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Abstract

Abstract

Risk analysisis a structured and systematic process that enables the
evaluation of the likelihood of the occurrence and magnitude of the
consequences of an adverse event (Murray et al, 2004). It provides a tool
for decision-makersto aid the development of policy decisions. Within
thisthesis risk analysis methodol ogy has been used to investigate badger-
to-cattle transmission of Mycobacterium bovis (M. bovis), the aetiologic
agent of bovine tuberculosis. The need to develop and implement effective
policies for the control of bovine tuberculosisin badgers is now recognised
as aprerequisite for the eradication of the disease in the cattle population,
which has serious economic and animal health and welfare implications
(Gormley and Collins, 2000).

A Quantitative Risk Assessment (QRA) model was developed in
order to estimate the risk of badger-to-cattle transmission of M. bovis. Risk
communication methodology, in particular the elicitation of expert
opinion, was used in order to parameterise parts of the QRA that are
currently lacking in data. In addition to the quantification of the risk of
badger-to-cattle transmission, the development of the QRA allowed the
effect on thisrisk to be investigated following the implementation of
control strategies. Furthermore, uncertain parameters were formally
identified which will alow the targeting of future surveillance and
research programmes. Sensitivity analysis has identified those uncertain
parameters that have the greatest influence on the QRA output, which
allows the prioritisation of such research and surveillance.

Outputs from the QRA indicate that M. bovis shedding badgers
pose a significant risk to cattle and a reduction in the number of shedding
badgers present on afield reduces the risk of badger-to-cattle transmission.
A reduction in the daily probability of shedding of M. bovis and the
number of M. bovis shed will also reduce the risk of transmission. In
addition, the QRA outputs show that badgersin the early stages of disease
were less likely to pose arisk to cattle. Thisimpliesthat a policy of

vaccination, using avaccine that prevents formation of lesions and reduces



Abstract

the number and frequency of shedding of M. bovis would be a successful
strategy in reducing the risk of badger-to-cattle transmission of M. bovis.
Furthermore, practical on-farm control policies, such as the prevention of
cattle access to badger latrines and a reduction in cattle stocking density,
would be effective in reducing the risk of badger-to-cattle transmission of
M. bovis. Sensitivity analysisindicated that the daily probability of
badgers shedding M.bovis and the dose-response parameter were the most
influential main effect parameters affecting the annual probability of cattle
infection. The ranking of these sensitive uncertain parameters may aid the
development of policy and decision-making, by influencing the
implementation of control strategies or by allowing the prioritisation of the
collection of empirical data, which can then be used to inform the

uncertain parameters.
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Introduction

Since its development in the fields of environmental assessment
and toxicology, risk analysis has now become an accepted methodology in
the fields of veterinary and public health in order to aid the development of
policy and decision making by both national governments and
international organisations, such as the World Health Organisation
(WHO), the Food and Agriculture Organisation of the United Nations
(FAO) and the European Commission (EC) (Haas, 2002).

Within this thesis, the risk analysis framework of the World
Organisation for Animal Health (OIE) International Health Code
framework (OIE, 1999) was used in order to investigate badger-to-cattle
transmission of Mycobacterium bovis (M. bovis), the aetiologic agent of
bovine tuberculosis. The aim of this work was to aid the Department of
Environment, Food and Rural Affairs (Defra) in the development of
appropriate policies to reduce the risk of transmission. Specifically, a
Quantitative Risk Assessment (QRA) was developed in which the risk of
badger-to-cattle transmission was estimated and gaps in the currently
available data identified in order to direct future research, critical model
parameters were identified and possible control strategies investigated. In
addition, the elicitation of expert opinion was used to gather information
and opinions regarding badger-to-cattle transmission of M. bovis in order
to parameterise parts of the QRA.

Bovine tuberculosis is a disease that has serious animal health and
welfare and economic consequences for which current control policies are
having limited impact. In the 1930’s it was estimated that at least 40% of
dairy cattle and 0.5% of all milk produced was infected with M. bovis. In
addition, it was estimated that bovine tuberculosis was responsible for
2500 of human deaths annually due to the ingestion of contaminated milk
(Ministry of Agriculture, Fisheries and Food, 1937). In order to eradicate
M. bovis the British government implemented a policy of compulsorily
testing with the slaughter and disposal of infected cattle. In addition, a
programme of pasteurisation of milk and milk products and human

vaccination was also introduced (Zuckerman, 1980).
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These policies were successful in reducing the incidence of bovine
tuberculosis in the British national cattle herd (Ministry of Agriculture,
Fisheries and Food, 1973). However, the exceptions to this trend were
areas of the south-west of England, particularly in Gloucestershire and
Cornwall, where infection in cattle remained persistent. Investigations into
the possible sources of infection in these areas identified the badger (Meles

meles) as a potential reservoir (Muirhead et al, 1974).

Various policies have been implemented since badgers were first
hypothesised as a source of tuberculosis in cattle. Such policies have
focussed on investigations aimed at establishing an epidemiological link
between M. bovis infection in badgers and cattle. Although, studies have
been undertaken for over thirty years, there is currently no conclusive
evidence that badger-to-cattle transmission of M. bovis exists (Krebs,
1997). However, a strong association in the occurrence of the disease
between the two species has been established by laboratory and field
studies. In addition, a recent review of government policies has
recommended that future policies should be formulated with the
assumption that badgers are involved in transmission of M. bovis to cattle
(Godfray, 2004).

Furthermore, a variety of control policies have been implemented
in the bovine tuberculosis hot-spot area of the south-wet of England that
allowed the culling of badgers to prevent the transmission of M. bovis to
cattle. However, these policies were not successful in reducing the
incidence of tuberculosis in cattle. In fact, the incidence of tuberculosis in
the British cattle herd has been steadily increasing, from 1.3% in 1996 to
2.8% in 2000 (Defra, 2004). In 2002, the incidence rose to 4.5%, although,
this is thought in part to be a result of the suspension of routine tuberculin
testing of cattle in 2001 due the outbreak of Foot-and-Mouth Disease
(FMD) in Britain. This prevented the removal of infected cattle from
herds, which may have supported within herd cattle-to-cattle transmission

of the disease.

The need to develop and implement effective policies for the

control of tuberculosis in badgers is now recognised as a prerequisite for
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the eradication of the disease in the cattle population (Gormley, 2000). By
eliminating the badger as a source of M. bovis, the efficiency of the cattle
control programme would be greatly improved and a major constraint on
the eradication of tuberculosis in cattle would be addressed (Gormley,
2003).

Although epidemiological modelling has been used to investigate
the control of M. bovis in badgers (Swinton et al, 1997, Smith et al, 1997,
White et al, 1997, and Smith and Cheeseman, 2002) and within herd
cattle-to-cattle transmission (see for example (Kao et al, 1997, Barlow et
al, 1997 and between herd transmission (Barlow et al, 1998), modelling of
badger-to-cattle transmission of M. bovis is limited. The risk of cattle
infection from badger urine and faeces has been quantified (Hutchings and
Harris, 1999). In this simple deterministic model, the infection probability
for badger-to-cattle transmission was estimated to account for the
tuberculosis prevalence in the south-west of England. Studies by Smith
(20014, 2001b) included a model for badger-to-cattle transmission..
However, the use of risk analysis methodologies to investigate badger-to-

cattle transmission of M. bovis is novel.

This thesis is presented in two parts; Part 1 is a literature review
and Part 2 describes the QRA model. In addition, a method applied to

parameter estimation is presented in Appendix A.

In Part 1 of this thesis the literature relating to bovine tuberculosis
(Chapter 2) and methodology used within this thesis (Chapter 3) are

reviewed.

In Part 2, the development of a QRA model for badger-to-cattle

transmission of M. bovis is described and investigated.

In Chapter 4 a formal framework has been applied to elicit
estimates from experts for parameters in the QRA that are currently
lacking in data. The QRA is described in Chapter 5. Within the QRA the
release of M. bovis infected badger excreta on to a field, the exposure of
cattle to M. bovis in the badger excreta, the decay of M. bovis in the

environment (described by a survival model), and the probability of cattle
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infection given exposure (described by a dose response model), is
described.

The QRA outputs estimate the mean annual probability of cattle
becoming infected, the number of days until the first cow in the herd
becomes infected, and the number of cattle infected. The QRA was then
used to investigate practical control strategies and the effect that the

controls had on the mean annual probability of cattle infection.

In Chapter 6, the QRA was investigated to ensure that it was
verified, valid and credible in order that sound policy decisions based upon
it may be made. Sensitivity analysis was performed on the QRA in order to
identify the parameters that had the most influence on the mean annual
probability of cattle infection.

