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Abstract 

Abstract 

Campylobacter is the commonest cause of human acute bacterial-enteritis in the 
developed world (ACMSF, 1993). Over the last ten years Great Britain has 

experienced an increase in the number of reported cases of campylobacter associated 
illness over the last ten years. There are numerous under reporting issues associated 

with campylobacter-related illness, and as such the actual number of cases that occur 

each year is unknown and the magnitude of the public health risk posed by this 

organism can only be hypothesised. Infection with campylobacter has been linked 

in epidemiological studies with the consumption of poultry, in particular chicken 

meat. A quantitative risk assessment (QRA) model has been produced to investigate 

this issue. Through the use of appropriate modelling techniques and collected data 

the QRA model assesses the risk of human infection with campylobacter consequent 

upon the consumption of a chicken meal. The model describes each of the stages of 
the chicken supply chain and the mechanisms by which the chicken/chicken product 
becomes contaminated was investigated thus allowing the identification of 
mitigation strategies, which can reduce such contamination. Model results estimate 
that the risk of infection with campylobacter associated with the consumption of a 
single serving of chicken has a mean value ranging from 0.040 to 0.070 with a 95 th 

percentile ranging from 0.098 to 0.160. These results have been used as a 
benchmark to which the impact of mitigation strategies are compared. Results 

clearly show that a reduction in the national flock prevalence, combined with a 
reduction in the within flock prevalence of positive flocks can have a dramatic 

impact upon the risk of infection. Further, freezing of chicken meat prior to 

consumption also considerably reduces the estimates risk. 

ut 



Ad. no%%lcdgcmcnts 

Acknowledgements 
I thank my supervisors Dr. Louise Kelly and Prof. George Gettinby for their 

continued support and guidance throughout the course of the project. I also thank 

Dr. Marion Wooldridge and Prof. Diane Newell for invaluable input during the 

development of this work. 

I thank my friends for their constant encouragement. Finally I thank my family, 

specifically my parents and brother, for their support, both emotionally and 
financially, and their continuing belief in me. I dedicate this work to them. 

This work was funded by the Veterinary Laboratories Agency, UK. 

iv 



Thesis Contents 

Thesis contents 

Chapter 1: Introduction and thesis outline 1 

1.1: Food poisoning 2 

1.2: Campylobacter food poisoning 4 

1.3: The poultry industry 7 

1.3.1: Economics of the poultry industry 7 

1.3.2: Poultry production systems 8 

1.4: Food safety and control 9 

1.4.1: Hazard analysis critical control system 9 

1.5: Risk assessment 10 

1.6: Focus of the thesis 15 

1.6.1: Model assumptions 17 

1.6.2: Thesis outline 18 

Chapter 2: Techniques used in stochastic quantitative risk 

assessment modelling 21 

2.1: Introduction 22 

2.2: Variability and uncertainty in risk assessment models 23 

2.2.1: Defining distributions of variability 24 

2.2.2: Defining uncertainty 26 

2.3: Propagating variability and uncertainty 30 

2.3.1: Two-stage Monte-Carlo simulation 31 

2.4: Regression Analysis 38 

2.4.1: Incorporating uncertainty into least squares regression 

model 39 

2.5: Conclusions 44 

V 



Thesis Contents 

Chapter 3: The occurrence of campylobacter in birds at 

slaughter 47 

3.1: Introduction 48 

3.1.1: Campylobacter colonisation of poultry 48 

3.2: Model development 50 

3.2.1: Estimating flock prevalence, Pfp 51 

3.2.2: Estimating the within-flock prevalence, P� f, 53 

Stage 1: Chain Binomial 55 

Stage 2: Epidemic spread 60 

3.3: Parameter estimation and simulation 63 

3.4: Results 68 

3.5: Identification of critical control points 69 

3.6: Possible model modifications 71 

3.6.1: Source of infection is contaminated feed and/or water 74 

3.6.2: Source of infection is via vertical transmission 75 

3.7: Conclusions 78 

Chapter 4: The contamination of chickens on the farm, and 
during transport to the slaughter facility 80 

4.1: Introduction 81 

4.2: The occurrence of contamination 82 

4.3: The contamination and colonisation of positive flocks 85 

4.3.1: Level of contamination at slaughter 92 

4.4: The contamination of negative flocks 93 

4.4.1: Level of contamination at slaughter 93 

4.5: Parameter estimation and model simulation 95 

4.5.1: Colonisation level 95 

4.5.2: Contamination level 96 
4.6: Results 100 

4.7: Identification of critical control points 103 

vi 



Thesis Contents 

4.8: Conclusions 108 

Chapter 5: The slaughter and processing of chicken: a review 
110 

5.1: Introduction 111 

5.2: The stages of chicken processing 112 

5.2.1: Stun and kill 113 

5.2.2: Scald 114 

5.2.3: De-feathering 115 

5.2.4: Evisceration 115 

5.2.5: Washing 116 

5.2.6: Chilling 117 

5.2.7: Portioning 118 

5.2.8: Carcass de-boning and mechanically recovered meat 119 

5.2.9: Grading, packaging and distribution 119 

5.3: Conclusions 120 

Chapter 6: Simulation model describing the slaughter and 

processing of chicken 122 

6.1: Introduction 123 

6.2: The slaughter and processing model 123 

6.2.1: Model overview 123 

6.2.2: Level of contamination 126 

Estimating the effect of scald 127 

Estimating the effect of de-feathering 130 

Estimating the effect of evisceration 137 

Estimating the effect of washing 142 

Estimating the effect of chilling 143 

6.2.3: Summary of the model 145 
6.2.4: Portioning of processed products 147 
6.2.5: Estimating the prevalence of contaminated products 149 

VU 



Thesis Contents 

6.3: Model simulation 150 

6.4: Model results 151 

6.5: Sensitivity of the processing stages on model results 154 

6.6: Discussion 164 

6.7: Conclusions 167 

Chapter 7: The preparation and cooking of a chicken 169 

product 

7.1: Introduction 170 

7.2: Estimating the number of organisms ingested in a serving of a 

chicken meal 172 

7.2.1: Estimating the effect of storage 174 

7.2.2: Preparation of the product 182 

7.2.3: Cooking of the product 187 

7.2.4: model description 193 

7.3: Estimating the probability of exposure 202 

7.4: Model simulation 203 

7.5: Model results 205 

7.6: Sensitivity of model results to the route of exposure 208 

7.7: Discussion 212 

7.8: Conclusions 213 

Chapter 8: The health consequences of exposure to 

campylobacter 216 

8.1: Introduction 217 

8.2: Dose-response modelling 219 

8.2.1: Data available for dose response modelling 219 
8.3: Estimating the probability of infection 221 

8.3.1: Classes of dose-response models 222 

vui 



I 

M, 

Thesis Contents 

8.4: Estimating the probability of illness 226 

8.5: A dose response model for campylobacter 227 

8.5.1: Human feeding trials with campylobacter 227 

8.5.2: Estimating the probability of infection with campylobacter 229 

8.5.3: Estimating the probability of campylobacter-related illness 238 

8.6: Model simulation 239 

8.7: Model results 240 

8.8: Discussion 242 

8.9: Conclusions 245 

Chapter 9: The integrated simulation model estimating the risk 

of campylobacter infection & model results 248 

9.1: Introduction 249 

9.2: Model implementation 249 

9.3: Model results 256 

9.4: Sensitivity of results to exposure pathway 263 

9.5: Validation of model results 266 

9.6: Conclusions 270 

Chapter 10: Investigation of mitigation strategies to reduce the 

risk to the human population 272 

10.1: Introduction 
10.2: Investigation into potential mitigation strategies 
10.3: Conclusions 

Chapter 11: Discussion 

11.1: Introduction 

11.2: Key findings 

11.3: Validation of the risk of infection 

11.4: Mitigation strategies 

273 

274 

285 

287 

288 

289 

293 

295 

ix 
0 



Thesis Contents 

11.5: Future work 296 

11.6: Conclusions 298 

References 300 

X 



Chapter 1 

Introduction and thesis outline 

Hartnett E., Kelly, L., Wooldridge, M., In Press(a). A quantitative risk assessment for campylobacter 

in broilers: work in progress. Biodeterioration and degradation. 

I 



Chapter 1: Introduction and thesis outline 

1.1 Food Poisoning 

Illness caused by the consumption of food contaminated with infectious and 

toxigenic micro-organisms is a major cause of suffering and death throughout the 

world (Allen & Kaferstein, 1983). Food-borne diseases have a major public health 

impact and in the year 2000 alone, there were 86,616 statutory notifications of food 

poisoning in England and Wales (CDSC, personal communication). 

Food poisonings most commonly cause gastro-enteritis, a self-limiting illness which 
is only considered life threatening when the elderly, infantile or immuno- 

compromised are affected. However, with several food-associated pathogens there 

can be chronic sequelae or disability after infection; for example infection with 
Listeria species can result in miscarriage and meningitis. 

Food-borne illness is a huge public concern. Food associated disease outbreaks 
capture the public's attention as every consumer is potentially at risk and consumers 
do not feel they can control these risks (Altekruse et al., 1998). Such attention can 
have a large economic impact. For example, in the 1980s when the potential risks 
associated with bovine spongiform encephalopathies and beef were first publicised, 
the sale of beef products dropped. Each year millions of pounds are spent on 
scientific research into the understanding and control of food-borne pathogens. 
Further, the education of the public to prevent infection is a top priority. In line with 
this, in Great Britain (GB) April Pt 2000 saw the introduction of the Food Standards 

Agency (FSA), whose aim is to not only fund research but has boldly stated that it 

will achieve a 20 % drop in the number of reported cases by the year 2006. The 

FSA will also inform the public through openness of all results and decision-making 

processes. 

Despite these research and education efforts, food poisoning is currently far from 

under control. Each year shows a steady increase in the number of laboratory 

confirmed cases. For example in the period from 1990 to 2000 the incidence of food 

poisoning in England and Wales increased from 52,145 to 86,616 laboratory 
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Chapter 1: Introduction and thesis outline 

confirmed, and reported cases. Thus, further efforts are still required to aid in the 

discovery of a solution to the situation posed by this problem. 

The epidemiology of food-borne disease is rapidly changing. New pathogens are 

constantly emerging, with many well-recognised pathogens increasing in prevalence 

or being associated with new food products. In the period from 1950 to 1995 the 

number of recognised types of food-borne illness-causing organisms trebled (Baird- 

Parker, 1994). This however may be misleading, as reports of the emergence of new 

pathogens may well be the recognition of those already present for decades. For 

example, Campylobacter jejuni was only identified as a human pathogen in the 

1970s (Griffiths & Park, 1990) however, identification of the organism may have 

coincided with scientific developments enabling growth and culture of the organism. 

Human demographics have had a major role to play in the changing face of food- 

borne illness (Altekruse et al., 1998). Moreover, increasing portions of the 

population have a heightened susceptibility to food borne disease. The percentage 

of people with immune impairments is currently increasing due to factors such as 
HIV, age or chronic illness. In such groups of people, food-borne diseases are more 
likely to be severe, and recurrent infection and death becomes more likely. Further, 

surveillance of food-borne disease is not free from problems. Under-reporting, 

either by the sufferers or the clinical staff involved in the reporting system, result in 

surveillance data being hard to interpret and hence the true extent of the problem is 

difficult to establish. In 1990, the World Health Organisation (WHO), European 

Region, held a number of consultations on the reporting of national food-borne 

statistics in an attempt to improve the reporting so that more cases can be identified 

together with source and cause of illness (Baird-Parker, 1994). However, 

improvements in reporting have been slow to emerge. In 1992 The Public Health 

Laboratory Service (PHLS) began a survey of infectious intestinal diseases in GB. 

The outcome of this study was that for every 136 cases of infectious intestinal 

disease in the community only one will be reported to the PHLS. 

All of these factors make the control of food-borne illness a challenge and new 
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Chapter I: Introduction and thesis outline 

approaches, which assist in the understanding of the epidemiology of disease and 

methods of control, are constantly being investigated. 

1.2 Campylobacter Food Poisoning 

Campylobacter is the commonest cause of human acute bacterial-enteritis in the 
developed world (ACMSF, 1993). Over the last ten years GB has experienced an 
increase in the number of reported cases of Campylobacter associated illness. In 

1988 the total number of laboratory reports to the Communicable Disease 

Surveillance Centre (CDSC) of confirmed Campylobacter faecal isolates was 

approximately 28 thousand, this was seen to rise to 58 thousand in 1997 (CDSC, 

1997). Whether this is a true reflection of the Campylobacter status is questionable. 
In particular both the standard of isolation techniques and awareness of the public 
health risk have both resulted in increased surveillance of the pathogen making 

campylobacter associated enteritis a notifiable disease. Thus there is increasing 

awareness regarding the severe nature of the problem that Campylobacter species 

pose to human health. 

The genus Campylobacter is a family of bacteria that displays spiral morphology 

with flagella at one or both ends. They are Gram-negative and can be seen to utilise 

a corkscrew motility. They are microaerophillic, requiring specific oxygen and 

carbon dioxide concentrations for growth. Despite oxygen being a pre-requisite for 

growth, the concentration found in air is toxic to these bacteria (Griffiths & Park, 

1990). They are sensitive to desiccation - especially at room temperature (Doyle & 

Roman, 1982) - and to heat, and do not usually survive pasteurisation procedures 
(Griffiths & Park, 1990). Campylobacters are also sensitive to freezing, but, after 
several weeks of storage, viable cells can be recovered from the surface of frozen 

meats, especially poultry (Simmons & Gibbs, 1979). 

The disease spectrum from campylobacter is wide and varied. The commonest 
outcome of infection is diarrhoeal disease referred to as campylobacter enteritis. 
The initial symptoms are a fever of 40°C or higher with nausea and abdominal 
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Chapter 1: Introduction and thesis outline 

cramps. This may lead to confusion and delirium. Profuse watery diarrhoea follows, 

which may contain blood. The duration of infection is normally between 2 and 7 

days and the condition is usually self-limiting, not requiring treatment. If treatment 

is given then erythromycin is typically the antibiotic of choice. The severe nature of 

the abdominal cramps has led to campylobacter enteritis being mistaken for acute 

appendicitis (Hay & Ganguli, 1980). 

As well as gastro-enteritis, campylobacter species have been associated with other 
illnesses such as urinary infections (Davies & Penfold, 1979), meningism (Wright, 

1979), and the bacterium was also isolated in pure culture from the bile of several 
individuals with acute cholecystitis (Darling et al., 1979). Further, severe sequelae 
have been associated with prior campylobacter infection, namely reactive arthritis 
(Ebright & Ryan, 1984), Reiter's syndrome (Jhonsen et al., 1983) and Guillian- 

Barre syndrome (Kaldor & Speed, 1984) a neurological disorder reported to occur 

once in every thousand cases of campylobacter related illness. 

Campylobacter is a ubiquitous organism. The sources of campylobacter infection 
have been extensively investigated; they are now described as common bacteria in 

the intestines of most animals over a world-wide distribution. As a result of this 

widespread distribution they are often recovered from carcasses, raw meat, and offal 
(Simmons & Gibbs, 1979; Skirrow, 1982; Hood et al., 1988; Fricker & Park, 1989). 
Campylobacters are also isolated from raw milk (Hutchinson et al, 1985), milk 
products (Hudson, 1999), contaminated water (Mawer, 1988; Vogt et al., 1982), 

sewage (Arimi et al., 1988), and research into other reservoirs is ongoing. Each of 
these reservoirs has a role to play in the epidemiology of campylobacter human 

infection. Campylobacter-related food-borne illness has an unusual epidemiology in 

that the majority of cases are sporadic, with few outbreaks. In 1999 only 1% of 
laboratory confirmed cases were associated with an outbreak (CDSC, 1999). Most 

campylobacter infections have a zoonotic cause and have been associated with the 

consumption of contaminated food, water or animal contact (Altekruse et al., 1994). 
Outbreaks have been attributed to water (Ano et al., 1989; Broczyk et al., 1987), raw 
milk (Hudson et al., 1984) wild-birds (Stuart et al., 1997) and tuna salad (Roels et 
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Chapter 1: Introduction and thesis outline 

at., 1998). Interestingly poultry and poultry consumption are rarely associated with 

outbreaks. Despite this phenomenon, the consumption of poultry meat has been 

implicated as the major source in a number of case control studies performed in the 

US (Harris et al., 1986; Deming et al., 1987; Hopkins et al., 1984). However, in 

other studies the domestic consumption of poultry meat was not a risk (Adak et al., 
1995). 

The epidemiology of campylobacter infection in humans is poorly understood. The 

number of cases of campylobacter reported to CDSC shows a seasonal pattern with a 

peak in the 3rd quarter. This agrees with reports in the literature of a high incidence 

in the third quarter (Blaser et al., 1982; Kist, 1982; Skirrow, 1982). Further, such 

seasonal patterns are seen in other European countries such as Sweden and 
Denmark. Seasonality occurs in the colonisation of broiler flocks in these countries, 
however there are discrepancies between the peaks of flock colonisation and human 

disease in all these countries (Shreeve et al., 2000). These anomalies suggest that 

seasonality in human campylobacteriosis cannot be fully accounted for by increased 

poultry consumption levels or seasonal cooking regimes, for example barbecues. It 

seems likely that a further, as yet unidentified, source of human campylobacter 
infection exists that shows marked seasonal patterns. 

Poultry are recognised as asymptomatic carriers of campylobacter. Campylobacters 

are frequently isolated from not only live poultry but also poultry products. (Doyle, 
1984). Several studies suggest a link between poultry and human infection on 
examination of laboratory characteristics of strains from chickens and infected 
humans (Harris et al. 1986b; Bruce et al., 1977; Shanker et al. 1982; Brouwer et al., 
1979; Pearson et al., 1987; Hopkins & Scott, 1983; De Boer & Hahne, 1990), 
however given that there is debate over which molecular approaches are most 
appropriate for such investigations (Newell & Wassenaar, 2001) it is difficult to 

assess the validity of these findings. Similar investigations (Diane Newell, Personal 

communication) have found that of all the genotypes identified, only 23% were 
common to both the chicken and human population. This indicates that not all 
strains causing human illness originate from poultry, and not all strains found in 
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chicken are associated with human illness. However, the reasons why some chicken 

strains can be associated with human illness and not others are currently unknown. 

Red meats and vegetables are rarely identified as being contaminated with 

campylobacters at retail (Kwiatek et al., 1990) despite the meat-producing animals 
being heavily colonised with campylobacters (Giles Paiba, unpublished results). 

The relative contribution of each of the potential food sources to the level of 
infection in the human population, is currently unknown. Some take the viewpoint 
that the evidence linking poultry consumption and campylobacter enteritis is 

presumptive, (Gill & Harris, 1982) but the epidemiological evidence suggests an 
important public health risk. 

Campylobacter would appear not to be an essential part of the normal gut flora of 

poultry. Birds can be reared free of colonisation (Byrd et al., 1998a; Engvall et al., 
1986). However the organism causes no apparent pathology in the growth of a 

colonised chicken (Stem et al., 1990). This means that the only incentive to prevent 
colonisation is to increase the quality of the final product for human health. 

1.3 The Poultry Industry 

1.3.1 Economics of the Poultry Industry 

The poultry industry is one of the most advanced sectors of agriculture in GB. At 

the retail level, poultry provides a very versatile product from whole birds and 

portions, fresh or frozen, cooked or part-cooked through to a wide range of poultry- 
containing products. Since the 1950s, the poultry sector has steadily increased in 

size and the output from this industry continues to grow, making poultry production 
fundamental to the British economy. In 1993 the output of the poultry industry was 

valued at £950 million, compared to an annual average of £585 million in the period 
1981 to 1983 (ACMSF, 1996). Chicken meat has experienced great popularity with 
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Chapter 1: Introduction and thesis outline 

UK consumers. From 1988 to 1997 chicken had the highest reported sales in the 

meat industry. In 1997,1.13 million tonnes were sold through retail and catering 

outlets, and chicken represented 79% of the total retail poultry market and 38.6% of 

the retail primary meat market (BPMF market review). 

1.3.2 Poultry production systems 

Poultry production is a highly specialised area of agriculture, which is both complex 

and varied. The high level of inter-dependency in production results in each stage 
being influential to live bird welfare and product quality. Production begins with an 

elite breeding flock consisting of birds with advantageous genetic properties. This 

leads to the grandparent breeding stock, which are bred from a chosen line of the 

elite stock. From the grandparent stock comes the parent breeding stock which yield 
the fertile eggs that ultimately produce the table bird. Once fertile eggs are laid, they 

are transported to a hatchery, where they take 21 days to hatch. When the birds are 
I day old they are taken to a broiler-growing farm, where they remain until they 

reach slaughter weight (between 30 and 60 days old). Once the required weight is 

achieved the birds are transported to the slaughterhouse and killed. Post-slaughter, a 

series of processing steps follow which result in packaging and distribution of the 

meat to the retail or catering outlets. Each stage of the production chain will be 

described in greater detail in the appropriate chapter of this thesis. 

Due to the integrated nature of production, contamination at any point in the process 
has potential to persist to the retailed product. Because of this, careful control 

measures are needed to ensure that exposure of the bird/carcass to any contaminant 
is kept to a minimum. With reference to microbial contamination this may occur via 

numerous pathways, e. g. infected parent flock, feed/water, staff, processing 

machinery, even vermin. Such sources need to be identified and minimised. 
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1.4 Food Safety and Control 

In the past, safe food production was ensured by the application of several industry 

codes of practice and meat inspection regimes. The continued rise in incidents of 
food-associated disease indicates the limitations associated with traditional meat 
inspection and surveillance strategies often involving end product testing (Gill, 

1999). As a step forward, Good Management Practice (GMP) was introduced, 

however this approach reflects general guidelines rather than an objective approach 

to the assessment of the risks associated with the food product in question. 
Therefore, this approach has been extended. For the design of microbiologically 

safe products a procedure called the Hazard Analysis Critical Control Point system 
(HACCP) is internationally promoted. 

1.4.1 Hazard Analysis Critical Control Point System 

The HACCP system enables the specific microbiological hazards associated with the 

production, manufacture, distribution, and use of a particular food to be identified in 

an objective, systematic comprehensive manner. Further, the precise means of 

controlling the identified hazard can be investigated. With reference to HACCP, a 

microbiological hazard is defined by Randell (1997): 

"The unacceptable contamination, growth and/or survival by micro- 

organisms of concern to safety or spoilage; and/or the unacceptable 

production or persistence in foods of products of microbial metabolism 

such as toxins" 

The principles and procedures for applying the HACCP system are well documented 
(Notermans et al., 1995; Gill, 1999; Buchanan, 1995). More recently these 

procedures have been improved by the use of risk assessment techniques. The best 

current forms of HACCP use multidisciplinary teams of experts applying a 
structured approach to hazard analysis, which considers the consequences of failure 
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Chapter 1: Introduction and thesis outline 

to control a raw material, specific piece of equipment or operating practice or the 

potential for one or more significant microbiological hazards to occur. (Baird- 

Parker, 1994). HACCP systems applied to food safety require food industries to 

identify points in production where contamination may occur and target resources 

toward processes that may reduce or eliminate identified disease hazards. In these 

programs, industry takes lead responsibility for the control of food borne hazards 

and regulatory agencies maintain oversight. 

There are seven steps to the application of the HACCP system 
1. Identification of hazards and assessment of their severity and risk of 

occurrence in any given situation. 
2. Determination of critical control points (CCPs) at which hazards can be 

controlled. 
3. Establishment of limits and tolerances that indicate when an operation is 

being controlled at a CCP. 

4. Development and use of monitoring procedures to ensure that each CCP is 

being controlled. 
5. Identification of any corrective action needed when a CCP is not under 

control. 
6. Verification of controls to ensure that the HACCP system is working. 
7. Keeping records, including those of any corrective action. 

Essentially, HACCP is a risk management tool which aims to improve the quality of 
food products. However, it may be useful to be able to predict the effectiveness of 

controls implemented under HACCP system. A tool available to make such 

predictions is quantitative risk assessment. 

1.5 Risk Assessment 

Risk assessment represents an evaluation of the likelihood and severity of a known 

or potential hazard (Hathaway, 1997). When constructed in a quantitative manner 
the outcome is a mathematical statement, which describes the chance of an adverse 
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outcome from exposure to a risk at some defined level (Covello & Merkhofer, 

1993). Risk assessment is one step in an overall process termed risk analysis, the 

overall aim of which is to manage risks. Risk analysis consists of four stages, of 

which risk assessment is the second; the others are hazard identification, risk 

communication and risk management. A schematic representation of the four stages 

of risk analysis is shown in Figure 1.1. 

ýý 
Hazard Identification 

Figure 1.1: A representation of the four stages of risk analysis: hazard identification, 

risk assessment, risk management and risk communication. 

Before a risk assessment can be carried out a hazard identification is undertaken 

which aims to identify factors that pose a risk, that is, result in an undesirable 

outcome to a given population. Once a hazard has been identified a risk assessment 

can be developed. This examines the conditions and extent of release of the hazard 

and all possible outcomes with their associated likelihoods. In particular, risk 

assessment provides a structured method for evaluating risks and allows the 

collection and analysis of available information in a logical fashion. Therefore such 

assessment will highlight areas of research need and provide managers with 

information on the identity and characterisation of risks so that control measures 

may be considered. These two stages feed into, and indeed are integral to, risk 

management which examines the feasibility of various mitigation strategies applied 

to the situation in question. Throughout each stage, risk communication is carried 

out. This involves an open exchange of information between all interested parties 
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and underpins the whole process of risk analysis ensuring appropriate 

communication of the risks and potential controls as defined by hazard 

identification, risk assessment and risk management. Ultimately, recommendations 

will be made which provide some risk reduction. 

Following the framework adopted by the Office International des Epizooties (OIE), 

which was originally presented by Covello & Merkhofer (1993), a risk assessment 

can be divided into four distinct, interrelated steps referred to as release assessment, 

exposure assessment, consequence assessment and risk estimation. Initially, a 

release assessment is undertaken to describe and quantify the potential of a risk 

source to introduce the identified hazard into the environment of the population in 

question. This is followed by an exposure assessment to examine the relevant 

conditions which result in the study population coming in to contact with the defined 

hazard via the identified risk source. Subsequently, a consequence assessment is 

undertaken which extrapolates the relationship between the study population and 

exposure to the hazard at the levels previously defined. The process is completed by 

the integration of these three steps to attain an overall risk estimate. The efficiency 

of the model is increased in an iterative nature using sensitivity analysis techniques 

to identify key model parameters. Further, the effect of changes in the identified 

areas can be examined and the economic value of such strategies evaluated. This is 

advantageous, as the implementation of experimental strategies in practice is time- 

consuming and expensive in both human and monetary terms. 

In addition to the system adopted by the OIE is the risk assessment framework 

implemented by the Codex Alimentarius Commission (CAC). This is based on a 

model presented by the USA National Academy of Science (NAS-NRC). Under this 

system the four components of risk assessment are defined as hazard identification, 

hazard characterisation, exposure assessment and risk characterisation. Here, hazard 

identification identifies the all potential hazards, hazard characterisation provides an 

estimate of the severity and duration of adverse effects due to the presence of the 
hazard, exposure assessment estimates the level of exposure to the hazard, and risk 

characterisation results in an estimate of the potential for adverse effects from the 
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particular hazard in a particular population. 

Comparing the OlE and CAC risk assessment frameworks: 

* Exposure assessment corresponds to the accumulation of the release assessment 

and exposure assessment as defined by OIE; 

* Hazard characterisation corresponds to consequence assessment; 

* Risk characterisation is equivalent to risk estimation; 

* Finally, hazard identification is incorporated into the risk assessment process, 

where as this is a distinct element of risk analysis in the OIE code. 

The framework adopted by OIE is in relation to international trade, however, the 

principles are relevant to many risk assessment issues. The emphasis in the CAC 

system is specifically on microbiological food safety risk assessments. As such, the 

system may be appropriate when considering other hazards. As such, the 

differences in the two systems are a result to the development of the systems in 

different areas and hence, in response to different requirements. Therefore, the 

system used is problem specific, the system adopted being that which best represents 

the situation posed for a specific hazard and a specific population. 

Quantitative risk assessment (QRA) has been used for several years in areas such as 
finance, engineering, and the nuclear and chemical industries. In contrast, its use in 

the veterinary sphere, and in particular the area of food safety, is relatively recent. 
Buchanan & Whiting (1996) have postulated two reasons for the limited number of 
food related risk assessments. Firstly, lack of knowledge concerning dose-response 

relationships for many micro-organisms and secondly, difficulties in estimating the 

numbers of organisms ingested by humans. 

Although such problems are widely recognised, risk managers and policy makers are 

now beginning to appreciate the benefits of undertaking good quality, transparent 

risk assessments for food related issues. Moreover, the Sanitary and Phyto-Sanitary 

(SPS) Agreement of the World Trade Organisation, allows countries to give priority 
to food safety over international trade only if a scientific basis for this priority can be 
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demonstrated by means of defendable assessments (Wooldridge, 1996). This means 

that use of this technique is essential to ensure safe food at both national and 

international levels. Consequently, QRA models for several micro-organisms in a 

variety of food products have appeared in the literature over the past two or three 

years. For example, Whiting & Buchanan (1997) have considered Salmonella 

enteritidis in pasteurised liquid eggs, Cassin et al. (1998) have modelled Escherichia 

coli 0157: H7 in ground beef hamburgers and Nauta & Heuvelink (1998) have 

presented a model framework for E. coli 0157: H7 in beef and beef products. 

As well as the work mentioned above, there are several risk assessments currently 
being developed. These include two risk assessments which consider campylobacter 
in broilers. First, work by Fazil et al., (Unpublished) estimates the risk of human 

infection as a result of the consumption of chicken in Canada. This model begins 

with the depopulation of the birds and transport to slaughter. The model then 

considers the stages of processing and cooking to provide an estimate of risk. This 

work specifically considers the consumption of an average, whole chicken by an 

average individual. Hence the resulting estimate of risk is a measure of the average 

risk for the population of Canada. Secondly, work by Christensen and colleagues 

estimates of the risk of campylobacter infection in Denmark (Christensen et al., 
Unpublished). This model begins at the point of slaughter and considers the 

slaughter process and the preparation of a chicken meal. This model considers the 

consumption of a random chicken meal by a random member of the population of 

Denmark. 

Risk assessment of microbiological hazards in foods has been identified as a priority 

area of work for the Codex Alimentarius Commission (CAC). In 1999, the Food 

and Agriculture Organisation (FAO) of the United Nations and WHO convened an 

expert consultation in Geneva, addressing the issue of microbiological hazards in 

foods. The consultation developed an international strategy and identified 

mechanisms required to support risk assessment of microbiological hazards in foods. 

As a result of that consultation, and in response to the Codex Committee on Food 

Hygiene (CCFH), FAO and WHO have jointly initiated a series of risk assessments 
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with the objective of providing expert advice on risk assessment methodologies to 

their member countries and CAC. The risk assessment modelling is undertaken as a 

two year project. In the first year hazard identification, exposure assessment, and 
hazard characterisation are undertaken. This work is then critiqued by a panel of 
WHO/FAO appointed experts at an expert consultation meeting. The result of this 

meeting is a report describing the state of the work, the experts opinion and 

suggestions which will enhance the usefulness of the work. In the second year risk 

characterisation is carried out. At the end of which a second expert consultation is 

held, the work critiqued and finally presented to CCFH. To date, this process has 

been completed for Salmonella enteritidis in eggs and broilers and Listeria 

monocytogenes in ready to eat foods (WHO, 2001). Further, two risk assessment 

projects are currently being developed as part of the WHO/FAO initiative. This 

work includes a risk assessment for Campylobacter species in broilers which brings 

together campylobacter risk assessment work from Canada, Denmark and the work 

presented in this thesis. The result will be a full farm-to-fork model assessing the 

risk to humans of campylobacter related illness as a result of the consumption of 

chicken. This project is in the second year and the report detailing hazard 

identification, exposure assessment,. and hazard characterisation (Hartnett et al., 
2001b) and the report from the first expert consultation (WHO, 2001) are available 

1.6 Focus of the thesis 

Food poisoning, and particularly campylobacter-associated illness, poses a major 

public health risk. Further, despite continuing scientific research into the causes and 

prevention of such illness, the problem on the whole is escalating with a continual 
increase in the number of cases of food poisoning each year. The extent that each 
food source contributes to the human health burden is unknown. However, 

epidemiological investigations suggest that poultry and poultry products have an 
important role to play in the epidemiology of campylobacteriosis and hence control 
of the contamination of poultry products with campylobacter may reduce the risk of 
infection. Currently, there is a focus upon the use of HACCP principles to manage 
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microbial contamination in food production. However, prior to the implementation 

of any identified management actions it is desirable to be able to predict the impact 

any action will have upon both food contamination levels and public health. Such 

predictions can be made through the use of QRA. The application of QRA 

modelling in the food safety sphere is increasing in popularity with a number of 

models currently available in the literature. It provides a structured approach to the 

investigation and quantification of risk in a population. 

Within this thesis a QRA model is developed. This model investigates and 

quantifies the risk of human infection with campylobacter as a result of the 

consumption of poultry and poultry products, specifically chicken meat, thus 

quantifying the contribution from chicken to the human disease burden. 

The initial model framework for this risk assessment is illustrated in Figure 1.2. 

This framework is modular in nature whereby each module describes a distinct stage 

of the poultry production supply chain. All modules will be considered separately, 

using appropriate modelling techniques and collected data. Outputs from any one 

module will serve as inputs to the next module and the final module will generate 

estimated values of risk. In line with other QRA models for microbial risks (see for 

example Cassin et al., 1998) this model is stochastic in nature and as such accounts 

for uncertainty and variability by appropriate uncertainty or probability distributions 

via Monte-Carlo simulation. 
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Figure 1.2: Model framework for the risk assessment investigating campylobacter 
infection in humans as a result of the consumption of poultry. 
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The modules illustrated in Figure 1.2 correspond to the fundamental steps of any 

risk assessment described by Covhello & Merkhofer (1993); that is release 

assessment, exposure assessment, and consequence assessment as described above. 

In the situation illustrated in Figure 1.2 it can be seen that the first two modules 

Rearing & Transport and Slaughter & Processing represent the release assessment, 

Preparation and Consumption module corresponds to an exposure assessment and 

the Health Consequences module corresponds to a consequence assessment. 

This work will supplement current scientific research into the contamination of 

poultry at retail with campylobacter in that all stages in the poultry supply chain will 
be represented within the model framework. At each stage, the mechanisms by 

which the chicken/chicken product becomes contaminated will be investigated thus 

allowing the identification of mitigation strategies, which can reduce such 

contamination. Further the model development process will identify areas in which 

there is current data deficiency hence providing direction to future research efforts. 
In addition, the model development process will result in a better overall 

understanding of the infection pathway and provide structure to a complex problem, 

enhancing the current knowledge base with regards to this important public health 

risk. These are intrinsic characteristics for risk assessments that investigate 

problems of this type (Comer et al., 1998). 

1.6.1 Model Assumptions 

Given the current level of knowledge associated with campylobacter infection in 

humans and the association with the presence of the organism in chicken flocks, it is 

necessary to make two general assumptions to enable model development, 

specifically: 

* As discussed in this chapter, there are several strains of campylobacter species, 

and within each species there are numerous strains. However, it is currently 

unknown which strains are pathogenic to humans. As such an assumption is 

made that all strains present in chickens have the potential to cause disease in 
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humans. 

* In addition to the lack of knowledge regarding the pathogenicity of different 

species and strains, the survival characteristics of different species and strains 

are also unknown. Therefore, it is assumed that all strains display the same 

characteristics. 

As such the model makes use of all data available and does not discriminate between 

data for specific strains. However, should adequate data become available, the 

model presented in this thesis can be modified and hence these assumptions may no 

longer apply. 

1.6.2 Thesis outline 

The thesis is structured in a modular form whereby a number of chapters will 
describe each module shown in Figure 1.2. 

In Chapter 2 risk assessment modelling techniques that are implemented throughout 

the thesis are described in detail and discussed. The focus of this chapter is on 

stochastic techniques and the manner in which uncertainty and variability can be 

dealt with when developing a risk assessment model. 

Chapters 3 and 4 consider the module of the poultry supply chain, that is Rearing 

and Transport. In Chapter 3a flock of chickens within a poultry shed is considered. 
The flock is exposed to campylobacter and a model is developed which describes the 

transmission dynamics within the flock on the farm. Further levels of infection and 

external contamination with campylobacter are considered and control measures on 
the farm are investigated. Following on from this, the transport of the flock to the 

slaughter facility is considered in Chapter 4, and a model is presented which predicts 
the within-flock cross contamination during transport. Overall, the models 
described in Chapters 3 and 4 provide estimates for the prevalence of colonised birds 

at the point of slaughter. Further the level of colonisation and external 
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contamination is also predicted. The models presented here provide a methodology 

for describing the dynamics of campylobacter within a chicken flock and hence fully 

describe the mechanisms which result in the entry of colonised/contaminated 

chickens in the slaughter facility. 

In Chapters 5 and 6 consideration is given to the second module, Slaughter and 

Processing. Chapter 5 consists of a qualitative assessment of all the stages of poultry 

processing is given along with discussions on the potential impact of each stage 

upon the contamination levels of carcasses. The outcome is the identification of the 

key stages of processing which impact both the likelihood and magnitude of the 

contamination of retail products with campylobacter. Consequently, Chapter 6 

presents a stochastic simulation model which quantifies the impact of the stages of 

processing identified in Chapter 5, thus estimating the probability of a random 

product being contaminated with campylobacter at the end of processing and the 

associated levels of contamination. 

Chapter 7 investigates the Preparation and Consumption module. In this chapter, the 

storage of the product is first dealt with, followed by an investigation into the 

manner in which individuals prepare a chicken meal and subsequent cooking of the 

chicken product. These are combined to enable estimation of the probability of 

exposure to campylobacter from a single serving of a chicken meal and the likely 

number of campylobacter that will be ingested. 

Following on from estimates of exposure, it is necessary to consider the subsequent 
health impact this may have upon a given individual. This is dealt with in Chapter 

8. A full discussion about the way in which health outcomes are predicted by the 

use of dose-response modelling is presented followed by the derivation of a dose- 

response model for campylobacter. The outcome being an estimate of the 

probability that a random individual becomes infected with campylobacter following 

the consumption of a chicken meal. 

In Chapter 9 the manner in which the models presented in Chapters 3 through to 8 
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are integrated is discussed, and the overall model results presented. This is followed 

in Chapter 10 by an investigation into ways in which the predicted risk of infection 

can be reduced. More specifically, mitigation strategies which have the potential to 

reduce the risk are implemented in the model and the effect quantified. Finally, The 

thesis concludes with Chapter 11 which consists of an overall discussion and 

summary of the work presented including a comparison of the work presented in this 

thesis with other risk assessment models developed for campylobacter. 

In summary, described in this thesis is a stochastic risk assessment model, which 

provides and estimate of the risk of human infection with campylobacter, along with 

a measure of the degree of certainty associated with this estimate. Further, points in 

the supply chain which may reduce this risk will be identified, with a quantitative 

measure of the impact such mitigation strategies may have upon current estimates of 

risk. 
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Chapter 2 Techniques used in stochastic quantitative risk assessment modelling 

2.1 Introduction 

In recent years, the use of quantitative risk assessment (QRA) modelling by policy 

and decision-makers has increased substantially. This increase is apparent in many 

fields. In line with the expanding areas of application, the techniques and 

methodologies used are advancing at a rapid pace. In particular, the use of 

stochastic modelling techniques is now common place. 

Within a stochastic model framework each input parameter is described by a 

probability distribution. This yields an output defined by a probability distribution 

describing the set of plausible risk estimates. Exact solutions describing the risk 
distribution are often analytically intractable, therefore risk analysts often employ 

numerical techniques such as Monte-Carlo simulation to estimate the final set of 

plausible risk estimates. 

The proliferation of powerful personal computers and the availability of Monte- 

Carlo simulation software (e. g. @RISK) have made Monte Carlo simulation easy to 
implement. With trends moving toward more stochastic methodologies it is 

necessary to give consideration to what the input distributions represent. Generally, 

distributions either describe the variability in the value that a parameter can take or 
they describe the uncertainty in the true value of a parameter. In the risk assessment 
framework, variability represents the heterogeneity or diversity of a parameter. It 

describes the inherent randomness in the system under consideration and as such is 

irreducible by further measurement or study. In contrast uncertainty describes the 

level of ignorance regarding the particular parameter, and can be lessened by further 

investigations. As such, it is a function of the assessor as it represents the assessor's 

state of knowledge of the system in question. Both characteristics are inherent in the 

systems being described by QRA models, and are thus components of any data set. 
Further, unless there is perfect knowledge about a system, the true extent of the 

variability in a parameter may also be uncertain providing further complications 
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when interpreting QRA model systems. Given these complexities, a number of 

techniques are available to incorporate both features in the most appropriate way. 

2.2 Variability and uncertainty in risk 

assessment models 

When performing risk assessments using probabilistic methods it is necessary to be 

able to distinguish, analyse and visualise both the variability and uncertainty in any 

model parameter. Although these requirements have been considered in 

environmental risk assessments (See for example Cohen et al., 1996; Bogen & 

Spear, 1987; Frey, 1998) the application of such techniques in the food safety and 

veterinary sphere has, thus far, been neglected, with variability and uncertainty 

normally remaining undistinguished in model frameworks. However, it has been 

demonstrated that the failure to appropriately deal with these characteristics can 

result in erroneous model results with risks potentially being underestimated (Nauta, 

2000). Further, when uncertainty and variability are indistinguishable in a model 

this can complicate the decision making process as interpretation of the results is 

more complex. In particular, because uncertainty and variability describe very 
different aspects of the system, they can not be deemed equal and a model or 
distribution, which mixes both uncertainty and variability, will not provide clear 

characterisation of either uncertainty or variability (Brattin, 1996). 

The technique of separating uncertainty and variability within a model is called 

second-order modelling. The application of second-order modelling can be 

mathematically complex and computer intensive. As a result of this complexity, 
there is currently much debate surrounding the merits of undertaking explicit 
separation. In particular, there is concern that the extra modelling effort required 
might not yield increased level of knowledge or precision in model results. In 

general, whether or not second-order modelling should be utilised, will be a problem 
specific decision which is likely to be influenced by the availability of resources. 
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When uncertainty and variability are treated separately within a QRA model, the 

model is structured around the variability of the problem. The uncertainty 

associated with the model parameters is then over-laid. There are two ways in 

which this can be dealt with in a model. The first method is to calculate the 

variability first and then to simulate the uncertainty. This involves analytically 

calculating the associated probability of each possible variable outcome from the 

model and adding uncertainty distributions to parameters. The model is then 

simulated to evaluate the effect of the uncertainty distributions on the variable 

results. This method quickly becomes intractable as models become increasingly 

complex. As an alternative, it may be more appropriate to simulate both the 

variability and uncertainty. Here the variable process is represented by use of 

multiple runs of the model. Upon each run, any parameters which have associated 

uncertainty are given a value from the previously defined uncertainty distribution for 

that parameter. 

There is no rule as to which of these two approaches should be employed in any 

given situation, however Vose (2000) recommends that, when possible, the 

variability should be explicitly calculated and the uncertainty simulated. None the 
less, both methods described are asymptotically equivalent thus given sufficient 
simulation time, the method employed should not impact on the result. 

2.2.1 Defining distributions of variability 

There are several techniques available which look at how to interpret observed data 

for a variable in order to derive a distribution that realistically models its true 

variability. 

When defining a parametric variability distribution, the properties of the variable in 

question should match those of the distribution chosen to model that variable. For 

example, whether the parameter is discrete or continuous, and does the theoretical 

range of the variable match that of the fitted distribution. There are several 
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theoretical distributions which comply with the mathematics of many variables. The 

binomial distribution describes trials with only two possible outcomes and as such 

has numerous applications when describing variability in data sets. If a distribution 

can be found with the same mathematical basis as the variable being modelled, it 

only remains to find the appropriate parameters to define the distribution. There are 

several techniques available which allow determination of the distribution 

parameters which best fit the data. Examples of such techniques are maximum 

likelihood methods, goodness-of-fit statistics and optimisation. There is extensive 
literature on the methods available see for example Schervish (1995). 

Several distributions are known to fit certain types of data however this is based 

purely upon the shape of the distribution rather than any underlying process. For 

example the normal distribution is used to describe the distribution of several 

measures which are associated with nature such as weights and heights of 
individuals, yet there is no obvious mathematical rationale behind this, rather use is 

based upon observation of the data. 

It is often the case that the observed data do not have an associated theoretical 

distribution or there are insufficient number of observations to determine whether or 

not the form of the variability matches a theoretical distribution. In this case an 

empirical distribution may be used. This relies solely upon the observed data to 

define the variability distribution and therefore makes no associated parametric 

assumptions. If the data are continuous a cumulative frequency plot of the data 

points can be used to define the variability. Given a data set of sample size n, x, 

i =1,..., n ranked in ascending order, the associated cumulative probability of any 

given data point, F(x, ) is given by the rank of the data point in the overall data set. 

More specifically 

F(xi) = 
I 

n+l 
If the data are discrete then the cumulative distribution function is given by 

25 



Chapter 2 Techniques used in stochastic quantitative risk assessment modelling 

F(xr )=± P(xj) 
j-t 

where P(X = x, ) = P(x, ). 

2.2.2 Defining Uncertainty 

In order to simulate both the variability and uncertainty present in the system, the 

uncertainty associated with any parameters must be defined. There are three general 

techniques used to quantify the uncertainty about a model parameter: Classical 

Statistics, Bayesian Inference, and Bootstrapping (Vose 2000). Each of these 

methods will now be briefly described, with reference to the treatment of a random 

sample of n data points X= {xl,..., x�} from a cumulative variability distribution 

F(x). In particular, each method is outlined with respect to the way in which the 

uncertainty associated with a statistical parameter 0 of the parent distribution F(x) 

is determined. 

