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PREFACE 
  
  
Thank you for reading the proceedings of the 18th annual meeting of the Dutch Society for Veterinary 
Epidemiology and Economics (VEEC), jointly organized by the Animal Sciences Group and The Centre of 
Infectious Disease Control in Lelystad. 
  
This year’s topic of the morning session of our annual meeting is “freedom of disease”. Because diseases like 
Foot and Mouth disease, Classical Swine Fever and, Avian Influenza in particular, are endemic in large parts of 
the world, our country is constantly at risk for the introduction of these diseases. As a consequence, we have to 
question ourselves all the time whether we are still free of these diseases. This question inevitably leads to the 
answer that we can never be realy certain of our freedom, because no surveillance programme can give us that 
certainty in real time. For this reason we are pleased that we have a number of distinguished speakers on this 
topic that will help us t deal ith this uncertainty. 
  
In the afternoon program, which has a variety of interesting subjects, we will give Dutch scientists the 
opportunity to briefly present their recent work.  
  
I thank Dr. Aldo Dekker and Dr. Gonnie Nodelijk for organizing this meeting and preparing the proceedings. It 
is always a lot of work, but she certainly can be proud of the result. Furthermore I would like to thank ASG and 
CIDC for their hospitality. 
  
On behalf of the board of the VEEC I wish you a pleasant and stimulating conference.  
  
  
Arjan Stegeman 
President VEEC 
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FREEDOM OF DISEASE; 
CONSEQUENCES FOR RESEARCH ON DISEASE CONTROL 

 
 

A. Bianchi1 and H. Flore2 

 
1: Central Institute for Animal Disease Control (CIDC-Lelystad), P.O. Box 2004, 8203 AA Lelystad, The 

Netherlands 
2: Division of Infectious Diseases, Animal Sciences Group Wageningen UR, P.O. Box 65, 8200 AB Lelystad, The 

Netherlands 
 
 
 

Substantiating freedom of disease is an important subject for both the CIDC-Lelystad as well as for the ASG-
Lelystad. Historically control of foot-and-mouth disease (FMD) has been instrumental regarding the change of 
attitude with respect to animal disease control within Europe. Outbreaks of FMD have been occurring annually 
before and shortly after the Second World War, not only in the Netherlands but all over Europe (figure 1). 
Annual vaccination of the cattle population reduced the transmission of disease, but did not stop introduction of 
FMD into the Netherlands. Only when neighbouring countries also started vaccination (end of the sixties) 
introduction of FMD virus was reduced. At the end of 1991 the last vaccination of FMD was administered and 
the European non-prophylactic vaccination policy was a fact.  
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Figure 1: Number of FMD outbreaks in the Netherlands between 1937 and 2003 
 
Not only was a non-prophylactic vaccination policy implemented for FMD, but also for other important viral 
infections like classical swine fever and avian influenza. Implementation of the non-prophylactic vaccination 
policy changed the way outbreaks were controlled. In the absence of vaccination spread of disease was more 
prominent and more extreme measures to control and monitor spread were introduced. This is reflected in the 
number of sera tested after outbreaks of classical swine fever, swine vesicular disease, BSE, FMD or avian 
influenza (Table 1). In every new outbreak it seemed that even more samples were needed to substantiate 
freedom of disease. But in Newcastle disease, for which there is an obligatory vaccination scheme, the number 
of samples tested stayed very low. This exemplifies that a higher disease free status, i.e. freedom without 
vaccination, will lead to an intensified and often more expensive control programme when the disease is 
introduced.  
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Table 1: Disease outbreaks in the Netherlands in the last 15 years and the number of samples tested 
Year Disease Number of samples tested 
1992 Classical swine fever ±  28 000 
1992 Newcastle disease    Few hundred 
1992 Swine vesicular disease ±  70 000 
1993 Newcastle disease    Few hundred 
1994 Swine vesicular disease ±  839 000 1 
1994 – 1997 Newcastle disease    Few hundred 
1997 – 1998 Classical swine fever ±  2 000 000 
2001 BSE ±  499 000 2 
2001 FMD ±  200 000 
2003 Avian influenza ±  150 000 
 
 
 
For both ASG-Lelystad as well as CIDC-Lelystad maintaining and developing knowledge on animal disease 
control is very essential. New test development, epidemiological research and validation of control measures are 
the main topics in this area. Currently the threat introduction of avian influenza from wild birds and the zoonotic 
potential has brought new challenges to both our institutes. The zoonotic potential of avian influenza necessitates 
the collaboration with institutes working on human diseases, and may pave the way for collaboration on other 
zoonotic diseases.  
 
We are therefore very pleased to host this meeting which focuses on the epidemiology and efficacy of 
intervention strategies and wish you a very interesting day. 
 
 
 
 

                                                           
1 Start of an annual monitoring programme for SVDV resulting in 300 000 – 700 000 samples a year 
2 Start of an annual monitoring programme for BSE resulting in approximately 500 000 samples each year 



  

3 

 
 
 

EVALUATION OF COMPLEX SURVEILLANCE SYSTEMS 
 
 

A. R. Cameron 
 

Director, AusVet Animal Health Services, AusVet Animal Health Services, PO Box 3180, South Brisbane 
Qld  4101  Australia 

 
 
 

1. INTRODUCTION 
 

A range of animal health policy decisions depend on an assessment of country, zone or compartment freedom 
from disease, including international trade decisions and domestic disease control strategies.  Surveillance is 
widely used to assist in making these decisions and support claims of freedom from disease.  Unfortunately, 
surveillance is only able to provide probabilistic measures of freedom, while the decisions are often black and 
white. 
 
In the past, two broad approaches have been used to evaluate surveillance and assess the probability of country 
freedom from disease. The first is the use of statistically-based surveys, involving the random selection of a 
representative sample of the population, testing animals, and the use of well established statistical theory to 
determine the probability of observing the results of the survey if the country were in fact free from disease.  
Such surveys are often expensive and time consuming, but keep the statisticians happy with neat data sets.  
Unfortunately, any prior sources of evidence (such as the absence of reports by the veterinary services of clinical 
syndromes consistent with the disease) cannot be incorporated into this approach. 
 
The second approach is typified by the process of formal OIE recognition of freedom from disease.  This 
involves the use of a questionnaire (in the case of FMD) or a team of experts who assess all aspects of the 
situation, including the quality of veterinary services, all available sources of surveillance information, the 
historical situation as well as those measures in place to prevent the incursion of disease.  Clearly this approach 
is able to get a more complete and balanced picture of the probability of disease freedom than the use of a single 
structured survey.  It’s weakness, however, is that much of the interpretation depends on the subjective 
assessment of the individuals involved, and such an assessment cannot be repeatable, entirely transparent, or 
quantitative. 
 
This paper discusses the use of stochastic scenario tree modelling to bring together the best of both these 
approaches.  The method aims to provide transparent, objective, repeatable and quantitative estimates (of known 
precision) of the probability of country freedom, using not only data from formal structured surveys, but also a 
wide range of other evidence that is not normally considered amenable to statistical analysis. 
 
 

2. METHODOLOGY 
 

“Stochastic scenario tree modelling” is a methodological framework which brings together a number of 
analytical components, allowing the analyst to start with a diverse range of data derived from complex and often 
poorly structured (statistically speaking) surveillance activities, and end up with an objective and defendable 
estimate of the probability of country freedom. 
 
At the core of the approach is the use of scenario trees which describe the key features of complex surveillance 
system component by following the pathways by which a diseased animal in a population could be identified as 
diseased by the veterinary authorities, capturing the known biases and weaknesses in the surveillance system.  
Nodes in the tree are classified as  

�  Risk nodes: dividing the population into groups with a different risk of being infected, if disease were 
present,  

�  Category nodes: dividing the population into different groups with similar probabilities of infection or 
detection, 
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�  Infection nodes: the probability that an animal or group is infected, given that the country is infected.  
This probability is otherwise known as the design prevalence and fixed to provide a baseline against 
which different systems can be compared, 

�  Detection nodes:  the probability that a disease animal will be detected by the surveillance system. 
 
Nodes in the scenario tree are associated with two or more branches, each with a branch probability.  These 
probabilities are expressed in terms of probability distributions to capture uncertainty and variability in the 
parameters, and may be calculated from available data or derived from expert opinion. 
 
Stochasitic simulation of the scenario tree enables the calculation of the probability that, given that disease is 
present in a country, one or more infected animals will be correctly identified as infected by the surveillance 
system component.  In other words, it estimates the sensitivity of the surveillance system component. 
 
Given this basic measure of the effectiveness of a surveillance system component, a number of other tools can be 
used within the methodological framework to answer important questions.  These include: 

�  Approaches to allow the combination of the sensitivity of multiple surveillance system components.  
For instance, general clinical surveillance by field veterinarians, and abattoir meat inspection may both 
have the capacity to detect disease, if present.  Each will have a different sensitivity, and it is useful to 
know what the combined sensitivity of the two systems might be (taking into account any lack of 
independence between the systems) 

�  Approaches to compare the sensitivity of one surveillance system component to another – either an 
existing system, or a hypothetical ‘gold standard’ surveillance system (such a one based on simple 
random sampling from the entire population).  The use of these techniques is able to provide 
quantitative measures of the value of targeted surveillance.  For instance, a surveillance system that 
selects animals that have a higher risk of being infected (if disease were present) may be more sensitive 
than a system which ignores risk and samples randomly. 

�  Bayesian methods for converting a distribution describing the combined sensitivity of multiple 
components of a surveillance system into an estimate of country freedom (based on a given prior 
probability of country freedom) 

�  A method for the continuous analysis of a data stream from an ongoing surveillance system component, 
which updates the estimate of the probability of country freedom, taking into account evidence from 
previous surveillance activity as well as the risk of incursion of disease. 

 
 

3. CONCLUSIONS 
 

The key advantage of this methodological framework is the ability to quantitatively use multiple complex 
sources of evidence to support claims of freedom from disease.  In many cases, the use of such existing sources 
of evidence will provide a very high level of confidence in country freedom, removing the need to undertake 
expensive and time consuming structured surveys in order to meet some agreed standard of proof.  In this way, it 
enables veterinary authorities to get the most advantage from existing surveillance activities. 
 
An important ‘by-product’ of the methodology is the estimate of the sensitivity of different components of a 
surveillance system.  When combined with data on the cost of these different components, this allows veterinary 
authorities to make informed cost-benefit decisions, and to prioritise different surveillance activities to deliver 
the best possible sensitivity with the available surveillance budget. 
 
One disadvantage of the approach is that it is relatively complex to implement, requiring reasonable stochastic 
modelling skills.  In order to overcome this constraint, web-based modelling software is being developed.  This 
will allow the analyst to concentrate on carefully defining the scenario tree structure and branch probability 
distributions, with no need to be concerned with the mechanics of stochastic modelling. 
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FROM TB TO VTEC THE CHANGING EPIDEMIOLOGY OF FOODBO RNE 
INFECTION 

 
 

Bill Reilly  
 

Deputy Director, Scottish Centre for Infection and Environmental Health,Common Services Agency 
 
 
 

1. SUMMARY 
 
In the first half of the 20th century bovine tuberculosis was a major cause of morbidity and mortality in both 
animals and people. This was a major driver in the development of food safety regimes and in particular meat 
inspection, that was very focussed on an organoleptic approach. Together with eradication schemes and the heat 
treatment of milk this has led to the current position whereby in most developed countries bovine tuberculosis is 
an uncommon human infection – even in the UK where bovine tuberculosis is becoming an increasing problem. 
 
