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Foot and mouth disease 
In 1546 an Italian monk, Hieronymus Fracastorius described a disease in cattle 
which is now known as foot and mouth disease (FMD): a disease clinically 
characterized by fever, vesicles in epithelium of the mouth, tongue, teats, and on 
the coronary band [1]. FMD has become an important disease because it affects the 
most important livestock species, like cattle, sheep, goats, and swine. Great 
economic losses due to decreased milk production, increased mortality and 
lameness can be the result of an infection. It was therefore listed as a notifiable 
disease to the OIE [2]. 
The first important FMD research result was the description of Loeffler and Frosch 
in 1897 of the pathogen as ‘a filterable agent’ [3]. Nowadays, FMD is known to be 
caused by a single stranded RNA virus, which is classified within the genus  
Aphtovirus, a member of the Picornaviridae family. Seven serotypes of FMD 
viruses can be identified (A, O, C, Asia1, SAT1, SAT2, SAT3), and many subtypes 
are recognised within each serotype [4]. The working definition of a serotype is 
that a previous infection with a given serotype does not confer protection against 
one of the other serotypes. The antigenic relationships within one serotype may be 
quite distant (like in serotype A for subtype A22 and A24) while in others relatively 
close (in serotype C for subtype C1 and C3) [5].  
 
 
Vaccination against FMD 
Edward Jenner was the first who described the principle of vaccination (1796), but 
it was Louis Pasteur, who by the end of the nineteenth century first developed a 
vaccine with attenuated viruses (rabies). With the principle of attenuation the 
production of relatively safe vaccines became optional. The earliest report on the 
development of a vaccine for FMDV was not published until 1925. Vallee et al [6] 
showed that epithelial tissue from calves infected with the virus which was 
subsequently inactivated with formaldehyde, provided clinical protection of cattle 
against challenge with the FMD virus. This procedure was further developed by 
Waldmann et al [7], which resulted in the first inactivated vaccine. Subsequently, 
Frenkel developed a new method, which allowed growth of virus on tongue 
epithelium. With this in vitro technique vaccine production could be increased [8].  
  
In Europe, cattle have always been the main target species for vaccination against 
FMDV, because of the economic importance. Therefore, most vaccines were 
developed for and studied in cattle to provide protection against clinical signs due 
to a subsequent FMD virus infection. Generally, these vaccines induced sufficient 
protective immunity in cattle, but they were also effective in other ruminants like 
sheep and goats. However, these vaccines often induced insufficient protective 
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immunity in pigs. To improve these vaccines for use in swine, vaccines were made 
more potent by, for example, the addition of saponin and adjustment of the 
adjuvant used. To further improve the vaccine potency in pigs, the antigen was 
purified, concentrated and emulsified in oil [9, 10]. Oil-emulsified vaccines are 
now registered for use in all susceptible livestock species including pigs. For 
further improvement of FMD vaccination in pigs studies were performed to look 
into more detail at the pathogenesis of pigs infected with FMD virus. Also the 
response of pigs to the different methods of challenge used in vaccine efficacy 
studies were evaluated [11, 12]. 
The advantages of vaccination are clear: protection against clinical disease, 
improving animal welfare and reduced direct economic losses. Countries that 
produce vaccines, however, need high containment facilities for vaccine production 
since infectious virus is used. Moreover, vaccines can be expensive, have a narrow 
antigenic spectrum, and booster shots are indicated to maintain or increase 
protective immunity also specialised storage facilities are necessary. Finally, a 
controversial issue confronting international trading after vaccination for FMD is 
the so-called carrier state. It has been shown that vaccinated ruminants clinically or 
sub-clinically infected with FMDV can carry the virus in their oro-pharyngeal 
tissues for years. Carriers are thought to pose a risk for new outbreaks [13]. 
 
Figure 1 Number of FMD cases in the Netherlands over time (years) 
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Vaccines have been used in control programmes in many countries world wide. 
Vaccination can be applied as emergency strategy during an outbreak, or as a 
routine (preventive) measure [14]. Since 1953 all cattle in the Netherlands were 
routinely vaccinated annually on a voluntary base, and if not vaccinated, transport 
was only allowed to the slaughterhouse. Till 1970 less outbreaks were observed 
and economical losses because of FMD decreased. Vaccination was even more 
successful, since in the eighties of the last century the virus seemed to have been 
eradicated (Figure 1).  
 
As a consequence, the EU adopted a non-vaccination policy in 1992, to guarantee 
trade between the EU and other FMD-free countries. Because of this policy, the 
livestock population turned highly susceptible to an infection with FMDV. It was 
calculated, however, that it would be economically feasible to deal with an 
outbreak of FMDV every ten years.  
 
In 2001, outbreaks occurred in the UK, France, Ireland and the Netherlands. The 
outbreak in the Netherlands occurred in a densely populated livestock area. The 
culling and destruction capacity was insufficient to eliminate all susceptible 
animals on all farms in a one-kilometer radius. 
 
Figure 2 FMD cases in 2001 in the Netherlands over time (years) 
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Therefore, permission was granted by the EU to vaccinate all susceptible animals 
in the affected region to stop further spread of the virus (Figure 2). One month after 
this emergency vaccination, all vaccinated animals were destroyed and the ‘free 
from FMD without vaccination’ status was regained [15].  
 
The mass slaughter of animals as control measure and destroying healthy but 
vaccinated animals provoked serious debates among Dutch citizens. A political 
discussion on a ‘vaccination to live’ policy was also started in the EU [16]. In 
2003, the EU adopted a new legislation, which was now more in favour of the use 
of emergency vaccination during an outbreak. Countries like the Netherlands used 
vaccination in different situations before, but other countries like the UK never 
used vaccination to control FMD [17]. Each EU member country may decide 
whether or not to implement emergency vaccination as an additional intervention 
tool during a future outbreak of FMD.  
 
 
Efficacy of vaccination in transmission studies 
To prevent a major outbreak to occur, it is important not only to prevent clinical 
signs, but also to stop virus transmission. Transmission is the passing of a disease 
from an infected individual or group to a previously uninfected individual or group. 
To be able to model the epidemiological and economic impact of vaccination, 
transmission has to be quantified in both non-vaccinated and vaccinated 
populations of animals.  
In general, transmission can be studied in laboratory experiments and field studies, 
and quantified with statistical models [18-20]. The main advantage of performing a 
laboratory experiment is that it offers a controlled environment in which the effect 
of a single factor can be investigated, while variation due to other factors is 
minimized. Disadvantage of experimental work is, that it can be difficult to 
extrapolate the result to field situations. For FMD field studies can not easily be 
performed since FMD is listed by the OIE as a notifiable disease [2]. 
Transmission experiments have been performed in the past, where vaccinated 
animals were exposed to non-vaccinated seeder animals [21, 22]. In those 
experiments with heterogeneous groups, reduction of susceptibility is tested, but 
not the reduction of infectivity, which is also an important part of the vaccine effect 
on FMDV transmission. The effect on both susceptibility and infectivity can be 
quantified by estimation of the reproduction ratio R (i.e. the expected number of 
secondary cases produced by a typical infected individual during its entire period 
of infectiousness in a completely susceptible population [23]) observed in 
homogenous groups of animals. R can be estimated either in populations of 
vaccinated and non-vaccinated animals. With a reproduction ratio significantly 
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below 1, no major outbreaks are likely to occur. The transmission rate parameter β 
gives an estimate of the average number of new cases per infectious individual per 
time, and thereby the speed of virus transmission. Stochastic modelling has been 
used to optimise the design and power of transmission experiments [24-26]. With 
the estimated transmission parameters the effect of vaccination as an intervention 
tool can be determined and studied in further detail [27].  
 
 
Scope of this thesis 
The main purpose of the research presented in this thesis was to provide more 
information on virus excretion and virus transmission, both in vaccinated and non-
vaccinated populations of species susceptible to FMDV. All experiments were 
carried out with the same challenge virus (O/NET/2001) and all vaccine groups 
were vaccinated with the same vaccine strain (full dose of a double-oil-emulsion 
O1Manisa monovalent vaccine) to be able to study inter-species difference in 
response to vaccination. With the observed transmission, the effect of age (calves 
versus cows) and species (e.g. calves versus sheep lamb versus piglets) on the 
outcome of vaccination was quantified. To gain information on virus persistence in 
pigs after FMDV infection, it was tested whether the viral genome could be 
detected in tonsils more than four weeks after initial infection. Finally, possible 
virus transmission before clinical signs become apparent was studied, both in all 
species and in vaccinated and non-vaccinated groups. The reproduction ratio 
Rincubation was calculated for this important high-risk period in FMD surveillance. 
With the results presented in this thesis, the effect of vaccination as an intervention 
tool during an outbreak can be estimated.   
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Abstract  
The aim of vaccination during an epidemic of foot and mouth disease (FMD) is not 
to induce clinical protection, but to reduce virus transmission. Since no quantitative 
data were available on the effectiveness of vaccination in cattle, we investigated 
whether a single vaccination against FMD could reduce virus transmission in 
groups of calves by estimating the reproduction ratio R, i.e. the average number of 
secondary cases caused by one infectious animal in a susceptible population. We 
performed two experiments with six groups of either four vaccinated or four non-
vaccinated calves each. Vaccination was carried out with O1Manisa vaccine. Two 
weeks after vaccination, two calves per group were inoculated intra-nasally with 
FMDV field isolate O/NET/2001. The two other calves were contact-exposed to 
the inoculated calves. Contact infections were observed by clinical inspection, 
virus isolation and RT-PCR on heparinised blood, oro-pharyngeal fluid and 
probang samples and antibody response to non-structural proteins. In all six non-
vaccinated groups, transmission to contact-exposed calves was recorded; in the 
vaccinated groups, virus transmission was observed to one contact-exposed calf. In 
the non-vaccinated groups Rc was 2.52 and significantly above 1, whereas in the 
vaccinated groups Rv = 0.18 and significantly below 1, indicating that vaccination 
may successfully be applied as additional intervention tool to reduce virus 
transmission in a future epidemic of FMD.  
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1.  Introduction 
Foot and mouth disease (FMD) is a highly contagious disease of cloven-hoofed 
animals and has a great potential for causing severe economic loss. The Office 
International des Epizooties (OIE) established an official list of free countries and 
zones and recognizes the European Union (EU) as free of FMD without 
vaccination [1].  A massive epidemic of FMD, however, occurred in Great Britain 
in 2001, and the virus spread to Ireland, France and the Netherlands [2, 3]. Various 
control measures such as zoösanitary measures, killing of infected herds and pre-
emptive culling of contiguous farms were implemented. In the Netherlands, 
emergency vaccination of all susceptible species was applied as additional tool, 
because soon after the first outbreak, the culling and destruction capacity was 
insufficient to depopulate all farms [4]. All vaccinated animals, however, were 
destroyed within the following weeks after the last outbreak. The epidemic not 
only had an enormous economic effect, but also resulted in a public and political 
discussion about alternative control strategies such as a 'vaccination to live' policy 
without destruction of uninfected vaccinated animals.  
Before changing the non-vaccination policy of the EU, more veterinary evidence is 
needed about the effectiveness of emergency vaccination and the risks that are 
associated with animal movement and trade after emergency vaccination. Until 
1991, mass annual prophylactic vaccination for FMDV has been applied in all 
cattle and the number of outbreaks was successfully diminished [5], suggesting that 
vaccination can prevent the spread of FMDV between farms. This campaign, 
however, consisted of multiple prophylactic vaccinations for several years, whereas 
an emergency vaccination during an epidemic will most likely be applied only 
once. Therefore, it is not clear whether a single vaccination can provide sufficient 
herd immunity to reduce virus transmission.  
Field data like from the Dutch FMD epidemic in 2001 cannot provide this 
information, because exact information about virus introduction and transmission 
after vaccination is lacking. Experimental data are also not suitable, since most 
vaccines were experimentally tested for their capacity to induce clinical protection 
against a challenge infection [6], and not for their capacity to reduce virus 
transmission, which is essential when applied as emergency vaccine. Cox et al 
carried out a transmission experiment, and showed that vaccinated calves became 
infected after exposure to FMDV inoculated calves. However, they determined 
transmission qualitatively, in a heterogeneous population: the inoculated calves 
were not vaccinated. This would probably result in an underestimation of the 
effectiveness of vaccination, as during an emergency campaign all animals in a 
herd will be vaccinated [7]. 
Consequently, transmission should be determined in a homogeneous group in 
which all animals are vaccinated. We therefore determined the effectiveness of a 
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single vaccination against FMDV by comparing virus transmission within groups 
of vaccinated and non-vaccinated calves with the reproduction ratio R. This 
reproduction ratio is of biological relevance: when R is above 1, major outbreaks 
may occur; when R is below 1, only minor outbreaks will occur and an epidemic 
will fade out [8].  
 