Parameter estimation for the QRA is described in Appendix A. The
prevalence of M. bovis infection in the badger population in Great Britain
(GB) has been shown to be highly variable (Cheeseman et al, 1981).
Therefore, any policy or control strategy developed to reduce the level of
M. bovis infection or the shedding of M. bovis from badgers and therefore
the risk of badger-to-cattle transmission of M. bovis will need to reflect
this variability. This may include, tiered levels of control being
implemented at a local level dependent upon local prevalence of M. bovis
infection in badgers. A Bayesian inference framework has been developed
to estimate the shedding prevalence of badgers in various locations in GB
(Appendix A). This model has been developed in order that it may be
integrated with the QRA, with outputs from this the Bayesian inference
model being used as input parameters for the QRA model. However, the
Randomised Badger Culling Trial (RBCT), a large-scale study for which
data was due to be published prior to the completion of this thesis, has not
been completed and these data are not currently available to input into the
Bayesian inference model. However, the development of this model using
Bayesian inference provides a framework in which output estimates can be
easily updated when further data becomes available and it was an elegant
method of combining various sources of information (Pouillot et al, 2003).

Currently, the deficiencies in available data mean that results from the

13
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Bayesian inference model must be interpreted with caution and have
therefore not been used as inputs into the QRA.

14
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Bovine tuberculosis: Literature review

A systematic literature search and review of identified literature
was undertaken. The Animal Sciences Database (Vet/Beast CD,
Silverplatter), the Veterinary Sciences Database (Silverplatter), Medline
(via PubMed) and ISI Web of Science databases were searched using the
following keywords in any part of the text; “M. bovis”, “Mycobacterium
bovis”, “bovine tuberculosis” and cross referenced with ([and]) “cattle”,

“badger”, “wildlife”, “possum”, “human” and “man”. Where possible,
“Related records” searches were also undertaken within the database when
suitable papers were identified. In addition, the bibliographies and
reference lists of all retrieved articles were searched to increase the
likelihood of identifying all relevant information. Recognised experts in
the field of bovine tuberculosis, for example the head of the Tuberculosis
Diagnostic Unit at the Veterinary Laboratories Agency (VLA), were
contacted to identify missed papers, or unpublished or in-progress

research.

2.1 The aetiologic agent of bovine tuberculosis

Mycobacterium bovis (M. bovis) was first reported as the aetiologic
agent of bovine tuberculosis by Koch in 1882. Initially, it was first
hypothesised that the same agent was responsible for both the human and
bovine types of tuberculosis, however, further work undertaken by Smith
demonstrated differences in the organisms isolated from man and from

cattle (Evans and Thompson, 1981).

M. bovis, and other members of the genus Mycobacteria are slow
growing bacteria, appearing on culture medium 4-8 weeks after
inoculation. Microscopically, they appear as slender rods, 0.2 — 0.6um in
diameter and 1.5 — 3 um in length. Members of this genus are
characterised by their “acid-fast” nature, they are resistant to acid
decolourising agents used in microbiological staining techniques such as
the Ziehl — Nielsen technique (Thoen and Himes, 1981). This resistance is
due to the structure of the mycobacterial cell wall, which is thick,

complex, lipid rich and waxy (Grange, 1992). The hydrophobic nature of
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this structure serves a protective survival mechanism, protecting the
Mycobacteria from, for example desiccation and the action of certain
disinfectants. However, Mycobacteria are sensitive to exposure to ultra
violet (UV) light, which has been shown to decrease the survival time of

the organism in vitro (Wray, 1975).

2.2 The control and eradication of bovine tuberculosis in the GB cattle
herd

The link between bovine tuberculosis and human tuberculosis was
first implicated by a Royal Commission, which was set up in 1901 to
investigate and report on various aspects of tuberculosis. The Commission
carried out a series of experiments into the susceptibility of farm animals
and cats and dogs to various typed isolates of tuberculous bacteria. In
addition, post mortem examinations were undertaken to investigate the
cause of human tuberculosis (Ministry of Agriculture, Fisheries and Food,
1911).

The Commission published its final report in 1911, concluding that
the bacterium that caused bovine tuberculosis could be responsible for
human tuberculosis. In addition, it concluded that the high incidence of
lesions in the alimentary tract in man meant that infection was most likely
due to consumption of infected cow’s milk (Ministry of Agriculture,
Fisheries and Food, 1911).

In response to the Commission’s report, legislation was
implemented to control tuberculosis in the National Herd, with the primary
intention of safeguarding public health. In 1913 the Tuberculosis Order
was put in place. The Order required that clinically affected cattle were
removed from their herds and slaughtered. The Order was revoked in 1914
at the onset of the First World War and reintroduced again in 1925. Upon
reintroduction, The Order specified the payment of compensation to cattle
with definite clinical signs of tuberculosis that were producing tuberculous
milk or had tuberculous udders (Zuckerman, 1980).
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The Order, however, was considered to have little effect on the
control of tuberculosis in the National Herd and in 1932 a Committee on
Cattle Diseases was set up. When the Committee published its report in
1934 it concluded that at least 40% of dairy cattle and 0.5% of all milk
produced were infected with M. bovis. In addition, the Committee
estimated that bovine tuberculosis was responsible for 2500 deaths in man
annually. It concluded that total eradication of tuberculosis from the
National Herd was the only solution to the production of tuberculous free

milk (Ministry of Agriculture, Fisheries and Food, 1937).

In response to the Committee’s report the Milk Act was put into
place and the Ministry of Agriculture began the Attested Herd Scheme, a
programme for the control and eradication of tuberculosis in dairy herds.
The Scheme provided a register for attested herds, which were subject to
bonus payments for the milk that they produced. Entry into the Scheme
required that herds underwent three consecutive tuberculin tests at 60-day

intervals (Zuckerman, 1980).

In 1950, the Area Eradication plan was implemented in areas of the
country in which a high proportion of attested herds were present. All
cattle in these areas were compulsorily tested, with the slaughter and
disposal of cattle reacting to the test (reactors). Herds, from which reactors
were taken, were put under movement restriction until all animals tested
clear of tuberculosis. When all herds in the area were tested clear twice,
and all reactors removed, the area was declared to be an attested area
(Zuckerman, 1980).

In addition to controls in the National herd, further measures were
introduced to protect human health. In the 1950’s, a programme was
introduced to implement pasteurisation of milk and milk products, a
process which destroys M. bovis. Legally, milk from cattle suspected to be
infected with M. bovis is not allowed to be sold unless pasteurised first. At
the same time a programme of human vaccination was also introduced
(Zuckerman, 1980).
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In 1960 the whole of GB became attested and in 1961 the incidence
was shown to have reduced to 0.162%. By 1977, the incidence had
reduced to 0.020% and many areas were reduced to two and finally three

yearly tuberculin testing (Zuckerman, 1980).

The exception, however, to this decreasing trend was in the south-
west of England, particularly in Gloucestershire and Cornwall.
Importantly, the source of M. bovis in herds in these areas was unclear.
Tuberculin testing in these areas was undertaken on an annual basis and
often more frequently. By increasing the frequency of testing, the
likelihood of cattle advancing to open lesions, which would allow
shedding of the bacteria, was reduced thus reducing the possibility of
within-herd cattle-to-cattle transmission of infection. Investigations into
the possible sources or reservoirs of infection in the south west of England
included the possibility of infection from domestic animals, pests and man.
However these investigations failed to implicate any of these possibilities
as a source of infection (Ministry of Agriculture, Fisheries and Food,
1973). The investigations into possible sources of infection continued until
1971, when a dead badger with severe tuberculous lesions was found on a
farm in Gloucestershire. This farm also had infection in its cattle herd. The
badger was found in a field to which reactors on the farm had access. It
therefore seemed likely that the badger was the source of infection
(Gallagher, 1998). In response to this finding, the examination of badgers
on premises where infection in cattle herds was of an unknown origin
became routine. From these examinations, it became apparent that there
was an association between infection in badgers and infection in cattle. In
fact infected badgers or badger faeces were found within half a mile of the
farm with infected cattle in 60% (Muirhead et al, 1974) and 75% of farms
investigated (Muirhead and Gallagher, 1976).
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2.3 The behaviour of the badger

The badger is a timid nocturnal animal that lives in social groups of
2 - 25 adults and cubs. They are territorial animals, with sizes of territory
ranging from 35 — 40 hectares in the south west of England to 206 hectares
in the highlands of Scotland (Woodroffe and Macdonald, 1993). Territorial
disputes have been recorded with badgers, usually males, inflicting serious
bite wounds on the rump and neck, particularly during the breeding season
(spring) (Kruuk, 1989).

Mature males can grow up to a meter in length and weigh up to 11
kg during the summer months. During autumn body weights can increase
by a third in preparation for winter when the animals are generally less
active (Neal, 1996).

