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The Gareth Davies Lecture

ART, SCIENCE AND MATHEMATICS REVISITED: THE ROLE OF EPIDEMIOLOGY IN
PROMOTING ANIMAL HEALTH

S. W. MARTIN'

My major intent in delivering this paper is to ask and propose answers to the question, “what
is the role of epidemiology in promoting the future health of food animals?” Of course in
obtaining these answers we need to be aware that one cannot discuss epidemiology
independently of other health disciplines. Also, in seeking answers we need to focus on a broad
collection of factors that might have major impact on the food animal industry, especially those
factors over which veterinarians (particularly veterinary epidemiologists) have, or can have, the
interest and skills to exert control. As a general approach to answering this question I would
like to revisit one particular paper, by Gareth Davies, published in 1985 entitled “Arts, science
and mathematics: ---". In that paper, Gareth developed a number of principles and concepts,
including a brief overview of the change from art to science, and a thorough discussion of the
need to pursue research and develop animal health technologies within the context of explicitly
defined animal health problems. In the final paragraph of the paper he listed his main points as:
measuring disease and not infection, buifding herd health programmes, environmental control,
the use of economic (cost-benefit) analyses, setting targets for disease and production and using
operational research. I believe every veterinary epidemiologist should read this paper, and I
would like to use Gareth’s major points as building block topics, also. Nonetheless,
interestingly, outside of the references, Gareth used the term epidemiology only once in the
entire paper. Some years ago, I asked him about this, as I was puzzled by it. Gareth said he had
not noted this or seen it as an “apparent” deficit, nor had he particularly planned that fact.
Without meaning to criticize his paper, from my perspective, discussing the maintenance of
animal health without explicit reference to epidemiological concepts and methods would be an
extremely difficult task. Whereas, the discipline of epidemiology does not provide a panacea
for solving animal health problems, it provides many of the essential concepts and tools to help
define, prioritise, and research health problems.

As this is an inaugural Gareth Davies Lecture, I believed it necessary to learn more about the
ideas of this man and be guided by them when appropriate. Hence, I perused a number of
Gareth’s recent papers on a variety of topics including; rabies policy in the UK (Davies 1994b),
eradication of epidemic pig diseases, and foot and mouth disease from the EU (Davies, 1994a;
Maragon et al, 1994), risk assessment (Davies, 1993), and the role of the public sector in
controlling epidemic diseases of livestock (Davies 1996). Many of the examples he used in his
1985 paper reflected his prior experiences, especially at the Central Veterinary Laboratory, and
most of his papers are concerned with epidemic diseases of national and international concern
in which the public sector has a reasonably well defined role to play. I would seek your
indulgence, in my discussions of the role of epidemiology in the food animal industry, as my
topics will begin with an academic or educational slant, and most examples are concerned more
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with endemic diseases for which the role of the private practitioner is crucial and the role of the
public veterinary sector is either less direct, or less well defined.

With respect to the change from art to science, Schwabe (1982; 1991) has presented an
excellent overview and I would recommend his papers. Rather than repeat his discussion I
would prefer to accept Schwabe’s viewpoints and focus the initial section of my paper on the
issue of how to educate veterinary students since they will pursue issues of food animal health
in the future. My views are based on the belief that the food animal industries of the future will
need highly skilled private practitioners, or indeed similarly talented farm-employed
veterinarians, with considerable training epidemiology. These individuals will form the
backbone of a national animal health system, and can contribute to a national health monitoring
system also. Whereas, publicly employed veterinarians working at the national or industry wide
level can help provide an umbrella of protection against epidemic diseases, it requires well-
informed veterinarians working at the farm level to ensure that the industry can develop and
function to its optimal level. I believe Gareth expressed these views by noting that in order for
veterinarians *“to maintain our privileged position as advisors on the health and welfare of
animals” they will need to develop a number of new skills.

EDUCATING VETERINARIANS FOR THE FUTURE

As an educator it is essential that I am aware of the future, not the current, needs of the food
animal industries in terms of welfare and health matters. Further, I am pleased to see that
curricular issues are being formally discussed at this meeting. Defining the needs would be a
relatively easy task if the industries functioned in a relatively static environment; however, it is
readily apparent that the food animal industries are undergoing unparalleled change. For
example, the increase in herd size, and changes in herd structure, and management of animals,
will undoubtedly alter the important health problems to be faced in the future, and as well will
as dictate that new approaches may be needed if we are to develop appropriate responses to
them (this is the first of the numerous examples of the need for our technologies for disease
control to fit into the real world context of the industry). Yesterday’s approaches to disease
control will not likely suffice. In general, the future food animal veterinarians will need much
more knowledge in the areas of nutrition, genetics, epidemiology, economics, animal
management, and information management than we currently provide.

In addition to the changes in structure of individual farms (fewer farms with more animals),
we must be aware that the industries themselves are changing rapidly. At least in North
America there is a dramatic concentration of ownership on a variety of fronts: fewer but larger
feedstuff suppliers, fewer animal health biologics suppliers, fewer (but very technically
advanced) slaughtering plants, and a very widespread food products distribution system.
Whereas there are many advantages to these changes, the risk of catastrophic events may also
increase because of them. For example, recently, 40 tons of Canadian hamburger were
destroyed because the meat was found to contain E coli 0157. Regardless of whether BSE
originated from sheep scrapie, or a BSE-infected cow, the centralization of rendering and
feedstuff manufacturing undoubtedly contributed to the spread of this agent throughout the UK.
Of course there are numerous examples of salmonella contaminated eggs or egg products
becoming widely distributed in a short time period through the market channels. Thus, these
larger complex components of the food industry demand increased vigilance to prevent large
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scale problems. Furthermore, as the industries themselves become more self reliant, and as they
are expected to contribute a larger percentage of costs to national animal health programmes,
they will, quite rightly, demand much more control over the design and performance of these
programmes. Under these conditions, veterinarians need to be prepared to function as part of
the animal health teams.

Two other features that will impact on the structure and management of farms, and also
impact on educational issues at the DVM and postgraduate level, are animal welfare and
environmental concerns. Both are at least partially susceptible to investigation and resolution
using epidemiological techniques. Veterinarians should be leading the industries in terms of
research into how to house, feed and manage food producing animals consistent with excellent
levels of animal welfare. However, examples of this happening are few and far between. To
be sure the questions are difficult to answer and go far beyond purely scientific issues, but it is
also clear that we must treat inappropriate animal welfare as, or more, seriously than the
occurrence of clinical disease. Whereas some clinical disease can be tolerated, very little
inappropriate welfare can be similarly endured. For example should we condone the feeding of
finely ground pig feeds on the basis of their increased feed efficiency, or condemn them because
they lead to more gastric ulcers? As Preben Willeberg (1997) asked, in Paris, should one
condone the use of BST because of its effects which increase production levels and efficiency
or condemn it because of increased disease occurrence? (Of course we need to recognize some
disease frequencies and production levels have been positively correlated without the use of
BST. Perhaps what we need to do is to search for subsets of the population where this
correlation is not present and try to understand how production can increase without a
concomitant increase in disease occurrence.) How does one establish the most welfare
supportive management programmes? Can we support segregated early weaning of pigs with
its associated behavioural problems? I don’t have answers to these or other welfare questions
but as a profession we must devise satisfactory ways of resolving these issues, and it will be
crucial that the public is involved in these discussions.

The issue of environmental degradation is even more complex to resolve, it takes us outside
of the bounds of focusing only on the health of farm animals and their owners, and it is less
clear what roll the veterinary profession should play here. On one hand, manufacturing plants
can have detrimental effects on food animals, and veterinarians should be knowledgable of the
potential health problems, and how to investigate and resolve suspected “pollutant problems”.
On the other hand large intensive farm operations can have down sides in terms of
concentrations of pesticides and fertilizers, animal wastes and the impact on water availability
and quality. Two examples might suffice. One concerns the effects of effluent from fresh or
salt water fish farms. Not only is the discharge high in organic solids, but also in inorganic
pollutants such as phosphorous and residues such as antimicrobials and disinfectants. Hence,
we are now seeing serious concerns and demands for action to prevent further degradation of
local water. The second relates to the citing of large farms; dairy farms place a heavy demand
on water supply, and swine herds place a heavy demand on waste disposal (including untoward
aromas). Thus, the future production units will have to be carefully managed to prevent
environmental problems. In addition, there may be a conflict of interest, for the private
veterinarian, between the farm owner’s desires and the welfare of animals, the protection of the
environment and issues of food safety. Avoiding these conflicts requires very careful
specification of tasks, responsibilities and lines of authority for individual veterinarians.
Unfortunately, the downsizing of governments, has lead to a decreased ability for publicly
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funded veterinarians and other personnel to monitor the industries and enforce activities for the
“public good”, thus we will have to trust that the industries themselves will be good
environmental stewards, and our profession needs to develop a well-thought out stance on these
matters.

At the same time as these industry changes are occurring, it is well to remember that the
overwhelming majority of our population (and hence of our students) is of urban origin, that in
developed countries the practice of companion animal medicine is attracting a growing majority
of our graduates, and that the public, if not many of our students, is either ignorant of, or not
especially supportive of, many of the common practices used in rearing food animals. Against
these backgrounds, I would like to briefly discuss the educational ramifications of the changes
in the food animal industries and cite two specific reports which deal with the topic of
delivering animal health services to food animal industries.

The first report (Botterell, 1976), whose senior author was a medical neurologist
commissioned by the Ontario Ministry of Agriculture and Food, was published in 1976 and
clearly identified the need to train veterinarians (both DVM students and practising
veterinarians) in the herd approach. (The contents of this early report were very instrumental in
supporting the formation of the Department of Population Medicine which I have had the
privilege of chairing for 11 years.) The more recent report (Pritchard, 1988) strongly advocated
that veterinary colleges attempt to graduate veterinarians with more focused in-depth skills
(areas of emphasis) and move away from the generalist graduate. Of course, how far and how
quickly one moves on these suggestions is constrained by issues of veterinary licensure
including the ability of graduates to pass national (international) examinations which continue
to stress a broad-based generalist education, as well as by the views of members of our
profession and the views of the faculty themselves. Like most schools in North America, the
Ontario Veterinary College (OVC) undertook serious discussions concerning possible curricular
revision, following the release of the PEW report, in the late 1980s. With respect to teaching
epidemiology Canadian veterinary colleges have had a relatively large number of contact hours
in their DVM programmes so only minor changes were made in the teaching of this discipline.
Today, at OVC, we are continuing an evolutionary curricular change process (many small
changes to the curriculum and teaching strategies have been made in the interim) with a view to
completing the first phase of major curricular revision in the year 2000. Some of the North
American schools have already developed, independently, or jointly with other schools, a
defined *tracking” curriculum which includes a number of focused areas of emphasis (food
safety/public health, food animal medicine, companion animal medicine, biomedical research,
etc). Other schools, like the OVC, have agreed to keep graduating generalists while allowing
students increased freedom to pursue areas of emphasis (the details are spelled out in a
competency-based curriculum document; OVC, 1996). In recent years it appears that many of
our schools have focused more on the “how to” of teaching/learning strategies (eg developing
learner-centred programmes which help students learn, integrate and utilize essential factual
material from the growing “knowledge explosion”) rather than refine the competencies required
by the food animal sectors. While I support these “educational” moves, I am concerned that the
needs of the food animal industries are changing much more rapidly than our ability to respond,
let alone lead, on this front. We may be training veterinarians for today, rather than tomorrow.
For example, in the same time it takes us to educate one cohort of veterinary students (4 years)
we, in Canada, will go from a supply managed dairy system to an open market dairy system
with all the concomitant changes in structure, management and health problems that this will



produce. Generalist veterinarians will be of little value in this setting. Years ago the veterinary
profession failed to respond to the needs of the poultry industry, and today we run the danger in
the swine industry. We have known for decades that only a small proportion of swine
producers have a regular relationship with a veterinarian. Yet, we act as if that is their problem,
not ours. Nonetheless, deciding on an appropriate educational strategy is made more difficult
by increased tensions within veterinary schools over the allocation of shrinking resources.
Indeed many schools will be forced to make difficult judgements about their primary purposes,
because if the majority of funding flows with student interest (largely in companion animals), it
will necessarily mean a shrinking budget for the food animal sector of the curriculum. And, in
these discussions we need to be mindful that it is by no means clear that the public would prefer
to support food animal medicine rather than companion animal medicine. What we have in our
favour is that most veterinary schools obtain significant funds through departments of
agriculture so there is a reasonable understanding of the roles we play in food production; we
need to elaborate on that role and capitalize on that advantage.

Taking all the above matters into account, it is my belief that schools of veterinary medicine
must take immediate steps to ensure that they have the ability to graduate a sufficient number of
skilled students for private practice in the area of food animal health. Given the lack of
enthusiasm for longer DVM programmes, this will likely entail a reduced emphasis on
individual animal care and companion animal medicine and surgery to allow students sufficient
time to obtain the requisite skills as outlined earlier. Failing this, our colleges must be prepared
to provide an additional intensive period, perhaps of one semester’s duration immediately after
graduation, in which appropriate courses in species specific nutrition, genetics/breeding, and
experience with delivering herd health programmes (including a strong component on data
handling, epidemiology and farm level economics) can be obtained. Failure to graduate
veterinarians without a firm grounding in these subjects will almost certainly result in our losing
our valued placed in the food animal industries. Beyond meeting our needs for a cadre of
veterinarians functioning at the farm level, and in order to meet the needs at the industry, or
national level, veterinary schools will also need to provide masters and doctoral level training in
the broad areas of economics, epidemiology, and farm level food safety issues applied to food
animal health, and food safety. Let me now turn to the issues raised in Gareth’s 1985 paper

ELEMENTS OF PROMOTING FOOD ANIMAL HEALTH

Measuring disease and not infection

To this title I would add, measuring health, not disease, and not infection. Our clear purpose
must be to optimize health (perfect health is illusionary) and we need to develop new concepts
and methods for doing this. The same problem arises in monitoring human health care, in that
whereas we want to promote health and recognize the need to quantify our level of success,
most of our quantitative measures focus on disease and not health----and one is not the mirror
image of the other. In veterinary medicine, various production level, production efficiency and
economic parameters are used as surrogates of health. 1 support the use of these but it is
becoming vitally important to develop comprehensive indices which better reflect the whole
spectrum of outcomes we currently measure, and to incorporate better measures of animal
welfare. I remain to be convinced that the best monetary choice for the producer is necessarily
the best for the welfare of the animal(s), and we will face a public that will increasingly push
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producers to emphasize the latter. Having said that we need measures of health, we will
continue to monitor specific diseases as components of health as they allow for problem
detection and effective focused action within the herd, and are really useful provided we don’t
forget the overall health of the herd. In a similar vein we will continue to monitor for infectious
agents and will undoubtedly develop more sensitive and specific methods for herd level
monitoring. It is important that we learn about the incidence and prevalence of these agents, not
so much in a pathogenetic sense, but more so as factors whose presence can alter the health
status of the farm. In particular we need to use the methods similar to the “Knox” approach of
relating attrition rates (the rate of transfer from susceptible to immune state) to the specific
clinical outcome frequency. My guess is that few of these will be linear, and we will need to
bear this in mind when developing our control programmes.

Despite our ongoing struggle to find better measures of health, it needs to be remembered
that monitoring is an essential aspect of any ongoing field programme. However imperfect the
data, the need to make decisions (How to prevent the entry of disease?, Which diseases are
important risks?, Where should we invest research dollars?, Are we meeting our goals/targets?,
etc) is real. Trade, at all levels, cannot be sustained in the absence of a well defined and
academically sound monitoring system. Likewise, for private practice optimal decision making
for herd health programmes in the absence of data at the farm level is not possible. Technology
is making monitoring easier, one can certainly visualize and see the benefits of a real time
version of HandiSTATUS (Bernardo, 1997), as an example. In human medicine, web-based
observational studies are already underway (people’s health and exposure status are monitored
over time and all data are automatically entered into structured data bases). Hence our
challenge in the future is not how to implement an animal health monitoring system, but how to
implement an effective system at minimal costs.

Building herd health programmes

Schwabe et al. (1977) have described the tight linkage between epidemiology and modern
herd health programmes as “Herd health means disease control means field research means
epidemiology”. While perhaps simplistic, this statement nonetheless indicates that herd health
programmes must be based on sound epidemiological principles. If one examines the contents
of two major texts on herd health (Brand et al., 1996; Radostits et al., 1994) it is evident that
epidemiological principles are intertwined explicitly and implicity throughout the material.
Arie Brand et al. (1996) note that most herd health programmes already include descriptive
epidemiological technigues and virtually all use the “production deficit” approach described by
Gareth as a means of detecting ill health at the herd level. Although national targets are
extremely usclul as global goals, veterinary practitioners appreciate that every farm owner is
different and it is his or her goals for the herd that must be taken into account when setting
targets and when developing health maintenance strategies (again part of the essential social
interactions described by Davies). The use of quantitative epidemiological techniques to
identify risk factors has in the past often been part of “one off” research projects; however,
these, together with on-farm research, will become an integral part of, and regular activity
within, future herd health programmes. It is sobering to examine the rapidity of change in this
area. Ten years ago many of us “epitypes” and a few so-called herd health veterinarians talked
about the use of computers, epidemiological techniques, formal monitoring for production
deficits and developing appropriate responses to health problems as an essential feature of herd
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health programmes. Today, in Ontario, all of the DHI customer service representatives
(previously known as field technicians) carry notebook computers to over 5000 farms to input
data on the farm and to produce on the spot reports which identify health deficits. Once
detected, specially trained DHI field people are available to help resolve the problems, or the
farmer can seek help from his/her veterinarian. Interestingly, when this programme started,
many veterinarians were upset because they believed that non veterinarians were treading on
their turf. However, at the same time from the farmer’s perspective, too few veterinarians had
the skills, or the time to help them. Clearly here is a problem (which presents a wonderful

opportunity) that we as a profession need to resolve if we are to retain our valued spot in the
food animal industries.

To continue this subject and since there is an element of prediction in my topic about how
epidemiologists will contribute to the area of animal health, one method of making such
predictions is to extend a previous historical record. For example, if one examines the series of
ISVEE proceedings, one notes that there is a continued interest in epidemic diseases and the
related national and international control programmes, but that there is a growing emphasis on
programmes aimed at endemic diseases. The latter are focused at the farm level and the
methods and results are of direct interest to private veterinary practitioners (including the cadre
of young veterinarians referred to earlier). Indeed we now have a subset of epidemiologists
who claim that individual farms are their populations of interest and these individuals pursue
within farm risk factor analyses on behalf of individual farmers. Whether or not this latter
assertion is true, scientifically, I believe that it is much more worthwhile to use the structured
analytic approaches developed earlier for groups of farms and apply them to individual farms
over time, than to continue with an informal unstructured approach that has often passed as
“heard health” in previous eras. Thus, it is a good bet that studies aimed at individual farms, at
groups of farms, and at the national level will continue into the future. The diseases at the
national level tend to be those where the agent and its transmission are of primary interest and
importance. These endemic diseases have a much more multifactorial causation in that the
agent is usually present but certain complexes of risk factors allow the agent to tip the agent-
host balance in its favour leading to occult disease or, more usually, subclinical but
economically important production decreases.

Environmental control

Control of environment is a common tool used for both the promotion of health as well as
the prevention and control of disease. For example in his papers, Gareth outlines many of these
practices in the context of swine fever and foot and mouth disease control, and also describes
some of them under the roles of publicly funded veterinarians. Some of the more important
appear to be: cleaning and disinfection of affected premises, ensuring that vehicles (and
humans) are disinfected (more positively ensuring good biosecurity for farm entry), reducing
the density of farms per unit area, control of swill feeding, and perhaps identify and controlling
the as yet unknown environmental factors that are related to the type of control programme a
nation selects. In the situation of endemic disease control, environmental risk factor control is
even more important (Brand et al., 1996; Radostits et al., 1994). In fact, it is likely true that the
overall gains in disease control have been through this method. Recognizing this, most research
centres are pursuing studies to identify the key environmental risk factors for specific disease
prevention and control as well as for the more general promotion of health.
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If we can learn from our human health colleagues (Evans et al., 1994), we will be aware that
effective health promotion activities may become the most effective overall way of positively
influencing the health. This approach does not target specific diseases, nor for that matter
specific risk factors, but rather attempts to build an overall lifestyle, or management strategy,
that in the truest sense actually promotes health. Effective disease care, early detection and
treatment of selected diseases, and preventing exposure to risk factors for disease will help
improve help, but these are not sufficient for a healthy population. It is, of course, in this
context that we are beginning to recognize that exposure to these risk factors, in humans, is so
strongly motivated by socio-cultural beliefs and the social-physical environment. For this
reason, appeals to individuals to reduce exposure to risk factors will probably not be successful;
perhaps this observation has some analogues in veterinary medicine where producers may
choose to continue high risk management practices. Should we not know more about what
motivates people? I like Gareth believe that we must factor sociological factors into our
programmes in a more formal manner.