However as the problem of infected food (where the pathogen is present in food at the time of production) has 
largely been overcome, it has been replaced by issues of food contamination where the food starts free of 
pathogens but is contaminated during the production process. Thus we have seen the emergence of diseases such 
as salmonellosis, campylobacteriosis and the verotoxigenic E.coli. The contamination is largely but not always 
with animal faecal organisms and often reflects the economic pressures on the producers, both primary producers 
and processors, to market food to a price that may compromise hygiene. 
 
In addition there is increasing evidence that it is not only the animal products that can impact on human health. 
The animals themselves and their environments can present a risk to society that is striving to recognise the 
importance of animals and the environment to our overall well-being. The challenge is to get the correct balance 
to allow us to take advantage of the environment yet manage the risk.  
 
The solutions to both food safety and environmental exposure depend on improving hygiene. In many parts of 
society we have become careless in understanding that food and the environment can contain harmful organisms 
and even simple concepts such as hand washing have been forgotten. Perhaps we have been lulled into a false 
sense of security by the evolution of the refrigerator and our desire to live in a risk free environment!  
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FREEDOM OF DISEASE; 
A THEORETICAL PROBLEM WITH PRACTICAL ISSUES 

 
 

A.A. de Koeijer 
 

Quantitative Veterinary Epidemiology, division of Infectious Diseases, ASG Wageningen UR, Lelystad. 
 
 
 

1. INTRODUCTION 
 
Statements about freedom of disease are often made with the intention of limiting imports and increasing the 
value or size of exports. Thus, Freedom of Disease is generally applied for political statements to influence the 
economics of trade and the trading balance. Since there are many scientific problems involved with defining 
Freedom of Disease, such statements can always be considered disputable, but also in most cases well 
defendable, depending on the definition applied. 
 
Literally speaking, obviously the term is simple, i.e. the total absence of a disease in a country or region. 
However, generally, one means to claim absence of the infection, because disease as such is not a major 
transmission problem, since it can be observed rather easily. The absence or presence of an infectious agent in 
the population is the factor that causes risk for other populations via export of live animals and zoonotic risks are 
generally also more related to presence of the agent than disease as such.  
 
New strategies are suggested and discussed on how to deal with the risk of transmission of infections and food 
safety with respect to imports of animals and animal products. Traditional Freedom of disease classification of 
countries, following OIE en EU methods, is becoming outdated. For list A diseases, this classification is still 
applied, but a general shift from Freedom of Disease to Risk assessment can be expected over the next decade. 
[OIE, 2005].  
 
 

2. PROBLEM DEFINITION 
 
Freedom of disease claims are usually based on surveillance results occasionally supported with further 
evidence, for instance on vaccination or transmission of the infection. This leads to a few problems: 

�  First of all absence of something is impossible to prove except by constant monitoring of everyone with 
a perfect test. 

�  A negative test result does not guarantee that the animal is not infected. Especially the time delay 
between getting infected and getting a good chance that such an animal gives a positive test result can 
be problematic. In some cases, this leads to long quarantine periods for imported/exported animals 

�  The quality of a surveillance system and the way it is reported has a major influence on the probability 
that the infection will be detected. However, this quality can only be evaluated by international cross-
checks. Bad quality surveillance can suggest freedom of disease where that is not the case. Real good 
active surveillance on the other hand can lead to the detection of a-typical cases (for example scrapie), 
where the normally described version of the infection is actually absent. 

�  In some cases these problems cannot be solved easily by science, which makes the freedom of disease 
issue a political playing field. 

It is up to the scientists, to offer guidelines and improved methods for dealing with these problems. 
 
 

3. SOLUTIONS 
 
The classification of countries should shift from freedom of disease and not free of disease, to a new 
classification system that indicates the probability that a country is free. In some cases it can be more relevant to 
indicate the prevalence level, below which the risk can be considered negligible. In fact this method is presently 
applied. However, the present method advises a static approach only. It ignores the epidemical aspect of 
infections that makes a dynamic approach and risk assessment essential.  
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A good evaluation of the risks of imports will generally be much more valuable than the freedom of disease 
claims following from present OIE or EU regulations. In most cases, the surveillance system that ought to prove 
the (continued) freedom of disease neglects the risk of new introductions and the level at which new epidemics 
can spread undetected. Thus, the safety of trade partially relies on honesty and faith, but it also heavily leans on 
the vigilance of our trading partners for new introductions. These factors are there, but were never really 
assessed properly. Risk assessment is a tool that can incorporate all these aspects and uncertainties and it is 
expected to win territory in the evaluation of import risks.  
 
This development for static surveillance analysis for freedom of disease to risk assessment in OIE and EU 
approaches is mainly a result of the active role of the EU and later EFSA (European Food Safety Agency) in risk 
assessment for BSE [EFSA, 2006]. In their Geographical BSE Risk assessment (GBR) many countries that 
claimed to be free of BSE were proven wrong in risk assessment. In a later stage many of those countries have 
detected BSE, thus supporting the value and significance of risk assessment in these matters [EFSA, 2001]. 
 
In the next years, modellers and risk assessors will have to decide in which systems a full risk assessment is 
needed, and where the present systems suffice, given that information on the frequency of surveillance is 
determined based on the generation time of the infection. The will also be challenged to come up with a good 
method for combining surveillance results and import and transmission risks into good methods to assess the 
overall risk. 
 
 

4. CONCLUSIONS 
 
The term Freedom of Disease is getting outdated, and should not be applied, since although simple in itself, it 
has no functional definition for practical conditions. Trade regulations should be based upon a level of certainty 
that the prevalence is below a certain level. This level of certainty of probability should not only be based on the 
analysis of surveillance data, but should preferably include an assessment of the likelihood of new introductions 
and their follow-up in transmission and detection. 
 
The OIE has already advanced along these lines in their new BSE chapter [OIE, 2005], that does not use freedom 
of disease any more. It classifies risk as negligible or non negligible base on risk assessment and surveillance. 
For other infections, a similar approach is to be expected. 
 
 

5. REFERENCES 
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TRANSMISSIBILITY OF INFECTIOUS BRONCHITIS VACCINE V IRUS H120 
AMONG MATERNALLY IMMUNE COMMERCIAL BROILERS. 

 
 

M.G.R. Matthijs*, A. Bouma, F.C. Velkers, J.H.H. van Eck, J.A. Stegeman 
 

 
Utrecht University, Faculty of Veterinary Medicine, Department of Farm Animal Health, Yalelaan 7, 3584 CL  

Utrecht, the Netherlands;  Tel. 31.30.2536487; Fax: 31.30.2531887 

 
 
 

1. INTRODUCTION 

Vaccines against Infectious Bronchitis Virus (IBV) increase the susceptibility of broilers for secondary E. coli 
infections. As vaccination against IBV is widely practiced, vaccines might also play an important role in the 
induction of colibacillosis in the field, but only when the vaccine itself is able to persist in the population. The 
aim of this research was to determine whether IB vaccine virus could spread extensively among broilers. 
 
 

2. MATERIALS AND METHODS 

A transmission experiment was carried out to quantify transmission of IBV H120 vaccine virus among 
commercial broilers at day-old and at 14 days of age. Six groups were formed. Each group was housed in an 
isolator. At day 0 (day of hatch), half of groups 1 and 2 (30 broilers per group) were oculary inoculated with 
vaccine strain H120 (5.4 log10 median embryo infective dose (EID50)) or field strain IB M41 (4.9 to 3.8 log10 
EID50), respectively. At day 14, half of groups 3 and 4 (20 broilers per group) were likewise inoculated: group 3 
with H120, group 4 with M41.Groups 5 and 6 (20 broilers per group) remained untreated. During two weeks 
after inoculation, clinical signs were measured in all broilers of groups 1-4. Serum samples were taken at day 1, 
14, 28 and 42. Four weeks after inoculation (4wpi), all broilers in groups 1-5 were challenged with IBV M41 
field virus (4.7 - 6.8 log10 EID50 per broiler) intratracheally and oculonasally. Group 6 was not challenged. 
During one week after challenge, clinical signs of IB were recorded. Transmission of H120 and M41 in groups 
1-4 was determined by measuring clinical signs after the M41 challenge and by measuring antibodies. The 
antibody titers were compared with those of the control groups.  
 
 

3. RESULTS AND DISCUSSION 
 
In the M41 groups (2 and 4) nearly all of the broilers developed nasal discharge, indicating that M41 spread 
extensively. Only a few broilers developed nasal discharge in the H120 groups (1 and 3). After challenge with 
M41 (4 wpi), none of the inoculated ore contact broilers in groups 1-4 showed nasal discharge. Moreover, 
antibody titers of groups 1-4 were significantly higher than the control groups 5 and 6. We concluded that H120 
vaccine virus did spread among broilers. This implies that vaccine may persist in the population. 
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EPIDEMIOLOGICAL AND ECONOMIC EVALUATING BEEF-CARCAS S 
DECONTAMINATION METHODS AGAINST E.coliO157:H7 

 
 

B. Vosough Ahmadi 1*, A.G.J. Velthuis 1, H. Hogeveen 1, 2, R.B.M. Huirne 1 
 

1:  Business Economics Group, Wageningen University, Hollandseweg 1, 6706 KN Wageningen, the Netherlands 

2:  Department of Farm Animal Health, Faculty of Veterinary Medicine, Utrecht University, Yalelaan 7, 3584 CL 
Utrecht, the Netherlands 

 
 
 

1. INTRODUCTION 

E.coli O157:H7 (VTEC) is a potentially fatal pathogen for human that can be transmitted via consumption of 
contaminated beef. Carcass antimicrobial-decontamination methods are considered as slaughterhouse 
interventions against enteric pathogens such as VTEC. The choice of the decision makers to apply interventions 
depends highly on the implementation costs and the expected effectiveness of interventions. Two measures of 
effectiveness can be distinguished: (i) reducing the fraction (i.e. prevalence) of contaminated carcasses and (ii) 
reducing the number of bacterial colony forming units (CFU) on a carcass. In this study the effectiveness was 
considered as the reduction in prevalence. The cost-effectiveness of interventions in terms of the ratio between 
the expected reduction in prevalence (� P) and the extra costs (� C) incurred to obtain this reduction for some 
carcass decontamination methods and combined sets were explored in this study. The evaluated methods were: 
hot-water wash (W); trim (T); lactic-acid rinse (L); steam-vacuum (V); steam-pasteurization (S); hide-wash with 
ethanol (H) and gamma irradiation (Ir). The objectives were to determine the monetary costs of applying these 
decontamination methods in a Dutch beef industrial slaughterhouse, and to rank decontamination methods (and 
their combined sets) based on the cost-effectiveness ratio. The results of cost-effectiveness analysis are presented 
and discussed in this paper. 
 
 

2. MATERIALS AND METHODS 

To determine the cost-effectiveness of decontamination methods, two models were used: an epidemiological and 
an economic model. The epidemiological model that  was described in detail before (Vosough Ahmadi et al., 
2006), was developed to evaluate the effectiveness of carcass-decontamination methods against VTEC in a 
Dutch industrial-cattle slaughterhouse. Here we give a brief summary of the most important aspects of the 
model. A typical Dutch dairy-industrial slaughterhouse, with a capacity of 500 cattle per day, was the basis of 
our model. The slaughter process that was modelled has nine stages: 1- lairage; 2- de-hiding; 3- evisceration; 4- 
splitting (producing half carcasses); 5- fat and tail removal; 6- trimming (for decontamination); 7- washing (for 
lower carcass temperature); 8- chilling; and 9- quartering (producing quarters) (Figure 1). Carcass fore- and 
hindquarters (made in the quartering stage by a transverse cut of the whole beef carcass), are considered the end 
product of our model (2,000 quarters out of 500 cattle per day). The contamination status of each individual 
quarter is modelled. Monte Carlo simulation was used to simulate the number of VTEC-contaminated beef-
carcass quarters at the end of the quartering stage per day. The binomial process was the basic stochastic process 
of the model (Vose, 2000). Quarters contaminated with no bacteria (zero colony forming units) were defined as 
negative and quarters with at least one CFU were defined as positive. The number of infected cattle entering the 
slaughter line was simulated based on distributions that described farm prevalence, animal prevalence and hide 
prevalence. The contamination status of a quarter in each of the nine stages of the slaughter process is 
determined by two contamination routes and one decontamination route. The corresponding probabilities are: the 
probability of transferring VTEC onto the carcass by means of the main risk factor of that specific stage (e.g. 
probability of GI rupture during the eviscerating operation), the probability of transferring the bacteria from the 
environment onto the carcass and the probability to eliminating the bacteria from the carcass by means of a 
decontamination method.  