Badgers live in underground systems of chambers and tunnels
known as setts which provide protection, particularly for the cubs.
Preferentially, these setts are dug into sides of sloped areas of ground or in
or around the roots of trees in deciduous woodland and are generally
positioned close to pasture areas, which provide a source of food and
bedding. Badgers are omnivores, usually leaving the sett after sunset to
feed. A large part of their diet consists of earthworms, in addition badgers

also eat vegetable matter including cereals such as maize.

Badgers preferentially defaecate and urinate in latrines, (shallow
pits) which are positioned away from setts at field boundaries and are used

to mark the edges of the badger’s territory.

Badger cubs are usually born between mid-January to mid-March
(Neal, 1996). Badger cubs are generally born at the same time of the year,
due to badgers exhibiting delayed implantation of embryos post-
fertilisation, with fertilised eggs remaining in the uterine horns until they
implant during the winter months (Krebs and the Independent Scientific
Review Group, 1997). The average litter size for badgers is 2.5 cubs. The

cubs remain below ground in the sett until they are 8-10 weeks of age,
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becoming fully weaned at about 12 weeks of age, in mid summer when

food supplies are at their most plentiful (Gallagher, 1998).

Badgers have been found to be present in every part of GB.
However, estimating the size of the GB badger population is difficult due
to the nocturnal behaviour of the badger. Therefore, extensive studies have
counted or estimated badger setts and extrapolated this estimate to provide
an estimate of actual badger numbers. These studies estimated the badger
population as being 250,000 in 1990 (Cresswell et al, 1990) and 310,000
in 2000 (White and Whiting, 2000). This increase in the badger population
is widely believed to be due to lack of natural predators and the legal
protection from hunting that the badger has enjoyed since 1973. In
addition, changes in agricultural systems may also contribute to the
increase in the badger population, for example the conversion of arable
land to pasture (Krebs and the Independent Scientific Review Group,
1997).

The badger population density is determined by the availability of
food and suitable sett sites. Intensive studies have demonstrated that
population density may vary between 2.2 and 25.3 adults/km? (Krebs and
the Independent Scientific Review Group, 1997).
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2.4 Bovine tuberculosis in badgers

M. bovis infection in badgers was first reported in 1963 in
Switzerland (Bouvier et al, 1963). In this case the authors were uncertain
as to the source of infection of the badgers and links between badgers and
cattle were not made. Following the identification of M. bovis in badgers
in GB, infection in badgers was also identified in Ireland and Northern
Ireland (Noonan et al, 1975). In 1993 it was reported that infected badgers
were identified in all counties of Ireland (Dolan, 1993). Further studies
identified an association between badgers infected with M. bovis and
tuberculosis in cattle (Griffin, 1993).

Bovine tuberculosis in badgers has been shown to be a chronic and
predominantly respiratory disease with the majority of lesions being
present in the lungs and associated lymph nodes. Studies on the pathology
of tuberculosis in the badger indicate that there is little evidence that the
infection is controlled. In early lesions only a few bacteria are present, but
this number increases dramatically along with extensive necrosis as
disease progresses. Lesions then rupture allowing the local spread of
M. bovis into the bronchioles and then in turn into adjacent blood vessels
(Nolan and Wilesmith, 1994). This is significant, as the resulting
haematogenous and lymphatic dissemination of M. bovis to regional
draining lymph nodes and organs, in particular the kidney (Gallagher,
1998), may result in the release of contaminated urine into the
environment. In addition, badgers have been shown to shed M. bovis in
their faeces as a result of the animal swallowing infected sputum. Bite
wounds, the result of fighting during territorial defence, have also been
shown to shed M. bovis. Badgers have been shown to shed M. bovis via a
combination of all of these routes and over a prolonged period of time.
Naturally infected badgers in the Woodchester Park study area have been
known to survive for up to 24 months and even produce cubs, while still
shedding M. bovis (Cheeseman et al, 1989). Naturally infected badgers
kept in captivity have been shown to survive up to three and a half years
while shedding M. bovis (Little et al, 1982).
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2.5 The association between bovine tuberculosis in badgers and cattle

Although currently there is no conclusive evidence for the
transmission of bovine tuberculosis from badgers to cattle, there is a strong
association in the occurrence of the disease between the two species. In
order for badger-to-cattle transmission of M. bovis to occur, M. bovis must
first be shed from badgers. Cattle must then be exposed to those shed
bacteria in quantities sufficient for infection to occur. Exposure of cattle to
M. bovis of badger origin must therefore require for cattle to be in contact
with badgers directly or indirectly via badger excretory products such as
urine, faeces, bronchial secretions or exudate from infected bite wounds.

In order for any kind of contact to occur, badgers and cattle must to some

extent share the same environment.

The chronic nature of tuberculosis in badgers, the shedding of M.
bovis into the environment and the prolonged length of time infected
badgers may survive while shedding are all significant factors when taking
into account the possibility of badger-to-cattle transmission of M. bovis.

Studies have indicated that badger behaviour may bring badgers
into contact with cattle directly or indirectly through a shared environment.
The predominant feeding behaviour of badgers is foraging for earthworms,
which are most abundant on pasture. In addition, badgers are particularly
fond of beetles, which they forage for under cow-pats. Furthermore, more
recent studies have shown that badgers regularly enter farm buildings and
make use of farm resources such as cattle feed (Garnett et al, 2002). These
behaviours will potentially bring badgers into contact with cattle or their

environment.

Significantly, laboratory studies have demonstrated that badger-to-
cattle transmission of M. bovis can occur under experimental conditions
(Little et al, 1982). However these experiments did not identify the routes

of transmission.

Studies have shown that the incidence of M. bovis in the cattle
population decreases following the large-scale removal of badgers in the

area. Studies in Thornbury in the south west of England, for example, saw
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a reduction in the incidence from 5.6% in the 10 years prior to badger
removal, to 0.45% in the ten years following badger removal (Clifton-
Hadley et al, 1995). In an area of the south west of England, the proportion
of breakdowns in cattle herds fell from 15% to 4% from 1984 — 1985
following badger removal (Wilesmith et al, 1982). In studies in the
Republic of Ireland the rate reduced from 3.91 to 0.46 reactors per 1000
tests (Krebs and the Independent Scientific Review Group, 1997)

following badger removal.

Recently, molecular typing tools, which identify diversity in strains
of M. bovis at the deoxyribonucleic acid (DNA) level have been routinely
applied to all isolates from cattle and badgers. The techniques, including
spoligotyping and variable number tandem repeat (VNTR) analysis have
shown that common molecular types in badgers and cattle exist in
localised geographic areas over prolonged periods of time (up to 20 years)
indicating that there may be common source of infection (Costello et al,
1999).
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2.6  The control of M. bovis in badgers

Various badger control strategies have been implemented since the
animals were first hypothesised as a source of M. bovis infection in cattle.
However, as well as the difficulties implicit in controlling a disease in a
wildlife population, particularly in a timid, nocturnal animal such as the
badger, the control of M. bovis in the GB badger population is complicated
by diverging public opinion with respect to their importance as a source of
infection in cattle. Badgers hold a particular place in the heart of the
British public, with the control of disease in their population being
described as “a long running battle of the hearts and minds of the public
and policy makers” (Krebs et al, 1998). Although the control of M. bovis
in badgers through culling of infected animals, has been suggested as
being the most effective strategy for controlling disease, studies have
indicated that such an approach would be extremely unpopular with the
public (White and Whiting, 2000). Although this was a small-scale study,
the results are considered to widely reflect the views of the British public.
In fact, recent badger M. bovis control strategies have been subject to
serious disruption by animal rights activists and a vociferous campaign for
the ceasing of the strategy by the National Federation of Badger Groups
(NFBG).

Implicit in the resistance of the public to badger control strategies,
is the scepticism that badgers really are responsible for transmission of M.
bovis to cattle. After more than 30 years of investigations, a strong
association has been proven between bovine tuberculosis in cattle and
badgers (Krebs and the Independent Scientific Review Group, 1997).
However, in the eyes of organisations such as the NFBG, this does not
constitute conclusive proof. In addition, a major problem in the control of
M. bovis in badgers, and even the investigation into the prevalence of M.
bovis in badgers, is the lack of a reliable ante-mortem test. Currently, the
only test available is necropsy examination and culture of tissues, therefore
investigations into prevalence and badger M. bovis control strategies

require the culling of many healthy uninfected animals.
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The control of M. bovis in the badger population began in 1973
when legislation was passed that enabled badgers to be killed under
licence to prevent the spread of disease. Initially, snaring, trapping and
shooting of badgers was permitted, although subsequently welfare
implications resulted in the introduction of hydrogen cyanide gassing of
badger setts. Further legislation followed in 1975, which allowed gassing
to be undertaken by Ministry of Agriculture, Fisheries and Food (MAFF,
now Department of Environment, Food and Rural Affairs (Defra)).
Gassing operations were carried out on premises where a tuberculosis
breakdown in the cattle herd was attributed to badgers. However, several
problems existed with this strategy. Firstly, badgers were gassed in their
setts and died underground, therefore the carcasses were not available for
the investigation of the prevalence of M. bovis infection in the badger
population. Secondly, and significantly, public opinion did not support the
strategy and there was an increasing scepticism regarding the role of

badgers in transmitting the disease to cattle.