Operational research

I'am not totally sure of what Gareth meant by this term within the context of animal health
programmes. However, my understanding is that it includes elements of biologic/context
knowledge, elements of economics (including social factors), and elements of epidemiology
(also including social factors). If this is true, then I agree that this combination is particularly
useful at the farm, industry and national/international levels. For sure there is a need for closer
and ongoing collaboration among the “disease specialists”, the “species specialists”, the
epidemiologists with their observational study and on farm trial skills, with
“modellers”(theoretical epidemiologists), and with economists. And, it is vital that these
working groups are able to help decision makers at both the farm and industry (or higher)
levels. For example, one of our deficits in Guelph is that we have all of the pieces to put the
operational research puzzle together except for the modelling and econometric skills (I should
explain that we have excellent economists at Guelph, but few are interested in animal health
and even fewer in developing economic models useful at the farm level). Our lack of the
economic skills applicable to animal health is a real drawback to the future development of our
herd health programmes at the farm level. Hence we are trying to close the circle by better
collaboration with economics groups like Aalt Dijkhuizen’s at Wageningen and George
Gettinby’s modelling group at Strathclyde. We suspect that we are not alone in having
incomplete within school resources to research or teach the broad base of skills necessary for
successful animal health programmes. Thus, in the likely absence of additional resources, many
veterinary schools will have to build collaborative linkages with each other. Again,
technological advances are making such long distance communication and collaboration much
easier than in the past.

Thoughts on disease control

Finally, a disease control matter that Gareth discussed in his 1985 paper was whether or not
to vaccinate against BVD. He noted the similarity between this disease and rubella in humans;
in both instances the major objective is to prevent the breeding age (especially pregnant)
females from being exposed to the agent. Well BVD has been endemic in Canadian dairy herds
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for many years, but in the 90s we have had an epidemic of mucosal disease suggesting the
presence of many PI animals in our herds that are for some reason undergoing exposure to the
BVD virus. Other herds are experiencing the less serious clinical diarrhoeic form of BVD. One
of the reasons we think this epidemic has occurred is that farmers have typically used killed
vaccines to vaccinate breeding age heifers, but in doing so have tended to give only the first
dose of the vaccine. This practice lowers the efficacy of the vaccination programme to the point
that it probably protects fewer individuals, and the level of immunity in vaccinated individuals
is lower than is desired, thus leaving them open to strong challenges with the virus. Thus, in
many of the herds the herd immunity is too low to stop the circulation of the BVD virus. As a
result we have recommended ensuring that all heifers get vaccinated with the appropriate two
dose routine, that adults are routinely revaccinated, and that new herd additions are fully
vaccinated at least one month before entering the herd. The effects of this programme on the
age-specific incidence of infection are unknown, and the programme we suggest represents only
one version of an array of vaccination programmes. Since we don’t know the effects of our
programme on infection rates, nor for that matter what proportion of breeding age heifers is
vaccinated, it might be advisable to vaccinate all calves at 3-4 months of age and to revaccinate
heifers prior to breeding; most males would likely be revaccinated at 6-8 months of age when
they enter feedlots. In any event, the situation requires investigation as it would be devastating
if our recommended programme actually made the infection rate in susceptible breeding
females higher than the earlier haphazard policy. Of course the side issue to this is that since
BVD is endemic there is no provincial or national policy; rather, individual herd owners must
decide whether to vaccinate and what their programme should be----this is a clear area calling
for epidemiological research, so that the veterinary profession can speak with one well-
informed voice on the matter.

The above points represent the main features, I think, of Gareth’s 1985 paper. The following
subjects also deserve mention, albeit briefly.

FOOD SAFETY AND ANIMAL HEALTH

Food safety is usually taught as a subject related to public health but not very directly
connected to the private on-farm practice of veterinary medicine. This was particularly true for
infections such as many of the salmonella infections in poultry; these did little harm to the
poultry but posed a serious public health concern. Now with organisms such as the multiple
drug resistant phage type 104 salmonella, with the ever widening E coli 0157 story, (all in the
wake of BSE) and with increasing potential public health concerns arising from M.
paratuberculosis and its possible role in Crohn’s disease (Morgan, 1997), in addition to concern
over drug resistance in humans traceable to on-farm drug usage, any distance between food
safety as a subject and the practice of clinical medicine is shrinking. Veterinarians must walk
the difficult middle road between meeting the welfare needs of sick animals while not forgetting
that they are really treating “living food”. Recent studies in Ontario have shown an association
between cattle density per county and the rate of reported human E coli 0157 cases (the
association did not hold up in the more northerly areas of the province where both human and
cattle densities are low). These studies have also indicated more potential for human to human
spread that previously thought possible, adding a new dimension to on-farm control
programmes (Wilson et al, 1997). Recent studies have also been conducted to identify the
effects of preslaughter shipment on numbers of E coli shed at the slaughter plant and also to
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investigate the roles of hide contamination versus faecal shedding on carcass contamination.
Another example linking on-farm veterinary practises to food safety relates to bovine
respiratory disease in feedlot cattle. Despite much research, including epidemiological studies,
and the development of new vaccines, this health problem persists. One of the more effective
ways to reduce the frequency of clinical respiratory disease is to mass treat, once or twice, with
broad spectrum antimicrobials. This should pose little risk of a residue because of its timing
relative to slaughter (although tissue damage may be present when slaughtered; Van
Donkersgoed et al, 1997), but its use has a perceived health risk and we are unsure of its effect
on antimicrobial resistance in the general population. In recent studies, at Guelph, an effect on
antimicrobial resistance was not found. However, epidemiologists at Guelph have developed a
mechanism to screen large numbers of microorganisms and identify the proportion that are
resistant (Dunlop et al, 1998). Clearly, when designing disease control programmes, in addition
to the welfare of farm animals we must now incorporate practices designed to reduce the risk of
residues, enhance food safety and reduce the risk of antimicrobial resistance.

CHALLENGING ACCEPTED PRACTICE

An issue that Gareth raised in light of recent discussions about rabies prevention in the UK
was to question whether or not “accepted practice” had any real basis in fact, or if the
environment had changed to the point that longstanding regulations were now out of date. Now
the point of this is not that we should become obstreperous, but that we should question current
practice and dogma in our search for better health promotion. Mastitis research might be a
similar case in point in dairy cattle. Over the years a variety of approaches to the treatment of
clinical cases have been studied to evaluate their efficacy (Drug A vs Drug B etc). Of course,
antibiotic residues in milk are also a real public health concern so only the most effective
programmes are justifiable. Recently the idea that many cases of mastitis will self cure without
antimicrobial use has been discussed and currently trials are in progress to evaluate test kits
designed to screen affected quarters in an attempt to classify the causal organism into those that
should be treated and those that don’t need antimicrobial therapy. Initially it seemed heretical
to suggest that clinical cases of mastitis should not receive antimicrobial therapy --- I suppose
the same is true for the suggestion that most cases of human upper respiratory tract disease do
not need, or benefit from, antimicrobial therapy.

In conclusion, it should be apparent that epidemiology has many roles to play in the future
food animal health programmes. In many respects its value is largely limited by our lack of
insight and imagination. There is a need for broader training of all food animal practitioners in
epidemiology and related population oriented disciplines; veterinary schools must soon make
some crucial decisions on this issue. We do need to be careful that we focus on solving
problems and not on the technologies used to solve these problems; else veterinary
epidemiologists may also fall prey to the “limits of epidemiology” (Taubes, 1995).
Opportunities for graduate trained epidemiologists exist in both the employ of industries as well
as with governments and international agencies. Through his activities and publications Gareth
Davies has lead the way and given us some paths to follow as we embark on preparing for
tomorrow. It has been a privilege for me to be able to deliver this talk in his honour.
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TUBERCULOSIS CONTROL IN LIVESTOCK IN NEW ZEALAND
THE CURRENT SITUATION AND FUTURE DIRECTIONS

T.JRYAN', P.G.LIVINGSTONE, J.B.BAILEY, C.E.CARTER, K.B.CREWS,
D.V.TIMBS

Taking a long term historical view of tuberculosis infection of livestock in New Zealand (NZ), one
might comment ‘a foreign disease in foreign species’. Further, that a number of quite unique factors have
resulted in a complex and very difficult disease control situation being established.

The small landmass that NZ developed from drifted away from the ancient super-continent, Gondwana
Land, many hundreds of millions of years ago, before the mammals evolved (Stevens, 1980). Thus apart
from a bat, which presumably flew the infant Tasman sea, there were no land mammals; vegetation
evolved without heavy grazing pressure. Approximately 1000 years ago man arrived. First, the
Polynesians with fire (they also introduced a Pacific rat and dogs). Second, the Europeans, about 150
years ago, with their efficient tools to systematically attack the forest and turn it into grasslands, and with
their domestic and wild animals.

The land has been transformed. An extensive pastoral industry (sheep, dairy and beef cattle, and later
deer) has been developed. A multitude of exotic wild and feral animals were introduced and some thrived
in this new environment. Among these the Australian brushtail possum (Trichosurus vulpecula) which
was introduced as early as 1837 in an attempt to establish a fur industry. Others of importance in the
tuberculosis story are deer (initially introduced for sport but later domesticated), pigs (domestic but then
they escaped into the forest), and the mustelids (ferrets, weasels and stoats, in an attempt to control
rabbits which had been introduced earlier).

This paper concerns tuberculosis. However, it should be noted that many of these exotic wild and feral
animals have had serious environmental impacts. Browsing possums have killed many native trees; they
compete with native birds for food and also destroy nests and eat eggs and chicks. Likewise, deer can
destroy the forest leading to erosion. Ferrets, like rats, prey on ground nesting native birds.

There is little doubt that the ‘pest’ Mycobacterium bovis was introduced into NZ via cattle imported
from Europe. In Australia, tuberculosis has never been observed in possums. Tuberculosis in deer was
not diagnosed until later this century (The first report of what appears to be tuberculosis was in 1954, the
first confirmed case was in 1970).

Early reports of state veterinary authorities point to extensive tuberculosis in cattle, especially dairy
cattle. In 1945, for public health purposes, a voluntary control scheme for ‘town milk’ suppliers was
introduced. In 1956 this became compulsory. During the 1960's the cattle industry and government
recognised the growing requirement to meet minimum disease standards if access to export markets for
meat and dairy products was to be maintained. To this end, two major national eradication schemes, for
brucellosis and tuberculosis, were started. The campaign against brucellosis has been a success. Initially

* National Epidemiologist, MAF Quality Management, Ruakura Research Centre, P.O. Box 3080, Hamilton, New
Zealand.



progress in the tuberculosis scheme was also very promising, and it was confidently expected that within
a short period the disease would be eradicated from cattle.

The first ‘problem herds’ were reported, in the late 1960's and early 1970's, in three different localities
(West Coast of the South Island, Central North Island (Taupo/Taumarunui) and South East North Island
(Wairarapa)). All these areas have extensive forests, with, by then, a plethora of wild and feral animals.
Gradually the association between problem herds and infected possums unfolded. Very early, all those
directly involved recognised the potential for spread from tuberculous possums in extremis with
generalised disease and weeping fistulae. Such possums were found wandering around open pasture
during the day (possums are normally strictly nocturnal). Recent studies have confirmed that cattle are
attracted by possums showing such aberrant behaviour (Paterson and Morris, 1995). In these areas
tuberculosis was also found in wild deer and feral pigs.

In 1982 tuberculosis in ferrets was reported. Ferrets are found in high numbers in the South Island
rabbit prone areas. In some areas the disease appeared to occur in the absence of possums, or at least
tuberculosis infected possums. Further, prevalences as high as 15 to 17% were found (Ragg et al., 1995).
After controlling ferrets, disease levels in cattle and deer were able to be reduced. Clearly here was an
additional complicating factor.

Over the last decade, there have some profound social and economic changes in NZ and these have had
a direct effect on national disease control schemes. From being a welfare state, NZ society has been taken
into the world of ‘the market’. Government has progressively withdrawn from running ‘businesses’ and
has encouraged competition. Users of services have had to start paying full costs, and the agriculture
sector has lost its once privileged position in terms of assistance and subsidies.

THE CURRENT SITUATION

Infrastructure

The Biosecurity Act:

The framework for national disease control schemes is now provided by the Biosecurity Act. This
reflects current political doctrine, especially having regard to ‘user pays’. Under this, a ‘Pest
Management Agency’ for the control of bovine tuberculosis has been established outside of government.
This is the NZ Animal Health Board (AHB); it has representation from the beef, dairy and deer industries
and from central and local government. The Board has a small executive of around 10 people.

The AHB's first task was to develop the so-called ‘Pest Management Strategy for Bovine Tuberculosis’
(Anonymous, 1995). This is known locally as the TB-PMS. This is a legal document. It defines,
currently ina very comprehensive manner, how the pest (ie M.bovis) is going to be controlled. (There are
moves 1o take the detailed operational aspects out of the PMS, to enable a more flexible approach.
However, a change in the legislation will be required before this can be adopted.)

Financing of the strategy is also defined within the TB-PMS. As might be expected, beef, dairy and
deer farmers are identified as the primary ‘beneficiaries’ and therefore it is concluded that a significant
portion of funding should be derived from them. However, they also argue that ‘those who are engaged in
industries associated with cattle and deer farming also benefit’. Further, that there is an element of public
good. On these grounds they suggest that local and central government should also contribute.

So-called ‘exacerbators’ are also identified. This term was invented with the verb to exacerbate (ie to
aggravate) in mind. For example, central government (ie the Crown) is named a Class One exacerbator
because of the extensive public lands that harbour infected wildlife adjacent to farmland. Exacerbators
are also expected to contribute monies.



An important aspect is that a variety of funding arrangements are possible. One very striking
difference is the decision by the deer industry for deer farmers to pay individually for testing and to have
no compensation for reactors. In contrast, the cattle industry adopted a levy system, with testing costs and
compensation paid in bulk from this fund. (Both cattle and deer farmers contribute to administration,
regulatory, research, management and vector control costs.)

National Science Strategy Committee (NSSC):

In recent years government research activities have also been restructured. During this, a procedure
was introduced whereby the Minister of Research, Science and Technology could bring together
specialists to consider important problems and recommend research strategies. To this end a NSSC on
‘possums and bovine tuberculosis’ has been formed.

The mission of the committee is ‘to identify, coordinate and promote research on possum and bovine
tuberculosis in order that the threats to NZ’s export markets and to conservation values can be
eliminated’. It has identified five key areas of research: ( 1) tuberculosis management (2) possum damage
(3) conventional control of possums (4) new methods of possum control and (5) social issues. Via
recommendations to the Minister, NSSC influences priorities for government funded research.

Funding:
The result of negotiations after the TB-PMS had been finalised is shown in Table 1. The Animal

Health Board provisional budget for the 1997/1998 is shown in bold; ie $44.6 million. The balance of
research monies is from the 1995/1996 year.

Table 1. Tuberculosis control programme operations and research budget. Budget (NZ$) in millions,
exclusive of GST.

Activity Budget Agency
millions Industry Government Regional Other
Councils
Disease control (testing, compensation, 16.22 100%
data systems, etc)
Vector Control on Crown Land 6.46 100%
Vector Control on private land 19.12 29% 37% 34%
Total Operations 41.8 52% 32% 16%
Animal Health Board allocated research 2.86 41% 45% 14%
Government allocated research 9.16 100%
Research - private agencies 1.24 100%
Total Research 13.26 9% 79% 3% 9%
Total Expenditure 55.06 42% 43% 13% 2%

One could comment that the introduction of ‘users pays’ has not lead to simple planning and budgeting.

Service contractors:

After having settled methods and funding, the Animal Health Board lets contracts for the activities
under its control.



A decade ago the Ministry of Agriculture and Fisheries (MAF) was divided into policy and operational
groups. The former is known as the MAF Regulatory Authority (MRA), the latter as MAF Quality
Management (MQM). MQM has no direct government funding; it must seek contracts with MRA and
other agencies such as the Animal Health Board. The MRA contracts (eg disease surveillance) are
progressively being made contestable (ie opened for competition).

MQM is the major Animal Health Board contractor for disease control services. These are diverse and
include technical consultation, database management, district veterinary investigations and management,
laboratory services, cattle testing and regulatory activities (eg movement control).

MQM para-veterinarians (ie livestock officers) test all the cattle. Traditionally veterinary practitioners
test deer herds. In some areas MQM livestock officers also test deer.

The other major AHB operational item is vector control, especially of possums. This has been a
function of local government in most districts, in particular regional councils. Over many years pest
control methods have been refined and this is generally regarded as a specialist area. However, there are
moves to also include private hunters, the rationale being that in the case of possums the skin can be
harvested. In addition this provides work in rural areas where unemployment is often a problem.

Research is mainly contracted to the Crown Research Institutes and the universities. Other groups,
such as MQM and private consultants, also take on minor research contracts.

Current disease control policies

The initial tuberculosis eradication campaign was a traditional one, with herd testing and slaughter of
reactors. With the discovery of a wild life reservoir of infection, this has necessarily been modified.

There has always been an attempt to base control policies on an understanding of the epidemiology of
M.bovis in the New Zealand environment, be it at times more hypotheses than known facts. This basic
information is still the focus of intense research, and as new data comes to hand there will be appropriate
changes in policy. When attempting to define the relationships between animals, DNA fingerprinting (ie
DNA restriction endonuclease analysis (REA)) has been a very valuable epidemiological tool (Collins
and de Lisle, 1985).

The epidemiology of M.bovis in NZ:

The basic outline of the current concept is illustrated in Fig.1. Data from tuberculosis breakdowns in
livestock and from direct sampling of wild life populations is used by MQM veterinarians to map areas
where wild life are infected and where they are not. The former are termed vector risk areas, the latter
vector free areas.

Infection can be maintained in wild life independently of farmed cattle and deer. There is good evidence,
which is supported by current research, that possums are the key species. It is accepted that possums are
a reservoir host of tuberculosis. Conversely, there is a growing body of data that suggests ferrets, feral
pigs and possibly wild deer are spillover hosts.

The epidemiology of tuberculosis in possums has been investigated both in the field and by modelling.
An important element is the development of chronic clusters of infection, ‘hot spots’, within the possum
population. Modellers have found it difficult to develop systems that show this patchy infection. One
very important outcome from the early models, is that by reducing and holding possum populations at
40% of carrying capacity, tuberculosis will not be maintained (Barlow, 1995). This is the rationale for
using long term possum control to eradicate infection from an area.
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Fig.1 Schematic representation of the epidemiology of Mycobacterium bovis in NZ.
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(see disease control strategies below).



In vector risk areas, there is widespread and regular transmission of infection from wild life to cattle
and deer. The main species responsible is the possum, but ferrets are an important source in some areas.
We believe that transmission in the reverse direction is rare, but that infected farmed deer may have an
important role. The same can be said for vector free areas.

The vector risk areas have gradually expanded over the last 25 years. The current situation is shown in
Fig.2. The primary factor thought responsible is short to medium range ( 1 to 5 km) movement of
infected wild life, in particular juvenile male possums. Longer range (5 to 30 km) transmission via
infected feral deer appears a possibility, but there is scant data to support this. The initiation of new
vector risk areas via the deliberate illegal movement of possums (to establish areas for trapping), and deer
(for hunting) is also possible and appears to have occurred.

Until recently we considered the epidemiology of M.bovis in farmed cattle and deer to be quite simple.
Under annual confirmatory testing (ie testing of clear herds to confirm freedom of infection), which is the
policy in vector risk areas, cattle to cattle (and deer to deer) transmission was considered an uncommon
event. Under biennial and triennial confirmatory testing (the policy in vector free areas) the potential for
transmission within a herd was recognised. Infection could be transferred between herds via livestock.
Clearly the transmission from herds in vector risk zones to vector free zones was considered most
important. The imposition of area movement control in vector risk areas should have reduced the
importance of this pathway. In the absence of vectors, skin testing alone was seen to be an efficient and
very effective means of eradicating tuberculosis from infected herds (eradication testing).

In 1995 a national case control study of breakdowns was conducted (Ryan et al., 1995). Significant
risk factors associated with cattle movements on and off properties were found. Of some interest was the
result that the variable ‘number of young beef cattle moved on’ was also significant. Many beef cattle
breeding farms are located in vector risk areas, and this movement of young animals was seen as an
important way that tuberculosis was being spread from vector risk areas.

Unexpectedly the study also showed that prior infection was a risk factor. This has prompted other
studies of the epidemiology of tuberculosis in intensively farmed vector free areas. The movement of
cattle in such a district, the Waikato, was surveyed and various models of tuberculosis developed. The
magnitude of cattle movements surprised all; 26% of the total cattle population was moved between farms
over one year (Ryan et al.,, 1996). The models suggested that with this amount of movement, under
current disease testing policies, tuberculosis would be maintained in the cattle population independently
of infected vectors (Barlow et al., 1998). Later, investigations of the performance of skin testing (see
below) also suggested that the tuberculosis problem is not entirely due to infected vectors.

Disease Control Strategies:

The Animal Health Board’s long term aim is to eradicate bovine tuberculosis from NZ. It is seen that
this is not practicable within 5 years with current technology, and therefore it has set the following
objectives.

1. To reduce the number of infected herds in vector free area to 0.2%
2. To prevent the establishment of new vector risk areas and the expansion of current vector risk areas.
3. To decrease the number of infected herds in vector risk areas to 11%

4. To encourage individuals to take action against tuberculosis on their properties and in their herds.

To achieve these objectives an interlocking programme of both livestock testing and vector control has
been developed. In addition, there are elements directed at individual livestock owners taking more



responsibility.

The initial very important task for MQM veterinarians is to define the vector risk and free zones. This
can be difficult; generally a border is mapped that errs on the side of freedom from infection. A zone
~ around each vector risk area is then drawn with reference to the likely short to medium range emigration

of infected vectors. This is called the fringe area. There is intensive surveillance for tuberculosis within
the fringe zone to detect, as quickly as possible, infected vectors moving out of the vector risk area.