With a separate Monte Carlo simulation model the elimination probabilities for the decontamination methods 
were estimated using published data for antimicrobial effectiveness of the decontamination methods (Phebus et 
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al., 1997) and the initial number of bacteria on the surface of the beef carcass (Nauta, 2001). The initial number 
of bacteria (CFU) on each quarter was simulated by multiplying two distributions; i.e. the amount of transferred 
manure in grams to the carcass (based on a beta distribution) and the concentration of VTEC in one gram of 
manure (based on a cumulative distribution). A beta distribution to describe the carcass contamination with 
manure was chosen after fitting the results of expert estimates to a series of probability distributions (Nauta, 
2001). The parameters �  and � � express the level of carcass contamination with manure and its variability per 
carcass. A cumulative distribution was used to include the uncertainty related to the concentration of VTEC in a 
gram of manure, based on data reported by Zhao (Zhao et al., 1995). For this simulation we assumed that each 
carcass has a total surface of 32,000 cm2 and that each quarter receives equally one fourth of the total faeces. The 
expected number of CFU per quarter (� ) after an applied intervention equals the initial number of CFU minus the 
reported reduction due to a specific intervention. Since the number of CFU on each quarter follows a poisson 
distribution, the probability of having zero CFU on a quarter was estimated based on the simulated �  (10,000 
iterations were used) . 

The estimated elimination probabilities were used in the epidemiological model to estimate the reduction in 
prevalence by each decontamination method. The output of the epidemiological model is a distribution of the 
number of VTEC-contaminated beef quarters, produced in one day, before and after applied decontaminations. 

Lairage De-hiding Eviscerating Splitting Fat/tail removing Trimming Washing Chilling Quartering 

Farm Processing 

 S1   S2   S3   S4  S5  S6  S7  S8  S9 

Trim 
Hot-water wash 
Steam- vacuum 

Hot-water wash 
Lactic-acid rinse 
Steam-pasteurization 

Steam-vacuum Irradiation Trim 
Steam-vacuum 

 Hide-wash 

 
Figure 1. Schematic view of modelled slaughter stages and places of the considered decontamination methods 

 
 

A deterministic economic model was developed to calculate the costs of applying each decontamination method 
(or a combined set) per beef-carcass quarter. Data on some of the required cost items were estimated through 
interviewing slaughterhouse experts including two quality control managers and one general manager of 3 (out 
of 7) Dutch industrial slaughterhouses. Price of other costs such as investment costs for machineries have been 
derived from interviewing or corresponding with supplying companies, internet and personal communications. 
In the economic model the basic situation before applying a decontamination is compared with an alternative 
situation (with decontamination). Costs of decontaminations were categorized into two main groups: recurrent 
costs and non-recurrent costs. Recurrent costs of decontamination are variable costs that occur frequently. Non-
recurrent costs are fixed costs that have to be made at the beginning of the implementation of a decontamination 
method. The total costs of decontamination methods equal the sum of the recurrent and non-recurrent costs. To 
rank the decontamination methods (and their combined sets) cost-effectiveness ratios were calculated.  
 
 

3. RESULTS AND DISCUSSION 
 
Table 1 presents the results of the epidemiological and economical models along with the cost-effectiveness 
ratios of the seven decontamination methods and their combined sets. 
The estimated prevalence of daily contaminated beef-carcass quarters, without decontamination, was 9.16% 
(4.4% and 13.1%, 5th and 95th percentiles) at the end of the quartering stage. Results of the economic model 
showed that costs of decontaminations may vary between €0.22 for trimming up to €4.65 for gamma irradiation 
per quarter.  
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Results of cost-effectiveness analysis showed that trim (T) and steam-pasteurization (S) of the carcasses have the 
highest cost-effectiveness ratios (0.30 and 0.25 respectively). Irradiation and combined set of HWLS show the 
lowest cost-effectiveness ration indicating a high reduction in prevalence (9.14% reduction from the baseline of 
9.16%) as well as high level of costs (€4.65 and €1.88 respectively). 
 
 
Table 1. Cost-effectiveness ratios for decontamination methods and their combined sets 

 

R
an

k 

Decontamination methods 
Prevalence % 

(5th – 95th percentiles) 

Achieved 
reduction in 
prevalence 

Additional 
cost 

(€/quarter) 
Cost-effectiveness 

ratios (� P/ � C) 
   � P  � C CE 
0 No  intervention 9.16 (4.4 – 13.1) 0.00 0.00 0.000 
1 Trim (T) 2.41 (1.1 – 3.6) 6.75 0.22 0.307 
2 Steam-pasteurization (S) 1.66 (0.7 – 2.5) 7.50 0.30 0.250 
3 Steam-vacuum (V) 2.41 (1.1 – 3.6) 6.75 0.35 0.193 
4 Lactic-acid rinse (L) 3.01 (1.4 – 4.4) 6.15 0.36 0.171 
5 TW 1.85 (0.8 – 2.8) 7.31 0.44 0.166 
6 WS 1.20 (0.5 – 1.9) 7.96 0.53 0.150 
7 Hot-water wash (W) 6.06 (2.8 – 8.8) 3.10 0.22 0.141 
8 VW 1.84 (0.8 – 2.9) 7.32 0.57 0.128 
9 TWS 0.32 (0.1 – 0.6) 8.84 0.75 0.118 
10 Ethanol-hide wash (H) 1.98 (0.9 – 3.1) 7.18 0.64 0.112 
11 VWS 0.32 (0.1 – 0.6) 8.84 0.87 0.102 
12 TWLS 0.10 (0.0 – 0.3) 9.06 1.11 0.082 
13 VWLS 0.10 (0.0 – 0.3) 9.06 1.23 0.074 
14 HVWLS 0.02 (0.0 – 0.1) 9.14 1.88 0.049 
15 Irradiation (Ir) 0.02 (0.0 – 0.1) 9.14 4.65 0.020 

 

In Figure 2 the cost per quarter has been graphed against the reduction in prevalence of contaminated quarter 
using single decontamination methods (excluding irradiation) and combined sets. By connecting the points on 
this graph a least-cost frontier is shaped. The starting point to make this frontier is a point on the x axis (cost) 
that corresponds with the cost of the cheapest decontamination (in this case trim (T)). Then we go along the 
frontier on the effectiveness level of this cheapest method until the next cheap decontamination method with a 
higher effectiveness is found. The points located on the frontier are considered as the cost-effective set of 
decontamination methods. For each decontaminationmethod below the frontier there is at least one 
decontamination method on the frontier which has lower costs and higher effectiveness. As an example steam-
pasteurization (S) and the combined set of WS have lower costs and higher effectiveness than ethanol-hide wash 
(H) and VW that are located below the frontier. Therefore each decontamination method below the frontier is 
dominated by those on the frontier that have higher effectiveness and/or lower costs. Thus decontamination 
methods W, V, L, H and VW are not in the cost-effective set and are not recommended for implementation. In 
some cases decontamination methods located below the frontier have better cost-effectiveness ratios than the 
decontamination methods located on the frontier and to their right hand side. However, these decontamination 
methods are dominated by those located on the frontier and to the left hand side of them. For example steam-
vacuum (V) and lactic-acid rinse (L) are not on the frontier but their cost-effectiveness ratios are higher than WS 
that is located on the frontier. Nevertheless both steam-vacuum and lactic-acid rinse have lower cost-
effectiveness ratios than trim (T) and steam-pasteurization (S) and therefore they are not in the cost-effective set.  
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Figure 2. Prevalence of contaminated beef-carcass quarters plotted against costs of 14 decontamination methods 
and combined sets. 
 
In general choosing the most cost-effective decontamination method or a combined set depends on two 
important criteria: the minimum prevalence of contaminated quarters (minimum prevalence threshold) that 
decision makers want to reach to and, the maximum cost per quarter that they are willing to spend to get that 
reduction. If a decision maker aims for a certain prevalence reduction, a horizontal line (parallel to x axis in 
Figure 2) can be drawn indicating that decontamination methods below the line are excluded from the list. A 
vertical line (parallel to y axis) is drawn when the decision maker aims at a certain value as the maximum costs, 
indicating that the decontamination methods on the right hand side of the frontier are not acceptable. 
 
Results of this study showed that a reduction in prevalence of VTEC-contaminated beef-carcass quarters to 2% 
can be achieved at low costs €0.20 to €0.50 per quarter. A reduction to 1% will cost at least €0.50 to €1.00 per 
quarter. And the highest achievable reduction in prevalence to less than 1% by implementing a package of 
decontamination methods will cost between €1.00 to €2.00 or by implementing irradiation €4.65 per quarter.  
 
 

4. CONCLUSSIONS 

We showed that carcass trimming and carcass steam-pasteurization have the best cost-effectiveness ratios 
between other decontamination methods and the combined sets. Therefore they are considered as the most cost-
effective decontaminating methods to be applied in a Dutch beef slaughterhouse to reduce the prevalence of 
E.coli O157:H7-contaminated beef-carcass quarters. Nevertheless, the highest effectiveness is achieved by 
implementing a package of decontamination methods or gamma irradiation that incurs a higher level of costs.  
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1. SUMMARY 
 

When a reference or gold standard test is available to establish whether an animal is diseased or not, the accuracy 
of other (imperfect) tests can be readily determined. Common measures for accuracy of a binary test (e.g. not 
infectious or infectious, - or +) are the sensitivity (probability of a positive test result for a truly positive animal) 
and specificity (probability of a negative test result for a truly negative animal). Often however, no reference test 
is available, because no test with acceptable accuracy exists or because a possible reference test is too expensive 
for practical use in a large-scale experiment. To obtain a sample of truly positive animals, healthy animals can be 
infected. But accuracy, as determined under such controlled conditions, may be seriously biased. For a realistic 
impression of test accuracy, data have to be collected in the field. However, in the absence of a reference test, for 
such field data, the true disease status of the animals involved is unknown. 
When a new test is applied to a single herd, at least 3 parameters (a prevalence, sensitivity and specificity) have 
to be estimated, while there is only a single sufficient statistic (the number of animals in the sample that test 
positive). Consequently, parameters are not identifiable. By adding a second test and sampling from two herds 
with different prevalences, all 6 parameters (two prevalences, two sensitivities and two specificities) are 
identifiable, as shown by Hui and Walter (Biometrics, 1980). The model that is used is an example of a latent 
class model. Hui and Walter assume equal specificity and sensitivity for the two herds and independence 
between tests conditional upon the true disease status of the animals. However, tests may be dependent, for 
instance when they are based on similar biological principles. Without the assumption of independence,  there 
may be identifiability problems again. 
Often there will be prior information available, for instance a bacterial examination of cultures grown from 
faeces or saliva will typically have a high specificity. When the information is not specific enough to assume that 
some parameters are actually known, a Bayesian analysis employing prior distributions for the parameters 
becomes appealing. Also, through the use of prior information, problems with parameter identifiability can be 
mitigated. Moreover, powerful Markov Chain Monte Carlo (MCMC) algorithms are available, to perform 
Bayesian inference. 
In the talk I will offer a brief introduction to problems with diagnostic test evaluation in the absence of a gold 
standard. Some pros and cons of the Bayesian analysis with the latent class model will be discussed and despite 
the cons I will end up with a firm recommendation for (judicious) use of this approach. 
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1. SUMMARY 

 
    In this study, direct economic losses due to N. caninum infection, based on actual data from N. caninum 
seropositive reference herds and from herds that experienced an N. caninum- associated abortion epidemic, were 
calculated using a stochastic model with random elements. The results demonstrated that 76% of seropositive 
reference herds had no economic losses, whereas in the remaining 24% of herds, the economic losses went up to 
maximally €2000 per year. In epidemic abortion herds, economic losses continued after the actual event of the 
abortion epidemic for at least two more years with average costs of €50 per animal per 2 years. In both herd 
situations, highest losses were related to premature culling of seropositive cows and to a lesser extent to the 
effects of abortion (extended calving interval and age of first calving). 
 