 
2. Materials and Methods 
2.1 Animals 
We performed two experiments, each with 26 conventionally raised Holstein 
Friesian calves, 8-10 weeks of age. They were fed on milk twice a day from one 
through, concentrates and grass pellets, and were housed in free mingling groups in 
the bio-security facilities at CIDC-Lelystad. In this way, direct and intensive 
physical contact between the calves within a group was possible.  
 
2.2 Vaccine and challenge virus 
The vaccine was a commercially available O1Manisa vaccine with 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 FMDV field isolate O/NET/2001 [9]. 
 
2.3 Experimental design 
In both experiments, the sexes were randomly allocated to six groups of four calves 
and one group of two calves at 16 days before inoculation (-16 dpi). Three groups 
of four calves were vaccinated subcutaneously according to the manufactures 
standards with a DOE O1Manisa vaccine, two weeks before inoculation (-14 dpi). 
The group of two calves was vaccinated at the same time and served as a vaccine 
control group. The other three groups of four calves remained unvaccinated.  
At the day of inoculation (0 dpi), two calves per group of four were removed to a 
separate unit, and sedated with xylazine and subsequently inoculated intranasally 
with 1.5 ml of FMD virus suspension per nostril. 24 Hours after inoculation, these 
calves were reunited with their original group (1dpi), thereby contact-exposing the 
two remaining, not inoculated calves.  
The experiment ended at 30 dpi, which was assumed to be a sufficient time span 
for a possible contact-infection and subsequent rise of antibody titer against 
structural and non-structural proteins to occur. Also the detection of carriers was 
possible, while persistently infected animals are defined as presence of detectable 
virus for at least 28 days after infection. 
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2.4 Sampling procedures  
Daily rectal temperature of the calves and clinical signs were recorded from 0 till 
14 dpi, and also when the physical condition of the calves made further clinical 
investigation of their health status necessary.  
Heparinised blood (10 ml per calf) was collected daily from 0 dpi till 14 dpi from 
the jugular vein of all animals. Clotted blood (10 ml per calf) for serology was 
taken at –14, 0, 4, 7, 11, 14, 21 and 28 dpi, also from the jugular vein. 
Oropharyngeal fluid (OPF) was taken daily from day 0 to 14 dpi by inserting a 
cotton mouth swab in a forceps of 25 cm long and rubbing the surface of the 
oropharyngeal cavity. Probang samples were collected at 28, 29 and 30 dpi by 
scraping the oropharynx with a probang sampler. Samples were treated and stored 
as described by Moonen et al. [10]. 
 
2.5 Laboratory tests 
All OPF, probang and heparinised blood samples were tested for the presence of 
virus by plaque titration on monolayers of secondary lamb kidney cells [9]. RT-
PCR was performed by isolating RNA from OPF, heparinised blood and probang 
samples using the MagNA Pure LC total Nucleic Acid Isolation kit (3 038 505) in 
the MagNA Pure® system (Roche). The isolates were tested in a Light Cycler 
based RT-PCR with use of Light Cycler RNA Master Hybridization Probes 
(3 0180954), all in accordance with the manufacturers instructions (Roche). The 
primers and probes used are described by Moonen et al. [11]. 
Virus neutralization test (VN-test) was performed as described by Dekker et al. 
[12] using O1Manisa virus and secondary porcine kidney cells. We considered a 4-
fold higher antibody titer compared to the mean titer of the vaccine control group 
as an indication for infection. Antibodies against FMDV non-structural proteins 
were detected using a commercial NS-ELISA (Cedi-test®), performed in 
accordance with the instructions of the manufacturer, to discriminate between 
infection and vaccination [13, 14]. 
 
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 [15], in which S is the total number of 
susceptible, I the total number of infectious and R the total number of recovered 
animals. In the model we classified the calves as infected (I) when either clinical 
signs were present or when a sample tested positive in the virus isolation (VI) 
assay, the RT-PCR or NS-ELISA or when a fourfold increase in VN titer was 
observed. The animals were classified recovered at the end of the experiment after 
being infectious at the start. Their carrier status was not taken into account.



Table 1: Test results from non vaccinated groups of calves 
 

Animal number Clinical signs  NS-ELISA  VI plasma RT-PCR plasma VI OPF RT-PCR OPF  VI probang RT-PCR probang Classification 
1 +  +  - + + +  + + R 
2 +  +  + + + +  - - R 

* 3 -  +  - - + +  - - R 
* 4 +  +  - - + +  + + R 

             
5 +  +  + + + +  + + R 
6 +  +  + + + +  - - R 

* 7 +  +  - - + +  - + R 
* 8 +  +  + + + +  + + R 

             
9 +  +  - + + +  - - R 
10 -  +  - + + +  - - R 

*11 -  -  - - - -  - - S 
*12 -  +  - - - +  - - R 

             
13 +  +  - + - +  - - R 
14 +  -  - - - -  - - R 

*15 +  -  - - - -  - - R 
*16 -  -  - - - +  - - R 

             
17 +  +  + + + +  - - R 
18 +  +  + + + +  + + R 

*19 +  -  - + - +  - - R 
*20 -  -  - - - -  - - S 

             
21 +  +  + + + +  + + R 
22 -  -  - - + +  + + R 

*23 +  -  - - - -  - - R 
*24 +  -  + - + +  - - R 

 
* contact exposed to inoculated calves   

S = susceptible  I = infectious  R = recovered  
+ = (at least one) positive test result  - = negative test result (no positive test results) 
 



Table 2: Test results from vaccinated groups of calves 
 

Animal number Clinical signs  NS-ELISA  VI plasma RT-PCR plasma VI OPF RT-PCR OPF  VI probang RT-PCR probang Classification 
  25 -  -  - - + +  - - R 
  26 -  +  - - + +  + + R 
*27 -  -  - - - -  - - S 
*28 -  +  - - - -  - - R 

             
  29 -  -  - - - -  - - S 
  30 -  -  - - + +  - - R 
*31 -  -  - - - -  - - S 
*32 -  -  - - - -  - - S 

             
  33 +  +  - - + +  - + R 
  34 -  +  - - + +  - - R 
*35 -  -  - - - -  - - S 
*36 -  -  - - - -  - - S 

             
  37 -  -  - - + +  + + R 
  38 -  -  - - - +  - - R 
*39 -  -  - - - -  - - S 
*40 -  -  - - - -  - - S 

             
  41 -  +  - - + +  - - R 
  42 -  -  - - - +  - - R 
*43 -  -  - - - -  - - S 
*44 -  -  - - - -  - - S 

             
  45 -  +  - - + +  - - R 
  46 -  +  - - + +  - - R 
*47 -  -  - - - -  - - S 
*48 -  -  - - - -  - - S 

vaccine control             
49 -  -  - - - -  - -  
50 -  -  - - - -  - -  
51 -  -  - - - -  - -  
52 -  -  - - - -  - -  

 
* contact exposed to inoculated calves 
S = susceptible I = infectious R = recovered 
+ = (at least one) positive test result - = negative test result (no positive test results) 
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The experimental period was sufficient for all infected or contact animals to 
recover from infection; therefore it was valid to use the final size of the experiment 
to calculate the reproduction ratio. 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 this MLE, R can be estimated for the vaccinated 
groups (Rv) and non-vaccinated groups (Rc) We tested one-sided whether Rv was 
below 1 and Rc above 1 to quantify the effect of vaccination. To compare the 
strategy with and without vaccination, we also tested if Rc and Rv were significantly 
different [16, 17].  
 
 
3. Results 
3.1 Clinical signs 
In the non-vaccinated groups, vesicles in the mouth or on the coronary band or in 
the interdigital spaces were observed in ten out of twelve inoculated calves, where 
seven contact-exposed calves showed clinical signs (Table 1). The clinical signs 
appeared very mild and did not have effect on feed intake. In the vaccinated 
groups, neither the inoculated nor the contact-exposed calves showed clinical signs. 
In one inoculated vaccinated calf a small lesion was observed in the mouth for 
more than 14 days (animal no 33, Table 2).  
 
3.2 Virus isolation assay 
In the non-vaccinated groups, ten of twelve inoculated calves tested positive in the 
virus isolation of the OPF, and five of twelve contact-exposed calves tested 
positive. Six of the blood samples of inoculated and two of the blood samples of 
contact exposed calves were positive. In the probang samples, five inoculated and 
two contact-exposed non-vaccinated calves tested positive.  
In the vaccinated groups, nine of twelve inoculated and none of the contact 
exposed calves tested positive in the OPF. No positive blood samples were found. 
In the probang samples, two of twelve inoculated vaccinated calves tested positive, 
and none of the contacts.  
 