In vector free areas, so-called special testing zones are set up if wild life tuberculosis is suspected. As
in fringe areas, there is heightened surveillance for tuberculosis, including survey of wild life.

The balance of the vector free area is termed the surveillance zone.

In each of the different zones appropriate livestock testing, quarantine and vector control policies are
set. For example, around each large vector risk area, usually within the fringe area, a vector buffer would
be set up. Buffers are generally from 3 to 4 km wide and are subject to very intensive and frequent vector
control. The goal is to sweep up any emigrating infected vectors.

Within vector risk areas, the disease control objectives are either control or eradication of infection.
With small ones, it is total eradication of tuberculosis. With large ones, the aim is eradication at the
margins, (ie ‘roll back’), and control in the balance. It is envisaged that eradication zones within vector
risk areas will be established in the future. Livestock testing policies are more conservative where the
goal is eradication rather than control.

In surveillance areas, either biennial or triennial confirmatory testing is usually practised. If a high
prevalence breakdown is detected, especially in deer, BLIP vector control is conducted (Brief Local
Initiated Possum control). This is to reduce the risk of a new focus of vector infection.

Infected herds are quarantined. Deer from infected herds cannot move to other properties. Cattle are
subject to a more complex movement control procedure. Cattle and deer moving from vector areas where
there is a high level of infection (breakdowns > 10 herds per 10,000 ) are subject to area movement
control.

When cattle and deer are moved, a tuberculosis status declaration card must be sent with them. This
lists information on the tuberculosis status of the herd and area.

Reactor compensation for cattle is currently set at 65% of fair market value. This will be reviewed
shortly and may be reduced.

The Animal Health Board maintains an active communications, education and technology transfer
programme, both locally and nationally.

Management information systems

The tuberculosis control campaign is supported by a nationally networked management information
system, National Livestock Database (NLDB). NLDB consists of 6 modules (business, herd/flock and
farm registration, surveillance, quarantine, testing management, pathology and vector). All the elements
noted above can be recorded against either farms or herds, as appropriate. Twenty disease control offices
have access to NLDB; it is used for day to day management, for planning and for retrospective
epidemiological analyses. Regional and national specialist staff can also access the system.



Progress

In 1977, movement control of cattle was introduced. Throughout NZ there had been very good
progress, and it was expected that with movement control, within 5 years tuberculosis would reduce to
very low levels. Indeed numbers of infected herds in vector free areas decreased considerably. However,
there was a concurrent increase in the size of the vector risk areas and numbers of associated infected
herds. During this early period MAF attempted to remove the newly identified infected populations of
possums. The control operations were very successful, as measured by herd testing. It was considered
that the problem has been resolved and finance for the control of possums was thus reduced (Fig.3).

Unfortunately infected possums returned and continued to spread to new areas. Over the next 10 to 15
years the number of infected cattle herds gradually increased. Most (75% to 85%) were in vector risk
areas. Likewise the number of cattle reactors increased, again most coming from vector risk areas.

In the late 1980's funds for possum control operations again became available, and has been gradually
increased over 10 years (Fig.3). Largely due to the scope and effectiveness of these operations, especially
with the toxin 1080, there has been a marked improvement. Numbers of infected cattle herds have been
progressively reduced over the last three years. In some of the vector areas there have been dramatic
reductions in tuberculosis, both in infected herds and reactors.

A compulsory tuberculosis control scheme for deer was introduced in 1990. In all areas numbers of
infected herds have decreased, but gains in vector risk areas were less than in vector free areas. As seen
with cattle, over the last three years there has been better progress in vector risk areas.

One area of concern is the increasing area classed as vector risk. From small foci these have gradually
increased over the last 25 years (Fig.4). Buffer vector operations have reduced the rate of extension, but
isolated new areas have occurred and the existing ones have expanded.

Using NLDB one can conduct intensive analysis of testing data. Some long term trends have been
observed; eg an increase in the specificity of caudal fold (CF) skin testing in cattle. There has also been a
reduction in the proportion of CF test-positive animals retested. Such changes clearly have flow-on
effects on such parameters as proportion of lesion positive reactor cattle. It is beyond the scope of this
paper to report on these issues in detail. A recent reference on this subject is Ryan & Cameron (1995).
Summary testing data for the 96/97 year is shown in Table 2.

Table 2. Testing data for cattle and deer or the 1996/1997 financial year

Species No. Primary test No. Reactors* Lesion Non-reactor
primary positives Ancillary reactors lesion
tested tested animals**
Cattle 4,555,736 10,119 6,794 4,488 1,968 889
Deer 520,621 7,865 7,022 1,387 244 224

* Animals slaughtered as a result of positive tests. ** This group is termed culls.

These data show a developing problem with diagnosis of tuberculosis in deer. The high cull rate with
deer, in comparison with cattle, is due in part to deer farmers electing to slaughter infected groups of
animals rather than attempt eradicating by testing.

THE FUTURE

Future strategies are invariably linked with current research on tuberculosis and with technological
advance in general. In NZ, NSSC has encouraged a broad range of research, in terms of both subject and
expected period to implementation. The products of the short to medium term projects are now becoming
available.
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Fig.4. Vector risk areas in NZ (shaded black). The situation in 1970, 1986 and 1995 from left to right,
respectively.
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Traditional strategies

Testing:

Skin testing has been the mainstay of all national tuberculosis eradication schemes, and much has been
achieved internationally. In NZ, in areas distant from infected vectors, the disease has been reduced to
very low levels with skin testing. However, fieldwork has shown the sensitivity of caudal fold testing in
cattle is generally only ‘moderate’ (85% + 10%). Isolated cases of severe failure have also been reported.
Further, the desensitization that follows skin testing is inconvenient; eg serial retesting has to be delayed
60 days. For these reasons, alternative diagnostic tests for cattle have been an active area of research for
5 years. The important findings are as follows:

The accuracy of the (-interferon assay (BOVIGAM® CSL) was found to be similar to caudal fold
skin testing. It was concluded that the additional cost and inconvenience of blood testing in the
confirmatory test programme could not be justified (Ryan, 1994). (Note: Bloods in this trial were
cultured after overnight transport, not within 12 hours as recommended by the manufactures of this
test.)

We have demonstrated that satisfactory sensitivities and specificities can be obtained with
BOVIGAM, and with some lymphocyte transformation assays, when used as a serial test, 10 to 30
days after caudal fold testing. Again bloods are cultured after overnight transportation to a
laboratory. The preliminary data from this investigation (more animals will be tested this year) is
shown in Table 3.

Table 3. Preliminary results from an investigation of serial testing with interferon, transformation and

ELISA assays in cattle, 10 to 30 days after skin testing (Tests conducted by AgResearch
Wallaceville and the Otago Deer Research Laboratory).

Test Sensitivity Se Specificity Sp
% 95% CL** % 95% CL**

Interferon, day 0 89 811094 87 78 to 94
Interferon, day | 88 82 1094 90 821095
Transformation, LT 91 84 10 96 81 72 to 88
Transtormation, LR 84 751091 87 78 10 92
ELISA AgRescarch 22 14 10 31 94 88 to 98
ELISA* AgRescarch 32 231042 94 ' 86 to 98
ELISA Dcer Lab 20 121029 92 851097
ELISA* Deer Lab 56 46 to 66 92 84 10 97

* Johnes Disease vaccinates removed. ** CL = Confidence Limit.

The value of parallel testing problem herds with both cellular (BOVIGAM and transformation) and
antibody (ELISA) assays is also under investigation. In a very consistent manner the blood tests have
detected infected skin test negative animals. In some herds the results have been quite dramatic (eg
22 skin test negative blood test positive animals with 18 exhibiting gross lesions). In others, skin
testing has been shown to be accurate. The reasons for these failures of skin testing are not clear.
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Interestingly, the in vivo cellular assays rather than ELISA have been more useful parallel tests.

As a result of these findings, BOVIGAM has been approved for use as a short interval serial test in
cattle. Field data suggests that it is very much more sensitive than comparative cervical testing; a policy

change allowing only BOVIGAM testing in herds where there are less than four skin reactors is likely to
be introduced.

The parallel testing investigation is continuing. A probable outcome is that problem herds (high
prevalence breakdowns or chronic infection) will be required to undergo a blood test prior to achieving
official clear status.

Vector Control:

A very broad range of research into vector control is underway. Examples are the development of new
toxins, new methods of application of toxins and systems of monitoring the effectiveness of operations.
Contracts to define the ecology and epidemiology of tuberculosis in wild animal populations have been
let; the goal being to define which wild life species should be the control target. Field methods, using
large scale field operations, are also being investigated. The findings from these very diverse projects are
being used enhance the effectiveness of vector control operations.

Decision support systems (DSS):

Tuberculosis in NZ is a very complex problem. Management decisions are often difficult and can
involve large sums, perhaps millions of dollars. To support national managers and local people, various
researchers are investigating decision support systems. At Massey University a group is bringing together
various models of tuberculosis in possums into a system called EPIMAN-TB. One part is directed at
identifying likely ‘hot spots’ which could then be subject of intense and containing control. Some parts
are currently being prototyped and will delivered over the next 2 to 3 years.

Other strategies

Vaccination:

Internationally there is much interest in the development of better vaccines for tuberculosis for use in
man and other animals. A number of groups in NZ are working on this, some in collaboration with
overseas institutes. The performance of BCG in livestock (cattle and deer) is also being investigated.
Workers from Massey University and AgResearch Wallaceville are also evaluating BCG efficacy in
possums.

There has been much debate about possible vaccination strategies. In NZ we have to consider the
effect that vaccination would have on the ability to export meat and dairy products. On balance it would
seem that vaccination of wild life, in particular possums, offers more potential in the medium term than
vaccination of livestock.

Biological methods of control of possums:

Of course the ultimate solution to both the disease and environmental problems of possums would be to
find a self-sustaining biological method of reducing numbers. Various searches for and studies of
pathogens and parasites, both in NZ and Australia, are been conducted. Studies of the reproductive
physiology of possums are also underway. The goal would be to find a mechanism to interrupt the
reproduction of this normally very fecund animal; eg immuno-contraception.
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CONCLUSIONS

Only 150 years ago, NZ was a land of mainly forest and birds. There is now a diverse range of wild,
feral and domestic animals interacting in a very modified environment making a ideal niche for M.bovis.
At the centre of this is the brushtail possum. Ironically in Australia tuberculosis never moved into
possums from cattle. The epidemiology of tuberculosis in cattle and deer in NZ is a classical example, on
a national scale, of the triad of disease determinants in action.

Many are looking for a simple solution to the problem. The reality is that multi-facet control will most
likely be required. For example, cattle owners may have to modify their management, especially the
manner in which they shift animals from farm-to-farm. However, the trends seen over the last few years
and the early results of research have engendered much optimism. ‘
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DNA FINGERPRINTING OF MYCOBACTERIUM BOVIS ISOLATES USING
SPOLIGOTYPING - EPIDEMIOLOGICAL ISSUES

R.S. CLIFTON-HADLEY', J. INWALD?, J. ARCHER', S. HUGHES?, N. PALMER?,
A.R. SAYERS', K. SWEENEY?Z J.D.A. VAN EMBDEN® AND R.G. HEWINSON?

In Great Britain, control of bovine tuberculosis (TB) in cattle depends primarily upon a
programme of surveillance using the single intradermal comparative tuberculin test and meat
inspection. As part of the veterinary investigation of any confirmed case, the most likely origin
of infection is established by looking at such things as stock movements into the herd, the
infection status of contiguous herds and the presence or absence of wildlife species known to be
natural reservoirs of infection, particularly badgers. Despite these investigations, a source of
infection may only be ascribed through a process of elimination and association or else remain
undefined altogether (Report, 1997). Molecular typing is a valuable tool for investigating
potential sources of infection and has recently been recommended as a means of providing
‘conclusive evidence on whether, and to what extent, badger to cattle transmission takes place’
(Krebs, 1997).

For genetic fingerprinting methods to be of benefit in large-scale epidemiological studies
they must produce a degree of discrimination which allows for epidemiologically meaningful
temporal and spatial patterns to emerge. Ideally, the techniques also need to be cheap, quick and
easy to perform, and independent of bacterial culture. So far, three principal methods have been
developed for differentiating Mycobacterium bovis isolates, Restriction Endonuclease Analysis
(REA), Restriction Fragment Length Polymorphism (RFLP) and Spoligotyping (Spacer-
Oligonucleotide).

REA is used exclusively in New Zealand and has been shown to enable differentiation of
M. bovis isolates into a large number of types. However, high resolution is needed to identify
slight but real changes between patterns, making interpretation more demanding than for the
other methods. REA has been used in New Zealand to type M. bovis isolates from various
species, particularly cattle, deer and possums, as part of the investigation of disease outbreaks
(Collins et al, 1994). In one example, a single REA type was associated with multiple cattle
herd breakdowns and possums in the same localities, while in another example typing suggested
that further investigation into stock movements was warranted. Typing is now incorporated into
the New Zealand TB control programme, although the cost of the method does not permit all
isolates to be typed prospectively.

' "Epidemiology Department, ?Bacteriology Department, Veterinary Laboratories Agency, New
Haw, Addlestone, Surrey, KT15 3NB, UK. *Unit of Molecular Microbiology, National Institute
of Public Health and Environmental Protection, PO Box 1, 3720 BA, Bilthoven, The
Netherlands.
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RFLP typing using the insertion element IS6110 has been extremely useful for epidemiological
studies of M. tuberculosis since there may be 25 or more copies of IS6110 in the chromosome
(Small & van Embden, 1994). In contrast, M. bovis isolates from cattle usually harbour only a
single copy of IS6110 in the chromosome, so limiting strain differentiation by IS6110 RFLP
(van Soolingen et al., 1994). Other probes, such as the GC-rich repeat sequence (PGRS) and the
direct repeat sequence (DR), give better discrimination (Cousins et al., 1993; Skuce et al.,
1994). Several epidemiological studies of M.bovis have been based on RFLP. In Argentina and
the USA, the zoonotic implications of cattle infection were investigated (Cave et al., 1992;
Romano et al., 1996). In Northern Ireland, isolates, especially from cattle and badgers, were
typed and the potential use of the methodology in epidemiological studies evaluated (Skuce et
al., 1996). In Sweden investigations of an outbreak of TB in farmed deer incorporated RFLP,
and the type found indicated origin of infection from imported deer from GB (Bolske et al.,
1995). The main drawbacks are that the method is labour-intensive and requires purified DNA
from large-scale cultures.

Spoligotyping is designed to detect the presence or absence of unique spacers of the direct
repeat (DR) locus of the M. bovis genome by hybridization with a membrane at present
containing 43 oligonucleotides derived from spacer sequences of M. tuberculosis H37RV and
BCG (van Embden et al., 1995). Spoligotyping is PCR-based and so is intrinsically more rapid,
as well as being simpler and cheaper to perform than RFLP. Large numbers of isolates can be
typed at the same time. In addition, the method generates data which are more suitable for
computer analysis than that derived by RFLP. Spoligotyping was the basis of a study of
M. bovis isolates from various species (especially cattle, goats and cats) in Spain, with particular
emphasis on the interaction between species (Aranaz et al., 1996).

In 1996, we introduced spoligotyping methodology to our laboratory with funding from the
Ministry of Agriculture, Fisheries and Food. The aim was to validate and develop the technique
for typing M. bovis isolates and to assess its usefulness as an addition to current bovine TB
control procedures. This was to be achieved by applying spoligotyping to historic and
prospective M. bovis isolates, primarily derived from cattle and badgers in the course of
statutory TB control. Previous results from this study were supplied to an independent scientific
review group (Krebs, 1997). The current paper summarises our findings to date.

MATERIALS AND METHODS

Mycobacterium bovis isolates were derived from a) cattle either slaughtered in the course of
routine surveillance, primarily as reactors to the skin test or as dangerous contacts, or found
with suspicious lesions at slaughter, b) badgers killed in removal operations, conducted in
response to herd breakdowns, c) badgers with clinical samples (faeces, tracheal aspirates and
urine) collected during a prospective study of a naturally infected badger population (see Rogers
et al., 1997), and d) other wildlife and exotic species where there was a suspicion of bovine TB.

Cultures of M. bovis were prepared by standard methods and stored at -20°C until required or
else taken directly from culture medium for DNA extraction. Preparation of DNA and
spoligotyping were performed as described previously (Aranaz et al., 1996). If an isolate was
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found to have a previously unseen combination of oligotides it was ascribed the next sequential
spoligotype number. Gels were analysed using GelCompar (Applied Maths BVBA, Belgium).

An ACCESS database was prepared whereby each isolate had an individual record detailing
the species of animal involved, the Ordnance Survey map reference, the herd identifier and any
associated badger control operation number, the date the sample was taken, the spoligotype and
the reason why the sample was taken. The map references allowed the spatial distribution of
spoligotypes to be displayed using a geographic information system (ARCVIEW,
Environmental Systems Research Institute, Inc., USA).

RESULTS

To date, 34 unique spoligotypes have been found in 2668 samples collected mainly during
the years 1996 and 1997. Their distribution by species is summarised in Table 1. Certain types
predominate, with 70% of samples represented by types 9 and 17. So far 16 of the 34 types are
unique to particular species, although nine of these are based on a single isolate.

Of the 2002 samples from cattle, 1974 were associated with a particular herd. In all, 709
known herds were represented. Figure 1 represents the geographical distribution of types 9 and
17, where 20x20 km squares have been coded according to the type which has been detected
most frequently. In Fig. 2 the squares have been coded according to the most frequent
spoligotype found, excluding types 9 and 17 and types identified less than three times. Two or
more samples from a herd were typed in 331 instances. Up to five different spoligotypes were
found within a single herd. The distribution of herds by number of samples typed and number of
spoligotypes detected is summarised in Table 2.

Mycobacterium bovis isolates from cattle were typed from a total of 734 breakdowns, as
defined from the national skin test data recording system. A number (43) of herds were
represented by isolates from more than one breakdown, with 37 herds having two breakdowns,
and six herds having three. Where herds were considered to have more than one distinct
breakdown, in other words movement restrictions were lifted after the required herd skin retests
and then reimposed after reactors were again detected or lesioned animals were found at
slaughter, at least one spoligotype matched each time except on five occasions.

For the 734 breakdowns, an ascribed origin of infection was recorded in 426 instances.
Badgers were considered the most likely source of infection on 334 occasions, purchased cattle
41 times, imported Irish cattle 13 times, spread from contiguous premises five times and
unknown after investigation on 33 occasions. Otherwise, the source of infection was unassigned
at the time of preparing this paper. The number of isolates according to spoligotype and source
of infection is detailed in Table 3. So far isolates from seven breakdowns have been linked to
those from herds which supplied animals to the breakdown herds. The types matched in six of
the cases.

To date M. bovis isolates taken from badgers killed in the course of control operations
following herd breakdowns have been paired with cattle isolates from the originating herd
breakdown in 99 instances. In 90 of the breakdowns at least one badger spoligotype matched
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Fig. 1 Spoligotypes 9 & 17 from Cattle Isolates
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Fig. 2 Spoligotypes other than 9 & 17 from Cattle Isolates
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those in the cattle, while in nine cases there was no match. Figures 3 and 4 have been derived

for badger isolates as Figs. | and 2 have been for herd isolates.

Table 2. Samples typed from cattle

Samples Number = Number of spoligotypes: Samples

per herd of herds 1 2 3 5 typed
| 378 378 378
2 119 98 21 238
3 52 39 11 2 156
4 34 22 11 1 136
5 19 16 3 95
6 25 17 5 3 150
7 18 14 3 1 126
8 17 13 4 136
9 14 10 3 1 126
10 9 6 2 1 90
11 6 1 3 2 66
12 3 2 1 36
13 4 3 1 52
14 2 | 28
15 1 1 15
16 1 1 16
17 1 1 17
18 3 1 1 1 54
19 1 1 19
20 2 | 1 40

Totals 709 623 69 15 1 1974

Isolates were typed from badgers in 18 of 35 social groups at the Woodchester Park study
area, spanning a period from 1988 to 1997. Altogether, 65 isolates from 46 animals were
spoligotyped. All were type 17 except for one type 11 isolate from a badger in a boundary social

group without evidence so far of infection with type 17.

DISCUSSION

For several spoligotypes, especially in species apart from cattle, sample numbers need to
increase before conclusions about species and geographical distribution can be validly made.
For example, the majority of badger isolates were collected from animals killed in the same
geographical locations as herds with TB breakdowns. Similarly, spoligotype 18 may be an
exotic type, unique to alpacas, but small sample numbers from the alpaca and from other

species in GB preclude such conclusions.
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However, there are several key questions which need to be asked of any strain typing system,
if it is to be useful for epidemiological purposes. In this study, three questions have been
addressed, a) is the extent of differentiation sufficient for the intended application? b) are the
defined strains stable in time and space? c) do the results give any insights into the spread of
disease? The results are now beginning to provide some answers.