 

2. INTRODUCTION 
 

    Infection with Neospora caninum is a major cause of reproductive failure in cattle in many countries (Dubey, 
2003), causing potentially considerable economic losses (Chi et al., 2002; Hogeveen and Van der Heijden, 
2003). In addition to abortion, effects of bovine neosporosis may include stillbirths and neonatal mortality, early 
foetal death and resorption manifested as return to service, increased time to conception, increased culling, 
reduced milk production and reduced value of breeding stock (Trees et al., 1999). There have been studies 
investigating the effect of N. caninum serostatus on culling (Thurmond and Hietala, 1996; Cramer et al., 2002; 
Tiwari et al., 2005), milk production (Thurmond et al., 1997; Hernandez et al., 2001; Hobson et al., 2002; 
Romero et al., 2005) and reproductive performance (Jensen et al., 1999; López-Gatius et al., 2005; Romero et al., 
2005) in dairy cattle. The results of these studies showed that the effect of N. caninum infection is not the same 
in different situations.  
 
    In various countries, amongst which The Netherlands, control strategies are being promoted (Dijkstra et al., 
2005). To our knowledge, these control strategies are not supported by some form of cost-benefit calculations. 
However, two studies have estimated the production losses due to N. caninum (Chi et al., 2002; Hogeveen and 
Van der Heijden, 2003). These studies were based on an normative model for both the epidemiological effects of 
N. caninum and the economic consequences of these effects. Therefore, the objective of the present study was to 
determine the direct economic losses of N. caninum infection related to culling, reproduction performance and 
milk production based on actual data from random N. caninum seropositive herds and from herds that 
experienced an abortion epidemic associated with N. caninum. 
 
 

3. MATERIALS AND METHODS 
 

3.1 Selection of herds and testing of animals 
 
    From a group of 108 randomly selected Dutch dairy herds of a previous study (Bartels et al., 2006a), all N. 
caninum seropositive herds (N=83) were included in the present study as the “reference group”. No specific 
information on N. caninum abortion occurrence was available. Another group of 17 dairy herds was included in 
the study as “epidemic abortion group”. Owners of these herds had contacted the Animal Health Service (AHS) 
between April 1997 and November 2000 because of epidemic abortion outbreaks (Wouda et al., 1999). The first 
contact was between one month and one year after the an abortion epidemic. Infection status for N. caninum was 
determined by detection of N. caninum antibodies using an AHS in-house ELISA-method (Wouda et al., 1998, 
Von Blumröder et al., 2004). The results of the ELISA-method were calculated as S/P ratio = {(optical density 
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(OD) test sample - OD negative control)/(OD positive control - OD negative control)}. A cut-off S/P ratio of < 
0.5 was defined as negative (N), a S/P ratio of 0.5-1.5 as low positive (LP), and a S/P ratio > 1.5 as high positive 
(HP).  

 
3.2 Economic simulation model 

 
    A multi-process Monte Carlo stochastic simulation model was developed to estimate the economic losses of 
N. caninum infection and N. caninum associated abortions. The model was built in a spreadsheet (Microsoft 
Excel) with @Risk add-in software (Palisade Corporation, Newfield NY, USA). The basic process in the model 
is the animal (cow or pregnant heifer) For every iteration, each animal receives a number of characteristics 
(parity and with parity one or higer, milk production and calving interval) and a N. caninum infection status 
(Figure 1). Depending on the N. caninum status, abortion might occur. Culling due to N. caninum might occur as 
a consequence of abortion or unrelated to abortion. The following direct economic losses were distinguished: 
premature culling, increased calving interval (for animals with a parity of one or higher), increased age at first 
calving (for pregnant heifers), additional inseminations, milk production losses and veterinary and diagnostic 
costs. Economic losses were calculated over a one-year period and three different herd infection statuses were 
distinguished: reference herds, herds in the first year following an abortion epidemic and herds in the second 
year following an abortion epidemic. Probabilities of events and consequences of events were dependent on the 
herd infection status. Within each iteration multiple processes (animals) were run simultaneously to simulate a 
herd. Results of these individual processes were cumulated to determine the economic losses at the herd level. 
 

Model input on cow characteristics and events 
 
    Based on data from the Dutch Dairy Cattle Improvement Organisation (NRS, Arnhem, The Netherlands), the 
milk production (kg per lactation) of a cow was based on a normal distribution with an average of 8,500 kg (sd 
700 kg). The calving interval of a cow was based on a Pert distribution with a minimum, most likely and 
maximum value of 365, 400 and 450 days respectively. Based on the parity prevalence in the study herds, parity 
of a cow had the following distribution: parity 0 (pregnant heifer): 18%; parity 1: 25%, parity 2: 18%, parity 3: 
14%, parity 4: 10%, parity 5: 6% and parity �  5: 9%.  

 
Table 1. Probabilities (in percentages) of cow characteristics and events for different herd infection status 
(seropositive reference herds, herds 1 year after an abortion epidemic and herds 2 years after an abortion 

epidemic) and animals with a different serostatus (N = negative, LP = Low Positive and HP = High Positive), 
used as input data for the modelling of economic losses due to N. caninum in Dutch dairy herds. 

Input data Category Serostatus Herd infection status 

   Reference Epidemic 
abortion 1st 
year 

Epidemic 
abortion 2nd 
year 

Within herd prevalence  N 89.2 53.0 65.6 

  LP 6.2 14.0 8.7 

  HP 4.6 33.0 25.7 

Culling Heifer N 4.1 17.0 25.0 

  LP 4.1* 25.1 27.7 

  HP 4.1* 37.5 51.5 

 Cow N 24.0 5.1 12.8 

  LP 24.0* 8.8 21.2 

  HP 36.6 11.7 20.6 

Abortion rate Heifer N 7.6 13.6 10.1 

  LP + HP** 7.6* 26.9 16.0 

 Cow N 6.6 6.5 5.6 

  LP + HP** 6.6* 14.2 9.1 

* Probabilities for LP or HP were not statistically different from Negative cows. 
** Probabilities for LP and HP were not statistically different from one another. 
 

    Events were modelled as discrete distributions and were based upon a previous study on the effects of N. 
caninum serostatus on culling, milk production and reproduction performance (Bartels et al., submitted). The 
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prevalence of infection in reference herds (10.8%) was much lower than in epidemic abortion herds (47.0% and 
34.4% in the 1st and 2nd year after abortion epidemic respectively). In reference herds, the proportion of HP cows 
was 40% of the seropositive cows, where as in epidemic abortion herds, HP cows consisted up to 75% of 
seropositive cows. In that study, significant effects of LP and HP animals compared to N animals were found for 
culling (all herd types), milk production (epidemic abortion herds in the 1st year after an abortion epidemic) and 
abortion (epidemic abortion herd types only). The effects of N. caninum have been quantified by relative 
measures such as hazard ratios for culling and odds ratios for abortion. However, the economic simulation model 
made use of probabilities of events occurring, given the cow status N, LP or HP. Using the model output, the 
simulation model probabilities have been calculated as follows. In reference herds, the culling data fitted a Cox 
Proportional Hazards model best. The base line hazard for culling (the probability of a N cow being culled on a 
particular day, given that it had not been culled up to that day) was multiplied by 365 to calculate the cumulative 
hazard for culling over a one-year period. Subsequently for HP cows, it was multiplied by the hazard ratio (1.6) 
found for HP cows. The hazard ratio for LP cows was not significant. In epidemic abortion herds, a parametric 
survival model with Weibull distribution and accelerated failure time fitted the data best. The cumulative hazards 
in the first and second year after the abortion epidemic were estimated by visual inspection of the cumulative 
hazard graph based on the model estimates (‘cumhaz’ after ‘streg’, STATA/SE 8.2). For abortion, the base line 
abortion rate for N cows was calculated using the constant, 0� , from the logistic regression model as:   

 
Prob ( abortion | N cow) =  

)*0{
1

1
serostatusjjXj

e
��� ���

�

  Eq. 1 

 
where jXj�   accounted  for the estimated effect of parity and production level and serostatusj *�  

accounted for the effect of serostatus. For LP and HP cows, the estimated parameters for abortion in LP and HP 
cows were added to Eq. 1 to calculate abortion rate in LP and HP cows respectively.  

 
Model input on economic consequences of N. caninum 

 
    Economical losses due to N. caninum caused by premature culling were estimated using a calculation of the 
retention pay-off. The retention pay-off is the difference in expected net revenue (in terms of present value) of 
the culled cow and a replacing heifer, corrected for the costs to buy or raise this replacing heifer. In the 
simulation model, different retention pay-off values were used based upon the production level and parity of the 
cow culled (Houben et al, 1994, updated for the Dutch market situation in 2004). Maximum retention pay-off 
was €1,332 for a cow in parity 3 with a relative production level of 120 % and the minimum retention pay-off 
was - €9 for a cow with a relative production level of 85 % and a parity of 3 or higher. The costs for culling of a 
pregnant heifer were estimated to be €1,000 (normative; based upon the costs to raise a heifer). If a cow aborted 
and was not culled afterwards, abortion would result in a longer calving interval. This extension of the calving 
interval was estimated based on the simulated abortion date plus the number of days to a next simulated 
conception plus the duration of a full pregnancy. Results of Jalvingh and Dijkhuizen (1997, updated for Dutch 
market circumstances) were used to calculate the economic consequences of a non-optimal calving interval. 
Depending on the length of the calving interval, the costs of an extended calving interval varied from €0.30 to 
€1.15 per day. The economic losses due to N. caninum abortion were calculated by subtracting the damage of the 
initial calving interval from the damage of the extended calving interval. For pregnant heifers, a similar approach 
was followed, except that the time from abortion to new conception was taken as a constant. The economic 
damage of an increased calving age of the heifer was set as a normative value of €1.50 per day. The number of 
additional inseminations could be one, two or three (discrete distribution). The cost of one additional 
insemination was set to €18.  
 
   An effect on milk production was only found in HP cows in the 1st year after an abortion epidemic (Bartels et 
al., submitted). Although the effect was significant, the production loss in terms of kg milk per cow was not high 
(-0.32 (95%CI: 0.01-0.63) kg milk/day for the first 100 days in milk) (data not presented) and rounded off to 
amount 1% decrease in production. The economic losses associated with decreased milk production, were 
calculated by multiplying the milk production losses with the costs of a decreased milk production. The latter 
costs (€0.07 per kg) were based upon the marginal costs of having more cows in order to fill the milk quota. It 
was assumed that there were no opportunity costs for additional labour and barn requirements and that the farmer 
had enough roughage available.  
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Table 2. Description of input variables used in the modelling of the economic losses due to N. caninum in Dutch 
dairy herds. 

 
Variable Distribution Values Reference 

Costs for replacement of a culled cow (€) constant Retention pay-off  Houben et al., 1994, values 
updated for 2004. 