3.3 RT-PCR 
In the non-vaccinated groups, RT-PCR of the OPF samples showed eleven positive 
results in the inoculated calves, and eight in the contact-exposed calves. Blood 
samples of ten inoculated calves and two contact exposed calves tested positive. In 
the probang samples, five inoculated and three contact-exposed calves were 
positive.  
In the vaccinated groups, OPF of eleven inoculated calves were positive, and none 
of the contact-exposed calves were positive. No positive samples were found in the 
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heparinised blood samples of the vaccinated calves, either inoculated or contact-
exposed. In the probang samples three inoculated vaccinated calves tested positive.  
 
3.4 Serology 
In the non-vaccinated groups, all inoculated and eight contact-exposed calves 
developed a VN titer higher than 0.3 (10log). In the NS-ELISA, ten inoculated and 
five contact-exposed calves tested positive.  
In the vaccinated groups, all twelve inoculated and eleven contact-exposed calves 
showed a rise in neutralizing antibodies in the VNT 14 days after vaccination (0 
dpi). No fourfold higher antibody titer was observed after inoculation as compared 
to the vaccine control group. Six inoculated and one contact-exposed calf 
developed NS-antibodies.  
The calves that served as vaccine controls tested negative for all tests with 
exception of the virus neutralization test. All major test results are summarized in 
Tables 1 and 2. 
 
Figure 1: Final size of infection in the S-I-R model 
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Figure 2a: Comparison of observed versus expected probabilities of contact infections in non-
vaccinated control group (Rc = 2.52) 
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Figure 2b: Comparison of observed versus expected probabilities of contact infections in vaccinated 
groups (Rv = 0.18) 
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Table 3: Final size of infection in the S-I-R model 
 
Groups N S0 I0 St Rt It 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 
 
N = total number of animals in group 

S
0
 = total number of susceptible animals at start 

I
0
 = total number of infectious animals at start 

S
t
 = total number of susceptible animals at end 

I
t
 = total number of infectious animals at end 

R
t
 = total number of recovered animals at end 

f = number of repetitions 

x
i
 = number of contact infections

 
 
3.5 Quantification of virus transmission 
We classified the calves as susceptible, infectious or recovered using the results 
from the clinical signs and laboratory tests, as visualized in Figure 1. In one of the 
six groups of vaccinated calves virus transmission occurred. This resulted in a Rv 
of 0.18 (0.01:1.2) and was significantly below 1 in a one-sided test (p = 0.05).  
In the groups of non-vaccinated calves, transmission occurred in all groups. This 
resulted in a Rc of 2.52 (1.13; 52.1), which was significantly above 1 (p= 0.01) 
when tested one-sided. When comparing the strategies we proved that the R-values 
of both groups were significantly different (p = 0.003). 
In figure 2a and 2b the number of contact infection with the estimate for R are 
calculated and compared to the number of observed contact infected animals. 
Those figures show that the model does predict the number of contact infections 
rather well.  
 
 
4. Discussion  
In this 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 significantly different from 
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the reproduction ratio 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 our model despite inoculation, two calves never tested positive, thereby 
suggesting that they were not infected at all. Probably, vaccination with O1Manisa 
14 days before inoculation protected the calf against a challenge infection, or the 
calves were not susceptible to FMD virus inoculation intranasally. Another 
explanation is that the inoculation method failed. However, within the non-
vaccinated groups, infection occurred in all inoculated calves and virus spread to 
nearly all contact-exposed calves. This indicates that our experimental design was 
appropriate to measure virus transmission and allowed us to quantify the 
reproduction ratio and the effect of vaccination on virus transmission.  Moreover, 
in an analysis with all inoculated calves defined as infectious, we found that the 
impact of different assumptions for the definition of I (infectious) as a result of 
inconsistent test results did not have great impact on the reproduction ratio (Rv = 
0.17 (p=0.009) and Rc =3.3 (p=0.04)).  
With a reproduction ratio significantly below 1, vaccination might be successfully 
applied in the field during an epidemic. Extrapolation to the field, however, should 
always be done carefully. For instance the reproduction ratio is influenced by 
heterogeneity: the infectivity and susceptibility of the individual animal, the virus 
strain, the species involved, animal density- and interaction etcetera [18]. Possibly, 
vaccination is less effective in other species or in adult cattle, since they might 
differ in infectiousness or susceptibility from groups of calves [19]. When 
extrapolating to the field, Rv within the herd, measured in the experiment, below 1 
implicates that at herd level the epidemic can be stopped, since the number of 
contacts between animals at different farms is far less than between animals at the 
same farm [20].  
We chose to study transmission in a homogeneous population and quantified the 
transmission of infection from vaccinated- to vaccinated animals and from non-
vaccinated- to non-vaccinated animals. This allowed us to model the results under 
the assumptions of homogeneity. This situation is most likely to occur during an 
epidemic of FMD with transmission through direct contact. Either all animals in 
the area are being vaccinated, or all animals are non-vaccinated.  
Information about the mechanism of herd immunity induced by vaccination might 
be gained from the effect of vaccination on infectiousness if vaccinated animals are 
inoculated and placed in contact with non-vaccinated animals. In the vice versa 
situation susceptibility of the animal after vaccination can be studied if a 
vaccinated animal is placed in contact with a non vaccinated inoculated animal. 
But in these heterogeneous situations the animals must be housed pair wise to 
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make quantification of the transmission possible. In our study the animals were 
housed in groups of 4; 2 animals inoculated and 2 animals contact-exposed.  
Only infection on the first generation can be observed in our study design. 
Infection of 2nd and higher generation should be observed in large groups. Since 
differences in infectivity between inoculated and contact infected animals can be 
expected, our method is conservative and will overestimate the R. 
 
The diagnosis of FMD infection was based on several diagnostic tests, which 
mainly showed similar results. By adding RT-PCR techniques to the standard virus 
isolation assay we were able to detect more positive samples from different animals 
and also for a longer period of time within one animal. Also two more animals 
could be diagnosed as carrier animals in probang samples. RT-PCR is known to be 
a more sensitive technique and in our experiment it proves to be of additional 
value. However, the results of the PCR did not alter the conclusions about the 
effectiveness of the vaccination.  
As mentioned before, contact structure might affect the transmission of FMDV. In 
our experiments, we used a loose housing system, in which the calves could mingle 
freely. Moreover, intense contact was possible by feeding them milk from one 
through. In this setting, R was significantly above 1 in the group of non-vaccinated 
calves. As Bouma et al [9] did not observe transmission between individually 
housed calves, not even when they had direct contact, these findings indicate that 
the intense contact structure could have increased the transmission of FMD virus. 
The results indicate that contact structure is important for transmission of this 
FMDV virus strain. The observed difference in transmission also suggests that it 
could be considered not applying vaccination to calves that are housed 
individually.  
 
The clinical signs in the calves were rather mild, in contrast to described clinical 
signs of FMD in cattle [21]. Our observations of mild clinical signs in calves is 
consistent with the study of Bouma et al. [9]. It might be possible that animals with 
mild signs of FMD are less infectious than animals with severe signs of FMD. 
Donaldson et al. showed that challenge of cattle 14 days after vaccination led to 
sub-clinical infection in susceptible in-contact animals. This sub-clinical disease 
was manifested by short-term transient viraemia. No positive virus isolation from 
blood samples was found to confirm transmission. In contrast, in our experiment 
viraemia only occurred in clinically diseased animals and was confirmed by 
laboratory tests [6]. Moreover, the mild clinical appearance in calves may be 
important, because it might be difficult to recognize FMD in calves. Our 
experiment shows that these calves do transmit FMDV to in-contact calves. As a 
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consequence, calves might be looked at as 'real hazard' like sheep and goat because 
of this sub-clinical appearance [22, 23]. 
Data as shown here will provide necessary scientific background for FMD control 
strategies for disease free countries. With more information about effect of 
intervention tools, future outbreaks can be stopped in a more efficient way. 
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Appendix A: The model and statistical methods used; in more detail 
 
The stochastic S-I-R model 
 

 
Recovered  

 
Infectious 

 
Susceptible 

 
 
 
 
The S-I-R model is based on several assumptions. All animals within the 
population have random contact; every class consists of a homogeneous 
population; the infection rate is constant during the infectious period and each 
recovered animal is totally immune to infection [18]. The model does not include 
the possible infectivity of carriers whilst this is expected to be relatively low 
compared to direct contact infections. There are no a priori arguments not to 
assume ‘ true mass action’ for our model [24, 25].  
This stochastic S-I-R model is used to describe the probability distribution of the 
outcome of a transmission experiment (the final size) in terms of R. The final size 
of our experiment is illustrated in table 3. Estimations for R are based on a known 
distribution over all the possible final size outcomes, i.e. the final size distribution.  
 
The transmission model is described by De Jong and Kimman [15, 16] 

[ ] [ ]1;1; +−→ ISISInfection  rate: β*SI/N 

[ ] [ ]1;; −→ ISISRecovery  rate: α*I 
 
in which β is the transmission rate parameter and α is the recovery rate parameter. 
De Jong and Kimman derived an algorithm to calculate the probability 
( 00,, ISRxf ) for each outcome of x contact infected animals. The final size of 

infection including the number of contact infections (xi) are summarized in table 3. 
 