Classical statistics 
There are several exact techniques available to characterise uncertainty when 

assumptions can be made about the parent distribution. Such assumptions often 
involve the parent distribution following either a binomial or normal model. Given 

that the normal distribution is a close approximation to several distributions under 

certain conditions, these exact techniques have a wide range of application. There is 

extensive literature available on the methods for estimating the uncertainty 

associated with a parameter, see for example Schervish (1995). For example in a 

situation whereby the mean and standard deviation of the parent distribution is 

unknown, the distribution of the mean of the population based upon the sample, Y, 
is commonly calculated from a student-t distribution as follows 
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A 

x =t(a-1 ýTn)+y 

and t (n -1) is a student-t distribution with n -1 degrees of freedom. In the above 

equation X is the mean of the sample, s is an estimate of the true standard 
deviation based upon the data set calculated from 

E(xi 
-xl 

S2= J=1 

(n-i) 

The t is randomly sampled from a student-t distribution and this results in a range of 

z values according to each s and Y. The above method assumes a normally 
distributed population. It is therefore important to consider the relevance of the 

parametric assumption accompanying many of these techniques, as when they are 

not obeyed the degree of error introduced is difficult to quantify. 

The Bootstrap 
Bootstrap simulation was introduced by Efron in 1979 (Davison & Hinkley, 1997) 

for the purpose of estimating confidence intervals for a statistic using numerical 

methods. A key advantage of bootstrap simulation is that it can provide estimates of 

confidence intervals in situations for which analytical solutions may not exist. 
Hence, for example, when a parametric distribution such as the normal distribution 

cannot be assumed. 

Consider a sample of n independently identically distributed random variables X,, 

X2, ..., X. and a real-valued estimator 6(X,, X2,..., X�), denoted B, of the 

distribution parameter 0. The bootstrap is a procedure that enables the assessment 
A 

of the accuracy of 9, defined in terms of an empirical, cumulative distribution 

function F.. The empirical distribution function is the maximum likelihood 

yn 
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estimator of the distribution for the observations when no parametric assumptions 

are made. 

As defined by Efron et al., (1994), bootstrap simulation is based on drawing 

multiple samples of size n, with replacement, from the empirical distribution F� 
. 

This approach is referred to as re-sampling where the empirical distribution is 

described by an actual data set x= (x,, x2,..., xn). A random sample of size n from 

the original data-set is denoted by x' = 
(x; 

, x2,..., xn) where the asterisks indicate 

that this is not the original data-set, rather a re-sampled version. As such the re- 

sampled data describe an empirical distribution, that is P 
__> 

(xi 
, x2,..., xn). Note 

that since the sampling is done with replacement, it is possible to have repeated 

values within any given bootstrap sample. 

It is possible to calculate any statistic based upon the bootstrap samples. This is 

referred to as the bootstrap replication of a statistic. More specifically 9' = s(X' 
). 

Here s(X') is some statistical estimator applied to a bootstrap replication of the 

original data-set. To quantify the uncertainty in any given statistic, for example the 

mean, multiple Bootstrap samples may be generated yielding multiple estimates of 
the statistic of interest. These estimates can be use to construct an uncertainty 
distribution to describe the parameter. 

An alternative to the re-sampling procedure described above is the parametric 
bootstrap, in which the parent distribution is estimated using a parametric rather than 

an empirical distribution as the basis for re-sampling, for example it may be 

assumed that the data-set was drawn from a normal distribution. However it is often 
difficult to make such assumptions. Full discussion on parametric sampling is 

provided by Efron et al., (1994). 
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Bayesian Inference 

Bayesian inference is a technique based on Bayes' theorem (Lee, 1997) which 
focuses on using data to improve an initial estimate of a parameter. In brief, this 

technique involves estimation of a distribution for a parameter value 0, given that 

we have observed X. This distribution is denoted f (9IX) and is called the posterior 

distribution. According to the Bayesian framework, estimation of f (eI X) is based 

upon the accumulation of the prior distribution, denoted ; r(9), and the likelihood 

function, denoted 1(XIO). The prior distribution is described as the density function 

for 0, before X was observed. It is not a probability distribution, but an uncertainty 
distribution describing the level of knowledge associated with 0 prior to acquiring 

X. The likelihood function, 1(XI9), is the probability of X occurring for a selected 

value of 0. The posterior distribution is proportional to the product of the 

likelihood function and the prior distribution, that is 

f (9IX) oc ; r(9y(XI B) (2.1) 

The result of equation (2.1) is a curve, which describes the shape of the posterior 
distribution, it is not the density function associated with the posterior distribution. 

The density function describing the posterior distribution is the result of equation 
(2.1), normalised such that the area under the curve equals unity, as shown in 

equation (2.2). 

f (MX) _ r(e)1(xl e) 
J; r(oy(xlopo dB 

(2.2) 

Fundamentally, Bayesian Inference takes an initial idea of what the posterior 
distribution looks like and then updates it with new information that has been 

acquired. Multiple data sets can be used as updates, for example, groups of animals 
from a herd are tested for a particular disease on three separate occasions. These 
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three data sets can be used as updates to provide an uncertainty distribution for the 

within herd prevalence of the disease. 

The form of the likelihood function can provide information about the level of 
knowledge obtained from X. For example, if the shape of the likelihood function is 

similar to that of the prior distribution then the likelihood distribution embodies very 

little further knowledge regarding f (BI X). In contrast if the shape is very different 

then a lot of knowledge has been obtained from X. 

In summary, Bayesian Inference considers a data set X, and results in the 
formulation of an uncertainty distribution about a parameter 0, given X was 

observed. The methodology allows multiple data sets from one population to be 

combined in such a manner that each data set redefines the uncertainty distribution. 

2.3 Propagating Variability and Uncertainty 
Once the parameters of a QRA model have been fully quantified, there are several 
frameworks available in the literature that enable the propagation of variability and 

uncertainty within the simulation model. 

An analytic approach for calculating risk that distinguishes between uncertainty and 

variability was presented by Bogen and Spear (1987). In their scheme, variability 

represents differences in risk between individuals whereas uncertainty is represented 

as the distribution of possible population risk values. This is calculated by summing 
individual risks present as a number of probabilistic descriptors of risk to different 

individuals in the population. These include a randomly selected individual, a mean 
risk individual, a 95th percentile individual, and a maximum risk individual. Each 
individual represents a different sample from the variability in the population 
distribution. For each of these defined individuals, an estimate of uncertainty in risk 
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is given this technique is parametric whereby the exact probability mass function of 

risk is calculated by combining distributions using Bayes' theorem. 

This method becomes complex as models become larger and rapidly becomes 

intractable. Frey & Rhodes (1998) present a simulation based approach which 

avoids the need for analytic solutions hence simplifying the evaluation of larger 

models. The method is based upon two-dimensional probabilistic simulation. This 

can use a variety of sampling techniques such as Monte-Carlo and Latin Hypercube. 

2.3.1 Two-stage Monte-Carlo simulation 

In two-stage Monte-Carlo a two-stage simulation is carried out. In brief, the 

simulation consists of an "inner loop" (first stage) and an "outer loop" (second 

stage). The inner loop of the simulation resembles a traditional simulation. On each 

run of the model, samples are randomly drawn from probability distributions for 

quantities that vary from individual to individual. Based on these values, a risk 

estimate is calculated and the process is repeated. By repeating this process many 

times, the inner loop of the simulation creates a data set of risk values representing 

the range and distribution of risks for a hypothetical population. 

Adding an outer loop to this traditional simulation, involves running the traditional 

simulation (inner loop) repeatedly, using different values for uncertain parameters 

each time. This produces multiple sets of simulation output, each of which 

characterises risk variability in the population assuming a different set of values for 

the uncertain parameters. Differences between the variability distributions 

generated reflect the impact of uncertainty on the characterisation of risk variability. 

Using two-stage Monte-Carlo as a basis, Frey & Rhodes (1996) proposed a two- 
dimensional scheme that evaluates the risks associated with each combination of 
uncertain and variable quantities. This scheme is summarised as follows. The first 

step is to segregate the model inputs into variable and uncertain components. 
Following this frequency distributions are specified for all variable quantities and 
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for all uncertain quantities probability distributions are specified. For model inputs 

that have only variability or uncertainty, only a one-dimensional probabilistic 

characterisation in the variability or uncertainty dimension is required. For inputs 

that are both variable and uncertain a two-dimensional characterisation is required. 

The scheme proposed by Frey & Rhodes (1996) is summarised in Figure 2.1. 

Assume for a given model there are M variable parameters and N uncertain 

parameters. On each run of the model all variable and uncertain distributions are 

sampled. Each of the M variable quantities are simulated with a sample size of m 

and each of the N uncertain dimensions of the model are simulated with a sample 

size of n. Thus the sample size for the two-dimensional simulation is the product of 

m and n. Clearly this can impose severe computational burden, depending on the 

required sample size. 
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Figure 2.1: Schematic representation of the matrix for a two-dimensional Monte- 

Carlo simulation (After Frey & Rhodes, 1996). 

The model is repetitively evaluated for each combination of samples from the 

variable and uncertain parameters. This is represented in Figure 1 by the matrix of 

values E. j where i is an index from I to m of the sample values for the vector of 

variable quantities and j is an index from 1 to n of the sample values for the vector 

of uncertain quantities. Any column of the matrix represents the frequency 
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distribution for the variability in calculated values for a given realisation of 

uncertainties for each individual. Any row of the matrix represents the probability 

distribution for uncertainty in exposure level for a given member of the population. 

The method presented here randomly selects all sets of variable quantities and all 

sets of uncertain quantities prior to calculating any risk estimates. After selecting 
these values it computes the risk estimates for each combination. For complex 

simulations this approach can impose a severe computational burden since it 

requires storage of all randomly generated variable and uncertain quantities for the 
duration of the simulation. 

Similar two-dimensional methods appear in the literature regarding risk assessments 
in the environmental sphere (see for example Macintosh et al., 1994; Helton & 

Shiver, 1996; Hoffman & Hammonds, 1994). A common feature of these methods 
is that they all have parametric elements. That is assumptions are made about the 

form of the distributions used to describe the uncertainty and/or variability 

associated with a model parameter (e. g. Bogen & Spear, 1987). Further, these 

techniques are highly computer intensive and therefore may not be appropriate for 

complex models (e. g. Frey & Rhodes, 1998). 

An alternative method (Vose, 2000), which avoids both parametric assumptions, and 
the sampling issues associated with complex models is also available. This method 
involves the generation of non-parametric second-order random variables and is 

summarised as follows. 

Consider a small data set drawn from a parent distribution that represents the 

variability in a particular model parameter. The data set consists of n data values 

x; , 1=1,..., n each of which was randomly drawn from a distribution, F(x). 

However, the form of this distribution is unknown and limited data makes 

parametric assumptions regarding the parent distribution F(x) undesirable. A non- 

parametric approach is appropriate in this situation. The theory is as follows. 
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Given the data set {x, } each value x, maps as a Uniform (0,1) distribution onto the 

cumulative probability distribution of that from which {x, ) were drawn, F(x). The 

data are ranked in ascending order such that x, < x, +t . 
As such, given n values 

were drawn from the distribution, the value x, ranks i th. Therefore, there are n-i 

values in the sample which are greater than x, and i -1 values less than x,. Such 

information enables the posterior marginal distribution to be determined, denoted 

P, for the cumulative probability associated with x,, to be determined. 

First, assume the prior distribution for the cumulative probability P, takes the form 

of Uniform(0,1). Given the rank of a data point x,, each other data point can then 

be considered as an independent Bernoulli trial as there are only two possible 

outcomes: the data point is either greater than or less than x,. As such the 

probability density function for P, given x, can be described using the binomial 

theorem as follows 

f(Pi Ixr; i = 1, n) ac (P1Y-1 (1-P, 1n-J 

Here, a value less than x, is be considered a "success" and a value greater than x, a 

"failure". This is equivalent to a Beta distribution with parameters Beta(i, n-i+ 1), 

and therefore 

P= Beta(i, n- i+ 1) 

Given that the data are ranked, P, +t >P and hence the Beta distributions describing 

P, are not independent. As such it is necessary to determine the conditional 
distribution f(P, +, IP). 
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Consider two values, x, and x. drawn from the parent distribution F(x), where 

xj > x,. The joint distribution for the associated cumulative probabilities for x, and 

xj, that is f (P,, Pj) is proportional to the probability that the cumulative probability 

of any given data point is in the range between P, and P.. More specifically 

f(Pf, Pi)oc P, 1'1 (Pi 
-PIY-'-I 

(1-Pir'i 

Let x. = x, +,, this then becomes 

f (p 
l, Pr+1 ) °C P, 1-1 (PIA 

- P, y +1-1-1 (1- PIA) "-e-I 

which simplifies to give 

R-ý-t AP 
. 

Pf+t 
l °c p'-t (1- P+t ) 

The conditional probability f (P+l IP, ) is thus given by 

n 1-1 

P= 
f(P. P+, ) 

=k 
1-P, +tý 

. 
f( ý+tl fp (i -P )- ̀  

where k is the constant of proportionality. The corresponding cumulative 
distribution function is given by evaluating the area under the density curve for the 

range P, to P,,.,. More specifically 

n i-1 n-i 

F(Pi+i IPi )= JPý«i k(1- y) 
-1 =k 1- 

1- Pi+i 
(2.3) 

ý (1-Pi)" (n-t 1-Pi 
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Given that the distribution f (P+t I P) has a probability density of one when P, 
+t =1 

then F(P, 
+, 

I P) must also be equal to one, this then gives k=n-i and, when 

substituted into equation (2.3), the result is equation (2.4) 

n-i 

F(1+1IP)=1- 1-P+r 
rr1_ý, (2.4) 

where this is Uniform(0,1) distributed as it is the cumulative distribution function. 

Using this theoretical result, it is possible to generate a non-parametric second-order 
distribution for a given random variable for which x, i =1,..., n are samples from 

the parent distribution. In particular, given that P, = Beta(i, n-i+ 1), and the data 

are ranked in ascending order, the cumulative probability for the first data point, x,, 

is P= Beta(l, n). It then follows that the probability for the second data point can 

be determined from equation (2.4). Remembering that F(P, 
+1IP, 

)=U(0,1), each of 

the uniform distributions are independent of each other, thus for clarity 

writing U(0,1) = U, 
+, and rearranging equation (2.4) yields 

pr+ý =1- ý-ý Ui+t (1- P) 

Given that 1- U(0,1) = U(0,1) this can be re-written and hence the result is equation 

(2.5), the cumulative probability for P. 1. 

p+, =1- nf, - U, 
+i 

(1- Pr ) (2.5) 

Thus, given a sample data set, it is possible, by use of equation (2.5), to generate a 
second-order, non-parametric random variable. 
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When equation (2.5) is implemented within a two-stage Monte-Carlo simulation the 

result is a non-parametric, second-order distribution which describes not only the 

variability in the given parameter, but will also reflect the uncertainty which exists 

with respect to the true form of the variability. This uncertainty arises as a result of 

sampling and thus is a function of the sample size. On any given run of the model, a 

variability curve is defined from the uncertainty space associated with the parameter. 
Upon that run of the model one realisation of the variability in the parameter will be 

sampled. Multiple runs of the model then reflect multiple realisations of the 

variability in the parameter. As expected, when the sample size increases, the 

uncertainty space from which the variability distributions are defined decreases. 

2.4 Regression analysis 
A useful technique, which describes dependencies between variable parameters, is 

regression analysis. Regression analysis studies the effects of explanatory variables 

on a response variable. The simple linear regression model is given by 

Yj = ßo + ßi xj +C j j=1,..., n 

where xj is the independent variable, yj is the dependent variable, ej is the error 

term, that is the difference between the observed value and that predicted by the 

model, A is the regression slope, and ß0 is the y-axis intercept. The simplest 

analysis of data under the regression model is by the method of least squares. This 

method assumes that all individual y, values are independent; for each value of xj 

there is an infinite possible number of values of y1 which are normally, distributed; 

the distribution of yj given x1 has equal standard deviation for values of xi and is 

centred about the regression line; and the means of this distribution at each value of 

x, can be connected by a straight line. As such the least squares estimates for 8 

are 
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. 171.1 
(Xi 

-xXy, -y) A- 
ssx 

A 

ßo =Y-AY 

where x= n'1 E x. and SS., = Zj_, (x. 
- xy. 

The amount of variation in the dependent variable that is explained by the 

independent variable is given by the coefficient of determination, denoted R2 . This 

is given by 

R2 

J-t 

where yj are the predicted values at each xj. Therefore the ratio R2 can be 

described as the fraction of the variation in the data explained by the model. This 

provides a quantitative measure of the linear relationship between the dependent and 
independent variables and ranges from -1 to +1. If the data are almost completely 

random, then none of the variance in the data is explained by the model. In this case 
n2 jýj-yjý0 

and hence R2 =0. In contrast, if the data lies very nearly on the 

regression line then 0 and R2 =1. It should be noted that this is a 
/=t 

model of variability. It is possible to include the uncertainty associated with 

parameter estimates. 

2.4.1 Incorporating uncertainty into least squares 

regression models 

Implementation of the least squares regression model, described in section 2.21 

assumes that the relationship is correct and that the parameters are known. It 

essentially models the variability in a given parameter (dependent variable) with 
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respect to another parameter (independent variable). However, when only a small 

sample size is available it may be desirable to incorporate a measure of the 

associated uncertainty into the regression model. There are two methods available 

to incorporate uncertainty into a least squares regression model. These are classical 

statistical methods and the Bootstrap. 

Classical statistics 
When the assumption can be made that the model is correct, classical statistics 

provides a method to determine the best fitting values for /0 and /31. Further, it 

provides an exact distribution of the uncertainty for the estimate yj= ßo + Axj + Ej 

at some value x,. This distribution is given by 

F7 
,- 

Tx 

y j= t(n - 2ý 
fn 

ý=1 
l 

where I (n - 2) is a student-t distribution with (n - 2) degrees of freedom, and s is 

the standard deviation of the raw residuals e. = y, - ßo + ß, xß, where 

e2 
s1 -j=, n-1 

This produces a relationship where the uncertainty is at its minimum in the middle 

of the data set. This is because the further away predictions are made form the 

actual data set the uncertainty increase with regards to the true nature of the 

relationship between the variables. The result of the application of this approach is 

that for any given value xj there is a normal distribution describing the possible true 

value of y. However, when parametric assumptions are not desirable, this 

approach may be inappropriate. 
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Bootstrap 

The bootstrap can be used to determine the uncertainty distribution associated with a 

regression analysis. There are two possible approaches: a parametric approach and a 

non-parametric approach. The use of either depends on the assumptions concerning 

the way in which the data arises. The first possibility, the basis for the parametric 

approach, is that the pairs are randomly sampled from a bivariate distribution F for 

(X, Y) and hence the regression coefficients can be thought of as parameters of a 

bivariate normal distribution. This is often referred to as type A data. In this 

situation the linear regression refers to linearity of the conditional mean of Y given 
X=x, that is 

E(YIX=x)=ur+Y(x-. ax) 

where 

Y= vu(x) 
cov(x, Y) 

This corresponds to /o = fly -rp . The non-parametric bootstrap can then be used 

to resample from the paired observations ýj, yj} and, at each Bootstrap replicate, 

calculate the regression coefficients. 

In contrast to the above description, for any value of xj the response yj is sampled 

from a distribution FF(y) where the mean is p(x) and the standard deviation is 

.2 (x) such that p(x) = ß0 +, 8, x. This is often referred to as type B data. It can be 

seen that ßo = µ(0), and ß, _ 
E(xi -x)Axj Therefore Fx(y)= G; y-, u(x)) SS= 

where G is the distribution of random error. 

For type B data the independent variables are fixed since they were predetermined. 
Therefore, assuming that the variations around the regression line are homoscedastic 

and the straight-line relationship is correct, the only random variable involved is that 
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producing the variations about the line, that is the residuals, e1. The raw residuals 

estimate the random errors ej since 

n 

ej =ej -EhjEk 
k-l 

where 

h. =n"'+ f 
SS. 

The values hj are referred to as leverages. 

For parametric re-sampling, G is estimated according to the assumed form of the 

error distribution. However, if it is known that the residuals are normally distributed 

then the classical statistics approach is the preferred choice as it provides an exact 

answer. For non-parametric re-sampling this method is extended. First a 

generalisation of the empirical distribution function is required and the raw residuals 
(ri) are modified such that they are described by a non-parametric distribution and 

have constant variance, that is 
w 

_ 
yJ -Pi 

rJ (1-hJY2 

ww 

where rJ are the modified residuals and ýr 
J= fro + Ax 

J. 

The next stage is to estimate G by use of the empirical distribution function of 

r. - F, where r is the average of r! . It is assumed that the re-sampled model has 

the same design as the data, that is x, * it then specifies the conditional distribution of 

Y; given xx through the estimated version of the simple linear regression model, 

that is 

=1,. ., n yJ 
-AJ+BJ I 
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w 

with =A+jx; and a randomly sampled from Gw . 

The steps to adding uncertainty to a linear regression model using a non-parametric 
Bootstrap can be summarised by the following stages: 

" Observe data set xj 

" Assume that the bootstrap samples of the data follow the same model as the data 

such that jr; =xj 

" Estimate the raw residuals ej and modify according to yield rj 
w 

" Estimate G from the empirical distribution function of rj -FG 

" Finally Y; k; =f +E; 

Thus far the analysis of a linear model has been discussed. However, several 
biological situations are known not to have a linear relationship. An extension of 

the bootstrap technique described above to non-linear models is fully described by 

Davison & Hinkley (1997) however there is a simpler approach available. The 

method of least squares provides a tool for modelling functions other than lines. 

Consider the regression equation y =, 80 + /1, x . This is a linear function, however 

it is also a linear combination of I and x. As such it is a linear function of the 

variables 8U and ß,. Therefore any model that is linear in these parameters, but not 

necessarily in the independent variable can use the method of least squares. 

There are many situations where the most appropriate model is not linear, but which 

can be transformed into a linear relation. For example exponential and power 

equations can be transformed into linear equations. Given the relationship y= Ae' 

taking logarithms of both sides the result is In y= In A+ rx which is a linear 

equation in the variables x and my. And similar operations can be performed 
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upon many model forms resulting in a linear relationship then the bootstrap 

technique described above can be implemented. 

2.5 Conclusions 

The level of mathematical modelling incorporated into QRA models has 

dramatically increased over recent years due to an increase in demand for such 

approaches to decision making. QRA models are commonly formulated in a 

stochastic manner and thus incorporate variability and uncertainty. This is achieved 

using probability distributions and as a result, consideration must be given to the 

manner in which such probability distributions are used. In general, a probability 
distribution will either describe the variability or uncertainty associated with a 

particular parameter. These two characteristics are separate and distinct and as such 

require separate treatment within a risk assessment framework. 

The variability in a parameter may be described parametrically when the process 

that leads to the variability is described mathematically by a theoretical distribution. 

Further, several measures are traditionally represented by theoretical distributions. 

However, this is not based upon any mathematical rationale, rather similarity in the 
form of the distribution. Variability is described non-parametrically by use of the 

empirical distribution defined from the observed data. Regression analysis can be 

used to describe the variability in a given parameter, in relation to another parameter 
in the model. 

When small sample sizes are involved there may be uncertainty about a descriptive 

statistic for the population. Three methods have been described in this chapter, 

which estimate uncertainty in a given parameter based upon a sample from a 

population. The methods described are classical statistical methods, Bayesian 
Inference and Bootstrapping. 
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Once uncertainty and variability distributions have been defined, two-dimensional 

Monte-Carlo simulation can be used to propagate the variability and uncertainty 

through the model. There are several frameworks available to implement two-stage 

Monte-Carlo however caution must be given to the necessity for parametric 

assumption and computer efficiency for complex models. A method, which avoids 

these issues, has been described in this chapter. This involves the generation of non- 

parametric, second-order random variables which, when implemented within a two- 

stage Monte-Carlo simulation, provide the variability distribution and, upon multiple 

runs of the model, represent the associated uncertainty in any variable parameter. 

Two-dimensional Monte-Carlo can also be used to add uncertainty to a regression 

analysis. To incorporate uncertainty into a regression analysis classical statistics 

provide exact methods of calculating the uncertainty distribution. When a non- 

parametric approach is preferred a non-parametric bootstrap can be employed. 

The separate treatment of variability and uncertainty within food safety risk 

assessments is a novel approach. It is likely that the extent of explicit separation, 

which is carried out in such models, will be a project specific issue dependent upon 

resources. However, such techniques may be especially useful in food safety QRA 

modelling where data sets are often small due to the complexity and costly nature of 

experimental sampling. 

In this thesis, a two-dimensional, Monte-Carlo simulation model is presented. 
Essentially, the model described the variability inherent in the processes leading up 
to the infection of humans with campylobacter as a result of the consumption of 

chicken. Where appropriate, uncertainty is incorporated into the model using the 

method of Vose (2000). That is, second-order non-parametric distributions are 
derived to describe the uncertainty in any variable parameters. Further, regression 
analyses are incorporated into the model to describe any dependencies. Any 

associated uncertainty is generated through the use of a non-parametric bootstrap as 
described in this chapter. The result is a distribution of the risk of infection with 
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campylobacter form the consumption of chicken, along with a measure of the level 

of uncertainty associated with this risk. 
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Chapter 3 

The occurrence of campylobacter in 

birds at slaughter 

Hartnett, E., Kelly, L, Newell, D., Wooldridge, M, & Gettinby, G., (2001). The occurrence of campylobacter in 

broilers at the point of slaughter, a quantitative risk assessment. Epidemiology and Infection 127; 195-206. 
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3.1 Introduction 

Broiler poultry production is highly specialised and follows a defined structure 
(ACMSF, 1996). When the birds are 1 day old they are moved to a broiler-growing 

farm, where they remain until they reach slaughter weight at ages of between 30 and 
60 days. At this point depopulation occurs; that is birds are removed from the 

house, and transported to the slaughter facility for processing to produce the sale 

product. 

A typical grow out house contains litter on the floor and troughs which are filled 

with feed and water in lines. Several birds will feed from a single feed/water trough 

and the feed and water may even be circulated on belts throughout the house. While 

on the growing farm, despite the strict controls often in place by a given company, 

the intensive nature of production means that the birds are exposed to a variety of 

sources of campylobacter. These may include contaminated farm staff, insects and 

even persistent contamination of the house itself as a result of a previously positive 
flock. 

3.1.1 Campylobacter colonisation of poultry 

The sources of campylobacter colonisation of poultry flocks are still debatable. 

Bacterial infections in both humans and animals are often of maternal origin. This, 

coupled with the fact that salmonella species in poultry are transmitted via this route, 

make vertical transmission a candidate. Transmission via contaminated eggs has 

been documented (Doyle, 1984) but remains an area of controversy. Isolation from 

eggs has been demonstrated as a rare event. In particular, Shanker et al, (1986) 

obtained only two positive eggs from a sample of 187 eggs from a campylobacter 

positive breeder flock. The occurrence of the two positive samples has been 

attributed to faecal contamination of the egg shell. Moreover, campylobacters have 

poor survival rates in egg albumen (Jones et al., 1991). Therefore it seems that 
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vertical transmission is an unlikely source of infection (Annan-Prah & Janc, 1988; 

Van De Giessen et al., 1992). 

Transmission from flock to flock, referred to as ̀ carry-over', also seems an unlikely 

occurrence due to the poor survival of campylobacters in the environment under 

ambient conditions (Kapperud et al., 1993; Jacobs-Reitsma et al., 1995; Kapperud et 

al., 1993). Further sources such as feed (Humphrey et al., 1993; Mead & Hinton 

1989) and litter (Pokamunsky et al., 1986; Clark & Bueschkens, 1988) are unlikely 

as campylobacters are fragile organisms with an intolerance to desiccation (Doyle & 

Roman, 1982). As such they are unlikely to survive well in feed or litter. Most 

evidence, serotyping and case-control studies (Evans, 1992; Stem et al, 1997; 

Jacobs-Reitsma et al., 1995) suggest that the primary source of introduction into the 

flock is the external environment. As campylobacters are ubiquitous this hypothesis 

is intuitive. 

Once the flock has been exposed to colonisation, the water and feed play an 
important role in the dissemination of colonisation throughout the flock. When 

colonisation is first detected in the birds the feed soon becomes culture positive 
(Genigeorgis et al., 1986). However the organism is rarely found in the water of 
flocks which contain colonised birds. The absence of campylobacters in water 

samples at early stages of colonisation has been attributed to viable but non- 

culturable forms (VNC) (Rollins & Colwell, 1986). Such forms of campylobacter 

may be capable of resuscitation in vivo (Mead & Hinton, 1989). Further, the 

importance of water in the transmission of the organism through a flock has been 

demonstrated experimentally. Chlorination of the water supply was shown to slow 

the within flock transmission of the organism (Pearson et al., 1993). 

Farm-workers play an interesting role in the epidemiology of flock colonisation. 
Case-control studies have identified farm staff as a risk factor (Lindblom et al., 
1986; Evans, 1992) and external contamination of a flock by catchers has been 

demonstrated (Tom Humphreys, unpublished data). 
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The risk of campylobacter colonisation is strongly associated with age (Evans, 1996) 

with the probability of infection increasing with age. Survival analysis has indicated 

that a number of management factors acted as predictors of the age at which flocks 

became colonised but in a follow up study, intervention methods were only 

successful in delaying the survival time (Evans, 1996). An interesting feature in the 

epidemiology of flock infection is the presence of a lag period which occurs during 

the first 14 days in the house. During this period no birds can become colonised. 
This is consistently seen in commercial flocks (Lindblom et al., 1986; Mead & 

Hinton 1989) but absent in laboratory experiments (Shanker et al. 1990). The 

reasons for this difference are unknown. 

Seasonality of the colonisation of broilers, i. e. a higher contamination rate during 

warmer periods, has been reported in certain countries, (Kapperud et al., 1993; 

Jacobs-Reitsma et al., 1994; Newell et al., 1998). This seasonality of colonisation 
has been further demonstrated within GB (Newell et al, 1998), but in other countries 

such as the USA and Canada (Quebec) no evidence of seasonal variation has been 

found (Gregory et al., 1997). 

To consider the extent of exposure of humans to contaminated chicken products and 

methods of control, estimation of the probability of a random chicken destined for 

human consumption being campylobacter positive at the point of slaughter is 

required to enable the ̀ farm to fork' pathway to evolve. This chapter considers the 

rearing part of the first module of the `farm to fork' framework previously 
described. The model presented here estimates the probability of a random bird 

from within the British national flock being campylobacter positive at the time of 

slaughter, together with an estimation of the uncertainty in this probability. 

3.2 Model Development 
The aim of the rearing module is to estimate the probability that a random bird from 
the GB poultry flock will be campylobacter positive at the point of slaughter. This 

probability is defined as Ppb and can be estimated as shown in equation (1) 
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Ppb Pfp * Pºýp (1) 

where Pfp is the flock prevalence, that is the proportion of the national flock that is 

positive, and P,, fp is the within-flock prevalence of a positive flock at the time of 

slaughter. A positive flock is defined as a flock that contains one or more birds 

colonised with campylobacter. Estimation of Pfp and Pwfp was undertaken as 
follows. 

3.2.1 Estimating flock prevalence, Pfp 

The frequent colonisation of poultry flocks with campylobacter is well documented 

(Byrd et al., 1998; Gregory et al., 1997) however little data exists on the prevalence 

of positive flocks within GB or, indeed, world-wide. Currently there are no national 

surveillance schemes in GB. Although some poultry production companies carry out 

routine monitoring, the asymptomatic nature of the colonisation means that this a 
low priority. Consequently this highlights an area of limited data. 

Sample data obtained from two fully-integrated poultry companies, an 

epidemiological study (Evans, 1996) and a published source (Humphrey et al., 
1993) were used to obtain an estimate of Pfp. More specifically, individual estimates 

of flock prevalence were derived for each source using beta distributions as follows 

Pl fp = Beta(rl + 1, s1- rl + 1) 

P2 fp = Beta(r2 + 1, s2 - r2 + 
P3 fp = Beta(r3 + 1, s3 - r3 + 
P4 fp = Beta(r4 +1, s4 -r4 +1) 

where P1 fp and P2fp are estimates of flock prevalence derived from data from the two 
leading GB poultry producers which together account for 35% of national chicken 
production; P3 VP is an estimate of flock prevalence based on the epidemiological 
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study (Evans, 1996) which involved 5 separate poultry producers, together 

responsible for 50% of the national flock, and P4fp estimates flock prevalence from a 

published study (Humphrey et al., 1993). In each case, r denotes the number of 

positive flocks and s the number of flocks sampled. The beta distribution is used to 

characterise the uncertainty in the sample data and assumes a random sample and 

that the sample size is smaller than the total population. It also assumes that each 

positive flock is equally likely to be detected (Vose, 2000). The values 

corresponding to each r and s cannot be disclosed due to data confidentiality, 
however the resulting beta distributions, P1 fp, P2fp, P3fp, and P4fp are shown in 3.1. 
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Figure 3.1: Graph to show the uncertainty distributions for the probability that a 
flock is positive for each of the data sources Plfp, P2fp, P3fp, and P4fp. 

The prevalence of positive flocks based on each source, P1,,, P2 ,, P31,, and P4h,, are 

weighted according to market share to give the overall flock prevalence, that is 

P fp = (P1 sp w1) + (P2 fp w2) + (P3 fp w3) + (P4rP w4) 

52 



Chapter 3: The occurrence of campylobacter in birds at slaughter 

where wl, w2, w3 and w4 are the associated weights. The values for wl, w2, w3 and 

w4 are based on the companies market share using denominator data derived from 

MAFF statistics department (2000). 

3.2.2 Estimating within-flock prevalence, Pwfp 

Within-flock prevalence (WFP) is a measure based on the number of birds expected 
to be colonised with campylobacter within a positive flock. The WFP is directly 

related to the rate of transmission and is therefore a time dependent phenomenon for 

a positive flock. It has been reported that the within-flock transmission of 

campylobacter is rapid and that once campylobacter has been detected the WFP 

reaches 100% within seven days (Shanker et al., 1990; Jacobs-Reitsma et al., 1995), 

even in houses where bird movement is restricted (Shreeve et al, 2000). However 

the precise dynamics of campylobacter transmission in poultry flocks is poorly 

understood. 

Mathematical models have been used previously to investigate the pattern of disease 

epidemics (Bailey, 1975; Fukuda et al., 1984) in both human and animal 

populations. Here, a mathematical approach has been adopted to describe the 
transmission of campylobacter within a flock. 

As discussed previously, poultry production is highly specialised and follows a 
defined structure (ACMSF, 1996). Briefly, when the birds are 1 day old they are 
taken to a broiler-growing farm, where they remain until they reach slaughter weight 

at ages between 30 and 60 days to become ̀ table birds'. At this point depopulation 

occurs; that is birds are removed from the house, and transported to the slaughter 
facility for processing to produce the sale product. 

Upon arrival at the growing farms the birds are placed in a house where they form 

spatial clusters. This clustering effect is likely to be due to social factors. The 
display of social behaviour is common to fowl and has been well documented 
(McBride & Foenander, 1962; Collias et al., 1966; McBride et al., 1969; Wood- 
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Gush et al., 1978; Tribe, 1980; Pamment et al., 1983) and experimental work 

suggests a similar social behaviour is displayed by birds in the commercial rearing 

environment (Preston & Murphy, 1989). The area explored by a given bird 

diminishes with age (Preston & Murphy, 1989) thus enhancing the clustering effect. 
This reduction can be attributed to the increase in size of birds in a fixed 

environment. 

The transmission of campylobacter in a flock is believed to begin with a single bird 
becoming colonised. The mechanism by which a single bird becomes colonised and 
the time at which this occurs is unknown. As discussed previously case-control 

studies have demonstrated several reservoirs to which a flock may be exposed. 
These include wild birds, rodents, and cross-contamination from the environment 

via farm workers (Annan-Prah & Janc, 1988; Engvall et at., 1986). 

Following colonisation of the first bird within the flock, it is likely that transmission 

will initially be confined to the cluster in which this bird resides. During this 

process campylobacters are excreted in the faeces of positive birds. As broilers are 

coprophagic this leads to ingestion of the organisms by other birds in the flock and 
hence bird to bird transmission. As well as bird to bird transmission, excretion of 
the organism results in the contamination of the feed and water. In a short time 

period (4 days) a threshold will be reached where the contamination level of feed 

and water is sufficient to cause extensive colonisation in birds as a result of the 
ingestion of these products. This allows for dissemination of campylobacters 
throughout the whole flock until all birds are colonised. 

Given this description of transmission, it is appropriate to model the time dependent 

process of flock colonisation in two stages. The first stage is the initial transmission 

within the cluster containing the first bird that is colonised, and the second stage is 

the transmission throughout the remainder of the flock. 

Within this model it is assumed that the first bird becomes colonised at a time 
t= teX. This time is defined as the age at first successful exposure of a bird in the 
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flock, that is, exposure which leads to colonisation with campylobacter. This time is 

set to zero, that is tex = to. Stage 1 is described by a modified chain binomial model 

until a threshold time is reached. Experimental studies have shown that, following 

colonisation of the first bird, campylobacters can be detected in the feed, water and 
litter after 3 days (Shanker et al., 1990). It is therefore assumed that the levels of 

contamination become sufficient to allow widespread dissemination of the organism 

throughout the flock 4 days following colonisation of the first bird. Thus a model 
for simple epidemic spread can be used to represent the second stage of the 

colonisation process. Thereafter transmission continues until either all birds become 

colonised or depopulation occurs at time tA. Each of these stages can be described 

by the following models. 

Stage 1: Chain Binomial 
In 1982 Reed & Frost developed chain-binomial models of epidemic spread 
(Jacquez, 1987). Although this work was not published, the theory was popularised 
by Bailey (Bailey, 1975) and these models have frequently appeared in the literature, 

for example to study HIV epidemics (Ng & Orav, 1990). The initial transmission of 

campylobacter within a flock is described using such a model (Bailey, 1975; 

Jacquez, 1987). Such a model is deemed appropriate when the data available for 

parameter estimation are measured in discrete time (Bailey, 1975) as in the 

occurrence of colonised birds within the cluster containing the first positive bird. 

In the situation presented here the basic chain binomial model describes the 

colonisation of a random susceptible bird which becomes colonised after a fixed 

constant time. The colonised bird is then removed from the susceptible population. 
New cases occur within the cluster in distinct groups at each time point, as described 

by the recurrence equation (3.2) 

I, (t+1)= I, (t)+NI, (t+1) (3.2) 

where II(t) is the number of colonised birds in the cluster at t, and NIc(t+1) is the 

number of newly colonised birds in the period (t, t+1] where (t, t+1] is defined as 
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one day. The number of newly colonised birds at each time point will follow a 
binomial distribution which depends upon the probability that any susceptible bird 

in the cluster becomes infected in time (t, t+1 ], that is p(t). Following on from this, 

the binomial likelihood for NI,, (t+1) can be written as: 

P[NIý, (t+1) =x, +,, NI, (t) =x....... N1, (1) =x, I1� (0) =xo] =j9jP[Nl, (t) -x, IH(i-1)] 

where this binomial likelihood is given by the binomial probabilities dependent on 

p(t), the probability that a susceptible bird becomes colonised in the period (t, t+11, 

and H(t) can be described as the history of the epidemic up to that point. More 

specifically 

P[NI, (t+1) =xt+iJH(tj = 
S, (t»P(t)-r'+I 

[1- pOr. 

H(t) ={NI, (t) =xt, Nl, (t-1) =(1) =x,, I(U) =xo} 

where S, (t) is the number of susceptible birds in the cluster at time t. 

When considering transmission of campylobacter within a flock, the probability that 

a bird becomes colonised is dependent upon the transmission rate, the social need to 

make contact with other birds, and the probability of contact with a colonised bird. 

The generic form of the chain binomial model assumes a randomly mixing 

population, that is, a given bird would be equally likely to make a contact with every 
infected bird (Jacquez, 1987). In reality, commercial flocks can be many thousands 

in size, hence random mixing is not a reasonable assumption. However, by 

assuming a bird moves around a limited number of birds, defined as a cluster, and by 

considering the number of birds a given bird comes into contact with, and the 

number of times contact is made, we are able to model the spread of infection in a 

small neighbourhood. The basic chain binomial model described above is then 

modified to include these factors. Such a modified chain binomial model has been 

used previously by Ng & Orav (1990) to describe the transmission of HIV within a 

male community. Within this work the number of sexual partners an individual had 
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and the number of times sexual contact was made were considered. Within the 

present problem each sexual partner is analogous to the number of birds a given 
bird makes contact with, and each sexual contact is analogous to the number of 
times contact is made with each bird. Use of the modified model requires several 

assumptions (Ng & Orav, 1990): 

(i). The total cluster size remains constant i. e. Si(t)+I, (t)=n, for all values of t 

where n, is the total cluster size; 
(ii). A bird, which becomes colonised at time t, cannot transmit the organism to 

another bird until time t+1, this allows for a fixed latent period of one day; 

(iii). Birds within the cluster act independently; and 
(iv). Each non-colonised bird has the same probability of being colonised at time t 

Let b equal the probability of transmission given a single contact of a susceptible 
bird with a colonised bird, A equal the number of birds a given bird comes into 

contact with in one day, that is (t, t+11 and R equal the number of times the bird is 

contacted by each of the A contacts in (t, t+ 11. The parameters A and R are random 

variables which have probability density functions given by 

P(A = a) =f (a) 

P(R=r)=g(r) 

Within the model probability generating functions are used for A and R as they are 

easier to manipulate (Jacquez, 1987). The associated probability generating 
functions are given by 

(DA(s)=E(s'') =Zf(ak° 
a=O 

4D, (s) = E(sR )= Xrý ' 
r=0 

OSs51 
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From the work of Ng and Orav (1990) assuming independence of individual birds, 

the probability that a susceptible bird becomes colonised in the period (t, t+1 ], p(t), 

is derived as follows: 

P(no transmission occurs I contact with one colonised bird) = (1- b) 

P(no transmission occurs IR contacts with one colonised bird) = OR (1- b) 

P(no transmission occurs IR contacts with a random bird in cluster) 

=1- 
t[, 

-" 
) 
[1-(DR(1-b), ný (t) 

Therefore, the probability that a susceptible bird becomes colonised in the period (t, 

t+1 ], p(t), is given by equation (3.3) 

P(t)=1-(DA 1- J1101[i-ýR (1-b)] (3.3) 
ný (t) 

This can be written equivalently without the use of generating functions: 

P(t)= i-I: f(a 1- 
I'(rt)l 

1-Eg(rXl-b)' 
a nclt! r 

It is assumed that the variable A, the number of contacts a bird makes with an 
individual in one day follows a binomial distribution i. e. Binomial(n,, PP) where PP is 

the probability that contact is made with another bird. Also it is assumed that the 

variable R, that is the number of times that a bird makes contact with a given bird 

follows a Poisson distribution, i. e. Poisson(y), where y is the mean number of times 

contact is made with each bird. In this way the number of contacts is limited to be 

equal to or less than the cluster size, but the number of times contact is made is 

theoretically unbounded. 
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The generating functions for the number of contacts made, bA and the number of 

times contact is made with each bird, (DR are therefore given by 

a)A =(1-Pc +PcsY° 

(DR = e(-Y(t-s)) 

Thus substituting these generating functions into equation (3.3), the probability that 

a non-colonised bird becomes colonised in one day, that is p(t), is given by: 

ye 

Pýtý=1- 1-P 
Iý(t) 1-exp yü 

`n (t) 1- exp'' 

The mean number of newly colonised birds is then given by: 

NI, (t + 1) = p(t)S. (t) 

The way in which p(t) and the resultant prevalence of positive birds within a given 

cluster varies over time is illustrated in Figure 3.2. In this illustration the mean 

number of times contact is made with another bird (y) is 5 contacts per bird per day, 

nc the number of possible contacts (nc) is 109 contacts per day, where 109 is the 

mean value of the distribution, and the probability that contact is made (Pc) is 0.07. 

It can be seen that as the prevalence within a cluster increases so does p(t). Further, 

the probability that a bird becomes colonised is greater than the prevalence of 

positive birds in the cluster. This is due to the occurrence of multiple contacts per 
bird with another bird. 
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Figure 3.2: Graph to show the way in which the probability that a non-colonised bird 

will become colonised, p(t), and the resultant prevalence of campylobacter positive 
birds within a cluster, wcp, for a given cluster vary over time. Here the mean 

number of times contact is made with each bird is 5 contacts per bird per day, the 

number of possible contacts is 109 contacts per day and the probability that contact 
is made is 0.07. 

Stage 2: Epidemic spread 
As previously discussed during the process of campylobacter colonisation within a 

flock, a threshold time is reached when the water and feed become contaminated. 
This threshold normally occurs 4 days after the first bird in the cluster becomes 

colonised and colonisation rapidly spreads throughout the remainder of the flock. 

Thereafter, stage 2 begins at time t--t5. In the second stage it is assumed that the 

number of newly colonised birds at any time point is dependent upon the initial 

number of colonised birds, that is, the number of birds colonised within the cluster, 

at the time when stage 2 begins (1 
c 
(t4)) and the transmission rate. Under this 
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assumption, the colonisation process in stage 2 can be represented by a simple 

epidemic model. 

It is assumed that in stage two, n is the total population size and I, (t4) is the number 

of colonised birds in the cluster modelled in stage 1. The colonisation process 
begins with 1dt4) colonised birds and SB(t4) susceptible birds, where 

SBrt4/- n-Ic\t4/ 

In any time period, it is assumed that the number of newly colonised birds is 

proportional to both the numbers of colonised and susceptible birds. Therefore the 

process can be described by the differential equation (3.4) 

de= 
-bBSB (t'In - SB (t')] (3.4) 

where SB(t) is the number of susceptible birds, bB is the biological transmission and 

t' is equal to (t - 4) where the value 4 is the time in days until the second stage 

begins. By incorporating t' into the differential equation the result is a small lag in 

the overall epidemic curve at the point when the change occurs from the first to the 

second stages of the model. This is biologically consistent as the organism changes 

mode of transmission, from bird to bird to environmental transmission via feed and 

water. The transmission probability, bB is assumed to be proportional to the 

transmission probability b. This assumption is made because in the second stage, 

transmission occurs both directly and indirectly from bird to bird. In the indirect 

case, colonised birds contaminate feed and water which then leads to exposure and 

subsequent colonisation of susceptible birds. Thus the probability of transmission in 

stage 2 is related to the probability of transmission in stage 1. The constant of 

proportionality is calculated as lOn ý 

Solving (3.4) for the number of susceptibles gives equation (3.5) (Bailey, 1975) 
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SB (t) = 
SB 04 

Y' eBr (3.5) 
SB(t4)+Ic(t4)eXP � 

After completion of the first and second stages the total number of colonised birds 

within a flock 1(t) is given by 

1(r)=n-SB(r) 

Therefore the within-flock prevalence at time t since the time of exposure can be 

calculated directly from equation (3.6): 

pýP(t'-l(t) 
n 

(3.6) 

A schematic representation of the overall model used to estimate the within-flock 

prevalence of a positive flock at slaughter, P, ýfj, is shown in Figure 3.3. 
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Figure 3.3: Schematic representation of the model to estimate the within flock 

prevalence of a campylobacter positive flock at slaughter, P,,,. 