Thirty four unique spoligotypes have been observed, 25 of which are in cattle. This provides a
reasonable basis for strain differentiation for epidemiological studies, especially as spatial
clustering of some spoligotypes is becoming apparent. However, two types, 9 and 17,
predominate. Similarly, in a naturally infected possum population in New Zealand various REA
types were detected over a 22 month period, with some types having a dominant position while
others entered part of the study site but failed to become established within the population
(Pfeiffer, 1994). At Woodchester Park, all isolates except one over a ten year period were type
I7. Within the population, infection remained within some social groups over many years
whereas in others it appeared but failed to become established. It might be expected over the ten
year period that other M. bovis strains would enter the badger population, as happened in the
possum study. Further differentiation of spoligotypes might be achieved by applying alternative
fingerprinting techniques, such as RFLP. We currently have work in progress to examine this
possibility.

The Woodchester Park data, so far comprising samples over a ten year period from 46
animals, provide some evidence that types may remain relatively stable within a geographical
location over a period of time, both within a defined badger population and within individual
animals within the population. Apart from stability within a population, the evidence that
multiple isolates over several months taken from individual animals gave the same spoligotype
perhaps indicates a degree of type stability within an animal. However, the possibility remains
that multiple types could co-exist within one animal if there was no selective advantage
between the types.

Where recurrent breakdowns have occurred, the same spoligotype has been detected in most
cases, while additional types have been found in some instances. From an epidemiological point
of view this is open to various possible interpretations, for example that the original source of
infection, whether within the herd or not, was not removed. If infection is exogenous to a herd,
then any local wildlife reservoir of M. bovis could be carrying more than one spoligotype. That
up to five spoligotypes have been associated with one herd argues for this but also cautions
against being too dogmatic in interpreting possible associations between spoligotypes derived
from different sources. In some cases unexpected results may merely be the effect of sampling.
However, in other situations, typing may suggest routes of transmission which would otherwise
have been ignored (for example, Collins et al., 1994).

The distribution of typed isolates so far in Great Britain suggests that a marked degree of
clustering exists for several of the spoligotypes, for example type 25 which has principally been
found in samples from Staffordshire and Derbyshire. In addition, one type 25 sample was from
a Scottish herd where the origin of infection was considered to have been an Irish import. One
explanation of the clustering could be the evolution of strains with different spoligotype patterns
in a relatively immobile reservoir species, such as the badger. Sporadic appearances of other
types could be explained by longer distance movements, in particular of infected cattle being
sold between herds, as in the case of the Scottish herd. This indicates the need to establish in
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some detail the past and current distribution of M. bovis types within GB so that unusual types
within any geographic area and any temporal change in pattern can be identified.

Spoligotyping looks a promising fingerprinting technique for M. bovis, and studies are now
progressing to compare it with other methods and establish its full epidemiological potential.
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TUBERCULOSIS IN CATTLE: CLASSIFYING BREAKDOWN EPISODES AS A BASIS
FOR DECISION MAKING IN ERADICATION PROGRAMMES

J.J. O'KEEFFE' and M. J. CROWLEY?

The analysis of progress of national programmes for the eradication of tuberculosis in cattle
has been based on quantitative data relating to the number of test positive animals identified
and the number of herds placed under movement control. This approach provides information
with limited capacity to describe the evolving nature of tuberculosis as it affects individual
animals and herds. Historically, the results of each year’s testing activity in Ireland’s national
programme have been presented as quantitative data, e.g. number of herds restricted each year,
reactor animals identified per 1000 animal tests (APT) in official statistics of the Department of
Agriculture and Food (DAF). However, there is a qualitative aspect to breakdowns which is
not described in the annual returns.

The tuberculous lesion rate is a measure of the number of animals deemed “reactor” which
had either a tuberculous lesion identified at gross post-mortem inspection or which had
tuberculosis confirmed by laboratory tests. While the presence of a laboratory-confirmed
lesion is proof of tuberculosis in an animal, the converse is not the case (Corner, 1994).

This paper describes a means of qualitative assessment of the pattern of breakdowns based
on data relating to breakdown episodes during 1989 - 1994 and an analysis of animal data, in
relation to the lesion rate which was commenced in 1995. The primary objective of the
analysis was to determine which variables influenced the lesion rate. This approach utilises the
apparent prevalence of tuberculosis at herd level along with the rate of gross lesions disclosed
at slaughter in tuberculin-reactor animals. The concept of disease episodes is introduced; this
is proposed as an appropriate unit of analysis and reporting format for the future.

MATERIALS AND METHODS

Based upon DAF summary testing records, 50,387 individual restrictions were issued to
herds over the period, 1989 - 1994. Any given herd may have been restricted more than once
over the period. A completed episode is defined here as the interval from the time when a herd
received a restriction notice to the time that notice was revoked and the herd returned to trading
status. The database currently contains fully matching test and animal data for 45,385
episodes, representing 90.1% of the total episodes for the period of study.

Data on 205,989 reactor animal identified during 1989 - 1994 provided the basis for the
analysis of the association between skin reactivity and the rate of disclosure of tuberculous-like
lesions at slaughter.

' Tuberculosis Investigation Unit, University College Dublin.
2 Statistics Laboratory, University College Cork
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Basis for classifying episodes

A modified classification system was chosen to demonstrate a potential use of the database.
Completed episodes were evaluated using two parameters:

1 Number of Standard Reactors to the tuberculin test identified during the
episode, and

2 Number of animals with gross tuberculous lesions identified at slaughter
during the episode.

The classification system uses six groupings of herds, the definitions of each of which are
tabulated in Table 1. This system excludes the confounding influence of herd size. The
influence of herd size on the probability of a herd having a positive single intradermal
comparative tuberculin test (SICTT) is recognised (O’Keeffe, 1993), and will be incorporated
in future classification systems intended for use in the field or laboratory. The present system
utilises this simplified format for demonstration purposes only at this stage.

Table 1. Criteria for classification scheme.

Number of Standard Number of cattle with

Reactors' tuberculous lesions
Group | 2 or more 1 or more
Group 2 1 1 or more
Group 3 0 1
Group 4 3 or more 0
Group 5 1-2 0
Group 6 0 0

RESULTS

For the remainder of this paper the testing results of the 45,385 matched episodes, for which
the data capture process is complete, are assessed, using this classification system.

The flexibility of the database is demonstrated in Table 2, where a selection of sub-groups
within Group | are presented. Any combination of standard reactors or lesions may be chosen,
as desired.

Of the episodes between 1989 - 1994 for which fully matched data is available, 5,217
(10.5%) had four or more standard reactors, with at least one animal with a tuberculous lesion
identified or confirmed. The fact that larger breakdowns are the exception is a reflection of the
success of the eradication regime employed over past decades.

' The number of standard reactors may be less than the number of total reactors identified during the episode.
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Table 2. Sub-groups of episodes within the Group 1 classification.

Total standard Total no. of cattle ~~ Number of % of Group 1
reactors with tuberculous Episodes Episodes
lesion(s)

4 or more 1 or more 4415 39

4 or more 1 802 7

3 3 460 4

3 2 694 6

3 | 937 8

2 2 or more 241 2

2 2 1246 11

2 1 2532 23
11,327 100

Group | Episodes

This group is the classical manifestation of a fulminating outbreak of tuberculosis in a herd
of cattle. The criteria for this group are (i) a minimum of two animals positive to the standard
interpretation of the SICTT and (ii) one or more animals with gross tuberculous lesions
identified following gross post-mortem examination and/or where tuberculosis was laboratory
confirmed. Overall, this group accounts for 11,327 (25%) of the matched episodes for the
period 1989 - 1994. As a given herd may have had more than one episode, the 11,327 episodes
reported occurred in a lesser number of herds during that period.

Group 2 Episodes

This group of herds represents a common manifestation of tuberculosis, where a
comprehensive tuberculin test system is being applied. Tuberculosis has either been
laboratory- confirmed, or a lesion has been found in one or more animals deemed *reactor”
following a SICTT. A single animal only was positive to the standard interpretation of the
SICTT during the episode involving these herds. There were 8,952 episodes (19.7%) which
fulfilled the criteria for this group over the period, 1989 - 1994. The greater majority of these
episodes (94%) had a single lesion identified/confirmed, with 576 episodes having a single
animal test-positive to the standard interpretation and more than one animal with a tuberculous
lesion. This evidence confirms the SICTT as an effective screening test.

Group 3 Episodes

While small, at 1532 episodes (3.4%) 1989 - 1994, this is an interesting and informative
group. Details of sub-groups within the overall group are presented at Table 3. These are
episodes where tuberculosis had been confirmed or a tuberculous lesion had been found in one
or more animals and where no animals positive to the standard interpretation of the SICTT
were identified. The majority of these episodes were initiated by the disclosure of a

tuberculous lesion at slaughter in an animal from a herd considered to have been free of
tuberculosis.



3

Table 3. Sub-groups of episodes within the Group 3 classification.

No. of Standard Total no. of cattle  Number of % of Group 3

Reactors with tuberculous  Episodes Episodes
lesion(s)

0 2 or more 24 1

0 2 105 7

0 1 1403 92

1,532 episodes 100

All such lesions were sent to the Veterinary Research Laboratory at Abbotstown for
confirmatory testing. If the specimen proved positive for tuberculosis, the herd is restricted and
tuberculin tested. On average, 85% of such herds have no test reactors identified during the
testing carried out over the remainder of the episode. These comprise the bulk of the episodes
depicted in Table 3. The fact that 92% of these episodes are confined to a single animal with a

confirmed lesion is further evidence supporting the SICTT as an effective screening test under
Irish conditions.

Table 4. Subgroups of episodes within the Group 4 classification.

No. of Standard Total no. of cattle Number of % of Group 4

Reactors with  tuberculous Episodes. Episodes
lesions.
4 or more 0 323 22
4 0 318 21
3 0 856 57
1497 100
Group 4 Episodes

This is again a small grouping, comprising 1,497 (3.3%) episodes 1989 - 1994, but is also an
interesting group. Sub-groups are presented at Table 4. A concern with this group is that
intercurrent infection with agents other than M. bovis may account for the skin reactivity of
animals at the SICTT. Earlier work showed that there were other mycobacterial organisms
associated with sphagnum mosses, e.g. in counties Clare and Donegal, which could have
resulted in cross reactivity with the SICTT in animals in those areas. It is likely that there are
such agents, notably Mycobacterium hiberniae (Monaghan et al. 1991), which are capable of
causing reactivity in other geographic areas also. This group of episodes warrants a special
investigative programme, the objective being to establish or exclude the presence of
tuberculosis in these cattle populations.
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Group 5 Episodes

This group includes some herds which qualify for the new policy on “singleton” herds
introduced by the DAFF this year on an experimental basis. The group comprises 16,283
(35.9%) of episodes during the period 1989 - 1994, of which 13,467 (83%) had a single
standard reactor animal identified.

Table 5. Sub-groups of episodes within the Group 5 classification

No. of Standard Total no. of cattle  Numberof % of Group 5

Reactors with tuberculous  Episodes Episodes
lesions
2 0 2,816 17
1 0 13,467 83
16,283 100

The accuracy of the tuberculin test is called into question in cases where a single animal is
deemed “‘reactor” and (i) where tuberculosis is not subsequently confirmed or (ii) where a gross
tuberculous lesion has not been found at post-mortem examination. Where such episodes
occur in herds with prior clear testing histories in areas with historically low levels of
tuberculosis, this concern is justified, in view of the relatively low sensitivity of routine post-
mortem examination as conducted under commercial conditions (Collins and Hannan, 1994).

Group 6 Episodes

In common with Group 5 episodes, some herds within this group also qualify for the new
DAFF policy in relation to “singleton” herds. This group comprises 5,794 episodes with (i) no
standard reactor identified or (ii) where no tuberculosis-like lesion was identified at gross post-
mortem examination of animals deemed *reactor” or was confirmed during follow-up testing at
the Central Veterinary Laboratory, Abbotstown. A sizeable sub-group within this group,
comprising 25% of the episodes, were attributed to inconclusive animals deemed “‘reactor” at
an inconclusive retest.

Frequency of the breakdown episode groupings from 1989 to 1993

During the interval 1989 - 1993 there was a reduction in the number of breakdown episodes
recorded from 9,764 in 1989 down to 6,683 in 1993. The reduction in the occurrence of Group
5 and 6 episodes was most pronounced (Fig.1). The occurrence of Group 1 and Group 2
episodes remained quite constant over the interval. The reduction in the overall numbers of
breakdowns episodes was not uniformly represented between groups. This variation is due to a
change in policy which resulted a raising of the cutpoint at which a herd was placed under
movement control in 1991 from that which was applied previously.
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Frequency of Group 1,2,5 and 6 Episodes during the period

1989 - 1993
4 8000 - OGroup 6
% 6000 - OGroup 5
=
|
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2000
0 t $ + t
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Year

Figure 1 Details of breakdown episodes, 1989 - 1993,

Lesion Rate: 1989 - 1994

The preliminary analysis of the animal data was concerned with establishing the overall
lesion rate for the period 1989 - 1994. It was also decided to segregate animals deemed
“reactor” into groups| based on the severity of the interpretation applied with the single
intradermal comparative tuberculin test (SICTT), as all animals deemed “reactor” are not
directly comparable. It was important to establish a common baseline so as to ensure that
comparisons between animals deemed “reactor” were meaningful. The initial two by two table
of these groups is presented in Table 6.

Table 6. Lesion Rate by tuberculin reactor class, 1989 - 1994.

Reactor No. of lesion No. of lesion Total no. of
Class negative animals positive animals animals
Standard 77,980 52,821 130,801

% 59.6 404 63.5
Non-standard 62,885 12,303 75,188

% 83.6 16.4 36.5

Total 140,865 65,124 205,989

% 68.4 31.6

The "basket" of reactors for the period, 1989-1994, was comprised of 63.5% of animals
which were positive on standard interpretation, and 36.5% of which were deemed reactors on

' The groups chosen were Standard reactors and Non-Standard reactors. Standard reactors have a
bovine minus avian skin difference of Smm. or more to the SICTT (i.e. positive on standard
interpretation).
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non-standard interpretation. The lesion rate overall was 31.6%, and varied between 40.4% for
the standard reactors and 16.4% for non-standard reactors.

Table 7. Reactor animals by year and type, including lesion rate.

Year No of Standard No. of Overall totals
reactors Non-standards (lesion rate %)
(lesion rate %) (lesion rate %)
1989 24,412 (41.8) 14,470 (17.2) 38,882 (32.6)
1990 24,152 (36.7) 15,876 (14.4) 40,028 (27.8)
1991 21,538 (38.7) 14,561 (14.1) 36,099 (28.8)
1992 21,356 (40.1) 11,809 (16.0) 33,165 (31.5)
1993 19,967 (42.6) 9872 (19.0) 29,839 (34.8)
1994 19,376 (43.2) 8600 (19.9) 27,976 (36.0)
Total 130,801 (40.4) 75,188 (16.4) 205,989 (31.6)

The lesion rate, broken down by year into the standard and the non-standard reactor
components, is presented in Table 7. The overall lesion rate varied between years, with the
greatest variation proportionately in the non-standard component of animals deemed “reactor”.

The positive relationship of a low lesion rate and a low proportion of standard reactors
observed here makes intuitive sense, as the non-standard reactors, with a lesion rate less than
for standards (16.4% compared to 40.4%), would be expected to reduce the overall lesion rate.
Interpretation policy is, therefore, a key factor affecting the lesion rate. The lesion rate is
dependent on the composition of the group of reactors on which it is based.

Proportion standard reactors vs Lesion rate per region.
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Figure 2. Proportion standard reactors vs Lesion rate for each of the 27 DVO
areas, 1989 - 94.

There is a high correlation (r = 0.65; p > 0.0001) between the lesion rate and the proportion
of standard positives in the overall “reactor” mix (Figure 2). There are differences evident in
the mode of interpretation used and, consequently, in the proportion of standard reactors, as
well as in the lesion rate between counties. The more serious the disease situation encountered
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locally, the more severe is the interpretation mode of the SICTT applied, leading to the
consequences described above.

The strong relationship between the interpretation policy and lesion rate was examined
further by sub-dividing all the animals deemed “reactor” over the period, 1989-1994 into
groups based on each individual animal’s recorded “skin measurement difference” to the
SICTT. The “skin measurement difference” was calculated using the following formula:

The skin increase at the bovine injection site minus the avian increase at the avian
site,where the skin increase at the bovine injection site equals the 72hr. skin measurement at
the bovine tuberculin injection site minus the initial skin measurement at the bovine site, and
where the avian increase at the avian site equals the 72hr. skin measurement at the avian
tuberculin site minus the initial skin measurement at the avian site.

In this case no account is taken of the clinical nature of the response to tuberculin at either
site.

These results are presented at Table 8.

Table 8. The lesion rate in groups of reactor cattle, as defined by their “skin
measurement difference”.

Skin difference (mm) Lesion rate %
Less than 0 13
0 11
1-2 14
3-4 20
5-9 30
10-19 46
20 -39 56
40 or more 61

There was a strong relationship between the recorded skin measurement difference for
animals deemed “reactor” and the lesion rate. This relationship demonstrates that the lesion
rate per se is a secondary effect, and a reflection of the recorded skin measurement difference
of animals deemed “reactor”. The skin measurement difference indicates an animal’s
immunologic response to an intradermal injection of tuberculin. A tuberculin-responsive
animal is presumed to have been been previously sensitised to tuberculin by being infected with
M. bovis. This relationship suggests that the lesion rate might be highly predictable, using an
appropriate confidence interval around the measured skin difference for a majority of animals.
This relationship may be relevant to the quality assessment of tuberculin testing procedures and
of in-plant post-mortem examination procedures.
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DISCUSSION

The concept of “episode” is an important one in relation to our understanding of tuberculosis
in the Irish context. The close relationship that exists between lesion rate and the skin
responsiveness of animals to the SICTT has potential as the basis for extending the
classification of breakdowns beyond the six groupings used in this study.

The classical disease, as represented here by Group 1 episodes, is manifest in only 25% of
total episodes. This is not to say that the problem of tuberculosis in this country is limited to
this group. There is to some degree a tuberculosis problem in each of the six groups, with
Group 6 episodes gives rise to the smallest proportion of problems attributable to M. bovis
infection. The clear segregation between Groups | and 2 on the one hand and Groups 5 and 6
episodes on the other, delineates two important herd groupings within our national herd.

The impact of strategies aimed at eradicating tuberculosis in cattle should be evaluated
independently for their effect in each of these groupings. Successful strategies should be
defined as those leading to a demonstrable reduction in Group | and 2 episodes over time,
without adding to the Group 5 and 6 “false positive” episodes. Episodes in Groups 5 and 6
mask a high level of artifactual components dispersed among the true disease-related
component. The artifactual effects are in effect the false-positive element of animals deemed
“reactor” and lead, as a consequence, to a proportion of herds being mis-classified as
tuberculosis-positive. Successful strategies should deal effectively with such artefacts.

The EU legislation relating to tuberculosis in cattle requires animals that are twice
inconclusive to the SICTT be deemed “reactor”, irrespective of the outcome of the results of
epidemiological investigations of the herd. This rigid policy should be reviewed because, at
present, it results in an excessive degree of “‘overkill” in some areas of the country, and leads to
unwarranted restrictions in some cases. If an inconclusive animal is (1) home bred, (2) in a
herd with a clear testing history and (3) in an area with low levels of tuberculosis among herds,
then it is very unlikely that the observed reactivity to the test is solely attributable to a response
to infection with M. bovis.

CONCLUSIONS

The database described here provides a detailed and comprehensive classification system
which can be applied to herds which are actively infected with M. bovis. The validity of the
system can be further evaluated, using hypothesis testing. Once validated, the system can be
used to estimate likely future outcomes of policy options in the national bovine tuberculosis
testing program.
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GEOGRAPHIC INFORMATION SYSTEM-AIDED ANALYSIS OF FACTORS POTENTIALLY
INFLUENCING THE SPATIAL DISTRIBUTION OF
ECHINOCOCUS MULTILOCULARISINFECTIONS OF FOXES

C. STAUBACH', K. TACKMANN?, U. LOSCHNER?, H. MIX2, W. BUSSE?,
H.-H. THULKE®, B.M. TERRITO® AND F.J. CONRATHS?

Alveolar echinococcosis, caused by the larval stage of the cestode Echinococcus
multilocularis, is considered as the most dangereous autochthonous parasitic zoonosis in Central
Europe (World Health Organization, 1990). The obligate two-host parasitic cycle of E.
multilocularis is predominantly silvatic in Central Europe, where the red fox represents the main
definitive host with prevalences of more than 60% in some regions (Lucius & Bilger, 1995). E.
multilocularis infections of dogs and cats are rare (Worbes, 1992) even in areas where the
infection occurs in foxes. Different species of rodents are involved in the parasitic cycle as
intermediate hosts. They get infected by oral uptake of oncospheres (“eggs”) which the definitive
hosts shed with their faeces after a prepatent period of nearly four weeks. Human alveolar
echinoccosis represents a rare disease with an estimated average annual incidence of 0.02-1.4
per 100,000 inhabitants for the Central European endemic area (Eckert, 1996).

A previous study has shown heterogenous spatial distribution patterns of E. multilocularis in
an endemic area in northwestern Brandenburg, Germany (Tackmann et al., 1998). The
municipalities could be distinguished by prevalence estimation in a high endemic area with two
foci (23.8% prevalence) and a low endemic area with a prevalence of 4.9%, respectively.

Since elevated temperature and dessication are known to reduce the infectivity of the
oncospheres (Frank, 1989; Veit et al., 1995), microclimate and habitat can be suspected as
factors potentially influencing spatial heterogeneity. Geological and climatic factors as well as
vegetation types seem to be of utmost importance for the survival of the oncospheres and may
thus represent key factors for the parasitic cycle and the distribution patterns of the infection.