The value of R that maximises the likelihood function is called the maximum 
likelihood estimate (MLE) of R. This MLE-function expressed as 

( )∏
=

=
n

i

i
R

mle ISNRxfR
1

00,,,max  

with xi = number of contact infections and i observations: maximize the product 
(π). 
The hypothesis tested is whether H0:Rt=Rc against the one-sided alternative H1: 
Rt<Rc. Rt is the reproduction ratio in the treated groups and Rc in the control 
groups, were in our situation treatment is vaccination [15, 16].  
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Abstract  
The aim of this study was to quantify the effect of a single vaccination of dairy 
cows on foot and mouth disease virus (FMDV) transmission. To estimate if 
vaccination could significantly reduce virus transmission, we performed two 
replicates of a transmission experiment with one group of vaccinated and one 
group of non-vaccinated dairy cows (ten animals per group). Half of both groups 
were intranasally inoculated, with FMDV field isolate O/NET/2001, and housed 
with the other half of the group (contact-exposed cows) from the next day onwards. 
Virus transmission was quantified by estimating the reproduction ratio R, which is 
the average number of secondary cases caused by one infectious animal. In the 
non-vaccinated groups all cows became infected and Rnv was significantly above 1. 
In the vaccinated groups infection was demonstrated in three inoculated cows, and 
no transmission was observed (Rv was 0, not significantly below 1).  Transmission 
was significantly reduced in the groups of vaccinated cows when compared to the 
groups of non-vaccinated cows.  
Our findings indicate that after a single vaccination cows are protected against 
infection of FMD and that most likely no virus transmission will occur within a 
vaccinated herd. 
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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. Future outbreaks of FMD in the EU will be 
controlled by culling of infected herds and zoo-sanitary measures. These control 
measures can be supplemented with pre-emptive culling of contact- and contiguous 
farms, a nation-wide standstill of transport of susceptible animals and/or 
emergency vaccination.  
Emergency vaccination is applied to induce rapid protective herd immunity leading 
to reduction of clinical infection and virus transmission. Whether or not a single 
vaccination effectively induces sufficient herd immunity, is unknown. So far, many 
studies have been carried out to examine vaccine-induced clinical protection 
against FMD in various species. Limited studies are, however, performed on the 
ability of emergency vaccination to reduce virus transmission [1-6]. Orsel et al. [7] 
showed that a vaccinated calf infected on average less than one other calf 
(reproduction ratio R below 1) indicating that vaccination should be able to stop 
virus transmission within a group of vaccinated calves. A previous study [8], 
however, showed that the FMD virus strain used induced only limited clinical signs 
in calves and no virus transmission was observed when calves were housed with a 
limited contact structure.  
The question remains, however, whether virus transmission is also significantly 
reduced among dairy cattle. This is a key issue, as during the outbreak of 2001 in 
the Netherlands, more severe clinical signs were reported in adult dairy cows. 
Since severe clinical signs will most likely contribute to higher infectivity of the 
infected animal [9], this may result in higher virus transmission [10]. Moreover, the 
addition of transmission by milk and milk equipment might also increase FMDV 
transmission in lactating cows [11]. We therefore studied the effect of a single 
vaccination on virus transmission in vaccinated and non-vaccinated lactating cows. 
 
 
2. Materials and Methods 
2.1 Animals and milking procedures 
In two replicates (A and B) 22 multiparous Holstein Friesian dairy cows were 
housed in the bio-security facilities at CIDC-Lelystad, the Netherlands. In stable 1 
two cows that served as a vaccine control group were housed, where as the 
vaccinated cows were housed in stable 2, and the non-vaccinated cows in stable 3. 
In replicate B, performed 2 months later, the vaccinated group stayed in stable 3 
and the non-vaccinated group in stable 2. The cows arrived two days prior to the 
start of the experiment from several Dutch farms with an average milk yield of at 
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least 7.000 liters per 305-days. All cows were 2nd, 3rd or 4th parity, 50-120 days post 
partum and without a recent history of mastitis. The cows were fed on pelleted 
grass and regular concentrates. They were housed in a free stall barn and tied up 
twice a day for milking. Similar to the Dutch situation, the interval between 
milking sessions was fourteen and ten hours. Before milking the teats were cleaned 
with a dry towel and disinfected after milking with an iodine disinfectant spray. 
The milking order was randomly selected per day per group. One animal caretaker, 
with a fixed daily routine, served each fully separated group. Cows that developed 
clinical mastitis during the experiment were milked last. When over 50% of the 
cattle were affected with mastitis the milking order stayed as randomly defined, 
since this was a more practical situation. But the milking cluster was disinfected 
before moving on to the next cow. This is comparable to the situation on Dutch 
dairy farms in which a cow with clinical mastitis is also milked last or the milking 
gear is disinfected before milking the next cow.   
 
2.2 Vaccine and challenge virus 
The vaccine used was a commercially available O1Manisa vaccine (approximately 
9 PD50 per dose, Animal Sciences Group of Wageningen UR, Lelystad, the 
Netherlands), prepared as a double-oil emulsion. Virus inoculation was carried out 
using first cattle passage of the FMDV field isolate O/NET/2001 in a dose of 
approximately 37 500 plague-forming units equal to 1500 Cattle-ID50 as 
determined by titration on cattle tongue. 
 
2.3 Experimental design  
In both replicates 22 cows were randomly allocated to two groups (1, 2) of ten 
cows and one group of two cows. The first group (n=10) was not vaccinated and 
the second group (n=10) was vaccinated fourteen days before inoculation. The 
groups were housed in separate stables. Both groups were divided into two 
subgroups of five cows each. The subgroups were spatially divided but still housed 
in the same stable. The five cows to be inoculated, were sedated on day 0 (days 
post inoculation, 0 dpi) with sedamun® (xylazine). The method of inoculation was 
by intranasal instillation of 1.5 ml of FMD virus suspension per nostril. This 
method mimics a FMD infection [12] and uses a known virus load. At 1 dpi the 
original groups were re-united, thereby contact-exposing the non-inoculated five 
cows to the inoculated cows. The third group of two cows was only vaccinated and 
served as vaccine control group. The experiment lasted 31 days, which was 
assumed to be sufficient for virus transmission to occur and to develop an immune 
response. It is also a sufficient time span for carrier development since the carrier 
state is defined from 28 days after infection.  
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2.4 Sampling procedures  
The rectal temperature was recorded during milking, and clinical inspection was 
performed, including checking the ruminal filling and contractions, from 0 till 14 
dpi [13]. The animals of the non-vaccinated groups were sedated at 7 dpi and 14 
dpi with sedamun® (xylazine) to allow a full clinical inspection of the tongue, 
mouth and claws. Twice every 24 hours the aspect and colour of the milk was 
evaluated. If the cow showed clinical signs of mastitis, the inflamed quarter was 
treated with antibiotics (Cobactan LC®). Cows with clinical signs of mastitis in 
combination with generalized lesions of FMD were treated for 5 days with 
Cobactan 2,5%® intramuscular and Cobactan LC® in all four quarters of the udder. 
The total milk production was recorded in kg milk. A mixed milk sample of 
approximately 50 ml (12 ml per quarter of the udder) was collected. The fresh milk 
sample was stored at –70°C. 
Heparinised blood (10 ml per cow) was collected daily from 0 dpi till 14 dpi from 
the coccygeal vein of all animals. Clotted blood for serology (10 ml per cow) was 
taken at –14, 0, 4, 7, 11, 14, 21 and 28 dpi. Oropharyngeal fluid (OPF) was 
sampled daily from 0 to 14 dpi by inserting a cotton mouth swab with forceps in 
the oropharyngeal cavity and rubbing the surface. Swabbing is a valid and a-
traumatic method of sampling the oro-pharyngeal region to detect FMDV and is 
representative for FMDV excretion [10, 14]. Probang samples were collected at 28, 
29 and 30 dpi by scraping the oropharynx with a probang sampler. Also blood 
samples for white blood cell (WBC) collection were taken at 28, 29 and 30 dpi. 
Samples were treated and stored as described by Moonen et al [15]. 
 
2.5 Laboratory tests   
All samples of milk, OPF, WBC, probang and heparinised blood were tested for 
the presence of virus by virus titration (VT) using plaque titration on monolayers of 
secondary lamb kidney cells [8]. When processing the milk samples an extra 
washing step with a phosphate buffer was introduced, after incubating the sample 
for one hour to avoid toxicity of the sample.  
RNA was isolated from all samples using the MagNA Pure LC total Nucleic Acid 
Isolation kit (3 038 505) in the MagNA Pure® system (Roche). The isolates were 
tested in a Light Cycler based RT-PCR with use of Light Cycler RNA Master 
Hybridization Probes (3 0180954), all in accordance with the manufacturers 
instructions (Roche). Primers and probes were previously described by Moonen et 
al. [16].  
The virus neutralization test (VNT) was performed on the sera as described by 
Dekker et al. [17] using O1Manisa virus and secondary porcine kidney cells. We 
considered a 4-fold difference in antibody titer as compared to the mean titer of the 
vaccine control group as an indication of infection in the vaccinated animals. 
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Antibodies against FMDV non-structural proteins were detected in sera with a 
commercial NS-ELISA (Cedi-test®) used according to the instructions of the 
manufacturer [18, 19]. 
 
2.6 Statistical methods 
2.6.1 Mean daily virus excretion  
To compare the virus excretion of the inoculated and contact-exposed non-
vaccinated animals we calculated a mean daily virus-excretion (MDV in 10log titer) 
per animal for each day the cow was excreting virus in the OPF samples. We also 
analyzed the number of days the animal tested positive in the VT-test on OPF 
samples. For statistical analysis a non-parametric Mann Whitney U test was 
performed in SPSS version 12.0.1. 
 
2.6.2 Quantification of transmission 
We used a stochastic S-I-R (susceptible-infectious-recovered) model as described 
by De Jong and Kimman [20], in which S is the total number of susceptible, I the 
total number of infectious and R the number of recovered animals. The contact-
exposed animals were all allocated to the S category, whereas cows that either 
showed clinical signs or tested positive in one of the laboratory tests were allocated 
to the I category. After recovery from infection the cow was classified as R. The 
total number of recovered cows at the end of the experiment is the final size of the 
infection chain. The final size of infection in both replicates was used to estimate 
the reproduction ratio R by means of a maximum likelihood estimator (MLE) [21]. 
R is defined as the average number of new cases of an infection caused by one 
infected individual [22]. So Rv is the reproduction ratio in a vaccinated population 
and Rnv in the non-vaccinated population. 
The null hypothesis - the reproduction ratio in non-vaccinated cattle was equal to 
the reproduction ratio in vaccinated cattle (H0: Rv = Rnv) - was tested one-sidedly 
against the alternative hypothesis that the transmission ratio in non-vaccinated 
cattle is higher compared to vaccinated cattle (H1: Rv < Rnv) [23].  The 
epidemiological model is described in more detail by Kroese and de Jong [7]. 
 
 
3. Results 
3.1 Clinical signs  
In both replicates all non-vaccinated animals showed severe FMD lesions in the 
mouth, on the coronary band and in the interdigital spaces, as well as on the teats, 
which led to problems during milking. FMDV infection including problems with 
proper milking procedures, led to clinical mastitis in one or more udder quarters of 
all animals of the non-vaccinated groups. The average milk production declined 
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with approximately 2 kg per animal per day and did not return to the individual 
average production when FMD-lesions were healing during the experimental 
period (Figure 1). Rectal temperature in all animals of both replicates of the non-
vaccinated groups was over 39°C for three days on average; starting at 3 dpi for the 
inoculated animals and at 6 dpi for the contact exposed animals (Figure 2). 
 