3.3 Parameter Estimation and Simulation 

The parameters and their estimated distributions are listed in Table 3.1. There is 

extensive published work on campylobacter, however the number of studies that 

investigate the dynamics of within flock transmission of this organism is limited. As 

a result, values for A, R, and nC are based upon expert opinion. Experts, including a 

veterinary epidemiologist, an avian ecologist and a broiler farm manager, selected 
for their experience with broiler flocks, were asked to provide estimates for 

minimum, most likely and maximum values for A, R, and n, These estimates have 

been used to define triangular distributions and opinions are combined within a 
discrete distribution as described in Vose (2000). More specifically, by using 
Discrete({E1, E2,..., E�}, {WEI, WE2,... , wEn}) where E1, E2,..., E� are n individual 

experts opinions, defined by the associated triangular distributions, and WF1, 
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wE2,..., wF,, are the associated weights of each opinion. Each expert has been given 

equal weighting. 

The biological transmission rate for campylobacter, b, is based upon experimental 

studies (Stuart et al., 1997; Shanker et al., 1990). These studies involved the placing 

of a colonised bird in a group of un-colonised birds. Samples were then taken daily 

to measure the change in the number of colonised birds over time. From these 

studies two values for the transmission rate were estimated and used to define a 

uniform distribution; that is, all values between the two values of b are assumed 

equally likely to be the estimated value for a given flock. Ideally, more information 

is required, for example the most likely value of b within the range of these two 

values. If this information were available the use of a triangular distribution would 

allow values within the range to be weighted, providing a more realistic estimate for 

this parameter. The value of bB is proportional to b as previously described. The 

proportionality factor is equal to 
1. 

Due to the absence of data, experts in the 
iOn 

area of the colonisation of chickens with campylobacter agreed this factor by 

inspection of the resulting epidemic curve. 

64 



Chapter 3: The occurrence of campylobacter in birds at slaughter 

Table 3.1: Probability distributions and associated parameter values used in the 

model to estimate the probability distribution for a random bird selected from the 

UK chicken flock being campylobacter positive at the point of slaughter 

Parameter Symbol Probability Representation 

Experimental Data 

Transmission rate per day b Uniform(0.1,0.3) 

Expert Opinion 
Number of contacts a bird makes A RiskDiscrete ({a, ß, y}, {PQ, P, 

40, 
Pß, 1) 

with other birds in one day Where: a-Triang(12,100,500)* 
ß-Triang(30,50,120)* 

y Triang(20,45,100)* 

Number of times a bird comes into A RiskDiscrete ({a, ß}, {P. 
, P. 0}) 

contact with a given bird in one Where: a Triang(3,5,6)* 
day ß Triang(2,6,8)* 

Size of Cluster ne RiskDiscrete ({a, ß}, k, Pp }) 

Where: a-Triang(n/12, n/10, n/8)* 
ß -. Triang(100,300,1000)* 

Industrial Data 

Flock size n Triang(7800,30750,41596) 

Age at depopulation in days tA Triang(28,42,64) 

Age at first exposure to t Uniform(14, tA) 

campylobacter in days 

* These parameters are represented by Triangular distributions based on expert 

estimates 
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The age at first successful exposure, tex, is an unknown parameter in the model. 
Several studies have shown that campylobacters are rarely isolated from commercial 
flocks under three weeks of age. One explanation of this is that the colonisation 

process probably begins with a single bird and it is possible that it takes time before 

positive birds are detectable in large commercial flocks. It is assumed that the time 

until the number of birds colonised is large enough to allow detection, after exposure 
to campylobacters, is one week. Therefore, the time of exposure, te1i is assumed to 
be a uniform random variable between fourteen days and the age at depopulation. 

Finally, distributions for flock size (n), and time of depopulation (tA) are derived 

directly from data involving several industrial sources that together are 

representative of approximately 50% of the national flock. 

The simulation model was developed in the software package @RISK. To run the 

model, simulations were carried out in two parts. An initial assumption is made that 

prior to the time at first successful exposure to campylobacter and appearance of the 
first positive bird, tom, the within flock prevalence for a given flock is zero. 

In the first part of the simulation the two stage model to calculate the within flock 

prevalence, P�fp, is run. More specifically, values for t,, tA, are randomly selected 
from the associated distributions (shown in Table 1) and used to generate the time to 

run the within-flock prevalence model. This is a result of the time of first successful 

exposure and the age at slaughter for a given flock, and is given by t,. = tA -tu, 

where to is the age at slaughter, tex is the time of first successful exposure and t,,,,, is 

the time for which the within-flock prevalence model is run. Values for n, b, R, A are 
then selected from the associated distributions and P,, rp estimated. This process is 

repeated 4,000 times. The result is a variability distribution for P,, t. Therefore, for a 

random flock the within flock prevalence is the sum of each within flock prevalence 
weighted by the frequency of occurrence of that prevalence. More specifically 

Pwfv 
1-4000 
2: Pf 

lPwlv, 
i=1 
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This is the equivalent of taking the mean of the distribution. Following on from this, 

for the second part of the simulation 1000 values for the flock prevalence, P11p, are 

randomly selected from the distribution and Ppb is then calculated as shown in 

equation (3.1). The result is Ppb and the associated uncertainty distribution. 

The number of iterations for the first simulation, that is to calculate P,,, was chosen 

according to when the model output mean was considered stable (Vose, 2000) that is 

when it varied less than 1% from the mean output at 5000 iterations. The variation 

from the mean at 10,000 iterations for a given number of iterations is shown in 

Figure 3.4. It can be seen that the model output stabilises at 4,000 iterations. The 

number of iterations for the second stage, calculation of PDb was chosen to allow 

adequate selection of the range of values from the distribution for the flock 

prevalence, Ps, 
. 

Values above those selected did not result in any notable 

differences to output estimates for the model. 
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Figure 3.4: Graph to show the variation in the running mean of the probability that a bird will be 

campylobacter positive at slaughter, Ppa, from the mean of this probability for numbers of iterations 

up to 10,000. 
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3.4 Results 

The density and cumulative uncertainty plots for the probability that a random bird 

is campylobacter positive, PPb, using Latin Hypercube sampling, is shown in Figure 

3.5. From the model results, although 25% of randomly selected birds from the 

national flock will have a probability of less than 0.52 of being campylobacter 

positive, the most probable value that a bird is positive is 0.53. Moreover, 25% of 

randomly selected birds from the national flock will have a probability in excess of 

0.54 of being campylobacter-positive. 
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Figure 3.5: Density and cumulative plots for the probability a random bird selected 
at slaughter from the GB chicken flock is campylobacter positive. 
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3.5 Identification of Risk Control Points 

The sensitivity of the probable within-flock prevalence at slaughter, Pwfp, to 

controllable variables was examined. More specifically the sensitivity analysis 

considered the relationship of Pwfp and the age at first successful exposure (t'. ), the 

transmission rate (b), cluster size (ne), number of contacts made in one day (A), and 
the time of depopulation (tA). For a given variable, tex, b, ne,, A, and tA, the value was 

varied across the minimum and maximum values of the distribution while all other 

parameters remained as described by their associated distributions (Table 3.1). The 

relationship between the variables and P,. fp was determined upon the basis of a 

scatter plot matrix. 

Scatter plot matrices allow the illustration of the interrelationships between several 

variables. As an illustration of how to interpret the information on a scatter plot 

matrix consider the situation where there are n variables for which an illustration of 

the relationship between them is required. The matrix consists of n2 sectors. For any 

given variable i (i =1,..., n) the relationship between the variable and another 

variable j (j =1,..., n) is shown in the quadrant (i, j). As an illustration consider 

the matrix shown in Figure 3.6. Here we have 3 variables a, ß, and yand the 

matrix is divided into 9 areas (32). Therefore, from Figure 3.6 it can be seen that the 

relationship between a and ß is shown in sector (1,2), and the relationship between 

a and y is shown in sector (1,3). 
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Figure 3.6: Illustration of how to interpret a scatter-plot matrix 

The scatter plot matrix for P,, fp, tt, b, n,, A, and to is shown in Figure 3.7. 

Examination of the matrix (Figure 3.7) shows, as required, no apparent 
interrelationship between variables b, N, and t,,, �. However it can be seen that P,, fp is 

sensitive to t,,. the time which the organism has to disseminate through the flock. 

Further, Figure 3.5 shows no distinct correlation between the transmission rate and 

flock size with Pf 
p as Pf 

p can still take any value between zero and one as the other 

variables adopt values from their allowable ranges determined by the associated 
distributions. 
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Figure IT Scatter plot matrix showing the relationship between the variables P, Vfp 
t,,,,,, N, and b. 

From equation 3.1 it can be seen that as Pwfp increases so does Ppb, the probability 

that a bird is campylobacter positive. Given the relationship between t, u� and tex, the 

way in which Ppb varies with teS is shown in Figure 3.8. From this it can be seen that 

as the age at first successful exposure (teS) increases the probability that a bird is 

campylobacter-positive can be reduced. This is a reflection of the time at which 
depopulation occurs. As the time till first successful exposure increases the number 

of days until depopulation decreases thus reducing the chance of flock colonisation 

resulting in a diminished within flock prevalence. Similarly a reduction in the time 

to depopulation, ta, also results in a reduced Ppb. 
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The model indicates that the probability of a bird being positive at slaughter changes 

over time. Thus, by delaying the time until first successful exposure the probability 

of a random bird being campylobacter positive is reduced. For example an increase 

in t, from 30 to 38 days results in a drop in the 50th percentile from 0.57 to 0.26 

(Figure 3.8). 
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Figure 3.8: The sensitivity of the probability that a random bird is campylobacter 

positive (Pph) to the time of first exposure (tex) 

This reduction suggests that this is a potential critical control point. This is an 
intuitive result as delaying the time at which a flock becomes positive will reduce 

the number of birds which become colonised before the flock is removed for 

slaughter. Previous reports indicate that the implementation of strict biosecurity 

measures, such as boot dips and sanitary barriers (Evans, 1996) can delay the time 

until first successful exposure. However, the successful application of such 

measures in the day-to-day workings of a poultry farm is difficult, with compliance 
by staff difficult to monitor (Shreeve et al., 2000). Thus delaying the time until first 

successful exposure may prove an impractical strategy. An alternative is to reduce 
the age at depopulation that also reduces the probability a random bird is positive. 
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Although this is also a potential critical control point, given market demands on size 

and weight of table birds at sale, this is not a feasible option. 

3.6 Possible model modifications 

The assumptions on which the model that represents the process of flock 

colonisation, that is estimation of P,, fp, are based are important in the interpretation 

of the generated results. Within the current model, it is assumed that a flock is 

initially comprised of birds in clusters. Successful colonisation occurs from a single 
bird in one cluster. The organism is then disseminated, initially by direct contact 

with the colonised bird and then via contaminated feed and water. The validity of 

the assumption that a single bird becomes colonised will depend on the source of 
infection. For example if campylobacter is introduced into the house as a result of 
farm staff with, for example, contaminated foot wear, it is likely that there will be a 

point source of contamination in the house. As a result a single bird near to this 

point will become colonised first due to the level of exposure or individual bird 

characteristics such as immune status. In contrast if a contaminated water supply is 

the source of flock infection, the situation is somewhat different. This can be 

described as follows. 

Campylobacters are frequently isolated from water sources and contaminated water 
has been associated with human outbreaks of campylobacteriosis (Vogt et al., 1982). 

If a flock is exposed to contaminated water multiple colonised birds will initiate the 

colonisation process. Homogeneous mixing could be expected as the water is 

circulated through the house. This could be described by use of the differential 

equation for epidemic spread, that is equation (3.4), and disregarding the chain 
binomial model. 

In addition it is debatable whether vertical transmission of campylobacters can occur 
(Cox et al., 1999; Jacobs-Reitsma, 1997). Certainly if vertical transmission does 

occur it is likely to be an infrequent event with only up to 10 out of 1000 birds being 

73 



Chapter 3- The occurrence of campylobacter in birds at slaughter 

colonised via this route. Such an occurrence would result in multiple colonised 
birds and multiple initial clusters containing colonised birds. This can be modelled 
by use of multiple chain binomial models (Ng & Orav, 1990). 

It can therefore be seen that such modifications could impact on the current model 

results. To investigate the impact of such modifications three situations are 

considered and the results presented for comparison. 

3.6.1 Source of infection is contaminated feed, litter 

and/or water 

When the source of campylobacter that a flock is exposed to is contaminated feed 

and/or water it can be assumed that the whole flock will be exposed. In this 

situation there will be random appearance of colonised birds beginning from the 

time that the feed and/or water enters the house. This is the situation presented 

above in stage two of the model and therefore the colonisation process can be 

described by use of the following equation 

dS B= -bB SB (tlN - SB (t)] i-t 

which when solved for the number of susceptibles yields 

SB(r)= SB04)N 
SB04)+I. (14)eXP xbBr 

It can be seen that this is analogous to equation 5 except the equation is 

differentiated with respect to t as opposed to t'. This is because here the differential 

equation is used in isolation, there is no first stage of transmission to consider. 
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3.6.2 Source of infection is via vertical transmission 

It is currently debatable whether or not vertical transmission occurs. However if this 

mode of transmission is possible it has implications regarding the model described 

in this chapter. Initially there will be a number of birds that are colonised and as 

such begin the infection process. Each of these birds will then initiate colonisation 

of its social cluster and consequently colonisation of the whole flock. 

Consider a flock that initially has i birds which become colonised at some time as a 

result of vertical transmission. This results in i clusters initiating the colonisation 

process of the flock. Therefore, an assumption is made that each cluster begins with 

one colonised bird Assuming that each cluster acts independently, the probability 

that a bird will become colonised in one day in cluster i, that is P(t), 
, 

is given by 

t t) IL 1- e xpy6 
)]N 

p(t), =1- 1-P, 1 

n, t 1- expy' 

where 1, (t) is the number of colonised birds in cluster i, n, is the total number of 

birds in cluster i, P, is the probability that contact is made with another bird in 

cluster j, and y, is the mean number of times contact is made with each bird in 

cluster i. The number of colonised birds at time t is then given by 

n 

NI, (t) =E p(t), S1W 
1-1 

where NII(t) is the total number of newly colonised birds to appear in t in all the 

clusters in the flock, and S, is the number of susceptibles in cluster i. Following on 

from this stage 2 therefore begins with NII(t4) colonised birds. Stage 2 is then as 
described in section 2. 
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For comparison the uncertainty distribution for the probability that a bird will be 

campylobacter positive if selected at random from the GB broiler flock at slaughter 

assuming the current model framework, assuming flock colonisation results form 

vertical transmission and assuming that flock colonisation results from contaminated 
feed and litter is shown in Figure 3.9. Further, summary statistics for each of these 

situations is shown in Table 3.2. 
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Figure 3.9: Density and cumulative plots for the uncertainty distribution for the 

probability that a bird is positive at slaughter under the current model assumptions, 
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Flock colonisation due to vertical transmission and flock colonisation as a result of 

contaminated feed and water 

Table 3.2: Summary statistics for the probability that a bird is colonised at slaughter 
in GB under current model assumptions, Flock colonisation due to vertical 
transmission and flock colonisation as a result of contaminated feed and water. 

Modification-5 Percentile 50 Percentile 95` Percentile Mean Pýp 

Current 0.509 0.531 0.55 0.764 

Vertical 0.596 0.622 0.643 0.895 

Feed/litter 0.567 0.592 0.613 0.852 

It can be seen that if flocks are colonised via vertical transmission the probability 
that a bird is positive at slaughter is greater than if flocks are colonised as a result of 

contaminated feed and litter or another source of the organism that results in the 

colonisation of the flock being initiated by a single bird. 

At present the frequency with which flocks are exposed to different sources of 

campylobacter is unknown. Once such information becomes available the 
incorporation of source of organism and resulting within-flock dynamics weighted 
by frequency of occurrence may lead to a model that more accurately represents real 
life. 

The model considers the probability that a random bird selected from the national 

slaughter flock will be campylobacter positive. The results presented here can be 

validated by the implementation of an abattoir survey. However all birds from a 

given flock will go through the same abattoir. Therefore, these results should not be 
interpreted as estimating the likely probability of a random bird being campylobacter 
positive within one abattoir, rather it estimates random selection from the whole 
national flock. 
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3.7 Conclusions 

The sources of colonisation for broiler flocks are currently unknown. 
Epidemiological investigations have implemented break down in biosecurity, 

contaminated water supplies and infected rodents and insects. However, for many 
flocks the source of campylobacter remains unknown. Despite this, once a flock has 

been exposed the entire flock can become colonised in as little as seven days. In this 

chapter a model is presented which describes the colonisation of a broiler flock with 
campylobacter over time. This model assumes that the colonisation process begins 

with a single bird. The colonisation of the flock is initiated by the colonisation of 
the birds which the first positive bird makes contact per day, that is the bird's social 

cluster. This process is represented by the use of a modified chain binomial model. 
It has been reported that four days following the initiation of flock colonisation the 
levels of campylobacter in the environment of the house is sufficient to result in the 

colonisation of a bird. At this point colonised birds appear at random throughout the 
flock. Here, a differential equation model, traditionally used to represent the 

epidemic spread of infectious diseases, is employed. This two-stage model is 

combined with an estimate of the prevalence of positive flocks in the national flock, 

the result being an uncertainty distribution for the probability that a bird will be 

campylobacter positive at the point of slaughter. 

Model results indicate that 50% of randomly selected birds from the national flock 

will have a probability of between 0.52 and 0.54 of being campylobacter positive. 
The mean value for this probability is 0.53. Sensitivity analysis has indicated that 
the time of first successful exposure is a critical control point which can dramatically 

reduce this probability. However, given the current lack of knowledge regarding 

why flocks are exposed to campylobacter, this is a difficult factor to control. It may 
be that this, in conjunction with control points identified in later stages in the supply 
chain will result in a significant reduction in the level of human illness. 
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The basic model describes the colonisation of a flock, initiated by the colonisation of 

a single bird. However it may be that the colonisation process begins with multiple 
birds. In this chapter, modifications to the basic model are described. These are 

used to describe flock colonisation initiated as a result of vertical transmission and a 

situation where a large portion of the flock will be exposed such as contaminated 
feed, litter or water. Comparison of the probability a bird is positive at slaughter as 

estimated from the basic model and the modified versions show that when the source 

of colonisation is vertical transmission or contaminated feed, litter or water the 

probability that a bird will be positive at slaughter is increased. Currently, the 
frequency with which each of these model frameworks applies is unknown. 
However should the information become available, these could be weighted 

accordingly and potentially result in a more realistic estimate of the probability that 

a bird is positive for campylobacter at slaughter. 
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Chapter 4: Contamination of chickens on the farm and during transport 

4.1 Introduction 

It is well recognised that the presence of pathogenic organisms in the gut of food- 

producing animals provides the potential to contaminate food products and hence 

result in exposure of the human population. As such, it is necessary to be able to 

quantify the level of campylobacter likely to be present in the gut of a colonised bird 

at the point of entry into the processing facility, that is, the point of slaughter. This 

will enable a full estimation of the risk posed to the population as a result of such 

colonisation. However, there is a further reservoir of organisms which may enter the 

supply chain, these are organisms which contaminate the exterior of the birds. Such 

organisms may also result in the contamination of food products, hence the levels of 

such contamination are also required to enable estimation of the risk to the human 

population of campylobacter infection from consumption of chicken meat/products. 

When a bird becomes exposed to, and ingests a level of campylobacter, if the level is 

sufficiently high, the organisms will establish and reproduce within the gut of the 
bird. This process will continue until equilibrium is reached, that is, where the level 

of colonisation will be maintained and the bacterial population is stable. Once 

colonised, broiler birds remain colonised. This is referred to as maximal 
colonisation. The sufficient level to initiate this process, is currently unknown. The 

source of campylobacter on a farm is often undetermined during investigations into 

flock colonisation. Consequently, the levels of exposure in the farm setting are 

unlikely to be measured. Further, the viability of the organisms may be dependent 

upon the reservoir from which they originate, for example, organisms that originate 
from a contaminated puddle may be more efficient at colonising the gut than 

organisms from contaminated soil, or vice versa. 

Once a bird is colonised with campylobacter it will excrete large numbers of 
campylobacters in faeces. Contact with the faeces of such bird is one mechanism by 

which the organisms spread throughout a flock, as discussed in Chapter 3. 
However, there is a second consequence of this excretion of organisms, namely the 
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contamination of the exterior of the birds. There are two important factors in the 

contamination of the exterior. Contamination that occurs while the birds are on the 

farm and contamination that occurs during the transportation to the slaughter 
facility. Together these contamination events lead to contaminated birds entering 
the slaughter facility. Such birds will be critical for the final level of contaminated 

products. I 

In this chapter, a model, which estimates the prevalence and levels of contamination 

with campylobacter at the point of birds entering the slaughter facility, is described. 

Estimation covers 3 related steps, the number of campylobacters within colonised 
birds, the level of contamination on the farm and finally the amount of cross- 

contamination during transport 

4.2 The occurrence of contamination 

ý 
Given n-a bird is colonised, it is biologically consistent that such a bird will also be 

contaminated on its exterior due to, for example, contamination with the faeces that 

it excretes. Given this situation, a flock with a within flock prevalence of I will have 

all birds contaminated. In a flock which contains colonised birds but has a within- 
flock prevalence of less than 1, there is the opportunity for the birds which are not 

colonised to become contaminated on their exteriors. This can occur as a result of 

contact with either a colonised, and hence a contaminated bird, or contaminated 
faeces. 

The probability that a non-colonised bird will become contaminated on its exterior 
can be expected to be related to the within-flock prevalence of the flock. This 

relationship can be derived by considering the within-flock transmission dynamics 
discussed in Chapter 3. 
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In brief, once a flock is exposed and a single bird is successfully colonised, 

transmission ensues amongst the bird with which the first colonised bird makes 

contact with on a daily basis, that is the birds social cluster. This continues until a 
threshold time is reached where the level of contamination in the feed, and water 

supply is sufficient to result in the colonisation of an exposed bird. From here 

onwards colonised birds appear randomly throughout the entire flock. This process 

continues until either all the birds become colonised or depopulation occurs and the 
birds are removed for slaughter. 

Under the circumstances described above there are two stages of transmission. 

Contamination can also be defined in terms of these stages. The initial stage of 

within-flock transmission is transmission amongst the social cluster with which the 
first colonised bird interacts. Under such circumstances the probability that a 

random bird in the flock becomes contaminated on its exterior is assumed to be the 

probability that the bird is within the cluster containing the first positive bird. In this 

stage, the bird has the opportunity to come into contact with colonised and 

contaminated birds. Once transmission enters the second stage, colonised birds 

appear in a random fashion throughout the flock. It is now highly likely that a 

random bird will come into contact with either a contaminated bird or contaminated 
faeces. Therefore it is assumed that the probability that a bird is contaminated 
during this stage of transmission is equal to 1. 

Once the birds in a given house have reached the desired slaughter weight the birds 

are caught, loaded onto a vehicle and transported to the slaughter facility. 

Commonly, the birds are loaded into baskets. The number of birds per basket is 

regulated by the Welfare of Animals Transport Act (Line et al., 1997) and depends 

upon the weight of the birds. The baskets are grouped together in modules, each 

module containing three rows of four baskets. The modules are placed in the vehicle 
in two rows, stacked one on top of the other. In this chapter, two modules stacked 
on one another is referred to as a section. Each vehicle consists of between nine and 
eleven sections, depending upon the size of the vehicle. Each module has a solid 
metal floor, but the baskets are designed such that the floor of the basket allows any 
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excrement to pass away from the birds. One vehicle holds 5000 to 6000 birds, 

depending on the size of the vehicle and weight of the birds. Therefore, multiple 

vehicles are used for any given flock. 

During transportation to the slaughter facility, the stress the process places on the 
birds results in changes in the consistency of the faeces. In particular, they become 

liquid in nature (Mulder, 1995). This causes contamination of the exterior of a large 

proportion of the birds in the transport vehicle, despite the metal sheeting separating 
the modules (Andrew Gibson, Personal Communication). More specifically, it is 

likely that in any given section of the vehicle, there will be contamination of the 

birds with faeces originating from the birds in rows above and also from the 

modules adjacent. However, in the current context, this contamination is only of 
interest if there are birds present which are excreting campylobacters. Therefore, the 

probability that a bird becomes contaminated during transport is a function of the 

number of rows that contain colonised birds and the location of these birds within 

the vehicle in relation to non-colonised birds. 

When estimating the level of contamination on the exterior of a bird on arrival at the 

slaughter facility there are two distinct situations to consider. These are the 

transportation of a campylobacter positive flock and the resulting cross 

contamination that may occur within that flock, and the transportation of negative 
flocks. Within a campylobacter negative flock by definition there are no colonised 
birds, hence no birds are shedding the organism. Each of these situations will now 
be discussed in turn. 

In this chapter, positive and negative flocks are considered separately, hence there 

are two distinct models. Each of these will now be described. 
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4.3 The contamination of positive flocks 

Within a positive flock the level of cross-contamination that occurs during transport 

is governed by the location of the birds which are shedding the organisms within the 

vehicle. When a flock is caught and loaded onto the vehicle the lights in the house 

are dimmed such that bird movement is minimised. Therefore, the order in which 

the birds are loaded onto the vehicles is related to their location in the house. The 

birds nearest to the front of the house will be loaded on the first vehicle and the birds 

at the back of the house onto the last vehicle. 

Initially, each flock is assigned a campylobacter status defined as Of where Of 

E(0, I)such that 8f=1 means that the flock is positive for campylobacter and 9f= 0 

means that the flock is negative for campylobacter. The condition Of=1 occurs with 

probability Ppf, the probability that a random flock is campylobacter positive, 

therefore 9f= 0 occurs with probability 1-Ppf. 

It is assumed that the flock can be spatially represented within the house by an axb 
lattice structure where A represents the horizontal distance, measured in number of 
birds, within the house and A represents the vertical distance, measured in number 

of birds. The total number of birds within the flock is N=AxB. At a particular 

time t each bird in the flock is in a colonisation state defined as cx E{0,1) where 

x= (a, b), a =1,..., A and b=1,..., B, such that c,, =1 means that the bird at 

location x is colonised with campylobacter, and c; =0 means that the bird at 

location x is not colonised with campylobacter. For t< ti, c, =0 for all 

x= (a, b). Once a bird is colonised, cx =1 it cannot change status as it remains 

colonised. Note that if Or 0 then cx =0 for all x= (a, b) over all t. 

At time t= tom, t is set to t=0 and a random bird is located by selection of a 

random axb location on the lattice. This bird is designated as the first bird to 
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become colonised within the flock, that is c. =1. The cluster to which this bird 

belongs is then marked on the lattice and each other bird in the flock is assigned a 

cluster status, defined as clx E {0,1}, where cl, =1 if the bird is in the cluster, and 

cls =0 if the bird is not in the cluster. For t =1,.., 4 , where t is measured in days, a 

bird within the flock at any x location changes status with probability p, (t) given 

by 

cl 
xx P(1) cx =0 

Pý ýtý =0 
cx =1 

where p(t) is the probability that a susceptible bird in the cluster becomes colonised 

according to the chain binomial model, as described in Chapter 3. 

Once t>4, the number of birds that will change colonisation status is governed by 

the differential equation described in Chapter 3 (equation 3.4). Birds which become 

colonised are picked at random locations throughout the flock, sampling without 

replacement. Therefore, given a bird at location x the probability it will change 

status is given by 

{Ifl(t)lN cx =C 
P` W=0 

cx =1 

I(t)IN c,, = O 

Here 1� (t) is the number of newly colonised birds at time t, I. (t) = 1(t) -1(t -1) 

where 1(t) is calculated as described in Chapter 3. This process continues until 

t ='A, the time for depopulation. Given a bird is colonised, the number of 

organisms in the gut of the bird is defined as A,. 

Consider the contamination of the exterior of a bird in position x at the point of 
depopulation. As described previously, the contamination status of a bird is 
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dependent upon both the cluster status of the bird and the stage of within-flock 

transmission. The contamination status of a bird in position x is defined as 

CD: E {0,1} such that CD, =0 means that a bird in position x is not contaminated 

at depopulation, and CD2 =1 means that this bird is contaminated at depopulation. 

This status is governed by the following condition 

0 t: 5 4; cl,, =0 
CD. 

ý= 
1 t54; c1, =1 
1 t>4 

The result of the model described above is a co-ordinate for each bird in the flock 

and an associated colonisation status and contamination status at the point of 
depopulation. Given a bird is contaminated at depopulation, the level of 

contamination on the exterior is defined as Sld. 

An illustration of the implementation of this model is shown in Figure 4.1. This 

demonstrates the use of the model in Excel with the model programmed using 
Visual Basic for Applications. The flock used to illustrate the model is assigned 

parameter estimates as shown in Table 4.1. This is not a representative flock, as a 

small flock size and cluster size are chosen for ease of illustration. 
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Table 4.1: Parameter values used to illustrate the spatial spread of campylobacter 

within a small flock represented by Figure 4.1. 

Parameter description Symbol Parameter value 
Flock size n 8010 

Cluster size nc 467 

Number of contacts a bird makes in one day A 109 
Number of times a bird comes into contact with any R 55 

given bird in one day 

Probability of making contact with another bird PC 0.143 

Biological transmission rate b 0.2 

In Figure 4.1 un-colonised birds are represented by yellow squares, un-colonised 
birds which are in the cluster containing the first positive bird are represented by 

blue squares and positive birds are represented by red squares. As presented in 

detail in Chapter 3, the transmission begins at t=0 with a single bird becoming 

colonised. Following this, for t<5 transmission is confined to the cluster, and the 

increase in the number of colonised birds within the cluster for this time can clearly 
be seen from Figure 4.1. In this particular case the whole cluster becomes colonised 
by t=3. This is because as the flock is unusually small, the cluster size is also 

small and as such, less time is required for the birds in that cluster to become fully 

colonised. Once t=5 transmission now involves the whole cluster and the random 

appearance of colonised birds throughout the flock, as predicted by the model, can 
be seen in Figure 4.1. This process continues until either the whole flock is 

colonised or the flock is depopulated 

88 



k napter 4. t, ontamination of chickens on the farm ana curing itanspo u 

. .. .... 

ý. 

... 

.. 

.. 

... 

. 

... 

.. 

.I 

... 

. 

:.: 
.... 

"::: ü::;:: 

:!: I : :..::. . ..: I.......... 
.. 

:. ': 

'ü ý:. 
.. 

üi: Ei: i: 

üi alf; l 
. ': '. 
..,.... 

: SiS 

ail 
... L. 

............. i:; i ::: _ 

ai ..; 
... ;j +il . j. 

a. 
a j+;. 
;,, 

i:.. : i;:: ýi;: aaü : i, i: ii: º 
i:; 
i1, l ii; aill ül! ý �ii(: f;,; i; l; i a f: j: f;; i: 

Iý ; iý 
i1l 

; , a_ , iýi: ý, i. j; ý;.. - 
:i:: i: i ü 

1. 
:::: :: ::::: :: i: l: i::::: i, i iiili l : 

iff ; NH iii : : :: i ? ý: i i 
j ý. ... .. ..... .!. i . ý: . ..... ... i.:.::: .iý.: +:: ;! '` .:..:::::::::::::::: i 

,ý 
ilf i; li l üiýi11ü ýi11 l';; 1' 11 

. li lliilüýilf }ýli .. liiiýllll .. {iil ... .. lüül1iilllllilit3 4 

.MF.. -.. FrwM 

ý! 'ý Mýý tir M Fý fv Ey J6a 

', ::: H::: ..... . 

l 
.... .. 

1 
.... .... 

ý' 
... .. J:: 

ý 
: L:: " ; ý. 

;; ýý 
. L: 

;I 
':;:: 

rf 
:":: 

fI 
::........:::.. '::::::. E 

'f i', ý 
J 

4 
i 

t 
, I rl . 

. i I1 
4 

" 

ý 
it 

t . ý,, ý . .,,.. 
J 

ü R 
. a 

A ...: ; ýf 4 
:: 
lf; ý 

: ": " ýI :: I 'iilsl ýil jýº :ý 
::::...... ý1ý::!; Iý i ! ! . l 

ýH º1 1 
i; 

fýý ;i 
.:. 

ýý i; 
J .. 

i; fý! 
... 

r 
..:........ 

ilý;;!, ý; 
. 

i; ý ýý; 
w': 

ý 
i. 

.. . "" .. y. . 
! 
. 

ý i, a ý i; ýi;:; ý; i; ýýýýF 
::.. , , . ... ýi 

... 
'ýI ffn'iý'I i 

ý1' 
. 

ii 
. 
ý1; lf!;;! ýi! ýli; ýjl1 i 
. 

ý 

1" '' 
ý:. 

: i : 11" ý ýf 
ý ýý: 

1: 1' 

i; ýii; il : 
y :::: : t, ::: ,, I;.. Iý ,, 

;; 11; 

;; 
ýj; 

1,; 
i; "ji`: i 

f, ýý, ý. ji 

,, 
AM: 

x ý 
. 4`" 

º., 
i iýýý , ýý : ý ý ,,, 1ý; ýýa�rr: ý:. ýý , t L { I lý 
li'Ii; i 

ý 11: i f'ý''ýIäl! ýý 

-Mm 

ifreLfr Lwý I/ 1U I 

ý 
" .: 

1y1 
I 

ýý 

ýýý 

" 

ý. 
I 

. 

ýryy, 
J 

uý 
. 

JJ"ýýtýJý 

J 

ý 
J 

ý 
ý 

ý 

"ý 
; ý4 ý 

ý ::::: .. 

"ýý` 
:: 1i 

ýýW:: 
ý 

. 

L. 

l E: 

, 
Fy^ýý, J}y{ý 

J! y... 

ýý 

. J' :' 
: .: .. : J1. ..: 

, JýY. 
ý"ýý 

". ýý.: 
: 

'iý 

.: ý 
IJý,. 

ýil'! 
ý 

,I , iJ,. 
ýýJ . 4.. 

ýý, 111 

ýýýil 

ý'1ýý 

jý 
`M 

"' 

' 

ý 

ý 
", 'ý 

. ý! 
. 

IY: 
ý 

Ju 
i 

J'{j'. J. 

a 
"I M\ lnfl 1-, 2O (! N / ýwý (fý (fýIi ( qtl ý1 I 

Figure 4.1: illustration of the spatial model which predicts the location of 

positive birds within a flock over time. Negative birds are represented by 

yellow squares, birds which are assigned to the cluster are identified by blue 

squares and positive birds are represented by red squares. 
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Having described the colonisation and contamination processes, the next stage of the 

model considers placing of the birds into the transport vehicles. It is assumed that 

for all flocks, a basket contains 25 birds. The birds are placed onto the transport 

vehicles, in groups of 100, as each basket contains 25 birds, and hence one row of a 

section will carry 100 birds. This placement is carried out in the order that they are 
in the house. One end of the house is allocated as the front of the house therefore 

the further away from the front of the house a bird is, the higher the vehicle number 
the bird will be transported in. Each vehicle has a maximum capacity of 60 groups 

of birds, assuming that all vehicles carry 10 sections. The number of vehicles 

required for any flock is therefore a multiple of 6,000. Once all the birds are placed 
into the transport vehicles the probability that a random bird from the flock is 

contaminated during transport, defined as PM can be calculated, as follows. 

There are no data available which provide estimates of the probability that a bird 

will become contaminated during transport in relation to the location of the bird 

within the vehicle. Therefore, this contamination is predicted using a model that 
describes the biological situation. Specifically, it is assumed that there are two 

modes of contamination. First, that which occurs as a result of a bird being in a 

position below colonised birds and second, contamination as a result of the adjacent 

sections of the vehicle containing contaminated birds and generating the potential 
for horizontal spread of the organisms. 

Consider a random bird in section i (15 i: 5 10), and row j (15 j: 5 6), where row 

j =1 is the top row and j=6 is the bottom row of the vehicle. The probability that 

transmission occurs vertically, that is from the birds in section i, rows 1 to j is 

defined as C. (d ),, 
j. This probability is dependent upon the distance, that is number 

of rows, between the selected bird and the nearest colonised birds above. It is 

assumed that the probability that a bird becomes contaminated is given by the 

reciprocal of this distance, more specifically 
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.. fA1 LTldl,. j _ j- mäX{ Cs. 
I. Z 

z =1,.., i -1 

Here, C1, is the status of section {i, j} where C1E {0,1} such that C,, j =1 means 

that there is at least one colonised bird in section (Q). Therefore, that C,,, =0 

means that there are no colonised birds in section (Q). Next, consider cross- 

contamination from the adjacent birds that is birds in row j, sections 1 to 10. The 

probability that transmission occurs horizontally, that is from the birds in row j, 

and all sections defined as Cr (V), 
j. It is assumed that the probability that a given 

bird will become contaminated by this route is given by the product of the 

probability that birds in any one of the sections 1 to 10 is contaminated and the 

reciprocal of the distance between this section and the selected section. More 

specifically 

i-i 1 io 1 
Cr(V), 1 ý 

ýCr(d),.: 
"ý_z+1 + 

z1Cr(d),, 
=z +1 J -J 

Therefore, the probability that a random bird located in section i, row j will 

become contaminated during transport, that is P(CT),, is given by 

P(CT ), j = CT (v)r. 
J +cT (d ), 

j -cT (v),., "CT 
(d )r, 

1 

Hence, on arrival at the slaughter facility, each bird has an associated status for the 

occurrence of contamination during transport, defined as CT,, jE 
{0,1} such that 

CT,, j =1 means that the bird located within a vehicle in position (Q) became 

contaminated externally during transport, and CT,, j=0 means that this bird did not 

become contaminated during transport. The condition CT,, j =1 occurs with 

probability P(CT),, therefore CT,, =0 with probability 1- P(CT ), j. 
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Given a bird which has become contaminated during transport the level of 

contamination on the birds exterior is defined as fl,. 

4.3.1 Level of contamination at slaughter 

The level of external contamination that is present upon a bird on arrival at the 

slaughter facility has been observed to be significantly different (P<0.05) than that 

which is present before the flock are transported (Stem et al., 1995), thus suggesting 

that transportation allows cross contamination within the flock. However, as 

previously described in section 4.3, the probability that a random bird will become 

contaminated during transport is a function of the location of that bird in relation to 

the location of the colonised birds in the flock within the transport vehicles. As such 

the level of contamination on the exterior of a bird is governed by the probability 

that the bird became contaminated during transport. As described previously, when 
the birds are placed in the transport vehicle each bird has a contamination status at 

the point of depopulation, (CD), and a status for the occurrence of contamination 

during transport, (CT). The level of contamination at the point of slaughter, that is 

11, is governed by these two factors, as described by equation (4.1). 

0 CD=O; CT =0 
)7, a = iZd CD =1; CT =0 

A CT =1 

(4.1) 

Here, Std is the level of contamination on the exterior of a bird at depopulation, fl, is 

the level of contamination on a bird after transport, and j7is the level of 

contamination on a random bird from positive flocks at the point of slaughter. 
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4.4 The contamination of negative flocks 

Consider a negative flock, that is a flock which has not been exposed to 

campylobacter at a level sufficient to result in the colonisation of any birds in the 

flock. Given that birds within a negative flock by definition contain no colonised 
birds, there are therefore no birds shedding the organisms during transport. As such 

the above model description does not apply. 

Given the absence of colonised birds, it could be assumed that within such a flock 

there is no opportunity for bird to become contaminated on their exteriors. In 

reality, this is not the case. Experimental data suggests that there are at least two 

occasions when birds in negative flocks may become contaminated (Tom 

Humphreys, personal communication). First, it has been hypothesised that when the 

birds are caught the catchers hands may be contaminated with organisms as a result 

of previously catching a positive, and hence contaminated, flock. Second, it has 

been reported in the literature that the baskets within which the birds are transported 

may be contaminated with campylobacters. The baskets are routinely cleaned once 

the birds are removed at the slaughter facility however such cleaning may be 

inadequate to remove all the organisms present. 

4.4.1 Level of contamination at slaughter 

There are no data available that enable the estimation of either the probability that a 

negative flock will become contaminated or the extent of such contamination. 
However, given the two opportunities for contamination described above, it is 

intuitive that the probability that a flock will become contaminated is dependent 

upon either the catchers or the crates coming into contact with a positive flock at 

some point previous to contact with the negative flock. Therefore an assumption is 

made that the probability that a bird from negative flock will come into contact with 

a contaminated crate or catcher is equal to the national flock prevalence, that is Pf . 
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Here the flock prevalence is as described in Chapter 3. Given contact with a 

contaminated catcher or crate, the probability that a bird will become contaminated 
is assumed to follow a Uniform(0,1) distribution. Therefore, the probability that a 
bird from a negative flock will become contaminated on its exterior, defined as 
P(Cnf) is given by P(Cnf) = P, 

'fU(0,1) . 

Given that birds from negative flocks can become contaminated, the extent of this 

contamination is related to the level of contamination in the positive flocks. 

Consider contamination by catchers hands. Experimental focussing on the cross- 

contamination of organisms from surfaces to hands and hands to surfaces suggests 
transfer rate of 10% (Zhao et al., 1998). That is given one contact with a 

contaminated surface approximately 10% of the organisms will be transferred. For a 
bird to become contaminated via catcher's hands two events must occur, first the 

catchers hands must come into contact with a contaminated bird and hence become 

contaminated. Second the contaminated hands must transfer the organisms to a 

previously uncontaminated bird. Therefore an assumption is made that the level of 

contamination that a random bird in a negative flock receives is 1% of the 

contamination on the exterior of a random positive bird, that is a colonised bird. 

The same assumption is made regarding contamination via crates as the birds must 

contaminate the crates, and then the contaminated crates must come into contact 

with the exterior of a bird from a negative flock. As such, there are two points of 

contact and therefore it is assumed that the transfer rate is 1% of the level of exterior 

contamination on a random bird from a random positive flock. 

The overall model can then be summarised as follows. The probability that a bird 

will be contaminated at the point of slaughter, defined as P. is given by equation 

(4.3) 

Pa _ 
PICT ),, j Of =1 
P(Cnf) Of =0 

Of= I 
(4.3) 
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The contamination level on the exterior of a bird selected at random from the 

national flock at the point of slaughter, defined as j7,.,,, is given by equation (4.4). 

J% _ 
3L, 0f=1 
0.0 152,0 f=0 

(4.4) 

4.5 Parameter estimation 

4.5.1 Colonisation level 
The level of colonisation within the caeca of several birds within random flocks is 

reported by Stem et al., (1995). This data set recorded levels of colonisation before 

and after the birds had been transported and suggests that there is no significant 
difference in colonisation levels at these two time points. There are several other 

reports in the literature which give an indication of colonisation levels in positive 
birds (Jacobs-Reitsma et al., 1994; Stem, 1988; Aho & Him, 1988; Atabay & 

Coffey, 1997; Bemdston et al., 1996). However, such studies commonly report only 
the mean value, or maximum colonisation observed. Data of this type does not 

enable the definition of a variability distribution to describe colonisation levels in 

random birds. Given this, only the data set from Stem et al., (1995) is utilised to 
define the variability distribution describing the colonisation level at slaughter, that 

is A,. The data set reported by Stem et al., (1995) is shown in Table 4.2. From this 

table it can be seen that this data consists of only 9 samples. As such, there is 

uncertainty associated with the form and extent of the variability distribution. 

Further, the data points reported are means of several samples. There are numerous 
combinations of colonisation levels that could have lead to the reported mean for 

any given farm. Therefore, this data is used to define a non-parametric, second-order 
distribution as described in Chapter 2. The mean of this second-order distribution 

will be the reported data set and all possible ways by which the reported data could 
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have occurred is accounted for by the two-dimensional nature of the distribution. By 

comparison with reports of colonisation levels in the literature, it can be seen that 

this data set is consistent with other findings (Jacobs-Reitsma et al., 1994; Stem, 

1988; Aho & Him, 1988; Atabay & Correy, 1997; Berndston et al., 1996). 

Table 4.2: The number of campylobacters colonising the caeca of broilers at 

slaughter from Stem et al., (1995). 

Farm number Mean Log cfu/gram ceacal 

contents post transport per farm 

1 7.08 

2 5.74 

3 5.11 

4 7.00 

5 5.40 

6 6.38 

7 7.28 

8 6.28 

9 4.11 

4.5.2 Contamination level 
There is little information in the published literature with regards to the level of 

contamination on the exterior of birds either before or after transport. An 

investigation by Stem et al. (1995) recorded measurements of external 

contamination with campylobacters both before and after transport. This data set is 

shown in Table 4.2. The data consist of mean counts taken from 10 farms which 
were under experimental control (numbered 1 to 10) and duplicate samples taken 
from 5 farms, randomly chosen, not under experimental control (numbered 11 to 15 
denoted by *). Given that the cross-contamination that occurs during transport is not 
controlled on the farms classed as under experimental control it is appropriate to 
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pool the two data sets. It can be seen from Table 4.3 that on 7 occasions no 

campylobacters were retrieved from the birds prior to transport, yet a high level of 

contamination was recorded post-transport, further strengthening the importance of 

cross-contamination during this stage. 

Table 4.3: The number of campylobacters (mean log cfu per carcass) contaminating 
the exterior of broilers prior and post transport taken from Stern et al. (1995). 