Geographic Information Systems (GIS) are computer-based tools that can rapidly combine
and analyse areal data, providing insight into complex spatial phenomena at multiple scales of
resolution. They include spatial data in the form of geographical coverages (maps) and
descriptive data in the form of a relational database associated with the mapped features
(Paterson, 1995). The GIS was used to associate the dispersion pattern of E. multilocularis with
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a large number of physical, biological and demographic factors.

MATERIAL AND METHODS
Sampling

To determine the distribution of E. multilocularis in two rural counties in the Northwest of the
Federal State Brandenburg, 3,797 foxes were sampled between 1995 and 1997. The study area
is situated between 11.5°-13.0°N and 52.5°-53.5°E and covers approximately 4,450 km*. The
sex of the hunted foxes was recorded and the animals parasitologically examined for infections
with E. multilocularis (Tackmann et al., 1998). Hunters were asked to mark the location where
each fox was shot in a topographical map (scale 1:50,000). This information, as well as the date .
when the animal was shot and the laboratory results were recorded with the help of a programm
written in CLIPPER (Computer Associates International Inc., New York, USA) in a DBASE (5.0
for WINDOWS, Borland International Inc., Scotts Valley, CA, USA) file.

Geographical data

The geographical positions of the hunted foxes were digitized on screen as point coverages
with the Geographical Information System tool ArcView (ESRI, Redlands, USA). A relational
database associated with the fox positions was generated.

Vectorised data of lakes, rivers, settlements, streets, forests, elevation contours and elevation
points of the Geological Survey of the Federal State Brandenburg (TK 50; reference map scale
1:50,000; GB-D 27/94; May 1995) were used to describe the topography of the landscape. A
Digital Terrain Model (DTM) of the area was generated in ARC/INFO (ESRI, Redlands, USA)
from the vectorized contour lines and elevation points.

To identify different land-use classes of the positions of the hunted foxes with a higher
resolution vector data of the CORINE Land Cover (CLC) project were used (European
Communities-Commision; 1992). Computerised thematic maps on 44 different land cover
categories (e.g. coniferous forest, heath, pasture, crop irrigated, swamp, town) were generated
for Germany on the basis of satellite images of Landsat TM and KFA 1000, topographical maps
(TK 50 and TK 100) and panchromatic aerial photos. The minimal digitized land cover unit had to
cover an area of 25 hectares. For our study the CLC-data categorization were spatially simplified
in four classes (urban/water, crop, pasture and forest) in ARC/INFO.

To identify soil moisture variation a georeferenced Landsat 5 Thematic Mapper (TM) satellite
image (185 x 175 km) with 25 m resolution recorded on 6 October 1994, was obtained from the
German Remote Sensing Data Center (DFD). We assume that the handling of wetlands did not
change in recent years in the investigation area. The Kauth-Thomas tasseled cap transformation
of a satellite scene was used to separate the spectral data variation into brightness, greenness,
haze and wet data structures (Crist & Kauth, 1986; Lillesand & Kiefer, 1994). To elimimate false
classified canopy of trees (Lillesand & Kiefer, 1994), lakes, rivers and small waters like fish farms
in the wetness image these pixels were erased automatically by overlay analysis of the vector
data (TK 50) or corrected by hand in the image processing software ERDAS Imagine (Egham,
UK) or the Spatial Analyst Module of ArcView. The reclassified five wetness categories (very dry
to wetland) were verified by local knowledge of colleagues, field examination and slope data
derived from the Digital Terrain Model to identify sinks, bassins and flat areas. To minimise errors
in overlay or spatial analysis we projected all the vectorized datasets to the Landsat TM
projection (Universal Transverse mercator, zone 32).
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Spatial and statistical data analysis

The digitized fox positions and the vectorized data of the Geological Survey of Brandenburg
were used to calculate the relative position of the foxes to the different topographical categories.
For each infested or non-infested fox we calculated the distance to the nearest line feature in the
coverages rivers and streets or to the next border line in the polygon coverages lakes,
settlements and forests. The search radius for this algorithm was restricted to the average
diameter of the home range of a fox which was assumed as 5 km (Tackmann et al., 1998).
Furthermore, overlay analysis was used to identify the different land-use categories (CLC-data)
and the wetness index for the positions of the hunted foxes. A GIS function was used to quantify
the landscape proportions surrounding each hunted fox. We generated a buffer zone extending
2.5 km from the position of the foxes. These buffers were then intersected with the CLC
landscape map to calculate the land cover proportions surrounding each animal. In addition, the
land cover proportions for the buffer zones of 25,000 randomly generated geographical positions
were calculated. Raster- and vector-based analysis were carried out in the Spatial Analyst
Module of ArcView or ARC/INFO.

The resulting datasets of the spatial databases was imported into Statistica 5.1 (StatSoft, Inc.,
Tulsa, OK, USA). The distributions of the distances to the different topographical categories of
infected foxes were compared with those of non-infected foxes applying Kolmogorov-Smirnov
two-sample test. The analysis of the intersection of fox positions with the CLC-data and wetness
raster data were carried out for different fox groups (e.g. by infection status or sex) using cross-
tabulation tables, which were evaluated using the Pearson chi-square statistic.

RESULTS

In the investigation period of 40 months, Echinococcus multilocularis was detected in 83 out
of 3,521 foxes investigated parasitologically (2.4%; Table 1). More male than female foxes
(1.2: 1) were shot by the hunters. Nevertheless, the ratio between infected and non-infected
foxes (1.034 : 1) is nearly equal for males and females (x* = 0.02, P > 0.1).

Table 2 shows the mean and median distances of the hunted foxes to the different
topographical categories. When the distributions of distances to the examined topographical
categories for E. multilocularis-infected and non-infected foxes were compared, only the category
“rivers” showed significant differences (Kolmogorov-Smirnov two-sample test, 99%).

We also tested whether different land cover classes (crop, pasture and forest) and wetness
categories were associated with E. multlloculans infections. Screening these landscape classes
we found significant prevalence differences (x ’cic = 21.24, P = 0. 00002). The prevalence of E.
multilocularis-infected foxes on pasture was higher than the prevalence in any other land cover
category (2.3%; 4.4%; 0.6%). The prevalence differences between the different wetness
categories were statistically significant (X wer = 10.52, P 0.032). By contrast, the sex
distribution produced no significant prevalence difference (x %ci.c = 0.75, x *wer = 1.14, P > 0.1)
between the tested factors.

In addition, we quantified the landscape proportions in a buffer zone surrounding each fox
with a diameter of 5 km. Comparing the landscape proportions for E. multilocularis-infected and
non-infected foxes we found high differences in terms of pasture and forest (Fig. 1). The area
proportions of the negative foxes reflect nearly the proportions of the randomly generated buffer
zones and the absolute proportions of landscape classes in the investigation area.
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DISCUSSION

A previous study in the northwestern part of Brandenburg shows the existence of
heterogeneous spatial distribution patterns of E. multilocularis on the scale of municipalities. The
decreasing risk of infection around an anchore point in the endemic foci could be verified by
repetition of the calculations with the precise coordinates of the hunted foxes (Tackmann et al.,
1998). Heterogeneous spatial distribution patterns of intermediate and definitive hosts appear to
be a particular epidemiological feature of the parasite observed by several investigators (Kritsky
& Leiby, 1972; Deutz et al., 1995; Eckert et al., 1991).

Deteriorating environmental conditions could have a limiting influence on the parasitic cycle. It
is known that the tenacity of the parasite oncospheres outside the body is limited by elevated
temperature or aridity (Frank, 1989; Veit et al., 1995). Studies conducted in France also propose
the influence of vegetation types, geological and climatic factors on the spatial distribution of the
parasite (Aubert et al., 1987; Gilot et al., 1988).

Geographic information systems and remote sensing have demonstrated potential
applications in a number of public health problems, e.g. malaria, trypanosomiasis, trematodes,
ticks or Lyme disease (Hugh-Jones, 1989; Arambulo Il & Astudillo, 1991). GIS and remote
sensing data can describe spatially a large number of geographical factors. Overlay analysis
allow us to associate the distribution patterns of the disease vector with these environmental
conditions (Kitron et al., 1991; Nicholson & Mather, 1996).

LANDSAT Thematic-mapper (TM) imagery is ideal for characterising the status of wetland
environments. Because of the high spatial resolution of the nonthermal bands, and the inclusion
of the middle infrared bands 5 or 7, the images can be even more useful than the data of other
high-resolution satellite sensors such as the SPOT multispectral scanner (Pope et al., 1994;
Washino & Wood, 1994). The tasseled cap transformation allows to identify rapidly vegetation
and soil components in the spectral data. But this unsupervised generation of data should be
interpreted carefully and data should be always verified by ancillary data or field investigations
(Lillesand & Kiefer, 1994). For this reason and to identify different land-use classes with a higher
resolution, we shall classify the Landsat TM image for the investigation area. Also other
geostatistical methods which also consider spatial autocorrelation will be adressed in further
studies (Kitron et al., 1992).

For the first time, conditions favouring (open landscape with higher humidity) or limiting
(larger coherent forest regions) the life cycle of the parasite in this region were verified using field
data. Several factors may be associated with occurence of E. multilocularis. These include the
presence of pasture or low soil humidity and the proximity to rivers. Since these three factors are
often associated, their effects are difficult to separate at this point.

The integration of GIS and remote sensing into epidemiological studies allow us to unterstand
and model more realistically the spatial and temporal structure of the parasite-host systems.
Further understanding of the association of ground measures with spectral data will assist in
better interpretation and possible extrapolation of our results. GIS also permit to proof and
develop new hypotheses regarding factors affecting the spread of the disease. The description of
the spatial distribution pattern of infected foxes plays especially in newly recognized endemic
regions an important role. The data collected in the GIS may prove valuable for the study and
management of several other diseases as rabies or Lyme disease.
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THE EPIDEMIOLOGY OF BAT RABIES IN THE UNITED STATES: WITH

EMPHASIS ON LASIONYCTERIS NOCTIVAGANS, THE SILVER-HAIRED BAT

D W DREESEN', L. A ORCIARF? and C E RUPPRECHT?

For almost 45 years, the prevalence of rabies has been on the increase in bats; whether
this is a real increase or the result of bias due to greater interest in these fascinating creatures
and/or better reporting systems is unclear.

The first report of a rabid bat in the United States occurred in June, 1953 in the Tampa
Bay, Florida area where a yellow bat, Lasiurus intermedias, bit a young boy (Scatterday &
Sutan, 1954). That same year, two additional bats were found positive, one each in
Pennsylvania and Texas (Baer & Smith, 1991). A survey of bats later that year in Florida
revealed 8 of 384 (2.1%) apparently normal bats were rabid (Venters, et al., 1954). Since these
early reports, indigenous bat rabies has been reported from 49 states in at least 37 of various
insectivorous species in North America (Brass, 1994; Constantine, 1979); only Hawaii has not
reported indigenous cases of rabies in bats (Krebs et al., 1996). From 1973 through 1992, the
average annual number of rabid bats reported by the Centers for Disease Control and Prevention
(CDC) has been 712. California and Texas reported the most cases with an annual average of
135 and 77 respectively. Depending on the year, bats accounted for 8.2% (1992) to 27.1%
(1976) of all wildlife rabies reports in the United States (CDC, 1973-1994). In general, 1-3% of
normally appearing migratory bat species (primarily Taderida sp.) and from 2-4% of non-
migratory bat species have been diagnosed with rabies (Girard et al., 1965; Brass, 1994,
Tramarchi & Debbie, 1977; Childs et al., 1994).

Few recent reports are available which summarize regional or local information
concerning bat rabies in the United States. A 5 year review of laboratory submissions from 1988
to 1992 in New York state found 4.6% of 6810 bats to be positive for rabies, with strong
seasonal components (Childs, et al, 1994). The big brown bat, Eptesicus fuscus, comprised 62%
of all bat species identified with 6.3% of these being rabies positive. In a 13 year review of 246
bats submitted to Michigan laboratories from 1981 to 1993, all the bats submitted were big
brown bats, of which 6.2% were found to be rabid (Feller et al., 1997). From 1965 to 1988,
2,433 bats were submitted to the Illinois laboratories for rabies testing and species identification,
6% of which were positive for rabies (Burnett, 1989). The hoary bat, Lasiurus cinereus, with an
11% positive rate was the species with the highest for prevalence of rabies. We recently
reviewed nearly 3000 records of bat submissions in 9 southeastern states for the 5 year period
1990 to 1994. We identified 333, or 11.3 % of the submissions to be positive for rabies. Of
these 9 states, only 3 identified bats by species, Virginia, West Virginia, and Arkansas. Again,
E. fuscus, the big brown, was the species most often submitted, comprising 43% of the 567
submissions, and having a rabies positive rate of 10.2%.

! College of Veterinary Medicine, University of Georgia, Athens, GA 30602 USA. “Rabies Laboratory,
Centers for Disease Control and Prevention, Atlanta, GA 30333 USA.
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Antigenic typing with monoclonal antibodies (MAb) and genetic analysis have
demonstrated that distinct rabies virus variants are found within the various species of bats in
North America (Rupprecht et al., 1987; Smith, 1988; Smith, et al, 1995; Smith, 1996). These
variants differ considerably from those found in terrestrial animals. Rabies virus variants in
migratory species are not confined to a given geographic area but are found throughout the
migratory range of a given bat species. Within limited geographic regions, multiple rabies
variants may be found in resident non-migratory species (Smith, 1988). Although transmission
is generally intra-species, other wildlife and domestic animals have been occasionally infected
with bat rabies variants (Baer & Smith, 1991). For example, in 1993 and 1994, rabies was
reported from 4 foxes in Oregon, a state free of terrestrial rabies for decades (Smith et al., 1995).
In all 4 cases, the rabies virus variant was nearly identical to the variant found in western Myotis
bats.

Of particular concern is the increasing number of recent human rabies deaths due to
rabies virus variants associated with bats. Of 36 humans who succumbed to rabies in th 17 year
period 1981 through 1997 in the U.S., 21 (58%) were associated with bat rabies virus variants,
14 were associated with canine variants (12 of these from exposures occurring outside the U.S.),
and | was associated with a skunk variant (Krebs et al, 1997). Twenty-one of the 36 (58%)
deaths occurred in just the last 5 years, 1993-1997. Based on antigenic typing and genetic
analysis, 15 of the 21 bat-related cases (71%) were associated with the variant commonly found
in silver-haired bats, Lasionycteris noctivagans and Eastern pipistrelle bats, Pipistrellus
subflavus (referred to as the silver-haired bat variant, the variant has only been found in but a
few Eastern pipistrelle bats), 3 were associated with Mexican free-tail bats, Taderida
braziliensis, 2 associated with Myotis sp. bats, and | death was due to the rabies virus variant
commonly found in the big brown bat, Eptesicus fuscus (Krebs et al., 1997; Krebs, personal
communication). Of these 21 bat associated human deaths, only one was as a result of a
documented bat bite. However, at least 8 of the other 20 individuals did have a history of some
contact with a bat (Childs et al., 1997).

The silver-haired bat, Lasionycteris noctivagans, appears to be the enigma of bat rabies
epidemiology in the United States. The silver-haired bat is an uncommon solitary dwelling bat,
widely distributed in the U.S. and the southern portions of Canada (Tuttle, 1988; Kunz, 1982).
They also have been reported in the Bahamas, Bermuda and northern Mexico, immediately
south of the Texas border (Tuttle, 1988; Hall, 1981; Nowak & Paradiso, 1983). Their migratory
habits are not well known, but they seem to shift their range northward in the spring and
southward in the autumn (Nowak & Paradiso, 1983). They were reported to be the most
common bat in upper New York state in the 1880s and into the early 1900s. However, in the
review of bats submitted for rabies testing in New York from 1988 to 1992, silver-haired bats
comprised only 0.35% of submissions (25/7047); 2 of the 25 (8%) were reported as rabid
(Childs, et al., 1994). Eight of 210 (3.75%) silver-haired bats submitted to the Illinois
laboratories for the period 1965 to 1988 were positive for rabies (Burnett, 1989). These 210
submissions were 9% of all bats submitted, and identified to species, for the 21 year period
reviewed. In our review, only 6 of 567 bats (1.1%) submitted to the state labs in Arkansas,
Virginia, and West Virginia were the silver-haired species; none of which were positive for
rabies.
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The silver-haired bat has a cryptic coloration, usually black with silver-tinged hair on the
back, though older individuals may lose the silver appearing hairs to develop a yellowish tint
(Hall, 1981; Kunz, 1982; Tuttle, 1988). Relatively small in size compared to other insectivorous
bats with a body length 92 to 115 mm in length, a tail 35 - 45 mm in length, a wingspan of 270-
310 mm and a body mass of 8 - 11 grams (Kunz, 1982; Tuttle, 1988). L. noctivagans is a late
flyer, usually appearing after other species have begun feeding, usually 1 1/2 to 3 hours after
sunset, although reports vary (Reith, 1980; Kunz, 1982). These bats usually live primarily in
old-growth forested areas, often found in crevices or cavities (loose tree bark or hollows in pine
and fir trees or various hard-wood species such as willows and maples, piles of lumber,
woodpecker holes, and beneath rocks), and is seldom seen in buildings except, occasionally,
when hibernating in the winter months (Hall, 1981; Kunz, 1982; Nowak & Paradiso, 1983;
Tuttle, 1988) They prefer large short-leaf pine trees, or similar pines with loose bark (Saugey et
al., 1996). On occasion, very small groups have been found, primarily during hibernation and
migration, or in nurseries (Hall, 1981; Parsons et al., 1986). The mean age of silver-haired bats
has been reported as 2 years of age, ranging to 12 years; females generally have one or two pups;
average of 1.7 volant young (Kunz, 1982).

The first report of a death associated with a silver-haired bat occurred in 1958 in
California (Humphrey, 1960). A woman bitten on the finger August 2 received post-exposure
treatment from September 2 - 26, but died on November 4th.

The small size, secretive behavior, and cryptic coloration may account for the
observation that silver-haired bats are seldom reported in contact with humans; bites could
actually occur, but be unrecognized and accepted as an insect sting or thorn puncture, or other
laceration. Recent studies have indicated that the silver-haired bat variant of the rabies virus
may possess a unique ability to replicate at lower temperatures than variants isolated from some
terrestrial animals (Morimoto et al., 1996). This may allow the small amount of the virus
introduced by an insectivorous bat to amplify at the inoculation site, the surface of the body,
enhancing the probability of penetrating a nerve fiber and eliciting successful transmission. As
noted by Childs et al. (1994), L. noctivagans is not commonly submitted to laboratories for
rabies examination. This was confirmed in our review as we identified only 6 silver-haired bats
submitted for the 5-year period in the states of AR, VA, and WV; none of which were rabid.

The 11.3% overall prevalence of bat rabies we found in the southeastern states is
considerably more than the prevalence reported for the reviews reported by Burnett (1989),
Childs er al. (1994), and Feller et al. (1997); 6.0%, 4.6%, and 6.2% respectively . There were at
least 1150 reports of human contacts with bats of the 3159 total case reports we reviewed
(36.4%) from the southeastern states; 131 (11.4%) involved a rabid bat. When animal contacts
were included, over 73% of the case reports involved an exposure of some kind. In the New
York state report by Childs et al. (1994), 12% of the bats had contact of some kind with humans
or domestic animals. Slightly over 50% of the rabid bats in Michigan had a history of exposure
to humans (Feller et al., 1997). Most state diagnostic laboratories in the Southeast require
human or animal exposure criteria prior to specimen submission. This is also true in Michigan
according to Feller et al. (1997). Thus, the relatively high prevalence of rabies reported in bats
from the southeastern states may reflect a bias in case submissions. This is not necessarily true
in New York or in a few other states that may have less stringent submission criteria. Generally,
as stated earlier, about 1-4%, or less, of randomly sampled bats are rabid.
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Other factors contribute to bias in the submission of certain bat species. For instance,
our review of the data from AR, VA, and WV, showed that solitary bat species accounted for
31.6% of submissions, but had more than twice the prevalence of rabies positives (20.1%) than
did the colonial species. The colonial bats accounted for 68.4% of submissions, but only 8.2%
were reported to be rabid. Others have reported similar solitary bat:colonial bat submission
ratios (Girard et al., 1965; Trimarchi & Debbie, 1977; Baer & Smith, 1991). One would expect
that the social behavior of colonial bats would allow for greater opportunities for the
transmission of the virus.

The big brown bat, E. fuscus, accounted for the majority of submissions in the Michigan,
Illinois, the 3 southeastern states in our study, as well as a number of other states (Burnett, 1989;
Feller et al., 1997). The big brown bat does not migrate and remains active to late in the fall or
early winter, hibernating from November to March (Tuttle, 1988). Due to their large size, they
can easily inflict a significant bite wound when handled carelessly. This species is one of the
larger insectivorous bats, living in small colonies of a dozen or more, usually in or around
buildings year around (Tuttle, 1988). These characteristics make them readily noticeable and
often in contact with humans and/or other animals. The prevalence of rabies in the hoary bats,
L. cinereus, was higher in our review, and in the Illinois report (Burnett, 1989), than other
identified species. The hoary bat is one of the most widely distributed, and one of the largest
bats in North America (Tuttle, 1988). However, they rarely live in buildings and are seldom
encountered. This may be a reason why, when encountered, they are most apt to be found with
abnormal behavior and thus are more likely to be diagnosed rabid.