Figure 1: Average milk production of vaccinated and non-vaccinated groups of cows for both 
replicates 
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Clinical signs, in two inoculated (2 out of 10) and one contact-exposed (1 out of 
10) non-vaccinated cow, were judged to be so severe that euthanasia was 
performed by injection of T61® before the end of the experiment. No clinical signs 
of FMD were observed in the vaccinated cows. The frequency of rumen 
contractions was within a range of 9-14 per five minutes in all cows. Decline in 
rumenal filling, as a sign of decreased food intake, was observed in all cows with 
clinical signs of FMD.  
 
3.2 Virus and genome detection: Virus titration assay and RT-PCR  
In both replicates the cows of the non-vaccinated groups tested positive by VT and 
RT-PCR from OPF, the heparinised blood- and milk samples. The MDV neither 
differed significantly between the contact-exposed and inoculated non-vaccinated 
cows within a replicate, nor differed between contacts or inoculated cows when 
combining both replicates.  
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Figure 2. Rectal temperatures of cows in all groups in both replicates (error bars at day 4 – 9 indicate 
the standard error of mean) 
 

38,2

38,4

38,6

38,8

39

39,2

39,4

39,6

39,8

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

days post inoculation

te
m

pe
ra

tu
re

 (°
C)

vaccinated inoculated
vaccinated contact exposed
non-vaccinated inoculated
non-vaccinated contact exposed
vaccine control

Table 1. Mean daily virus excretion and number of days tested positive of non-vaccinated cows for 
both replicates (including differences in inoculated and contact-exposed cows)  

Replicate Status MDV (10log) Sd 

A Inoculated 2.75 1.31 

A Contact 3.26 1.92 

B Inoculated 3.03 1.51 

B Contact 3.28 1.53 
    

Replicate MWU MDV (p-value) Days (p-value) 

A Inoculated:Contact 0.465 1.0 

B Inoculated:Contact 0.602 0.811 

A + B Contact:Contact 0.602 0.811 

A + B Inoculated:Inoculated 0.347 1.0 

 
MDV = mean daily virus excretion 
Sd = standard deviation 
MWU = Mann Whitney U test 
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Also no significant differences were found in the number of days the cows tested 
positive in OPF samples (Table 1). In figure 3 the virus titers in milk are shown per 
individual animal.  
 
 
Figure 3: Virus titers in milk of inoculated and contact-exposed cows of both replicates  
 

 
 
  Virus titers in milk in contact-exposed cows (B)                              Virus titers in milk in inoculated cows (B) 
 
 
When testing the probang samples of 28, 29 and 30 dpi in both replicates three out 
of four inoculated non-vaccinated cows tested positive either for virus or genome. 
One out of five and one out of four in the contact exposed non-vaccinated cows 
tested positive in probang samples, respectively (Table 2). In none of the WBC 
samples of the cows in the experiment FMD virus or genome was detected. 
In both replicates of the vaccinated group no virus or genome was detected in OPF, 
blood or milk samples, neither in the inoculated groups nor in the contact-exposed 
groups. In the probang samples three out of five inoculated cows tested positive. In 
both replicates the five vaccinated contact-exposed cows tested negative in all 
samples for virus or genome. 

  Virus titers in milk in contact-exposed cows (A)                     Virus titers in milk in inoculated cows (A) 
 



Table 2: Test results from non-vaccinated cows of both replicates  
 

Replicate Animal 
no 

Clinical 
signs VNT NS-

ELISA 
VT 
milk 

RT-PCR
milk 

VT 
plasma 

RT-PCR 
plasma VI OPF RT-PCR 

OPF 
VT 

probang 
RT-PCR 
probang 

Definition 
at 

start 

Final Size 
by 

definition 

Final Size 
by 

Test results
                

A 7358 + + + + + + + + + - - S R R 

A 7359 + + + + + + + + + - - S R R 

A 7360 + + + + + + + + + - - S R R 

A 7361 + + + + + + + + + + + S R R 

A 7362 + + + + + + + + + - - S R R 

A 7363 + + + + + + + + + + + I R R 

A 7364 + + dead + + + + + + dead dead I R R 

A 7365 + + + + + + + + + - - I R R 

A 7366 + + + + + + + + + + + I R R 

A 7367 + + + + + + + + + + + I R R 

B 7904 + + + + + + + + + + + S R R 

B 7905 + + + + + + + + + - - S R R 

B 7906 + + + + + + + + + - - S R R 

B 7907 + + + + + + + + + dead dead S R R 

B 7908 + + + + + + + + + - - S R R 

B 7909 + + + + + + + + + - + I R R 

B 7910 + + + + + + + + + + + I R R 

B 7911 + + + + + + + + + - - I R R 

B 7912 + + + + + + + + + dead dead I R R 

B 7913 + + + + + + + + + + + I R R 

 



Table 3: Test results from vaccinated cows and the vaccinated control group of both replicates 
 

Replicate Animal Clinical 
signs VNT NS-

ELISA 
VT 

milk 
RT-PCR

milk 
VT 

plasma 
RT-PCR 
plasma VI OPF RT-PCR 

OPF 
VT 

probang 
RT-PCR 
probang

Definition at
start 

Final Size 
by 

definition 

Final Size 
by 

Test results

       
A 7368 - + - - - - - - - - - S S S 
A 7369 - + - - - - - - - - - S S S 
A 7370 - + - - - - - - - - - S S S 
A 7371 - + - - - - - - - - - S S S 
A 7372 - + - - - - - - - - - S S S 
A 7373 - + - - - - - - - - - I R S 
A 7374 - + - - - - - - - - - I R S 
A 7375 - + - - - - - - - - - I R S 
A 7376 - + - - - - - - - - - I R S 
A 7377 - + - - - - - - - - - I R S 

Ex
cl

ud
ed

 fr
om
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al

cu
la
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B 7894 - + - - - - - - - - - S S S  
B 7895 - + - - - - - - - - - S S S  
B 7896 - + - - - - - - - - - S S S  
B 7897 - + - - - - - - - - - S S S  
B 7898 - + - - - - - - - - - S S S  
B 7899 - + + - - - - - - + + I R R  
B 7900 - + + - - - - - - + + I R R  
B 7901 - + + - - - - - - + + I R R  
B 7902 - + - - - - - - - - - I R S  
B 7903 - + - - - - - - - - - I R S  
       

A 7378 - + - - - - - - - - -    
A 7379 - + - - - - - - - - -    
B 7914 - + - - - - - - - - -    
B 7915 - + - - - - - - - - -    
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No statistical tests on MDV or days tested positive were performed on the 
vaccinated groups since no virus excretion was measured. No virus or genome was 
isolated from WBC of the vaccinated cows. 
The cows in the vaccine control group of both experiments were negative for FMD 
virus and genome in all samples (Table 3).  
 
3.3 Serology: VNT and NS-ELISA 
In both replicates all non-vaccinated cows developed a VN titer higher than the 
detection limit of 0.3 (10log). The VN titer at 14 dpi of the non-vaccinated cows 
was significantly higher compared to the vaccination titer of the vaccinated control 
groups (figure 4, p<0.01). None of the vaccinated cows has a 4-fold difference in 
VN titer compared to the vaccine control groups. 
 
Figure 4. VN titer in all groups of cows, including standard error of mean 
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Antibodies against NS-ELISA proteins were detected after 14 dpi in all cows of 
both non-vaccinated groups. The three out of five inoculated vaccinated cows that 
were positive in the probang sample in replicate B, tested also positive in the NS-
ELISA. These three cows were considered to be infectious, in the S-I-R model.   
All cows of the vaccine control group tested positive in the VN assay and negative 
in the NS-ELISA. 
 
3.4 Quantification of virus transmission 
In both replicates A and B virus transmission was observed to all contact–exposed 
cows in the non-vaccinated group. No virus transmission was observed to 
vaccinated contact-exposed cows, neither in replicate A nor B. 
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Table 4: Final size of infection in the S-I-R model 
 
Replicate Groups N S0 I0 St Rt It xi f 

A Non-vaccinated 10 5 5 0 10 0 5 1 
B Non-vaccinated 10 5 5 0 10 0 5 1 
B Vaccinated 10 7 3 7 3 0 0 1 
          
 Alternative         

A Non-vaccinated 10 5 5 0 10 0 5 1 
A Vaccinated 10 5 5 5 5 0 0 1 
B Non-vaccinated 10 5 5 0 10 0 5 1 
B Vaccinated 10 5 5 5 5 0 0 1 

 
N = total number of animals in group 

S
0

 = total number of susceptible animals at start 

I
0

 = total number of infectious animals at start 

S
t
 = total number of susceptible animals at end 

I
t
 = total number of infectious animals at end 

R
t
 = total number of recovered animals at end 

f = number of repetitions 

x
i
 = number of contact infections 

 
 
With the observed final size of infection (Table 4), a MLE was calculated for Rnv 
of ∞ (1.3;∞), which was significantly above 1 (p=0.007). In the vaccinated groups 
no infection after inoculation was observed in replicate A and this group was 
excluded from the calculations. In replicate B no transmission was observed from 
the three out of five infected cows to the contact-exposed cows. This resulted in an 
estimated Rv of 0 (0.0;3.4) which is not significant below 1 (p=0.20). When 
comparing the groups with and without vaccination a significant difference 
between Rv and Rnv was observed (p=0.013).  
Applying an alternative interpretation in which all inoculated cows are infectious 
by definition, the MLE for Rv was estimated 0 (0.00;0.89), and significantly below 
1 (p=0.02). For the non-vaccinated groups this interpretation made no difference. 
When testing the hypothesis H0: Rv = Rnv in this alternative interpretation for 
sensitivity analysis a significant difference was found (p=0.0002) between the 
vaccinated and non-vaccinated groups. 
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4. Discussion 
The main goal of this study was to investigate whether a single vaccination of dairy 
cows could reduce FMD virus transmission by quantifying transmission. When 
emergency vaccination will be applied to control an epidemic, R should be below 
1. When R in the groups is significantly above 1, major outbreaks are likely to 
occur. We showed a significant difference in virus transmission in vaccinated and 
non-vaccinated groups of lactating cows. The R in the vaccinated groups was not 
significantly below 1, probably due to the low power of the statistical test since a 
successful inoculation only occurred in one of the two groups of vaccinated cows. 
In the group where all inoculated vaccinated cows resisted inoculation, no 
transmission could occur. Therefore we also performed the calculations with all 
inoculated cows infectious by definition, since these cows were inoculated with 
FMDV. This resulted in a Rv-alternative significantly below 1. Although the estimate 
for Rv within a herd is not significantly below 1, it is probably an underestimation 
of the Rv between herds, as the number of contacts between herds is lower 
compared to contacts within a herd [24]. We therefore consider it reasonable to 
assume that a single vaccination in the field will reduce virus transmission between 
herds and is most likely an effective additional intervention tool during an 
outbreak. 
No infection in seven out of ten inoculated vaccinated cows might indicate that 
vaccine-induced immunity leads to resistance against infection after intra-nasal 
inoculation with challenge-virus, since the inoculation of the non-vaccinated cows 
always was successful. We chose the intra-nasal inoculation route, since through 
application of a known volume with a known virus dose, a standardization of the 
inoculation method can be achieved.  This method is valid in cattle, though shown 
not valid for pigs which are relative resistant to airborne infection [25]. Compared 
to continuous contact and exposure to an infectious animal our challenge method is 
a more limited exposure, which most likely simulates an indirect introduction of 
the virus to a farm.  
 