Farm Mean Log cfu/carcass prior to Mean Log cfu/carcass post- 
Number transport transport 

1 ND 7.53 
2 ND ND 
3 ND 7.05 

4 6.16 7.48 
5 6.09 8.18 

6 6.38 8.66 
7 5.97 7.34 
8 5.81 7.34 

9 6.23 7.75 
10 ND 6.82 
11' 2.4 5.8 
11' 4.3 6 
12' 2.65 5.53 
12' ND 4.93 

13' 6.23 9.62 

13' 6.15 ND 
14' 2.37 6.61 
14' ND 6.36 
15' ND ND 

15* 2.88 6.67 
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As with colonisation levels, this data set is based on a small sample size hence there 

is uncertainty with regards to the extent of the variability in the population. 
Therefore, as previously, second-order non-parametric distributions for the number 

of organisms contaminating the exterior of a bird before and after transport were 
derived from the data shown in Table 3. These before and after distributions are 
then correlated to account for the fact that the level of contamination after transport 
depends on the level of contamination before transport. Using Spearman's rank 

order the correlation coefficient, p, is given by 

6E(AR)2 
p=1- 

nn2-1 

where AR is the difference in rank of the data in a data pair and n is the number of 
data pairs. The data shown in Table 4.3 results in p=0.895. This indicates that the 

number of organisms before and after transport that contaminate the exterior of are 
bird as positively correlated, as expected. 

Note that the data points reported in Table 4.2 and Table 4.3 are means of several 

samples for a given broiler farm. There are numerous combinations of colonisation 
levels that could have lead to the reported mean for any given farm. Therefore it is 

appropriate to use non-parametric second-order distributions to describe the 

variability present. The mean of these second-order distributions will correspond to 

the reported data sets. As such all possible ways by which the reported data could 
have occurred is accounted for by the two-dimensional nature of the distributions. 

The model contains several parameters, each of which is described by an appropriate 

variability distribution. The variability distributions have associated uncertainty 

with respect to the true variability. As such the model can be run with different 

combinations of variability distributions with each combination representing one 
possible realisation of the contamination of a flock during rearing and transport. Of 

course if there was no associated uncertainty then there would be only one possible 
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combination. These different realisations are mimicked by simulating the model a 

number of different times and the result is multiple distributions describing the 

variability in the number of campylobacters colonising the intestines and 

contaminating the exterior, and multiple estimates of the prevalence of contaminated 
birds at the point of slaughter. This allows the quantification of the level of 

uncertainty with respect to the outputs of the model the number of organisms 

colonising the intestinal tract (A, ), the number contaminating the exterior of a bird 

at the point of slaughter and the probability that a bird is contaminated at 

slaughter, that is P(CT). 

The model is run for 50 simulations. Upon each simulation a variability distribution 

is selected from the associated uncertainty space for each second-order random 

variable and kept constant for any given simulation. Within each simulation the 

selected distributions are sampled 5000 times and a value for A, is sampled and q,.,, 

is calculated as shown in equation (4.4). At the end of each simulation P(CT) is 

given as shown in equation (4.5). Multiple simulations result in the uncertainty 
distribution for P(CT). The number of samples taken within a simulation was 

chosen according to when the running mean of P(CT) no longer deviates ±1% from 

the ̀ true' mean, defined as the mean of P(CT) at 8000 iterations. The deviation of 

the running mean from the `true' mean is illustrated in Figure 4.2. It can be seen 

that 2000 samples is adequate to fulfil the criteria. The number of simulations was 

chosen to ensure adequate selection of the variability from the uncertainty interval 

for each of the second-order random variables. 
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Figure 4.2: Deviation of the running mean from the true mean defined as the mean at 
15 000 samples from the distribution for the probability a bird is contaminated on 

arrival at slaughter. 

4.6 Results 

The density graph for the number of organisms which colonise the ceaca of a 

positive bird are shown in Figure 4.3. The mean number of organisms has an 

uncertainty range from 5.86 to 6.80, further the 5`h percentile ranges from 3.7 to 5.5 

and the 95th percentile from 7.2 to 8.6. This indicates that, on average, a bird will be 

colonised at a level of 3.7 to 5.5 log cfu per gram of ceacal contents. However, 95 

times out of 100 this level will be up to 7.2 to 8.6 log cfu per gram of ceacal 

contents. 

The uncertainty distribution for the probability that a bird is contaminated on arrival 

at the slaughter facility is shown in Figure 4.4. Essentially, this is the accumulation 
of the distributions for the probability that a bird is contaminated on the farm and the 

probability that a bird is contaminated during transport, as described by equation 
(4.1). The mean value for the probability that a bird will be contaminated on the 
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farm is 0.6. Further, the probability that a bird will become contaminated during 

transportation to the slaughter facility has a mean value of 0.29, as estimated from 

the transport section of the model described above. The resulting probability that a 

bird will be contaminated at slaughter has a mean value of 0.83. That is 83 out of 
100 birds will have I or more campylobacters in the exterior at the point of 

slaughter. This probability ranges from 0.80 to 0.85 as shown in Figure 4.4. 

3579 

Nmber colonaeirig the caeca da postw Gird pog c*i per gram oeecal contests) 

Figure 4.3: Second-order distribution for the number of organisms colonising the 

caeca of a positive bird. This distribution reflects the level of uncertainty associated 

with this model parameter. 
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Figure 4.4: Uncertainty distribution for the probability that a bird will be 

contaminated on its exterior at the point of slaughter. 

Given that a bird has become contaminated on its exterior prior to slaughter, either 

on the farm or during transport, the second-order distribution describing the number 

of organisms which will contaminate such a bird is shown in Figure 4.5. The mean 

number of organisms contaminating a carcass has an uncertainty range from 6.08 to 

7.23, with the 95`' percentile ranging from 8.33 to 10.62 log cfu per carcass. That is 

95 times out of 100 a bird will be contaminated with up to 8.33 to 10.62 log cfu per 

carcass. 

From Figure 4.5 it can be seen that there are two distinct peaks in the distribution for 

the number of organisms contaminating the exterior of a carcass at slaughter. This 

is a direct result of the two populations which are contaminated. More specifically 

there are birds which are contaminated as a result of being from a positive flock, and 

there are birds which are from negative flocks but have become contaminated by 

some other mechanism prior to slaughter. The two peaks are in fact related by the 

model assumption that the level of contamination on a bird from a negative flock is 

1% of the contamination that would be observed on a random bird originating from 

a positive flock. However, given that there is no information currently available 
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about the contamination of bird from negative flocks, the validity of this assumption 

is unknown. 
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Figure 4.5: Second-order distribution describing the level of contamination on a 

contaminated bird at slaughter, log cfu per carcass. 

4.7 Investigation of risk control points 

Positive birds, when slaughtered, carry large numbers of organisms in their caeca 

with model results indicating that 95 percent of the time this can be as high as 7.2 to 

8.6 log cfu per gram of ceacal contents. Thus contamination of the exterior of birds 

provides a massive reservoir of organisms which have the potential to persist 

through to any processed chicken product. There are a number of ways that could 
be considered to reduce these. 

As discussed in Chapter 3, the sources via which flocks become colonised with 

campylobacter are wide and varied with a number of potential sources for any given 
flock such as the external environment following a breakdown in bio-security or 
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contaminated feed, water or litter. This makes preventing the exposure of flocks to 

campylobacter a difficult task. Consequently, research is now often directed to 

methods of preventing a bird becoming colonised given it is exposed to high levels 

of the organisms. Such methods include vaccination and competitive exclusion. 
The use of vaccines to significantly reduce the colonisation of chicken flocks with 
food poisoning organisms such as Salmonella typhimurium DT104 has had great 

success, with numerous flock infections now prevented due to the routine use of the 

vaccine. However, such a solution for campylobacter is, thus far, elusive with 

vaccines in experimental trials having limited success, only succeeding in lowering 

the levels of colonisation rather than preventing colonisation (Diane Newell, 

personal communication). A similar situation is also currently apparent for 

competitive excluders, where one strain of campylobacter which is assumed to be 

non-pathogenic to humans is used to colonise the birds and hence prevent the 

colonisation of the bird with any pathogenic campylobacters. Research in this area 
is continually growing, however it is questionable whether such a strategy is feasible 

given public perception of an assumed ̀safe' strain of a known food poisoning 

organism. However, with further research this may provide a method by which 
birds are able to enter the slaughter facility without the presence of campylobacters 
in the cut of any birds. 

Although not explicitly modelled here, any measure which reduces either the 

probability of exposure of flocks to sources of campylobacter, or prevents the 

process of colonisation once exposure has occurred are likely to have an impact 

upon model results, specifically the probability that a flock is positive at slaughter, 
Ph, and the colonisation levels at slaughter, A,. 

The model presented in section 4.3 demonstrated that the transportation of flocks 

from the slaughter facility is an important stage in predicting the microbiological 
profile of the exterior of a carcass at the point of slaughter. Further, the stage of 

within flock transmission is also an important factor. Consider the transmission 
dynamics and the two stages of transmission which occur during the colonisation of 
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a flock as described in 4.2. The time following exposure to campylobacter which 

this flock is depopulated is crucial in predicting the extent of cross-contamination 

which may occur during transportation to the slaughter facility. 

To illustrate this, consider the colonisation of the flock as shown in Figure 4.1. 

When depopulated this flock will be divided into n vehicles. The division of this 

flock into n vehicles for t=3 days and t=7 days is shown in Figure 4.6. It can be 

seen that if this flock is depopulated at t=3 only 2 vehicles will contain colonised 
birds. Therefore there is the potential for birds to arrive at the slaughter facility 

without any effect from transportation. However, if this flock is depopulated at, for 

example, t=7, then as can be seen from Figure 4.6 all the vehicles will contain 

positive birds and hence it is likely that all the birds will be further contaminated by 

transportation, increasing the microbial loads on the exterior of these birds. 

As identified in Chapter 3, the time of exposure to campylobacter is a potential risk 

control point. By delaying the time since exposure to campylobacter, the earlier the 

flock will be in the process of flock colonisation and hence providing the 

opportunity to minimise the effect of cross-contamination during transportation as 

only a limited number of vehicles will contain positive birds. 
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Figure 4.6 : Illustration of the placement of the flock loaded into vehicles 1 to n at 

t=3 days and t=7 days since the flock was exposed to campylobacter. Depicted 

is the importance of the stage of flock colonisation at loading in relation to the 

number of vehicles that will contain colonised birds. 

The occurrence of cross contamination during transport is reported to contribute to 

the probability that a bird is contaminated at slaughter. To illustrate the impact this 

cross contamination has upon the probability of contamination at slaughter Figure 

4.7 shows density plots of the probability that a random bird is contaminated on the 
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farm, and the probability that a bird is contaminated at slaughter. From this figure it 

is clearly illustrated that the stages between the birds located in the shed on the farm, 

and the point of slaughter contribute to the probability that a random bird is 

contaminated at slaughter. 
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Figure 4.7: Uncertainty distributions for the probability that a bird is contaminated 

on the farm, and at slaughter. 

A further potential control point is to minimise the levels of cross-contamination that 

occur during transportation. This could be achieved by preventing the passage of 

excrement from one basket to another. However, during the transportation to the 

slaughter facility the welfare of the birds is a top priority and as such it is unlikely 
that changes are feasible to the current structure of the process. 

It has been presented that birds from negative flocks frequently arrive at the 

slaughter facility with external contamination. This is an area of data deficiency 

with very little currently known regarding the frequency and levels of contamination 

of the exteriors of birds form negative flocks. Such contamination provides a further 

route by which chicken products may become contaminated with campylobacters. 
This population of contaminated birds could be removed by adequate crate cleaning 
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and improved hygiene during the catching of the flocks. Due to the current lack of 
knowledge associated with this aspect of the model the full extent of the removal of 

this population is unknown. 

In summary, currently there are limited avenues available to reduce the levels of 

colonisation and the levels of contamination on the exterior of a bird at the point of 

slaughter. One possibility is to delay the time of exposure and therefore minimise 
the extent of cross-contamination that occurs during the transportation of a positive 
flock. This control point was also identified as a factor in reducing the probability 
that a bird is colonised at slaughter in Chapter 3. 

4.8 Conclusions 

Once exposed to campylobacters, broilers may become colonised. Often this 

colonisation is to high levels with recorded measurements of 9 log cfu per gram of 

ceacal contents common in the literature (Stem et al., 1995; Line et al., 1997; 

Jacobs-Reitsma et al., 1994). Once colonised, this level is maintained until 

slaughter. There are several research avenues focussed upon preventing the 

colonisation of broiler flocks. However, methods such as vaccination and 

competitive exclusion have, thus far, had limited success but research in these areas 
is currently on going. 

A consequence of the colonisation of a flock is the external contamination of the 
birds in that flock. This occurs either by self-contamination for a bird which is 

colonised and hence likely to become contaminated as a result of the excretion of 

campylobacters in the bird's faeces or by contact with faeces containing 
campylobacter but the bird need not necessarily be colonised. This contamination 
is then magnified during the transportation of the flock to the slaughter facility. This 
is a result of the dispersal of contaminated faeces throughout the vehicle. 
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In this chapter a model has been presented which predicts the level of contamination 

on the exterior of a bird on arrival at the slaughter facility. This model utilises the 

spatial location of colonised birds within a flock at depopulation and considers the 

placement of the birds into the transport vehicles predicting the impact they will 
have on any random bird in the flock. This model demonstrates that the time since 

exposure of a flock to campylobacter is important when quantifying the level of 

cross-contamination likely to occur during transportation. More specifically, if a 
flock reaches the second stage of transmission then it is likely that the probability 
that a bird will be contaminated during transport is equal to 1. 

The contamination of the exterior of birds is not unique to positive flocks. 

Experimental studies suggest that birds from negative flocks can become 

contaminated on their exteriors at some point prior to slaughter. However, the 

frequency and extent of such contamination is currently unknown, as such this is an 

area of data deficiency. An assumption is made that a negative bird can become 

contaminated with 1% of the contamination on a random positive bird. However, in 

the absence of data the impact this has upon the probability and levels of 

contamination of the exterior of a random bird at slaughter, predicted by the model 

and the validity of these predictions are unknown. 
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Chapter 5: The slaughter and processing of chicken 

5.1. Introduction 
The processing of chicken meat consists of a highly controlled sequence of events, 
beginning with the slaughtering process through to transport of the final sale product. 
Welfare of the live birds and carcass quality are top priorities and so these two factors 

govern the way in which processing procedures are carried out. If human pathogens 

are present in the intestinal tract of chickens, forming part of the faecal micro-flora, 
the potential is there for contamination of carcasses during slaughter and processing. 
The extent of this will depend on the prevalence of the organisms in and on the birds 

as well as the hygienic standards employed during processing. Such contamination 

can be described in two ways (Gill, 1999), first vertical contamination resulting from 

colonisation of the live bird, secondly horizontal or cross contamination which results 
from a source other than the bird/carcass, for example, the processing equipment or 

another bird/carcass. Horizontal contamination may augment vertical contamination 
and is especially important when considering uncontaminated carcasses that are being 

processed alongside contaminated carcasses. 

Under the implementation of Hazard Analysis Critical Control Point (HACCP) 

systems in poultry processing, for each operation which affects the safety of the 

product, critical control points are identified and can be controlled to contain or 
eliminate an identified hazard (Gill, 1999). The identification of such control points 

within chicken processing requires an understanding of the process itself and the 
behaviour of the microbial hazard within that environment. There are four main 

points for consideration when investigating organisms in a processing environment. 
These are the temperature range for growth, the range of water activity over which the 
bacteria can grow, nutritional requirements, and resistance to heat and other stressing 
environmental factors. These factors will determine the behaviour of a given 
organism within this environment. 

For most bacterial species found in the food chain, for example salmonella and 
staphylococcus, these characteristics facilitate amplification through processing as a 
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result of growth and establishment within the environment. Consequently their total 

elimination from the food chain may only be possible when the bacteria are 

eliminated from the livestock. Any intervention strategies at later stages of the food 

chain may reduce the magnitude of the problem and should certainly be taken for that 

reason, but the main problem should be attacked at the origin. This is not the case for 

campylobacters as they are thermophillic and strictly microaerophillic, having an 

optimal growth temperature of 42°C with a permissible growth range of 32-35°C and 

an optimum oxygen concentration of as little as 5% along with 10% carbon dioxide 

(ICMSF, 1996). Unless these conditions are met, they are not able to propagate in the 

processing environment or on the raw, processed product. The pattern of 

contamination is therefore different from many other bacteria the main problem being 

horizontal contamination. Therefore, preventive measures in processing may be very 

effective and have the potential of eliminating the organism from the food chain. 

In this chapter, a qualitative assessment of each of the stages of processing is carried 

out. In particular, consideration is given to the impact each of the stages of 

processing has upon the prevalence and extent of carcasses contaminated with 

campylobacters. Thus the aim is to identify the key stages of processing which 
influence the probability and magnitude of contaminated products such that a 

quantitative assessment can then be developed. 

5.2. The Stages of Chicken Processing 

The processing of chicken consists of nine main stages beginning with the slaughter 

of the birds through to final grading and packaging of the sale product which is then 

transported to the retail outlet for distribution. The overall process is illustrated in 

figure 5.1. Each of these nine stages will now be described. 
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Figure 5.1: Diagram illustrating the ten main stages of the processing of chicken from 

stunning to retail and distribution. 

5.2.1 Stun and Kill 

The first stage involves the stun and subsequent kill of the live birds. Upon arrival at 

the slaughter facility, the birds are removed from their crates and put onto the killing 

line, where they are hung upside down by their feet in shackles. It is a legal 

requirement that there is physical separation between this and the rest of the 

slaughterhouse to prevent the spread of the dust and dirt generated by this process. 
From here, a conveyor moves the birds towards the stunning equipment. Commonly 
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electrical water-bath stunning is used however other methods are available such as 

gassing. After stunning, the birds are bled for up to two minutes before processing 
begins. Due to the high intensity of the slaughter process, birds are hung in close 

proximity and will be in contact with each other, as well as with machinery, 
throughout stun and kill. Despite this, these stages have few microbiological 
implications; although electrical, water-bath stunning may lead to both inhalation of 

contaminated water by the birds and microbial contamination of the carcass tissues 
(Lillard, 1973). Consequently, the effect of stun and kill is assumed to be negligible. 

5.2.2 Scald 

Once birds have been slaughtered the carcasses are immersed in a scald tank. This 

process loosens the feathers and facilitates plucking. As birds enter the scald tank 

there may be involuntary defecation, leading to accumulation of faecal matter in the 

tank. In the case of birds colonised with campylobacter this results in contamination 

of the scald water. 

The process of scalding depends upon whether the carcass is destined for fresh or 
frozen sale. Carcasses used for fresh products undergo soft scald where the water is at 
a temperature of 50-52°C for up to 3.5 minutes, those used for frozen products 

undergo hard scald, and in this case the water is at 56-58°C for 2-2.5 minutes. The 

different scalding methods are used as soft scalding avoids damage to the cuticle and 
hence prevents skin discolouration, an undesirable quality in fresh sale chickens but 

not a large concern for frozen products. The slaughtering and scalding processes 
interact in influencing microbial contamination of the internal organs. If the birds are 

not given long enough to stop breathing or gasping before scalding, there is a danger 

that they will inhale the scald water. This may result in the trachea, oesophagus, 
lungs, crop, gizzard and air sacs becoming contaminated with scald water during the 
scalding procedure (Lillard, 1973). This would not assume any importance if the 
contamination was restricted to the inedible offal, but Lillard (1973) showed that low 
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level internal contamination could occur. Further, scalding may lead to external 

contamination if an uncontaminated carcass is passed through contaminated scald 

water. 

5.2.3 De-feathering 

De-feathering is a mechanical process, which occurs immediately after scalding. This 

process is carried out by a series of in-line plucking machines that comprise of banks 

of counter rotating stainless steel domes, or discs, with mounted rubber fingers. 

These machines incorporate continuous water sprays that flush out the removed 
feathers. Any remaining feathers are removed by hand. These machines are major 

sites of potential cross-contamination in primary processing. Rubber fingers can 

scour the carcass and can also harbour contamination, following contact with a 

contaminated carcass, in the 'cobweb' of tiny cracks that form when the rubber 
becomes brittle. This has the potential to result in contamination of a previously 

uncontaminated carcass. However, such contamination will be low-level. In contrast, 

significant contamination results due to the spinning action of the plucker heads. In 

particular, this action results in the formation of aerosols, which spread contamination 
(Hinton et al., 1996). The process of defeathering has been demonstrated to generally 
increase the number of carcasses contaminated with organisms (Oosterom et al., 
1983a; Oosterom et al., 1983b ; Izat et al., 1988). This is due to re-distribution of the 

organisms and therefore has a large impact on previously `clean' carcasses. 
Redistribution is due to the aerosol spray and contamination of machinery. 

5.2.4 Evisceration 

Following plucking the head and feet are removed and the birds are eviscerated, that 
is the internal organs are removed. In some plants, carcasses are detached from the 
hanging hooks and transferred to the evisceration area to be re-hung. This handling 
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activity provides the opportunity for organisms to spread. For the majority of 

production, evisceration is carried out mechanically, but manual evisceration is still 

practised. On automated lines, a cut is made around the vent of the carcass, a spoon- 

shaped device is inserted into the opening and the viscera are withdrawn. The 

intestines etc. remain attached for inspection, hanging over the back of the carcass 

connected by their natural tissues, and gross contamination of the carcass may result if 

they are damaged. This is not an uncommon occurrence because the machinery used 
is not able to allow for natural variation in the size of the carcasses being processed 
(European Union, 1997). It has been shown that even when the viscera remain in-tact 

the levels of enteric bacteria, including campylobacter, increase on the exterior of the 

carcass (Oosterom et al., 1983; Izat et al., 1988). If a carcass originates from a 

classified negative bird then damage to the viscera can be ignored. For birds 

colonised with campylobacters gross contamination may result if damage occurs to 

the viscera during this process. 

Partial evisceration is practised in GB. The intestines are removed but the remaining 
viscera are left inside the carcass. Delayed evisceration is also permissible, where un- 

eviscerated birds are held for up to 15 days under refrigeration at no more than 4°C. 

With regards to campylobacter this will have few microbiological implications. Due 

to the thermophillic nature of the organism it can be assumed no growth will occur. 
Despite these methods being employed only complete evisceration is considered 

within this model as the frequency and microbial implications of partial and delayed 

evisceration are currently unknown. 

5.2.5 Washing 

After post-mortem inspection the viscera are separated into edible and inedible offal. 
The eviscerated carcass is spray washed internally and externally. It is EU regulation 
that following evisceration there is a carcass wash. The mandatory use of inside- 

outside carcass washes removes visible faecal contamination, but does not eliminate 
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bacteria attached to the surface. Attachment is a time-dependent process; therefore 

washing the carcasses at different stages may remove bacteria before they become 

attached to the carcass. It has been demonstrated (Cudjoe et al., 1991) that the 

washing procedure typically reduces the numbers of campylobacter on a carcass by 

90% percent. 

5.2.6 Chilling 

The poultry meat hygiene regulations (European Union, 1997) require that poultry 

meat be chilled to 4°C or less as soon as possible after evisceration. Within the EU, 

three types of chilling process are used. These are air-chill, water immersion and 

spray chilling. All three methods may lead to cross-contamination, however, the 

problem is greatest in systems that use water. Air chillers are generally used where 

carcasses are for fresh sale and methods employing water are mainly used for frozen 

products. With regards to campylobacter, despite the potential for cross- 

contamination to occur, water chilling reduces the levels of contamination on a 

carcass as they move through a counter-flow current (Laisney et al., 1991). Further, it 

has been demonstrated that the addition of chlorine to the chill water prevents the 

cross contamination of organisms which have been washed-off into the water. Despite 

campylobacters being able to survive levels of chlorine likely to be present in poultry 

processing water, the chemical hinders the attachment of the organisms to a carcass. 
Air chilling has been shown to have no effect on the levels of campylobacter due to 

their ability to survive under these conditions. (Cudjoe et al., 1991). Spray chillers 

are rarely employed as they require large volumes of water but this technique avoids 

cross contamination. 
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5.2.7 Portioning 

There is a growing trend towards production of poultry meat for the retail and catering 

sectors as portions rather than whole carcasses. In 1998,41% of all chicken sold in 

GB was portioned and amounted to approximately 148 thousand tonnes (BPMF, 

1998). The jointing of the carcass is increasingly being carried out using mechanical 

or semi-mechanical methods which allow faster line speeds and higher through puts 

required by the industry. However, the increased contact with machinery and/or 
human hands and tools during portioning could result in higher numbers of pathogens 

and spoilage organisms contaminating the product due to cross-contamination. This 

occurs as a result of either redistribution of the organisms contaminating the carcasses 

which have been processes that day or carry-over of contamination from the day 

before that has persisted through cleaning procedures. A variety of cuts are marketed, 

and the principal ones have been defined by a working party on standardisation of 

perishable produce: (ACMSF, 1996) these are 

(i) Half: half the carcass obtained by a longitudinal cut in plane through the sternum 

and the backbone; 

(ii) Quarter a half divided by a transversal cut, by which the leg and breast quarters 
are obtained; 
(iii) Breast: sternum and the ribs distributed on both sides of it, together with the 

surrounding musculature; 
(iv) Leg: femur, tibia, and fibula, together with the surrounding musculature; 
(v) Thigh : femur together with the surrounding musculature; 
(vi) Drumstick: tibia, and fibula together with the surrounding musculature. 

Few reports have been found in the scientific literature regarding contamination of 
poultry meat during portioning but automatic portioning equipment is likely to be a 
potential source of contamination (Gill, 1999). In addition, other surfaces with which 
the portions come into contact, such as conveyor belts, cutting boards, and packaging 
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material, may add to the microbial load of the final product. Hands and clothing of 
factory personnel and utensils such as knives are also likely to contribute to 

microbiological contamination. The degree of microbial contamination on cut 

portions reflects their degree and duration of exposure to the processing environment. 

5.2.8 Carcass de-boning and mechanically recovered 

meat 

The growth in the sale of further-processed poultry has placed a heavy demand on the 

production of de-boned poultry meat. Mechanically recovered meat of good quality 
has found a ready market and is widely used in a variety of white and red meat 
products such as frankfurters, sausages and burgers. Mechanically recovered meat 
can be held chilled at 2°C for use within 48 h or frozen in shallow layers in a plate 
freezer. 

Due to the absence of data with regards to the microbial implications of carcass de- 

boning and mechanical recovery any effect is assumed to be negligible, however this 

assumption can easily be modified should such information become available. 

5.2.9 Grading and Packaging, and Distribution 

Once carcasses have been portioned they are weighed and graded. This can result in 

the cross-contamination of organisms from the equipment to the carcasses. The 

carcasses are then packed. Packing is governed by the scald and chill system used. If 

carcasses are water chilled they may be trussed with pre-packed giblets inserted into 
the body cavity and then packed in a polythene bag. Air chilled carcasses are usually 
packed without giblets on polystyrene trays and wrapped in cling film. Alternatively 
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they may be bulk packed. Again there is potential for cross-contamination here. 

Despite the opportunities for contamination there is no information in the literature on 
the effect of grading and packaging on contamination levels. Therefore it is assumed 
that grading and packing have no effect on carcass contamination levels. The 

packaged carcasses are then distributed appropriately. 

5.3 Conclusions 

The processing of chicken meat is a highly structured event and provides several 

opportunities for the contamination and cross-contamination of chicken products 
during the process. The stages of processing have been summarised in this chapter as 
stun and kill, scald, de-feather, evisceration, wash, chill, portioning, grading and 
packaging and distribution. Each of these processes contributes in a unique manner to 
the microbiological profile of the finished product. However, certain processes, 
namely de-feathering and evisceration are well recognised as important with regards 
to the impact the stages have upon the contamination level of a finished product. 

Given the nature of chicken process, that is a high through put process with a great 
deal of structure, control measures which are able to reduce and even eliminate the 

microbial contamination on a finished product may be difficult to identify and costly 
to implement. As discussed in Chapter 1, the HACCP system provides the means to 

control a hazard once mitigation strategies have been identified. However, it is 
desirable to have a measure of the likely impact of each stage of processing upon the 
final contamination levels to help better understand the process by which 
contaminated chicken products enter the retail market. Further, the relative impact 

any given mitigation strategy would have upon contamination levels may also be 
invaluable prior to the undertaking of control measure. Both of these requirements 
can be approached by the use of mathematical modelling and risk assessment. 
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From the qualitative assessment of each of the stages of processing presented in this 

chapter, it can be seen that the most significant stages when considering the 

contamination of carcasses with campylobacters are scald, defeathering, evisceration, 

wash and chill. Therefore, the next stage is to quantify the impact each of these has 

upon prevalence and magnitude of carcass contamination. This is approached in the 

next chapter. 
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Chapter 6 Simulation model describing the slaughter and processing of chicken 

6.1 Introduction 

The processing of poultry is a sequential process that provides a number of 

opportunities for contamination of a carcass with food poisoning organisms such as 
Campylobacter spp. A qualitative assessment of each of the stages of processing 
has been presented in Chapter 5. From this assessment, the key stages regarding 

campylobacter contamination have been identified as scald, de-feathering, 

evisceration, washing, and chilling. 

However, given that chicken processing is highly controlled by governing bodies 

such as the European Union (EU), this presents the opportunity for the application of 

mitigation strategies, which have the ability to reduce current contamination levels. 

To be able to consider control of potential contamination the process and the factors 

contributing to contamination must be understood. In this chapter a simulation 

model is presented which describes the processing of chickens in a random plant 

within Great Britain (GB). Stochastic in nature, the model mimics the uncertainty 

and variability present in such an intensive but highly regulated process. 

6.2 The slaughter and processing model 

6.2.1 Model overview 

The model considers the stages of processing which may have an impact upon the 
level of campylobacter contaminating a carcass. As detailed in Chapter 5, these 

stages are scald, de-feathering, evisceration, washing, and chilling. 

In the first instance, the simulation model considers a group of 100 birds from a 
random flock at the point of slaughter in a randomly selected processing plant in 
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GB. Based on the outputs from the models describing the rearing and transport 

stages of broiler production, that is the models described in Chapter 3 and Chapter 4, 

each bird in this group is assigned a history. More specifically the group is assigned 

a flock status and each bird within the group is assigned a campylobacter status, a 
level of contamination and a level of colonisation. 

The status of the flock the group originates from is defined as Of where Of r= {0,1} 

such that Of =1 means that the flock is positive for campylobacter and Of= 0 means 

that the flock is negative for campylobacter. The condition Of =1 occurs with 

probability Ppf, the probability that a random flock is campylobacter positive, 

therefore q= 0 occurs with probability 1 Ppf Further, the colonisation status of a 
bird in the group is defined as C, where Cx E {0,1} such that C. =1 means that the 

bird is colonised with campylobacter, and Cx =0 means that the bird is not 

colonised with campylobacter. The subscript x indicates the location of the bird in 

the rearing house at de-population, as determined in Chapter 4, where x= (i, j), 

such that i =1,..., a and j =1,..., b where a is the number of birds horizontally, and 

b the number of birds vertically represented on a lattice within the house. The 

condition C, =1 occurs with probability Pf,, , the probable within-flock prevalence 

of a positive flock, therefore C,, =0 occurs with probability 1- P. If C, =1 the 

bird is colonised with A. organisms. It follows that if 0f =1, then Cs E {0,1}, 

however if Of =0 then Cx = 0. Next the contamination status is considered. This 

is 0, where 0, E {0,1) so that 0,7=1 means that a given bird has organisms 

contaminating the exterior and 0, =0 means that the bird has no external 

contamination with Campylobacter spp. The condition 0, =1 occurs with 

probability P., the probability that a bird is contaminated at slaughter. Therefore, 

the condition 0, =0 occurs with probability 1- P, If 0, =1 a given bird is 

assigned rl contaminating organisms. The variables Ppf, Pd,, P., C1, As and 

rl are generated from the model described in Chapter 3 and Chapter 4. 
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Once carcass history has been designated the position of the flock in the flocks to be 

processed that day is allocated. On any given day, 4 to 6 flocks may be dealt with in 

a processing facility (Andrew Gibson, Quality Control Manager, Premier poultry, 
Personal Communication). For the purposes of this model, it is assumed that a plant 

processes five flocks. The position of the selected flock in the processing day is 

given by ©p, where 9p is a uniform random integer variable between 1 and 5. Here, 

Bp =1 means that the flock is the first in the day to be processed, 4, =2 means that 

the flock is the second to be, and so on until 9p = 5, the fifth flock to be processed. 

Following characterisation of history and flock position, the product type of the 

group of carcasses at the point of sale is determined. Product types are defined as (i) 

fresh and whole, (ii) fresh and portioned, (iii) frozen and whole, and (iv) frozen and 

portioned. Hence, at the point of sale, a random carcass is product type 0,, where 
0, E {a, ß} such that a represents a fresh product, and ßa frozen product. Further, 

the product is in state 0, � where 0p,,, E {0,1} such that 0, =0 means that the 

product is sold whole, and 0,, =1 means that the product is sold portioned. The 

probabilities of each of these product types occurring are derived from market shares 

of fresh and whole, fresh and portioned, frozen and whole, and frozen and portioned 

products provided by BPMF (1997). 

Given characterisation of history, flock position and product type the model follows 

the group of carcasses through the first stages of processing, that is stun and kill, 

scald and de-feathering. Subsequent to these steps a random bird is selected from 

the group and followed through the remaining stages of processing, that is 

evisceration, wash and chill. 

The model estimates the stochastic effect of each of the processing stages on the 

contamination levels on the carcass(es). Multiple runs of the model reflect the 

processing of multiple birds from multiple flocks and hence a probability 
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distribution for the number of campylobacters contaminating a product and the 

probability that a product is contaminated at the point of sale are generated. 
Derivation and estimation of these distributions is now described. 

6.2.2 Level of Contamination 

The model considers what happens during all stages of processing. From the 

qualitative assessment of chicken processing presented in Chapter 5, it can be seen 
that scalding results in a proportion of organisms to be washed off the carcass. De- 
feathering causes both a proportion to be washed off /removed with the feathers, and 

a number of organisms to be added from cross-contamination. Evisceration allows a 

number of organisms to contaminate a carcass from both cross- and vertical- 

contamination but may also result in a proportional reduction. During washing a 

proportion of organisms will be washed off. Finally chilling results in either no 

effect (air chilling) or a proportional wash-off (water-chilling). The final number of 

organisms that are on any carcass is a result of the effect of all stages of processing. 
Hence, it is necessary to estimate the changes afforded by each of the processing 

stages. The cumulative effect of these changes results in the number of organism 

contaminating a random carcass. This effect is quantified in equation (6.1) where 
the contamination level on a selected carcass i, defined as rev, is given by 

qpi = ziviV'ilexii +7'i +bt/ (6.1) 

where r7u,, is the number of campylobacter contaminating bird i at the point of 

slaughter that is the level of contamination on entry into the processing plant, A is 

the proportion remaining after scalding, cp; is the change in numbers due to de- 

feathering, ý, is the change in numbers due to evisceration, v, is the proportion 

remaining after washing and r, is the proportion remaining on a carcass after 

chilling. The distribution for each of these parameters is estimated by use of 
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available sample data which measures the levels of contamination on a carcass 
before and then after a given process. There are several methods available to make 

such measurements, for example, counting levels of contamination on the neck skin, 

estimating levels by swabbing a particular section of the carcass of a fixed size, or 

enumerating the contamination on the whole carcass via a carcass rinse. Given 

some of the parameters of equation (6.1) are measures of proportion change in 

organisms it is assumed that on any given carcass the measured proportion reduction 

on one site of the carcass will be consistent across the whole carcass. Therefore, all 
data that measures levels of contamination before and after sampling in a consistent 
manner can be utilised to estimate model parameters. As such, throughout this 

chapter measures of contamination on a carcass in a data set are referred to as mean 
log cfu per unit as each study will have used a different sampling strategy and hence 

measured a different unit. 

Due to the use of sample data, there is associated uncertainty with regards to the true 
distribution of the variability in these parameters. This is dealt with by the use of 
second-order non-parametric distributions as previously discussed in Chapter 2. 

Each of these variables is estimated as follows. 

Estimating the effect of scald 

The probable proportion of organisms remaining after the scalding process, that is 

A;, is dependent upon whether a carcass undergoes hard or soft scald, this is 

governed by product type, 0, under the following condition: 

Ui = .iI rºn nn 

SS 9s =a 
1HS 9J=ý8 11,3 us= /f 
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Here SS and HS are distributions describing the variability in the proportion of 

organisms remaining after the processes of soft and hard scald respectively. Sample 

data consisting of the mean microbial counts of n carcasses selected at random 

before and after scalding were used to estimate the distribution for the variables HS 

and SS. In particular, for each scald type, proportions remaining were calculated for 

each data point. The data points and calculated proportions are given in Table 6.1. 

The variability distributions were then derived as follows. 

For soft scald, the calculated proportions were used to derive a non-parametric 

second-order distribution (see Chapter 2) for the variability in the proportion 

remaining. Currently, it is assumed that scalding can only decrease the 

contamination levels. On one observation an increase was recorded. Given that all 

other data points are reductions and the process itself is one of washing-off, this 

point is omitted from the distribution. However, should more data become available 

which documents increases in contamination levels and hence provides more 
information about the process resulting in an increase in contamination as a result of 

scalding, this can be incorporated into the model. 

For hard scald, there are only three data points available. Therefore, the variability 
in the effect of this process on the contamination level of a carcass is assumed to be 

a uniform random variable between zero and 10% above the maximum value 

observed for proportion remaining (Table 6.1). The maximum proportion remaining 

observed is 0.16 therefore this translates to a Uniform(0,0.0176). Further, due to 

limited data an assumption is made that there is no associated uncertainty with this 

maximum value. This assumption can be modified should more information 

become available. 
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Table 6.1: Measured mean log cfu campylobacter on a carcass before and after soft 

and hard scald and the calculated proportion remaining as a result of the scalding 

process. 
Number of Scald Mean log cfu Mean log cfu Proportion of Reference 

carcasses type per unit before per unit after organisms remaining 

sampled scald scald post scald 
8 Soft 3.99 1.37 0.002 Oosterom et 

al., 1983 
8 Soft 3.30 1.68 0.020 Oosterom et 

al., 1983 

8 Soft 2.18 2.40 1.660 Oosterom et 

al., 1983 

8 Soft 3.74 <1.26 0.003 Izat et al., 
1988 

8 Soft 3.56 1.26 0.005 Izat et al., 
1988 

8 Soft 3.03 1.19 0.014 Izat et al., 
1988 

5 Soft 2.9.0 1.00 0.012 Berrang ei al., 
2000 

5 Soft 5.00 2.00 0.001 Berrang et al., 
2000 

5 Soft 5.00 1.70 0.001 Berrang el al., 
2000 

5 Soft 3.10 2.40 0.199 Berrang et al., 
2000 

5 Soft 5.80 2.40 0.0003 Berrang et al., 
2000 

5 Soft 4.60 1.50 0.001 Berrang et al., 
2000 

8 Hard 2.39 0.61 0.016 Oosterom et 

al., 1983 
8 Hard 3.42 1.25 0.007 Oosterom et 

al., 1983 
8 Hard 3.44 1.26 0.007 Oosterom et 

al., 1983 

129 



Chapter 6: Simulation model describing the slaughter and processing of chicken 

Estimating the effect of de-feathering 

The change in contamination due to de-feathering, defined as q,, , 
is estimated by 

considering the cross-contamination effects of de-feathering. Experimental work 
based on the use of a `seeder' carcass artificially contaminated with a marker 

organism has demonstrated that contamination with the marker can be detected as 
far as 200 carcasses away from the `seeder' carcass after the de-feathering procedure 
(Hinton et al., 1996). Further, the level of contamination was shown to be an 
inverse function of the number of birds between the nearest contaminated carcass 

and any given carcass. 

As discussed in Chapter 4, when carcasses originate from a positive flock, the 

nearest positive carcass will most likely be the one next to it as a high proportion of 
the birds will be contaminated. In contrast, consider a group of carcasses that come 
from a flock previously classified as campylobacter negative. Within such a group 
there will be a proportion of carcasses that are contaminated. This can be accounted 
for in two main ways, first the crates in which the birds are transported are cleaned 
between flocks. However this process has been demonstrated as ineffective at 

removing the campylobacter contamination resulting from the transport of a positive 
flock. Secondly, when the birds are caught, the hands of the catchers can cause 

contamination (T. J. Humphreys, Pers. Comm. ). In this situation, only low level 

contamination may occur and the nearest contaminated carcass may be several 

carcasses away. However, it is important to consider the effect of contamination 

caused by de-feathering in negative flocks as such contamination may persist to the 
final sale product. 

From the above description, it is apparent that the effect of de-feathering on any 
given carcass is dependent upon the place of the carcass in the de-feathering line 

with respect to any contaminated carcasses in the line. If there are no contaminated 
carcasses preceding a selected carcass then the numbers contaminating the carcass, 
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if there are any, decrease due to the removal of feathers. It has been demonstrated 

that the de-feathering process can reduce numbers by 1000-fold (Hinton et al., 1996) 

but there is no indication of the variability surrounding this decrease for different 

carcasses or indeed no suggestion of the uncertainty surrounding this point value. If 

there are contaminated carcasses in front of a given carcass, the numbers on the 

selected carcass may increase due to the aerosol spread and machinery 

contamination. 

As previously mentioned, the increase in contamination is related to the number of 

carcasses between a selected carcass and the nearest contaminated carcass. 
Therefore, the model simulates the sequential de-feathering of the group of 100 birds 

and estimates the random effect of the de-feathering process on all 100 birds with 

respect to each de-feathering event within the group. This is shown schematically in 

Figure 6.1. 

Figure 6.1 illustrates the 100 carcasses at the 100 different positions in the de- 

feathering line. Consider a random carcass, the position of the selected carcass is 

given by i (i=1,..., 100) and the position of the carcass being de-feathered at the 

selected step is given by j (j=1,..., 100). Thus when i =j a selected carcass is being 

de-feathered. It therefore follows that for a selected carcass if i <j, the carcass is 

still to be de-feathered and for i >j the carcass has been de-feathered. It can be seen 
that if a carcass being de-feathered is uncontaminated, 9, = 0, the contamination 

status of the birds behind that carcass does not change. However if a bird is 

contaminated, the result is a reduction on the level of contamination on the carcass 
being de-feathered and an increase on the carcasses following due to cross- 

contamination. This is illustrated by un-contaminated carcasses becoming 

contaminated. For example, consider the carcass in position i=3 in Figure 6.1. It 

can be seen that when j=2 the carcass in position i=3 is uncontaminated, however 
in the next de-feathering step, that is j=3, the carcass in position i=3 has become 

contaminated as a result of the de-feathering of a contaminated carcass. 
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The extent of cross-contamination is related to the number of shackles, that is the 

number of birds, away a given carcass is from the carcass being de-feathered. 

Sample data (Hinton et al., 1996) was used to estimate the effect of de-feathering on 

a series of carcasses. These data are shown in Table 6.2 and can be summarised as 
follows. 

% 

I 2 3 4 5 ... too 

IX X 
2 

440, %1 )4 m 
6ýýýý 014 

100 

Key 

Uncontaminated carcass 
Contaminated carcass 

X 
De-feathered carcass 

Figure 6.1: Schematic representation of the effect of position in the de-feathering 

process on cross-contamination of carcasses 
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Table 6.2: Experimental data showing the spread of organisms from a contaminated 

seeder carcass to subsequent uncontaminated carcasses (after Hinton et al., 1996) 

Carcass Mean log cfu per Mean log cfu per Calculated mean Proportion of 
Number carcass carcass log cfu per seeder 

before de- after all carcasses carcass after first contamination 
feathering (n=4) de-feathered carcass de- received 

(n=4) feathered 
'Seeder' 9 7.9 7.9 N/A 

105.9 7.1 0.0125 

205.3 6.4 0.0025 

305.2 6.3 0.0029 

404.5 5.7 0.0005 

504.8 5.9 0.0008 

604.3 5.5 0.0003 

A seeder carcass was artificially contaminated with 9 log cfu of a marker organism. 
A further six carcasses were then set in the shackle line proceeding the seeder bird. 
These six carcasses were known to be uncontaminated with respect to the marker 
organism. Microbial counts were then taken after all six birds had been through the 
de-feathering process. Using this data (Table 6.2) the effect of de-feathering the 

seeder carcass on the six proceeding carcasses was estimated. In particular, taking 
this information and making two assumptions, 

(i) the effect of the process on the carcass being de-feathered does not vary from 

carcass to carcass, 
(ii) only the seeder carcass contributes to the contamination of the following 

carcasses; 
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the proportion of contamination a carcass receives from the carcass being de- 

feathered, given the distance between them, is estimated. A regression model was 

fitted to the experimental data using least squares to quantify the relationship 

between the proportion of seeder contamination received by a carcass and shackle 

position in relation to the seeder carcass. The predicted points and data points are 

ý s679 where y is plotted in Figure 6.1. The regression equation is y=0.0114(r -' Jý 

the proportion of contamination a selected carcass receives from the carcass being 

de-feathered and (i j) is the shackle position of the selected carcass, and the R2 value 
is 0.91. 

O. 012 
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1o. 004 
6 

ý 
0.000 
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5 

11 

6 

Figure 6.2: Graph showing the experimental data in comparison with the 

corresponding points predicted from the regression equation y=0.0113(i j)- i go67 

to estimate the proportion of contamination received form a carcass being de- 

feathered given the number of shackles away a carcass is from the carcass 

undergoing the process, (i - j). Here i is the position of the selected carcass and j is 

the position of the carcass being de-feathered. 
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Uncertainty is incorporated into the regression model as described in Chapter 2. In 

brief, the regression line is linearised and the Bootstrap method is then employed to 

estimate the distribution of uncertainty associated with the residuals at each 

observation point, that is, the number of shackles between a given bird and the bird 

being de-feathered. 

For a given carcass the change in contamination resulting from the de-feathering 

process is the sum of the number of organisms gained from the de-feathering of the 

preceding birds, minus the sum of the number of organisms lost to the birds 

proceeding the carcass as a result of de-feathering of the carcass, and the reduction 
that results from de-feathering due to organisms being lost via the removal of 
feathers and flushing action of the water. Therefore the change in contamination 
due to de-feathering for the carcass in position i in the group given the carcass being 

de-feathered is in position j, that is (p,, is given by equation 6.2. 

