Ratio (95% CI) 
Wald P 

value* 

LRT P 

value
†
 

  Odds Ratio (95% CI) 
Wald P 

value* 

LRT P 

value
†
 

Season        

Summer Referent -  <0.01  Referent -  <0.01 

Winter 5.73   (3.20-10.29)   <0.01   7.22   (3.99-13.11)   <0.01  

Spring 1.65   (0.90-3.04)     0.11   1.80   (0.97-3.31)     0.06  

Fall 1.55   (0.77-3.13)     0.22   1.70   (0.83-3.46)     0.15  

Age (years) 1.05   (1.03-1.07)   <0.01  <0.01  1.05   (1.03-1.07)   <0.01  <0.01 

Age
2
 0.998 (0.997-0.999)   <0.01   0.998 (0.997-0.999)   <0.01  

Sex 1.47   (0.97-2.23)     0.07    0.07  1.45   (0.95-2.20)     0.09    0.09 

Registered First Nations status 0.37   (0.09-1.60)     0.18    0.13  0.23   (0.05-1.000)     0.05    0.02 

SAC type        

CMA Referent -  <0.01  Referent -  <0.01 

CA 0.91   (0.40-2.10)     0.83   0.97   (0.32-2.93)     0.96   

Strong-moderate MIZ 0.29   (0.12-0.73)     0.01   0.30   (0.10-0.87)     0.03  

Weak MIZ 0.44   (0.22-0.90)     0.03   0.40   (0.16-1.01)     0.05  

No MIZ 0.05   (0.01-0.38)   <0.01   0.05   (0.01-0.37)   <0.01  

Percent movers 1.08   (1.03-1.13)   <0.01  <0.01  1.04   (0.97-1.11)     0.29  <0.01 

Percent movers
2
 0.994 (0.988-1.00)     0.06   0.991 (0.983-0.999)     0.03  

Percent aboriginals 1.12   (1.06-1.19)   <0.01  <0.01  1.06   (1.00-1.13)     0.05    0.06 

Percent aboriginals
2
 0.997 (0.995-0.999)     0.01   0.998 (0.996-1.001)     0.15  

Percent unemployment 1.13   (1.03-1.23)     0.01  <0.01  1.08   (0.99-1.19)     0.10    0.06 

Percent unemployment
2
 0.982 (0.967-0.997)     0.02   0.988 (0.972-1.003)     0.12  

Percent low income households 1.06   (1.03-1.10)   <0.01  <0.01  1.05   (1.01-1.08)     0.02    0.01 

Percent low income households
2
 0.997 (0.994-1.000)     0.04   0.997 (0.994-1.000)     0.07  
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Table 5.3. Continued. 
    

  Models with Random Intercept for Location   Models with Random Intercept for CSD 

Variable Odds Ratio (95% CI) 
Wald P 

value* 

LRT P 

value
†
 

  Odds Ratio (95% CI) 
Wald P 

value* 

LRT P 

value
†
 

Percent immigrants 1.25   (1.11-1.40)   <0.01  <0.01  1.22   (1.06-1.42)     0.01    0.02 

Percent immigrants
2
 0.979 (0.955-1.004)     0.10   0.973 (0.942-1.005)     0.10  

Poultry density (birds/km
2
) 1.05   (1.02-1.07)   <0.01  <0.01  1.04   (1.01-1.07)     0.01  <0.01 

Poultry density
2
 0.999 (0.999-1.000)     0.04   0.999 (0.999-1.000)     0.12  

Pig density (pigs/km
2
) quartiles    <0.01       0.01 

Q2 vs. Q1 1.03   (0.48-2.21)     0.93   1.22   (0.60-2.48)     0.59  

Q3 vs. Q1 1.75   (0.84-3.65)     0.13   1.55   (0.65-3.70)     0.33  

Q4 vs. Q1 0.14   (0.03-0.62)     0.01   0.17   (0.04-0.78)     0.02  

High Cattle Density (cattle/km
2
 > median) 0.40   (0.23-0.68)   <0.01  <0.01  0.58   (0.30-1.12)     0.11    0.11 

        
 

Location – location of sample submission; CSD – census subdivision; SAC type – statistical areal classification type; CMA – census metropolitan area; 

CA – census agglomeration; MIZ – metropolitan influenced zone; Q1-Q4 – first to fourth quartiles. 