Costs for replacement of a heifer (€) constant 1000 Expert opinion 

Day of abortion during gestation pert  128  
(min 128-max 260) 

Bartels et al., submitted 

Number of extra inseminations after 
abortion (cow and heifer) 

discrete Prob(1 ins) = 0.1 
Prob(2 ins) = 0.8 
Prob (3 ins) = 0.1 

Expert opinion 

Days to new conception after abortion 
(cow) 

pert 71 
(min 3-max 105) 

Expert opinion 

Days to new conception after abortion 
(heifer) 

constant 50 Expert opinion 

Costs for extra days to next calving (€) constant Optimized calving 
pattern 

Jalvingh and Dijkhuizen, 
1997, values updated for 
2004 

Costs for extra day to 1st calving (€) constant 1.50 Expert opinion 

Costs for additional insemination (€) constant 18 Expert opinion 

Costs of decreased milk production (€/kg) constant Milk prod. loss  * 
costs of decreased 
milk production 

Marginal costs to have 
more cows on the farm 

Costs of vet consult  
(€per hour) 

constant 100 Royal Dutch Society for 
Veterinary Medicine 

Costs of laboratory investigations  
€ for serology,  
€ for post mortem 

constant  
10 
75 

Animal Health Service 
Ltd. 

 
 
    The costs for treatment, veterinary consult and laboratory investigation were based on a number of 
assumptions. As part of the monitoring of brucellosis-free status, Dutch farmers are obliged to test aborting 
animals serologically for brucellosis. Expenses for the veterinary visit and sampling of the cow are financed 
through a nationwide monitoring system. However, when 3 or more cows aborted, it was assumed that herdsmen 
wanted to have additional advice from the veterinarian (15 minutes at €100 per hour) on treatment and 
prevention with a likely outcome that more animals were tested and an aborted foetus was submitted for post 
mortem investigation.  

 
3.3  Simulation and sensitivity analysis 
 
    Each simulation was run with 5,000 iterations with 65 simultaneous processes (simulating a herd size of 65 
animals). In a sensitivity analysis, baseline output resulting from default values was compared to output based on 
alternative values. For the sensitivity analysis, a farm in the 1st year after an abortion epidemic was used. The 
reason for this choice was that in this situation, most effects of N. caninum serostatus were present and this 
would provide the largest discriminating effect of the changed parameter. The following parameters were varied 
such that it was relevant for the Dutch situation: herd size (from 45 to 150 cows); probability of abortion in HP 
cows (increasing from 10 to 50% compared to LP cows); costs of culling a cow (from 50% to 150 % of the 
default costs) or a heifer (from 75 to 125% of the default costs); value of decreased milk production (from 170 to 
210% of the default costs). 

 
 

4. RESULTS 
 

    Reference herds with 65 cows had on average 7 seropositive animals (90% CI: 3-11). The mean economic 
losses of N. caninum infection in seropositive dairy herds were €117 per year, as an effect of premature culling 
of HP cows. However, no economic losses were present on 76% of dairy herds whereas in 5% of situations the 
costs were €1000 or higher. These costs were applied when the culled animal was a heifer and all costs made to 
raise the heifer were lost (results not presented). In the situation of an epidemic abortion herd, the number of 
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seropositive animals was on average 31 (90%CI: 24-37) in the first year after an abortion epidemic. Mean 
economic losses in the first year were €2,053 (90%CI: €454 - €4,174) (Table 3). The highest costs were related 
to premature culling of N. caninum seropositive animals (€1,485 (90%CI: €863 – €3,317)) and extended calving 
interval or increased age at first calving (combined €376 (90%CI: €0 - €1,175)). The economic losses for 
reduced milk production were considerably less with €105 (90%CI: €70 - €140) while costs for treatment and 
diagnostics (€49 (90%CI: €0 – €235) and extra inseminations for aborted cows (€38 (90%CI: €0 - €105)) were 
minor. In the second year after an abortion year, the mean number of seropositive animals in a herd of 65 cows 
was 22 (95%CI: 16-28). There was no longer an effect of N. caninum infection on milk production and effects on 
culling and abortion were less than in the first year after an abortion epidemic. Consequently, economic losses 
were €1,216 (90%CI: €0 – €2,924) primarily based on costs due to premature culling of seropositive animals. 
Thus, in addition to the costs at the time of an abortion epidemic, the mean sum of economic losses in two 
consecutive years after an abortion epidemic amounted to €3,269 or €50 per animal in the herd. Premature 
culling of seropositive animals accounted for 78% of these costs, while the extended calving interval and age at 
1st calving accounted for 16% of these costs. Reduced milk production (3%), treatment and diagnostics (2%) and 
extra inseminations (2%) contributed only little to the total costs. 

 
 

Table 3. Economic losses (€) due to N. caninum infection in Dutch epidemic abortion herds in first and second 
year after an abortion epidemic. 

 
 1st year after abortion epidemic  2nd year after abortion epidemic 

 5th 
percentile 

Mean 95th 
percentile 

 5th 
percentile 

Mean 95th 
percentile 

Total 454 2,053 4,174 0 1,216 2,924 
 

Premature culling 86 1,485 3,317 0 1,058 2,618 

Extended calving 
interval 

0 161 512 0 72 335 

Extended age at 1st 
calving 

0 215 663 0 63 334 

Extra 
inseminations 

0 38 105 0 16 60 

Reduced milk 
production 

0 104 140 0 0 0 

Treatment and 
diagnoses  

0 50 235 0 7 87 

 
 
4.1Sensitivity analysis 
 
    As a default, the herd consisted of 65 animals. When reducing or increasing the number of cows per herd, 
there was no effect on the average cost per animal. The 95% percentile costs reduced with increasing number of 
cattle in a herd (Table 4).  

  
 

Table 4. Effects of changing base line input values on estimated economic losses due N. caninum infection in 
Dutch dairy herds in the first year after experiencing an abortion epidemic. 

  Variation Effect on 
mean 

Effect on 
95 percentile 

Number of cows compared to 65 45 
105 

3% 
No effect 

+ 11% 
-18% 

Costs for culling compared to 
default 

+50% +18% +13% 
 

Value of culled heifer 
(compared to €1000) 

+25% +10% +13% 

Increasing abortion risk for HP 
compared to LP cows 

+10% 
+20% 
+50% 

+1% 
+4% 

+14% 

+2% 
+4% 

+10% 
Costs for reduced milk +70% +4% +2% 
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production compared to 
€0.07/kg milk 

+115% +6% +3% 

 
 

The greatest effects on economic losses were found when different assumptions on prices for animals that had to 
be culled prematurely and replacement costs for replacing heifers were considered. When the abortion risk in HP 
animals was increased compared to LP animals then the economic losses increased maximally 14% in case of 
50% increased abortion risk in HP animals. The effect of changing prices for reduced milk production was small 
because milk production loss was a minor proportion of the total losses. 
 
 

5. DISCUSSION 
 
    The objective of this study was to calculate economic losses due to N. caninum infection in dairy herds with 
and without a history of N. caninum associated epidemic abortions. The results demonstrated that for 76% of 
seropositive reference herds, there were no economic losses due to N. caninum infection. In the remaining 24% 
of herds, the economic losses ran up to maximally €2000 in the exceptional situation that two seropositive 
heifers were culled prematurely. For epidemic abortion herds, the economic losses continued after the actual 
event of the abortion epidemic for at least two more years. These costs were on average €50 per animal per 2 
years and were in addition to the losses during the abortion epidemic (premature culling, prolonged calving 
interval and age of 1st calving, milk production losses, treatment and diagnosis).  
 
    The economic losses were calculated using a stochastic model. This kind of model provides the possibility to 
account for naturally existing variation. In addition to a mean outcome value, stochastic modelling provides 
information about the variation around a mean value (Dijkhuizen and Morris, 1997). The input data for the 
stochastic model were taken from a study  on the effect of N. caninum infection in Dutch dairy herds (Bartels et 
al., submitted). In this study the effect of N. caninum infection on culling, reproductive performance and milk 
production was quantified based on actual data from these herds. There was no effect found of N. caninum 
serostatus on abortion, contrary to the fact that N. caninum infection is primarily an abortifacient agent. It was 
argued that abortion events were underestimated because these events were defined by recorded calving and 
insemination dates and not by notification of expulsion of a calf foetus. Most likely this underestimation was 
‘compensated’ by the fact that HP cows were culled shortly after an abortion.  
 
    Two other studies (Chi et al., 2002; Hogeveen and Van der Heijden, 2003) have looked into the economic 
losses due to N. caninum based on previous studies and expert opinion. Chi et al. estimated the direct production 
losses (premature voluntary culling, loss of milk yield from abortion and abortion) and treatment costs 
(veterinary services, medication cost and extra farm labour cost) of N. caninum infection in the Maritime 
provinces of Canada at $2,304 (€1,921) annually. They used a partial budget model adapted from a spreadsheet 
suggested by Bennett (1999). Highest costs were associated with abortion and included an assumed 28% loss in 
milk yield for each aborting cow (Bennett et al., 1999). Hogeveen and Van der Heijden (2003) had estimated the 
average annual costs at €249 with a maximum of €5,604 for a herd with 50 lactating cows. Their estimates were 
based on cataloguing the economic effects of neosporosis on partial budgeting while the physiological effects of 
infection were based on literature information. In comparison with the results from our study, Hogeveen and Van 
der Heijden (2003) used 3.5% milk loss in a seropositive cow, a higher percentage of premature culling after 
abortion and a normative value (180 days) for the extended calving interval after abortion. In the present study, 
using actual data as input for a stochastic model on different herd situations, estimated economic losses due to N. 
caninum infection were much smaller for the herd situation that was most prevalent (i.e. seropositive herd with 
no history of an abortion epidemic).  
 
    The results of this study can be used as part of a cost benefit analysis on the control of N. caninum infection. 
Currently, control of N. caninum infection is focussing on separation of dogs from cattle, testing of aborting 
cows and trying to keep the within-herd seroprevalence low (Dijkstra et al., 2005). For the latter control measure, 
bulk milk testing has been evaluated (Bartels et al., 2005). In their study, Bartels et al. (2005) demonstrated that 
a negative bulk milk test result, for 85% correctly predicted a within-herd seroprevalence below 15%. Regular 
testing of bulk milk might prove an useful monitoring tool, combining sampling ease with low costs for testing. 
A further study is needed to determine if the costs for regular bulk milk testing outweigh the potential economic 
losses in dairy herds. For herds experiencing an abortion epidemic, the results of the present study give better 
insight of the extent of direct costs following the abortion epidemic. For these farmers, knowledge of the 
potential economic losses will allow them to make better choices amongst various control options to reduce the 
effects of high seroprevalence in herds after an abortion epidemic (Dijkstra et al., 2005).   
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1. INTRODUCTION 
 

Foot and mouth disease (FMD) is a contagious viral disease of cloven-hoofed animals, which can cause severe 
economic losses to the farm animal industries. At this moment the European Union has a FMD virus-free status 
and applies a non-prophylactic vaccination strategy. During an epidemic, emergency vaccination can be applied 
to induce rapid protective herd immunity leading to reduction of virus transmission. Whether or not a single 
vaccination induces sufficient herd immunity, is not fully known. 
 So far many studies have been carried out to examine vaccine-induced clinical protection against FMD in 
various species (Barnett et al., 2002, Cox et al., 1999, Donaldson & Kitching, 1989). Limited studies are, 
however performed on the ability of emergency vaccination to reduce virus transmission (Golde et al., 2005). 
We performed few studies with the O/NET 2001 FMDV field strain. The first study was carried out in calves. 
Based on the observations during the outbreak it was likely that the results obtained in the calves in this study 
could not be extrapolated to adult cows, because of the more severe clinical signs reported in adult dairy cows. 
Severe clinical signs will most likely attribute to higher infectivity of the infected animal (Quan et al., 2004), 
resulting in more virus transmission (Alexandersen et al., 2003). Moreover, the addition of transmission by milk 
and milk equipment might also increase FMDV transmission in lactating cows by introducing an extra 
transmission route (Donaldson, 1997). Therefore we expanded our studies on the effect of a single vaccination 
on virus transmission in free-mingling vaccinated and non-vaccinated calves to lactating cows. In this paper we 
will focus on the differences found between calves and cows. 
 