= 
ýi = I'f J1c. d(i-j)(0.0113(i - j)'1. ý7 )-ý 

tJcd 
(0.0113 

j-1'9067 )+ 
ri (6.2) 

J=1 J=i+1 

Here r is the reduction in the level of contamination on the carcass being de- 
feathered as a result of the removal of feathers and washing action of the water, and 

rlc. d(i-J) is the level of contamination on the carcass being de-feathered which is 

given by P(j-j itx, (j_n and q,. d, is the level of contamination on carcass i at the point 

of de-feathering given by To illustrate how Equation 6.2 works consider a 

group of 10 carcasses to be de-feathered. Table 6.3 shows how (pj is calculated for 

the carcass which is fifth in this group, that is i=5. 
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Table 6.3: Illustration of the calculation of the variable cp,, the change in 

contamination levels as a result of de-feathering, carried out by use of equation 6.2. 

Assume number on carcass i=5: 2000 cfu, and the reduction is r,., =1200 , de- 

feathering results in an increase of contamination of 6607cfu. 

j Number on carcass i=j Number carcass i=5 Number carcass i=5 

gains from preceding loses to following 

carcasses carcasses 
1 100000 804 0 
2 31623 440 0 
3 125893 3794 0 
4 251 28 0 
5 N/A N/A N/A 
600 226 
700 60 
800 28 
900 16 
10 00 11 

Total cfu carcass i=5 gained 5066 
Total cfu carcass i=5 lost 1541 

0f=s 6607 
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Estimating the effect of evisceration 

The probable change in numbers due to evisceration, 4;, is dependent upon the 

colonisation status of the bird, 8b , and the probability that cross-contamination 

occurs during evisceration. 

In previous processing steps where cross-contamination has been considered, the 

focus has been upon the redistribution of contaminating organisms within a given 
flock. During evisceration, the potential for cross-contamination between flocks is 

introduced. This contamination could result from a flock processed earlier in the 

day or even on a previous day, where contamination has persisted despite cleaning 

procedures. 

Sample data measuring the level of campylobacter contamination on carcasses 
before and after the evisceration procedure are shown in Table 6.4. 

Inspection of this data indicates that evisceration has mixed effects on the level of 

carcass contamination. Increases, decreases and no change in contaminating load 

are recorded in the data set. The carcasses considered in this data were reported as 
`remaining intact' during evisceration, that is no damage occurred to the viscera 
during the procedure and as such an increase in contaminating load is a result of 
horizontal contamination rather than vertical-contamination. However, damage to 

the viscera is not an uncommon occurrence and provides the opportunity for gross 

contamination of the carcass exterior. Within the model, both horizontal and 

vertical contamination are considered. 

Let, C, be the change in contamination due to horizontal-contamination from, for 

example, workers and machinery and Cd the increase in contamination due to 

damage to the viscera. The variable C, is dependent upon the probability that 

change to the contamination levels (either increase or decrease) occurs, this is 
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defined as Kc. The variable xE {0,1} such that is =1, means that, not considering 

damage to the viscera, a change, either increase or decrease, in contamination level 

on a carcass has occurred during evisceration. In contrast, K=0 means that 

evisceration, in the absence of damage, has no effect on contamination levels. The 

condition K =I occurs with probability P,, therefore x=0 occurs with probability 

I-P, 
r . The probability that Kc =1, that is P. is estimated from the experimental 

data shown in Table 6.3. It can be seen in this data set that no change in 

contamination level on a carcass after evisceration was recorded twice out of 18 

observations. Using this information a beta distribution is used as previously 
described in Chapter 3 to describe the uncertainty surrounding the true value of I. 

more specifically P,, - Beta(3,17). 

If x=I the effect, either increase or decrease in contamination, must be determined. 

The effect of evisceration given that a change in contamination results is defined as 
Ev. The variable Eve {q, qp} such that Ev =q means that disregarding damage, 

evisceration results in an increase in contamination of ds. organisms, Ev = sp means 

that, not considering damage, evisceration results in a decrease in contamination 

with the proportion of organisms remaining given by dc. The condition Ev =S 

occurs with probability P., therefore Ev = cp occurs with probability 1- P.. The 

probability P.. is estimated based on the data shown in Table 6.3. An increase in 

contamination was seen on 14 out of 18 observations where there was a change in 

contaminating load as a result of evisceration. Therefore, using the beta distribution 

to quantify the associated uncertainty, P. - Beta(15,5). Due to the small sample 

size the variability in the number of campylobacters added to the carcass, ds , and 

proportion of organisms remaining following a reduction in contamination, that is 

d,, are described by non-parametric second-order distributions. The distributions 

are estimated, as previously described in Chapter 2, using the sample data shown in 
Table 6.4. 
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Table 6.4: Sample data measuring the levels of campylobacter contamination on a 

carcass before and after evisceration. 

Number Log cfu per Log cfu per Change Change in 

of unit before unit after observed contamination 

carcasses evisceration evisceration level 

sampled 

8 1.99 2.44 Inc 

8 1.07 2.58 Inc 

8 2.09 2.62 Inc 

8 2.18 2.5 Inc 

8 2.37 3.12 Inc 

8 2.82 3.49 Inc 

8 2.82 3.49 Inc 

5 3.2 3.2 None 

5 3.7 3.7 None 

Increase log cfu 

per carcass 
1.979019 

0.962321 

2.080651 

2.172767 

2.364181 

2.8177 

2.8177 

0 

0 

Proportion of 

organisms 

remaining post 

evisceration 

Reference 

Oosterom et al., 1983 

Oosterom et al., 1983 

Oosterom et al., 1983 

Oosterom et al., 1983 

Izat et al., 1988 

Izat et al., 1988 

Izat et al., 1988 

Berrang et al., 2000 

Berrang et al., 2000 

5 4.5 3.7 Dec 0.158489 

5 3.1 2.53 Dec 0.269153 

5 4.1 4 Dec 0.794328 

5 <3 1.6 Dec 0.039811 

11 5.75 5.7 Dec 0.891251 

8 3.68 3.49 Dec 0.645654 

8 2.46 2.24 Dec 0.60256 

8 2.85 2.6 Dec 0.562341 

inc = increase dec = decrease 

Berrang et al., 2000 

Berrang et al., 2000 

Berrang et al., 2000 

Berrang et al., 2000 

Abu-Ruwaida 1994 

Izat et al., 1988 

Oosterom et al., 1983 

Oosterom et al., 1983 

none = no change 
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If it is decided that an increase in contamination occurs, that is Ev =q then it is 

necessary to consider the position of the flock in the facility processing day, given 

by OP where 0,, -. U(1,5) as defined earlier in section 2.2.1. The increase in 

contamination due to evisceration is not only due to re-distribution of organisms 
from within a given flock, but also cross-contamination from other flocks. This 

cross-contamination may be from positive/contaminated flocks processed that day or 

carry over from a previous day on which positive/contaminated flocks were dealt 

with. Given this, it can be seen that there are three possible scenarios: 

(i). A positive flock has preceded the selected flock resulting in contamination of 

the machinery and hence cross-contamination of the selected carcass; 
(ii). No positive flocks have been processed so far that day in the selected facility. 

However, the national flock prevalence is not zero and therefore positive flocks 

have been processed on previous days. As such it is likely there is low-level 

contamination of equipment in the plant which may be due to persistence of the 

organisms through cleaning procedures; 
(iii). There are no positive flocks in the national flock, that is Ppj = 0. As such 

contamination of the plant that could occur from, for example animal reservoirs 

contaminating workers shoes and clothing, can be assumed to be negligible. 

In the first scenario the distribution ds is selected. In the second scenario ds is 

truncated at the 20th percentile and all values below this percentile are assumed to be 

equally likely. More specifically, this becomes Uniform(0, F(ds < 0.2)). There is 

currently no data available which gives level of contamination in processing plants 

where no positive flocks have been processed. Therefore, it is assumed that 

truncation at the 20th percentile provides an appropriate distribution for the residual 

contamination. However, should such data become available, this assumption can 
be modified. In the final scenario ds =0 as it is assumed there is no contamination 

of equipment or workers. 
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It can be seen that the variable C,, the change in contamination due to horizontal 

contamination, is dependent upon 1c, the change in contamination levels during 

evisceration. If x=1, that is evisceration has resulted in either an increase or 
decrease in contamination, C, is given under the following condition 

CC = 
d,, Ev =C 

lj7ce"d,, Ev=cp 

Here j7ý is the number of campylobacters contaminating a carcass at the start of 

evisceration which is given by Pjj,, w + (pi. If x=0 then, disregarding damage, no 

change in contamination levels has occurred during evisceration and, therefore, Cc = 
1. The result of the above condition is that Cc will always be a number of 

organisms, even when a proportion decrease occurs. 

Let Cd be the increase in contamination as a result of damage to the innards during 

the evisceration procedure. The variable Cd is assumed to be a uniform random 

variable with a possible minimum value of zero and a maximum value of l7c ca,, that 
is the number of campylobacters colonising 1 gram of the ceacal contents of a bird. 

This assumption is due to the lack of data with respect to the level of contamination 
that will occur given a carcass is colonised and the viscera are damaged. Should 

such data become available, this assumption can be modified as appropriate. The 

probability that damage occurred to the innards is defined as Da. Here Da E 10,1} 

such that Da = 0, with probability PDa where PDa is a uniform random variable 
between zero and one, means that damage occurred to the viscera during the 

evisceration process; Da =1, with a probability 1-PD,,, means that damage did not 

occur during evisceration. 

Considering both vertical and horizontal contamination during evisceration the 
overall change in contamination can be quantified. If damage occurs during the 

process then the change in contamination is the sum of the increase in numbers 
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resulting from contamination due to damage, Cd, and the change in numbers 

presented by the overall process, that is C,. If, however, damage does not occur then 

Cd =0 and the change in contamination is simply that afforded by the overall 

process, C. More specifically 

-c+ cd Da=l 
4r = Cý Da =0 

It can therefore be seen that the change in contamination as a result of evisceration, 

that is ý,, can be summarised by the following statement 

C, +CdDa=1x=1 
C_ Da=0x=1 

0 
Da=1K=0 
Da=0K=0 

Estimating the effect of washing 

Washing reduces the level of contamination on a carcass. This can be seen in the 
data shown in Table 6.5. This table consists of measurements of the level of carcass 

contamination taken before and after the washing process. Given the data in Table 

6.5, the proportion of organisms remaining after a wash of the carcass, defined as vti 
is estimated. A distribution describing the variability in the remaining proportion is 

then estimated. As the sample data set is small there is associated uncertainty with 

regards to the true variability of this parameter. Therefore v,, the proportion 

remaining after washing, is described by a second-order non-parametric distribution 

estimated using methods previously described (Chapter 2). 
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Table 6.5: Sample data showing measures of campylobacter before and after carcass 

washes. 

Number Mean log cfu Mean log cfu Proportion of Reference 

of before after organisms 

carcasses washing washing remaining 

sampled 
5 1.60 1.00 0.2511 Berrang et al., 2000 

5 3.20 2.10 0.0794 Berrang et al., 2000 

5 3.70 3.30 0.3981 Berrang et al., 2000 

5 2.53 2.00 0.2951 Berrang et al., 2000 

5 4.00 1.60 0.0039 Berrang et al., 2000 

5 3.70 2.70 0.1000 Berrang et al., 2000 

8 2.83 1.71 0.0758 Berrang et al., 2000 

8 2.94 2.39 0.2818 Berrang et al., 2000 

8 3.50 3.04 0.3467 Berrang et al., 2000 

11 5.70 5.10 0.2511 Berrang et al., 2000 

Estimating the effect of chilling 

Within the EC, only air chilling is used for carcasses to be sold as fresh products. 
Air chilling is assumed to have no effect on the organism levels on the carcass 
(Cudjoe et al., 1991). However, if a carcass is to be sold as frozen products, it is 

assumed that water chilling is used. This has been shown to have an impact on 

contamination levels. Further, when water chilling is used chlorine may be used as 

an additive. This affects the carcass contamination as can be seen in Table 6.6. Here 

carcass contamination was measured before and after chilling with water. 
Procedures both with and without chlorine are included in this data set. 
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Table 6.6: Data measuring the levels of campylobacter contamination on a carcass 
before and after water chilling with and without chlorine added to the chill water. 

Number Chlorine Mean log Mean log Proportion Reference 

of added cfu before cfu after remaining 
carcasses chilling chilling 

sampled 
8-1.71 1.43 0.52 Izat et at, 1988 

8-2.39 1.85 0.29 Izat et at, 1988 

8-3.04 1.18 0.01 Izat et at, 1988 

15 - 2.92 1.74 0.07 Wempe et at, 1983 
15 - 2.62 1.38 0.06 Wempe et at, 1983 
15 - 3.32 2.33 0.10 Wempe et at, 1983 
15 - 2.50 1.76 0.18 Wempe et at, 1983 
5+2.10 1.20 0.13 Berrang et at, 2000 
5+3.30 1.10 0.01 Berrang et at, 2000 
5+2.00 0.90 0.08 Berrang et at, 2000 
5+1.60 3.20 N/A Berrang et at, 2000 

5+2.70 1.10 0.03 Berrang et at, 2000 
90 + 5.35 3.86 0.03 Cason, 1997 

The frequency with which chlorine is used, in GB is currently unknown. This 
frequency is defined as Pc, and is assumed to be a uniform random variable with a 
minimum value of zero and a maximum of one. Based on this, the use of chlorine in 

the chilling of a given carcass is defined as Cl where Cl E {0,1} such that C1=1 

means that chlorine is used as an additive to the chill water; this occurs with 
probability PcI. Further, Cl =0 means that chlorine was not used as an additive to 

the chill water. This condition therefore occurs with probability 1- Pc,. 
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It can therefore be seen that the probable reduction achieved by chilling the carcass 
is dependent upon the status of the product, either fresh or frozen. If the product is 

to be sold as fresh, 9, = a, there is assumed to be no change in contamination levels 

and r, =1. In contrast, if the product is to be sold as frozen, 6, = 'fl, water chilling 

will be used and this may have an impact on microbial levels on the carcass. This 

impact depends on the use of chlorine in the water. More specifically the proportion 

of organisms remaining following chilling is given under the following condition 

1 9, =a 
z, = Tý 0, =, B; Cl =1 

r, ý, 
0, =P; Cl =0 

Here r,, is the proportion of carcass contamination remaining following water chill 

without chlorine, and r�,, is proportion of contamination remaining after a water 

chill which has chlorine added to the water. The variables r,, and are r.,, estimated, 

first by calculating the reduction in contamination in the samples shown in Table 6.6 

with and without chlorine being added to the water. These data are then combined 

to give a second-order non-parametric distribution using previously described 

methods. 

6.2.3 Summary of model 

In summary, a description of a simulation model, which predicts the number of 

campylobacter that will contaminate a carcass post-processing in a random plant in 

GB has been provided. This model looks at the major stages of processing and 
involves several parameters, the outcome of this model is a processed carcass with 
an associated level of campylobacter contamination. To illustrate how the inputs fit 

together Figure 6.3 is a schematic summary representation of the model illustrating 

where the various variables described above are inputs into the overall model. 
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chicken in a random plant in GB. For details of the mathematical terms see section 
6.2.2. Directed arrows indicate key parameter inputs at each stage. 

6.2.4 Portioning of processed products 

Following the estimation of rj,,, as described above, the product is then prepared for 

sale. This may involve portioning of the product. Currently, there are no data 

available which give changes in contamination which occur during processing. 

Further reports have recorded no increase in overall contamination during 

portioning. Therefore it is assumed that portioning does not change the microbial 

load on a whole carcass. However, it is necessary to estimate the number of 

campylobacters which are present on a portion of chicken resulting from a carcass, 

for which the level of contamination is known. 

An approach which could be adopted is to assume that the organisms contaminating 

the processed carcass are uniformly distributed over the carcass, however, there may 
be some clustering of organisms. This clustering could result from areas of the 

carcass being more exposed to contamination and therefore carrying more 

organisms, or a result of an area of the carcass being protected from removal of 

organisms by, for example, washing of the carcass. This could be because the 

organisms are under a wing, or embedded in the skin or feather follicles. Therefore, 

it is necessary to allow for variability between the extent of contamination on 

portions originating from the same carcass. A method available to deal with such a 

situation is presented by Nauta (2001) and is given by 

r7p., - Binomial(qP,, Beta(b, b(w -1))) 

Here, the parameter b is a measure of the degree of clustering, that is the variability 
in the number of organisms that contaminate each portion, of weight w. This is a 
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relative value which is an integer >1. The greater the value of b the lesser the 

extent of the variability. The result is a variability distribution for the number of 

organisms which contaminate a portion of weight w. The weight of a carcass, in 

grams, is described by a triangular distribution, more specifically 

Triang(l10,1500,2500) (Andrew Gibson, premier Poultry; Personal 

Communication). The weight of meat which is edible on a carcass is 30% of the 

weight of the carcass, and finally, the size of the portion, that is w, is therefore 

assumed to be one quarter the weight of edible meat on the carcass. 

The value that the parameter b should take is unknown. Nauta et al., (2001) carried 

out an expert consultation to determine the value of b for clustering of Escherichia 

coli on raw beef carcasses. The mean value determined was 4. This value is 

assumed to be appropriate for the clustering of campylobacter on chicken. 

Therefore, the number contaminating a product at the end of processing, that is qP, 

is given by the following condition 

Y7 = "1P I� n _1 

S 17,1 9, =0 
1r7p., 9p., =1 I/ por vPor a 
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6.2.5 Estimating the prevalence of 

contaminated products 

The model described above initially follows a group of 100 birds from a randomly 

selected flock and subsequently a random bird from within this group through the 

processing plant. At the end of each of the processing stages modelled the number of 

contaminating organisms on the carcass is calculated. This calculation mimics the 

changes in numbers as a result of the particular step. 

At the end of processing, a carcass can be defined as contaminated if it carries at 
least one organism. By means of a conditional statement, the model can state 

whether a selected product is contaminated or not. The conditional statement is 

l if 77p), 
V/ 0 if r7p(1 

where v, is whether or not the product is contaminated at retail. Within a given 

simulation, distributions are sampled n times and each time the result is either a 

contaminated or uncontaminated product. Multiple samplings of the distributions 

represent the production of multiple products. Therefore, running the model 

allowing for n samplings of each distribution the probability that a product is 

contaminated can be calculated by use of Equation 6.3. 

i=n 
2: V, 

p pp = ''` 
n 

(6.3) 

where Ppp is the probability that a product is contaminated based upon n samplings 
within a simulation of the model. 
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6.3 Running the model 

The model contains several parameters, each of which is described by an appropriate 

variability distribution. The variability distributions have associated uncertainty 

with respect to the true variability. As such the model can be run with different 

combinations of variability distributions with each combination representing one 

possible realisation of the processing of chicken. Of course, if there was no 

associated uncertainty there would be only one possible combination. These 
different realisations are mimicked by simulating the model a number of different 

times and the result is multiple distributions describing the variability in the number 

of campylobacters contaminating a product and multiple estimates of the prevalence 

of contaminated products at the end of processing. This allows the quantification of 

the level of uncertainty with respect to the outputs of the model rjp, the number 

contaminating a product at the end of processing, and PPP, the probability that a 

product is contaminated at the end of processing. 

The model is run for 50 simulations. Upon each simulation a variability distribution 

is selected from the associated uncertainty space for each second-order random 

variable and kept constant for any given simulation. Within each simulation the 

selected distributions are sampled 5000 times and tip calculated as shown in equation 
(6.1). At the end of each simulation Ppp is then given as shown in equation (6.3). 

Multiple simulations result in the uncertainty distribution for Ppp. The number of 

samples taken within a simulation was chosen according to when the running mean 

of rrp no longer deviates ±1% from the `true' mean, defined as the mean of rip at 
5000 iterations. The deviation of the running mean from the `true' mean is 

illustrated in Figure 6.4. It can be seen that 5000 samples are adequate to fulfil the 

criteria. The number of simulations was chosen to ensure adequate selection of the 

variability from the uncertainty interval for each of the second-order random 
variables. 

150 



Chapter 6: Simulation model describing the slaughter and processing of chicken 

ý 
ý 0.1 
" 

ý 00 

uL 

5000 looo0 15000 

14 

1 

432 

Number of sarryles 

Figure 6.4: Graph to show the deviation of the mean number organisms 

contaminating a product, rlp. from the `true' mean of %p defined as the mean at 

10,000 distribution samples (iterations). 

6.4 Model results 

The density and cumulative distributions for the probable number of campylobacters 

that will contaminate a random chicken product at the end of processing, ri P, 
based 

on 50 simulations made up of 5000 distribution samples are shown in figure 6.5. 

In this figure, each individual line represents one possible variability distribution for 

the number of campylobacters contaminating a product, ran . 
The multiple curves 

and their locality, resulting from multiple simulations of the model, indicate the 

degree of uncertainty surrounding this variability. Considering this, the mean 
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number of organisms on a random product ranges from 5.43 to 6.28 log cfu per 

product. 

02468 10 

Number contamiratirp a carcass at the end of processing goy ctu per carcass) 

02468 10 

Number contanirrting a product post processing pop ctu per product) 

Figure 6.5: Second-order density and cumulative plots describing the number of 

campylobacter contaminating a product, rip estimated using the model, and 

illustrating the uncertainty that arises due to the variability in the combined process. 
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Based on the distributions for rip , the probability that a product is contaminated 

with campylobacter at the point of sale that is Ppp, is also uncertain, each simulation 

resulting in a possible value for this probability. The resulting density plot for Ppp is 

shown in Figure 6.6. This figure shows the uncertainty in the true value of Ppp. The 

mean value for this probability, based upon 50 simulations of 5000 iterations is 0.8, 

That is, on average 80 out of 100 retail chicken products may be contaminated with 

campylobacter. Further this probability ranges from 0.73 to 0.90. This suggests that 

on average, processing has little overall effect on the prevalence of positive 

carcasses at the end compared with at the start of processing. However, the 

uncertainty interval for Ppp indicates that processing may reduce the mean 

prevalence to 0.73 or indeed increase it to 0.90. As more information is gathered 

with respect to uncertain aspects of the model the uncertainty associated with the 

outputs r7p , and Ppp may be reduced. 

0 

10 1 

ý 
ý 

0.6 0.7 0.8 0.9 1. ( 
probabity a product s catarriwbd post processrQ 

Figure 6.6: Uncertainty plot for the probability that a product is contaminated post 
processing, Ppp 
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6.5 Sensitivity of the processing stages on 

model results 
The outputs of this model, the probable number of organisms contaminating a 

random retail product, and hence the probability that a retail product is contaminated 

are the result of the integration of all stages of processing. Figure 6.7 illustrates the 
individual effects of the processing stages, specifically on the number of organisms 

on a carcass at the end of the respective step. The figure shows the second-order 
distributions for the number of organisms on a carcass (Log cfu per carcass) as 

predicted by the model following stun & kill, scald, de-feather, evisceration, wash 

and chill. Table 6.7 shows the summary statistics for the number of organisms per 

carcass after each of the stages. 

Table 6.7: Uncertainty ranges associated with the summary percentiles for the 

second-order distributions describing the number of organisms likely to be on a 

contaminated carcass after each of the processing stages stun & kill, scald, de- 

feather, evisceration, wash and chill, log cfu per carcass. 

Processing stage 

Stun & kill 

Scald 

De-feather 

Evisceration 

Wash 

Chill 

Post processing 

Uncertainty range associated with the summary percentiles of 

number of campylobacter contaminating a carcass (log cfu per 

carcass) 

5 '*percentile 

3.07-3.72 

0.40-1.84 

0.22-0.89 

0.57-1.04 

0.39-0.61 

0.35-0.53 

6.34-0.47 

5O ' percentile 
6.08-7.23 

3.64-5.27 

1.96-3.10 

3.94-5.30 

3.33-4.77 

3.07-4.23 

2.91-3.98 

95 percentile 
8.33 -10.62 
6.79 - 8.06 

4.67-5.79 

7.00-7.95 

6.22-7.10 

6.10-6.91 

5.96-6 65 
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Figure 6.7: Second-order distributions for the number of campylobacter (log cfu per 
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carcass) contaminating a carcass following stun & kill (a), scald (b), de-feather (c), 

evisceration (d), wash (e), and chill (f). 

To illustrate the predicted effect of each of the processing stages more clearly, 
Figure 6.8 shows the distribution for the mean number of organisms on a carcass 

post stun and kill, scald, de-feather, evisceration, wash, and chill. This is calculated 
by using the mean of the second-order distributions in place of the second-order 
distributions within the simulation model. As such there is no uncertainty present. 
The effects can be summarised as follows. 

As the birds enter the processing facility, at stun and kill, they can be described as 
being in one of two states; there are birds which are uncontaminated by 

campylobacter and there are birds which are contaminated. The contaminated birds 

are the accumulation of two populations, this is illustrated by the bi-modal nature of 
the distribution for the number of organisms likely to be present on a contaminated 

carcass. This is explained by the combination of the distribution for the number of 

organisms contaminating a bird from a negative flock, represented by the first peak, 

and the distribution describing the number of organisms contaminating a bird from a 

positive flock, represented by the second peak. 

Scalding reduces the numbers of organisms on a bird due to the washing effect, 
therefore the distinction between the two populations diminishes and it can be seen 
that the maximum contamination level is also reduced. As birds are de-feathered the 

numbers of organisms contaminating a carcass are further reduced and the two 

populations merge as a result of the two processes. The decrease during de- 

feathering is due to the re-distribution of the organisms within the flock. Aerosol 

and machinery contamination results in the dispersal of contamination, reducing 
levels of contamination on `positive' carcasses, and contaminating previously un- 
contaminated carcasses. However, during evisceration there is an increase in the 

maximum numbers of organisms that contaminate a carcass and the two populations 
re-emerge. This is a result of the process of evisceration. Here there is the 

possibility of cross contamination from the machinery and also the potential for 
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damage to the viscera resulting in further contamination of the exterior. The 

populations on the exterior are then reduced by washing and then further still 

reduced by chilling. The final two populations are evident in the second-order 
distribution for the number contaminating a carcass post process (Figure 6.5) 

The prevalence of contaminated carcasses, Ppp, at the end of processing is also the 

result of all stages in the procedure. Each of the stages, scald, de-feather, 

evisceration, wash and chill, have distinct effects on Ppp. These effects are 
illustrated in Figure 6.9. This figure shows the uncertainty distribution for the 

probability a carcass is contaminated following scald, de-feather, evisceration, wash 

and chill and the associated mean value and uncertainty interval for this probability 
is given in Table 6.8. 

Table 6.8: Mean probability that a carcass is contaminated after each processing 

stage along with the maximum and minimum values of this probability based upon 
the simulation model described in Section 6.1.1. 

Processing stage Mean Simulation minimum Simulation maximum 
Scald 0.83 0.80 0.85 

De-feather 0.95 0.89 1 

Evisceration 0.94 0.91 0.99 

Wash 0.88 0.82 0.96 

Chill 0.83 0.78 0.93 

Final product 0.80 0.73 0.90 

Initially, based on the results from the model describing the rearing and transport of 
the birds (see Chapters 3 and 4), a carcass has a mean probability of 0.85 of being 

contaminated when entering the processing facility, this is not altered by stun and 
kill due to the assumption any effect here on contamination is negligible. The 
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process of scalding results in a reduction of this value to 0.83 due to the `washing- 

off' effect of this process. De-feathering increases this probability to a value of 
0.95. This is in contrast to the decrease in numbers per carcass observed during de- 

feathering (Table 6.7) and is explained by aerosol and machinery contamination of 

previously uncontaminated carcasses, that is redistribution of the organisms. The 

removal of the innards during evisceration results in a slight decrease in the mean 

prevalence of contaminated carcasses with a decrease in the prevalence to 0.94. 
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Figure 6.9: Uncertainty distributions for probability that a carcass will be 

contaminated following stun & kill (a), scald (b), de-feather (c), evisceration (d), 

wash (e), and chill (f). 
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Although the mean probability of contamination decreases after evisceration, there is 

an increase in the minimum of the uncertainty interval for this probability from a 

value of 0.89 post de-feathering to a value of 0.91, consequent upon the occurrence 

of cross-contamination and damage to the viscera. Next the washing stage causes a 

reduction to 0.88 and finally chilling further decreases the probability a carcass is 

contaminated to 0.83 as a result of the washing effect of the water. Overall, the 
important stages here are de-feathering and evisceration, both resulting in a possible 
increase in the prevalence of positive carcasses. 

Further examination of Table 6.8 shows that processing can have mixed effects. The 

uncertainty in the probability a carcass is contaminated at the start of processing 

ranging from 0.8 to 0.85 compared to a range of 0.73 to 0.9 post processing (post- 

chill). It can be seen that de-feathering is the key stage here, as the uncertainty 
intervals for scald and de-feathering overlap. This suggests de-feathering, although 

on average results in an increase in prevalence may also decrease prevalence. This 

is likely if carcasses only have low-level contamination post-scald as the removal of 
feathers and the washing effect of the water has the potential to `clean' carcasses. 

Examination of Figure 6.8 also shows that evisceration has a major impact on the 

extent of contamination on a carcass. Currently this section of the model has two 

main parameters, the probability that damage occurs, Da, and the probability that 

cross contamination occurs, Xc. Therefore, to investigate the effect of each of these 

one of the parameters Da and Xc was set to zero while the other remained as 
described by the associated distribution. Figure 6.10 compares the effect of both 

cross contamination and damage remaining as described by there associated 
distributions, setting Xc to zero and allowing only damage to occur, and setting Da 

to zero allowing only for cross-contamination. 

From Figure 6.10, when no damage to the viscera is allowed the prevalence of 
positive carcasses is reduced due to the mixed effects produced by cross- 
contamination previously described, and it can be seen from the corresponding 
distribution that it is more likely a carcass will have lower levels of contamination 
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than in the current situation. In contrast, when only damage is possible and there is 

no cross-contamination this results in no change in the prevalence of carcasses, as 

expected, as there is no cross-contamination effect. Further the associated 
distribution for the number of organisms contaminating a carcass is similar to that 

seen in the current model. Hence cross contamination has the greatest influence on 
the prevalence of contaminated carcasses following evisceration and damage to the 
innards has the greatest influence on the predicted number of organisms 

contaminating a carcass following evisceration. 
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Figure 6.10: Density distributions comparing the number of organisms 

contaminating a carcass when only cross-contamination can occur during 

evisceration (a), and only damage to the innards can occur during evisceration (b). 
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6.6 Discussion 

Within the model framework, it is assumed that scalding has no effect on carcasses 

which are uncontaminated, however in reality, this may not always be the case. It 

has been demonstrated that by use of a seeder bird artificially inoculated with a 

marker organism that scalding can result in the cross contamination of carcasses 
(Mulder et al., 1978). However, in this study all cross-contamination originates 
from a single carcass carrying a known number of organisms. The carcasses tested 

are those directly proceeding the seeder bird. Therefore the data presented are of 
limited use as they very loosely approximate reality. In addition, the data does not 

allow for any build-up of organisms from the submersion of multiple contaminated 
birds nor does it allow for the time elapsed between contamination of the scald water 

and the immersion of birds further down the processing line, for example, a flock 

processed later in the day. 

An approach could be developed to describe the cross-contamination of carcasses 
during scalding. However this would be complex in nature. Information would be 

required on how many organisms were on all the carcasses that had entered the tank 

up to the point that the carcass of interest is submerged and the time between these 

events. Further, information on the survival capabilities of campylobacter in the 

scald water accounting for changes in temperature and other properties such as 
NaC12 concentration with time, would be required. Competition factors associated 

with other micro-organisms in the scald water, would also need to be considered 

along with attachment properties to decide how many campylobacters successfully 
contaminate a given carcass. Several of these variables are currently unknown. 
Whether contamination of a carcass at this stage of processing would persist through 

the latter stages to the final product is questionable, but if so, the assumption made 
here may result in an under estimate of Pp,. 

Overall, there are currently three unknown variables in this model, these being the 

probability that damage occurs to the viscera during evisceration Da, the probability 
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that chlorine is used during chilling procedures involving water, r,, and the effect of 

portioning on the prevalence and microbial load of a carcass(es). These unknowns 

may have implications for the model results, however obtaining quantitative data for 

them may be difficult. 

(i). 

(ii). 

The probability that damage occurs during evisceration is assumed to be a 
uniform random variable between zero and one. In the field situation, this 

could be measured by observing an evisceration line and counting the number 
of times the viscera are impaired. However, there will be variability between 

processing facilities, production companies and possibly daily variability 
inherent in the probability of damage occurring making this a difficult variable 
to describe with certainty. Therefore, second-order modelling of any data 

acquired may be appropriate. 

During the chilling procedure the frequency with which chlorine is used as an 
additive to the chill water is unknown. This is a sensitive issue. Chlorination 

of the water has beneficial effects on the level of microbial contamination. 
Mead and colleagues (1989) demonstrated that although there is no effect upon 
the organisms that remain attached to a carcass, those that are washed into the 

chill water are prevented from re-attaching due to the chlorine. This makes 
chlorination of chill water a frequent retailer demand in GB. In contrast, the 
EU directive (EU, 1997) stipulates that only potable water may be used 
throughout the processing of chickens so as to ensure no residues are present 
on the retail product. Given the sensitivity of this issue, information with 
relating to the frequency of chlorination use in GB is difficult to obtain. 

(iii). It is assumed that portioning has no effect on the microbial load of a carcass. It 
has been demonstrated by sampling the same site before and after portioning 
that there was no significant change in the numbers of organisms present. 
However, at a facility with poor hygiene practices this may not be the case. If 
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machinery is inadequately cleaned or there is poor training of staff, portioning 

could potentially be a site of cross-contamination. 

Additional information relating to these unknown variables could result in a model 

which better describes the true situation, hence resulting in a potentially more 

accurate estimate of the outputs of this model. 

The model section which describes de-feathering considers 100 carcasses and the 

sequential removal of feathers and effect on proceeding carcasses. The 100th bird is 

followed through the rest of the processing stages. The number of carcasses was 

chosen to allow the distribution of cross-contamination to be adequately represented. 
However, there is the possibility that during processing the random bird selected 

may be the less than the 100th bird processed in the flock. Given that flocks are 
large (up to 42 thousand birds in size) the probability of the bird being in a position 
less than 100 in the slaughter line is low. As such it is unlikely that modification of 

the model describing de-feathering to allow for this possibility will have any 

significant impact on current estimates of Ppp and r)p. 

The results of this model indicate that de-feathering and evisceration are major 

stages in determining not only the probability that a carcass will be contaminated but 

also the extent of this contamination. De-feathering, despite reducing the numbers 

contaminating a carcass, increases the prevalence of contaminated carcasses due to 

cross-contamination resulting from the water sprays. It has been demonstrated that 

placing aluminium sheets between carcasses during de-feathering can reduce the 

level of cross-contamination (Hinton et al., 1996). During evisceration it was 
demonstrated that the greatest influence is from the occurrence of damage to the 

viscera. However cross-contamination is also of significance as when the 

probability of damage occurring to the viscera, Da, was set to zero and only cross- 

contamination was allowed to occur the prevalence of `positive' carcasses still 
increased from the previous stage, de-feathering (Figure 6.9). Therefore, changes in 

the way birds are de-feathered and a reduction on the occurrence of damage, which 
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could be implemented by more frequent use of manual evisceration or machinery 
that can account for the variability in carcass dimensions and containment of the 

level of cross-contamination, perhaps achievable by better staff training and more 
frequent/rigorous hygiene practices may result in a reduction in the probability that a 

carcass is contaminated at the end of processing. 

Currently, during evisceration, the possibility that carry-over occurs from the 

previous flock/previous day is accounted for by assigning a position to the selected 
flock in the processing day. One possible control measure is the slaughtering of 
classified negative flocks first in the day followed by the positive flocks. Given that 

negative flocks can be contaminated this will not eliminate contamination from such 
flocks but will reduce the extent of cross-contamination from other flocks for 

example during evisceration. 

6.7 Conclusions 

The processing of chicken meat is a crucial stage in predicting the microbiological 
profile of retail chicken products. Each stage of processing contributes in a unique 
manner to the final contamination level of a chicken product. 

In this chapter a model has been developed which investigates five of the ten main 

stages of processing. These stages were selected upon the basis of importance with 
respect to the campylobacter contamination levels on chicken products. The stages 
are scald, de-feather, evisceration, wash and chill. The model takes the form of a 
simulation model which, at each stage of processing, using the appropriate 
mathematical formulation estimates the effect of the stage upon the contamination 
level of a carcass. Hence the result is an estimate of the number of campylobacter 
that will contaminate a processed product. This then enables an estimate of the 
probability that a random product will be contaminated post processing. The 

167 



Chapter 6- Simulation model describing the slaughter and processing of chicken 

products considered are both whole and portioned chicken carcasses that are to be 

sold as either fresh or frozen products. 

The data available to parameterise the change that any one process may have upon 
the contamination level on a carcass mainly consist of small sample sizes, and are 

often reported simply as a mean value of a group of samples. As such there is a high 

level of uncertainty with respect to the form of the distribution describing the 

processing effects. As such second-order modelling is used as described in Chapter 

2 enabling quantification of the level of uncertainty resulting from the small data 

sets. 

In summary, the model described here simulated the slaughter and processing of a 

random bird selected from a random flock in GB. On average a carcass has a 

probability of 0.8 of being contaminated at the end of processing. This probability 

ranges from 0.73 to 0.90 suggesting that processing may have mixed effects on the 

prevalence of contaminated carcasses. The likely number of organisms 

contaminating a carcass has a mean uncertainty interval of 5.43 to 6.28 log cfu per 

carcass, with a 950' percentile uncertainty interval of 5.96 to 6.65 log cfu per carcass. 
It was demonstrated that de-feathering and evisceration are important in controlling 
the probability that a carcass is contaminated at the end of processing and the 

associated level of contamination. There are several measures that could be taken to 

reduce the probability that a carcass is contaminated and the microbial loads, such as 

adjustments of current processing practices. However without adequate staff 
training in good hygiene practices and adequate routine cleaning the effect of these 

costly adjustments may be limited. These stages should be areas of focus for future 

research with an aim to identify ways in which the increases in prevalence and 

contamination levels can be minimised. 
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Chapter 7. The preparation and cooking of a chicken product 

7.1 Introduction 

The majority of cases of food poisoning are associated with exposure to pathogenic 

organisms as a result of the preparation of meals in the home (Altekruse et al., 
1998). In a UK National Food Safety Report (Griffiths et al., 1998) only 40% of 

respondents claimed to store food according to recommended practices and over half 

indicated they did not follow manufacturers instructions for preparing and cooking 
food. 

The consumption of under-cooked food is well recognised as a risk. In addition, the 

direct or indirect cross-contamination of cooked products by raw products, 

combined with poor storage are also major concerns when food is prepared in the 

home (Worsfold & Griffith, 1997). Direct contamination of food products involves 

the passage of pathogens from a contaminated source directly to the food item. 

Indirect contamination occurs when pathogens are transferred from a source, via a 

vehicle, to the food product. The main vehicles for indirect contamination are 
hands, equipment, utensils, surfaces and kitchen cloths. 

The full extent to which cross-contamination is responsible for causing food related 
illness in the UK is yet to be determined. Information on consumer food safety 
behaviour has been derived mainly from questionnaires and telephone surveys. 
However, the use of interviews and questionnaires has a number of limitations. The 

greatest obstacle being that it can be difficult to interpret and verify the responses 

with individuals often claiming a better standard of hygiene than is in practice. Of 

most use is data involving actual observation of individuals during the preparation of 

a meal. Such data sets are sparse but two have been presented by Worsfold and 
Grffith (1997) and Jay et al., (1999). These data demonstrate that the occurrence of 

cross-contamination during preparation of food and the inadequate cooking of foods 

are not uncommon. 
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In this chapter a model is presented which estimates the likelihood and magnitude of 

exposure to ('ampylobacter spp. as a result of the preparation and consumption of a 

serving of chicken in the home. There are three main sections to the model, these 

are the storage of the chicken product prior to cooking, preparation of the meal 

which includes the chicken product, and the consumption of a serving of the 

prepared meal. These sections are inter-linked and hence all three are crucial to 

predicting exposure. The way in which these three sections are linked is illustrated 

in Figure 7.1. The accumulation of the sections shown in Figure 7.1 results in an 

estimate of the probability of exposure to campylobacter and, given exposure the 

number of campylobacter ingested. Throughout this chapter exposure is defined as 

the ingestion of one or more cfu of campylobacter. 

'Contaminated 
Product 

Figure 7.1: Illustration of the three sections of the model to estimate the likelihood 

and magnitude of exposure to campylobacter from the consumption of a chicken 

meal in the home. 
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7.2 Estimating the number of organisms 

ingested 

As illustrated in Figure 7.1, in the first instance, the model considers storage of the 

product from the end of processing to preparation. More specifically, this is the 

period of time for which the product is subject to either refrigerated or frozen 

storage. In this way, the link is made between the end of processing and the 

preparation of the meal. The storage incorporates anytime which the product may 
have been stored at retail as well as storage in the home. The model then estimates 

the effect of such storage upon the contamination levels of the product. Next, the 

stages of preparation which may have an impact upon the level of campylobacter 

contaminating a carcass, and the occurrence of cross-contamination in the kitchen, 

are investigated. These stages are the washing of hands, the washing of vegetables 

and the use of a contaminated preparation surface. Subsequently, the product is 

cooked. This results in some reduction of the level of contamination on the product. 
Finally, the number of organisms ingested is then given by the sum of those 

remaining after cooking, and those which are cross-contaminated and get ingested. 

Initially, based on the outputs from the processing model described in Chapter 6, 

each chicken product is assigned a history. More specifically the product is assigned 

a contamination status and a level of contamination. 

The contamination status is given by 0, where 0, r: {0,1} so that 0, F=1 means that a 

given product is contaminated, and 0, =O means that the product is not contaminated 

with campylobacter. The condition 0, =1 occurs with probability PPP , therefore 0, 

=0 with probability 1- PPP where Ppp is the probability that a product is 

contaminated at the end of processing. If 0= 1a given product is assigned rjp 

contaminating organisms where rip is the number of organisms contaminating a 
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product at the end of processing. The variables PPP and ? 1P are generated from the 

model described in Chapter 6. 

Next, the storage and subsequent preparation are considered. As defined in Chapter 

6, at the point of sale, a random carcass is product type 0, 
, where 

0, _xp, (cw, #Rp, 
ßw j such that ap represents a portioned fresh product, aw 

represents a fresh whole product, that is a whole carcass, /3 
pa 

frozen portioned 

product and /j� a fresh whole product. Freezing includes only manufacturers 

freezing of the product. That is the product is purchased frozen. Currently, there is 

no information regarding the frequency with which a product will be purchased 

fresh and subsequently frozen in the home prior to consumption and hence this is not 

currently considered in the model. Finally a preparation status is assigned. This is 

defined as 0o, 
r, where 9P, 

rp E {0,1} such that OP, 
pp =1 means that prior to 

consumption some preparation will be carried out and O. 
,P=0 means that prior to 

consumption no preparation will occur, however the product will be handled in 

some way. The value of 0p, 
pp 

is given by the following condition 

BpKp =1 
9, =a,., Qw 

0 9, =ap, /jP 

The total number of organisms which contaminate a chicken meal, and are 

subsequently ingested is a function of the number of organisms which survive 

storage, and are ingested as a result of either cross contamination of or inadequate 

cooking of the meal. As such, the number of organisms ingested from a random 

serving of chicken, defined as qexp, is given by equation (7.1). 
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)7, v _ ? 7p, + 7ý (7.1) 

Here, q, is the number of organisms surviving cooking and hence ingested, and 

. 7ý is the number of organisms cross-contaminated during preparation that are 

ingested. Both j7p, and i are a function of the number of organisms which 

survive storage of the chicken product, defined as j7ps . 

From equation (7.1) it is necessary to first estimate the number of organisms which 

survive storage, and hence contaminate the product at the point of preparation. 
Following this, the effects of preparation and cooking can be quantified. 

7.2.1 Estimating the effect of storage 

The quantification of the effect of storage the number of organisms that will survive 

storage, that is zjps , 
is dependent upon the manner in which campylobacters respond 

to temperature and other environmental factors to which they may be exposed 
during this process and the period of time of exposure. 

Modelling the response of bacterial populations to 

environmental conditions 

Describing the response of bacterial populations to environmental conditions is an 

extensive field of scientific research. Such descriptions often consider the growth of 
the bacterial population. Numerous models are available to described the response of 
a given organism to changes in the environment over time. These range in the level 

of both mathematical complexity and the extent to which the models describe the 
biological processes occurring. Such predictive models are grouped into one of three 

174 



Chapter 7: The preparation and cooking of a chicken product 

classes, these are primary, secondary and tertiary models. Primary models describe 

the growth or inactivation curve observed over time when a population is exposed to 

a given temperature. Secondary models introduce another level of complexity in 

that they describe the kinetic parameters of primary models in terms of the 

environmental conditions such as pH and salt concentration. Tertiary models 
integrate all the information regarding the way in which the given organisms 

responds to all aspects of the environment and often utilise decision support systems 

to predict growth. 

The simplest way to describe growth and decline is to assume first order kinetics. 

Bacterial growth is often described by sigmoidal curves. An example is the 

exponential model. Given a population of bacteria where growth is unrestricted the 

rate of increase in the population is proportional to the size of the population itself. 