In 1980, an independent review commissioned by MAFF and
undertaken by Lord Zuckerman concluded that badgers did constitute a
risk to cattle and recommended that a control strategy was required.
However, it was also recommended that the humanness of gassing be
investigated. This investigation found that badgers were not immediately
killed and therefore in 1982, a policy live cage trapping and shooting was
undertaken. Badger social groups were identified, and carcasses of
selected animals sampled for laboratory diagnosis of M. bovis. If M. bovis
was found in a social group then the whole group was removed. This
strategy was extended out to successive social groups until a clean ring of
uninfected social groups was established, resulting in this strategy being
termed the “clean-ring” strategy. Trapping was continued for 6 months in
the area to prevent the movement of new badgers into the area
(Zuckerman, 1980)

A further recommendation by Zuckerman, was the review of this
strategy after 3 years, which was undertaken by Dunnet and published in
1986 (Dunnet et al, 1986). This review concluded that badger M. bovis

26



Bovine tuberculosis: Literature review

control policies were unavoidable, but recommended that further research
into bovine tuberculosis and badgers particularly the development of a test

that could diagnose M. bovis in badgers ante-mortem.

Until the development of an ante-mortem test, Dunnet
recommended the implementation of the “Interim Strategy”. This strategy
involved the badger removal operations (BRO’s) on farms where a
breakdown in the cattle herd was attributed to badgers. The badgers were
cage trapped and shot, and their carcasses sent to the VLA for necropsy
and laboratory investigation. However, it was recognised that this more
limited badger culling strategy may not prevent a rise in the incidence of
herd breakdowns (Dunnet et al, 1986).

In 1993, following increasing concern due to the continued rise in
incidence of M. bovis in cattle, MAFF ministers implemented the Six Point
Plan. The Plan recommended; the development of a badger vaccine, a
blood test for diagnosis of M. bovis in cattle, monitoring of wildlife,
investigations into the transmission of M. bovis from badgers to cattle, a
trial of the live test for the diagnosis of M. bovis in badgers and
investigations into the badger movement and disease in cattle post BRO.
However, the incidence of M. bovis in cattle continued to increase.

In 1997, a further review commissioned by MAFF entitled “Bovine
tuberculosis in badgers and cattle” was undertaken by Krebs (Krebs and
the Independent Scientific Review Group, 1997). This review was
probably the most far reaching of those undertaken and recommended a
research programme including cattle and badger live test and vaccine
development, mathematical and epidemiological modelling and the
development of molecular typing techniques. However the most high
profile of these recommendations may arguably be the implementation of
the Randomised Badger Culling Trial (RBCT).

The RBCT was recommended as a method of assessing the impact
of badger culling on bovine tuberculosis in cattle and estimating the
prevalence of infection in the badger population. The RBCT consists of 10

“triplets” in areas of GB that have a history of tuberculosis in their cattle
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herds. The triplets consist of three areas of 100km?, within in each area a
particular treatment was applied; proactive, reactive, survey. In the
proactive treatment areas, all wildlife is removed, culled and tested for M.
bovis. In the reactive area, wildlife is removed, culled and tested for M.
bovis if and when a breakdown occurred in the local cattle herds. Finally in
the survey area no culling and survey only is carried out. The RBCT began
in 1997 and was expected to last for 5 years, however, due to technical
difficulties, the outbreak of FMD in GB and interference by animal rights
activists, the RBCT is now seriously behind schedule, with analysis of
results not available for several more years. Currently interim preliminary
results are considered too sensitive to be allowed in the public domain and

have not been made available for this study.
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2.7 Bovine tuberculosis in other animals

Historically M. bovis infection has been found in a wide range of

wildlife, domesticated animals and animals in zoos.

During the course of the Defra bovine tuberculosis eradication
program a survey was undertaken to investigate the prevalence of infection
in a variety of species. Of those species tested, the prevalence of infection
was extremely low compared to that found in badgers (4.05% of 21,731
sampled). In particular, the estimated prevalences were found to be: moles
(1.21% of 166 sampled), foxes (1.15% of 954 sampled), mink (0.58% of
172 sampled), rats (1.21% of 412 sampled), wild deer (1.05% of 1,817
sampled) and ferret (3.85% of 26 sampled) (Krebs and the Independent
Scientific Review Group, 1997). However, it must be noted that the far
higher number of badgers compared to any other species sampled results
in the survey suffering from unquantifiable biases (Krebs and the

Independent Scientific Review Group, 1997).

M. bovis has also been isolated from domestic pigs in GB (Ministry
of Agriculture Fisheries and Food, 1911). Later reports implicate the
incidence of disease in pigs to correlate with the prevalence of disease in
the local cattle population (Thornton, 1965). In addition infected feral pigs
have been reported as implicated in a breakdown in a cattle herd in
Australia (Mclnerney et al, 1995). However, it has been suggested that
pigs are dead-end hosts of bovine tuberculosis, incapable of becoming a

reservoir of infection and rarely transmitting the disease to other animals.

Infection in sheep has been identified in New Zealand. But it is
considered unusual due to the differences in cattle and sheep behaviour,
largely because sheep avoid contact with terminally ill possums (Morris et
al, 1994). Recently, the first reported case of M. bovis infection has been

isolated from a sheep in GB (Jahans, pers. com.).

Along with the badger, the brush-tailed possum (Trichosurus
vulpecula) in New Zealand is the most significant wildlife reservoir of

bovine tuberculosis. In 1967 an infected possum was found on a farm in
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New Zealand that had a persistent tuberculosis problem in its cattle
(Ekdahl et al, 1970). Since then, infection in possums has been shown to

be widespread throughout New Zealand.

More recently white-tailed deer have been identified as the first
known reservoir of bovine tuberculosis in a free-living wildlife population
in the United States (Schmitt et al, 1997) and have been interpreted as a

presumptive source of infection in local cattle herds (O'Brien et al, 2001).

M. bovis has been isolated from species of antelopes, buffalo, bison
and large cats in Africa (O'Brien et al, 2001). In these cases it has been
suggested that infection in this free-living wildlife may also present a

possible source of infection for domesticated animals.
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2.8 The impact and implications of bovine tuberculosis

2.8.1 Animal health

Bovine tuberculosis is a serious disease in cattle, which may cause
reduction in productivity and premature death. The pathogenesis of the
disease in cattle is similar to that in badgers. Lesions predominate in the
lungs and associated lymph nodes indicating that the route of infection is

principally aerosol (Nolan and Wilesmith, 1994).

All cattle in GB are compulsorily tested for bovine tuberculosis by
the tuberculin skin test, at intervals determined by the historical incidence
of infection in the parish in which the herd is located. Cattle that fail the
tuberculin test are termed reactors and herds containing reactors,
breakdown herds. Reactor cattle are removed from the herd and subject to
necropsy examination. At necropsy the carcass is examined for the
presence of M. bovis typical lesions. If lesions are found, they are termed
visible lesions (VL) and the affected tissues are sent to the Tuberculosis
Diagnostic Unit (DU) at the VLA. If no lesions are identified at necropsy,

a selection of lymph nodes is submitted to the DU.

Herds identified as breakdown herds are placed under movement
restriction until two further tuberculin tests at intervals of 60 days are
negative for the herd. The holding of cattle on farms for extended periods
under movement restrictions may have implications for animal welfare, for

example crowding of animals in sheds over winter or insufficient feed

supply.

2.8.2 Human health

At the beginning of the last century, prior to the implementation of
bovine tuberculosis control strategies M. bovis was an important and
significant human pathogen causing up to 2500 deaths per annum.

M. bovis was first reported as being isolated from man in 1902, from a

child who had died as a result of tuberculous meningitis. It was later
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reported that 5% of all cases of human tuberculosis were due to M. bovis,
with this figure rising to 30% in children under 5 (Pritchard, 1988).

Studies reviewed by Francis (Francis, 1958) surmised that
ingestion was the primary route of infection in man. Therefore, the
ingestion of infected milk was implicated as a major source of infection. In
addition to these “milk epidemics”, occupational infection has also been
shown to occur, for example conjunctivitis in milkmaids, “butchers wart”
and oral and ear infection in the families of milkers. Studies by
Sigurdsson, (1945) implicated inhalation as a route of infection in man, via

cattle to man in the cow byre and from man to man.

In the 1950’s a programme of tuberculosis vaccination in man was
introduced. The vaccine, Bacillus Calmette-Guerin (BCG), is a live
attenuated strain of M. bovis and it has a relatively high efficacy of
approximately 75 — 80% and has been successful in reducing the rate of

infection in the human population (Health Protection Agency, 2003).