* P values for Wald tests of individual model coefficients. 
†
 P values for likelihood ratio tests for groups of model coefficients for specific variables. 
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Table 5.4. Odds ratios and 95% confidence intervals for the final multivariable, logistic 

regression model* that included statistical area classification type to determine risk 

factors for human infection with ciprofloxacin-resistant Campylobacter jejuni in 

Saskatchewan (1999-2006). 

Variable Odds Ratio (95% CI) Wald P value
†
 LRT P value

‡
 

Season         <0.01 

Winter vs. summer 6.82   (3.65-12.73)        <0.01  

Winter vs. spring 3.88   (2.14-7.05)        <0.01  

Winter vs. fall 3.48   (1.71-7.06)        <0.01  

Spring vs. summer 1.76   (0.94-3.28)          0.08  

Fall vs. summer 1.96   (0.94-4.07)          0.07  

Spring vs. fall 0.90   (0.44-1.81)          0.76  

Age (years) 1.05   (1.03-1.07)        <0.01       <0.01 

Age
2
 0.998 (0.998-0.999)        <0.01  

SAC type         <0.01 

CMA vs. CA 0.59   (0.21-1.71)          0.33        

CMA vs. strong-moderate MIZ 1.84   (0.62-5.45)          0.27  

CMA vs. weak MIZ 1.42   (0.56-3.60)          0.46  

CMA vs. no MIZ   13.03   (1.49-113.58)          0.02  

CA vs. strong-moderate MIZ 3.10   (1.10-8.70)          0.03  

CA vs. weak MIZ 2.39   (1.00-5.68)          0.05  

CA vs. no MIZ   21.94   (2.66-180.79)        <0.01  

Strong-moderate vs. weak MIZ 0.77   (0.28-2.09)          0.61  

Strong-moderate vs. no MIZ 7.08   (0.81-61.51)          0.08  

Weak vs. no MIZ 9.19   (1.16-72.99)          0.04  

Poultry density (birds/km
2
) 1.02   (0.99-1.05)          0.21       <0.01 

Poultry density
2
 1.000 (0.999-1.001)          0.33  

    

        

Random Effect - Location Estimates  P Value
§
  

Location level variance (95% CI) 0.543 (0.143-2.053) 0.01  

Intra-class correlation coefficient 0.142   

    
 

SAC type – statistical area classification type; CMA – census metropolitan area; 

CA – census agglomeration; MIZ – metropolitan influence zone. 

* The model included a random intercept for location of sample submission. 
†
 P values for Wald tests of individual model coefficients. 

‡
 P values for likelihood ratio tests for groups of model coefficients for specific variables. 

§
 P value for the Chi-square test of SD=0 (that the single level model is better than the multi-level model). 
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Table 5.5. Odds ratios and 95% confidence intervals for the final multivariable, logistic 

regression model* that did not include statistical area classification type to determine risk 

factors for human infection with ciprofloxacin-resistant Campylobacter jejuni in 

Saskatchewan (1999-2006). 

Variable Odds Ratio (95% CI) Wald P value
†
 LRT P value

‡
 

Season          <0.01 

Winter vs. summer 6.87   (3.69-12.77)        <0.01  

Winter vs. spring 3.86   (2.14-6.95)        <0.01  

Winter vs. fall 3.75   (1.85-7.59)        <0.01  

Spring vs. summer 1.78   (0.95-3.32)          0.10  

Fall vs. summer 1.83   (0.88-3.79)          0.17  

Spring vs. fall 0.97   (0.48-1.97)          0.94  

Age (years) 1.05   (1.03-1.07)        <0.01        <0.01 

Age
2
 0.998 (0.998-0.999)        <0.01  

Poultry density (birds/km
2
) 1.03   (1.00-1.05)          0.07        <0.01 

Poultry density
2
 1.000 (0.999-1.000)          0.29  

Percent movers 1.02   (0.96-1.09)          0.40          0.01 

Percent movers
2
 0.992 (0.984-1.000)          0.05  

    

