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Abstract

Abstract

Campylobacter 1s 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

1llness 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 1s unknown and the magnitude of the public health risk posed by this
organism can only be hypothesised. Infection with campylobacter has been linked
in eptdemiological studies with the consumption of poultry, in particular chicken
meat. A quantitative risk assessment (QRA) model has been produced to investigate

this 1ssue. 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
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.
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Chapter 1: Introduction and thesis outline

1.1 Food Poisoning

Iliness 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-bome diseases have a major public health

impact and 1n 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
1s 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-bomne illness is a huge public concem. 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 1* 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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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-
bome illness (Altekruse et al., 1998). Moreover, increasing portions of the

population have a heightened susceptibility to food borne disecase. 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,
survelllance of food-bome 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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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 (ACMSEF, 1993). Over the last ten years GB has experienced an

increase 1n 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 ententis 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 1s toxic to these bactenia (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
(Gnffiths & 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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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

1s 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

1llnesses 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 ef al., 1983) and Guillian-
Barr¢ syndrome (Kaldor & Speed, 1984) a neurological disorder reported to occur

once 1n 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 ef 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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al., 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 1n 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



Chapter 1: Introduction and thesis outline

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 antmals

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 ententis 1s

presumptive, (Gill & Harmrs, 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 (Stern ef 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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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 pnmary 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
1 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
1s 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, sate 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 i1dentified 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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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 bome 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 1s
being controlled at a CCP.

4. Development and use of monitoring procedures to ensure that each CCP 1s

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

10



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

of risk analysis 1s shown in Figure 1.1.

Risk Communication

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

11
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and underpins the whole process of risk analysis ensuring appropnate

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 orniginally presented by Covello & Merkhofer (1993), a risk assessment
can be divided 1nto 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 nsk
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 1s
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 1dentify 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

1dentification 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

12



Chapter 1: Introduction and thesis outline

particular hazard 1n a particular population.

Comparnng the OIE and CAC nisk 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 1s 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 1n 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 conceming 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

13
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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 Sa/monella

enteritidis in pasteurised liquid eggs, Cassin ef al. (1998) have modelled Escherichia
coli O157:H7 in ground beef hamburgers and Nauta & Heuvelink (1998) have
presented a model framework for E. coli O157: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 nsk. This
work specifically considers the consumption of an average, whole chicken by an
average individual. Hence the resulting estimate of risk 1s 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 prnionity
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 1S 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
charactensation 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 1n 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
1dentification, 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 imitial model framework for this risk assessment 1s illustrated in Figure 1.2.
This framework i1s modular 1n 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 ef al., 1998) this model 1s stochastic 1n nature and as such accounts
for uncertainty and variability by appropriate uncertainty or probability distributions

via Monte-Carlo simulation.

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

characternstics.

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 1n 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

descnbe 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 1s 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 3 a flock of chickens within a poultry shed is considered.
The flock is exposed to campylobacter and a model 1s 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 1s also predicted. The models presented here provide a methodology

for descnibing 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, 1t 1s 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 1s 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 1s 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 nsk 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 1s now common place.

Within a stochastic model framework each input parameter is descrnibed 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, vanability 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 approprate 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 1n any

model parameter.  Although these requirements have been considered 1n

environmental nisk 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 1s
more complex. In particular, because uncertainty and vanability 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 vanability (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 vanability 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 1s 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 altenative, it may be more appropriate to simulate both the
vaniability 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
vanability 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 Detining distributions of variability

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

for a vanable 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 vanables. 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

likelthood methods, goodness-of-fit statistics and optimisation. There is extensive

literature on the methods available see for example Schervish (1995).

Several distnibutions 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 1s 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 1s

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 vanability matches a theoretical distnbution. 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
I

Flx; )= ——
(x,) n+l

If the data are discrete then the cumulative distribution function is given by
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F(xi)= iP(xj)

j=!

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

2.2.2 Defining Uncertainty

In order to simulate both the vanability 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 ndata points X = {x,,...,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 6 of the parent distribution F(x)

1s determined.

Classical statistics

There are several exact techniques available to characterise uncertainty when
assumptions can be made about the parent distnbution. 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, X,

1s commonly calculated from a student-¢ distribution as follows
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— R
X = t(n-— ](7_—)4‘ X
n

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

equation X 1s the mean of the sample, § is an estimate of the true standard

deviation based upon the data set calculated from

Z(xj—-.'f

The ¢ 1s randomly sampled from a student-¢ distribution and this results in a range of

X values according to each § and X. 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 1s difficult to quantify.

The Bootstrap

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