Differences were observed in the severity of clinical signs between cows and 
calves, which were reported in our previous studies [7, 8]. Cox et al. showed in an 
experiment with older, 4-8 months old, calves, induction of clinical infection to be 
prevented by emergency vaccination but no transmission was quantified in this 
study [6]. 
Cows remained recumbent and this resulted in three cows that needed to be 
euthanized, whereas calves only showed mild clinical signs. No evidence of 
inverse age resistance for FMD is described in cattle before. Age difference was 
only suggested in literature in the observations of the 1967-1968 outbreaks of 
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FMDV in pigs in the UK, in which a tendency toward a longer incubation period in 
younger pigs was mentioned [26].  
When comparing the transmission results of vaccinated dairy cows with the results 
earlier published for vaccinated calves [7], no significant difference in transmission 
is found within the age groups. The design of our experimental studies are, 
however, not suitable to detect small differences in R-values. Though not 
significantly different, the reproduction R among non-vaccinated calves was 
estimated only 2.52, whereas Rnv in cows was ∞. 
Besides the strain- and species dependency described in the literature [27-29], we 
have indications that differences in virus excretion for duration and mean daily 
virus excretion (results not shown) observed between calves and dairy cows, most 
likely are a result of combined influence of age and virus excretion through milk.  
We showed that high virus titers are observed in the milk samples (Figure 3). Milk 
products are known to contain infectious FMDV and may cause spread of FMDV 
[11]. Also between-herd transmission is associated with milk. Dawson et al. 
analysed the hazards associated with bulk milk tanker collections during the UK 
epidemic1967-1968. He identified epidemiological evidence for virus transmission 
through bulk milk tanker collections [30]. In both replicates, vaccinated animals 
did not excrete FMDV through milk, so in a vaccinated population the effect of 
transmission through milk is limited. 
 
Bergmann et al. [31] described FMDV positive WBC in carrier animals. We 
sampled WBC after 28 days, but no virus was isolated from these samples. This is 
in accordance with Zhang et al.,  who concluded that WBC do not serve as a 
cellular site for FMDV infection and replication during persistence and either play 
a minor or no role in persistent infection in cattle [32].  
 
In conclusion, our data shows that a single vaccination is effective in reducing 
virus transmission among dairy cattle. This implies that vaccination could be an 
important additional control measure during an epidemic. Whether the efficacy of a 
vaccine in reducing transmission in the field is comparable to the efficacy under 
experimental conditions is always under debate.  A cost-benefit analysis is 
necessary to decide when vaccination should be applied.  
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Abstract  
Sheep are well known to be susceptible for foot and mouth disease virus (FMDV), 
but it is unknown whether the infection can spread and persist in a sheep 
population. We therefore quantified virus transmission by performing experiments 
with FMD virus strain O/NET/2001 in groups of lambs. We used six groups of four 
lambs each, in which half of each group was inoculated and the other half was 
contact-exposed. To quantify the effectiveness of a single vaccination we also 
included six groups of four lambs each, vaccinated with O1Manisa vaccine, 
fourteen days prior to inoculation. Oropharyngeal fluid was obtained with a swab 
(OPF-swab), and blood samples were collected daily to determine virus excretion 
and serological response.  
We calculated the transmission rate β (the number of new infections per day per 
infectious animal), and the reproduction ratio R (the number of secondary 
infections caused by one infectious individual). The mean daily virus excretion and 
the number of days the lambs excreted virus in the OPF differed significantly 
between vaccinated and non-vaccinated lambs. The transmission rate β in the non-
vaccinated groups was 0.105 (95% confidence limit 0.044;0.253) per day. The 
duration of the infectious period (T) was 21.11 (95% confidence limit 10.6;42.1) 
days. With the final size of infection we estimated the reproduction ratio R in the 
non-vaccinated groups to be 1.14 (0.3;3.3), and in vaccinated groups 0.22 
(0.01;1.78). Virus transmission as quantified by the final size did not differ 
statistically between the vaccinated and the non-vaccinated groups of lambs.  
In conclusion, FMDV seems able to persist in a sheep population, although the 
reproduction ratio was only slightly larger than one. As a consequence, vaccination 
might only have a small effect on transmission, in spite of the fact that virus 
excretion and duration of virus excretion is significantly reduced after vaccination. 
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1.  Introduction 
Foot-and-mouth disease virus (FMDV) is member of the Picorna viridae, and 
causes a vesicular disease in cloven-hoofed animals. Morbidity and mortality of the 
disease depends on virus-dependent characteristics like serotype, virulence and 
strain, or host-specific characteristics like species and age [1-3].  
The course of infection in individual animals of the various species has been 
described extensively. However, for the development of effective surveillance and 
control programmes, it is important that estimates for virus transmission become 
available. Transmission parameters have been reported for cattle and pigs [4, 5]. 
The virus spreads extensively among those species and can persist in a population; 
cattle and pigs are thereby core groups of FMDV. 
Although it is well known that small ruminants can also become infected with 
FMDV, it is unclear whether the virus is able to spread and persist in a population 
of small ruminants. Until now, the available field and experimental data seems to 
be contradictory. Some studies describe an important role in the transmission of 
FMDV for sheep and goats [6, 7], especially since virus excretion in these species 
most often occurs before clinical signs become apparent, or can even occur without 
clinical signs [8]. It is assumed that in the early stages of the 2001 FMD epidemic 
in the UK, the virus was transmitted on a large scale by sheep. Moreover, the trade 
in live sheep and goats, combined with a poor identification and registration system 
of the individual animals were pointed as major risks for entry of FMD virus into 
disease-free countries [7, 9]. In contrast to these findings, Donaldson et al. 
provided evidence of a limited role of sheep in transmission in the field, as shown 
in endemic infected areas in Kenya and Uruguay and epidemics in Greece and 
North Africa [10]. Because of these contradictory reports, and because the data 
available are only qualitative, it is still unclear whether or FMDV can persist in a 
population of small ruminants in the field. It is therefore essential to have 
quantitative data on virus transmission in a population to determine if virus can 
spread, and if so, to what extent. Moreover, it can be helpful to determine the effect 
of control measures, like vaccination applied during an outbreak. 
 
Therefore, we performed experiments in which we determined the transmission 
rate parameter β and reproduction ratio R in groups of lambs. In addition, we 
determined the effect of a single vaccination in groups of vaccinated lambs and 
quantified the effect of vaccination on the mean daily virus excretion and Rv.  
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2. Materials and Methods 
2.1 Vaccine and challenge strain of FMDV   
The vaccine used contained inactivated, purified O1Manisa antigen using a mineral 
oil as adjuvant in a double oil emulsion formulation (DOE). The vaccine had a 
potency of a least 6 PD50 per dose of 2 ml (Animal Sciences Group of Wageningen 
UR, Lelystad). The challenge virus was the FMDV field isolate O/NET/2001 of the 
first cattle passage using approximately 1500 cattle-ID50 per animal, which was 
equal to 104.6 plaque forming units on secondary lamb kidney cells [11]. 
 
2.1 Experimental design 
We used 52 conventionally raised and weaned, mixed breed, Dutch lambs of 
approximately 10 weeks of age. The lambs were randomly assigned to 13 groups 
(A - M) of four lambs each, housed in separate units of the high-containment 
facilities at CIDC-Lelystad. The lambs could mingle freely in their group and were 
fed concentrates and molasses. 
The lambs arrived 16 days before inoculation (-16 days post inoculation = dpi). All 
lambs in seven groups were vaccinated at –14 dpi (G-M); the lambs in the other 
groups remained non-vaccinated (A-F). At 0 dpi, two lambs per group were 
challenge-inoculated (A-L). The lambs to be inoculated were separated from their 
group, sedated with Domitor® (medetomidine-hydrochloride) and Ketamine®, and 
subsequently inoculated intranasally with 1.5 ml of virus suspension per nostril. At 
1 dpi the original groups were re-united, hereby exposing the other two lambs by 
direct contact. The lambs in group M remained unchallenged, and served as 
vaccine control group.  
Daily recording of rectal temperature and clinical signs was performed from 0 dpi 
until 14 dpi. Oropharyngeal fluid was obtained with a swab (OPF-swab), and blood 
samples were taken from the jugular vein. The sampling frequency is shown in 
table 1. Probang samples were taken at dpi 28, 29 and 30. Method of sampling is 
described in detail in Orsel et al. [5].  
This experiment was designed to study transmission in vaccinated and non-
vaccinated populations. Through homogeneous groups, the effect of vaccination on 
both infectivity of the inoculated lamb and susceptibility of the contact exposed 
lamb can be taken into account when quantifying virus transmission.  
 
2.2 Laboratory tests 
All OPF, probang and heparinised blood samples were tested for the presence of 
virus by virus titration (VT) using the plaque count method on a monolayer of 
secondary lamb kidney cells [11]. RT-PCR was performed on OPF-swabs and 
probang samples after isolating RNA using the MagNA Pure LC total Nucleic Acid 
Isolation kit (3 038 505) in the MagNA Pure® system (Roche). The isolates were 



FOOT AND MOUTH DISEASE TRANSMISSION IN LAMBS 
 
 

 49 

then tested in a Light Cycler based RT-PCR with use of Light Cycler RNA Master 
Hybridisation Probes (3 0180954), all in accordance with the manufacturers 
instructions (Roche) and described previously by Moonen et al. [12]. 
The virus neutralization test (VN-test) was performed as described by Dekker et al. 
[13] using O1Manisa virus and secondary porcine kidney cells. A four-fold 
difference in antibody titer as compared to the mean titer of the vaccine control 
group was considered as evidence of infection in the vaccinated animals. 
Antibodies against FMDV non-structural proteins were detected using a 
commercial NS-ELISA (Cedi-test® FMD-NS ELISA), performed in accordance 
with the instructions of the manufacturer. A positive result in the ELISA was 
considered as evidence of infection [14, 15]. 
 