        

Random Effect - Location Estimates P Value
§
 

Location level variance (95% CI) 0.480 (0.123-1.882) <0.01 

Intra-class correlation coefficient 0.127  
    
 

SAC type – statistical area classification type; CMA – census metropolitan area; 

CA – census agglomeration; MIZ – metropolitan influence zone. 

* The model included a random intercept for location of sample submission. 
†
 P values for Wald tests of individual model coefficients. 

‡
 P values for likelihood ratio tests for groups of model coefficients for specific variables. 

§
 P value for the Chi-square test of SD=0 (that the single level model is better than the multi-level 

model). 
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Table 5.6. Descriptive statistics of selected final multivariable, two-level logistic model variables by statistical area classification type 

in Saskatchewan.  

Variables N Mean Median Min Max SD 

Age (years)       

CMA 365 31.20 29.00 1.00 93.00 19.22 

CA 139 29.83 25.00 0 92.00 23.72 

Strong-moderate MIZ 170 25.91 21.00 0 87.00 22.10 

Weak MIZ 312 32.10 29.50 0 97.00 23.10 

No MIZ 153 30.75 28.00 0 88.00 23.55 

       

Poultry density (birds/km
2
)       

CMA 365 73.90 37.79 0.69 700.35 114.88 

CA 139 9.51 1.63 0.11 44.61 14.30 

Strong-moderate MIZ 169 11.66 1.23 0 392.69 34.10 

Weak MIZ 305 14.41 1.14 0 251.12 24.58 

No MIZ 148 3.65 0.74 0 46.11 7.97 

       

Percent movers       

CMA 365 17.83 19.10 5.90 22.80 3.20 

CA 139 16.59 15.10 5.80 22.10 3.43 

Strong-moderate MIZ 170 10.02 8.80 0 45.50 7.41 

Weak MIZ 312 9.67 10.05 0 28.50 5.59 

No MIZ 153 10.07 7.90 0 61.10 10.15 

       

 N – number; CMA – census metropolitan area; CA – census agglomeration; MIZ – metropolitan influence zone. 
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Figure 5.1. The relationship between patient age (years) and the predicted probability of 

having a ciprofloxacin-resistant Campylobacter jejuni isolate from the final 

multivariable, two-level logistic regression models including a random intercept for 

location of sample submission. SAC model (solid line): model containing statistical area 

classification type, non-SAC model (dashed line): model excluding statistical area 

classification type, LRT: likelihood ratio test. 
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Figure 5.2. The relationship between poultry density (birds/km
2
) in the patient’s census 

consolidated subdivision or census division of residence and the predicted probability of 

having a ciprofloxacin-resistant Campylobacter jejuni isolate from the final 

multivariable, two-level logistic regression models including a random intercept for 

location of sample submission. SAC model (solid line): model containing statistical area 

classification type, non-SAC model (dashed line): model excluding statistical area 

classification type, LRT: likelihood ratio test. 
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Figure 5.3. The relationship between the percentage of movers in the patient’s census 

subdivision of residence and the predicted probability of having a ciprofloxacin-resistant 

Campylobacter jejuni isolate from the final multivariable, two-level logistic regression 

model excluding statistical area classification type and including a random intercept for 

location of sample submission. LRT: likelihood ratio test. 
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CHAPTER 6  

Summary Discussion and Conclusions 

 

Globally, Campylobacter is the leading cause of acute bacterial gastroenteritis in 

humans (1) and is estimated to cause 23-49 cases annually per 1000 Canadian population, 

which translates to 283,052 - 599,650 cases (2). Sporadic campylobacteriosis is by far the 

most common and is typically associated with eating contaminated food, though other 

sources, such as unpasteurized milk, contaminated water, and exposure to agricultural 

and companion animals have also been identified as risk factors (3). 