Following the completion of the Attested Herd Scheme in 1960, all
subsequently diagnosed cases of M. bovis in man were considered to be
the result of recrudescence of infection acquired prior to the control
strategies being implemented, or due to infection acquired abroad
(Pritchard, 1988). In 1995, 29 out of the 32 cases of human M. bovis
infection were in individuals over the age of 50, which may be due to
recrudescence of disease. However, human infection with M. bovis has
been subsequently reported in persons who could not have acquired

infection through these sources (Pritchard, 1988).

The Health and Safety Executive recognises M. bovis as an
occupational zoonosis, particularly in farm and abattoir workers. Studies
have reported 5 cases of M. bovis in abattoir workers and amongst 87
human cases of M. bovis infection 57 individuals were found to have had

high levels of domestic or occupational exposure to cattle (Krebs, 1997).

In 1984 the isolation of M. bovis from man in the United Kingdom
was estimated as being between 1.0% and 1.9% (Davies et al, 1984).

Studies focussing on the south of England found that the isolation rate was
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1.5% (Yates et al, 1986). However, in an area of the north west of
England, which historically had a high prevalence of M. bovis infection in
the local cattle herd, the rate of isolation from man was found to be 2.6%
(Wilkins et al, 1986).

Currently, there appears to be no discernible trend in the reported
human cases of M. bovis in the United Kingdom, remaining at about 40
cases per year. More than 75% of 320 human cases isolated between 1993
and 2000 were in patients aged over 50 years of age. In addition, only 10
were in patients of Caucasian ethnicity, suggesting that these cases may be
recrudescence of disease acquired prior to the implementation of the

eradication programme (Health Protection Agency, 2003).

Although the incidence of human cases of M. bovis appears low
and the risk of contracting bovine tuberculosis has been described as small
in absolute terms, it has been suggested that complacency could have
dangerous consequences. In particular, it has been suggested that the
increase of disease in cattle may result in asymptomatic human infection,
which may be capable of reactivation in later life (Krebs and the
Independent Scientific Review Group, 1997).

The emergence of resistant and multiple-resistant strains of
M. bovis must also be included when considering the implications for
human health. Treatment of tuberculosis in man involves administering a
cocktail of 3 anti-mycobacterial drugs: streptomycin, isoniazide and
pyrazinamide. However, M. bovis is resistant to pyrazinamide. In fact, this
resistance has been used to distinguish M. bovis from M. tuberculosis in
the laboratory (Moda et al, 1996). Drug resistance to the treatment of
human M. bovis infection is particularly important in
immunocompromised patients. Dankner (Dankner et al, 1993) first
highlighted the problem of M. bovis infection in patients already infected
with human immuno-deficiency virus (HIV) and since then multiple-drug
resistant strains of M. bovis have been isolated from HIV patients (Samper
etal, 1997).
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These factors, combined with the reduction of the number of
individuals vaccinated with BCG and the fact that the total number of
human cases of tuberculosis are not actually falling may indicate a

potential threat to human health.

2.8.3 Economic and socio-economic

The economic cost of the bovine tuberculosis programme to the
British government can be estimated by calculating the cost of cattle
testing, laboratory diagnosis, compensation paid to farmers, badger control
and research (Table 2.1).

Table 2.1: Economic costs of the bovine tuberculosis eradication programme (Defra,
2004)

COST (£ MILLION)

1996 1997 1998
Tuberculin testing 5.79 5.49 6.61
Compensation 1.55 1.44 2.36
(less salvage received)
Valuers fees and expenses 0.01 0.02 0.05
Staff costs 5.08 4.13 6.64
Tuberculin production and 1.40 1.62 1.85
laboratory diagnosis
Badger control 1.48 1.66 1.83
Research 1.69 1.72 2.48
TOTAL 17.0 16.10 21.82

More recently the total cost of bovine tuberculosis to the GB
government was estimated to be £73 million in the financial year
2002/2003 (House of Commons Environment Food and Rural Affairs
Committee, 2003). This increased cost is likely to be due to the increase in
research funding and tuberculin testing costs incurred due to the 2001

outbreak of Foot-and-Mouth Disease.

Although farmers do not make a direct financial contribution to the
cost of tuberculosis testing, it is recognised that farmers will incur some
financial loss. The economic cost of tuberculosis testing for the farmer has

been estimated by the Department of Agriculture and Rural Development
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in Northern Ireland (Department of Agriculture and Rural Development
Northern Ireland, 2003). This estimate can be separated into costs
associated with mustering the cattle for testing and consequential losses

associated with the restriction of cattle movements in affected herds.

The cost to farmers based on the number of herds and animals
tested in the financial year from April 2000 was estimated at £1.4 million

in Northern Ireland.

If a reactor is identified at routine testing, another test is required
60 days later, and a second test another 60 days after that. If after the
second test no reactors in the herd are detected then movement restrictions
are lifted. Therefore, farms where a reactor was found at a routine test will
be under movement restrictions for a minimum of 4 months. On average a
farm is under movement restriction for 6-8 months. During this time, no
cattle can be moved from the premises unless it is to slaughter. These

movement restrictions can have serious implications.

In dairy farms, calves will be sold at 2-3 months of age in order to
minimise labour, feed and accommodation costs. Farms under restriction
are unable to sell these calves and are forced to feed and accommodate
them. Loss estimates for farmers were estimated as an efficiency loss of
between 20-100% on an average farm where an average of 38 calves was
retained. These efficiency losses can be equated to a loss of between £760
and £3800 per herd. In addition, the market for 7-8 month old calves is
limited which will incur further loses for the farmer (Department of

Agriculture and Rural Development Northern Ireland, 2003).

In beef herds the impact of movement restrictions will be
dependent on the time of year when the restrictions are applied. In
finishing herds the effects will be minimised as restrictions do not prevent
farmers from sending cattle for slaughter. In suckler herds, depending on
when the breakdown occurs, calves, which may normally be sold, may
have to be kept on the premises and grazed on the farm. The increased
number of animals grazing on the farm may reduce the stores of silage for

the following year. The cost of replacing lost silage by purchasing in silage
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bales as a result of retaining an extra twenty 1 year old cattle on a farm has
been estimated as £550 (Department of Agriculture and Rural
Development Northern Ireland, 2003). These economic costs can be
significant, particularly in the current economic climate and in the
aftermath of the FMD outbreak of 2001.

In addition to the economic cost to the farmer there are other costs,
which cannot be measured in financial terms. The stress of the uncertainty
of the time a herd may be under restriction cannot be underestimated. The
loss of a herd that has been built up over many years, particularly for
pedigree beef herds must be accounted for. In addition, a tuberculosis
breakdown may damage the reputation of the farmer and his herd and may

result in others being reluctant to trade with him in future.

Furthermore, there may be detrimental effects on the national
economy if GB were to lose its current tuberculosis free status. Currently,
in order to qualify as officially tuberculosis free a country must
demonstrate that tuberculosis is a notifiable disease and that a surveillance
or testing programme is in place that includes a test and slaughter policy
and abattoir surveillance. However, most importantly in order to qualify as
tuberculosis free, a country must demonstrate that 99.8% of herds were
free from tuberculosis for at least three years (Office International des
Epizooties (OIE), 2000). The loss of GB’s tuberculosis free status may
have serious impact on the country’s ability to trade in cattle and beef and
dairy products.
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29 Conclusions

Bovine tuberculosis is a serious disease that may have severe
implications for animal health and welfare, as well as socio-economic and
economic implication for both the farmer and the National economy. In
addition, the zoonotic potential of M. bovis, may also pose a threat to
humans. The increase of bovine tuberculosis in cattle, in particular in the
south west of England, and the identification of disease in areas of the
country that have previously been free from disease, are of increasing
concern to policy makers. Although, no formal link between bovine
tuberculosis in badgers in cattle has been demonstrated, the strong
association of disease occurrence between the two species has led to
recommendations for a variety of control policies and scientific research

projects.

In particular, the Krebs review recommended that modelling
should be used in order to assess the risk of badger to cattle transmission.
In this respect a Quantitative Risk Assessment has been developed in order
to describe the annual risk of transmission of bovine tuberculosis from
badger excreta to cattle and to present a series of practical control policies
and to quantify any possible reductions in risk achieved by the

implementation of these policies.
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3.1 Introduction

The risk analysis process consists of a series of inter-related
components, although the terminology used does vary between disciplines.
In the biological field two risk analysis frameworks exist to assess
microbiological risks. Risks relating to animal health are assessed using
the framework described in the World Organisation for Animal Health
(OIE) International Health Code (OIE, 1999), while risks relating to
microbiological food safety are assessed using the framework described by
the Codex Alimentarius Commission (CAC) of the Food and Agriculture
Organisation of the United Nations (FAO)/World Health Organisation
(WHO).