Most bat submissions to state laboratories occur in early summer when migratory bats
are returning from Mexico and Central America and hibernating resident species become most
active. During this time, the young are born requiring the adult lactating females to forage
actively. However, the peak for the greatest percent of rabid bats is in late summer when the
young, born in May and June, begin to fly (Constantine et al., 1968; Pool & Hacker, 1982; Baer
& Smith, 1991; Childs et al., 1994;).

In our review of bats submitted for rabies testing in the southeastern states,11% of which
were positive for rabies, we found that where the bat was located at the time it was found or
captured was usually only given in vague detail: residential areas, 624 (63 rabid); yards, 262 (33
rabid); buildings, 388 (29 rabid); commercial buildings, 42 (9 rabid); and water, 11 (2 rabid). Of
102 bats where information on location was specifically stated, the majority were found in, or
near, or otherwise associated with a "school" (n=43); two of these 43 were rabid.

It is of obvious public health concern when the odds may rise to one in 10 of exposure to
rabies virus when a person handles a bat that may be acting in an abnormal manner.
Considerable current interest exists in back yard bat houses to attract bats. Granted, bats
consume large quantities of insects, serving as a natural, non-toxic insecticide, and thus
contributing significantly to the environment. Despite their clear ecological benefits, the public
should be cautioned about handling bats, especially those that cannot fly or otherwise appear
sick. Approximately half of the bats submitted for laboratory examination for rabies in our
review of bats in the southeast (that had adequate information on the submission form) were
considered as abnormal, either "sick", "aggressive", "lethargic", or "not flying normally".
Domestic animals, especially cats, may also be at increased risk when they catch, play with, or
eat a rabid bat (Hoff et al., 1993). We found that 54 of 634 bats (8.5%) in contact with cats were
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rabid as were 46 of 304 (15.1%) in contact with dogs. This emphasizes the very great need for
companion animal rabies vaccinations.

A recent recommendation from the Advisory Committee on Immunization Practices of
the U. S. Public Health Service (CDC, 1996) specific to bats states: "... PEP [post-exposure
treatment] is also appropriate even in the absence of a demonstrable bite or scratch, in situations
in which there is reasonable probability that such contact occurred (e.g., a sleeping individual
awakes to find a bat in the room, an adult witnesses a bat in the room with a previously
unattended child, mentally challenged person, intoxicated individual, etc.").

Bats are wonderful beneficial companions in our total environment but, like most other
creatures, when acting in an abnormal manner, they must be considered as a potential health risk.
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LOGISTIC REGRESSION ANALYSIS IN OBSERVATIONAL STUDIES —

POSSIBLE PITFALLS AND PRESENTATION OF RESULTS
G.J. ROWLANDS’

With the increased analytical capacity of computers and availability of advanced and
sophisticated statistical computer software there has been a rapid increase in the use of logistic
regression in veterinary epidemiology. At the recent International Symposium of Veterinary
Epidemiology and Economics (ISVEE, 1997) there were more than 36 oral presentations which
described analysis of results based on logistic regression. This was more than double that at the
previous meeting (ISVEE, 1994). The central thesis in a paper by McDermott (1995) is the need
to be more critical of the statistical methods used in veterinary epidemiology. It seems
appropriate, therefore, to study the suitability of the methods currently being used in and the
statistical inferences being drawn from the analysis of data by logistic regression. Before doing
so, however, some theoretical aspects of logistical regression that will be discussed further in
relation to these 36 papers will be described.

THEORETICAL ASPECTS

Linear logistic regression is used to analyse data made up of either proportions y = r/n,
where r is the number of 'successful' outcomes in n observations, or binary values (0,1) where 1
indicates a 'successful' outcome and 0 not. Log-linear models are also sometimes applied
(Rowlands and Booth, 1989). In veterinary epidemiology, of course, a 'successful' outcome may
typically be death or disease. In either case the logistic transformation of the proportion or the
binary value is modelled by a linear combination of explanatory variables. Assuming, for
example, that three explanatory variables

s;p 1=1..m;; tj,j=l...mj; Uy, k=1..m;, where m; + m; +my-2=p
are defined, the model for y = r/n can be written:
logit (y;;) = 1og[yjji/(1-yii)] = B+ 5; + 4+ uy + e

where the Yijk are the cell contents of a 3-way table defined by s, t and u and the ejji are the
residuals, assumed to be binomially distributed.

“International Livestock Research Institute, P.O. Box 30709, Nairobi, Kenya
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If the model is to provide a satisfactory fit to the observed proportions then the random
residual variation must model that associated with a binomial distribution. In the logistic
regression analysis of a model with N binomial proportions Yijk and p independent parameters

fitted as above the residual unexplained variation has an approximate X2 distribution with (N-p)
degrees of freedom. Assuming an underlying binomial distribution the expected value of a X2
random variable with (N-p) degrees of freedom is (N-p). Thus, it follows that the residual
variation (or deviance) for a model that fits the data well should be approximately equal to its
number of degrees of freedom, or alternatively the mean deviance (equivalent to the residual
mean square in an analysis of variance for normally distributed data as described by Rowlands
and Booth (1989)) should be close to 1. If the model does not adequately describe the data, or if
the variation in the data is greater than that under binomial sampling, the residual mean deviance
is likely to be greater than 1. As the number of parameters in the model is increased, so that the
mean number of observations n per cell is decreased, the residual deviance approximates less
and less to a X2 distribution, and for binary (0,1) data the approximation no longer holds. Whilst
it is not possible to give any firm rule (Agresti, 1990) the approximation will tend to become
poor once /N falls below 5, particularly if the number of observations per cell is very variable.
When the assumption of residual binomial variation may not be valid, as indicated by a mean
deviance significantly greater than 1, the data are said to exhibit overdispersion or extra-
binomial variation. Sometimes the residual mean deviance may be less than 1 and this may
sometimes be due to fitting too many parameters included in the model. Martin (1997)
recommended that the maximum number of parameters p to be used in a model should be less
than Zr/10.

A very readable book on the subject of logistic regression is that by Collett (1991) and he
describes various ways of model checking including identifications of outliers which may
contribute to overdispersion. For example, plots of residuals (representing the deviations of
observations from their fitted values often expressed in the form of a ‘standardised residual
deviance’), either against observations put in some ranked order or against fitted values on the
logistic scale, are often a good way of detecting outliers or an unsatisfactory fit of the model. If
afler a thorough analysis of possible causes of overdispersion the residual mean deviance
remains greater than 1 then methods must be used to accommodate this overdispersion. The
simplest method is to define a heterogeneity factor (equivalent to the extra-binomial variance)
equal to the residual mean deviance (6%) and to multiply standard errors of regression parameter
estimates by 6. This method is theoretically exact for the case when all n are equal but is fairly
robust and can be used as a reasonable approximation when the n are not all equal. Where the n
are very variable, however, an alternative quasi-likelihood procedure devised by Williams
(1982) may be preferable.

Results can be expressed as regression coefficients on the logistic scale, or as odds ratios or
expected (or adjusted) incidence values on the untransformed scale.

During statistical analysis one level of each explanatory variable, often the first, is usually
set to zero. Thus, in the logistic model described earlier, s, = 0 and s,, s, ... represent deviations

from s,. The expected values for the first two levels of s adjusted for levels of the other
explanatory variables in the model are given by
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log.[y /(1-y)] = p

and log [y,/(1-y)] =p +5,

where, for simplicity, suffices of levels for the other two explanatory variables t and u are
dropped.

Thus, by subtraction,
s, = log [y,/(1-y,)] - log[y,/(1-y,)]

y2/(1-y2)
= log.

y/(1-y,)

which is the logarithm of the well known odds ratio. The odds ratio itself is thus simply calcu-
lated as the exponent of the regression coefficient.

In a similar way it is possible to calculate
y, = eM/(1+eh)
and y, = eb*s2/(1+ek+52)

which give expected proportions for levels 1 and 2 of s on the untransformed scale adjusted for
levels of t and u.

Standard errors in statistical computer program outputs are usually given assuming a
satisfactory binomial fit. If there is evidence of overdispersion then these should either be

multiplied by o or alternatively William's procedure applied. Ninety five confidence limits for
the odds ratio derived from s, compared with s, are calculated as

exp [s, £ 1.96 x s.e.(s,)] for an assumed binomial fit
orexp [s, £ tx o x s.e.(s,)] with overdispersion

where t is the Student's t value with degrees of freedom associated with the residual deviance
term.

Approximate standard errors can also be calculated for expected values of y, and y,.
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REVIEW OF ISVEE PAPERS

Observational unit

Seventeen of the 36 studies were based on data of individuals clustered within some form of
grouping, e.g. herd. In four studies group was fitted as a random effect as described by
McDermott and Schukken (1994), in five as a fixed effect and in eight the effect of group was
ignored. In seven of these seventeen studies the observational unit was sometimes incorrectly
defined. In three studies all explanatory variables described effects at the herd level which were
common to all individuals in the herd and in four studies explanatory variables comprised a
mixture of herd and individual effects. Thus, if overdispersion occurred at the herd level the
statistical significance of the effects of these variables was likely to have been overestimated.

Ten of the remaining 19 studies were based on herd as the observational unit and nine on
unclustered individuals. Many of these latter studies were associated with analysis of cases of
disease from national databases. Some of the former studies included some form of herd
grouping by region, for example, which was not always accommodated in the model.

In an analysis of 67 papers published in Preventive Veterinary Medicine in which
individuals were clustered McDermott and Schukken (1994) found that 31 (46%) ignored
clustering and predicted that changes in inference in 26 of these would result from too small
standard errors for parameter estimates. In the present sample 8/17, almost the same percentage
(47%), ignored cluster effects and thus gave rise to potential errors in inference.

Residual deviance and goodness of fit

In studies of individuals clustered in herds it may be reasonable to assume variation among
individuals within herds to be binomial. In other words, whilst the risk of disease will be
dependent on herd of origin, the particular animals within a high or low risk herd which have the
disease will be independent and assumed to have been infected at random. This is the
assumption we make when applying a X? test to a simple contingency table. Where the
observational unit is a herd or an individual record drawn from a national database, however, it
is more likely that extra sources of variation due, for example, to differences in herd
management or to variations across regions may contribute to the residual deviance.

Only three of the 36 papers presented estimates of residual deviance. One, however, did not
give the number of observations in the dataset sample so it was not possible to compare the
residual deviance with a X? value. Residual mean deviances in the other two studies were
greater than 1, but possible overdispersion did not appear to have been considered.

As described earlier it is not possible to determine evidence for cxtra-binomial variation
when using the raw binary (0,1) values. One method that has been proposed for determining the
goodness of fit of a model for data where n/N is close to 1 is that described by Hosmer and
Lemeshow (1989). This method involves division of the n observations into equal groups of
n/10 ordered by size of estimated probabilities. This test was applied in four of the 36 studies,
although in two of these /N was considerably larger than 1. Two other papers discussed
goodness of fit but tests may have been applied incorrectly. An alternative solution is to build
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multiway tables of proportions r/n and to analyse these values instead. The sizes of these tables
were calculated, from information given in the papers, for the explanatory variables and their
levels described in the models for the 19 studies for which observational units were not
clustered. In ten the number of observations n divided by the number of cells N was greater than
S, so that direct analysis of cell proportions could be assumed to yield estimates of residual
deviances approximating to the X2 distribution. For the other nine studies the table dimension
would need to be first reduced by eliminating less important explanatory variables before a
satisfactory approximation to the X2 distribution could be achieved.

In clustered studies it is often difficult to carry out such tests for the large number of herds
makes this prohibitive. Inclusion of a herd as a random effect does not help as this method of
analysis is also based on a binary variable. A possible option might be to select a random subset
of herds and then to include herd as a fixed effect. If the residual mean deviance is close to 1 in
this reduced model then it might be assumed that the same is true of the whole dataset. Another
option might be to analyse the complete dataset with herd as a random effect, then to use fitted
values to calculate fitted proportions for the cells of the table classified by the other explanatory
variables. 1f by putting these fitted proportions into a model without herd the residual deviance
is close to 1 then it can be assumed that no overdispersion remains.

Number of parameters

The total number of parameters p used in the model, including both explanatory variables
and their levels, was calculated from model information given for each study.

In 17 studies the ratio of 'successful outcomes' Zr to p was greater than 10. In 12 studies,
however, the ratio was less than 10 suggesting that too many parameters may have been fitted
(Martin, 1997). The total number of cases of disease was undefined in the remaining seven
studies so it was not possible to calculate Martin's ratio. There is often the temptation to collect
information on as many measurements as possible in observational studies. It would appear that
in this sample 12/29 (41%) of researchers could have been more selective in their choice of
variables to measure, and this might have resulted in a simpler and sounder set of inferences.
One remedy might be to select variables for measurement based on information gained from
previous studics. When many variables are measured it is a common practice to apply a
prescreening process where individual variables are dropped if they fail to meet a certain
probability level of association. This was commonly done in the ISVEE papers. A more
attractive option, however, might be to combine correlated variables into an index by an analysis
such as principal component analysis before building the logistic regression model (Duchateau
et al.,, 1997).

Presentation of results

Twenty papers gave results in terms of odds ratios, three as logistic regression coefficients
and thirteen both ways. In none of the latter 16 studies was the regression coefficient referred to
as the logarithm of the odds ratio and it may be that many researchers are unaware of this
association. Seven of the papers included no measures of variation, either as 95% confidence
limits for odds ratios or as standard errors for regression coefficients. In only one study were
parameter estimates transformed back to the original scale to estimate disease incidences
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adjusted for other parameters in the model. Indeed, in seven papers reporting on observational
studies there was no information at all on average case incidence in the study. The need for
better use of descriptive statistics to help qualify inferences drawn from statistical models was
emphasised by McDermott (1995).

The odds ratio is the only quantity that can sensibly be estimated from the regression results
of a case-control study (Collett, 1991) and this may be the reason for the popular use of this
method of presentation. As shown earlier the odds ratio is also very easily derived as the
exponent of a regression coefficient. In the general observational study, however, knowledge of
the average disease incidence, at least at the zero or base parameter level, might allow clearer
inferences to be made of the biological significance and potential impact of a particular odds
ratio. This will be illustrated further in the following example.

EXAMPLE
Data

Zebu cattle in eight village herds (h;, i=1...8) exposed to drug resistant trypanosomes in the

Ghibe valley of southwest Ethiopia have been sampled monthly since 1987 for the measurement
of packed blood cell volume (PCV) and for the detection of trypanosomes (Leak et al., 1993).
When PCV in an individual was below 26% the animal was treated with diminazene aceturate at
3.5 mg/kg. Each month calving data were collected including information on still births defined
as calves born dead or dieing within approximately one and four days later.

Still births: Data were assembled on 1697 calvings between years 1987 and 1996, inclusive,
(YJ-, j=1...10) for those cows sampled on each of the monthly sampling occasions occurring

during the three months prior to calving. Two hundred and thirty six of these calvings resulted
in still births. Each calving was then classified by the number of occasions that the cow was
detected with trypanosomes in the three samples (t,, m=1,2,3), namely 0, 1 or 2-3. Each

calving was also classified as being of first parity or not (p;, 1=1,2). Tabulation of the data by
month of calving demonstrated a distinct seasonal pattern (sy, k=1,2) in the proportion of still

births between January-June (0.08) and July-December (0.19). The model to be fitted can be
defined as:

where y = r/n, the ratio of the number of still births to number of calvings in each category.
Frequency of detected trypanosomes: ~ Trypanosome detection frequency was characterised as

low (0 or 1) or high (2 or 3 times detected during the three-month sampling period before
calving) and modelled for the effects of herd, year and season as:

logit [yijk] =p+h+ Yj +5 + (Ys)jk + e (2)

where y is the proportion of cows in each category detected 2 or 3 times with trypanosomes.
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Tsetse control: Two methods of tsetse control were applied during the period of monitoring.
Between June 1990 and May 1992 insecticide impregnated targets were placed in the areas
grazed by cattle (Leak et al., 1996); from January 1994 to December 1996 an insecticidal pour-
on treatment was applied monthly to the cattle themselves. To examine the effect of tsetse
control on rate of still births the following model, ignoring herd, can be applied to the 20
proportions r/n calculated over 6-month time intervals:

logit [yj] = p + 5+ pj + €k 3)

where s; (i=1,2) is effect the of season and p (j=1,2) the effect of period 1 (without tsetse
control) and period 2 (with tsetse control) and €iik the residual effect of year-season k within
period j.

Statistical analysis

Still births (model (1)): The number of parameters p in Eq.(1) can be found by summing the
degrees of freedom associated with each explanatory variable = 1 + 7+9+1+9+1+2=30.
Thus, Zr/p = 236/30 = 7.9 which is below the minimum value of 10 recommended by Martin

(1997). It may be wise, therefore, to drop the interaction term from the model. Then Zr/p =
11.2.

The number of cells defined in the 5-way table defined by the model is given by
N=8x10x2x2x3=0960. Thus, ZwN = 1.8, which is well below the minimum value of 5
proposed earlier. Therefore, whilst the dataset is suited for fitting the revised model of five
explanatory variables without an interaction, it is not possible to use this full model to assess the
adequacy of the binomial fit. For this latter purpose a simpler model needs to be fitted. If the
model is restricted to herd, year and trypanosome category then N =8 x 10 x 3 =240 and Zn/N
= 7.1. When this model is fitted to the proportions defined in the body of this table the following
analysis of dispersion, when each variable is added to the model one by one, is obtained:

Source df Deviance Mean
deviance

Herd 7 24.877 3.554

Year 9 64.523 7.169
Trypanosome

frequency 2 17.249 8.624

Residual 202 220.875 1.093

Total 220 327.523 1.489

The residual mean deviance is very close to 1 indicating that there is no evidence of extra-
binomial variation among the residuals. Thus, the assumption of a binomial distribution is valid
and statistical tests can be based on the X? test. Note that the total number of degrees of
freedom of 220 is less than the value of 239 that would have occurred had all the cells been full.
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Thus, even with Zn/N = 7.1 relative sparseness of data can occur. Table 1 illustrates the
distribution of r/n for Herd 1, which was smaller in size than the average (Zn/N = 4.0).

Table 1. Distribution of still births (r) in Herd 1 as a ratio of number of calvings (n) by year and
frequency of detection of trypanosomes

Frequency of detection of trypanosomes

Year 0 1 2-3 Total
1987 0/9 1/4 - 1/13
1988 0/4 0/1 1/2 1/7
1989 1/4 0/1 0/1 1/6
1990 1/12 0/7 0/2 1/21
1991 1/11 0/2 - 1/13
1992 1/14 0/4 2/4 3/22
1993 2/5 1/5 0/2 312
1994 0/10 0/5 0/3 0/18
1995 1/9 0/7 0/1 1/17
1996 0/8 0/6 0/1 0/15
Total 7/86 2/42 3/16 12/144

Having demonstrated the validity of the binomial assumption, the full model can now be
fitted using binary (0,1) values. This results in the following analysis of dispersion table:

Source df Deviance Mean P
deviance

Herd 7 24.877 3.554 <0.001
Year 9 64.523 7.169 <0.001
Season 1 39.286 39.286 <0.001
Parity 1 30.236 30.236 <0.001
Trypanosome

frequency 2 15.686 7.843 <0.001
Residual 1676 1194.089 0.712
Total 1696 1368.697 0.807

It can be deduced that, when corrected for herd, year, season and parity, the more frequently
trypanosomes are detected in a cow the more likely it will be that a calving will give rise to a
still birth (X,2 = 15.686, P < 0.001).
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No comment can be made on the size of the residual deviance as this is now derived from an
analysis of a binary variable. As described earlier this form of residual deviance does not follow
a X2 distribution. Note, however, that the deviance values for herd and year are the same as in
the first analysis of dispersion. This is because, whatever definition is used to define the
individual unit for analysis, marginal totals remain the same (see Table 1).

The model might be improved by defining herd as a random effect, if this can be justified by
the study design, and hence saving on the number of degrees of freedom. It might then be
possible to include the (Ys)jk interaction.

Frequency of detected trypanosomes (model (2)): The number of cells in the 3-way table
defined by Eq.(2) = 8 x 10 x 2 = 160. Thus, Zn/N = 10.6, which is well in excess of 5. The

analysis of deviance table, ignoring the interaction term, is as follows:

Source df Deviance Mean F P
deviance

Herd 7 24.225 3.461 2.30 <0.05

Year 9 104.194 11.577 7.68 <0.001

Season 1 0.817 0.817 <]

Residual 141 212.480 1.507

Total 158 341.716 2.163

The residual mean deviance of 1.507 is significantly greater than 1 (P<0.001) and raises
some doubt as to the validity of assuming binomial variation among residuals. Season, however,
has been defined to comprise the same months as those used for incidence of still births.
Tabulation of trypanosomal prevalence rate by month of calving, however, showed a higher
frequency of detection of trypanosomes on 2 or 3 occasions in the preceding three months when
the calving was in December, January or February (0.25) than over the remainder of the year
(0.14). Redefining season in this way the analysis of deviance table becomes:

Source df Deviance Mean F P
deviance

Herd 7 24.225 3.461 2.42 <0.05

Year 9 104.194 11.577 8.11 <0.001

Season 1 8.350 8.350 5.85 <0.05

Residual 139 198.323 1.427

Total 156 335.091 2.148

Although the effect of season is now statistically significant (P<0.05), the residual mean
deviance is only slightly reduced. Thus, it could be argued that there is some evidence of extra-
binomial variation o2=1.427 which should be taken into account in the calculation of standard
errors of parameter estimates. Thus, the standard error of the regression coefficient -0.400
which is obtained through this analysis for s, increases from 0.137 to 0.137 x ¢ = 0.164 when
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the simplest method of heterogeneity correction is used as described earlier. This makes only a
slight alteration to the 95% confidence limits for the odds ratio which increases from 0.51 -
0.88 to 0.49 - 0.92. However, because the mean residual deviance is not 1, the F test, calculated
as the ratio of the mean deviance for a variable and that for the residual, should now be used to
determine the significance of sources of variation associated with different variables in the
above analysis of deviance table (Collett, 1991; Rowlands and Booth, 1989). The significance
level for season is reduced from (P<0.01), when using a X2 test, to (P<0.05).