In Campylobacter, the prevalences of resistance to antimicrobials of critical 

importance to human health, namely fluoroquinolones (e.g., ciprofloxacin) and 

macrolides (e.g., erythromycin) have increased around the globe after their approval for 

use in agriculture (4,5). The presence of resistant Campylobacter in food animals and the 

food chain represents a public health risk for human infection (6). Antimicrobial 

resistance may increase the burden of illness from Campylobacter infection by increasing 

treatment failures, enhancing the duration and severity of infection and by causing 

infections that otherwise would not have occurred (7,8). Human infection with 

quinolone-resistant Campylobacter species has been shown to increase the duration of 

illness and the risk of hospitalization, invasive infection and death (9-11). 

Antimicrobial resistance data from surveillance programs are typically 

categorized into susceptible-intermediate susceptibility-resistant (S-I-R) groups based on 

accepted minimum inhibitory concentration (MIC) breakpoints and reported as 

prevalences of resistance. There is concern that such categorization may obscure subtle 
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changes in MICs over time owing to antimicrobial selection pressure in agriculture and 

human medicine (12). Identification of such changes is desirable from a surveillance 

perspective in order to initiate timely responses to mitigate the risks of increased 

antimicrobial resistance in the food chain. Modeling MICs has proved difficult as they 

are discrete, ordinal, censored outcomes that frequently have non-normal distributions 

(13). Cox proportional hazard discrete-time survival models have been considered as a 

method to analyze such data (14). Consideration of analytical methods to detect clusters 

of resistant infections and identify individual, regional and agricultural risk factors for 

resistant infection is important to expand the epidemiologic understanding of resistant 

Campylobacter in Canada (15,16). 

The goal of this thesis was to evaluate the antimicrobial resistance of human 

Campylobacter infections in the province of Saskatchewan based on human surveillance 

data from 1999-2006. The main objectives were to: 

1) Describe the prevalence of antimicrobial resistance in human isolates of 

Campylobacter species in Saskatchewan (Chapter 2). 

2) Assess analytical strategies for antimicrobial resistance data that compare 

categorized (S-R) to MIC data using susceptibility data from C. jejuni in 

Saskatchewan (Chapters 3 and 4). 

3) Identify temporal changes in antimicrobial resistance from human isolates of C. 

jejuni using logistic and Cox proportional hazard survival models (Chapter 3). 

4) Detect clusters of ciprofloxacin-resistant infections with C. jejuni in space, time 

and space-time in Saskatchewan and to identify the optimal scan statistic model to 

detect these clusters (Chapter 4). 
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5) Assess the utility of eBURST methods for antibiogram data to validate clusters of 

ciprofloxacin-resistant C. jejuni in Saskatchewan (Chapter 4). 

6) Identify individual, regional contextual and agricultural risk factors for human 

infection ciprofloxacin-resistant C. jejuni in Saskatchewan using multilevel models 

(Chapter 5). 

7) Inform the Saskatchewan Ministry of Health about significant trends and risk 

factors for antimicrobial resistance in human Campylobacter infection to direct 

future surveillance and epidemiologic study and to use the results of this research 

to make recommendations to surveillance programs regarding future analytical 

methods for antimicrobial resistance data. 

 

A descriptive and logistic regression analysis (Chapter 2) found that 

Saskatchewan tested the antimicrobial susceptibility of 1378 isolates of Campylobacter 

from human infections from 1999 to 2006. The vast majority of these were C. jejuni, 

followed by C. coli and a modicum of other species, including C. upsaliensis, C. laridis, 

C. lari and generic Campylobacter species. The risks of resistance to ciprofloxacin and 

erythromycin were significantly higher in C. coli compared to C. jejuni. Campylobacter 

coli also had significantly higher risk of resistance to ciprofloxacin-erythromycin 

combined, as well as multidrug resistance (≥ 3 drug classes). Though there was a 

decreasing risk of ciprofloxacin resistant C. jejuni from 1999 to 2004, this risk increased 

significantly in 2005 and 2006, which may be cause for concern for ongoing surveillance. 