The OIE framework consists of hazard identification, risk

assessment, risk management and risk communication.

Hazard identification is a categorisation step which in microbial
risk analysis identifies any pathogenic agent that may potentially produce
adverse consequences to the animal, human or country in question. If
potential hazards are not identified then the risk analysis process may well
be concluded. Following, hazard identification, risk assessment evaluates
the likelihood of an event occurring and consequences of this occurrence.
Risk assessment consists of four interrelated steps; release assessment,
exposure assessment, consequence assessment and risk estimation. The
release assessment describes the biological pathways required for the
release or introduction of a pathogen into a particular environment. The
probability of each of these steps occurring is then estimated either

quantitatively (numerically) or qualitatively (in words).

The exposure assessment describes the biological pathways
required for the exposure of humans or animals to the pathogen. Again, the
probability of each of these steps occurring is then estimated either

quantitatively or qualitatively.

The consequence assessment describes the relationship between the

exposures to the pathogen and the consequence of the exposures. These
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consequences may include direct consequences such as infection and
disease or indirect consequences such as compensation costs and affects on
trade. These consequences may be described quantitatively or

qualitatively.

Risk estimation is the integration of the results of the release,
exposure and consequence assessments to produce a measure of the overall
risk associated with the identified hazard. However, it is now becoming
increasingly recognised that estimates of risk may not always be the most
important output from the analysis. Of higher priority may be the
identification of gaps in data that may be used to direct research, the
identification critical control points and the evaluation of possible control

strategies (Cassin et al, 1998).

Risk management, which is usually undertaken by governments or
regulatory authorities, is a process by which the need reducing or
removing the unwanted outcome is balanced by other factors such as

international trade agreements or economic implications.

Risk communication is a process by which information and
opinions regarding the identified hazards and risks are gathered from
experts and stakeholders and by which proposed risk management
strategies are communicated to experts and stakeholders. This process is
iterative and consultative and is undertaken throughout the risk analysis

process.

The CAC framework is essentially similar to the OIE framework,
however, risk assessment is divided into hazard identification, hazard
characterisation, exposure assessment and risk characterisation. This
framework was developed in order to set maximum levels of chemical or
microbial pathogens tolerable in the environment or in food and as such is
used as a regulatory tool for setting tolerable or allowable levels of

contaminants or pathogens in food (Murray et al, 2004)

The general methods used within this thesis are reviewed in this
chapter. In particular, Monte-Carlo simulation, Bayesian inference and

dose response modelling are described. A systematic literature search and
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review of identified literature was undertaken. The Animal Sciences
Database (Vet/Beast CD, Silverplatter), the Veterinary Sciences Database
(Silverplatter), Medline (via PubMed) and ISI Web of Science databases
were searched using the following keywords in any part of the text;
“expert elicitation”, “expert systems”, “Delphi”, “Bayesian”,“Bayesian
inference”, “dose response”, “microbial dose response”. Where possible,
“Related records” searches were also undertaken within the database when
suitable papers were identified. In addition, the bibliographies and
reference lists of all retrieved articles were searched to increase the

likelihood of identifying all relevant information.

3.2  The elicitation of expert opinion

3.2.1 Overview

Quantitative data from field studies or scientific experiments are
generally a prerequisite for the development of sound policy (Van Der
Fels-Klerx et al, 2002). However, the need for developing policy is often
far ahead of the scientific data that are available and those data that are
available are often imperfect and incomplete (Crawford-Brown and
Cothern, 1987). As such, it is often the case that risk assessment models
and indeed other mathematical models, developed in order to inform
policy makers, include parameters for which appropriate data are not
available at the time of model development. In this situation, modellers are
faced with the decision of either not undertaking the assessment at all, or
adopting a pragmatic approach. Such pragmatic approaches may include
using data that may not be entirely appropriate, using expert opinion or a
combination of both, for parameters for which data are lacking. The
advantage of adopting such pragmatic approaches is the formal
identification of areas of data deficiency. This allows policy makers to
effectively and efficiently target future research, in order that appropriate
data may then be generated. These data may then be used to update and
inform the original model and therefore improve the estimates of risk

output from it.
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However, when eliciting and modelling expert opinion it is vital
that robust, transparent methodologies are used in order that the most
accurate possible estimates are elicited and any possible biases are reduced
or eliminated. It has been recommended that in order to meet scientific
standards the expert elicitation process should follow a formal framework
(Van Der Fels-Klerx et al, 2002).

3.2.2 Method review

During the development of the Quantitative Risk Assessment
(QRA) model described in Chapter 4 (and the Bayesian inference model
described in Appendix A) many parameters were identified as having

limited or no appropriate data available for quantification.

The elicitation of expert opinion is not a matter of simply asking an
expert to estimate a value for a parameter or to define a probability
distribution. Psychological research has indicated that accurate subjective
probability judgements cannot be elicited simply by asking an individual
to provide a probability. The methods of reasoning or heuristics employed
when generating these subjective estimates consistently introduces bias,
regardless of whether the individual concerned is experienced in providing
estimates and is familiar with probability theory or is a novice in these
areas (Merkhofer, 1987). In addition, biases may also be introduced by the
methodology used to elicit the opinion and by the methods by which it is
modelled. As such various methodologies for eliciting expert opinion have

been developed in order to minimise the introduction of these biases.

Previously the use of expert opinion has been utilised widely in
fields such as the nuclear power industry (for example, (Hora, 1992,
Otway and von Winterfeldt, 1992) and engineering (for example, Mosleh
et al, 1988). More recently the elicitation of opinion from expert panels
has proven useful in the medical field, for example in developing
appropriateness criteria for particular treatments (Stoevelaar et al, 2003).
However, the elicitation of expert opinion in the veterinary field is more
limited. Miller (Miller, 1994) investigated the number of cattle herds
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infected with pseudo-rabies. Sorensen et al (2002) used expert opinion to
investigate control strategies for milk fever control. Horst, (1998)
investigated the use of expert opinion for estimating the relative
importance of risk factors concerning the likelihood of the introduction of
Foot-and-Mouth Disease (FMD), Classical Swine Fever (CSF), African
Swine Fever (ASF), Swine Vesicular Disease (SVD), Newcastle Disease
(ND) and Avian Influenza (Al) into the Netherlands. More recently,
conjoint analysis has been used to identify risk factors for the transmission
of animal disease, for example, CSF (Stark et al, 1997), bovine herpes
virus (van Schaik et al, 1998) and salmonella (Stark et al, 2002). These
methods of elicitation of expert opinion based entirely on or derived from

two methods; the Delphi or conjoint analysis.

Conjoint analysis is rooted in market research and assumes that an
event is composed of a set of attributes. For example, Horst (1998)
assumes that the importation of certain exotic viral diseases into the
Netherlands is composed of a series of six attributes (import of livestock,
import of animal products, feeding of imported swill, tourists, returning
livestock trucks and air currents). A series of profiles were then
constructed in which the attributes are either present or absent. These
profiles are then presented to the experts are required to rank these
profiles. In the Horst example, the profiles were ranked relative to their

risk of an outbreak of disease occurring.

However, it is recognised that the inclusion large numbers of
attributes (more than six) may prove to be far too complex and provide too
many profiles for the experts to rank. For example Horst, (1998) used six
attributes which were present at two levels, either present or not present,
which would require 2° (64) profiles for the experts to rank (although
fractional factorial design can be used to minimise this number with
minimal loss of accuracy to eight profiles). However, conjoint analysis
appears to be intuitively difficult and conceptually complex for experts to
understand, and due to indirect methodology of eliciting opinion, may
result in the results being treated with scepticism. Furthermore, and

perhaps most importantly when considering the elicitation of expert
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opinion from a probabilistic risk assessment perspective, conjoint analysis
does not allow the experts to express the uncertainty associated with their
knowledge. In addition, although suitable for deriving risk factors the

methodology is not suitable for use in this case, as elicitation of parameter

estimates were required.

The Delphi technique was first developed by the RAND
Corporation in 1950, in order to eliminate many of the negative effects
related to the use of interacting groups for decision making (Dalkey and
Helmer, 1963). The technique relies on written responses from experts, in
the form of questionnaires without the need for face-to-face contact. The
questionnaire results were then analysed and presented to the experts.
Another iteration of the questionnaire was then completed to allow the
experts to amend their responses based on the results of the previous
questionnaire. This process prevents domination of the elicitation process
by experts with high status or with strong personalities, and allows the
judgements of experts with opposing viewpoints to be aggregated (Riggs,

1983). The technique is characterised by three key features;
e anonymity of the experts,

= iterative and controlled feedback of results

e aggregation of responses

Each of these features is considered vital to the Delphi’s success (Normand
et al, 1998)

Following the development of the conventional Delphi,
modifications to the technique have been suggested. For example, cross
impact analysis (CIA) develops a series of conditional probabilities, which
take into consideration the impact of one event on subsequent interrelated
events, thus ensuring the elimination of contradicting predictions. Another
example is system for event evaluation and review (SEER) which modifies
the Delphi by establishing a list of forecasts that has been constructed
through a series of interviews prior to the beginning of the Delphi process
(Riggs, 1983).
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A further modification is the Group Delphi, which brings groups of
experts together in a plenary session, where the process was introduced
and questions answered. The experts were then divided into small groups
and asked to complete a questionnaire and reach a consensus on each
question. The results were then analysed and presented to the re-assembled
plenary. The sub-groups are asked to justify their opinions and group
discussion is allowed when the moderator/facilitator feels it may be useful.
The process is repeated following the shuffling the membership of the
small groups. The plenary was re-formed and results discussed again until
a consensus is reached (Webler et al, 1991).