Tsetse control (model (3)): Year-season is the observational unit for this model and it is
assumed that these observational units are independent. Ignoring possible herd x year-season
interactions the analysis of dispersion can simply be expressed as:

Source df Deviance Mean F P
deviance

Season 1 42.784 42.784 9.63 <0.01

Period 1 12.859 12.859 2.90 >0.05

Residual 17 75.501 4.441

Total 19 131.144 6.902

This time the residual mean deviance term is clearly greater than 1 reflecting additional
variation among years over that described by a binomial distribution. The confidence interval
for the estimated odds ratio of 0.50 for incidence of still births in periods with tsetse control
compared with those without increases from 0.34 - 0.75, ignoring extra-binomial variation, to
0.20 - 1.25 when the heterogeneity factor ¢ = 2.11 is taken into account. When expressed on the
original scale, mean incidence of still births is 8.5 + 3.0 during periods of tsetse control
compared with 15.4 £ 2.1 when tsetse control was not in operation. The standard errors for
mean incidences of still births are 2.11 times those calculated assuming a binomial distribution
among year-season categories. This adjustment uses all the extra-binomial variations to inflate
the standard error. From the analysis of model 1 it is clear that other factors which cannot be
included in this model have an important association with still births. The analysis of model 3
thus demonstrates the limitations of such a study design.

Presentation of results

As Hescribed earlier results can be expressed in different ways as illustrated in Table 2.
Although it is not always necessary to present both regression coefficients and odds ratios as
each can be derived from the other, it is often reassuring to the reader to see both. Likewise, if
the expected incidence y, for the first level of an explanatory variable is known then y, can be

calculated from the odds ratio. However, as mentioned earlier, inclusion of average disease
incidence allows clearer inferences of the practical significance of an odds ratio to be made. Itis
also helpful to include the numbers of cases so that the frequency distribution across the
different explanatory variable categories can be seen. Nine of the 36 ISVEE papers listed the
numbers of observations n for each category but only four gave frequency distributions for both
r and n. Comparison of proportions of still births to calvings with the expected (or adjusted)
incidence values illustrates the impacts of other variables in the model. From a statistical point
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of view, therefore, the preferred form of presentation is the complete contents of Table 2. This
table presents all the information necessary for a reader to draw his or her own conclusions on
the biological significance of the results.

It is also helpful to give the residual deviance and its degrees of freedom from an analysis based
on proportions, as given earlier, so that the reader can judge for himself or herself the closeness
of the fit of the residuals to the binomial distribution.

Table 2. Different ways of expressing the results of logistic regression analysis of the effects of
season, parity and frequency of detection of trypanosomes incidence of still births (model(1))

No. of No. of Logarithmof  Odds  95%C.L Expected
calvings still odds ratio ratio of odds (or adjusted)
births (regression ratio incidence(%)"

coefficient)

Season
Jan-June 834 70 - - - 8509
July-Dec 863 166 0.999 + 0.161 2.72 1.98-3.72 188+1.3
Parity
1 384 81 - - - 22.5+2.1
>1 1313 155 -0.929 £+ 0.166 0.39 0.29-0.55 11.2+0.8
Trypanosome
frequency
0 841 85 - - - 11.3£1.1
1 546 77 0.258 + 0.180 1.29 0.91-1.84 13.8+1.4
2-3 310 74 0.775 £ 0.195 2.17 1.48-3.18 20.3+2.1

aExpressed on untransformed scale adjusted for the effects of other variables in the model
including year and herd.

CONCLUSIONS

In conclusion, I have expressed reservations on some of the approaches currently being used
in the modelling of data by logistic regression. 1 have emphasised the need to be more critical of
the approach being used in the development of a logistic regression model and have focussed
especially on the need to verify the nature of the residual variation. There are inherent
difficulties in drawing inferences from observational studies because of the basic assumptions of
random occurrences of risk factors. This, and the assumption of randomness of individuals in
the population sample, can rarely be achieved. Researchers need, therefore, to be more
selective and cautious in the numbers of parameters included in a statistical model to ensure that
inferences are both reasonable and interpretable. Where possible, proportions r/n calculated
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from a multiway tabular classification of explanatory variables should be used during model
development to test the residual variation assumption. Finally more care is needed in the
presentation of results to ensure that a reader can determine for himself or herself the validity of
the statistical models fitted and the inferences drawn. McDermott (1995) gave four
recommendations for improving the statistical assessment of observational studies: (1)
incorporate a biological framework, (2) clearly state and test assumptions, (3) use more realistic
models when assumptions fail and (4) present more and better descriptive statistics to
supplement the traditional results of statistical models. There is clearly an important role for the
statistician to collaborate with veterinary epidemiologists in ensuring these recommendations are
met.
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LOGISTIC REGRESSION, AN ILLOGICAL CHOICE?

TIM E. CARPENTER’

In epidemiologic research we are frequently faced with complex problems
requiring statistical analyses using multivariable techniques. Two of the most
commonly used techniques are linear and logistic regression. As with all statistical
techniques, proper application of linear and logistic regression is based on satisfying
underlying assumptions. Consequently, satisfaction of these assumptions often places
constraints on using these techniques and may make them a sub optimal (illogical)
choice. For example, in linear regression one assumption is that the distribution of
residuals must be normal. With logistic regression, an additional constraint exists that
the data should be dichotomous, or binary, in nature. In practice, when faced with
data that do not satisfy these assumptions, the analyst may modify the data, for
example by dichotomizing continuous or categorical data in the case of logistic
regression. The result of these and other modifications is the loss of information,
possibly associated with a decreased power, inefficiency, inconsistency, or an
incorrect conclusion of the causal-effect relationship.

If only the probabilities or odds of limited and non-limited responses were desired,
probit or logistic models would be sufficient. However, it is inefficient to ignore
information that may be available for the value of the dependent variable. On the
other hand, if the value of the dependent variable were available and there were no
clustering of observations at a limit, linear regression would not be appropriate
because the assumptions of the multiple linear regression model are not realized.
However, when a continuous response is desired and clustering of the outcome exists,
an alternative approach is recommended.

Alternative regression techniques, are available that will avoid these limitations.
They have been designed for a category of dependent variables known as censored or
truncated data. One of these techniques, Tobit regression (Tobin, 1958, Amemiya,
1984, Greene, 1997) also referred to as an example of censored normal regression
models, was designed to analyze economic data, e.g. to evaluate consumer purchasing
patterns (Tobin, 1958). Subsequent applications have been made in the fields of
sociology (Fair, 1978), plant pathology (Autio et al, 1986), and medicine (Goldberg,
1981, Cohen, 1988, McConnel and Zetzman, 1993). A recent survey of the medical
literature identified 20 manuscripts published between 1990-97. Examples include
identification of home health use after hospitalization for acute illness (Kenney,
1993), outcomes of trauma patients (Smith, et al., 1990), identification of factors that
predict home health utilization and reimbursement (Mauser and Miller, 1994), and
evaluation of the relationship between severity and duration of rheumatoid arthritis

" Department of Medicine and Epidemiology, School of Veterinary Medicine,
University of California, Davis, CA 95616
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(Leigh and Fires, 1993). However, to date only one application of this technique has
been presented in the field of epidemiology (Ekstrand and Carpenter, submitted).

Common examples where the outcome is either truncated or censored in
veterinary medicine include the reporting of serologic titers. This may occur if either
a minimum or maximum value, e.g. titer is reported as negative if < 1:8, or titration
may not be carried out beyond a level and thus reported as the last positive level, e.g.
1:256. Also, herd prevalence may be summarized as the herd being either infected or
not. No mention may be made of the number of seropositive individuals, if at least
one is positive, or through the use of an imperfect test (sensitivity less than 100%) or a
population sample, at least one infected individual may be undetected. Also,
situations lending themselves to Tobit analysis include those not resulting from
imposition of an arbitrary cutoff value or imperfect information. For example, if a
significant portion (at least 15-20%) of outcomes is clumped at a limit and the
remainder follow a normal (or may be transposed into a normal) distribution, the
Tobit regression is appropriate. This situation recently occurred in the evaluation of a
foot health program in Swedish broilers (Ekstrand and Carpenter, submitted).

The purpose of this paper is to compare alternative regression approaches, present
a hypothetical example to illustrate the advantage of Tobit regression and provide
information necessary to perform an analysis using this technique.

ANALYTIC OPTIONS

As stated above, the most commonly used regression techniques in epidemiologic
research are multiple linear and logistic regression, with logistic being by far the most
common. In order to compare the alternatives, it is necessary to examine their
underlying equations. The most familiar is the linear regression model (equation 1)

YZBO+BIXI+"'+BHX||+8
(1)

where B, = coefficients, X,= explanatory variables, and € = the error term.
The logistic regression model is given by equation 2

Y = plAthn e

(2)

The Tobit regression model appears in equation 3
Y*=BU+BI Xl+ +ann+8

(3)

The Tobit regression appears as a somewhat modified linear regression model in
that it substitutes the term Y* for Y. The difference is that in the Tobit model with



censored (or truncated) data, 2 separate equations are used. If dependent variable
values exceed the censored value (assuming left censoring), the traditional classical
linear regression equation (1) applies. However, if the dependent variable values are
censored, e.g. a value of 0 occurs, the outcome is set to 0. In other words, when Y* =
0, Y is set to 0. It is then necessary to create an index (I) which is a linear function of
the right-hand side variables:

[=X,a

4

where o is a vector of the normalized regression coefficient (B/c). The index I is then
transformed to a predicted limited dependent variable.

ILLUSTRATION

If the data follow a normal distribution up to a point and are either censored or
truncated at and beyond that point (see figure 1), traditional linear regression will
violate the assumption that the resulting error term is normally distributed. In the
example illustrated in figure 1, values of 5 or less are either not observed or cannot be
measured. They are subsequently reported as 0. Analysis of these data could be
performed with a modified linear regression model combined with a logistic model.
For instance, values could be transformed as either 0 or 1, e.g. 0 if they are 5 or less
and 1 if greater than 5. Alternatively, an individual may choose to categorize the data
as less than or equal to the mean, median, or some other arbitrary value and then apply
logistic regression to the data. The result would be clearly less than optimal. One
improvement would be to categorize the data into a few groups and then apply
polychotomous logistic regression to them. Or, using the results of the logistic model,
observations having a nonzero value could be further analyzed in a linear regression.
Traditional approaches are however inefficient. The Tobit model is an efficient
alternative that uses the entire data set to identify the conditional probability of a
“censored” value occurring and then quantify the relationships between explanatory
and noncensored outcomes.

Figure 2 illustrates the results of the 3 approaches. The linear model (OLS) is
greatly influenced by the 0 values occurring as the explanatory variable takes on
values of 5 and more. The result is a biased prediction, first low then high, of the
outcome. In addition, the error term is clearly not normally distributed. The logistic
regression (LR) model satisfactorily predicted the probability of an outcome being
nonzero (represented by a value of 1 being a 100% probability), being 0 (represented
by a value of 0), or in between 0 and 100% (occurring with values of the independent
variable between 4 and 6). In contrast, the Tobit regression model accurately and in
an unbiased fashion predicts the values of the outcome variable.
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Figure 1. Hypothetical censored normal distribution.
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Figure 2. Comparison of Tobit, ordinary least squares (OLS) and logistic regression
models fitting a set of hypothetical data.

TOBIT CALCULATIONS

Calculation of significance of regression coefficients is somewhat more
complicated with a Tobit analysis and may vary depending on the software package
used. In general, in a Tobit analysis, the standard error of the regression model is



analogous to the estimated root mean square error (MSE) reported in a linear
regression.

Assuming there are T observations and the first N are constrained, there are T-N
nonconstrained, or nonlimited, observations. The parameters o and ¢ are estimated
through maximum likelihood estimation (MLE) of the log-likelihood function with
the individual constrained and nonconstrained components as illustrated in equation 5:

N T

L= log[l- F(cY, - I))]+ D_log f(o¥, - 1,)
1= 1=N+1

()

where F represents the normal cumulative distribution function (CDF) and f
represents the normal probability density function (pdf).

The values of F and f are calculated at the point I, and are then used to compute
the conditional expectation of Y,, given I, using equation 6.

E(Y|1) = ol F(I) + of(l)
(6)

The expectation of nonconstrained predicted variables (Y) are calculated using
values calculated for the standard errors of the estimate and the CDFs and pdfs for the
Index variable (see equation 7):

o)
E(Y|1,,Y, >0)=ol, + )

Q)

Finally, an estimated value of the predicted variable (I') may be calculated using
estimated values of a, o and |, as seen in equation 8:

¥, =dl,F(i,)+df ()
(8)

Note this approach is applicable to situations that have a single level relationship
between the risk factor and outcome. That is, if a risk factor is present, the greater the
risk factor the greater the associated outcome, increasing at a linear rate. For example,
a risk factor value of 4 represents twice the risk than a risk factor value of 2, etc. This
has important implications for infectious disease processes within populations. The
Tobit regression model assumes that the resulting population outcome is dependent on
the level of the risk factor responsible for the introduction of the infection into the
population. It does not account for a secondary response, that would regulate
transmission of infection within the population, different from that which was
responsible for the initial insult, or introduction. In other words, the Tobit model
assumes that if a management or other control variable were responsible for
introduction of the infection, the level of this variable could be used to predict the
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final outcome in the population. If on the other hand, a second management or other
type of variable were responsible for the spread of infection, once introduced, the
Tobit model would be inappropriate.

Commercial software to run Tobit regression is readily available and commonly
used in econometrics. Two of these include LIMDEP® and SHAZAM?® (Greene,
1991; White, 1993). The availability of software able to perform tobit regression is
more limited within programs typically used by epidemiologist. In fact in a recent
survey, only one package, STATA® was found to contain this feature (StataCorp,
1997).

In conclusion, an alternative regression analysis technique may be appropriate to
supplement those used currently. Although most situations are still amenable to
analysis by the traditional multiple linear and logistic regression techniques, some are
not. When facing a problem with a limited dependent outcome, either due to
censoring or truncation, these techniques which are traditionally accepted in
epidemiology may not be valid. They may either violate the assumption of a normally
distributed error term (OLS) or be an inefficient approach (LR). In such cases, an
alternative, Tobit regression, is preferred. While software availability may dissuade
the analyst, it is a minor inconvenience compared with the expense of proper study
design, data collection, and ultimately program intervention, which may be
recommended by the analysis.
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UNBIASED POINT AND VARIANCE ESTIMATES OF A PREVALENCE BY
MIXTURE DISTRIBUTION ANALYSIS

M GREINER' and D. BOHNING™

A notorious problem of diagnostic testing in both medical and veterinary disciplines is the
test validation in the absence of available reference methods (gold standards). The interpretation
of results from non-validated tests in a clinical or epidemiological setting remains vague and
may not justify the application of expensive tests. The methods that deal with the missing-gold-
standard, problem are usually based on latent class models and require multiple tests per subject
(Faraone and Tsuang, 1994; Baker, 1995). We focus here on the epidemiological context where
a prevalence estimation based on a single test procedure is considered. The lack of reliable
estimates of sensitivity and specificity invalidates the Bayesian approach of correcting the
apparent (i.e. according to test results) prevalence (Rogan and Gladen, 1978). In the first part of
this paper we outline a new approach of prevalence estimation based on a single quantitative
test by mixture distribution analysis. The technique is referenced in the OIE Manual of
Standards for Diagnostic Tests and Vaccines (Jacobson, 1997) and involves a so-called
'intrinsic cut-off' value (Greiner et al., 1994). The procedure is based on the analysis of the
latent mixture of distributions of the test data by maximum likelihood methods and is
exemplified using serological data from a cross-sectional survey on bovine trypanosomosis in
Uganda.

In practice we are concerned not only with the bias of the point estimate but also with its
precision and with the pattern of disease occurrence. Prevalence data typically derive from a
cluster (herd) sampling design. It is well recognised that a positive intracluster correlation
inflates the naive sample variance of the overall prevalence (design effect). Various approaches
differ in the way the extra-binomial variance is estimated. For empirical reasons we may argue
for distributions of cluster-level prevalences that do not follow the beta distribution which is
often used for modelling purposes. To our knowledge, a classification of farms based on
prevalence heterogeneity has not yet been described. In the second part of the paper we show
how mixture distribution analysis can be used for diagnosing heterogeneity of cluster-level
prevalences. The example data are from the above mentioned survey.

“Institute for Parasitology and Tropical Veterinary Medicine, Dept. of Tropical Veterinary
Medicine and Epidemiology, Freie Universitit Berlin, Koénigsweg 67, 14163 Berlin, FRG.
** Institute for Social Medicine, Department of Epidemiology, Freie Universitit Berlin, FRG.
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MATERIALS AND METHODS

Example data

The data stem from a cross-sectional study on trypanocide resistance in dairy cattle in
Mukono County, Uganda, which has been conducted in June 1994. A total of n=487 cattle from
k=50 farms was sampled. Sera were available from 457 animals. The lacking of serum samples
was due to mis-labelling, loss during transport and shortage or deterioration of the material and
was assumed to have occurred at random. The sampling procedure and the parasitological and
serological (Trypanosoma antibody ELISA) methods used were described elsewhere (Greiner et
al,, 1997). A group of 86 non-infected cattle from Germany were used to establish a
“conventional" cut-off value (mean plus three standard deviations). Parasitological and
serological results were available on the level of individual animals as binary (trypanosomes
detected; yes/no) and continuous (single-point measurement of the optical density) variables,
respectively. For the sake of simplicity we ignore sampling weights and stratification and
assume a representative cluster sampling design.

Visualisation and descriptive statistics of the empirical distributions

The distribution of the serological data on animal-level (ELISA values) and the distribution
of parasitological data on farm-level (farm prevalences) is visualised in frequency distribution
histogrammes (Fig. 1 and 2). The bin width (b) of the histogrammes was standardised using the
standard deviation (s), the interquartile range (/R) and the sample size (n; 50 in case of the
prevalence data) of the respective sample according to a formula suggested by Kairisto (1995)

b=0.9 [min (s, IR/1.34)] n*2,
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Fig. 1. Frequency distribution of Trypanosoma antibody ELISA values from cattle from
Mukono County, Uganda (data from 1994; n=457).



A test of normality of the ELISA data basing on skewness and kurtosis was performed as
described by D'Agostino et al. (1990) using Stata (StataCorp., 1997). Overdispersion in the
prevalence data was assessed by a chi-square test (with df=k-1) based on the (observed)
calculated variance of the proportions divided by the expected value for binomial distribution.
Furthermore, the C (alpha) test was used which is more specific in its alternative hypothesis
(distribution is beta-binomial) and Z-distributed under the null hypothesis (distribution is
binomial). The programme BBD (Beta-Binomial Distribution Fitting Program; Madden and
Hughes, 1994) was used for both tests.

rel. frequency
N

| - | I o 1
0 .2 4 .6
Prevalence

-
-

Fig. 2. Frequency distribution of trypanosomosis farm prevalences in Mukono County,
Uganda (data from 1994; n=50).

Mixture analysis

The continuous ELISA data (n=457) were subjected to the Computer-assisted mixture
analysis (C.A.MAN, Bohning et al., 1992)'. Normal distribution within the subpopulations was
assumed but no prior assumption has been made concerning the number of subpopulations. The
programme identifies the number of subpopulations in the data and their means and weights by
maximum likelihood estimation. In case of two identified subpopulations of test data from a
population sample, mixture analysis can be used to derive a cut-off value (referred to as
intrinsic cut-off) that classifies each observation as belonging to either the subpopulation with
low or high mean ELISA value (Greiner et al., 1994).

Likewise, we analysed the prevalence data (k=50) by mixture analysis without explicit prior
assumption of heterogeneity. Heterogeneity of the farm-level prevalences (p) can be interpreted
as the distribution of p in the (super-) population of farms that consists of subpopulations with
different mean parameter values. These subpopulations are having (prevalence) parameters p,,
P2 -, P, and the (super-) population is partitioned into these subpopulations according to the

" http://www.medizin.fu-berlin.de/sozmed/caman.html.
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weights w,, w,, ..., w,,. The parameters p,, ..., p,, and w,, ..., w,, as well as the number of
subpopulations m are estimated by maximum likelihood using the computer package C.A.MAN
as described elsewhere (Bohning and Greiner; manuscript submitted).