Multilevel Cox proportional hazard models were able to detect significant 

temporal trends in ciprofloxacin and tetracycline MICs for C. jejuni that multilevel 
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logistic regression models on categorized data could not (Chapter 3). However, 

interpretation of these trends was difficult owing to the need to visualize predicted 

hazards for multiple MIC categories that were further categorized by the other predictors 

in the models (sex and season). Both models detected significant seasonal patterns of 

resistance. However, this trend was only clear in the logistic regression models, with the 

highest risks in the winter months of January to March. This was in contrast to the overall 

C. jejuni incidence that peaked in the summer months of June to August. Multilevel 

linear and tobit regression models were not useful for MIC analysis as model 

assumptions were violated for all three antimicrobials, ciprofloxacin, erythromycin and 

tetracycline. Erythromycin resistance was not analyzed further as there were too few 

resistant isolates for logistic regression models and Cox survival models would not 

converge. 

Scan statistics (Chapter 4) detected significant spatial clusters of ciprofloxacin-

resistant C. jejuni infections in the large urban centers of Saskatchewan, Saskatoon and 

Regina, and significant temporal clusters in the winter months. Various model 

distributions were considered, including Bernoulli models for dichotomous outcomes, 

multinomial models for antibiogram patterns and ordinal models for ordered MIC 

categories. Overall, there was no advantage to the ordinal model over the simpler 

Bernoulli model, as they detected very similar clusters. The multinomial model identified 

similar clusters, but also had the ability to detect clusters of resistance to antimicrobials 

from different classes, which may have unique public health importance. Bernoulli 

models adjusted for age and sex detected fewer clusters than unadjusted models, 

indicating that these variables should be considered to avoid false alarms for resistance 
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with unadjusted models. Space-time permutation models were employed to detect 

clusters unbiased by purely spatial or temporal clusters that may represent outbreaks of 

ciprofloxacin resistant C. jejuni, but no significant clusters were identified. 

The eBURST analysis of antibiogram patterns, based on the S-I-R categorization 

of eight antimicrobials for each C. jejuni isolate, detected two separate groups (Chapter 

4). 1197 of 1200 isolates were contained within one group that radiated from a primary 

founder of pan-susceptible isolates, with two secondary founders of ciprofloxacin-

nalidixic acid-resistant and ciprofloxacin-nalidixic acid-tetracycline resistant isolates; the 

confidence in these assignments was low. The other group contained three isolates with 

macrolide/lincosamide resistance. However, the lack of confidence in founder assignment 

was not the prime concern as these results were not used to infer evolutionary 

relatedness. When the organization of the antibiogram types within the eBURST groups 

were compared to the antibiogram patterns of “case” (ciprofloxacin-resistant) to “non-

case” (non-ciprofloxacin-resistant) isolates from the scan statistic clusters, there was a 

high degree of similarity within and separation between case and non-case isolates in the 

larger eBURST group. Case isolates consistently fell on the portion of the diagram 

containing the secondary founders, where as the non-case isolates consistently fell on the 

branches surrounding the pan-susceptible founder. 

The analysis of risk factors for ciprofloxacin-resistant C. jejuni infection in 

Saskatchewan (Chapter 5) found significant associations between individual, regional 

contextual and agricultural variables. Multilevel logistic regression models were used to 

evaluate risk factors for resistant infection and determined that patients of 40-45 years of 

age had significantly higher risks of infection, as did those infected in the winter months 
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(January to March). Further, there was an increased risk of infection for residents living 

in urban census regions and that had moderately high densities of agricultural poultry 

production. The models indicated that ciprofloxacin-resistant infection clustered 

moderately at the location of sample submission level, but models were not able to 

incorporate the census hierarchy of the data to estimate the level of clustering at the 

census subdivision, census consolidated subdivision and census division levels within the 

province. 