This can be expressed as 

dIV 

dt 

Where N is the size of the bacterial population, t is time and p is some constant 

which describes the rate at which the population changes with t. When solved for 

N the result is 

N= Noe14 

On taking logarithms the result is equation (7.2). This is referred to as the 

exponential model describing bacterial growth. Here, µ is defined as the specific 

growth rate constant. 

lnN=lnNo+g (7.2) 
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The death of bacteria is usually most simply described by the Arrhenius equation, 

that is 

log10 N= loglo No - 
kt 12303J 

E. 

where k= Ae1 T, A is the pre-exponential factor, E. is the activation energy, R is 

the molar gas constant, and T is the absolute temperature. However, in most cases 

researchers do not quote such detailed properties for a given bacterial species and 

usually refer to the D-value. The D-value is the time required to observe a1 log 

reduction in the population size, in minutes. As such, the Bigelow model (Nauta, 

2001) can be adopted where the inactivation rate is a function of temperature. The 

result is equation (7.3). 

log N= log No -t D 
(7.3) 

Several sigmoidal functions have been used to empirically describe the growth and 

inactivation curves, for example the logistic, Gompertz, Richards and others 
(Zwietering et al., 1990). However, models based on the life cycle have also been 

developed (Whiting & Cygnarowicz-Provost 1992). In general, models describing 

growth or decline are empirical models or analytical solutions of differential 

equations, describing the number of micro-organisms in time under constant 

environmental conditions. 

Secondary models are commonly divided into three main categories. These are 

square root models, Arrehenius type models, and polynomial models. Ross and 
McMeekin (1994) have comprehensively described these models in a review paper 

on predictive microbiology. An example of a secondary growth model is the 
Gamma model, which is given by 

N, = Noe"°ý(`-x) 
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Where 

p,,,, = p0ýY(T)Y(PH)Y(a. 

z 

Y(T) = 
T-Turin 

Topf - Turin Toff -T. mn 

ýt'(PH 

- PHmin XYP_Hmex 
- pH) 

y(pH) = HOPf 
- PHm; n JIPHm. - PHoPr ) 

_. 
f 

_N 
aw - 6iwmin 

YluM1= 
1-a�. j. 

This model describes the specific growth rate in terms of the environmental 

conditions. Specifically the temperature, T, pH and water activity a� and the 

minimum, maximum and optimum growth requirements of these environmental 

characteristics. These three characteristics are organism specific and therefore 

require information regarding these characteristics for any given bacterial species. 
There are many other models available, these have been described in detail by 

McMeekin et al. (1993). 

Crucial to using any growth or inactivation model is adequate data for a given 
bacterial species. The availability of such data can have an impact upon the model 

selected to describe a particular organism response to the environment. For example, 
the exponential model only requires the specific growth rate constant, however the 

gamma model requires parameters, which not only describe the response to 

temperature but also the way in which the species will respond to pH, water activity. 
However, in contrast to the exponential model the gamma model provides 

quantitative insight into the relevance of several environmental conditions for 

growth. Thus it provides a more detailed biological description of the processes 

occurring. 

There are very few data available which describe the response of campylobacters to 
temperature, pH and other environmental factors. Of the data available, most studies 
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only include a limited number of temperature points at which the relationship has 

been determined, with very few studies looking at the combined effects of 

temperature, pH, water activity and others. 

Data available to model the response of campylobacter 

populations 

Comparison of available studies suggests that the food matrix has an important role 

to play in the survival of campylobacters in response to changes in temperature. 

This is highlighted by Bandres et al (1988) where a direct comparison of the 

survival of several entero-pathogens in a variety of foods is carried out. The results 

clearly show that the survival traits of a given species is dependent upon the food 

vehicle. 

There is very little data in the literature that considers the response of campylobacter 

to temperature, when in chicken meat. Studies involve mediums from ground beef, 

brucella broth, milk, water melon, water, pork, turkey roll, red meats, oyster, fish, 

and a variety of cooked foods. Despite the assumed importance of chicken in the 

epidemiology of campylobacter food poisoning it is surprising that so few studies 
involve chicken meat as the response medium. 

The data available show clear differences in the manner in which different strains of 

campylobacter respond to temperature. Doyle & Roman (1981) tested 3 separate 

strains for the effect of temperature on the generation times and 5 separate strain 

measuring the effect of temperature on the D-values. The results demonstrate the 

inter-strain variability present. These findings are supported by other researchers 
(Sorqvist, 1989; Waterman, 1982; Gill & Harris, 1982; Hanninen, 1981; Christopher 

eta!, 1982) 

It can be seen that modelling the change of bacterial populations in response to the 

environment is a well established field of scientific research. There is extensive 
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published literature available on the subject and an overall introduction to the area is 

provided by McMeekin et al. (1993). 

Campylobacter are thermophillic in nature and therefore will not grow during 

storage. As such, during refrigeration and freezing, inactivation of campylobacter is 

the only consideration. Several studies demonstrate that campylobacter have high 

death rates during cold storage, especially during frozen storage. It has been 

demonstrated that only 4 weeks of frozen storage are necessary to render a 

previously contaminated product uncontaminated (Rosef et al., 1984). 

Survival during refrigeration and storage 

To describe the effect of refrigeration, the Bigelow model is used to predict the size 

of the population after some time, t, of refrigerated storage. More specifically 

loglo(? Jv, R)= log,, 
( 
YlPP)- 

where qp, R is the number of organisms contaminating a product following 

refrigerated storage, app is the number of organisms contaminating a product post- 

processing, and D is the D-value for campylobacter. The time for which the product 
is stored is based upon data from a consumer survey (MAFF, 1991). The range of 
temperatures at which a chicken product will be stored in the retail environment and 
the home is currently unknown. Therefore an assumption is made that refrigerated 
storage will be at 4 °C. As such the D-value is that measured for campylobacter at 4 

°C, and is given by Koidis & Doyle (1983). 

To describe the effect of frozen storage, a regression model was fitted to the 

experimental data of Aho & Him (1988) using least squares. This data set describes 

the relationship between the time of storage and the proportion of the initial 
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campylobacter population which survives such storage. The data are given in Table 

7.1. Inspection of the data suggest that the proportion of the population which 

survives over time follows exponential decay, hence an exponential regression 

model is fitted to the data points to calculate the rate of exponential decline. The 

predicted regression line and the data points are plotted in Figure 7.2. The 

regression equation is F=1.2e-1.9802' and the R2 value is 0.91. Hence, from the rate 

of exponential decline, F= e-1'9802t where F is the proportion of the population 

which remains after storage for time t. 

Table 7.1: The survival of campylobacter during frozen storage over time, after Aho 

& Him (1988) and calculated proportion of initial population remaining over time. 

Time (weeks) Population size (log cfu) Proportion of initial population remaining 

0 
1 

2 

3 

4 

5.5 1.0000 

4.7 0.1580 

3.7 0.0168 

3.7 0.0168 

1.7 0.0002 
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Figure 7.2: Plot of the data points and regression line quantifying the relationship 

between the proportion of the campylobacter population remaining with time during 

frozen storage 

Therefore, the number of organisms which contaminate a product post storage is 

given by the following condition 

[j7pS(R) 9S - aw, an 
77 s, I i7PPF es 

= 
ß., ß, 
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7.2.2 Preparation of the product 

During the preparation of the chicken product, the focus is the occurrence of the 

cross-contamination of campylobacters which may subsequently be ingested and 
hence pose a risk. The number of organisms that are cross-contaminated is defined 

as q, . When considering the cross-contamination of campylobacter in the domestic 

setting there are three key stages. These are handling the raw chicken and failing to 

wash the hands, subsequently handling vegetables and failing to wash the vegetables 

and not cleaning the preparation surface after contact with raw poultry. There are 

several further events that could occur during the preparation of a meal however 

only these three are considered. This is because campylobacters are unlikely to 

grow in the kitchen environment, as they are thermophiles. Hence, the effects of 

storage at room temperature, failure to cool cooked foods appropriately and several 

other events associated with an increased risk of a food related illness are assumed 
to be negligible when the organism of interest is campylobacter. 

The order in which these stages are considered by the model is important. First the 
individual, if necessary, handles the product in some manner that organisms may 

contaminate the hands of the individual. If the individual then washes their hands it 

is assumed that they are adequately cleaned (Haas et al., 1999) and the hands then 

pose no risk. However, if they fail to wash their hands then there is the opportunity 
for the organisms present on the hands to transfer to other items or food products. In 

this model, the transfer to vegetables from the hands is explicitly considered. 
However, as with the contamination of the hands, if the individual washes the 

vegetables prior to cooking/eating then there is assumed to be no risk via this 

pathway. Next the preparation of the chicken is considered. If the product is 

prepared in some way, that is O,, 
,, =1, it is assumed that some preparation surface 

is used. This could be a plate or a chopping board. If this is not cleaned after the 
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chicken has contaminated the surface then the organisms which now contaminate 

the surface may pose a risk. 

It is not the aim of this model to incorporate all possible ways in which an individual 

may ingest organisms as a result of cross contamination. Rather, the three scenarios 

above are considered and then it is assumed that the organisms which are 

contaminating the hands, vegetables and/or the surfaces are ingested by some 

mechanism without explicitly specifying that mechanism. There are numerous 

pathways by which organisms contaminating the hands of an individual or a work 

surface can become ingested. There may be several indirect cross contamination 

events, which result in the contamination of a food, or the organisms may be 

ingested directly from the hands, for example, by licking the fingers. The pathways 

are numerous and highly variable between individuals with factors such as level of 

education, social status, gender, age and many more playing a role in the manner in 

which an individual behaves in the kitchen (Worsfold & Griffiths, 1997; Jay et al., 
1999; De Boer et a!., 1990). 

For each product, a random individual prepares the meal. Dependent upon the 

preparation status of the product, Op1Cp, each individual is assigned a profile of how 

they will prepare the meal and which of the cross-contamination events will occur. 
More specifically, each individual is assigned a status regarding whether or not the 

hands, vegetables or preparation surface are cleaned after direct or indirect contact 

with a chicken product. If eprep =0 then no preparation is required, hence 

contamination of the surface is not considered. 

The hand status is defined as Hw where Hw e {0,1} such that Hw =1 means that the 

individual failed to wash their hands after handling a chicken product and H� =0 

means that the individual did wash their hands post handling. The probability that 

an individual will wash their hands after contact with a chicken product is defined as 
PH. As such the condition Hw =0 occurs with probability PH , therefore H. =1 
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occurs with probability 1- PH . The vegetable status is defined as V� where 

V, E {0,11 such that V. =1 means that the individual failed to wash the vegetables 

after handling and V� =0 means that the individual did wash the vegetables. The 

probability that an individual will wash the vegetables is defined as Pv. As such the 

condition V. =0 occurs with probability PV , therefore V� =1 occurs with 

probability 1- Ps,. Similarly, the preparation surface status is defined as S. where 

S� E {0,1} such that S� =1 means that the individual failed to wash the surface after 

preparation and S� =0 means that the individual did wash the surface after 

preparation of the product. The probability that an individual will wash the 

vegetables is defined as Ps. As such the condition S� =0 occurs with probability 

Ps, therefore S,, =1 occurs with probability 1- Ps. If 9pýa =0 then S� = 0. 

The probabilities PH, Pv, and PS are estimated using data from an observational 

study carried out in the UK. In this study, 108 individuals were asked to prepare a 

meal and the number of people which performed pre-defined action during 

preparation was recorded. The results for the number of people that washed their 

hands after handling raw chicken, failed to wash the vegetables and failed to clean 

the preparation after contact with the raw chicken are shown in Table 7.2 along with 

the resulting distributional assumptions for the probability of occurrence. In each 

case the probability of occurrence is defined by use of the beta distribution. In this 

way the uncertainty in the probability of occurrence of each action is described. 
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Table 7.2: the number of individuals who performed out a particular poor hygiene 

action during the preparation of a meal. Total sample size was 108 individuals 

(After Worsfold & Griffiths, 1997). 

Action Percent Distributional 

occurrence assumption 
Failure to wash hands after handling raw 58 Beta(63,46) 

meat 
Failure to wash vegetables 41 Beta(44,65) 

Failure to clean preparation surface for 60 Beta(65,44) 

preparation of different products 

Once the preparation profile is assigned the levels of organisms contaminating the 

hands, vegetables and surface are estimated. In each case, that is transfer from 

product to hands, hands to vegetables and product to preparation surface, it is 

assumed that some proportion of the total number of organisms contaminating the 

product have the potential to be transferred. This is a result of the proportion of 

organisms that come into direct contact with the hands, vegetables, and preparation 

surface. 

There are no data which provides information about the levels of contact which 

occur during preparation of a chicken meal. Therefore it is assumed that in each 

case, the proportion of product which contacts the hands and preparation surface, 
defined as pc, is uniformly distributed between / and 36 of the total surface area 

of the product, that is pc - U(, V6). It is likely that the organisms will not be 

uniformly distributed about the product, there may be some clustering in specific 

regions of the product. To address this issue, the number of organisms that are 

present on the contact surface and hence have the potential to transfer is defined as 

ic,. The asterisk denotes the stage of preparation being considered such that 

indicates contact with hands and r7., indicates the contact with the preparation 
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surface is occurring. Estimation of parameters such as 17: � which allow for 

microbial clustering has been defined by Nauta (2001) and is given by 

r7: � - Binomial(ij , Beta(b, b(pc -1))) 

Here, the parameter b is a measure of the degree of clustering, that is the variability 
in the number of organisms that contaminate each proportion, of size pc, of the 

product. This is a relative value which is an integer >1. The greater the value of b 

the lesser the extent of the variability. The result is a variability distribution for the 

number of organisms which contaminate the proportion, pc, which contacts the 

hands or preparation surface. 

The value that the parameter b should take is unknown. Nauta (2001) carried out 

an expert consultation to determine the value of b for clustering of Escherichia coif 
on raw beef carcasses. The mean value determined was 4. This value is assumed to 
be appropriate for the clustering of campylobacter on chicken. 

Given the number of organisms which contact the surface and hence have the 

potential to transfer, the proportion of these that will transfer is given by yl . The 

rate of transfer for campylobacter is unknown and has not been the subject of 

experimental studies to date. However, transfer studies have been conducted for 

several other organisms, (Mackintosh & Hammonds, 1984) these data demonstrate 

that transfer rates vary between bacterial species. In these trials, transfer from the 
hands to a cloth, and vice versa was specifically considered. As such, these data 

cannot be used to calculate transfer probabilities as required by the model described 

here. Further data are presented by Zhao et al., (1998). This study investigates the 
transfer of organisms from a chicken portion to a cutting board. Although this study 
does not use campylobacter, it is assume that the transfer rates are equivalent. 
Further, it is assumed that the transfer rate from product to chopping board also 
apply to transfer from product to hands, and hands to vegetables. To incorporate 
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variability in this transfer rate, it is assumed that the minimum proportion of 

organisms which transfer is 0, the maximum proportion of organisms which transfer 

is 0.15, and the most likely proportion is 0.1, the value reported by Zhao et al., 
(1998). These are then incorporated in a triangular distribution, that is 

y, = T(0,0.1,0.15). Should more data become available, this distribution can be 

updated in the model to better reflect the transfer of campylobacter. 

The number of organisms which are cross contaminated during the preparation of 

the chicken meal and hence have the potential to be ingested, defined as ? Imo is given 

by equation (7.4). 

(LHw'I 
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1 [HWPSY, I+ {Vj, (H,. rll YA Bprep =0 

(7.4) 

The proportion of organisms which are cross contaminated that are ingested with the 

meal is unknown. This proportion is highly variable between individuals and 
different meals prepared by any given individual. Therefore, it is assumed the 

proportion of organisms which are cross contaminated that are ingested, defined as 

is is uniformly distributed between zero and the total number cross-contaminated. 

This translates to ij - U(O, r7., ) . 

7.2.3 Cooking of the product 

The number of organisms that survive the cooking process and are subsequently 
ingested is defined as ; 7,,. This number is a function of the starting population and 

survival characteristics of campylobacter. As previously described, the survival and 
growth characteristics of campylobacter are temperature dependent. However, in 
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contrast to storage, during the cooking of a product the temperature will be time 
dependent. As the product is to be cooked a measure of the temperature of the 

product throughout cooking is required to estimate the decline in the contaminating 

population. This can be achieved by modelling the rate at which heat passes through 
the product over time during cooking. 

Modelling the transfer of heat during cooking 

Given an object of homogeneous material, there will be an energy transfer rate 

within the object. This rate is defined as q and is governed by Fouriers' law, which 

results on the expression 

or 
8x 

Where is the temperature gradient in the body, k is the thermal conductivity of 

the material and A is the area. If the temperature profile is linear then becomes 

OT-T-T, 

dz x2 -XI 

Such linearity exists in a homogeneous medium of fixed thermal conductivity during 

steady state heat transfer. Steady state transfer occurs when the temperature 
throughout the object is independent of time. However, if the temperature is time 
dependent, this is referred to as time varying transfer (Pitts & Sissom, 1998). 

The conductive heat transfer rate at any point within a medium is related to the local 

temperature gradient by Fouriers law. From the temperature distribution the 
temperature gradient at any location can be derived and consequently the heat 
transfer rate. 
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Consider a cube which is subsequently heated. This results in an energy flux 

throughout the cube. This flux is a three-dimensional vector. The general 

conduction equation describing the rate of change of temperature with time is given 
by 

ök öT 
+äk 

öT 
+ö 

(kL)+q'_ 1 OT 
dx cýx äy cýy (9Z äz a at 

Where q' is the rate of heat generation per unit volume. However, this is often 

equal to zero, thus given a constant thermal conductivity throughout the body, this 
becomes equation (7.5), which is known as the Fourier equation. 

82T 02T 02T 1 OT 
++_ -- az2 Öy2 aZ2 a al 

(7.5) 

When a body is in steady state heat conduction the left hand side of the above 

equation equates to zero. However, when considering the cooking of a chicken 

product the temperature is varying with time and hence Fouriers equation is applied. 

To illustrate how such techniques can be applied to the problem of modelling the 

rate of heat transfer in a chicken predict, the situation is simplified such that the 

product can be represented by a rectangular slab of finite thickness. The flow of 
heat is assumed to flow in only one direction. This could be thought of as 

representing pan frying of a portion of chicken breast meat. However, in reality 
there may be flow of heat in the y and z directions within the product. 

The temperature at any point within a product is dependent upon several factors. 
These include the temperature of the surrounding medium, the geometry of the 
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product, and the products' heat transfer coefficients. Initially, assume that the 

temperature only moves through the product in a single direction. The temperature, 

at any point x in the product at time t, denoted 7, is then given by 

Tl= Tm +0 
,xt, x 

(To 
- Tm ) 

where To is the initial temperature of the product, T. is the temperature of the 

heating medium, x is the distance of the sector from the centre of the product and 

9,,, is the rate of heat transfer at point x and time t. 

Under the assumption heat transfer is uni-directional it can be assumed that the 
2 

product is of very large dimensions in the y and z directions. As such, 
aT 

=0, 
aye 

2 

and 
0z=0 

and the Fourier equation can be simplified to yield equation (7.6), the 

one-dimensional conduction equation. 

ate i ao 
axe aat 

where 0 is the rate of heat transfer. 

(7.6) 

The approach discussed above has been illustrated by Hartnett et al., (2001). The 

authors assume a one dimensional slab model, described above, is appropriate. An 

assumption is made about the distribution of organisms at various depths below the 

surface and the number of organisms surviving at each depth as a function of 

temperature and time are then calculated using the model described above. The 

results are illustrated in Figure 7.3. 
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Figure 7.3: Graph showing the manner in which temperature at different depths 

increases and the bacterial population present at that depth decreases as heating 

proceeds, as described by the one dimensional heat transfer model for a slab of 

chicken of finite thickness. 
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The method presented above can be adjusted to model the transfer of heat in two- 

and three-dimensional systems. This involves solving the Fourier equation for the 

appropriate geometry as functions of x and y for two-dimensional and x, y, and z for 

three-dimensional situations. The mathematics of such models have been studied 

and there are several techniques presented to solve such equations. The relationship 
between the temperature of the surrounding air in an oven and the temperature of a 

point in the chicken in three dimensions has been described in the scientific 
literature. These models are mathematically complex and take the form of partial 
differential equation models solved in a number of ways including analytical 
techniques (Chen et al., 1999) and finite element methods (Ngadi et al., 1997) to 

estimate the three dimensional temperature distribution in chicken products during 

oven cooking. 

As the mathematics for simple geometries such as cubes and cylinders has been 

extensively studied several charts are available for example Heisler charts, which 

relate the heat flow to the physical properties, such as thermal diffusifity, and size of 

the object subject to heating. These are presented in Pitts & Sissoms (1999). 

To implement the one dimensional heat transfer model described above it is 

necessary to define the distribution of organisms throughout the product as a 
function of depth from the surface. The majority of the organisms will contaminate 
the surfaces of the product rather than the muscle as a result of the cross 

contamination, which occurred during processing. However, it is currently an area 

of scientific debate whether campylobacters penetrate the muscle and are therefore 
found at a variety of depths within a product (Tom Humphreys, personal 

communication). However, there is currently no scientific evidence of such an 

occurrence. As such it is not necessary to develop a complex heat transfer model 
predicting the temperature within the product during cooking. 
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7.2.4 Model description 

In this chapter, the model chosen to describe the way in which a campylobacter 

population changes with temperature is driven by data availability. From the data 

for campylobacter FRI-CF8, campylobacter is a sensitive organism, with high death 

rates at temperatures above 50 °C. Cooking of chickens is likely to take the product 
to temperatures above this. As there is data available providing a thermal profile for 

the temperature of a chicken product over time during cooking, a simple empirical 

model can be developed to describe the change in temperature of the product over 

time. Given the lack of data available in the published literature which refers to the 

response of campylobacters to environmental conditions the simple exponential 

model is chosen to describe the way in which growth responds to the changes in 

temperature which may occur during cooking. 

The temperature of the chicken product over time is estimated from experimental 
data. Kelly et al., (2000) present temperature profiles for the internal and external 

temperature of chicken drumsticks when oven roasted. The data is shown in Table 

7.4. Similar profiles are given by Bryan et al., (1971), Bryan & McKinley (1974), 

Lyon et al., (1975), Chang et al., (1998). Inspection of the data suggest a 
logarithmic function is appropriate to describe the change in temperature of a 

chicken product as heating proceeds. Using the method of least squares, the 

regression model quantifying the relationship between the temperature of the 

product during cooking, T(t), and time is given by T(t) = 46.747 ln(t) - 94.05 where 

R2 = 0.95. The predicted regressions line and data points are plotted in Figure 7.4. 
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Table 7.5: Experimental data showing the internal temperature of a chicken 

drumstick during oven roasting. 

Time (mins) Internal temperature °C 

0 14.9 

5 14.9 

10 13.7 

15 28.8 

20 43.2 

25 56.2 

30 68.6 

35 78.0 

40 85.8 

45 83.7 

50 93.3 

55 94.9 

60 82.1 
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e I 

" data points 
predicted line 

10 20 30 40 50 60 
Time (mine) 

Figure 7.4: Graph showing the experimental data in comparison with the 

corresponding points predicted from the regression equation 

T(t) = 46.747 In(t) - 94.05 to estimate the temperature of a chicken product during 

cooking. 

The manner in which temperature changes with time during the cooking process is 

described by T(t). The amount of growth or inactivation can be estimated by 

considering each time step and re-evaluating equation (7.6) for each time interval 

until cooking stops. This usually requires knowledge of how long individuals cook 

chicken meal, this is data which is currently unavailable. An alternative approach is 

possible, however, in the US, a large survey was conducted during which 
individuals were asked to measure the temperature of the chicken product 

immediately after they had cooked the item (Audits, 2001). This information 

enables both the temperature at which the product was cooked and the amount of 

time for which the item was cooked for to be calculated. The temperature to which 

a product is cooked is defined as T,, 
op. 
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The model begins at a starting temperature of the product. It is assumed that all 

products begin the cooking process from room temperature, 18°C. At each time step 

the temperature of the product is re-calculated from the regression relationship 

described above. The time steps are 5-minute intervals. This continues until the 

temperature of the product reaches T,,,,. This is equivalent to a cooked product. As 

the model is carried out in time steps, it is not a continuous representation of the 

process, rather assumes a stepwise progression in temperature over time. Reduction 

in the magnitude of the time steps would lead to a model which approaches the true 

situation. However, this would result in an increase in simulation time and is 

unlikely to have a significant impact upon the model results. 

Now that a model has been developed to describe the manner in which temperature 

of the product changes throughout the cooking process it is necessary to predict the 

response of the campylobacter populations to such temperatures. Thus, enabling 

predictions of the level of contamination on the cooked product to be made. The 

model chosen to describe the way in which a campylobacter population changes 

with temperature is driven by data availability. Given the lack of data available in 

the published literature which refers to the response of campylobacters to 

environmental conditions the simple exponential model is chosen to describe the 

way in which growth responds to the changes in temperature which may occur 
during cooking. From the data for campylobacter FRI-CF8, campylobacter is a 

sensitive organism, with high death rates at temperatures above 50 °C. Cooking of 

chickens is likely to take the product to temperatures above this. 

The size of the bacterial population after exposure for a given amount of time, t at 

temperature T is given by equation (7.7). 

T< Tý 
N' - 

{1O 

NCý-ný (D) T => T 
, 

(7.7) 
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Here N(, 
_1) 

is the population size at the previous time step, prior to exposure to the 

temperature for time t, p is the specific growth rate constant and D is the D-value, 

that is the time required for a1 log reduction in the size of the bacterial population at 

a given temperature. The above is an accumulation of the exponential models for 

growth and inactivation. As such, the model describes the growth of campylobacters 

in the exponential phase. The parameter T. is the temperature at which growth does 

not occur and the numbers of campylobacter begin to decline. The temperature at 

which growth ceases and inactivation begins is T= 46°C (Doyle & Roman, 1981). 

Given the variability that is evident between strains of campylobacter data is chosen 

upon the basis of the availability of measurements at a range of temperatures for the 

same strain. There is no such data available with measurements taken in chicken 

meat, therefore, data sets are combined to provide a response profile across 

temperatures for a given single strain. From the literature, a range of temperature 

measurements were available for only a single strain, that is C. jejuni FRI-CF8. 

This data will now be described. 

For the survival during storage data from Koidis & Doyle, (1983) using C. jejuni 

FRI-CF8 is used. The measurements were taken in Brucella broth. Growth is 

parameterised using the data from Doyle & Roman (1981) covering temperatures 
from 25 to 47 °C using C. jejuni FRI-CF8. As growth is being considered, only 

those temperatures which are in the permissible growth range for campylobacters 

are used, that is 32 to 45 T. Inactivation is measured using D-values presented by 

Doyle & Roman (1981) for using C. jejuni FRI-CF8 and Gill & Harris (1982) where 

a strain referred to as animal strain 6 was used. No data are available for 

temperatures corresponding to these reported by Gill & Harris (1982) for C. jejuni 

FRI-CF8, therefore an assumption is made that animal strain 6 displays the same 

survival characteristics as C. jejuni FRI-CF8. 

To describe the rate of growth during cooking, the specific growth rate, p, is related 

to temperature. To describe the effect of temperature, a regression model was fitted 
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to the experimental data using least squares to quantify the relationship between the 

specific growth rate and temperature of the product, using data presented by 

Blankenship & Craven (1982). The data are given in Table 7.3. Inspection of the 

data suggest a logistic model is appropriate. Therefore, a logistic regression model 

was fitted to the data and the predicted regression line and the data points are plotted 
in Figure 7.5. The regression equation is µ=1.4943 ln(T) - 5.0885 and the R2 value 

is 0.95. 

Table 7.4: Experimental data showing the doubling time, and hence the associated 

specific growth rate constant as a function of temperature (after Blankenship & 

Craven, 1982) 

Temperature Doubling time (td) Specific growth rate (µ = 22 ) 

32 11.1 0.06 

35 2.96 0.23 

37 2.16 0.32 

42 1.24 0.56 

45 1.28 0.54 
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Figure 7.5: Graph showing the experimental data in comparison with the 

corresponding points predicted from the regression equation 

p =1.49431n(T)-5.0885 to estimate the specific growth rate constant for 

campylobacter in response to the temperature of the chicken product. 

Similarly, the D-value, is also related to temperature. Data presented by Doyle & 

Roman (1981) and Gill & Harns (1982) suggests that an exponentially declining 

function can be used to describe the effect of temperature. Hence, an exponential 

function was fitted to the experimental data using least squares to quantify the 

relationship between the D-value and temperature of the product. The data are given 

in Table 7.4 and the predicted exponential function and the data points are plotted in 

Figure 7.6. The regression equation is D =14926e-0.169T and the R2 value is 0.92. 
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Table 7.4: Experimental data showing the D-value in minutes as a function of 

temperature 

Temperature D-value (mins) Reference 

8 

6 

$ý 
ý 
ý4ý 

ý 

2 

0 

48 7.7 Doyle & Roman (1981) 

50 3.3 Doyle & Roman (1981) 

53 1.85 Doyle & Roman (1981) 

55 0.9 Doyle & Roman (1981) 

60 0.345 Gill & Hams (1982) 

65 0.22 Gill & Hams (1982) 

70 0.185 Gill & Harris (1982) 

45 50 55 60 
Temperature (IC) 

" data points 
-ý piedided line 

65 70 

Figure 7.6: Graph showing the experimental data in comparison with the 

corresponding points predicted from the regression equation D =14926eß' 169T to 

estimate the D-value for campylobacter in response to the temperature of the 

chicken product. 
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To summarise the model describing the cooking process, Figure 7.7 is a schematic 

representation of the model to estimate the number of organisms contaminating the 

product post cooking. The model uses time steps of 5 minutes. 

N(O) =? 7x -q, 

V 

t=t+5 

T(t) = 46.7471n(t) - 94.05 

fcT =1.251n(T) - 5.996 
DT = 14926e 0.169T 

N(t )= 

T< Tsr. 
P 

T= Ts, 
oP 

rlpc = N(t) 

Figure 7.7: schematic representation of the model estimating the number of 

campylobacter surviving cooking. For details of the mathematical terms see section 

Estimating rya . 

N(t-5ý' T <T, 
Ioe(N(t-5) 

lt1 10 D T=>T, 
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Incorporating uncertainty in the model framework 

Throughout this chapter the method of least squares has been used to fit models to 
data sets. However, each of these data sets consists of small sample sizes. Further, 

as discussed previously, there is uncertainty about the manner in which different 

strains of campylobacter respond to temperature. This results in uncertainty 

associated with the regression line. To incorporate this uncertainty, each regression 

model is first linearised, and the distributions of uncertainty associated with the 

residuals generated by use of a non-parametric bootstrap as described in detail in 

Chapter 2. 

The uncertainty generated through the non-parametric bootstrap is assumed to 

correspond to inter-strain variability. Although strictly, it does not represent the 

variability as the acquisition of further data will reduce the uncertainty and, as a 

result of this assumption, reduce the variability which is not biologically plausible. 
However, in the absence of data to allow the quantification of inter-strain variability 
this approach recognises the issues with current data availability and is a first step to 

reconciling the problem of strain variability. 

7.3 Estimating the probability of exposure 
The model described above follows a random product from the end of processing 
through the stages leading up to ingestion of the product. These are storage, 

preparation and cooking. At each of these stages modelled, the number of 

contaminating organisms on the product is calculated. This calculation mimics the 

changes in numbers as a result of the particular step. 

At preparation and cooking, a serving of a chicken meal containing the product can 
be defined as contaminated if it carries at least one organism. By means of a 
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conditional statement, the model can state whether a selected serving is 

contaminated or not. The conditional statement is 

I if lj,,. p 
(1 0 if 17. v 

where yr, is whether or not the serving is contaminated at the point of consumption. 

Within a given simulation distributions are sampled n times, on each time the result 
is either a contaminated or uncontaminated product. Multiple samplings of the 
distributions represent the storage, preparation and cooking of multiple products. 
Therefore running the model allowing for n samplings of each distribution the 

probability that a serving of a chicken meal is contaminated can be calculated by use 

of equation (7.8). 

l-n 

I V/, P_ t=l 

lIp n 
(7.8) 

where P 
., P 

is the probability that serving of a chicken meal results in the ingestion 

of at least one organism, based upon n samplings within a simulation of the model. 

7.4 Model simulation 

The model contains several parameters, each of which is described by an appropriate 

variability distribution or regression model. The variability distributions and 

regression models have associated uncertainty with respect to the true form of the 
distribution or regression line. As such the model can be run with different 

combinations of variability distributions and regression lines with each combination 
representing one possible realisation of the preparation of a chicken meal. When the 

model is simulated a number of times the result is multiple distributions describing 

the variability in the number of campylobacters ingested as a result of 1 serving of a 
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chicken meal along with multiple estimates of the probability of ingesting at least 

one campylobacter as a result of a single serving. From this, the level of uncertainty 

with respect to the outputs of the model j7,, the number ingested, and P.., the 

probability of ingesting one or more campylobacters can be quantified. 

The model is run for 50 simulations. Upon each simulation a variability distribution 

or regression line is selected from the associated uncertainty space for each second- 
order random variable and kept constant for any given simulation. Within each 
simulation the selected distributions are sampled 15 000 times and qp calculated as 

shown in equation (7.1). At the end of each simulation P, is then given as shown 

in equation (7.8). Multiple simulations result in the uncertainty distribution for P 
,. 

The number of samples taken within a simulation was chosen according to when the 

running mean of P,, no longer deviates ±1% from the `true' mean, defined as the 

mean of P, at 20,000 iterations. The deviation of the running mean from the ̀ true' 

mean is illustrated in Figure 7.8. It can be seen that 15,000 samples are adequate to 
fulfil this criteria. The number of simulations was chosen to ensure adequate 

selection of the variability from the uncertainty interval for each of the second-order 

random variables. 
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Figure 7.8: Graph to show the deviation of the mean number organisms ingested 

with a single serving of a chicken meal, Pte, from the `true' mean of Pe7, defined as 

the mean at 20,000 distribution samples (iterations). 

7.5 Results 

The distribution describing the number of organisms which will be ingested given an 

individual is exposed to campylobacter from a serving of chicken, based on 50 

simulations of 15,000 samples is shown in Figure 7.9. For clarity only 25 

simulations are illustrated in Figure 7.9. 
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Figure 7.9: Second-order cumulative and density plots describing the number of 

campylobacter ingested given exposure occurs from a single serving of chicken, 

estimated using the model, and illustrating the uncertainty that arises due to the 

variability in the combined process. 
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This is a second-order distribution and as such, each line describes a single 

realisation of the variability on the number of organisms ingested. The multiple 

lines and their locality, generated as a result of multiple simulations of the model, 

reflect the level of certainty associated with this variability. Considering this, the 

mean number of campylobacter ingested given exposure ranges from 2.30 to 3.10 

log cfu per serving. Further, the 95th percentile of this distribution ranges from 2.94 

to 3.60 log cfu per serving. 

Based on the distributions for 7, , the probability that a serving will lead to 

ingestion of at least one campylobacter, that is PAP, is also uncertain, each 

simulation resulting in a possible value for this probability. The resulting density 

plot for P,, is shown in Figure 7.10. This figure shows the uncertainty in the true 

value of Pa,,. This probability has a mean value of 0.21, and ranges from 0.18 to 

0.26. That is on average, 21 servings out of 100 servings of chicken will lead to the 
ingestion of at least one campylobacter. This exposure could be a result of either 
indirect exposure that occurs due to poor hygiene practices in the home or direct 

exposure due to failure to adequately cook the product. 
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Figure 7.10: Uncertainty distribution describing the probability that an individual 

will ingest at least one campylobacter from a single serving of chicken. 

7.6 Sensitivity of model results to route of 
exposure 

The model described in this chapter incorporates two possible routes of exposure, 

these are indirect exposure as a result of poor hygiene practices during the 

preparation of the meal, and direct exposure resulting from failure to adequately 

cook the product. To investigate the relative importance of each of these routes of 

exposure on the predicted levels of exposure, the distribution for the number of 

organisms which are available for ingestion, from a random product as a result each 

of the two routes are generated. The distribution for the number of campylobacter 

per product which could potentially be ingested as a result of poor hygiene is shown 
in Figure 7.11. The mean value ranges from 2.81 to 3.68. Further, the probability of 

exposure per product due to poor hygiene ranges from 0.23 to 0.32. For 

comparison, the number of campylobacter per product which could potentially be 

ingested as a result of failure to adequately cook the product is shown in Figure 
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7.12. In this case the mean value ranges from 2.07 to 3.18 log cfu per product. In 

addition, the probability of exposure per product as a result of inadequate cooking 

ranges from 0.02 to 0.03. 

These results should not be compared to the probability of exposure per serving. 
Products which are purchased already cooked are included in the model results for 

exposure per serving. When a product is purchased cooked it is assumed there are 

no organisms contaminating the product and hence no exposure. As such overall 

model results are lower than the accumulation of the individual exposure pathways 
from cooking and cross contamination. This is not a measure of the number of 

organisms ingested per serving from each source, rather it is a measure of the 

likelihood that organisms contaminating a product will lead to exposure via the two 

routes. 

The comparison of the routes of exposure, that is poor hygiene and inadequate 

cooking, clearly demonstrate that poor hygiene presents the greatest potential for 

ingestion of campylobacter to occur with inadequate cooking of a product less likely 

to lead to exposure. Interestingly, model results suggest that when exposure by 

either route occurs the mean number of organisms that could potentially be ingested 

per product are similar in magnitude. However, examination of Figures 7.11 and 
7.12 shows, despite similar mean uncertainty intervals, that higher numbers of 

organisms may be ingested as a result of poor hygiene, compared with inadequate 

cooking. 
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Figure 7.11: Second-order distribution describing the number of organisms per 

product which may potentially be ingested as a result of poor hygiene practices 

during preparation of the product. 
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Figure 7.2: Second-order distribution describing the number of organisms per 

product which may potentially be ingested as a result of the inadequate cooking of 
the product. 
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The cooking of the chicken has a significant impact upon the probability of 

exposure. The predicted response of a campylobacter population of 106 cfu to 

cooking, as predicted by the model is shown graphically in Figure 7.13. From 

Figure 7.13, it can be seen that once the temperature of the chicken meat exceeds 

50°C the population size very quickly drops to zero. Such sensitivity to high 

temperatures during cooking has been noted by researchers. For example, oven 

roasting of a whole chicken for 25 minutes resulted in undetectable levels of 

campylobacter (Doyle & Roman, 1981), while once the internal temperature of 

inoculated ground beef reached approximately 70 °C no campylobacters could be 

recovered (Stern & Kotula, 1982). Even poor cooking has been demonstrated 

sufficient to eradicate contamination with only 4 out of 14 naturally contaminated 

half carcasses cooked in a conventional oven for 20 minutes at 190°F having 

detectable levels of campylobacter (Gill and Harris, 1984). These results thus 

substantiate the findings relating to exposure from cooking (Figure 7.12). 

Figure 7.13: Illustration of the decline in a campylobacter population (measured in 

log cfu per product) of initial size 6 log cfu on a product subject to cooking until a 

temperature of 74°C is achieved. 

211 



MISSING' 
"0 

PAGES 

NOT. 
r 

AVAILABLE 



Chapter 7: The preparation and cooking of a chicken product 

conditions are sparse. There is not enough data to be able to fully parameterise such 

a predictive model, and hence this is an area of data deficiency. However, 

measurements of the size of the bacterial population in response to temperature will 

also include the response which may have occurred due to the changes in physical 
characteristics of the product during heating. Therefore, although not explicitly 

modelled, the response of the bacterial population to environmental changes other 
than temperature that may also occur during heating are described in the model 

results. It should be noted that unfortunately data with such measurements taken 
during the heating of chicken meat are currently not available in the published 
literature. As such an assumption is made that the inoculated medium, for example 
broth, is equivalent to chicken meat. In the absence of more data specifically for 

chicken, the impact of this assumption is unknown. 

7.8 Conclusions 

The manner in which individuals prepare food is crucial to predicting the likelihood 

and magnitude of exposure to contaminants of food products. Several researchers 

are investigating food preparation behaviour, frequently through the use of 

questionnaires, however, of most use are studies involving direct observation of a 
group of individuals preparing a meal. 

There are two main routes through which an individual preparing a meal in the home 

can become exposed to pathogenic organisms. These are the direct or indirect 

contamination of food or direct ingestion as a result of inadequate cooking. Both 

pathways are recognised as causal agents of food related illness. In this chapter a 

model was described which investigates the levels of exposure that results from the 

accumulation of these pathways. 

Initially the storage of a product is considered. This storage includes both storage at 
retail and storage in the home prior to preparation. In this way the retail section of 
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the farm to fork supply chain is incorporated in to the model. Both refrigerated and 
frozen storage are considered and the result is an estimation of the number of 

campylobacter contaminating a product prior to preparation 

To investigate the effect of preparation three main processes were considered, these 

are the failure to wash hands after contact with the raw chicken product, failure to 

wash vegetables, and failure to clean the preparation surface. These events are 

ordered in time such that a failure to wash the hands after contact allows the transfer 

of organisms to the vegetables. The outcome of this model is the number of 

organisms which contaminate the product and the number which are removed from 

the product is a result of cross-contamination. The proportion of cross-contaminated 

organisms that will be ingested is unknown. There are numerous pathways via 

which such organisms can become ingested and the associated likelihood of such 

pathways will be variable between meals and individuals. Therefore this proportion 
is assumed to be uniformly distributed. It is not the aim of the model to specify the 

route via which the organisms are ingested after they have been cross-contaminated. 
The model assumes that some proportion will be ingested and it does not matter 
how. More detail information on consumer practices in the home could enable this 

current framework to be modified to explicitly consider the routes by which such 

organisms become ingested. 

Once the meal has been prepared the cooking of the product is the next stage 

considered. Here, an empirical model was developed relating the temperature of the 

product during cooking to time. There are methods available which involve 

modelling the rate of heat transfer in a product to predict the changes in temperature. 
However, in the current situation, given data availability, use of such 

models/methods was not necessary. 

Key to both the storage and cooking sections of the model is the response of 

campylobacter to environmental changes. The data available show that such 
characteristics are highly variable between campylobacter strains and medium. As 
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such all data used in the model was from a single strain. No data were available for 

the response of this strain in chicken meat and hence this is an area of data 

deficiency. Further, information on a wide range of strains across the temperature 

ranges the organisms are likely to be subjected to in the home are currently not 

available. This is a fundamental requirement to enable full assessment of the effects 

of storage and cooking upon levels of contamination, and hence should be a focus of 
future research. 

The two pathways that lead to the ingestion of campylobacter have been compared, 
the results clearly show that cross-contamination result in the greatest opportunity 
for the ingestion of organisms with the probability of cross contamination one or 

more organism ranging from 0.23 to 0.32 and the probability of at least one 

campylobacter surviving cooking ranging from 0.02 to 0.03. This does not mean, 
however, that undercooking poses an insignificant risk. From the model results, on 

average 2 to 3 individuals out of 100 will undercook their food to an extent that at 
least one campylobacter will remain to contaminate the product. 

In summary, the model described here simulates the storage, preparation and 

cooking of a random chicken product. On average, the probability that a serving of 

chicken will lead to the ingestion of at least one campylobacter ranges from 0.18 to 
0.26 Further, given a serving is contaminated, the number of organisms ingested is 

described by a second order distribution. This distribution has a mean value ranging 
from 2.30 to 3.10, a 51 percentile ranging from -0.70 to -0.36, and a 95th percentile 

ranging from 2.94 to 3.60 log cfu per serving. Cross-contamination poses the 

greatest opportunity for the ingestion of campylobacter from a serving of chicken. 
As such, a public awareness campaign explaining appropriate handling of food items 

could reduce the risk of exposure to campylobacter from a chicken meal. 
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Chapter 8: The health consequences of exposure to campylobacter 

8.1 Introduction 
The ingestion of pathogenic organisms via food is a major cause of illness 

throughout the world. When an individual is exposed to, and ingests such organisms 
there are three possible outcomes: organisms may pass through the gut with no 

consequence, there may be infection, or illness may occur. Here, infection is 

defined as the establishment or colonisation of pathogens in the exposed individual, 

but signs of illness are not necessarily present. The probability of infection is a 
function of several factors. These include the magnitude of the dose ingested, the 
infectivity and pathogenicity of the organism, the food vehicle via which the 
individual is exposed, and the vulnerability of the host to infection. Each of these 

will have an impact which is specific for different species. However, this may also 

vary from individual exposures to the same species. These factors make fully 

understanding the mechanisms by which food borne pathogens cause illness a 
formidable task. 

When contaminated food is the vehicle of exposure, the ingested pathogens enter the 
body by way of the digestive tract. This is therefore the initial site of action by such 

microbial agents. To protect against infection there are defences at this stage; 
however, an overwhelming dose or a weakened host resistance may lead to 
infection. These defences are well documented in numerous medical textbooks and 
have been summarised by Mims et al., (1993). 

Pathogenic micro-organisms represent the result of dynamic evolutionary adaptation 

of survival strategies. The ability to evade partly or totally one or more of the 

normal defences of the host is essential to propagate within the individual. 

Mechanisms used by pathogenic micro-organisms to overcome host protective 
barriers and hence be successful, include those related to adherence for entry into the 
host, secretion of toxins, and avoidance of host immune systems. For each 
individual pathogen the invasion and infection mechanisms will differ and in many 
cases are not yet fully understood. 
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Once an individual has been exposed and becomes infected, this may lead to illness. 

The severity of such an illness depends on several factors, including agent type, 

amount consumed, individual health status, individual susceptibility and protection 
by food during passage through the digestive system. Incubation periods for 

foodborne illnesses range from less than one hour to several weeks and the resulting 

symptoms are wide and varied ranging from nausea to profuse, watery diarrhoea and 

chronic pain. Such illness is commonly self-limiting, not requiring treatment except 
in severe cases. The duration of symptoms can range from a few hours to several 

months 

A number of sectors of the population are at increased risk from food associated 
illness. In general, this increased risk is associated with an immune impairment of 

some kind such as infection with HIV or treatment with immune suppressive drugs. 

Further the young and very old are considered to be at increased risk as the immune 

systems in such individuals may not be fully developed, or immune responses 

reduced due to age. 

Illness may not be the only consequence of infection. Many enteric pathogens cause 

chronic sequelae, that is some illness which does not necessarily emerge directly 

after exposure, but may be several years later. In some cases these conditions may 
occur in the absence of an acute illness at the time of exposure. As a result the cause 

of such sequelae may not be linked to a food-borne source in epidemiological 

studies making the contribution of food borne pathogens to such illnesses difficult to 

quantify. 