Variance of the prevalence under heterogeneity

The results of mixture analysis can be used to estimate the variance of the overall (pooled)
prevalence ﬁpoo,. Following the approach by Béhning and Sarol (1997) we first estimate the

mean ( P ) and variance (%2) of the prevalences across subpopulations as
ﬁ=2mm
%2= z Wj(pj-ﬁ)z

where j=1, 2, ..., m. In the case of heterogeneity, the term 7’ becomes positive. Let n; be the
sample size of the ith cluster and N=Zn, The estimator of the variance that accounts for
heterogeneity is then given as’

VAR(P o) = PIN+ T'[Zn? IN].

RESULTS AND DISCUSSION

Analysis of ELISA data

Diagnosis of heterogeneity: The distribution type of the quantitative results of a Trypanosoma
antibody ELISA in cattle from the endemic area in Uganda is not normal as can be seen from
the frequency distribution histogramme (Fig. 1). According to the skewness (0.32), kurtosis
(2.06) and the joint statistic of normality (chi-square=58.23, df=2, p<.001) the null hypothesis
of normal distribution could be rejected. A plausible reason for non-normality is the occurrence
of unobserved subpopulations of ELISA values. One might expect that the sample includes
naive and infected (or recently infected) animals with unknown infection prevalence.
Furthermore, the mean ELISA value is assumed to be higher for the infected than for the naive
subpopulation. The heterogeneity was confirmed by mixture analysis. Two subpopulations and
an intrinsic cut-off value of 1.27 (ELISA optical density) could be identified.

Estimation of seroprevalence: According to the intrinsic cut-off, 45.3% (40.7-49.9% binomial
95% confidence interval) of the cattle were from the subpopulation of animals with elevated
antibody titres. This estimate of seroprevalence is higher than the parasitological prevalence of
trypanosomosis in the sample (17.9%; 14.6-21.6%) but considerably lower than the estimate of
seroprevalence based on the conventional cut-off value (77.2%; 73.1-81.0%). The analysis of
influential factors for infection and for antibody response gave evidence that the intrinsic rather

2 Note that (a) the Poisson rather than the binomial variance is used and (b) that under

homogeneity (7 ? =0) we obtain the simple Poisson variance. A free software for these
computations is available (http://city.vetmed.fu-berlin.de/~mgreiner/clusDATA/clusdata.htm).



than the conventional cut-off was suitable to define infection related antibody levels (Greiner et
al., 1997). Classification based on mixture analysis of quantitative test data is useful to resolve
mixed distributions of low and high responders in the sample (Greiner et al., 1994). This
classification may not adequately represent the infection prevalence due to antibody persistence
or serological cross-reactions. However, it can be thought of being a less biased estimator of
prevalence than a classification based on an arbitrarily defined cut-off value.

Analysis of prevalence data

Diagnosis of heterogeneity: The maximum likelihood estimator of the overall (pooled)
parasitological prevalence is 17.9% (87/487). Both graphical and numerical methods were used
to assess whether the single binomial parameter sufficiently characterises the distribution of
farm-level prevalences (p) or whether there is evidence for extra-binomial variation
(overdispersion). A frequency distribution histogramme shows that there is considerable
heterogeneity in the distribution of the farm-level prevalences (Fig. 2). The distribution is
approximately L-shaped whereby the classes around p=0.18 and p=0.3 showed higher
frequencies than expected under assumption of a beta-binomial distribution. Formal tests of
binomial distribution (chi-square=97.02, df=49, p<.001 and Z=10.35, p<.001) confirmed the
occurrence of overdispersion. By mixture analysis we could identify a latent mixture of three
groups of farm-level prevalences with mean prevalences (and weights) zero (.169), 11.6 (.475)
and 31.9% (.356), respectively. The variance of p across subpopulations of farms was estimated

as 7°=0.01428.

0.25 -
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Fig. 3. Confidence intervals for the parasitological prevalence of bovine trypanosomosis in
Mukono County, Uganda (data from June 1994, total sample size 487, 50 farms, mean farm
size 9.74, intracluster correlation 0.0939) with 95% confidence intervals (CI, normal
approximation). The underlying variance was estimated under assumption of simple random
sampling (VAR,), Poisson approximation (VAR,), cluster sampling (VAR,) and parameter
heterogeneity (VAR,) (see text for further explanation).
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Variance estimation under heterogeneity: In a cluster sampling design the simple random
sampling variance (VAR,) of a binomial parameter usually underestimates the true variance by
the term c=1+p(n-1), where p and n denote the intracluster correlation coefficient and the
average cluster sample size, respectively (see for example McDermott and Schukken; 1994)’.
However, the underlying assumption of a beta distribution of farm-level prevalences may not
always — as in our example — be justified. The beta distribution provides a suitable model for
peaked, L-shaped, J-shaped and U-shaped distributions but not for distributions with more than
two modes or bimodal distributions with modes others than zero and one. Thus, the beta
distribution is not suitable to fit our data.

. . . . 22 .
According to the estimate of the variance across subpopulations of farms (7°) we obtain

VAR,,(f)pm,)=0.00076. The practical relevance of the different methods for variance estimation
is visualised by the widths of naive (assuming simple random sampling), design-based
(accounting for cluster-sampling) and data-based (accounting for heterogeneity) confidence
intervals for the prevalence under consideration (Fig. 3). Our data suggest that the confidence
intervals of proportions may be underestimated in the presence of prevalence heterogeneity
even when a positive intracluster correlation has been taken into account. A formal argument
for this observation is provided elsewhere (Bohning and Greiner, manuscript submitted).

CONCLUSIONS

Two applications of mixture distribution analysis in the seroepidemiology context have been
outlined. In the first example the technique is used to establish a so-called intrinsic cut-off value
for a Trypanosoma antibody test. This cut-off provides a new approach for the definition of
serological "low and high responders" in exposed animal populations. The approach is useful in
the absence of representative reference populations and reduces the bias in the estimation of
seroprevalence.

The second example deals with the estimation of a variance of a proportion (e.g.,
prevalence) under cluster sampling. Cluster sampling in veterinary epidemiology is unavoidable
but also necessary to investigate the distribution of disease. The pattern of cluster-level
prevalences can be assessed by mixture distribution analysis. The identification of heterogeneity
in the cluster-level prevalences is of interest for the variance estimation of the proportion.
Moreover, the diagnosis of heterogeneity should be the starting point to investigate explanatory
factors for different cluster-level prevalence levels. Stratification of clusters according to such
factors could potentially both enhance the statistical power of hypothesis testing and improve
the understanding of the underlying biological background.
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EPIDEMIOLOGICAL AND ECONOMIC EVALUATION OF DISEASE CONTROL
STRATEGIES USING STOCHASTIC AND SPATIAL SIMULATION:

GENERAL FRAMEWORK AND TWO APPLICATIONS

A.W.JALVINGH, A. VONK NOORDEGRAAF, M. NIELEN,

H. MAURICE AND A.A. DIJKHUIZEN'

Outbreaks of contagious animal diseases, such as Foot and Mouth disease (FMD) and
Classical Swine Fever (CSF) can be very costly, especially for an exporting country such as the
Netherlands. In case of an outbreak of a contagious animal disease, a realistic event as shown
by the recent outbreak of CSF in the Netherlands, rapid and adequate elimination of all virus
sources has the highest priority. People involved in control strategy decision making are faced
with many uncertainties regarding the development of the outbreak, expected efficiency of
control strategies and possibility of export bans set by other countries. Despite these
uncertainties they have to decide on what control strategy to apply (e.g. size of areas under
movement control, degree of pre-emptive slaughter). Experimenting with different control
strategies is hardly or not possible during an outbreak. Computer simulation can be an adequate
tool for the analysis of the epidemiological and economic consequences of different control
options, either during an outbreak, beforehand when preparing for such an event or afterwards
when evaluating an outbreak.

Simulation of the epidemiological and economic consequences of disease control strategies
requires a modelling approach that simulates: (1) disease spread between farms, (b) direct costs
of eradication and (¢) indirect costs due to export bans. In that, the outcome of the modelling of
discase spread serves as the basis for the economic calculations. (Berentsen et al., 1992)
worked out this modelling approach for FMD and used it to compare different strategies on
stamping out FMD in a vaccinated and an unvaccinated population. More recently, the
modelling approach developed for FMD was revised. The state-transition model simulating
disease spread between farms, as used by (Berentsen et al., 1992), was replaced by InterSpread
(Jalvingh et al., 1996), which simulates disease spread between farms much more realistically.

! Department of Economics and Management, Wageningen Agricultural University, Hollandseweg 1, 6706 KN
Wageningen, The Netherlands. E-mail: alien jalvingh@alg.abe.wau.nl.



The conceptual model of InterSpread was developed in New Zealand (NZ) by (Sanson 1993)
as part of EpiMAN, a decision support system for the control of FMD outbreaks. InterSpread
simulates within a region from day to day the spread of FMD between farms. Starting point is
data on individual farms, including animal numbers and geographic location. Via three
different spread mechanisms: (a) contacts (animals, people, vehicles, material), (b)
local/neighbourhood spread and (c) airborne spread, the infection can be transmitted to other
farms. Once the first case is diagnosed, several control mechanisms can be put in place, such as
slaughter, tracing, movement control and pre-emptive slaughter. All spread and control
mechanisms contain risk and uncertainty implemented through Monte Carlo simulation and act
spatially by using the geographic location of farms. The applicability of EpiMAN as a whole
for the European situation has been investigated within a European Union funded project
(EpIMAN-EU; Jalvingh et al., 1995). Within this project InterSpread was further developed
and modified to suit Dutch and EU conditions. The modifications were related to differences
between New Zealand and NL/EU in (a) contingency plan, (b) structure/organisation of animal
production and (c) data availability. The intended use of InterSpread by NZ and NL is
different; NZ developed InterSpread for short term evaluation of control alternatives during an
outbreak, NL aims on evaluating beforehand control alternatives for the outbreak as a whole.
The outcome of InterSpread can be linked to an economic model developed by (Meuwissen et
al., 1997), which not only calculates direct costs for the farms involved but for all partners in
the livestock production chain, such as traders and slaughterhouses.

InterSpread can be considered a general framework which can be applied to other infectious
diseases. Modifications will at least be necessary in the disease specific parts of the model
regarding spread and control. InterSpread has recently served in the Netherlands as the basis
for two studies focusing on other infectious diseases, Infectious Bovine Rhinotracheitis (IBR)
and CSF. In the case of IBR (finished September 1997), the modified model provided insight
into the effects of various control strategies to be applied after reintroduction of IBR into the
Dutch cattle population supposing a successful eradication program starting in 1998. A major
modification was the inclusion of the simulation of the spread of the disease within the farm
using a deterministic state transition model using the concept of reproduction ratio. The
resulting disease spread within the farm steers the rate of transmission of the different spread
mechanisms between farms. In the case of CSF, a study which is currently undertaken, the
model should mimic the Dutch 1997/98 epidemic, offering an excellent opportunity for
validation of such models. Once available, the model should predict the future pattern of the
outbreak under different control strategies, but also the effect of changing controls and events
back in time. The major modifications necessary had to do with the use of real farm data and
real outbreak data, such as data on diagnosed herds, pre-emptive slaughtered herds and areas
under movement control.

This paper describes the general framework underlying the stochastic and spatial simulation
of the spread and control of infectious diseases, as implemented for FMD (InterSpread). Then,
the implementations for IBR and CSF are described.

GENERAL FRAMEWORK, AS IMPLEMENTED FOR FOOT AND MOUTH DISEASE
(FMD)

Figure 1 shows the general framework of the stochastic and spatial simulation model for
disease spread and control as implemented for FMD (InterSpread). In the initialisation phase,
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farms of a pre-defined region are loaded into the model and the spread and control mechanisms
are assigned their parameter values. Risk and uncertainty in spread and control are
implemented through Monte Carlo simulation; the outcome of events, length of intervals etc.
depends on the outcome of random drawings from appropriate probability distributions. As a
result several replications, each representing a possible pattern of the outbreak, are necessary in
order to get a good insight into the possible range of outcome.

At the start of each replication, for the index farm the interval from infection to earliest
clinical signs and the interval from earliest clinical signs to detection are sampled. After that,
time is moved forward in time from day to day while spreading and controlling the disease
until the requested number of days has been simulated or until the epidemic is over and control
measures are no longer present. Each day the actual disease control is carried out, which refers
to carrying out pre-emptive slaughter, vaccination, putting farms on or off surveillance,
installing or cancelling zones with movement control (Fig. 1). Most of these activities have
been initialised at the time the disease has been detected on individual infected farms as will be
explained later.

After disease control activities have been carried out for each of the infected farms present,
several events are simulated or checked for that day (Fig. 1). In case detection of the infected
farm takes place, control measures are initialised. Control measures apply to (a) the infected
farm, (b) farms in radial zone(s) around the infected farm and (c) traced contact farms. Next,
the disease spread of the infected farm is simulated through three mechanisms: (a) contacts, (b)
local and (c) airborne spread. When this results in infection of another farm, this farm is
assigned relevant dates and will be part of the list of infected herds. Next it is checked whether
the farm should be slaughtered or restocked on the current day.

[ Initialisation ]

Repeat each replication

[ Initialise index farm |

|  Detection? |

}

| Disease spread |

|  Slaughter? |

| Restocking? |

....................................................
.........................................................

Fig. 1 Schematic representation of general framework



The main output results of the model are the number of infected and diagnosed farms, the
number of days the outbreak lasts and the number of farms that face movement restrictions.
The model kernel has been programmed in Borland C++. The user interface is designed using
Microsoft Access. Below are more details on certain elements of the framework.

Farm data

Data on individual farms in the area involved make up the basis of the simulation: data on
geographic location, animal species and the number of animals present. In the initial model for
NZ, geographic locations can be entered in terms of complex polygons representing individual
land parcels belonging to the farm. For the Dutch and EU situation this was not relevant since
data of this level of detail is simply not available. Therefore, for the Dutch situation X-Y co-
ordinates have been used to represent individual farms, preferably referring to the animal
buildings. In the original model 6 different species are considered: cattle, dairy, deer, goat, pigs
and sheep. For each farm and for each species the animal numbers need to be entered. The
model can carry out calculations for a maximum of 32,000 farms. Until now, for the Dutch
situation, calculations were carried out using a database with farm data that was generated
given specific characteristics of the area, such as size, density of farms, and proportion of each
farm type plus a certain combination of animal numbers per type of farm.

Infected farms

The index farm is the only farm with a fixed infection date, which is the starting date of the
simulation. All other farms’ infection dates are set by simulation. Once a farm is infected,
index case or simulated, dates for earliest clinical signs and diagnosis are set, as a result from
random drawings from specified probability distributions. The possibility exists to start not

with only one farm having a fixed infection date, but to add more farms with a pre-set infection
date.

Disease spread mechanisms
For each infected farm that has not been slaughtered yet, disease can spread to other farms

through three different mechanisms: (a) contacts, (b) local spread and (c) airborne spread as
indicated before.

Contacts: Three types of contacts off the farm are generated: (a) high, (b) medium and (c) low
risk contacts. What is included under each type of contact is in fact a choice of the user. For
FMD the contacts are as follows: high is susceptible animals, medium is persons and vehicles
with susceptible animal contact, animal and non-animal products, and low is persons and
vehicles without susceptible animal contact. For each type of contact, each day the number of
contacts for that day is determined by drawing from a Poisson distribution with the average
number of contacts per day as a parameter. For each contact off the farm a distance class is
selected given the probability distribution for distance classes. Out of all farms within the
drawn distance class one farm is randomly selected as destination farm. Whether contact
results in transmission of the infection to the destination farm is determined by drawing a
uniform random number and compare it with the entered probability of transmission. The
probability of transmission depends on the time of contact relative to the earliest clinical signs
at the infected source farm. Whether contact really takes place depends on the actual status of
the source and destination farm of the contact. Being on surveillance or being present in a zone
with movement control implies that all or part of the contacts are no longer allowed. When
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contact is not possible solely due to the status of the destination farm, another destination farm
is selected in the same distance class.

Local/Neighbourhood spread: Off each infected farm local spread to neighbouring farms is
mimicked. Local spread includes spread through vermin, children, pets and other more difficult

to trace contacts. All farms within a certain radius of the infected farm have each day a certain
probability of becoming infected. The probability depends on the time relative to earliest
clinical signs and distance from the infected farm. The probability of local spread can be
modified when the farm is under surveillance by an input parameter reflecting the reduction of
local spread. Local spread stops when all animals at the infected farm have been killed and are
removed from the farm.

Airborne spread: Spread of FMD virus through the air is possible under certain circumstances.
In the model, airborne spread is modelled as follows. The model determines whether on the
current day airborne spread occurs, given the proportion of days per week with airborne spread.
The plume of an individual infected farm is defined by radius, direction and width of the
plume. The probability for farms under the plume of becoming infected through this route is
difficult to obtain from earlier outbreaks. With the help of experts it is possible to make
estimations for this rather small probability. In the calculations in this paper the airborne spread
has been omitted. Part of the airborne spread can be seen to be included in local spread.

Di | mechani

Disease control mechanisms are activated when the first farm is detected, and at each
subsequent diagnosis additional controls are installed. Disease control affects (a) the infected
farm, (b) all farms within a certain radius around the infected farm and (c) contact farms that
have been traced.

Affecting the infected farm: At diagnosis the date of slaughter of the infected farm is set, which
may depend on herd size and actual number of infected farms that need to be slaughtered.

Affecting all farms within a certain radius: Around each diagnosed infected farm radial zones
can be implemented with different types of control: surveillance, movement control, pre-
emptive slaughter and vaccination. For each type of control, specifications are needed for
starting moment after diagnosis, duration (movement control and surveillance) or capacity in
terms of days to complete the zone or animal numbers that can be handled per day (pre-
emptive slaughter and vaccination). In the case of movement control and surveillance, the
proportion of contacts allowed per contact type on and off farms is required. In the case of
vaccination, additional input is required regarding the delay to immunity. This facility makes it
easy to define around each infected farm a protection zone with a 3-km radius and a
surveillance zone with a 10-km radius conforming with the EU regulations for FMD control,
and also any alternative zone.

Affecting all traced contact farms: When detecting an infected farm, the list of contacts off the

farm is checked: will a contact be traced, and if so when will it be traced. On the day the
contact farm is actually traced, the farm can be put under surveillance, on movement control, or

even slaughtered pre-emptively, depending on the settings chosen for the control of traced
contact farms.



Results

Validation of InterSpread is an on-going process using sensitivity analysis and expert
opinion. For illustration purposes some preliminary results are shown here. For an area of
100*100 km or 100 sq km with an average farm density of 1.25 per km’, and 73% dairy, 18%
pig and 9% mixed farms, calculations have been carried out for the basic control strategy as
prescribed by the EU directives (slaughter of infected farms, trace contact farms and visit them,
install 3-km protection and 10-km radius surveillance zone). Disease spread parameters have
been set to their current basic values. Appendix I summarises the major input parameters on
disease spread and control. Results of the basic strategy are compared with results of an
alternative strategy in which the radius of each surveillance zone is set to 20 km instead of 10
km. A total of 100 replications have been carried out. Figure 2 shows the resulting cumulative
probability distribution for the number of infected farms. In the basic strategy (10 km) an
average of 81 farms are infected, in the alternative strategy (20 km) the average is 39 farms.
Figure 2 shows that the alternative control strategy prevents the occurrence of very large
outbreaks. As a result of the larger zones with movement control many more farms face
movement controls. Additional calculations with the economic model of (Meuwissen et al.,
1997) should point out whether the reduction in costs due to the reduction in the size of the
outbreak outweighs the increase in costs due to the increase in farms under movement control.
Additional sensitivity analysis showed that the reduction in outbreak size depends largely on
the choices made for the probability distribution of contacts over distance classes.

O
z 08
E
2 06
e
Q
[
3 04
3
3
E
G 02
—0— Basic (10 kmradius) g Alternative (20 km radius)
0 ; ' . } .
0 50 100 150 200 250 300

Number of infected herds

Fig. 2 Cumulative probability distribution for number of
infected herds for two control strategies

IMPLEMENTATION FOR INFECTIOUS BOVINE RHINOTRACHEITIS (IBR)

In 1998, the Netherlands start a campaign to eradicate IBR in order to both reduce the on-
farm costs because of reduced milk production and possible abortion and to avoid (future)
export restrictions on sperm, embryos and live animals. Computer simulation was used to
support policy makers in their decisions on eradication by evaluating different scenarios with
respect to epidemiological and economic effects of IBR-infections and control strategies to be
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applied (Vonk Noordegraaf et al., 1998). Before making the final decision on whether or not to
start a compulsory program to eradicate IBR, the decision makers wanted more insight into
what to expect when IBR would be reintroduced into the Netherlands after being free from the
disease, and whether it would be possible to control such outbreaks at reasonable costs. For this
second analysis, InterSpread was taken as the framework for the modelling of the spread of
IBR between farms and the control. The complete description of this study is available in
(Vonk Noordegraaf et al., 1997).

Mai lificati

The expected character of IBR spread and control initiated the choice of a time step of 1
week instead of 1 day. The information on farms has been modified by the inclusion of farm
type: dairy, cattle, beef, veal and miscellaneous (such as suckler herds) and by the inclusion of
number of animals sold annually for live. This last parameter was obtained from the
Identification & Recording (I&R) system. Within the miscellaneous herd a special group
selling over 100 animals for live per year was distinguished. This was done to get more insight
into their potential risk should they become infected. The model starts calculations with the
introduction of virus into one of the farm types considered. Each replication concerns
introduction into the same type of farm, but the actual farm varies from replication to
replication.
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