 

2. MATERIALS AND METHODS 
2.1 Animals 
We performed two experiments with 24 Holstein Friesian calves per experiment  (12 groups of 4 calves each), 8-
10 weeks of age (Orsel et al. 2005). We performed two other experiments with 20 adult cows (4 groups of 10 
cows) (Orsel et al. 2006 submitted). The cows were multiparous and lactating for a minimum of 50 till 120 days.  
 
2.2 Vaccine and challenge virus 
The vaccine was a commercially available O1 Manisa vaccine with approximately 11 PD50 (Animal Sciences 
Group of Wageningen UR, Lelystad) prepared in a double-oil-in-water emulsion (DOE). Virus inoculation was 
carried out using 1500 cattle ID50 of the first cattle passage of the FMD field isolate O/NET 2001 (Bouma et al., 
2004). 
 
2.3 Experimental design 
In each experiment, half of the groups were vaccinated subcutaneously according to the manufactures standard, 
two weeks before inoculation (-14 dpi). The other groups remained unvaccinated. At the day of inoculation (0 
dpi), 50% of the animals in each group (that is 2 out of 4 calves and 5 out of 10 cows) were separated, sedated 
with xylazine and subsequently inoculated intranasally with 1.5 ml of FMD virus suspension per nostril. 24 
Hours after inoculation (1 dpi), the animals were reunited, to be able to study the effect of contact exposure on 
the other half of the group. The experiment ended at 30 dpi, which was assumed to be a sufficient time span for a 
possible contact-infection and rise of antibody titer against structural and non-structural proteins to occur. We 
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also determined the number of carriers, i.e. animals in which virus can be detected for at least 28 days after 
infection. 
 
2.4 Sampling procedures 
Regular sampling was performed during the first 14 days and described in detail in Orsel et al (Orsel et al., 
2005). Clinical signs were recorded from 0 till 14 dpi, and also when physical condition made further clinical 
investigation of their health status necessary. FMD specific locations were individually scored for presence of 
vesicles. Heparinised blood (for virus titration) and clotted blood (for serology) was taken. Oropharyngeal fluid 
(OPF) was collected by inserting a cotton mouth swab in a forceps of 25 cm long and rubbing the surface of the 
oropharyngeal cavity. Probang sample were collected by scraping the oropharynx with a probang sampler. 
Samples were treated an stored as described by Moonen et al (Moonen et al., 2004). 
 
2.5 Laboratory tests 
All OPF, probang and heparinised blood samples were tested for the presence of virus by plaque titration on 
monolayer of secondary lamb kidney cells. An FMD specific RT-PCR was performed on isolated RNA from 
OPF, heparinised blood and probang samples. The primers and probes used are described by Moonen et al 
(Moonen et al., 2003). Virus neutralization test (VN-test) was performed as described by Dekker et (Dekker & 
Terpstra, 1996) using O1 Manisa virus and secondary porcine kidney cells. Antibodies against FMDV non-
structural proteins were detected using a commercial NS ELISA (Ceditest ®) performed in accordance with the 
instructions of the manufacturer to discriminate between infection and vaccination (Cedidiagnostics, Sorensen et 
al., 1998). 
 
2.6 Quantification of transmission and statistical methods 
We used a stochastic S-I-R model (susceptible-infectious-recovered model) as described by de Jong and 
Kimman (De Jong & Kimman, 1994) in which S is the total number of susceptible, I the total number of 
infectious and R the total number or recovered animals. In the model we classified the animals as infected (I), 
when either clinical signs were present or when a sample tested positive in the laboratory tests. The animals were 
classified recovered at the end of the experiment after being infectious at the start. Carrier cattle were considered 
recovered, because other studies have shown that transmission from carrier cattle is not very likely compared to 
transmission from acutely infected cattle. The experimental period was sufficient for all infected or contact 
animals to recover from infections; therefore it was valid to use the final size of the experiment to calculate the 
reproduction ratio R. The value for R that maximizes the likelihood function is called the maximum likelihood 
estimate (MLE) of R. With the final size of infection and by means of the MLE, R was estimate for the 
vaccinated groups (Rv) and non-vaccinated groups (Rnv). We tested one-sided whether Rv was below 1 and Rnv 
above 1 to quantify the effect of vaccination. To compare the strategy with and without vaccination, we also 
tested if Rnv and Rv were significantly different (Bouma et al., 2000, Kroese & de Jong, 2001). Finally 
transmission results in calves and cows were compared. 
 
In addition, the mean daily virus excretion (average virus titer calculated from the days the animals tested 
positive in the VT-test) and number of days the animals tested positive in VT-test in OPF were compared by a 
Mann Whitney U-test. With a Mixed linear Effect Model (S-Plus 6.2) random effects associated with experiment 
units (animal and group) were modelled to analyze the effect of days after infection, age-group (calf or cow) and 
status (inoculated or contact-infected) on the virus titers isolated form the OPF. 
 
 

3. RESULTS 
 

No clinical signs were observed in the vaccinated animals. In the non-vaccinated groups differences were 
observed between calves and cows. Besides the severity of the clinical signs and the number of specific locations 
affected by FMDV, were higher in the adult cows. Signs of adult cows were raise in body temperature, lack of 
appetite and recumbency. The calves were only mildly affected and scored positive on close inspection of the 
specific FMD sites (figure 1). 
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Figure 1: Clinical score in non-vaccinated cattle 
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The laboratory test results for the individual calves were published (Orsel et al., 2005) and for the individual 
dairy cows submitted for publication (Orsel et al., 2006). The final size of infection is summarized in table 1 and 
2. 
 
Table 1: Final size of infection in the S-I-R model for calves 
 
Groups N S0 I0 St Rt I t xi f 

Control 4 2 2 0 4 0 2 4 

Control 4 2 2 1 3 0 1 2 

         

Vaccine 4 3 1 3 1 0 0 1 

Vaccine 4 2 2 2 2 0 0 4 

Vaccine 4 2 2 1 3 0 1 1 

 

 
Table 2: Final size of infection in the S-I-R model for lactating cows 
 
Groups N S0 I0 St Rt I t xi f 

Control 10 5 5 0 10 0 5 2 

         

Vaccine 10 7 3 7 3 0 0 1 

 

N = total number of animals in group  S0 = total number of susceptible animals at start 

I0 = total number of infectious animals at start St = total number of susceptible animals at end 

It = total number of infectious animals at end Rt = total number of recovered animals at end 

f = number of repetitions   x
i
 = number of contact infections 

 

The transmission ratio Rv-calves was 0.18 (0.01;1.2) and significantly below 1. In the groups of non-vaccinated 
calves, transmission occurred in all groups. This resulted in a Rnv-calves of 2.52 (1.13;52.1), which was 
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significantly above 1 (p=0.01), when tested one-sided. The R-values of both groups were significantly different 
(p=0.003).  
In the vaccinated cows only three inoculated cows tested positive and no transmission occurred. In one group 
non infections occurred and this group was excluded from the calculations. This resulted in an estimated Rv-cows  

of  0 (0.0;3.4) and not significantly below 1 (p=0.20), due to the fact that not all inoculated cows became 
infected, resulting in a low power of the test. In the non-vaccinated groups Rnv-cows was estimated �  (1.3; � ), 
which was significantly above 1 (p=0.007). When comparing the groups of cows with and without vaccination a 
significant difference between Rv-cows and Rnv-cows was observed (p=0.013). 
 
The reproduction ratio of non-vaccinated calves and non-vaccinated cows was compared. No significant 
difference was found (p=0.57), probably due to the difference in study design (2x2 compared to 5x5); because of 
available housing facilities for adult milking cows they had to be housed in larger groups. 
When comparing the number of days the cows and calves that tested positive for virus in OPF, a significant 
difference was observed between the groups of inoculated non-vaccinated animals and the contact-exposed non–
vaccinated animals (p=0.022, p=0.00, respectively). Mean daily virus excretion differed significantly between 
both non-vaccinated inoculated and contact-exposed calves and cows. MDV and number of days tested positive 
are visualised in figure 2-5. In figure 2 – 5 the calves and cows are sorted on the height of the MDV. Figure 2 
and 3 show that the mean virus titre on the days cattle excrete virus is similar, although the number of excreting 
calves is lower in contact-exposed calves.  Figure 4 and 5 show the comparison between MDV in inoculated and 
contact cattle respectively, and it is clear that besides the number of days, the amount of virus excreted by the 
calves is lower. The vaccinated groups were not tested since no virus excretion was measured in the vaccinated 
cows. 
 
 
Table 3: P-values obtained when comparing the results of non-vaccinated calves and cows with respect to mean 
daily virus excretion (MDV) and the number of days the cattle were found positive. 
 MDV-

excretion 
# days 
tested 
positive 

Calves versus cows Inoculated 0.049 0.022 
Calves versus cows Contact-exposed 0.004 0.00 
Calves Inoculated versus contact 0.267 0.006 
Cows Inoculated  versus contact-exposed 0.384 0.728 
 
 
 
In the linear mixed effect models in which we took the experimental unit into account, ‘days after infection’, and 
‘type of animals’ was modelled to be of significant effect on the virus titers measured. In accordance with the 
MWU-tests, significant differences were seen between calves and cows with respect to virus excretion. However 
no significant differences were observed between inoculated and contact-infected status of cattle (pre-liminary 
results). 
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Figure 2: Mean daily virus excretion in OPF of non-vaccinated calves 
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Figure 3: Mean daily virus excretion in OPF of non-vaccinated dairy cows 
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Figure 4: Mean daily virus excretion of inoculated cattle 
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Figure 5: Mean daily virus excretion of contact-exposed cattle 
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4. DISCUSSION 
 
In the first study, we investigated whether single vaccination against FMDV could significantly reduce virus 
transmission in groups of calves compared to transmission in groups of non-vaccinated calves and whether 
vaccination could reduce R to a value below one. The overall reproduction ratio in the vaccinated groups was 
0.18, which was significantly below 1, and also significantly different from the R in non-vaccinated groups 
(2.52). Our findings implicate that single vaccination in a population of calves can reduce transmission and that 
it might be sufficient to eradicate the virus during an epidemic of FMD. It may therefore be an effective 
additional intervention tool during an epidemic.  
In the second study with adult cattle, a significant difference in virus transmission in vaccinated and non-
vaccinated groups of lactating cows was observed, illustrated by a point estimate of Rnv-cows of �  (1.3; � ) and Rv-

cows  of  0 (0.0;3.4). The estimate in the vaccinated groups was not significantly below 1, probably due to the low 
power of the statistical test, since a successful infection only occurred in three out of ten inoculated vaccinated 
cows. Although not significantly below 1 after vaccination, vaccination can still be an additive intervention tool 
during an epidemic. The reproduction ratio in non-vaccinated calves and non-vaccinated cows did not differ 
significantly. Significant differences in mean daily virus excretion and the number of days animals tested 
positive on virus in OPF samples was observed between calves and cows. This might also have impact on the 
length of the epidemic, since cows excrete virus for a significant longer period of time. From the LME- models it 
was shown that the “day after infection” and the “type of animal” has s significant impact on the virus titers 
measured in OPF. 
 