 
Table 1: Sampling schedule during the experiment 
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⇓ Sampling 

-16-14 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14  21  28 29 30 

Heparinised blood   x x x x x x x x x x x x x x x       

OPF-swab sample   x x x x x x x x x x x x x x x       

Clotted blood  x x    x   x    x   x  x  x   

Probang sample                     x x x 

 
OPF = oropharyngeal fluid 
X = sample taken on day mentioned on x-axis 
 
 
2.3 Quantification of transmission and statistical methods  
All estimates are given with a 95% confidence limit between brackets, and for tests 
the calculated p-value was considered statistically significant at p<0.05. 
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2.3.1 Mean daily virus excretion 
We calculated a mean daily virus excretion (MDV in 10log titer) per lamb for each 
day virus was detected in the OPF swab samples. With one observation per lamb 
for virus excretion, statistical comparison of groups were made with a non-
parametric test, since there are limited observations (48 lambs) and no assumption 
on the distribution could be made.  We also determined the number of days the 
lambs tested positive in the VT-test performed on OPF swab samples. For both a 
non-parametric Mann Whitney U test was performed in SPSS version 12.0.1.  
 
2.3.2 Calculation of transmission parameters 
We used a generalized linear model (GLM) described by Klinkenberg et al. [16] to 
calculate the transmission rate parameter β in the non vaccinated groups. In the 
model, infection of susceptible animals and recovery of infectious animals are 
assumed to be generated by a Poisson process with rates β SI/N and αI, where β is 
the transmission rate parameter and α the recovery parameter. The estimation of β 
was based on the numbers of newly infected (C), susceptible (S) and infectious (I) 
lambs per day [16].  
We calculated the duration of the infectious period T, which was based on the 
presence of virus in the OPF swab samples. A positive test period per lamb was 
defined as the total period from the first day a lamb tested positive, till the last day 
the lamb tested positive. We assumed any negative result within this period to be 
false negative. The total experimental period was truncated at 14 dpi, since we did 
not expect the infectious period to extend over 14 days [17]. The start of infection 
for each individual was defined by the first positive OPF swab test result. T was 
estimated with a parametric survival analysis with an exponential distribution (S-
PLUS 7.0). The reproduction ratio was calculated by Rnv = β * T. 
Finally, we quantified the effect of vaccination on virus transmission. For this 
purpose, we used the stochastic S-I-R model (susceptible-infectious-recovered 
model) as described by De Jong and Kimman [18] and calculated the number of 
susceptible, infectious and recovered animals at the beginning and at the end of the 
experiment. The lambs were defined infectious when at least one test gave a 
positive result. Those lambs were defined recovered from infection at the end of 
the experiment. The reproduction ratio can be estimated for the vaccinated groups 
(Rv) and the non-vaccinated groups (Rnv) based on the observed final size of the 
infection chain by means of maximum likelihood estimation. This final size 
method is not dependent on the daily information of S-I-C status of all animals and 
therefore better applicable in a vaccinated population with limited infectious 
animals, although with less power compared to the GLM method. We tested 
whether Rnv was significant above 1 which means that a major outbreak will most 
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likely occur. To quantify the effect of vaccination on virus transmission Rv was 
tested if it was significant below 1, so only minor outbreaks will occur and the 
epidemic will fade out.  Besides we compared the control strategy with and without 
vaccination, by testing one-sided the hypothesis H0: Rv = Rnv (H1:Rv<Rnv) [19]. 
 
 
3. Results  
 
Test results are summarized in table 2 (non-vaccinated groups) and table 3 
(vaccinated groups). 
 
3.1 Clinical signs and virus excretion  
In the non-vaccinated groups, rectal temperature over 40°C (fever) was measured 
only a few times, and no relation between occurrence of fever and onset of (FMD 
specific) clinical signs was found. Clinical signs were observed in nine out of 
twelve inoculated lambs. Virus was excreted in the OPF of eleven out of twelve 
inoculated lambs, and started approximately one to six days before clinical signs 
became apparent (Table 2). In the contact-exposed lambs, five out of twelve 
animals excreted virus in OPF swab samples (groups A, D and F).  In group A, one 
inoculated and one contact exposed lamb excreted virus in OPF, without 
manifestation of clinical signs in that group. In group F, transmission of virus to 
one contact-exposed lamb occurred (9662), but this lamb did not show clinical 
signs of FMD. The other three contact-exposed lambs with positive VT-test results 
did show clinical signs. 
In the vaccinated groups (G - L), neither inoculated nor contact-exposed lambs 
showed clinical signs. Virus was isolated in OPF swab samples from five 
inoculated and one contact-exposed lamb (table 3). All OPF swab samples were 
also tested with RT-PCR, but no additional information was gained, since the same 
samples tested positive in RT-PCR as in VT-test.  The vaccinated control group H 
tested negative on all virus tests. 
In the non-vaccinated groups A - F, virus was isolated from the heparinised blood 
samples of all but one of the inoculated lambs. In groups D and F virus was 
detected in blood samples of two contact-exposed lambs. Virus was detected in 
probang samples of nine inoculated and three contact-exposed lambs, which were 
thereby diagnosed as carrier. All vaccinated lambs tested negative for virus in 
heparinised blood samples. Virus was isolated in a probang sample taken from one 
of the vaccinated inoculated lambs (9742).  



Table 2: Test results in non-vaccinated groups  
  

Days post inoculation / VT-titers in OPF A
Group 

Animal 

number 
 Status 

VN 

Test 

NS-

ELISA 

Heparin

Blood 
Carrier

Clinical

signs 1  2  3  4  5  6  7  8  9  10 11 12 13 14 

9948 Contact No No No No No               

9615 Contact No No No No No     2.11          

9672 Inoculated Yes Yes Yes Yes No  2.92 4.06 2.75  0.40 1.30 1.00   0.70 0.40   
A 

9895 Inoculated Yes Yes No No No                             

9814 Contact No No No No No               

9723 Contact No No No No No               

9743 Inoculated Yes Yes Yes Yes No 3.40 0.70 2.88 3.88 3.24 1.44 0.70 1.00 0.88 1.35 1.65 1.93 1.90 1.70
B 

9614 Inoculated Yes Yes Yes Yes Yes      1.18 1.40 5.34 2.04 0.70     1.81 1.90 0.70 1.51 1.00

9884 Contact No No No No No               

9770 Contact No No No No No               

9661 Inoculated Yes Yes Yes Yes  Yes 1.57 3.24 3.09 2.61 3.56 2.91 0.40   0.88 2.00 1.18 0.40   1.74
C 

9634 Inoculated Yes Yes Yes Yes  Yes   2.85 1.70 3.10 2.10 1.78         0.40 0.40     

9893 Contact Yes Yes Yes Yes  Yes        3.50 4.30 1.40 2.19 0.40 0.70 1.00

9769 Contact Yes Yes Yes Yes  Yes     4.15 5.06 3.07 2.99 3.44 1.89 1.66 1.85 1.50 1.00

9949 Inoculated Yes Yes Yes No  Yes 4.30 3.47 6.12 2.61 3.11 1.83 1.90   1.57 1.88 1.66   1.72   
D 

9689 Inoculated Yes Yes Yes Yes  Yes 3.03 5.10 4.74 2.47 2.08 1.30     0.40   1.63 0.40     
 
 



Table 2 continued 
  

Days post inoculation / VT-titers in OPF A
Group 

Animal 

number 
 Status 

VN 

Test 

NS-

ELISA 

Heparin

Blood 
Carrier

Clinical

signs 1  2  3  4  5  6  7  8  9  10 11 12 13 14 

9635 Contact No No No No No               

9557 Contact No No No No No               

9674 Inoculated Yes Yes Yes Yes  Yes 2.90 4.90 4.13 2.90 1.93 1.10 1.18 1.18 1.44 1.48 1.74 1.51 0.40 1.40
E 

9641 Inoculated Yes Yes Yes No  Yes     1.76 2.70 4.24 2.89 1.00 0.88   0.70         

9662 Contact Yes No Yes No No   0.70            

9586 Contact Yes Yes Yes Yes  Yes 0.88   2.99 5.29 3.06 3.15 2.74 1.72 1.48 1.51 1.70 1.70  

9687 Inoculated Yes Yes Yes Yes  Yes 3.56 1.85 4.59 2.88 2.20 2.03 1.18   0.40 1.00 1.93   2.16 2.15
F 

9690 Inoculated Yes Yes Yes Yes  Yes 4.64 5.03 4.59 2.79 1.81 1.78 1.63 1.10 1.24 2.08 2.99 1.44 1.00 0.70

 
A Virus titers (10 log) in oropharyngeal fluid (OPF)  

Shaded days indicate when the individual lambs showed clinical signs  

VN Test = virus neutralisation test 
 
 
 



Table 3: Test results in vaccinated groups of lambs 
Days post inoculation / VT- titers in OPF B

Group 
Animal 

number 
Status 

VN- 

TestA

NS-

ELISA 

Heparin

Blood 
Carrier

Clinical

signs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

G 9771 Contact Yes No No No No               

 9605 Contact Yes No No No No                                                

 9640 Inoculated Yes No No No No               

 9678 Inoculated Yes No No No No               

H 9612 Contact Yes No No No No     0.70          

 9885 Contact Yes No No No No               

 9613 Inoculated Yes Yes No No No  2.53 0.70       0.40 0.70    

 9679 Inoculated Yes No No No No               

I 9558 Contact Yes No No No No               

 9688 Contact Yes No No No No               

 9625 Inoculated Yes Yes No No No               

 9624 Inoculated Yes No No No No               

J 9657 Contact Yes No No No No               

 9886 Contact Yes No No No No               

 9813 Inoculated Yes Yes No No No 0.88              

 9724 Inoculated Yes No No No No               

K 9656 Contact Yes No No No No               

 9606 Contact Yes No No No No               

 9587 Inoculated Yes Yes No No No    0.70           

 9556 Inoculated Yes Yes No No No 1.70 2.05   0.40          



Table 3 continued 
 

Days post inoculation / VT- titers in OPF B
Group 

Animal 

number 
Status 

VN- 

TestA

NS-

ELISA 

Heparin

Blood 
Carrier

Clinical

signs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

L 9686 Contact Yes No No No No               

 9966 Contact Yes No No No No               

 9894 Inoculated Yes Yes No No No               

 9742 Inoculated Yes Yes No Yes No 0.88 1.10 1.54 0.88 0.40           0.88       

M 9655 Control Yes No No No No               

 9555 Control Yes No No No No               

 9673 Control Yes No No No No               

 9967 Control Yes No No No No                             
 

A VN-test results were positive, but no evidence for infection was observed (i.e. 4-fold increase in titer) 
B Virus titers (10 log) in oropharyngeal fluid (OPF). VN Test = virus neutralisation test 
 