The increased risk of ciprofloxacin-resistant infection in the winter season has 

been reported by other studies (17,18). Various hypotheses exist for an increased risk of 

resistance in the winter, including higher selective pressure for resistance owing to 

human antimicrobial use during the respiratory disease season (17) and a higher 

likelihood of contracting a resistant infection during foreign travel, which is more likely 

in the winter months (19,20). Similarly, the finding of an increased risk of resistant 

infections in middle-aged patients may also be the result of an increased propensity for 

travel-related infections in this age group (21,22). 

The increased urban risk of ciprofloxacin-resistant infection presents a unique 

finding in Canada, though a study in the Netherlands found that the prevalence of 

fluoroquinolone resistance was higher in urban compared to rural isolates (17). This 

could also be the result of an increased tendency for foreign travel among urban 

residents. However, it may also represent a different source of infection for urban 

compared to rural residents, as was demonstrated by a recent source attribution study in 

New Zealand that found that isolates from urban infections were more like poultry 

Campylobacter strains while isolates from rural infections were more like ruminant 
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strains (23). This finding could also be explained by other unmeasured risk factors that 

pertain to urban living. The potential link to poultry density is also interesting and 

concerning as a potential source of ciprofloxacin-resistant C. jejuni for residents in 

Saskatchewan. However, this is not concrete evidence that poultry are responsible for 

resistant infections in the province. Other studies have detected higher rates of 

campylobacteriosis in regions of higher agricultural intensity, but they have not 

accounted for susceptibility of the infections (15,24,25). 

This research represents the first report of antimicrobial resistance in a provincial 

collection of human Campylobacter infections in Canada. It is also the first application of 

scan statistics to detect clusters of antimicrobial resistant infection and the first report of 

individual and contextual risk factors for ciprofloxacin-resistant C. jejuni infection. 

Overall, these methods provided interesting insights into the epidemiology of 

ciprofloxacin-resistant C. jejuni in the province of Saskatchewan. Though not a national 

picture, this study is the first of its kind in Canada to evaluate temporal trends of 

antimicrobial resistance in human isolates of Campylobacter over a substantial period of 

time. Importantly, these results include trends for increasing ciprofloxacin resistance in 

2005 and 2006 in the province. This finding, coupled with increasing prevalences of 

ciprofloxacin resistance in retail chicken in Saskatchewan and British Columbia, is cause 

for public health concern (26) 

The evaluation of models to consider MIC data for surveillance purposes had 

mixed results. Overall, Cox proportional hazard survival models identified significant 

temporal trends that were not significant in the logistic regression models. The Cox 

survival models were best able to account for the interval censoring inherent in MIC data, 



 

 237 

but including multiple predictors beyond time added complexity that made their 

estimation and interpretation difficult. Ordinal MIC scan statistics offered no advantage 

for cluster detection over Bernoulli models using dichotomized data and in some cases 

detected false clusters including susceptible and resistant isolates as cases. These clusters 

have less biologic importance in terms of antimicrobial resistance surveillance. The 

complexity of the ordinal models slowed the Monte Carlo replications. The eBURST 

analysis of antibiogram patterns supported the scan statistic clusters, suggesting that there 

are unique epidemiologic factors for resistant infections in Sasksatchewan. The risk 

factor analysis corroborated the seasonal and urban findings of the scan statistics, 

highlighting the importance of these risk factors in the province. A potential link between 

resistant infection and poultry density was identified, but should be interpreted with 

caution as there is potential for ecological bias. However, the role of agricultural 

antimicrobial use for resistant human C. jejuni infection in Saskatchewan should not be 

ignored. 