In our studies differences were observed in severity of clinical signs between cows and calves. Cows remained 
recumbent and this resulted in three cows that needed to be euthanised before the end of the experiment, whereas 
calves only showed mild clinical signs. No evidence of inverse age resistance for FMDV is described in cattle in 
literature before. Age difference was only suggested in literature in the observations of the 1967-1968 outbreaks 
of FMDV in pigs in the UK (Hugh-Jones, 1976). Strain and species dependencies are described in literature 
(Kitching, 2002, Kitching & Alexandersen, 2002, Kitching & Hughes, 2002), but we also found differences in 
virus excretion in OPF. 
Since severe clinical signs will most likely attribute to higher infectivity of the infected animal, this may result in 
higher virus transmission. Although the quantification of R did not result in significantly different values, the 
virus excretion is significantly different in calves and cows will most likely contribute to higher virus 
transmission. Besides differences in clinical signs and MDV, milk is also known as a contributing transmission 
route. Not only within herd transmission through milking gear, but also between herd transmission through milk 
tanker collections are associated with FMDV transmission (Dawson, 1970). So additional hygiene measures for 
dairy cattle might be necessary during an outbreak. 
 
In conclusion within one species, that is cattle, differences in FMD infection and transmission were observed. 
The impact on the epidemic size might differ with affected age-groups and whether or not an animal is lactating. 
When applying emergency vaccination this might influence the priority of animals needed to be vaccinated. 



30 

 
5. REFERENCES 

 
Alexandersen, S., Quan, M., Murphy, C., Knight, J. & Zhang, Z. (2003). Studies of Quantitative Parameters of 

Virus Excretion and Transmission in Pigs and Cattle Experimentally Infected with Foot-and-Mouth 
Disease Virus. J Comp Pathol 129, 268-282. 

Barnett, P., Garland, A. J., Kitching, R. P. & Schermbrucker, C. G. (2002). Aspects of emergency vaccination 
against foot-and-mouth disease. Comp Immunol Microbiol Infect Dis 25, 345-64. 

Bouma, A., De Smit, A. J., De Jong, M. C., De Kluijver, E. P. & Moormann, R. J. (2000). Determination of the 
onset of the herd-immunity induced by the E2 sub-unit vaccine against classical swine fever virus. 
Vaccine 18, 1374-81. 

Bouma, A., Dekker, A. & de Jong, M. C. (2004). No foot-and-mouth disease virus transmission between 
individually housed calves. Vet Microbiol 98, 29-36. 

Cedidiagnostics Foot and Mouth Disease virus antibody test kit to 3ABC non structural protein. Ceditest  FMDV 
NS (cattle, sheep, goat and pig). 

Cox, S. J., Barnett, P. V., Dani, P. & Salt, J. S. (1999). Emergency vaccination of sheep against foot-and-mouth 
disease: protection against disease and reduction in contact transmission. Vaccine 17, 1858-68. 

Dawson, P. S. (1970). The involvement of milk in the spread of foot-and-mouth disease: an epidemiological 
study. Vet Rec 87, 543-8. 

De Jong, M. C. & Kimman, T. G. (1994). Experimental quantification of vaccine-induced reduction in virus 
transmission. Vaccine 12, 761-6. 

Dekker, A. & Terpstra, C. (1996). Prevalence of foot-and-mouth disease antibodies in dairy herds in The 
Netherlands four years after vaccination. Res Vet Sci 61, 89-91. 

Donaldson, A. I. (1997). Risks of spreading foot and mouth disease through milk and dairy products. Rev Sci 
Tech 16, 117-24. 

Donaldson, A. I. & Kitching, R. P. (1989). Transmission of foot-and-mouth disease by vaccinated cattle 
following natural challenge. Res Vet Sci 46, 9-14. 

Golde, W. T., Pacheco, J. M., Duque, H., Doel, T., Penfold, B., Ferman, G. S., Gregg, D. R. & Rodriguez, L. L. 
(2005). Vaccination against foot-and-mouth disease virus confers complete clinical protection in 7 days 
and partial protection in 4 days: Use in emergency outbreak response. Vaccine. 

Hugh-Jones, M. E. (1976). Epidemiological studies on the 1967-1968 foot-and-mouth disease epidemic: the 
reporting of suspected disease. J Hyg (Lond) 77, 299-306. 

Kitching, R. P. (2002). Clinical variation in foot and mouth disease: cattle. Rev Sci Tech 21, 499-504. 
Kitching, R. P. & Alexandersen, S. (2002). Clinical variation in foot and mouth disease: pigs. Rev Sci Tech 21, 

513-8. 
Kitching, R. P. & Hughes, G. J. (2002). Clinical variation in foot and mouth disease: sheep and goats. Rev Sci 

Tech 21, 505-12. 
Kroese, A. & de Jong, M. (2001). Design and analysis of transmission experiments. Society for veterinary 

epidemiology and preventive medicine Proceedings Noordwijkerhout, 21-36. 
Moonen, P., Boonstra, J., van der Honing, R. H., Leendertse, C. B., Jacobs, L. & Dekker, A. (2003). Validation 

of a LightCycler-based reverse transcription polymerase chain reaction for the detection of foot-and-
mouth disease virus. J Virol Methods 113, 35-41. 

Moonen, P., Jacobs, L., Crienen, A. & Dekker, A. (2004). Detection of carriers of foot-and-mouth disease virus 
among vaccinated cattle. Vet Microbiol 103, 151-60. 

Orsel, K., De Jong, M., Bouma, A. & Stegeman, J. D., A (2006). The effect of vaccination on Foot and Mouth 
Disease virus among dairy cows. 

Orsel, K., Dekker, A., Bouma, A., Stegeman, J. A. & Jong, M. C. (2005). Vaccination against foot and mouth 
disease reduces virus transmission in groups of calves. Vaccine 23, 4887-94. 

Quan, M., Murphy, C. M., Zhang, Z. & Alexandersen, S. (2004). Determinants of Early Foot-and-Mouth Disease 
Virus Dynamics in Pigs. J Comp Pathol 131, 294-307. 

Sorensen, K. J., Madsen, K. G., Madsen, E. S., Salt, J. S., Nqindi, J. & Mackay, D. K. (1998). Differentiation of 
infection from vaccination in foot-and-mouth disease by the detection of antibodies to the non-structural 
proteins 3D, 3AB and 3ABC in ELISA using antigens expressed in baculovirus. Arch Virol 143, 1461-
76. 

 



  

31 

 
 
 

BAYESIAN ESTIMATION OF THE HEPATITIS E SEROPREVALEN CE IN THE 
NETHERLANDS IN POPULATIONS WITH DIFFERENT DEGREES O F 

EXPOSURE TO SWINE 
 
 

M. Bouwknegt1,2*, B. Engel3, M. Herremans4, M.A. Widdowson5, H.C. Worm6, M.P.G. Koopmans4, K. 
Frankena2, A.M. de Roda Husman1, M.C.M. de Jong2,3, W.H.M. van der Poel1 

 
1: Microbiological Laboratory for Health Protection, National Institute of Public Health and the Environment, 

Bilthoven, The Netherlands. 
2: Quantitative Veterinary Epidemiology Group, Wageningen Institute of Animal Sciences, Wageningen, The 

Netherlands 
3: Animal Sciences Group of Wageningen UR, Department of Infectious Diseases, Lelystad, The Netherlands 

4: Laboratory for Infectious Diseases and Perinatal Screening, National Institute of Public Health and the 
Environment, Bilthoven, The Netherlands 

5: Department of infectious disease epidemiology, National Institute of Public Health and the Environment, 
RIVM, The Netherlands 

6:  Division of Gastroenterology and Hepatology, Medical University Graz, Graz, Austria 
 
 
 

1. INTRODUCTION 
 
Hepatitis E virus, the causative agent for Hepatitis E, was deemed to occur only in developing countries, or in 
industrialized countries due to travel-related import from developing countries. This dogma has been refuted 
today and hepatitis E may be acquired locally in Western countries, although the source(s) is (are) unknown. 
Zoonotic transmission is considered a possibility, with pigs as prime suspect due to phylogenetically related 
human and porcine strains of the virus. The virus is transmitted faecal-orally, and hence direct contact with pigs 
may be regarded a risk factor for hepatitis E. In this scope, sera from Dutch veterinarians, divided in swine 
veterinarians and non-swine veterinarians, and the general Dutch population were examined to estimate the 
seroprevalence of anti-HEV antibodies. As always, the lack of a gold standard hampers straightforward 
correction for the estimated proportion of misclassified samples. To account for this, we combined results from 
multiple assays and accounted for misclassification of individuals through quantification of the sensitivity and 
specificity of all the assays using Bayesian inferences as described by Engel et al. (submitted). 
 
 

2. MATERIAL AND METHODS 
 

2.1 Data from veterinarians 
Sera were obtained from a study to examine the ability of bovine Norovirus strains to infect humans in The 
Netherlands (Widdowson et al., 2005). A total of 210 samples from veterinarians were collected and matched 
(1:3) by gender, age and province to 630 control samples from the general population. The samples had been 
stored at -70oC. In addition to the blood samples, information from the veterinarians was obtained through a 
questionnaire. Based on the reported relative time working with finishing and/or farrowing pigs (0% or one of 
the quartiles) the participants were divided into “swine-veterinarians” (>50% of their time (median of quartile) 
working with pigs; n=49) and “non-swine veterinarians” (others; n=157).  
 
2.2 Diagnostic assays 
An enzyme linked immunosorbent assays (ELISA) against IgG and IgM (Genelabs Diagnostics, Singapore), a 
western blot assay against IgG and IgM (Mikrogen, Martinsried, Germany), and an ELISA detecting IgG 
antibodies only (Abbott Laboratories, Abbott Park, USA) were used for screening. Additionally, a selection of 
263 samples were examined with the western blot IgG and IgM assays. Note that the previous described 1:3 
matching could not be applied in the latter selection. 
 
Samples were classified following the criteria given by the manufacturers. For the ELISAs, initial samples with 
an optical density (OD) ratio > 1 were retested in duplo. Samples showing an OD-ratio > 1 in the retest were 
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defined as case-sample. Negative samples were occasionally retested. For the Western blot, samples were 
considered positive when the score exceeded three in the IgG and five in the IgM assay. 
 
2.3 Bayesian analysis 
In the paper by Engel et al (submitted), two approaches for estimating the various parameters are described. Of 
these, the representation based on product conditional distributions was extended to consider five diagnostic 
assays and three sub populations. The model comprises possible dependence between the diagnostic assays. The 
presence or absence of anti-HEV antibodies was assumed to be independently distributed with prevalence � m = 
P(D=1| group m) among truly infected individuals (represented by D=1) sampled from subpopulation m. 
Sensitivity and specificity of each assay was assumed to be equal across sub populations. The model makes use 
of the concept of latent classes, indicating the unknown distribution of true-positives and false-positives 
underlying the observations. The test results follow a mixture of distributions for true-positives and true-
negatives, where the prevalences are the mixture probabilities. A Bayesian analysis was performed employing 
the GIBBS-sampler (Geman & Geman., 1984), as implemented in the WinBUGS 1.4.1 software (Spiegelhalter et 
al., 2004. Available at: http://www.mrc-bsu.cam.ac.uk/bugs). The Bayesian analysis requires the formulation of 
prior distributions for the parameters. Priors for sensitivity of the Abbott IgG ELISA were derived from data 
from Mast et al. (1998), who quantified the sensitivity for peptide-based ELISAs from 15 to 57%. A prior was 
specified with a median of 25% and 2.5% en 97.5% percentile points of 6 and 66% respectively. For assays that 
were similar to the Genelabs assay (i.e. using recombinant proteins from open reading frame 2 from the same 
HEV strains), a sensitivity ranging from 67% up to 91% was observed (Mast et al., 1998). Therefore, we used a 
prior emphasising the sensitivity of this assay to be larger than 0.5: a median of 0.7 and 2.5 and 97.5% percentile 
points equal to 0.15 and 0.98 respectively. The latter prior was also used for the specificity of all assays. 
Priors for the prevalence distribution emphasized values below 50%, with a median of 12% and percentile points 
of 0.5 and 50.5% respectively (Figure 1B). The effect of more and less conservative priors for the prevalence 
estimates (Figures 1C and 1A, respectively) on the conclusions was examined. 
Differences between prevalence estimates for the three populations were simulated simultaneously with the 
prevalence estimates. Statistical differences between populations were assumed to be present if zero was 
excluded from the appropriate 95% credible interval of the difference.  
 