To predict and assess the impact of exposure to defined levels of pathogens 

probability models are currently being widely used. These models are specified by a 

specific dose-response curve for each pathogen thus assuming that risk depends 

upon the number micro-organisms ingested. 
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8.2 Dose Response Modelling 

A thorough discussion of the use of mathematical models to describe infection and 

illness has been presented by WHO/FAO hazard characterisation workshop report 

WHO/FAO (2000). In summary, a dose-response model is a mathematical function 

that takes as an argument a measure of dose. This can be any non-negative number 

and the resulting function yields the probability of the particular adverse effect 

bounded by zero and one. Because of the variability in both host susceptibility and 
infectivity of the micro-organisms, models used for dose-response relationships 

must be flexible. In many cases the modelling of infectious agents may require 

multiple models. This is often the situation for cancer and non-cancer dose-response 

models used in chemical risk assessment (Byrd et al., 1998). However, a single 

model is considered appropriate to represent microbial dose response relations in the 

human host (Haas, 1993). 

There are an infinite number of possible functions that can be used to describe the 

relationship between dose and effect. The commonest employed functions are 

monotonic. In particular any cumulative distribution function with domain over 
(O, oo) can be a candidate. Conversely any dose response function that is monotonic 

and bounded by zero and one with domain over (O, co) is a cumulative distribution 

function. This is convenient, since for many distribution functions the mathematical 

properties have been well studied. 

8.2.1 Data for Dose Response modelling 

To understand the mechanisms by which pathogens cause illness within the human 

host, and the consequential relationship between dose, infection and illness 

experimental feeding trials may be used. Experimental feeding trials are often used 
to establish the infective dose that may result in infection in an outbreak, yet they 
differ fundamentally from an outbreak. The test population commonly consists of 
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healthy young men. In contrast an outbreak affects whom ever is unfortunate enough 

to have eaten a contaminated meal and most certainly includes highly susceptible 

members of the population. As a consequence, volunteer feeding studies may report 

mild or no illnesses for a given number of infectious agents consumed whereas, in 

actual outbreaks, lower levels of micro-organisms may cause illness. 

Data from food-borne illness outbreaks and human feeding studies indicate that the 

doses of infectious agents required to cause illness differ greatly among types, 

genera, species and strains of infective micro-organisms (CAST, 1994). Further, 

these studies demonstrate great inter-individual variability in the way which the 

body reacts to a given dose. This is illustrated by several members of the test 

population showing a variety of reactions to a dose of the same magnitude (Coleman 

& Marks, 1998). 

There are many obstacles when attempting to accurately interpret data from 

outbreaks and feeding trials. In reports from feeding trials there may be no clear 
distinction between asymptomatic infection and illness as an endpoint, a difference 

having a major impact on the estimated infective dose. In epidemiological data from 

outbreaks only illness may be reported, and only in rare cases is a measure of dose 

known. For example in Japan it is a requirement that a sample of all meals prepared 
in restaurants is kept frozen for 2 weeks. Hence if an outbreak should occur there is 

a sample of the food to which sufferers were exposed. This has several problems. If 

temperature abuse of the food occurs, for example, numbers of pathogens 
determined at any time will not necessarily reflect number of pathogens actually 

consumed. Hot holding of foods may cause death of organisms and freezing may 

result in substantial declines in bacterial populations. Competition from spoilage 

organisms may also interfere in laboratory assays to determine the occurrence of the 

pathogens in a suspect food. Thus, after the fact estimates of how many bacteria an 

affected person has ingested are speculative. However, despite such problems this 
type of data is beginning to provide insight into the epidemiology of food-borne 

outbreaks. 
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Given the current level of knowledge available from outbreaks, dose-response 

models are generally parameterised using feeding trial data. Generally such data is 

reported giving the dose and the number of people in the study either infected, or ill 

or both. Hence a rough relationship can be formulated between dose and 
infection/illness. There may not be data available for a given organism, however, it 

may be possible to use surrogate data if it is ascertained that the organisms are 

comparable in terms of dose and resulting consequences. 

8.3 Estimating the probability of infection 

Several models are available and have been used to describe microbial dose 

response data. Such models used to describe dose-response relations can be 

segregated into three over all categories, those which are based upon mechanistic 

assumptions, referred to as mechanistic models, those models which are essentially 

an empirical fit to a given data set, referred to as empirical models, and those which 
have elements that are both empirical and mechanistic and hence are referred to as 

semi-mechanistic. However, underlying the frameworks of empirical, mechanistic 

and semi-mechanistic dose-response models is the assumed mode of infection by the 

particular organisms. There are two opposing theories available; these are the 

single-hit theory and the threshold theory. 

For an individual to become infected it is necessary for the organisms to posses the 

capability of establishing themselves within the host. Such an event can only occur 

after the ingestion of at least one organism. Any such organism that is able to 

establish within the host is capable of growth, multiplying to produce several clones, 

which then infect the individual. To prevent this from occurring, the host usually 
has several defence mechanisms, such as those described previously. These are 

aimed at killing, removing or inactivating the organisms before they grow to a level 

sufficient to cause an adverse reaction. Therefore in an immune competent host the 

probability that any one ingested organism is capable of colonising and hence 
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infecting the host is very small. The infection of an individual by one ingested 

organism is referred to as a single hit. 

An alternative to the single hit theory is offered by the threshold theory. Under the 

threshold theory it is assumed that for infection to occur there is a predetermined 

minimum inoculum size which must be ingested. Exposure below this size will not 

result in an adverse reaction, and hence carries a zero risk. 

8.3.1 Classes of dose-response model 
Whether the single-hit theory or threshold theories apply to the pathogen in 

question, this is then applied within the appropriate model framework. As 

previously stated the three classes of model are empirical, mechanistic and semi- 

mechanistic. Each of these will now be described. 

Empirical models 
Empirical models can be defined as models which are chosen based upon 

observation and experimental evidence such as laboratory experiments such models 

are not necessarily supported by any biological action. The model suitability is 

based upon the goodness of fit to the data. These models are commonly used for the 

analysis of chemical toxicity. 

In brief, these models are based upon the theory that a susceptible population has a 

pre-determined tolerance level, a dose above this level will always result in an 

adverse consequence. Therefore, the curve is derived from the data, and hence the 
dose-response model is assumed to describe the distribution of tolerance for the 

population (Buchanan et al., 2000). A tolerance distribution is essentially a density 

function with respect to the average dose, d, that is f (d) and can be defined by the 

integral 

P; I, r 
(d) = 

rf(y)dy 
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Here, Pjf(d) is the probability of infection (Haas et al., 1999) for a defined dose, 

d. 

When such models were first becoming available in the scientific literature the 

theory of minimum infectious dose emerged (Buchanan et al., 2000), that is the 

threshold theory. This led to dose-response relations being described by a single 

number - the threshold level, above which adverse consequences will occur and 
below which there is no risk. 

There are several threshold models available. In principal any density function 

which gives support over the data set can be considered as a tolerance distribution. 

However, there are three models which are most commonly applied in toxicological 
issues. These models are the Log-logistic, Log-probit, and Weibull models. The 

log-logistic uses the log-logistic distribution as the tolerance distribution where as 
the Log-probit model makes use of the lognormal distribution and the Weibull 

model assumes a Weibull distribution for tolerance. Each of these models are 

similar at high doses but predict different levels of risk when doses are less than 100 

organisms (Haas et al., 1993). 

More recently a number of non-threshold models have been used to describe the 

entire dose-response curve. By use of curve fitting algorithms fitting one of the 

empirical models to the available data can be a simple task. However, as the models 

are empirical they cannot be used to infer any underlying biological mechanisms. 

In the application of dose-response models empirical models are not commonly 

utilised. This is attributed to the lack of biological plausibility associated with these 

models and lack of data to provide a basis upon which to select a model. A 

preferred choice may be a model which is mechanistic in nature. 
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Mechanistic models 
Mechanistic dose-response models describe the biological processes that occur, 

resulting in infection. Currently there are no dose-response models in the literature 

which are solely mechanistic in nature. However in an attempt to more realistically 

model the infection process, Buchanan et al., (2000) present a possible framework 

for a mechanistic dose-response model. This is a compartmental model describing 

the main events that must occur for an individual to become ill from the 

consumption of pathogenic organisms. The compartments consider the successful 

passage through the gastric acid barrier, the ability to attach to the gut of the 

individual and hence result in infection, and finally the resulting infection leading to 

either illness or death. 

This model is a simple example and several more compartments may be required to 

fully describe the infection process. Further, variation in species makes this a 

mechanistic model which is host-pathogen specific and therefore it is likely that for 

each pathogen the model formulation is unique. Although this framework provides 

advantages in that a more realistic description of the process is offered, developing 

such models is likely to be a complex process. 

There is a third class of models which fall into neither the empirical or mechanistic 

group of models. These are therefore considered semi-mechanistic models. 

Semi-Mechanistic models 
The derivation of a semi-mechanistic dose response model is based upon a set of 
biologically based assumption about the stages which, following the ingestion of 

organisms, leads to infection. However these assumptions, and hence the chosen 

model, lead to a dose-response relationship which is known to fit the data. As such 
these are not truly mechanistic models as they are biased by the form of the data, yet 
they are not empirical in the sense that the model does incorporate some 
interpretation of the biological processes occurring during infection. 
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For an individual to become infected by pathogenic organisms in food, two stages 

must occur (Coleman & Marks, 1998). First the individual must ingest one or more 

of the pathogenic organisms which must subsequently evade the individuals immune 

defences and reach a site where infection can be initiated. 

Consider exposure of a population to a food product containing a population of 
some pathogenic micro-organism. If the mean dose ingested by the population is 

denoted d, and an individual ingests exactly j organisms the probability that k 

organisms will survive and reach a site to initiate infection is given by 

Co ( P(k) =E Pi Wldll lPi 
(klJ) 

J=l 

Here Pi describes the probability of ingesting j organisms and P2 describes the 

probability that of the j organisms ingested, k will initiate infection. Further they 

incorporate the inter-individual variation in number of organisms ingested (P) and 

the factors of host/organisms interaction that must occur for k organisms to survive 
to initiate infection. For a given individual there will be a minimum number of 

organisms that must survive for infection to be initiated, this is k;,, . The 

probability of infection, P; f , can now be defined in terms of the mean dose (d), the 

actual dose (j), the number of organisms surviving to initiate infection (k) and the 

minimum that this number can be to enable infection (k, ). More specifically, the 

overall semi-mechanistic model is given by equation (8.1). 

Co 00 
rr- 11,,,, P;. f =Z EPilýldlýz(klj) 

k=k. i. j=k 
(8.1) 

Currently under debate is the numerical value that the factor k, should take for a 

given micro-organism. This is determined by the nature of the infection process in 

the host. Under the single hit theory, bacteria are assumed act independently to 
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initiate infection, therefore the survival of only one organism may be sufficient to 

fulfil the criteria for initiation of infection, as such k =1. According to the 

threshold theory, the micro-organisms which are ingested could be acting co- 

operatively whereby there is a minimum population size of micro-organisms 

required to initiate infection, and therefore kmin>1. Models assuming the threshold 

theory to be appropriate are becoming less common as epidemiological evidence 

supporting the single hit theory is mounting (Buchanan et al., 2000). 

It can be seen that semi-mechanistic models present a formulation defined according 
to the assumed mode of infection by the organisms ingested. The choice of semi- 

mechanistic model is dependent upon whether the single hit theory or the threshold 

theory is considered appropriate. 

8.4 Estimating the probability of illness 

Dose response models correlating the ingested dose and probability of illness to date 

have not been well studied. Of the work available in the literature it would appear 
that for some pathogens there is no clear relationship between dose and the 

probability of illness (Dupont et al, 1995; Rose et al, 1991). In contrast other 

organisms show a clear pattern with the probability and severity of illness increasing 

with dose (Haas et al., 1999). Little work has been done on developing this 

relationship into a dose-response model. 

To be able to develop the current level of research on the relationship between dose 

and illness more data is required for pathogenic species incorporating not only a 

wide range of doses but also a variety of disease indicators. 
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8.5 A dose-response model for campylobacter 

Several dose-response models for campylobacter appear in the literature (Medema et 

al., 1996). Each of these models utilises the same data set and assumes the same 

model form. In this thesis the same model is also adopted to describe the dose- 

response relationship for campylobacter. The data used and model derivation shall 

now be described. 

8.5.1 Human feeding trials with campylobacter 

In 1988 Black and colleagues (1988) under took a human volunteer feeding trial 

using campylobacter species. The study consisted of 68 healthy young adults from 

Baltimore, USA. The volunteers were admitted to an isolation ward of the local 

hospital and challenged with doses of C. jejuni suspended in milk. Post challenge 
the volunteers were interviewed daily for 12 days by a physician and all stools 

collected. Illness was defined as the presence of diarrhoea or fever. 

Two strains were used as innnocula, strains A3249 and 81-176. The results of the 

challenge tests are shown in Table 8.1. From the study involving strain A3249 

studies demonstrated that ingestion of even low doses of C. jejuni resulted in 

diarrhoea. This is illustrated in Figure 8.1. Interestingly, all volunteers became 

infected at high doses, yet the highest number of illnesses was not recorded at the 
highest dose with the highest number of illnesses recorded at a dose of 9x 104 cfu. 
Therefore although rates of infection increase with dose, development of illness does 

not show a clear dose relationship. 
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Table 8.1: Results of human volunteer feeding trials with C. jejuni (after Black et 

al., 1988) 

Dose (cfu) Number of volunteers % infected % ill 

C. jejuni A3249 

8x102 10 50 10 

8x 103 10 60 10 

9x 104 13 85 46 

8x 10S 11 73 9 

1x106 19 79 11 

1x 108 5 100 0 
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2x 108 

2x 109 
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Figure 8.1: Graph showing the results of the human feeding trial with C. jejuni 

A3249 
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8.5.2 Estimating the probability of infection with 

campylobacter 

When an individual is infected with campylobacter it is currently unknown whether 

there is a required minimum dose to initiate infection or if a single organism is 

sufficient. The data available by Black et al., (1988) does not include low doses and 

therefore does not provide any insight into the validity of the single hit or threshold 

theory. Dose response models based upon this data appear frequently in the 

literature (Medema et al., 1996; Teunis et al., 1997). A common feature each of 

these is the assumption that the single hit theory applies. Further, each of these uses 

the Beta Poisson model to describe the probability of infection given ingestion of 

organisms at a defined level based upon the available data. 

The Beta Poisson model 
The Beta Poisson model is commonly chosen to describe the dose response relation 

ship for enteric pathogens. The model is semi-mechanistic in nature and as such 
incorporates assumptions about the infection process which takes place in an 
individual. As defined earlier (section 8.3.1), the basic semi-mechanistic model 

considers exposure to a dose of d organisms. This results in the ingestion of j 

organisms; of which k survive the immune defences and are able to initiate 

infection. This process is described by equation (8.1). The Beta Poisson model is a 
development of these principles, and is derived as follows. 

Assume that the distribution of organisms between doses is random and hence 

Poisson distributed and that each organism has an independent and identical 

probability of surviving the immune defences and initiating infection. This 

probability is defined as r. As it is assumed that the single hit theory applies, 
ka,;,, =1. Therefore it can be seen that the probability of ingesting j organisms given 

a mean dose of d is Poisson distributed. Further, the probability that of the j 
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organisms ingested, k survive to initiate infection given a survival probability of r, 
follows a Binomial distribution. Considering this, equation (8.1) becomes 

P;. f = 
Go [dJ 

e-a 
j! (1- r)j-k rk 

k==ký j==k J! ký 

This can be re-written in terms of d and r to yield equation (8.2) 

,, f -ý 
(dr)k e-dr co [d((iý- r)]'-k P, e-d 

(I-r) (8.2) 
k=k,,;,, 

k! 
, 
j=, t 4/ - k) 

00 
Consider the second summation of equation (8.2), that is 

[d (1- r)y-k e 
j=k (. I - k) 

This has the form of a Poisson distribution, where P(n) = and is therefore the 
n! 

00 
summation of a Poisson series, that is 

n. 
As such, the summation is equal 

n0 n. 

to unity. Hence, 

00 
P;. f = 2: 

k=km 

(drr e_dr 
k! 

Given that the summation of a Poisson series is equal to unity this can be re-written 

as 

Pinr=1- 

As the single-hit theory applies k,,,;. =1, this simplifies to give Equation (8.3). This 

is referred to as the exponential dose response relationship. 
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P; I, f =1- . -rd (8.3) 

This model assumes a constant survival probability, however it is reasonable that 

given variation in host responses and pathogenicity of organisms that there may be 

variability in this probability. Therefore, the probability of the organisms surviving 
immune defences and initiating infection, that is r, is described by a probability 
distribution. Such a technique was first publicised by Furumoto & Mickey (1967) 

when considering the dose response of a tobacco mosaic leaf to tobacco mosaic 

virus. They recognised that there was variance amongst the cells of the leaf in the 

manner they responded to different samples of a given concentration of virus. To 

introduce such a distribution, the probability that of the number of organisms 

ingested (j) a given number will survive (k), P2 (kf j), is described by a mixture 

distribution of the binomial with respect to the probability of the organisms 

surviving and initiating infection (r). 

A mixture distribution is where a set of Poisson distributions is combined with 

another probability distribution to yield an alternative, discrete distribution (Haas et 

al., 1999). The general characteristic of alternative distributions is that they provide 
for greater variability in the expected count among replicates of the same sample 
than afforded by a Poisson distribution with constant mean density. Such a 
distribution denoted Pm (x; V; p) can be derived from the Poisson distribution 

Pp (x: p V) where µV is the product of the mean density in a single sample and the 

volume of that sample. The mixture distribution is given by the following integral 

Pm(x; VA= J°°P(x: 
4u: 

ýýýßýJU 

where h is the mixing distribution which is the probability density function 

describing the variability of the sample mean density, (p ), and 6 is a parameter of 

that distribution. 
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In the present situation, assuming that the variation in the system is dose-to-dose 

variation, and that this variation can be described by a Poisson distribution then the 

mixture distribution for the probability of infection, applied to equation (8.3) is 

given by 

Pi, =f 
(1- 

e-rd). f (r)dr =1- 
$ o(e-rd )f (r)dr 

To describe the variation surrounding the survival probability from dose to dose or 

even host to host variability resulting in a variation in the magnitude of r, a 

commonly used distribution is the Beta distribution. Furomoto and Mickey (1967) 

first adopted such a technique. When the beta distribution is substituted into the 

above mixture distribution, this yields 

P; 
lf =1-Jo 

I'(a+0)r"-t(1-r)a-t 
a-radr I'(a 

The solution of this integral is presented by Furomoto and Mickey (1967), and is 

obtained as follows: 

P;. f =1- 
Joe-�a r(a+P)r°`-1(1-r)ß-1 

dr Lr(a)r(fl) 
Re-writing yields 

Pi. f =I - e-rýý . (, -a) 
r(a + ß) 

r°`-I (1- rdr 
r(a)r(fl) 

co dJ Given that e. (i-d) _ {1- ry 
f=a j! 

aO f1 d 
P;, ý =1-e_'Z 

! =o jl o 
I'(a + P) 

«'1(1 rydr [r(a)rT 
( /j) 
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which can be simplified to give 

°° dJ `l I'(a + P) Piý =1-e'E 
`oý«-i(i-r)6+, -Idr 

1So j! r(a)r(fl) 

This can be written in terms of the Gamma Function, where F(x) = 
J°t''e'dt 
0, 

as 

shown in equation (8.4). This is the Beta-Poisson model. 

°° r(a + r(, B)r(, g + j) dJ 
P;,, f =1-e', E 

j=o r(a)r(fl) r(a +, 6 + j) j! 
(8.4) 

For simplification, equation (8.4) can be expressed as a hypergeometric function. 

The hypergeometric function is defined as 

°° 
F(a, b; c; x)=1+ Cab x+E a(a + 1)b(b + 1) xj 

j =I c(c+1) * J! 

Therefore the corresponding hypergeometric function for the Beta Poisson equation 
is given by F(ß; a +, 6; d). Therefore the solution to the Beta Poisson model is 

given by equation (8.5). 

P;. f(d)=1-e'F(fl; a+/3; d) (8.5) 

To simplify the application of the Beta Poisson model, an approximation to equation 
(8.5) is available (Furomoto and Mickey, 1967). The approximation is given by 

equation (8.6). 

-a 

P;, ý =1- 1+D 
Q 

(8.6) 
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This approximation only holds under certain conditions. More specifically, when 
ßß"l, and aßß. 

Teunis and Havelaar (2000) present the application of approximation to the Beta- 

Poisson model (equation (8.6)) to describe the relationship between dose and 

probability of infection in the campylobacterjejuni feeding trial reported by Black et 

al., (1988), outlined in section 8.5.1. In this work it is shown that the approximation 

provides a good fit to the data. However, this work highlighted that when trying to 

quantify the uncertainty associated with the predictions made by the approximation 

to the Beta Poisson model the results are highly dependent upon the extent to which 

the data, and hence parameter estimates, obey the conditions fl *1, and a«ß. 

As previously discussed the data available from Black et al., (1988) doses not 
include low doses and hence extrapolation is required from the model to predict the 

probability of infection from low doses. When the 95% confidence limit is 

estimated for doses less than the minimum dose present in the data set, the level of 

uncertainty is large. Further, consider the limiting situation, that is the probability 
that ingestion of 1 organism will lead to infection, r =1. Hence, in this situation the 

probability of infection is equal to unity for any dose equal to, or greater than I 

organism. When this is compared to the 95% confidence limit of the Beta-Poisson 

approximation the upper bound of risk predicted from the Beta-Poisson 

approximation exceeds that predicted by the limiting case, that is r =1. This is 

shown in Figure 8.2. This suggests that a fraction of an organism may cause 
infection. It is possible that if exposed to a fraction of an organism which contains 
the pathogenic mechanisms this could lead to infection, however, until more is 

known about the mechanisms by which campylobacters cause disease the biological 

plausibility of this is difficult to assess. 
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Figure 8.2: Approximate Beta-Poisson dose-response model fit to infection data for 

C. jejuni A3249, after Teunis & Havelaar (2000). 

To further investigate the low dose extrapolation as predicted by the Beta-Poisson 

model the data from Black et al., (1988) were used to parameterise the solution to 

the Beta-Poisson equation, that is equation (8.5). Interestingly this shows that, 

although the maximum likelihood parameter values are near the range where the 

approximate model is valid, and hence applicable, at low doses the difference in 

confidence intervals is dramatic. In contrast to the approximate model, the upper 

confidence bound on the Beta-Poisson model solution stays below the limiting case 

where r =1. This is shown in Figure 8.3. 
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Figure 8.3: Exact Beta-Poisson dose-response model fit to infection data for C. 

jejuni A3249, after Teunis & Havelaar (2000). 

The work of Teunis & Havelaar (2000) demonstrates the importance of validating 

the applicability of the criteria for use of the approximate model. However, given 

the Beta-Poisson model consists of a hypergeometric function it is more 

mathematical complex than the associated approximation. This makes the 

approximate model attractive, as it is a simple function, easier to fit to the data and 

more efficient to use in terms of computing time. Further, if the mean of the 

uncertainty in risk is the output of interest it was demonstrated that the two models 

are comparable. 

Due to the discrepancy between the Beta-Poisson model and the approximate model 

at low doses it is difficult to set a criteria upon which to base a decision with regards 

to which model is most appropriate to use. There are no data available for the 

probability of infection at low doses hence neither model can be validated. The 

biological plausibility of the upper bound of risk of either model can be defended 

with the argument that only a fraction of the physiology of the bacterial cell may be 

necessary to induce illness in an individual. This could be refuted. It may be that 
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the minimum requirement for infection or illness is one, entire bacterium. Neither 

of these viewpoints can be discarded until the actual mechanisms employed by 

campylobacters inducing infection and illness in the human host are more fully 

elucidated. Given this the selection of model is based upon ease of implementation 

and computer efficiency. As such, within this work, the approximate model is 

selected to estimate the relationship between dose and infection. There is 

consistency within the scientific literature between estimates for a and ß. 

Maximum likelihood estimates of (ix, ß)=(0.145,7.589) have been reported by 

Teunis & Havelaar (2000), Medema et al., (1996), Haas et al., (1999), and others. 
These parameter estimates are therefore adopted here. 

As previously stated, the approximate model determines the average probability of 
infection given exposure at some pre-determined level. This is based upon a set of 
data consisting of healthy, young males, exposed to a single strain of campylobacter 
jejuni. In previous chapters, the variability that exists between strains of 

campylobacter jejuni has been highlighted. For example in Chapter 7 the rate of 
decline in population size at a given temperature exhibits inter-strain variability. As 

such, there is variability present in both the pathogenic potential of the strain 
ingested by a given individual and also in the response observed by such an 
individual. To incorporate such variability into the approximate model a 
formulation was developed by Haas (1983). The formulation is 

Pinf =1-(1-8)n 

Here, 0 is the probability of infection from ingestion of one organism, 
9- Beta(a, ß) where the parameters a and ß take the same value as applied to the 

approximate model, and D is the dose ingested. The result of this formulation is a 

variability distribution in the probability of infection for an individual for a given 
dose, the mean of which is equal to the response predicted by the approximate 
model. 
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8.5.3 Estimating the probability of illness 

Currently, there are no models in the scientific literature that relates level of 

exposure to campylobacter to the probability of illness, illness being defined as the 

manifestation of symptoms. Commonly diarrhoea and/or fever are used as an 
indicator of illness in experimental feeding trials. The data presented by Black et 

at, (1988) can be used to indicate the expected occurrence of illness. However it 

should be noted that these data do not allow any quantification of the severity of a 

predicted illness as only two outcomes were reported these being the presence of 

either diarrheal stools or fever. 

Although limited, this data set indicates a distinct difference in the relationship 
between dose and illness and dose and infection. More specifically, the probability 

of illness changes with dose in a manner different to that of the probability of 
infection, it is not monotonically increasing. Rather, the relationship takes the form 

of a rough bell-shaped curve, as illustrated in Figure 8.1. 

To establish the relationship between a given dose and the probability of illness 

linear interpolation is used to describe the behaviour of the function between data 

points assuming a linear relationship between any two data points. The interpolating 

function passes through the data points and is used to predict what the probability of 
illness would have been if observations had been made at doses between the 

recorded data. 

It should be noted that use of an interpolation function for extrapolating beyond the 

recorded data set is not recommended. In contrast to regression analyses, the 
interpolating function may have extreme variations beyond the scope of the data. 

Thus interpolation is used here to predict function values between, but not beyond 

the recorded data points. However, given the lack of information given probability 

of infection at doses below 8x 102 an assumption is made that the function 

intercepts the (0,0) origin. 
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The probability of illness, P, at a given dose, x, can be estimated from equation 

(8.7) by use of the empirical data: 

P-y, =Yi+, -Y+(x-x, ) x, <x<x, +, 
(8.7) 

xi+i - x, 

Here, x, is the dose below the actual dose x for which there is a recorded 

observation and y, is the associated probability of infection. Similarly, xi+, is the 

dose above, and y, +1 
is the associated probability of illness. 

8.6 Model simulation 
To run the model a dose is generated based on the outputs from the model 
describing the preparation and cooking of a chicken meal (Chapter 7). From this 

dose, an estimate of the risk of infection is then calculated by use of equation (8.6). 

Further an estimate of the probability of illness is also given from equation (8.7). 

The number of iterations performed is based upon when the probability of illness is 

stable. That is when the running mean deviates less than 1% from the true mean, 
defined as the mean at 20,000. Despite this section of the model being first-order 

the inputs into equation (8.6) are second order and as such multiple simulations are 

required. The number of simulations is chosen to ensure sufficient sampling from 

the uncertainty space of the second order inputs. 
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Number of dishibu[ion sartples 

Figure 8.4: Deviation of the running mean of the risk of infection per serving from 

the mean at 20,000 distribution samples. 

8.7 Model results 

The density and cumulative distributions for the risk of infection with 

campylobacter following the consumption of a random chicken meal, P,,., based on 

50 simulations made up of 5000 distribution samples are shown in figure 8.4. 

In this figure, each individual line represents one possible variability distribution for 

the risk of infection with campylobacter following the consumption of a random 

chicken meal, Prof 
. 

The multiple curves and their locality, resulting from multiple 

simulations of the model, indicate the degree of uncertainty surrounding this 

variability. Considering this, the mean risk of infection has an uncertainty interval 

ranging from 0.04 to 0.07. That is on average, an individual consuming a chicken 

meal will have a risk of becoming infected with campylobacter in the range of 0.04 

to 0.07. Further, the 95th percentile of this distribution ranges from 0.098 to 0.160. 

This indicates that 95 times out of 100 the risk per serving may be up to 0.160. 
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Figure 8.4: Distribution for the risk of infection with campylobacter per chicken 

meal. 

The distribution for the risk of developing illness following the consumption of a 

random chicken meal is given in Figure 8.5. As for the risk of infection, this is a 

second order distribution and hence reflects the level of uncertainty in the model 

results. The mean risk of illness ranges from 0.012 to 0.019. This indicates that on 

average, an individual consuming a random chicken meal has a probability of 

developing a campylobacter related illness in the range of 0.012 to 0.019. 
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Figure 8.5: Distribution of the probability of developing a campylobacter related 

illness from consuming a random chicken meal. 

8.8 Discussion 

It has been assumed that the Beta-Poisson model describes the probability of 
infection given the ingestion of a dose of campylobacter. This assumption is based 

upon the goodness of fit of the model to data from a volunteer feeding trial using C. 

jejuni as the challenge organism. Unfortunately these data do not include challenges 

of doses less than 8x 102. As such it is necessary to use the model to extrapolate 

the possible dose-response relationship for doses below this level. This results in a 

high level of uncertainty with regards to the probability of infection at doses below 

8x 102. The average value for the probability of infection as a result from the 

ingestion of a single organism is 0.018. That is on average approximately one out of 

ten exposures to a single organism will result in an infection. Further, the 95% 

confidence limits at this dose are 0 and 0.6, however, seventy percent of the time 

this probability will be less than 0.1 (Medema et al, 1996). As a result of the high 
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level of uncertainty present no uncertainty is incorporated into the parameter 

estimates for the approximate Beta-Poisson model. 

Model results, based upon the average risk of infection from the Beta-Poisson model 

approximation indicate that given an individual consumes a random chicken meal on 

average the risk of infection is in the range of 0.047 to 0.081. 

The model used is parameterised using the feeding trial data generated by Black et 

al., (1988). In this trial young, healthy volunteers are used and are challenged with 

campylobacter suspended in a milk solution. This raises several issues with regards 

the application of the model within the current context. 

The probability that a person will become infected given exposure to 

campylobacters is dependent upon numerous factors including the amount of food 

ingested, type of food ingested, immune status, gender, age, and possibly other 
factors such as nationality, and geographical location. The wide variability in person 

to person characteristics makes the description of infection of an individual selected 

at random by use of current dose-response models hazardous. Further, the data upon 

which current campylobacter dose-response models are based consists of young, 
healthy males, dosed with a known level of campylobacter administered in buffered 

milk. How representative this method of infection is compared to infection due to 

chicken consumption must be carefully considered. The predicted results of such 

models are difficult, if not impossible to validate without the implementation of 
large scale feeding trials, a method which has strong ethical implications. 

No models are currently available in the literature that investigate the relationship 
between magnitude of dose of campylobacter and the probability of illness. 

Therefore, interpolation is used to develop a function describing the relationship 
between dose and the probability of illness. It is assumed that the function between 

any two adjacent data points is linear. The impact of the assumption of linear 

interpolation upon true estimates of illness is unknown. In the absence of further 

data points it is difficult to determine the form of the function between reported data 
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points cannot be determined. An option would be to assume some parabola links 

data points rather than a straight line. In this instance the curvature of the parabola 

may provide more information about the function between points than a straight 
line. For example, consider the form of the function for probability of illness linking 

a dose of zero and 1x 102. Given biological phenomena are often reported as being 

represented by a smooth curve it may be appropriate to assume that this function is a 

parabola, monotonically increasing between zero and lx 102. This would result in 

estimates based upon linear interpolation made in this range overestimates of the 

risk of illness. 

A further issue raised when considering the probability of illness is from examining 
the data (Table 8.1) it can be seen that the probability of illness would appear to 
have a different form to that of the probability of infection with increasing dose. It 

is not monotonically increasing. Without conducting more experimental work 
investigating the relationship between the probability of illness and dose it is not 

possible to validate the form of the relationship presented in the available data. To 

investigate the impact of assuming a monotonically increasing risk of illness the 

probability of illness between a dose of 9x 104 up to a dose of 1x 108 was set to 

linearly increase such that the probability of illness at a dose of 1x 108 is equal to 1. 

A comparison of the results for the probability of illness with campylobacter under 
the two model frameworks, that is assuming the data are correct, and assuming that 

the risk of illness should increase with dose, has no effect upon the overall 
distribution of the probability of illness. This can be attributed to all the distribution 

of exposure. The 95'x' percentile of the distribution of ingested organisms ranges 
from 3.34 to 4.04 log cfu per serving. As such, the majority of exposures are below 

the point where the two model frameworks differ, that is a dose of 9x 104. 

Throughout this chapter, the uncertainty associated with developing dose-response 

models has been highlighted. Such uncertainties have led to the investigation of 
alternative methods of relating exposure to infection. A model developed by Vose 
(Unpublished) to consider the risk of infection with antibiotic campylobacters as a 
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result of chicken consumption circumvents the use of a dose-response model by 

assuming that the risk of infection is proportional to the probability of exposure. 

The proportionality factor is estimated from survey data measuring the prevalence of 

contaminated products at retail and relating this to the number of illnesses in the 

community. Such a model has limitations. More specifically, the model framework 

prevents the investigation of critical control points which may affect the 

proportionality factor. As such the applicability of a framework of this kind will be 

specific to the situation in question and aims of the risk assessment. 

8.9 Conclusions 

When an individual ingests pathogenic organisms, the potential health consequences 

are three fold: 

* Ingestion of organisms has no consequence 

* The organisms survive and colonise the individual, this process is referred to as 
infection, but this colonisation is non-symptomatic 

* The individual becomes infected and consequently displays signs of illness 

When the organism ingested is from the genus campylobacter, any resulting illness 

can manifest in a variety of symptoms ranging from nausea to sever pain and 

chronic diarrhoea. For some individuals with lessened immune response illness may 

be more severe. Further, infection with campylobacter may result in some sequelea 

which can develop a number of years following infection. Such conditions include 

reactive arthritis, and Guillian Bane syndrome. 

To predict the impact of exposure to pathogenic organisms dose-response models 

are used. These models are commonly parameterised using data from human 

feeding trials. This has a number of difficulties when extrapolating to the general 

population. Specifically, human feeding trials commonly include only one gender, a 

small age range and all volunteers are known to be healthy. As such, they do not 
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represent the general population. However, there is currently no alternative 

available. 

Dose response models commonly fall into two categories, these are empirical and 

mechanistic. Empirical models are chosen upon observation and experimental 

evidence and the type of model based upon the goodness of fit to the data and as 

such no biological implications can be inferred. In contrast, mechanistic models 
describe the processes occurring which result in infection. However, all the dose 

response models in common use do not fall into one of these two categories and it is 

more appropriate to consider the models in teams of three categories, empirical, 

semi-mechanistic, and mechanistic. Semi-mechanistic models are not solely 

empirical as some description of the biological process is involved, however, the 

final model form is biased by experimental evidence. 

Several authors have presented dose response models for infection with 
campylobacter species. Common to each of these is the choice of the Beta-Poisson 

model. The beta-Poisson model is a semi-mechanistic model. The derivation of this 

model was presented in this chapter. 

In this chapter, using the levels of exposure determined in Chapter 7, the risk of an 
individual will become infected with campylobacter given the ingestion of a serving 
of a chicken meal was estimated. This risk has a mean value ranging from 0.04 to 
0.07, with a 95`h percentile from 0.098 to 0.160. 

Dose response models can also be used to estimate the probability of illness 

occurring following infection. This is an area of research not fully exploited and 
there are few such models in the scientific literature. It is debatable whether there is 

a relationship between dose and illness with some organisms showing clear 

relationships and others showing no relationship at all. In this chapter, from the data 

of Black et al., (1988) a relationship has been formulated. As a result, the risk of 
developing a campylobacter related illness following the consumption of a chicken 
product has a mean value from 0.012 to 0.019, with a 95th percentile of 0.019 to 
0.028. However, the data would suggest that the risk of illness takes a different 
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form to that of infection, that is it is not monotonically increasing with dose. 

Whether or not this is biologically plausible in currently unknown, and has led some 

authors to hypothesise that an increased dose results in a heightened immune 

response and hence a lower probability of illness. To investigate this, the model 
derived from the data was compared with a model which assumes that the 

probability of illness increases with dose. It was demonstrated that within the 

current model framework, both model produce the same result. 

In summary, in this chapter a model has been presented which utilises the estimates 

of exposure developed in chapter 7 to predict the risk of infection, and illness with 

campylobacter as a result of the consumption of a chicken product produced in the 

UK. The model predicts that, on average, the risk of infection ranges from 0.04 to 

0.07, and the risk of illness ranges from 0.012 to 0.019. Interpretation of these 

results is a complex task as experimental data is used to parameterise the model. 
The suitability of this data for extrapolation to the general population is currently 

unknown, and accumulation of further data to validate current assumptions should 
be a focus of future research. 
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results 

9.1 Introduction 

In this thesis a model has been described which investigates the risk of human 

infection with campylobacter. The model considers all stages involved in the 

production of chicken products, beginning with the placement of the birds on the 

farm through to the consumption of a chicken meal by a random individual and any 

subsequent health consequences. The model is developed in a modular fashion such 

that each stage of the supply chain is described by a distinct model which provides 
inputs into the next stage. However, each of the models can be used in isolation 

from the models describing the rest of the supply chain hence providing a versatile 

product for decision-makers. 

In this chapter, the integration of the models presented in Chapters 3 to 8 is 

discussed. The overall model results are presented and an investigation into the 

importance of the route of exposure is carried out. The chapter then concludes with 

a discussion focusing on the validation of these results. 

9.2 Model implementation 

The model presented in this thesis essentially describes the variability inherent in the 

rearing, processing, preparation and consumption of chicken products. Numerous 

data sets have been used to parameterise the model, many of which consist of small 

sample sizes. As such there is uncertainty associated with several variable 

parameters. The importance of separating variability and uncertainty in model 
frameworks has been discussed in Chapter 2. It was noted that failure to distinguish 

between these characteristics can lead to erroneous results. Therefore, to ensure that 

the variability and uncertainty remain distinct throughout the model as far as 

possible the uncertainty is generated using second-order modelling through the 

generation of non-parametric second-order distributions, as described in Chapter 2. 
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This results in a model which provides the variability present in the model outputs 

along with a visualisation of the degree of certainty associated with such results. A 

measure of the certainty associated with model results is invaluable when policy 
decisions are made upon the basis of such information. 

The second-order nature of the model is such that the model can be run with 
different combinations of variability distributions with each combination 

representing one possible realisation of the infection of humans from the 

consumption of chicken meat. If there was no associated uncertainty there would be 

only one possible combination. These different realisations are mimicked by 

simulating the model a number of different times and the result is multiple 
distributions describing the variability in the number of campylobacters 

contaminating a product and multiple estimates of the prevalence of contaminated 

products at the end of processing. This allows the quantification of the level of 

uncertainty with respect to the outputs of the model Pmf , the risk of infection with 

campylobacter, and P1!, the probability of developing a campylobacter related 

illness as a result of the consumption of chicken produced within the UK. As such a 

complete run of the model should include all possible permutations of variability 
distributions to represent the true extent of the uncertainty. However, due to current 

computer limitations this is not possible as it requires storing every sample taken on 

each simulation and hence is a large computer burden. Therefore, the model is run 

with only one combination for each possible variability distribution, with an 

assumption made that this adequately reflects the true level of uncertainty present 

The distributions for the model parameters and the calculations described in this 

thesis were formulated in the simulation package @RISK (®Palisade Corp. ) and the 

risk of human infection with campylobacter as a result of the consumption of 

chicken obtained as described in equation (8.6). The number of samples is chosen 

according to when the model output no longer deviates from the ̀ true mean' by f1% 
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defined as the mean at 20,000 samples. This occurs at 13,000 samples and is 

illustrated in Figure 9.1. 
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Figure 9.1: Deviation of the running mean of the risk of infection per serving from 

the mean at 20,000 distribution samples. 

Transparency of not only model results, but also model form and parameter values is 

crucial to any model which is intended to be used in the policy framework. Thus 

enabling any decision to be made with a full understanding of not necessarily the 

mathematical details of the model but the processes described but the model which 

give the final output. Further, the impact of key assumptions on model outputs 

should also be recognisable. 

The model described in this thesis is developed in a spreadsheet environment. As 

such transparency is evident in the modelling process and model parameters. This 

enables an individual without detailed mathematical or modelling knowledge to 
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grasp the concepts and processes the model addresses. For clarity, a separate 

spreadsheet is used to describe each of the stages of the supply chain. The 

spreadsheet models describing the farm level model (described in Chapter 3), the 

processing model (described in Chapter 6) and the preparation and consumption 

models (described in Chapters 7 and 8) are shown in Figures 9.2 to 9.4 respectively. 
For each parameter there is a brief description and the value of the parameter can 

easily be seen. Further the distributions or calculations that lead to a given parameter 

value are also displayed when any cell of the spreadsheet is selected. 
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Figure 9.2: An illustration of the layout of the spreadsheet model estimating the 

within-flock prevalence of a positive flock at slaughter described in detail in Chapter 

3. 
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Figure 9.3: An illustration of the layout of the spreadsheet model describing the 

slaughter and processing of chicken. Specifically, elements of the scald, defeathering 

and evisceration sections are displayed. Note the allocation of a `history' to the 

group of 100 birds at the start of the section and subsequent selection of a random 

bird from the flock, as described in Chapter 6. 
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Figure 9.4: An illustration of the layout of the spreadsheet models describing the 

cooking, consumption and risk of infection resulting from a chicken product. For 

model details see Chapter 7 and 8. 
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Figure 9.5: The density and cumulative second order distributions for the risk of 
infection with campylobacter from the consumption of a random chicken meal. 
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Figure 9.6: The density and cumulative second order distributions for the risk of 

developing a campylobacter related illness from the consumption of a chicken 

serving. 
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From a policy viewpoint risk is often expressed in units of year 1 and thus 

integrating the risk per serving with magnitude of exposure to the risk. Assuming 

that each serving an individual consumes is independent, the risk per year, defined 

as Re,, , is given by 

I=n 
Rpy =111-[1-Rpsj] 

1=1 

where RP3 is the risk of infection from serving i, and n is the total number of 

servings an individual will consume in one year. In this thesis consideration is given 
to the contamination of chicken that is produced in the UK. The number of servings 

of chicken produced in the UK per year that an individual in the UK will consume in 

the home is unknown. From the National Food Survey (available at 

www. maffgov. uk), on average, an individual will consume approximately 200g of 

chicken per person per week. This is comparable to two servings per week, as the 

average serving size, based on the Irish survey data is 95g . However, this survey 
does not discriminate between chicken which is imported or consumed outside the 
home for example, in a restaurant. Therefore, it is assumed that an individual 

consumes one serving per week in the home a week of UK produced chicken, and as 

such an individual consumes 52 servings per year. 

The distribution for the risk of infection per year with campylobacter is shown in 

Figure 9.7. Each line represents that variability in the risk per year that results from 

the variability in the processes leading to infection. This distribution has a mean 

value from 0.85 to 0.97. 

Further, the risk of developing a campylobacter related illness has a mean value 
from 0.36 to 0.67. The density and cumulative graphs for the risk of illness per year 
are shown in Figure 9.8. The summary statistics for the risk of infection and the risk 
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of illness given the consumption of a random serving of a chicken meal are given in 

Table 9.2. 

Table 9.2: Summary of model results for the risk of infection and the risk of illness 

with campylobacter following the consumption of a serving of a random chicken 
meal. 

Model Output 5t' percentile 50 percentile 95 percentile 
Risk of infection per year 0.79-0.95 0.86-0.97 0.91-0.99 

Risk of illness per year 0.32-0.50 0.35-0.56 0.40-0.64 

A striking feature of Figures 9.7 and 9.8 is the high degree of uncertainty associated 
with the variability in risk. This is a result of the amplification of the uncertainty 
present per serving, over the period of a year. The incorporation of more data to 

reduce the uncertainty associated with estimates of risk for a single serving would 

result in a reduction in the uncertainty in estimates made for a year period. 
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Figure 9.7: The density and cumulative second order distributions for the risk of 

developing a campylobacter related illness from the consumption of a chicken 

serving. 
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Figure 9.8: Cumulative and density plots for the risk of developing a campylobacter 

related illness per year for the consumption of chicken. 
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9.4 Sensitivity of results to exposure pathway 

An individual can be exposed to campylobacter via two pathways, these are the 

indirect or direct contamination of food with campylobacter during the preparation 

of a chicken meal. This was discussed in detail in chapter 7 and a model presented 

which quantifies the effect of each of these pathways. One of the conclusions from 

the model described in Chapter 7 is that there is a great deal of uncertainty 

associated with the manner in which individuals prepare meals in the home 

environment. The model describing this section did not intend to fully describe the 

stages that occur during preparation, rather provide a starting point for modelling the 

behaviour of individuals in the home. As such it is likely that exposure via this 

route is over estimated by the model as there may be several actions and processes 

which occur before cross-contaminated organisms are ingested and this may result in 

a reduction in the total number available to ingest. 

To investigate the impact of the level of cross-contamination estimated by the 

current model upon estimates of risk, the model is run with the probability of 

exposure from cross-contamination set to zero. For illustration purposes the model 
is run for 10 simulations of 13,000 samples and the risk of infection and the risk of 
illness per serving calculated. The risk of infection has a mean value ranging from 

0.0013 to 0.0037. Further the risk of illness per serving has a mean value ranging 
from 0.0003 to 0.0009. Both distributions are skewed at zero, with both 

distributions having 5th, 50`x' and 956' percentiles of zero. This is a dramatic decrease 

in risk from compared to the model results presented in Table 9.2, where cross- 

contamination is incorporated in to the model framework. 

Using these results, the risk per year is then calculated as described in Section 9.3. 