The Group Delphi allows limited discussion between experts,
which has the advantage of the experts being able to share knowledge. In
addition, the response rate of experts answering the questionnaire will be
high compared to the low response rates often found with postal

questionnaires in the original Delphi technique.

However, the Group Delphi relies on the facilitators of the
workshop to motivate experts to attend. In addition one of the key features
of the Delphi, the anonymity of the experts, is compromised.

Although methods of eliciting expert opinion do exist, it has been
suggested that the best approach may be an eclectic one (Horst, 1998). As
such a methodology for the elicitation of expert opinion, the Expert
Opinion Workshop (EOW), which combines components of several
elicitation methods has been used within thesis. The EOW is a
modification of the Group Delphi technique which incorporates the
advantages of the Group Delphi but with at least partial anonymity of the
expert’s questionnaire responses. Aspects of both the CIA and SEER
methods and a group discussion are also included.
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3.2.3 The Expert Opinion Workshop method

Expert selection

As in all expert elicitation methods, the selection of appropriate
experts to participate in the EOW is vital. Selection of inappropriate,
incapable or misrepresentative experts will compromise the process and
therefore the opinion elicited. (Webler et al, 1991). Previously, experts
have been selected for participation in expert elicitation procedures based
broadly on their experience in the field of interest and professional criteria
such as education, publication record and membership of professional
societies (Mullin, 1992). However, more recently systematic frameworks
for expert identification have been developed (Hoffman et al, 1995). These
criteria include evidence of expertise, reputation in the scientific
community, willingness to participate in the workshop, understanding of
the problem area and impartiality (Hora, 1992). These defined criteria are
applied to ensure that those selected are experts in their field and that

biases such as political motivation are minimised.

Selected experts may include core experts and additional experts.
Essentially these additional experts do not entirely meet the defined
criteria for selection and but are included as they are expected to provide
extreme estimates. These extreme estimates are important as they may
initiate discussion between the experts when the preliminary results are
presented. Responses from these additional experts are not used in the final

analysis.

Expert participation

In order to ensure that the maximum number of experts is willing
to participate in the EOW and to ensure that participants do not become
fatigued, it is important that the period over which the EOW is run is
minimised. To further encourage participation, the practicalities of

attending the EOW should be arranged by the workshop organiser.
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Workshop methodology

The EOW method requires the experts to complete 2 rounds of the
same questionnaire. In order to minimise the length of time required for
the EOW, the first round workshop questionnaire (WQ) may be sent to the
experts for them to complete and return prior to the EOW.

Unlike the Group Delphi, the expert’s answers in the WQ in the
EOW are anonymous, in order for them to feel comfortable in expressing
views that may not necessarily be accepted by others. Case identifiers are
included on the WQ in order to code the identification of the expert, so that
their identity is known only to the facilitator.

In order to provide estimates for the QRA the WQ requires the
direct elicitation of estimates from the experts, therefore, the questions are
closed-ended, in a neutral format and not leading. The complexity of the
questions asked in the WQ is reduced by decomposition (Mosleh et al,
1988). Questions are broken down into simpler and easily understood
sections to ensure that bias and possible ambiguity is not introduced by the

sheer complexity of questions.

Introduction questions are presented at the beginning of the WQ,
these are considered to be uncontroversial and relatively simple for the
experts to answer and are included as a way of introducing or training the
experts to the WQ format. Questions perceived as sensitive or more

difficult to answer are placed in the middle or towards the end of the WQ.

Depending on the particular question, the experts are required to
provide answers in the form of point estimates or in the form of probability
distributions, in order to characterise the uncertainty around a point
estimate. In each case, the experts are asked to provide estimates as
percentages or proportions, which are considered to be conceptually easier
to estimate than probabilities. Aids to help visualise these percentages or
proportions are provided in the form of graph paper and pie charts. For
those questions which require the experts to provide uncertainty around an
estimate, estimates for maximum and minimum values followed by a most

likely value are asked in that order to reduce anchoring bias (Vose, 2000).
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In general, there is no consensus regarding the appropriate length
of a questionnaire. Extensive questionnaires may acquire a large amount of
data, but may result in respondent fatigue. However short questionnaires
may have the disadvantage that they are not be taken seriously by the

experts as they may believe the exercise to be superficial.

Conditioning of the experts is undertaken at the beginning of the
EOW. This includes an introduction to the background and aims of the
workshop and an introduction to risk analysis, including examples of risk
analyses and an explanation of the use of expert opinion. An explanation
of the questions asked within the WQ, definitions used within the WQ and
the assumptions made are also provided. Throughout this ‘conditioning’
process, the importance of need for as much accuracy as possible in the
estimates that the experts are asked to provide is stressed. Furthermore, the
experts are assured that the EOW is a method of eliciting their knowledge
and not a test of their knowledge. The experts are assured that their
responses are confidential and that no answers would be attributed to

individual experts.

Following this conditioning phase, the results of the first round

WQ analysed results are presented to the experts. The individual responses
from the WQ, whether raw data or analysed results, are known only to the
facilitator and are at no point be attributed to particular experts. The
facilitator then uses these results to initiate a group discussion. The results
obtained from additional experts are particularly useful in generating
discussions as in many cases the answers that they provided are often
extreme over- or underestimates in respect of those made by the core

experts.

A structured discussion facilitated by EOW facilitator is initiated
after the presentation of each set of results. The facilitator ensures that the
experts do not deviate from the questions under discussion. In addition, it
is ensured that each expert contributes to the discussion equally and that
individual experts do not dominate the discussions. For example, those

experts who do not contribute to the discussion are asked direct questions.
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This allows a free flow of information and reduces the potential for the
introduction of biases.

The experts are then asked to complete a second round of the WQ
anonymously and without discussion with other workshop experts. This
ensures that the experts feel comfortable in expressing views that may not
necessarily be shared with other EOW experts and also prevents
domination of the elicitation process by experts with high status or with

strong personalities.

By completing the WQ for the second time, the experts are able to
amend, where appropriate, the answers that they gave in the first round
WQ, as a consequence of information they may have gained during the

facilitated discussions.

Following the EOW, the responses to the second round WQ are

analysed.

Questionnaire analysis

Analysis of the questionnaire responses is undertaken using
@RISK (Palisade Corporation). Those questions which required the expert
to provide estimates of uncertainty are modelled using an empirical
distribution of the collected data, for example a PERT distribution. This
has been described as the most appropriate distribution for modelling
expert opinion in biological data (Vose, 2000). The PERT distribution is
described as follows:

PERT (a,b,c) = Beta(, a»)(c-a) + a

Where a is the elicited minimum value, b the elicited most likely vale and

c the elicited maximum value for the parameter and where

_(u-a)(2b-a-c)
" (b-u)(c-a)

- a,(c— )
(u-a)

2
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_(at4)(b+c)
6
The expert’s responses, whether the PERT distributions or point

estimates are combined in a Discrete distribution (\Vose, 2000).

The Discrete distribution is described as:

Discrete ({xi}, {pi})
Where:

{xi}=is an array of elicited point estimates or PERT distributions

{pi}= probability ratings of each of the elicited point estimates or
PERT distributions

The inclusion of {p;} has the advantage that individual experts can
be weighted relative to their assumed expertise. For example, the elicited
opinion from one expert may be considered to have more weight than
another expert.

The Discrete distribution is simulated for the specified number of
iterations to reach convergence, in order to provide an overall distribution
of combined expert uncertainty. The second round WQ are analysed as the
final results of the workshop with additional experts not included in this

analysis.
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3.3 Monte-Carlo simulation

3.3.1 Overview

Most early risk assessment models were developed using
deterministic techniques, that is point estimates, for example the mean
value of a set of data, were used as inputs. This produces a model in which
each step was represented algebraically using standard probability theory
to produce a single point value risk estimate. These methods can quickly
become complex, time consuming, laborious to change parameters within
the model in the light of the identification of further data and importantly
do not take account of the randomness that occurs in real life biological
systems (Vose, 1998).