 
Figure 1. Probability distribution functions for the priors detailing the prevalence estimates: A) less conservative, 
B) standard, C) more conservative 
 
 

3. RESULTS 
 

3.1 Descriptive results 
The percentages of anti-HEV positive individuals in each subpopulation are illustrated per assay in Figure 2. 
Large differences were observed in the test outcomes. Quantifying the agreement between assays yielded 
‘moderate’ (IgG ELISAs; kappa ~ 0.5), ‘slight’ (ELISAs with Western blot; kappa ~ 0.15) and ‘no’ (IgM 
ELISAs; kappa = 0) concordance. 
 
3.2 Diagnostic assay evaluation and prevalence estimation 
The results of the Bayesian analyses with different sets of priors are shown in Table 1. Markov chains (varying 
in length from 50,000 to 2,500,000 iterations) appeared to be stable and replicate chains showed nearly identical 
results. The estimated sensitivity of the assays were moderate (10 to 63%) with wide credible intervals. The 
estimated specificity per assay was high (74 to 99%), with relatively narrow credible intervals. Changing the 
prior information for specificity hardly affected these results. Introducing a more informative prior on the 
sensitivity did affect the sensitivity estimates for the Abbott ELISA, but had no appreciable effect on specificity 
and prevalence estimates. 
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Figure 2. Percentage of IgG– and IgM–positive serum samples from three Dutch populations differing in grade 
of professional exposure to swine, for five serological assays (SWV = Swine veterinarians; NSV = Non-swine 
veterinarians; GP = General population) 
 
 
Table 1. Estimates for sensitivity (SE) and specificity (SP) (posterior medians) and 95% credible intervals for 
five serological assays (IgG and IgM) when applying different priors. 
 

  
Non–informative priors Informative for SP 

(all)* 
Informative for SE 

(IgG ELISAs)† 
Informative for SP (all) 
and SE (IgG ELISAs) 

SE[1] ‡ 62% 15%, 94% 59% 15%, 94% 42% 12%, 75% 43% 14%, 74% 
SE[2] 63% 12%, 94% 64% 13%, 94% 59% 12%, 97% 64% 15%, 97% 
SE[3] 16% 4%, 51% 15% 3%, 44% 15% 3%, 51% 14% 3%, 42% 
SE[4] 53% 14%, 87% 51% 16%, 83% 47% 11%, 82% 47% 16%, 78% 
SE[5] 10% 1%, 38% 10% 1%, 36% 9% 1%, 37% 9% 1%, 33% 
SP[1] 99% 97%, 100% 99% 97%, 100% 99% 97%, 100% 99% 97%, 100% 
SP[2] 97% 95%, 99% 97% 95%, 99% 97% 95%, 99% 98% 95%, 99% 
SP[3] 98% 96%, 99% 98% 97%, 99% 98% 96%, 99% 98% 97%, 99% 
SP[4] 74% 67%, 79% 74% 67%, 80% 74% 67%, 80% 74% 67%, 80% 
SP[5] 95% 92%, 98% 96% 92%, 98% 95% 92%, 98% 96% 92%, 98% 
* For all assays, a prior emphasising a specificity of 0.75 (2.5% limit: 0.15; 97.5% limit: 0.98) was used 
† For the Abbott a prior emphasising a sensitivity of 0.25 (0.06; 0.66), for Genelabs a sensitivity of 0.75 (0.15; 0.98)  
‡ 1: Abbott IgG; 2: Genelabs IgG; 3: Genelabs IgM; 4: Western blot IgG; 5: Western blot IgM 
 
The estimated prevalences for the three groups, based on the initial prior for prevalence, are shown in Table 2. 
The highest estimated prevalence (~11%) was observed in swine veterinarians, the lowest prevalence estimates 
were obtained for the general population (~2%). Differences between the general population and the swine 
veterinarians were statistically significant, other differences were not. Changing the prior for the true prevalence 
altered the prevalence estimates for all groups (Table 3). However, statistical differences between groups 
remained nearly unchanged. In the case of a less conservative prior, the sensitivity of assays was logically 
estimated to be lower compared to the conservative prior, enabling a higher number of false negative results. 
With the more informative prior, the opposite was observed. The estimated specificity of the assays remained 
constant. 
 
 
Table 2. Estimates for prevalence of anti-HEV antibodies in three Dutch subpopulations (differing in degree of 
exposure to swine) using different priors for sensitivity and/or specificity 
 

 
Non–informative 

priors 
Informative on 

specificity for all assays 
Informative on 

sensitivity IgG ELISA 
Informative on SE for 
ELISAs, on SP for all 

 Median 95% CI Median 95% CI Median 95% CI Median 95% CI 
SWV* 10% 1%, 27% 11% 2%, 30% 12% 1%, 35% 13% 3%, 36% 
NSV 5% 1%, 16% 6% 2%, 18% 6% 1%, 19% 6% 1%, 21% 
GP 1% 0%, 5% 2% 0%, 7% 2% 0%, 8% 3% 0%, 9% 

* SWV: swine veterinarians; NSV: non-swine veterinarians; GP: general population 
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Table 3. Effect of different priors for the prevalence (as explained in Figure 1) on the estimated prevalences for 
three Dutch subpopulations differing in degree of exposure to swine. 
 
 Standard prior  Less conservative prior  More conservative prior 
  Median 95% CI  Median 95% CI  Median 95% CI 
Swine-veterinarians 11% 2%, 30%  17% 5%, 50%  9% 1%, 22% 
Non-swine veterinarians 6% 2%, 18%  9% 3%, 34%  5% 1%, 13% 
General population 2% 0%, 7%  3% 1%, 16%  2% 0%, 5% 

 
 

4. DISCUSSION 
 
The initial agreement between serological assays targeting the same immunoglobulines ranged from ‘moderate’ 
to ‘none’. This observation has been reported before (Ghabrah et al., 1998, Mast et al., 1998, Rioche et al., 
1997), and challenges the quality of prevalence estimates for industrialized countries based on one assay solely. 
A serious induction of bias might occur, depending on the quality of the assay. Preferentially, adjustments are 
made through the sensitivity and specificity of an assay (Thrusfield, 1995), but these parameters are often 
estimated from data on outbreaks or experimental infection. Although this likely gives valid estimates for the 
accuracy in diagnosing acute cases, the assay will perform differently when used in a cross-sectional or cohort 
study in countries with a low prevalence of the virus, due to different antibody profiles. As no gold standard 
exists in such settings, statistical modelling provides an alternative to estimate the sensitivity and specificity of 
assays (Enoe et al., 2000), and subsequently the prevalence, as is described in the current study. 
 
The estimated prevalence of approximately two percent for the general population agrees with most findings in 
developed countries (Worm et al., 2002), but was approximately five-fold higher than the previous estimate from 
1993 for the Netherlands (0.4 percent) (Zaaijer et al., 1993). This might be caused by differences in study 
populations (blood donors versus randomly selected individuals), increased international migration/travel in the 
past decade, differences in performance of the serological assays that were applied and/or enhanced emergence 
of hepatitis E virus in The Netherlands. 
 
The difference in estimated HEV seroprevalence between swine veterinarians and the general population agreed 
with the previous finding for swine veterinarians, that showed a seroprevalence of 26 percent compared to 18 
percent among control subjects in the US (Meng et al., 2002). These data, together with the presented data, 
suggest a role of frequent exposure to swine, or to possible other sources at the swine farm, in the exposure to 
HEV. The currently presented observation of the tentative difference between non-swine veterinarians and swine 
veterinarians adds to the suggestion of exposure to swine being a risk factor. Reports describing higher 
seroprevalences among swine farm workers compared to control subjects in Moldova (51 percent versus 25 
percent), Taiwan (27 percent versus 8 percent) and the US (11 percent versus 2 percent) gave similar ideas 
(Drobeniuc et al., 2001, Hsieh et al., 1999, Withers et al., 2002). It has been estimated recently, that 
approximately 20 percent of Dutch finishing pig farms raise swine that shed HEV RNA (Poel et al., 2001) and 
this finding together with presented seroprevalence data strengthens the suggestion of professional exposure to 
swine being a risk factor in The Netherlands. The tentative difference between non-swine veterinarians and the 
general population might be subject to the difference in swine-exposure, but also to the possibility of non-swine 
animal sources of the virus. Other animals, such as cattle, sheep and goats, have been shown to carry (antibodies 
to) the virus in HEV endemic countries, but at lower prevalences compared to swine (Arankalle et al., 2001, Tien 
et al., 1997, Wang et al., 2002). Possibly, these animals also play a minor role as a reservoir in The Netherlands. 
 
The model assumes equal sensitivity and specificity of the assays across populations. However, more cross 
reactivity would be expected for veterinarians compared to non-veterinarians due to more frequent contact with 
micro-organisms for veterinarians. This would lower the specificity for that subpopulation, and subsequently 
overestimate the true prevalence and prevalence differences. However, specificity for the assays applied to sera 
from swine veterinarians and non-swine veterinarians are more likely to be similar, and tentative differences in 
seroprevalence between these two subpopulations remain.  
 
The low prevalence of the virus hampers the estimation of the sensitivity of the assays, which was reflected in 
large credible intervals. Likely, prevalence estimates are primarily based on information in the estimated 
specificity of the assays, as was confirmed by observing minimal effects after changing the prior information for 
the sensitivity and/or specificity. Considering that little information was obtained from the positive cases, the 
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authors favor the use of the results from simulations based on non-informative priors or informative priors on the 
specificity. Altering the prior describing prevalence yielded a marked effect on the prevalence estimates and the 
sensitivity estimates. The authors favor the use of the results from simulations based on the conservative 
prevalence priors, because this resembles the scientific data on prevalences in industrialized countries more 
precisely (median: 12 percent, 95 percent credible interval: 0.5, 51) compared to the less conservative prior 
(median: 25 percent, 95 percent credible interval: 2.9, 66), while still permitting higher prevalence estimates for 
possible risk groups. 
 
In this study, the probabilities of detecting IgM and IgG were treated as if they were unrelated to the stage of 
disease. However, it is known that IgM is a marker of acute infection, whereas IgG is a marker for past 
infections (Roitt et al., 1995). Consequently, sensitivity estimates for the latter assays were low for its use in 
detecting HEV antibodies in the population in a large survey, as was shown in this study. Here, data from the 
IgM assays were included to increase the amount of data for the Bayesian analysis. However, the sensitivity 
estimates show low credibility and in addition, these findings do not alter the fact that IgM assays may well be 
suitable for detecting an immune response against HEV in acute infections.  
 
In conclusion, the discordance between serological results from different assays requires an integrated analysis 
of multiple test results to obtain seroprevalence estimates for hepatitis E virus in industrialized countries. The 
presented data suggested a higher risk for swine veterinarians due to their professional exposure to swine or to 
possible other sources at swine farms. Non-swine veterinarians were suggestively found to have a higher 
seroprevalence compared to the general population, which may also be caused by exposure to swine (farms), 
albeit at a lower level compared to swine veterinarians, or due to other potential animal sources.  
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