The resulting density plots for the risk per year of infection and illness are shown in 
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Figure 9. The risk of infection has a mean value ranging from 0.48 to 0.53, and the 

risk of illness has a mean value ranging from 0.02 to 0.04. The summary statistics 
for each of these risks are given in Table 9.3. 

Table 9.3: Summary of model results for the risk of infection per year with 

campylobacter in the absence of cross-contamination. 

Output 5th percentile 50 percentile 95 percentile 
Risk of infection 0.05-0.15 0.73-0.76 0.94-0.97 

The impact that the model quantifying the impact of cross-contamination upon 

model results can clearly be seen. The current model predicts that on average an 
individual has a probability of 0.85 to 0.97 of developing a campylobacter infection 

per year. However, when only cooking is considered as the route of exposure, this is 

reduced, ranging from 0.65 to 0.68. Further, the uncertainty in the estimate of the 

risk of illness is reduced as can be seen by inspection of Figure 9.9, compared with 
Figure 9.7. In addition, the variability is dramatically increased, indicating that for a 

random individual, in the absence of cross contamination, an individual has a 

probability of developing an infection with campylobacter ranging from zero to one. 

This clearly illustrates the importance of the acquiring good data to allow more 

thorough quantification of the pathways other than cooking that may lead to 

exposure during the preparation of a chicken meal. 
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Figure 9.9: Density and cumulative plots for the risk of campylobacter infection per 
year in the absence of cross contamination in the kitchen. 
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9.5 Validation of model results 
The validation of microbial risk assessments is a topic which receives a lot of 

attention. Often, validation is required in the form of the number of people 

predicted to become ill in the general population in some pre-determined unit of 

time. To do this, a measure of the true number of illness in the population is 

required. However, under-reporting is a big problem, with the rates of under 

reporting for infectious intestinal diseases in the UK currently estimated to be 1 

illness reported for every 136 cases. This is only an estimate, and the true rate is 

unknown and may be higher due to symptoms in some cases being mild enough to 

not be recognised as an incident of food poisoning. This means that a true measure 

of the number of people ill in the population is often unknown. This makes 

validation of model results a difficult process. 

The risk of infection per year has been estimated to have a mean value ranging from 

0.86 to 0.97. That is, on average 86 to 97 out of 100 individuals who consume 

chicken will have at least one campylobacter infection per year. It is important to 

note that infection is defined as the establishment, growth of campylobacter in the 

gut of the individual but symptoms are not necessarily present. As such it is difficult 

to say what this measure means in terms of cases of human illness. As discussed at 
length in chapter 8 the connection between infection and illness is not yet evident for 

campylobacter related illness. As such it is difficult to validate this result. 

The rate of campylobacter infection in the human population per year is currently 

unknown. To date there have not been any surveys which have measured infection 

rate. The model, results suggest high rates of infection resulting from chicken 

consumption, however, in the absence of survey data the validity of this result is 

unknown. The model describing the slaughter and processing of chicken predicted 
that, the prevalence of contaminated products at the end of processing ranges from 
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0.73 to 0.90 with a mean value of 0.80. Following storage, preparation and cooking 

the probability of exposure to campylobacter is estimated to be 0.21. This is 

exposure only from chicken products. An individual can also be exposed to 

campylobacter form a number of other sources such as contaminated water, raw 

milk, pets and wild birds. As such, it is biologically plausible that the population 

could have very high campylobacter infection rates, without necessarily displaying 

symptoms. 

Once an individual is infected with campylobacter, further exposures will have no 

effect as the individual is already infected. Currently the model assumes that each 

exposure has the potential to result in an infection. A more realistic description 

would include details of the previous exposure to campylobacter and hence result in 

the generation of a campylobacter status of an individual detailing whether or not 
they are currently infected. 

A further complication for validation is individuals can become immune to infection 

following exposure to campylobacter. This has been demonstrated both 

experimentally (Kist, 1982) and in the general population where poultry plant 

workers commonly get an illness in the first few weeks of employment, but rarely 
become ill again. However, such individuals are likely to be exposed to 

campylobacter on a daily basis, suggesting frequent exposure results in immunity to 
illness. In the current model framework, each exposure has an equal probability of 

resulting in infection. If individuals become immune following exposure, then the 

risk of infection on each exposure is a function of the frequency and magnitude of 

exposures which the individual has already experienced. This is not currently 
incorporated in the model. To include such factors in the model information 

detailing the manner which exposures affect the immune status of individuals would 
be required. Further, the time since infection and hence current immune status of an 
individual at the point of exposure would also be desirable. However the integration 
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of such information into the current framework would result in a more realistic 

representation of the infection process. 

Given these difficulties it is likely that the current model results for rates of infection 

and illness are overestimates as individuals which in reality would be either already 
infected or immune at the point of exposure to campylobacter are becoming re- 

infected. As such it is necessary to validate the model at points in the model prior to 

exposure, for example post processing. Model results presented here estimate that 

the probability that a product is contaminated was estimated to range 0.73 to 0.9, 

with a mean value of 0.8. It has been reported from experimental studies that 80% 

of products at retail are contaminated with campylobacter (Corry & Atabay, 2001). 

It would be expected that the model would estimate higher levels of contamination 

than experimental studies as such results are limited by minimum detection levels, 

below which products may or may not be identified in laboratory investigations. 

However, results from experimental studies should be used with caution to validate 

model results. Sample sizes are very small as they require a high level of resources 

to carry out large scale sampling of retail products. This is a result of the cost and 

technical expertise required to carry out such investigations. As such, experimental 
investigations may not fully represent the variability in the contamination levels of 

products on the market. 

The model presented in this thesis makes two general assumptions. First, all 

campylobacter are pathogenic to humans, and second, all campylobacters have the 

same survival characteristics. Work by Clow (cited in Newell & Wagenaar, 2000) 

has demonstrated that there would appear to be two populations of campylobacter 

which are relevant to this model. These are campylobacters which are found in 

chickens and campylobacters which cause disease in humans. This work has shown 

that these population overlap, however there are strains which are exclusive to either 

poultry or humans. This would indicate either not all campylobacter in chickens are 

capable of causing disease in humans or are unable to persist through the supply 
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chain and hence do not get the opportunity to cause disease. The assumption that all 

campylobacter are able to cause disease will result in an overestimate of the risk as 

some of the products which are contaminated will not be contaminated with 
pathogenic campylobacter and therefore carry no risk from campylobacter infection 

or a related illness. Further, assuming that all campylobacter are equally likely to 

persist through the supply chain also results in an over estimate of the risk. It may 
be that there are strains of campylobacter that are highly pathogenic to humans but 

are unable to survive the stages of processing and therefore are not associated with 
human disease via this route. Information detailing the pathogenic and survival 
characteristics of different species and strains of campylobacter would enable the 

current model parameters to be refined representing only campylobacter 

contamination of chicken products which poses a risk. As such a more realistic 

representation of infection and illness via the chicken supply chain would be the 

result. 

As a result of the difficulties described above, the model results presented here 

should not be taken as absolute estimates of the risk of infection, or illness from the 

consumption of chicken. Given the current level of knowledge and data availability 

regarding the chicken supply chain and campylobacter it is not possible to accurately 
estimate this risk. However, in 2000, when dioxin contaminated supplies of chicken 
feed in Belgium, the sale of chicken meat and chicken products dropped 

dramatically (MAFF, 2001). It is yet to be seen what effect this will have on the 

reported rate of campylobacter related illness in the population. A similar situation 
has also occurred as a result of the outbreak of Foot and Mouth disease in the UK in 

2001. This outbreak has led to increased consumption rates of chicken and chicken 

products, as well as an increase in the amount of chicken imported (MAFF, 2001). 

These situations could provide an indirect way to validate model results, specifically 
the importance of chicken as a source of campylobacter infection in the general 
population. 
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This is a common outcome of microbial risk assessments of this type and focus is 

beginning to turn to the notion of relative risk rather determination of an actual risk. 
In this way the main aim is not to quantify the absolute risk, rather a measure of risk, 

that is as good an estimate that is possible given all the information available. This 

can then be used as a baseline and the model used to investigate strategies which 

may result in a reduction of this risk. The most effective strategy being the one 

which has the greatest positive impact upon the base line estimate of risk. The use 

of the model presented in this thesis to identify risk reduction strategies is presented 
in the following chapter, Chapter 10. 

9.6 Conclusions 

In this chapter the models presented in Chapters 3 to 8 have been integrated to give 

the overall estimate of the risk of infection and illness with campylobacter as a result 

of consuming chicken produced in the UK. The models are developed in a 

spreadsheet environment and as a result are transparent regarding both model form 

and parameter values. This provides a useable tool for decision makers, in the 

absence of detailed mathematical knowledge. 

The model predicts that an individual has a mean risk per serving of infection with 

campylobacter from 0.036 to 0.067. Further, for a random individual, the risk of 
developing a campylobacter related illness per serving of chicken ranges from 0.010 

to 0.016. From a policy view point it is often helpful to translate this to risk per 

year. Consequently, for a random individual consuming UK produced chicken, the 

risk of infection per year ranges has a mean value from 0.856 to 0.973. The risk of 
developing a campylobacter related illness, per year, translates to a mean value of 
0.360 to 0.567. 

Individuals can be exposed, and hence develop and infection or illness via two 

pathways which may occur in combination of exclusively, that is exposure as a 
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result of cross-contamination or exposure as a result of inadequate cooking. The 

importance of each of these exposure routes on the estimates if risk has been 

investigated and results indicate that the cross-contamination route of exposure has a 
large influence on current estimates of risk. As such, future research should focus 

upon the provision and collection of data which enables this section of the model to 

be thoroughly quantified. 

Validation of the results presented in this chapter is a complex task. Such validation 

requires a baseline for comparison, this should ideally be the risk of infection or 
illness per year in the UK population. The rate of infection in the UK is unknown, 
further, the true rate of illness is also unknown, with under-reporting the main 

obstacle in the estimation of the number of illnesses per year. As such, it is not 

appropriate to use current estimates of rates of illness in the population to validate 

current model results. 

The model makes several assumptions which would suggest that the current results 

over estimate the risk. These assumptions were made as a result of lack of data and 
knowledge with regards to aspects of the infection of humans via the chicken supply 

chain. As such, it is not currently possible to accurately estimate the risk posed to 

the population in the UK from the consumption of UK produced chicken. However, 

current estimates can be used as a baseline, and as such, the model presented in this 

thesis can be used to investigate the relative impact different mitigation strategies 

may have upon the risk of infection and illness. Such impacts are likely to translate 

to the real situation. 
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10.1 Introduction 
In this thesis a risk assessment model quantifying the risk of human infection with 

campylobacter, consequent upon the consumption of a random chicken meal has 

been presented. This model considers all stages of the poultry supply chain 

including rearing of the birds, the slaughter and processing, preparation and cooking 

of a chicken meal, consumption of the meal and any subsequent illness. The model 

results are presented in Chapter 9. These results indicate that the presence of 

campylobacter in the gut of birds on the farm poses a risk to the human population. 

There are several areas of data deficiency in the model framework, as a results of 

these deficiencies, assumptions have been made regarding the pathogenicicty and 

survival characteristics of any Campylobacter spp. present in the chicken supply 

chain. The incorporation of these assumptions makes the interpretation of the 

predicted risk a complex process. Further, validation of the model results is not 

appropriate at this time. As such, the results presented in Chapter 9 should not be 

taken as absolute estimates of risk, rather a baseline, which is as close to the true risk 

as is currently possible to estimate. This can then be used to investigate the efficacy 

of mitigation strategies on a relative scale, hence identifying which strategies are 

likley to have a the largest impact upon the risk of infection with campylobacter. 

In this Chapter such an. investigation is undertaken, with the aim to identify 

mitigation strategies which will reduce the risk of infection with campylobacter as a 

result of the consumption of a serving UK produced chicken. Such investigations 

will thus increase the current level of knowledge with respect to the management of 

campylobacter infection in humans. As such, recommendations can be made 

allowing future risk management strategies to be formulated based upon a wider 
knowledge base. 
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10.2 Investigation into potential mitigation 
strategies 

To incorporate the heterogeneity naturally present in this system and uncertainty due 

to data deficiencies the model takes the form of a stochastic simulation model. The 

flexibility of this type of model enables it to be altered to investigate any particular 

scenario which may occur during the stages leading up to the ingestion of a chicken 

meal. In particular, there may be processes which can be modified such that a 

reduction in current levels of risk occur, and hence are of interest to decision and 

policy makers. 

The predominant strategy to reduce the risk posed to the human population from 

campylobacter in chicken is to rid the national flock of the organisms. Research into 

occurrence of the colonisation of chicken flocks with campylobacter is extensive. 
Investigations in to the mechanisms by which flocks are exposed to, and 

subsequently colonised with campylobacter are on going. The hypothesis driving 

such research is the potential for the eradication of the organism in the live birds to 

remove the risk to humans, from the consumption of chicken. However, this has yet 
to be demonstrated. 

To investigate the extent to which the national flock prevalence, Ppf, and the 

within-flock prevalence of a positive flock, P, 
yfp, 

influence the risk posed to the 

human population the model was adapted such that the value of Ppf and P�rp varied 

from zero to one. All other parameters remained as described by their associated 
distributions. The way in which the mean probability of infection varies with 
Ppf and Pw fp is shown in Figure 10.1 
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T 
is. 

Figure 10.1: Graph showing the relationship between the national flock prevalence 

(FP), the within flock prevalence (WFP) and the mean of the distribution for the 

risk of infection with campylobacter (P inf ). 

From Figure 10.1, it can be seen that both the flock prevalence and within flock 

prevalence have a positive impact upon the risk of infection. More specifically, a 

reduction in the flock prevalence results in a reduction in the risk. Further, for a 

given flock prevalence, a reduction in the within-flock prevalence of the positive 

flocks results in a further reduction of the risk. These results indicate that a dual 

strategy at the farm level will have the greatest influence upon the risk posed to 

humans. Such a strategy should incorporate both measures to reduce the flock 

prevalence, such as biosecurity, and measures which reduce the degree to which a 

positive flock is colonised at slaughter. This may include approaches such as 

vaccination and competitive exclusion. 
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Currently, methods to achieve a reduction in the national flock prevalence and 

within flock prevalence of a positive flock are somewhat elusive. Biosecurity has 

been successful in preventing the exposure of flocks to campylobacter in 

experimental studies (Evans et al., 1996). However, when applied in the day to day 

workings of a poultry company, biosecurity seems to have a limited effect, with 

some companies reporting no impact upon campylobacter levels (Andrew Gibson, 

QA manager, Premier poultry, Personal communication). Such problems are 

attributed to difficulties in staff compliance. 

A reduction in the flock prevalence was achieved in Sweden. The national flock 

prevalence was reported to have been reduced from 50% to less than 10%, yet no 

impact upon rates of human illness has been observed (E. Engvall, Epidemiologist, 

Personal communication). The potential reduction in risk, achieved as a result of a 

reduction in the national flock prevalence and the within flock prevalence of a 

positive flock illustrated in Figure 10.1, assumes that the probability that a bird form 

a negative flock becomes contaminated, P(Cnf ), is given by 

P(Cnf) = PfUniform(0,1), for all values of Pf . This assumption may not be true; 

however, there are currently no data available to allow the relationship between 

P(Cnf) and Pf to be determined. It is important to note that as the national flock 

prevalence is reduced, the contamination of negative flocks becomes a more 
important factor in the estimation of risk to the population and hence the validity of 

this assumption also increases in importance. As discussed in Chapter 3, there are 

currently no published data which quantify either the probability of the occurrence 

of the contamination of a negative bird or a negative flock, along with the extent of 

such contamination. As such, these data gaps complicate the estimation of the risk 

as the flock prevalence and within flock prevalence are reduced, and hence estimates 

presented here may not realistically reflect the impact on risk that a reduction in 

flock prevalence will have. 

A further complication is as the flock prevalence increases the rate of exposure and 
infection in the human population will increase. It has been demonstrated that 

immunity results from infection (Newell & Wagenaar, 2000), hence it could be 
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c. rpected that the surface shown in Figure 10.1 would flatten out, and possibly 
decrease, as the national flock prevalence reaches a maximum. It is possible that 

such a situation accounts for the lower illness rates reported in the developing world, 

compared to the developed world. 

Thus far, it has been demonstrated that a reduction in the levels of flock prevalence 

and %kithin flock prevalence can have a dramatic impact upon the risk to human 

infection. Research is currently ongoing to identify an efficient manner by which 

this reduction can be achieved. It may be that techniques to reduce either the flock 

prevalence or levels of flock colonisation may not be available for several years. 
Given the magnitude of risk that chicken consumption poses to the human 

population other strategies, which can be implemented currently and are more 

readily available would be desirable until the time which eradication of 

camp) lobacter at the source can be achieved. Therefore, the model is used to 

quantitatively assess the likely impact of five key mitigation strategies, taking the 

impact the strategy has upon the distribution of the risk of infection as the measure 

of comparison. 

The supply chain consists of several, integrated stages. These are rearing and 

transport, slaughter and processing, preparation and consumption in the home and 

any resulting infection. Each of these stages contributes to the overall risk to the 

human population. As such there are numerous potential mitigation strategies 

available. However, it is important that any mitigation strategy investigated feasible 

in practical terms ensuring that all information acquired is of value to the poultry 

producer, consumer and policy maker. The strategies investigated are as follows: 

" Reduction in probability that birds are contaminated on their exteriors at 

slaughter 

" Reduction in the level of contamination on the exterior of birds at slaughter 

" Prevention of carry-over of contamination in the house from flock to flock, 

identified specifically during evisceration 
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* Freeze all chicken prior to consumption 

* Reduction in the occurrence of cross contamination in the home 

Each of these will now be described. 

Reduction in probability that birds are contaminated on their exteriors at 

slaughter 

The contamination of the exterior of birds at slaughter is described in Chapter 4. 

The contamination of birds during transport results in an increase in the level of 

contamination on the exterior of the birds. This results in a magnification of the 

reservoir of organisms available to enter the food chain. Here, the impact upon the 

risk of infection resulting from a reduction in the probability that a bird becomes 

contaminated during transport is investigated. To measure the impact a mitigation 

strategy aimed at reducing the external contamination at slaughter has, the 

probability that a bird becomes contaminated during transport is reduced by half. 

Reduction in the level of contamination on the exterior of birds at slaughter 
The transportation of birds from the farm to the slaughter facility is a key stage in 

predicting the level of contamination on the exterior of a bird at slaughter. This is 

due to the stress of the process resulting in the excrement of the birds becoming 

more liquid in nature (Mulder, 1995). The consequence is the dispersal of 

excrement throughout the transport vehicle and hence the potential to contaminate 

the exteriors of the birds with any campylobacters that may be excreted. To 

investigate the impact upon risk as a result of some action which reduces the 

contamination level on birds at slaughter, the levels of contamination predicted by 

the model are reduced by half. 

Prevention of carry-over of contamination between flocks on a daily basis 

When a colonised or contaminated flock is processed the result is the contamination 

of the processing equipment. This is well recognised for several organisms present 
in poultry and as a result the whole processing plant is cleaned at the end of each 
day. It has been identified that despite this cleaning, some contamination may 
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persist. This therefore provides a reservoir from which birds processed on the 

following day can become contaminated. This factor is incorporated in the section 

of the model describing the evisceration process as described in Chapter 6. 

Specifically, if a given flock was the first flock of the day to be processed, or no 

positive flocks have been processed so far a reservoir of contamination is available 

as a direct result of the persistence of organisms from the previous day. To 

investigate the impact this has upon the risk of infection, the number of 

campylobacter which survive cleaning and hence can contaminate flocks processed 

on the next day is set to zero. 

Within the model describing evisceration a further source of contamination is also 

available. This reservoir is a result of the processing the birds that day which 

contaminate the processing environment. It is likely that a reduction in the level of 

cross contamination between flocks processed on any given day would have a 

positive impact upon the risk to humans. This could be achieved by cleaning the 

equipment between the processing of individual flocks. However, given the high 

intensity of processing and market demands on the quantity of chicken meat 

produced it is unlikely that processors are able to incorporate further cleaning stages 
during a given processing day. As a result, this potential mitigation is not 

considered here. 

Freezing all chicken prior to consumption 
Currently, approximately 30% of all chicken is sold frozen (BPMF, 1998). 

However, in Chapter 7 it was shown that campylobacters are sensitive to freezing, 

with no campylobacter contamination detectable on artificially inoculated chicken 

products after four weeks of frozen storage. As such, it is possible that the freezing 

of all chicken prior to consumption could have a positive impact upon the risk of 
infection. To investigate the impact of freezing chicken prior to sale, the probability 
that a chicken carcass is destined for frozen sale is set to 1. 
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Reduce the probability of cross contamination in the home 

Poor hygiene practices during the preparation of a chicken meal can result in the 

cross contamination of organisms and hence lead to the indirect ingestion of 

campylobacters. It was demonstrated in Chapter 7 that this route of exposure carries 
the greatest opportunity for ingestion of campylobacter compared with exposure 

resulting from inadequate cooking. The manner in which people behave during the 

preparation of a meal is poorly understood and the frequency of the occurrence of 

poor hygiene practices in the home is poorly quantified. However, several studies 
have identified that poor knowledge of and poor compliance with hygiene practices 
in the kitchen is not an uncommon event. 

The occurrence of cross contamination in the home could be reduced through 

education schemes. Such schemes could include advertisements and labelling of 
foods providing information on how to handle foods appropriately. To investigate 

the potential impact a reduction of the probability of exposure may have upon the 

risk of infection the probability of occurrence of each of the cross contamination 
events considered in the model were set half their current values. The stages 

considered are failure to wash hands after handling the poultry, failure to wash 

vegetables, and failure to clean he preparation surface after contact with the chicken 

product as described in Chapter 7. 

Running the model to investigate the mitigation strategies 
To run the model all of the variability distributions which have associated 

uncertainty were replaced with the mean variability distribution from the uncertainty 
space. The result is a model which produces the average response of the simulation 
model described in Chapter 3 through to 8. For each mitigation the appropriate 
distribution is changed according to the description above and the model run until 
the mean of the distribution for the risk of infection reaches convergence. 

The cumulative distributions for the risk of infection under the current model 
assumptions and each of the 5 mitigation strategies is shown in Figure 10.2. The 

effect of the mitigations upon the mean probability of infection and the probability 
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of exposure. These results are for products bought fresh or frozen and do not 

include products which are bought cooked, and hence are assumed to pose no risk. 

It can be seen clearly that freezing the chicken prior to consumption has the most 

dramatic effect upon the risk of infection. Freezing the chicken prior to sale reduces 

the probability of infection from 0.079 to 0.013. This is a reflection of the reaction 
in the probability of exposure from 0.32 to 0.11 and a reduction in the level of 

exposure due to inactivation of the organisms during freezing. The freezing of the 

chicken could be carried out by the producer and sufficient labelling with 
information on thawing practices makes this a potential option. However, currently 
it may be unacceptable to the consumer who preferentially purchases fresh chickens 
but through communication of the benefits afforded by freezing the chicken this 

could be overcome. 
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Figure 10.2: Cumulative distributions for the risk of infection per serving of chicken 

for the current model results (A) and the mitigation strategies: freeze all chicken 

prior to consumption (B), halve number of organisms contaminating the exterior 

birds at slaughter (C), halve probability that birds become contaminated during 

transport to the slaughter facility (D), halve the probability of the occurrence of poor 

hygiene practices in the home (E), and remove carry over of contamination in the 

processing plant (F). 
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Table 10.1: The mean probability of infection given exposure, and the probability of 

exposure, that is ingestion of at least one organism per serving. Results shown here 

do not include products which are bought cooked and hence are assumed to pose no 

risk. 

Mitigation Mean probability Probability 

of infection given of exposure 

exposure 

Current results 0.079 0.32 

Freeze all chicken prior to consumption 0.013 0.11 

Halve number of organisms contaminating the 0.079 0.32 

exterior birds at slaughter 
Halve probability that birds become 0.069 0.25 

contaminated during transport to the slaughter 
facility 

Halve the probability of the occurrence of poor 0.061 0.29 

hygiene practices in the home 

Remove carry over of contamination in the 0.075 0.32 

processing plant 

The next most effective mitigation strategy is a reduction of the probability of the 

occurrence of cross contamination events in the home during the preparation of a 

chicken meal. This results in a reduction of the probability of infection per serving 
from 0.079 to 0.061. The probability of exposure is reduced from 0.32 to 0.29. If 

the probability of exposure is used as the measure of effectiveness, this would not be 

the second most effective measure. Rather, halving the probability of contamination 

of the exterior of birds during transportation to the slaughter facility. For this 

mitigation the probability of exposure is 0.25. However the probability of infection 

is 0.69. This is because halving the probability of the contamination of birds during 
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the transport to the slaughter facility reduces the number of birds which are 

contaminated during processing and hence results in a reduction of the number of 

products at retail which are contaminated. However the levels of contamination and 
hence levels ingested remain the same. In contrast, a reduction in the occurrence of 

each of the hygiene practices will reduce the number of organisms ingested as well 

as the probability of exposure. However this reduction in exposure rate is less than 

that afforded by reducing the number of contaminated birds entering the processing 

plant. 

A reduction in the probability of the occurrence of the hygiene practices considered 
in the model could be achieved though education of the public about how raw 

chicken should be handled and prepared. Further, labelling of foods with 
instructions on hygiene during preparation could also have an impact. 

A reduction in the probability of the occurrence eof cross contamination during 

transport would require some adjustment to current transport systems preventing the 

vertical and horizontal spread of faeces throughout the transport vehicle. This may 
be a difficult goal as the transport of birds to the slaughter facility is governed by 

bird welfare and any strategy that may threaten bird welfare is not feasible. 

Despite the impact a reduction of the occurrence of contaminated birds at slaughter 
has upon the mean probability of infection, a reduction in the levels of organisms 

contaminating these birds does not change either the probability of infection or the 

probability of exposure. This is due to the mixing and re-distribution of the 

organisms during the processing of the birds. 

Interestingly, removing the carry over of contamination has no impact upon the 

mean risk of infection and the probability of exposure. 

Given the above findings it may be that the most effective risk reduction strategy 
could be achieved by combining the most efficacious strategies. However, when 
freezing all the chicken is combined with a reduction in the probability of the 
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occurrence of cross contamination events in the kitchen the mean risk of infection 

given exposure is 0.011 and the probability of exposure is 0.12. From Table 10.1 

the risk of infection given exposure when all chicken is frozen is 0.013 and the 

probability of exposure is 0.11. Thus, in this circumstance, the accumulation of 

mitigation strategies would not have a significantly increased impact upon the risk 

of infection, as predicted by the model. As such, the cost of the implication of 

multiple strategies should be compared to the magnitude in the reduction in risk 

such further strategies achieves prior to implementation resulting in the most 
efficient risk management process. 

The freezing of chicken products prior to consumption has been carried out in 

Iceland. This action was implemented in 2001 as a result of an acute increase in the 

rates of illness which was seen to follow an increase in the levels of consumption of 
fresh chicken (D. Newell, Epidemiologist, Personal Communication). The effect of 
this strategy upon illness rates will be seen in the following years. As Iceland does 

not import any chicken products, this will provide a direct method of validating the 

use of the model to predict mitigation strategies. 

10.2 Conclusions 
In this chapter, the estimates of risk generated from the risk assessment model, 
presented in Chapter 9, have been used to investigate the efficacy of potential 

mitigation strategies. The impact of the strategy was measured against the current 

estimate of the average risk. 

A reduction in the flock prevalence can dramatically reduce the risk of infection. 

However, as such reductions occur, the importance of birds which are not colonised 
but become contaminated by other means increases. There are several areas of data 
deficiency associated with the external contamination of non-colonised birds. More 

specifically, these deficiencies include the probability of such contamination 
occurring and the extent to which it occurs. Thus complicating the estimation of the 
impact of a reduction in the flock prevalence/within flock prevalence. In addition to 
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these difficulties, as discussed in Chapter 3, at present it is not clear how such 

reductions can practically be achieved, and maintained. As such, 5 alternative 

strategies were considered. These were 

* Reduction in probability that birds are contaminated on their exteriors at 

slaughter 

* Reduction in the level of contamination on the exterior of birds at slaughter 

* Prevention of carry-over of contamination in the house from flock to flock, 

identified specifically during evisceration 

* Freeze all chicken prior to consumption 

* Reduction in the occurrence of cross contamination in the home 

Based upon a comparison of the generated average risk to current estimates, the 

most effective strategy by far was freezing all chicken prior to consumption. This is 

due to the inactivation of the organisms that results from the freezing process as 
described in Chapter 7. 

Then next most effective strategy is to halve the probability of the occurrence of 

poor hygiene practices in the home. This could be achieved by an education strategy 

communicating the importance of good hygiene. 

A reduction in the occurrence of cross contamination during transport also impacts 

the risk of infection, however, animal welfare is paramount when transport systems 

are designed, hence achieving a reduction in the cross-contamination during 

transport may not be a feasible option. 

Finally, Removal of carry over of contamination and a reduction in the level of 

contamination on birds when entering the plant do not impact the risk. 
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Chapter 11: Discussion 

11.1 Introduction 

Campylobacters were first identified as human pathogens in 1970s and since this 

time the breadth of scientific research focusing upon sources of human infection 

continues to expand. Despite such research, the number of human cases reported 

each year continues to increase and methods of controlling the current public 

health threat are elusive. One obstacle in the prevention of human illness is the 

major source of infection is currently unknown. Epidemiological studies have 

implicated chicken meat as responsible for a significant contribution of illness. 

However, the true extent to which chicken is responsible for the current public 

health threat is unknown. Throughout this thesis the infection of humans with 

campylobacter, consequent on the consumption of chicken meat produced in the 

UK, has been considered from mathematical perspective through the 

development of a quantitative risk assessment model. 

The model is stochastic in nature, and represents uncertainty and variability 
through the use of Monte-Carlo simulation. The variability and uncertainty are 
distinct within the model framework. In Chapter 2 modelling techniques 

available to distinguish between variability and uncertainty were discussed and 

several approaches for generating both variability and uncertainty were 

presented. Such techniques involve the choice of either a parametric or a non- 

parametric approach. The model described in this thesis is essentially a non- 

parametric model. This decision was a result of the lack of data available for 

numerous parameters, and hence the implementation of parametric assumptions 
to describe these variables was not appropriate. Further, the lack of data 

availability led to uncertainty regarding the true form of the variability, hence 

non-parametric, second-order distributions were used. Through the use of two- 

stage Monte-Carlo, the variability and uncertainty remained distinct. The result 
is an estimate of the risk of infection to a random individual, with a description 

of the variability in this risk between individuals and individual servings along 
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with a quantitative measure of the level of certainty associated with this estimate 

of risk. 

11.2 Key findings 

The model presented here considers all stages of the chicken supply chain in a 
modular fashion. The modules considered are Rearing and Transport, Slaughter 

and Processing, Preparation and Consumption, and finally Health consequences. 
At each stage of the supply chain the model estimates the probability that a 
bird/carcass/product is colonised/contaminated with campylobacters, and the 

associated microbial levels. Distinct models describe each of these modules, and 
the key findings of each module can be summarised as follows. 

Initially, the rearing and transport module is described in Chapters 3 and 4. In 
Chapter 3, the rearing of the birds on the farm was considered. Specifically, the 

probability that a bird, selected at random from the UK national flock, would be 

colonised with campylobacter at slaughter was estimated. This estimation 
involved the accumulation of farm level prevalence data and the development of 
a dynamic model describing the spread of campylobacter in a flock of chickens 
following the colonisation of a single bird. This then led to estimates of the 

within-flock prevalence of a chicken flock at slaughter. The combination of the 
flock prevalence and within-flock prevalence resulted in an estimate of the 

probability a bird will be colonised at slaughter. This probability has a mean 

value of 0.53, with a 5`h and 95`h percentile of 0.51 and 0.55 respectively 
(Hartnett et al., 2001). 

The manner in which campylobacter colonises a flock could be dependent upon 
the source of the organism. For example, it is likely that if a flock is colonised 
as a result of vertical transmission the transmission dynamics will differ 

compared to a flock which is colonised as a result of exposure to contaminated 
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feed and water. To allow for such differences, possible model modifications 

were presented. The frequency with which different sources and hence different 

modes of flock colonisation occur is currently unknown. The accumulation of 

such information could enable different modes of transmission to be weighted 

within the current framework, and hence result in a more realistic description of 

the colonisation process of a random flock, providing a more realistic estimate of 
the probability that a bird is colonised at slaughter (Hartnett et al., 2001b). 

The levels of colonisation and external contamination associated with a random 
bird at the point of slaughter are estimated in Chapter 4. Colonisation levels 

were generated from published data and the model predicts that a colonised bird 

will carry, on average, in the range of 3.7 to 5.5 cfu per gram of ceacal contents. 
The 95th percentile for this estimate ranges from 7.2 to 8.6 cfu per gram of ceacal 

contents. No such data are available to estimate the contamination level of a 

random bird. The contamination status of a bird at slaughter will be a function 

of both the contamination status of the bird at depopulation and whether or not 

any further contamination occurs during transport to the slaughter facility. Both 

of these factors are related to the location of a given bird in relation to colonised 
birds. This is because colonised birds will be excreting large numbers of 

campylobacter in their faeces. To incorporate this, a simulation model was 
developed which considers the location of the colonised birds in a flock at 
depopulation, and the location of these birds in the vehicle during transport. To 

achieve this, the model assumes that the colonisation process of a flock and 

subsequent cross-contamination during transport can be considered spatially. 

Contamination of the exterior of birds is not unique to positive flocks. 

Inadequate crate cleaning and the process of catching can lead to the 

contamination of birds from negative flocks. There are no data available to 

estimate the level of contamination of birds from flocks which are 

campylobacter negative. Hence, this is an area of data deficiency. As such, 
assumptions were made regarding both the probability that contamination will 

occur, and the extent of such contamination present at slaughter. The impact of 
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these assumptions on the overall estimate is unknown. However, should 

information become available on the contamination of negative flocks, these 

model assumptions can be refined. 

The model predicts the probability a bird will be contaminated at slaughter has a 

mean value of 0.83. The distribution describing the uncertainty associated with 

this probability ranges from 0.8 to 0.85. Given a bird is contaminated, on 

average the level of contamination will be in the range from 6.08 to 7.23 log cfu 

per bird, and the 95th percentile ranges from 8.33 to 10.62 log cfu per bird. 

The slaughter and processing of chicken was approached in Chapters 5 and 6. It 

is well recognised that poultry processing has numerous microbiological 
implications. However, the impact of processing upon the level of 

contamination of a processed product is specific to the organism under 

consideration. To identify the stages of processing which are most likely to 

influence the campylobacter contamination of a product at the end of processing 

a qualitative assessment was carried out in Chapter 5. This assessment identified 

scald, de-feathering, evisceration, wash and chill as stages which will contribute 

when determining the campylobacter contamination status of a product post- 

processing. 

The effect of scald, de-feathering, evisceration, wash and chill upon the 

contamination status of a product post processing was quantified via the 

development of a simulation model describing each of these stages, presented in 

Chapter 6. Each stage of processing was described separately. After each of 

these stages, the number of campylobacter contaminating a carcass was re- 

evaluated, resulting in an estimate of the level of campylobacter contaminating a 

carcass post processing. This estimate was then used to generate the probability 

that a random carcass will be contaminated at the end of processing (Hartnett et 

al., 2001b). This model assumed that all campylobacter spp. behave in the same 

manner during processing. Should more information become available, the 

effects of processing on different strains present on a carcass can be modelled 

291 



Chapter 11: Discussion 

and therefore more realistic estimates of the likelihood and magnitude of 

contaminated products post processing would be produced. The number of 

campylobacter on a contaminated product was estimated, on average, to be in the 

range of 5.43 to 6.28 log cfu per product, with a 950' percentile ranging from 

5.96 to 6.65. Consequently, the probability that a product will be contaminated 

post processing was estimated to have a mean value of 0.8, with an uncertainty 
interval ranging from 0.73 to 0.9. 

Following processing, the storage, preparation and cooking of a serving of a 

chicken meal were investigated in Chapter 7. This chapter described models for 

cross contamination during preparation of a meal. Development of this model 

recognised that this is an area of data deficiency, with very few studies focussing 

on the behaviour of an individual during the preparation of a chicken meal. As 

such there is a high degree of model uncertainty associated with this section of 

the risk assessment. From Chapter 7, the probability that an individual will 
ingest at least one campylobacter as a result of a single serving of chicken ranges 
from 0.18 to 0.26, with a mean value of 0.21. Further, the level of exposure is, 

on average in the range of 2.4 to 3.3 log cfu per serving, with a 95"' percentile 
from 3.02 to 3.71 log cfu. Comparisons of the risk of exposure posed from 

inadequate hygiene during preparation and inadequate cooking indicate that the 

greatest opportunity for the ingestion of organisms is presented as a result of 

poor hygiene during preparation. As such, it is crucial that future research 
focuses on providing data to enable a thorough description of the behaviour of an 
individual during preparation of a chicken meal. Such information will allow a 

more realistic description of the processes leading to exposure and hence allow 

more realistic estimates of risk to be formulated. 

Estimates of exposure were used in Chapter 8 to predict the risk of infection 
following the consumption of a chicken meal. Exposure estimates were also 
used to estimate the risk of developing a campylobacter-related illness. Dose- 

response modelling has been used by several authors to describe the risk of 
infection following exposure at a pre-determined level. In each case the Beta- 
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Poisson model is used to relate the risk of infection to dose ingested. This model 

is selected based upon the goodness of fit to human feeding trial data (Black et 

al., 1988). This data involves a small sample size and healthy, young males. As 

such this data is not a representative sample of the population. Unfortunately, no 

alternative data are currently available; hence this is an area of data deficiency. 

The estimation of the probability of illness in relation to dose is not well 

researched. Currently there are no models which estimate the risk of illness 

following consumption of a pre-defined number of campylobacter. As such, 

estimation as carried out through the use of an empirical model based upon the 

data of Black et al. (1988). As with infection, the data for rates of illness is not 

representative of the population. The model presented in Chapter 8 does not 

consider infection and illness in susceptible populations. The rate of infection 

and illness in such populations is an area of data deficiency. However, since 

illness in susceptible population is commonly associated with increased 

morbidity this is an area that future research should not ignore. The risk of 

infection with campylobacter associated with the consumption of a single 

serving of chicken has a mean value ranging from 0.04 to 0.07 with a 95th 

percentile ranging from 0.098 to 0.16. Further, the risk of developing a 

campylobacter related illness is, on average, in the range from 0.012 to 0.019, 

with a 95`h percentile from 0.019 to 0.028. 

11.3 Validation of the risk of infection 

Validation of these results is a complex task and, as discussed in depth in 

Chapter 9, is currently not appropriate. As a result of the current knowledge 

base, there are several obstacles to validating these results. Of most importance 

is the importance of the true rates of infection and illness in the population. 
These are currently unknown as illness statistics are plagued with issues of 

under-reporting. Further, very little is known about the strains of campylobacter 
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which result in human illness. As a result, underlying the model development 

process were two key assumptions, these were: 

* All strains present in chickens have the potential to cause disease in humans. 

* All strains display the same survival and pathogenic characteristics. 

The consequence of these assumptions on model results is currently unknown. 
however, work has demonstrated that not all strains associated with chicken 
flocks have been observed in a human infection. This would indicate that the 

risk will be over-estimated as flocks which are colonised with non-pathogenic 

campylobacters will be included in current parameter estimates. Further, as 
discussed in Chapter 7, different strains of campylobacter display a wide range 

of survival characteristics. As such, some strains may be better at surviving 

processing and cooking than the strains for which the data used to parameterise 

the model were obtained. Similarly some strains will no persist as well as this 

data indicates. 

As a result of these difficulties, the results presented in this thesis should not be 

taken as absolute estimates of the risk of infection with campylobacter in GB. 

Rather, current estimates can be used as a benchmark to which the impact of 

mitigation strategies can be compared. However, several current situations may 

provide opportunity to validate the model results once all the epidemiological 
data have been collected, reported and analysed. These are the decrease of the 

consumption of chicken in 2000 as a result of the contamination of chicken feed 

with Dioxin in Belgium, and the increase in consumption rates in UK following 

an outbreak of foot and mouth disease in 2001. 

294 



Chapter 11: Discussion 

11.4 Mitigation strategies 

An investigation into the efficacy of possible mitigation strategies was 

undertaken in Chapter 10. Results clearly show that a reduction in the national 

flock prevalence, combined with a reduction in the within flock prevalence of 

positive can have a dramatic impact upon the risk of infection. There is 

currently no proven method available to achieve, and sustain such reductions. 

However, the level of research into this area continues to increase with the hope 

that strategies will be forthcoming. Given the magnitude of the public health 

threat posed by campylobacter, it would be desirable to reduce the risk of 

infection trough the implementation of alternative strategies until such time that 

the flock prevalence and within flock prevalence can be reduced. Therefore, with 

the aim to identify such strategies, predictions of the risk of infection following 

the implementation of 5 mitigations were compared with current estimates of 

risk. The mitigations considered were 

* Reduction in probability that birds are contaminated on their exteriors at 

slaughter 

* Reduction in the level of contamination on the exterior of birds at slaughter 

* Prevention of carry-over of contamination in the house from flock to flock, 

identified specifically during evisceration 

* Freeze all chicken prior to consumption 

* Reduction in the occurrence of cross contamination in the home 

Results show that the most effective strategy considered is the freezing of 

chicken prior to consumption. The freezing of all chicken prior to consumption 

resulted in a decrease in the average risk given exposure from 0.079 to 0.013. 

This may be a difficult measure to implement as there will be members of the 

population who prefer to purchase and consume chicken fresh. However, 
following an appropriate risk communication strategy, the potential importance 

of freezing chicken could increase in appreciation. Methods to effectively 
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reduce current levels of campylobacter related illness are currently unknown. 

However, this is a huge public health threat with thousands of individuals 

suffering some campylobacter related illness each year. The model results 

presented here suggest that freezing chicken prior to consumption could reduce 

the current risk of infection, and subsequently the rate of illness. 

The freezing of all chicken products has been implemented as a risk reduction 

strategy in Iceland. In the next two years the impact of such a strategy will be 

evident, and hence will provide the opportunity to validate the model as a risk 

reduction tool. 

11.4 Future work 

The mathematical models presented in this thesis will provide invaluable for 

numerous areas of future research. There are several issues that can be 

investigated by use of the current model. These are 

* Estimate the risk from specific strains of campylobacter 

* Estimate the risk from chicken consumed outside the home 

* Estimate the risk in other countries 

* Estimate the risk from poultry other than chicken 

As a result of the underlying model assumption that all campylobacter present in 

chickens are pathogenic to humans. This assumption was a result of insufficient 

knowledge regarding which strains are important in human infection. However, 

should such information become available the model can be refined and hence 

used to estimate the risk for any given strain. Of current interest is the risk of 
infection with antibiotic resistant strains of campylobacter, following the use of 

antibiotics in chickens during rearing. This problem has been approached from a 
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risk assessment perspective by the US Food and Drug Administration (Vose et 

al, Unpublished), but has yet to be considered for the UK situation. 

The estimates of risk presented here are associated with the consumption of 

chicken meat produced in GB. Several of the variables used in the model are 

country specific such as rearing practices and consumer behaviour. Given 

information allowing the parameterisation of such variables the model can be 

applied to estimate the risk in nations other than GB, which have similar chicken 

production systems. Such modifications are currently being undertaken as part 

of the WHO/FAO initiative (Hartnett et al., 2001b) with the aim to produce a 

risk assessment model which can be used by all member countries. 

Epidemiological investigations have implicated the consumption of chicken as a 

risk factor for campylobacter related illness. However, it is recognised that other 

poultry are also colonised with campylobacters and as such may also play a role 
in human infection. The model framework presented here focuses on the 

chicken supply chain. With modification of the processing section the use of the 

model is not isolated to chicken meat and may easily be adapted to consider 

other poultry such as turkeys, geese or ducks. 

There are several human pathogens which have been associated with the 

consumption of chicken, meat for example Salmonella spp. The model 

presented here provides a framework by which pathogens present in chicken 

meat may be investigated allowing the estimate of risk of a wide range of public 
health risks. 

The current model solely considers chicken which is prepared in the home. 

However, the model can easily be adapted to allow estimation of the risk 

associated with chicken prepared outside the home setting such as catering 
outlets. The situation posed by catering outlets is different to that in the home. 
If an individual preparing a meal has a poor level of hygiene and cross- 
contaminates organisms, there is a risk that numerous individuals will be 
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exposed as a result of the preparation of a single serving of chicken. To enable 

such estimation, modification to the section of the model which considers the 

preparation of a chicken meal is necessary, to allow for one individual preparing 

several meals. Further, such an estimate, combined with estimates for the 

preparation of a meal in the home would provide a more realistic description of 
the infection process for a random individual. 

11.5 Conclusions 

For several years campylobacter has been recognised as a cause of suffering in 

the population. The number of cases of illness continues to increase throughout 

the world, and methods of control are elusive. This is attributed to the source of 

the organism being unknown, but studies indicate that the ingestion of chicken 

meat may be an important contributor. The work in this thesis investigates the 

contribution of the consumption of chicken to the rate of campylobacter 
infection, and illness in the population of GB. As a result of several areas of 
data deficiency it is not currently possible to estimate the absolute risk posed to 

the population from the consumption of chicken. However, the model presented 
in this thesis provides insight in to the way in which the colonisation of chickens 

on the farm can contribute to human illness. This work is a valuable tool which 

can be adapted to research several areas of not only campylobacter infection 

from chicken in GB but also other poultry, other organisms, and other countries. 

The model presented in this thesis, and resulting estimates of risk can be used to 
investigate ways in which the risk can be reduced. Such investigations clearly 

show that a reduction in the national flock prevalence will reduce the risk to 

humans. However, the manner by which this can be achieved is currently 

unknown but the model results indicate this is a key area of research. An 

alternative method to reduce the risk is to freeze all the chicken prior to 

consumption. Such a strategy may receive opposition as it impinges upon the 

consumer's right to choose. However, if implemented, this may have a dramatic 
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impact on the risk of infection. Given the magnitude of the public health risk 

posed by campylobacter, such drastic measures may be necessary to protect the 

population's health. 
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