This research was not without limitations. First, the inability to control for 

domestic versus travel-acquired C. jejuni infection impeded the detection of risk factors 

for infection within the province. Infection contracted abroad may be an explanation for a 

number of the associations identified by this research. Second, when analyzing 

surveillance data for trends in antimicrobial resistance over time, one must assume that 

the intensity of passive surveillance and population structure are constant over the time 

period in question to avoid biased samples that could influence the prevalence of 

resistance (12,27). Third, there may be selection bias in passive surveillance data for 

Campylobacter due to under-reporting, which could be exacerbated by a higher 
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likelihood for reporting of resistant Campylobacter infections due to their potential for 

increased severity (10,11). 

This thesis points to areas in need of future research. The increase in ciprofloxacin 

resistant isolates from both humans (2005-2006) and retail chicken samples (2007-2009) 

in Saskatchewan warrants attention (26). The finding that urban residents are at increased 

risk of resistant infection suggests that this could be an area of focus, allowing 

researchers to target resources for epidemiological study. Further research on models for 

MICs is justified to find optimal strategies for these data. Comparisons of Cox survival to 

multinomial regression models for antimicrobial resistance data from Campylobacter and 

other bacterial-antimicrobial combinations present future opportunities to improve 

analytical methods for surveillance purposes. The relationship between ciprofloxacin-

resistant C. jejuni infection and poultry density also warrants further investigation. 

Molecular epidemiological characterization and source attribution studies of 

Campylobacter isolates from humans, retail food, poultry and if available, other 

environmental sources in Saskatchewan would help to identify the source of resistant and 

susceptible infections in the province. 

This research has important implications for the future surveillance of 

antimicrobial susceptibility of human Campylobacter infections in the province of 

Saskatchewan and in Canada. Balancing the power gleaned from testing all provincial 

cases with the resources required to perform such surveillance will always be a difficult 

decision. From a Saskatchewan perspective, it would be desirable to continue to test the 

susceptibility of all reported Campylobacter cases, at least in the short term, to determine 

if the human prevalence of ciprofloxacin resistance is increasing in 2007-2009 like that of 
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retail meat in the province (26). However, a focused study of urban cases in the province 

would provide the most power at the least cost to better understand risk factors for 

ciprofloxacin-resistant C. jejuni infection. Options available for study include surveying 

cases regarding food, environmental (e.g., water) exposures and travel patterns for the 

purposes of a case-control study, as well as molecular epidemiological investigation and 

models for source attribution using current techniques, such as comparative genomic 

hybridization (28,29). 

From a Canadian perspective, testing the antimicrobial susceptibility of all human 

Campylobacter species is not feasible in terms of resources. A national strategy for 

human Campylobacter antimicrobial resistance surveillance would be to test a 

representative sample of human cases selected to be proportional to each province’s 

population (30). However, if there is a national mandate for human Campylobacter 

antimicrobial resistance surveillance, Saskatchewan has demonstrated that it may be best 

served by a partnership between provincial and federal public health authorities, as was 

the case with this research. For provinces with smaller populations, all cases may be 

tested while for those with larger populations, a representative sample would be 

acceptable and make the best use of resources. This model has been utilized for Canadian 

antimicrobial resistance surveillance of Salmonella, where only half of the isolates from 

larger provinces are forwarded for susceptibility testing (26). 

This study has contributed to the understanding of the epidemiology of 

antimicrobial resistant Campylobacter infection in Saskatchewan and Canada. Provincial 

and federal surveillance programs can use these results to focus future epidemiologic 

study of Campylobacter. They can also apply the analytical approaches to antimicrobial 
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resistance data from other aspects of surveillance programs to better understand their 

implications. This study also highlighted the importance of human Campylobacter 

surveillance for antimicrobial susceptibility in Canada. These data were derived solely 

from the province of Saskatchewan, but the state of resistance is unknown for the rest of 

the country. The detection of ciprofloxacin resistance in Campylobacter from retail meats 

in other provinces suggests that human surveillance beyond Saskatchewan is warranted 

(26). The identified target areas from this research will allow focus for future study to 

further the knowledge of the epidemiology of resistant C. jejuni infection in 

Saskatchewan and Canada. 
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