More recently, the development of powerful computer software and
hardware, has allowed the development of stochastic risk assessment
models which implement Monte-Carlo simulation. Software that allows
the easy use of Monte-Carlo simulation is now readily available (for
example, @RISK (Palisade Corp)).

Monte-Carlo simulation is a numerical statistical method that is
useful for studying models for which an analytical solution is intractable. It
is particularly useful in many modelling situations in which the system
being modelled is complex and there is a necessity to represent the system

in a valid and realistic way (Law and Kelton, 2000).

In Monte-Carlo simulation, the parameters of the system being
modelled are described by a probability distributions and a rule describing
the sampling method from these distributions is applied (Law and Kelton,
2000). The use of probability distributions to describe the input parameters
allows the uncertainty and variability of the parameter to be described. The
final risk estimate is also produced in the form of a probability distribution,
which describes the possible outcomes of the model and their respective

probability densities.

To produce the distribution of risk, simulations are performed.

Each simulation consists of a number of iterations and on each iteration,
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values from the input distributions are randomly sampled and combined to
produce an estimate of risk. The sampled values are selected randomly
using a random number generator. There are various statistical methods for
generating random numbers (see Law and Kelton, 2000 for details) but the
values (or variates) are always obtained from a uniform distribution
(U(0,1)). A U(0,1) is generated, statistical methods are employed to
transform the selected variate into a variate from the input distribution (see
Law and Kelton, 2000 for details).

The process of sampling and risk calculation is repeated, possibly
thousands of times, and the results are summarised as a probability
distribution. As the number of iterations undertaken increases, the final
distribution produced converges towards a distribution that would have

been generated analytically.

Two methods of sampling from the input can be used; these being
Monte-Carlo sampling and Latin Hypercube sampling. Monte-Carlo
sampling is the least sophisticated method in which values are sampled
completely randomly from the distribution. However, this process may
require a large number of iteration before the generated values will
converge to the desired theoretical distribution they were sampled from.
As a result, with small numbers of iterations, it may result in over
sampling or under sampling of various parts of the distribution.
Conversely, Latin Hypercube sampling allows the distribution to sampled
in a manner that reproduces its original shape. Described as stratified
sampling without replacement, the input distribution is divided into n
intervals of equal probability, where n = the number of iterations specified.
Each interval is sampled only once ensuring that over sampling and under
sampling does not occur (Law and Kelton, 2000).

3.3.2 Estimating the number of iterations required for convergence

It is vital that the QRA model is run for a sufficient number of
iterations in order that the output distribution to be both reliable and stable.

As an increasing number of iterations are run the statistics associated with

52



Risk assessment methodology: An overview of methods used within this thesis

the output distribution will also become more stable and will vary less with
each additional iteration. When the output distribution and statistics reach
a point where there is little significant change with the addition of further
iterations, convergence is reached. At this point it becomes wasteful to
spend time repeating more iterations when the outputs will essentially be
unaltered. Stochastic simulation software such as @RISK (Palisade Corp.)
has an option which allows convergence of statistics to be monitored,
however when running a complex model this option can slow the

procedure significantly.

In order to estimate the number of iterations that are required for a
particular model to reach convergence, it is possible to monitor the
stability of the mean of the output of a distribution and therefore identify
the number of iterations required for the mean to stabilise. A large number
of iterations, for example 10,000, can be simulated for the on the output
distribution of a model. A running mean for each iteration (r) is then
plotted against 1-r/m (where m = the overall mean for each of the 10,000
iterations). This enables the variation of the running mean from the overall
mean to be visualised and allows the point at which the running mean
stabilises with respect to the overall mean to be visualised. For example,
Figure 3.1 demonstrates that for the particular output distribution sampled,
the mean is unstable and varies greatly from the overall mean until
approximately 2000 iterations are completed. In this case, at least 2000

iterations must be performed to ensure convergence.
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Figure 3.1: Graph demonstrating convergence for a particular output distribution

3.3.3 Describing uncertainty and variability in a Monte-Carlo QRA

model

QRA models are normally structured around the variability of the
biological system being studied. Uncertainty associated with the
parameters which describe this variation can then be overlaid. Uncertainty
within a QRA model is described as function of the assessor’s lack of
knowledge regarding the particular parameter and therefore by definition
may be reduced by further investigations or studies. Variability, however,
is a function of the heterogenicity of the biological system under
consideration and therefore cannot be reduced by further investigation
(Vose, 2000).

Given a set of data, the variability can be described by fitting a
parametric or empirical distribution to the data. Maximum likelihood
methods, for example, can be used to fit parametric distributions, while the
frequency or cumulative frequency of the data can be used to define an

empirical distribution.

Several methods exist that allow the uncertainty associated with
model parameters; traditional statistical methods, the bootstrap and
Bayesian inference. Within Appendix 1 Bayesian inference has been used

and is now described in detail.

54



Risk assessment methodology: An overview of methods used within this thesis

3.4  Bayesian inference

3.4.1 Methodology

Bayesian inference is a method of statistical inference based on
Bayes theorem, a probability theorem that governs the process of logical
inference based on available data or knowledge. If we consider the
probability that an event A occurs given an event B, then Bayes theorem

states that:

o(AlB)=_PBIAP(A)
> P(BIAP(A )

Bayesian inference describes the learning process mathematically
allowing knowledge to be logically updated when new data becomes
available. As our knowledge associated with a parameter increases and the
estimate improves, the uncertainty associated with it decreases. In
addition, it is an elegant method of combining various sources of
information including expert opinion, while explicitly acknowledging
subjectivity (Pouillot et al, 2003). Bayesian inference also provides direct
evidence on how the resulting distribution is altered by the addition of

these new sources of information (Murray, 2002).

Bayesian inference begins with a state of knowledge about a
parameter termed the prior distribution, which is updated after an
experiment is undertaken or further data is collected, to give the posterior
distribution. If we consider a parameter €, which has n unknown quantities
0=(6, 6,........ , 8)) and we have some a priori beliefs about the value of
@, this prior belief can be expressed as a probability distribution p (8).
This is termed the prior distribution and is a statement of knowledge prior
to an experiment being undertaken or data being collected.

Consider now that an experiment has taken place or data has been
collected, and suppose that we have m observations in this newly collected
data set X =(X3, Xz,....... Xm) which have a probability distribution based on

the n unknown quantities.
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The dependence of X on &can then be described as p(X| 8. When this is
considered as a function of &then it can be described as a likelihood
function which is written as 1(X| 8). Given Bayes theory, we can describe
our modified state of knowledge after the experiment has taken place and
given our knowledge prior to this. This is termed the posterior distribution

p(@| X) (Lee, 1997). Therefore in simple terms Bayesian inference is

described as:
p(@[X) p@IX]E)

The posterior distribution p(&| X)can be described as a distribution of

uncertainty.

In addition to updating our knowledge after an experiment has
taken place or data has been collected, this method can be used to update
our state of knowledge after several experiments have been undertaken or
several sets of data have been collected. Consider that a second set of
observations Y are collected that are distributed independently from the

first set of observations X. Then:

p(@1X.Y) p@IEIX.Y)
However independence implies:

p(X.Y [8)=p(X|8)p(Y|E)
Therefore:

(@] X,Y) 1(@|X)N@]Y)
Hence:

p(@1X.,Y) p@OIEIY)IE]Y)

p(a 1 X)(E]Y)

Therefore in order to update our knowledge given the observations X and Y

the posterior derived X is used as a prior for the observations Y.
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3.4.2 Hyperparameters

Hyperperameters are parameters in an uncertainty distribution that
have associated uncertainty. For example, a likelihood distribution
modelled as a Binomial (n, p), where n = 100 but parameter p has an
associated uncertainty, which is described by probability distribution.
Integrating (or averaging out) this nuisance parameter algebraically can be
complex, however it can be simply integrated using Monte-Carlo
simulation. In this situation, the posterior distribution is simulated. The
original posterior distribution is then replaced with the means of the
simulated values (Vose, 2000).

3.4.3 Defining the prior distribution

As discussed previously, the prior distribution describes the state of
knowledge prior to an experiment being undertaken or data being
collected. The choice of prior distribution is therefore determined by the
quantity of knowledge available. Where data are present to define a
distribution the prior is termed an informed prior. Informed priors may be
constructed as a conjugate prior, which has the same functional form as the
likelihood function, or as a subjective prior, elicited from expert opinion.

An uninformed prior, however, assumes no knowledge prior to the
start of the experiment and therefore provides no additional information
merely describing the range of values that the parameter may take. An
example of an uninformed prior is a U(0,1) distribution assumes that the
parameter value lies between 0 and 1, with each value having equal
probability density. This prior is particularly useful in situations where
there is controversy surrounding the a priori knowledge or where there is
little a priori data available as it has no impact on the posterior distribution
(Lee, 1997).
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