 



Table 4: Statistical comparison of virus excretion and number of days tested positive in virus titration test on OPF swab samples 
 
Group Status Mean Daily Virus excretion 

(p-value) 

Number of days 

(p-value) 

Non-vaccinated / Vaccinated All lambs included 0.001 0.000 

Non-vaccinated / Vaccinated Inoculated 0.002 0.000 

Non-vaccinated / Vaccinated Contact exposed 1.00*    0.002 * 

Vaccinated lambs Inoculated versus Contact exposed 0.235*    0.053 * 

Non-vaccinated lambs Inoculated versus Contact exposed 0.207 0.023 

 
* vaccinated group consist of only one animal 
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3.2 Serology 
Neutralising antibodies were found in serum of all inoculated non-vaccinated 
lambs; only four out of twelve contact-exposed lambs tested positive during the 14 
days period of monitoring. The NS-ELISA showed similar test results compared to 
the VN-test in all but one lamb: a contact exposed lamb (9662) in group F tested 
positive in the VN-test, but was negative in the NS-ELISA. 
In the vaccinated groups all animals had a neutralising antibody titer in the VN-
test, but no 4-fold difference with the vaccine control group was observed in any of 
the lambs. Seven out of twelve inoculated lambs tested positive in the NS-ELISA, 
whereas non of the contact exposed lamb did. 
In the vaccinated control group H, no NS positive test results were found as a result 
of the vaccination (Table 3). 
 
3.3 Mean daily virus excretion  
The MDV excretion in the non-vaccinated groups was based on eleven inoculated 
and five contact lambs in which virus was detected. The MDV excretion in the 
vaccinated groups was based on OPF positive swab results from five inoculated 
and one contact-infected lamb. The MDV excretion between vaccinated and non-
vaccinated lambs differed significantly (p=0.001). Although only one inoculated 
vaccinated lamb tested positive, a significant difference between vaccinated and 
non-vaccinated inoculated lambs was observed (p=0.002). Within the vaccinated or 
the non-vaccinated groups, no difference was observed between the inoculated and 
contact-exposed lambs, which is an indication for the validity of the assumption of 
homogeneity amongst infected lambs, either inoculated or contact infected. All 
four groups (vaccinated versus non-vaccinated and inoculated versus contact 
exposed) differed significantly when comparing the number of days virus was 
excreted in OPF (Table 4).  
 
3.4 Quantification of virus transmission 
In the groups of non-vaccinated lambs, βnv was estimated at 0.105 per day (0.044 ; 
0.253) and T was 21.1 (10.6;42.1) days. This resulted in an estimate for Rnv of 2.22 
(0.46;4.33). Recovery parameter α was 0.05 day-1 illustrating a slow recovery from 
infection. With too limited observations of virus excretion in the vaccinated 
groups, βv could not be calculated. 
Since all inoculated non-vaccinated lambs tested positive for FMDV infection in at 
least one of the tests performed, they were classified in the final size model as I at 
the start of the experiment. In two groups transmission occurred to all contact-
exposed animals, in one group to one contact lamb; no transmission was observed 
in the remaining three groups. 



Figure 1: Final size of infection in twelve groups of four lambs 
 
Non-vaccinated groups                       
  F  D  A  E  B  C   
begin                              ←Inoculated 
                               ←Contact 
                     
end                              ←Inoculated 
                               ←Contact 
                                      
Vaccinated groups                       
  L  K  H  I  J  G   
begin                              ←Inoculated 
                               ← Contact 
                     
end                              ←Inoculated  
                               ←Contact 
                                      
 
Letters A till L identify the groups as described in 2.1 

Grey cells identify susceptible lambs 
Black cells identify infectious lambs 
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This resulted in an estimate of Rnv of 1.14 (0.3; 3.3) with the final size method, 
which was not significantly above 1 (p=0.55). In one out of six groups of 
vaccinated lambs, virus transmission occurred to one contact-exposed lamb 
(9612/group H). Since only seven out of twelve inoculated lambs tested positive in 
at least one test, the estimation with the final size method resulted in a Rv of 0.22 
(0.01:1.78) not significantly below 1 (p=0.13). When testing the hypothesis as to 
whether groups with and without vaccination are the same against the one-sided 
alternative, no significant difference was found (p=0.11). The final size of infection 
is visualized in figure 1. 
 
 
4. Discussion 
Studies on quantification of FMD virus transmission provide essential data for the 
development of surveillance and control programs. To gain more insight on the 
possible contribution of small ruminants to the spread of FMDV and whether sheep 
can be a core group of FMD, we carried out transmission experiments. The 
transmission rate parameter βnv within groups of non-vaccinated lambs was 0.105 
per day, and the average duration of virus excretion (T) was 21.1 days, resulting in 
a reproduction ratio Rnv of 1.14. This finding implies that FMD virus transmission 
can occur in a susceptible sheep population. Moreover, lambs shed virus (titers of 
1.4 - 5.29 10log/ml) before clinical signs became apparent or even without showing 
any signs (Table 2). This may pose an extra risk for the transmission of FMDV. 
Remarkably, OPF swab samples of eight lambs still tested positive at the day 
sampling was truncated (dpi 14). So, the number of contact-infections is possibly 
an underestimation of the final size of infection (and thereby of Rnv). 
 
In our experiments, the reproduction ratio within groups of non-vaccinated sheep 
was only slightly above one.  EU measures like a transport ban might possibly be 
sufficient to reduce the between-herd reproduction ratio to a level below one, since 
the contact rate between farms is most likely lower than within groups of lambs. 
Nevertheless, vaccination of sheep could be considered as additional tool since 
virus excretion (MDV) and duration of virus excretion was significantly reduced. 
However, the difference between transmission in vaccinated and non-vaccinated 
groups of lambs was not significant, probably because of the low statistical power 
due to the limited number of inoculated vaccinated lambs that became infected. As 
a sensitivity analysis, we performed the calculations (Rv-alternative) with all inoculated 
lambs defined as infectious at the start of the experiment, since all lambs were 
challenged with a virus dose that would induct infectiousness in susceptible lambs. 
The estimation of the reproduction ratio in the vaccinated groups was Rv-alternative 
0.17 (0.01;1.13) and significantly below 1 (p=0.04), resulting in significantly 
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different transmission characteristics compared to the non-vaccinated population 
(p=0.028). With this assumption it means that within groups of lambs vaccination 
will lead to reduction of virus transmission (R<1) and an outbreak will most likely 
fade out. 
Although we showed that vaccination is effective in reducing virus excretion and 
the duration of virus excretion, there is currently no consensus in publications on 
whether or not it is necessary to vaccinate small ruminants during an outbreak or in 
endemic areas. In the field minor outbreaks are often observed, but also high sero-
prevalence without outbreaks in other species are reported [20]. Donaldson [10] 
drew the conclusion that vaccination of sheep in an endemic area is not justified 
since FMDV infections can be self-limiting in sheep as a result of low excretion 
levels of infectious virus and since sheep are unable to amplify and transmit 
effective levels of infectious virus. Another study showed experimentally that an 
FMDV infection in populations of sheep would fade out without vaccination [21]. 
Our results, however, show that, although sheep do not spread virus extensively, 
the estimated reproduction ratio is 1.14 and not significantly below 1, indicating 
that major outbreaks can occur. An explanation for the different result of Hughes et 
al [21] who found a fade out in susceptible sheep, is that the study design used was 
employing virus propagation through groups of sheep by keeping infectious and 
susceptible sheep in contact only half the time.  
Another issue that should be addressed is the risk of carriers after vaccination.  
Previous studies showed that sheep have a 50% chance of becoming carrier 
regardless of the vaccination status [22]. We found one carrier in our vaccinated 
groups (out of a total of 24 lambs), thereby rejecting the hypothesis that carriers 
occur with a probability 0.5 (p=1.49*10-6). In the non-vaccinated groups twelve 
carriers occurred. According to these findings we would consider the risk of 
transmission from vaccinated carrier sheep much lower than that mentioned in the 
literature, since in our study fewer carriers occur.  
 
A cost benefit analysis is necessary to compare risk of major outbreaks and 
transmission to other species, with the costs of vaccination. In this experiment 
vaccination of sheep has been shown to limit virus excretion and transmission. The 
decision on whether or not to vaccinate, however, must also take into account 
strain- and species dependent variability. Since FMD virus transmission can occur 
in sheep without manifestation of clinical signs, the role of small ruminants in the 
transmission of FMDV must not be underestimated when designing control 
strategies. 
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Abstract  
The aim of this study was to design a transmission experiment that enabled 
quantification of the effectiveness of vaccination against foot and mouth disease 
(FMD) virus in groups of pigs. Previous experiments showed that intradermal 
injection of pigs with FMD virus fourteen days after vaccination was not suitable 
to start an infection chain, as pigs seemed to resistant the challenge used. Therefore 
we carried out two experiments in which we adjusted the infection route. Firstly, 
we exposed pigs, either vaccinated 14 days before or non-vaccinated, each to a 
non-vaccinated seeder pig inoculated with FMD virus O/NET/2001. Four out of six 
contact-exposed vaccinated pigs became infected, whereas five out of six non-
vaccinated pigs became infected. 
Secondly, we quantified virus transmission in homogenous groups of vaccinated or 
non-vaccinated pigs in which the infection chain was started by exposure to a third 
group of non-vaccinated seeder pigs. Transmission was determined from those 
exposed pigs to a second contact group. Transmission occurred to all contact-
exposed pigs in the non-vaccinated groups and to 9 out of 10 contact exposed pigs 
in the vaccinated groups. The rate of transmission (β) was significantly reduced in 
the vaccine group, which implies a slow down of the virus transmission. Yet, the 
reproduction ratio in both groups was still above 1.  
In conclusion, by adjusting our transmission study design and challenge method, 
we were enabled to quantify transmission of FMDV among vaccinated pigs. 
According to this study a single vaccination was not sufficient to stop pig to pig 
virus transmission. With these results major outbreaks may still be expected, even 
in groups of vaccinated pigs.  
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1.  Introduction  
In strategies on control and eradication of foot and mouth disease (FMD), 
vaccination can be considered as an important additional tool in conventional 
strategies as described in the terrestrial code of the OIE. Depending on the control 
policy, vaccination should reduce clinical signs after infection and preferably also 
prevent transmission of virus in a population [1, 2].  
The capacity of a vaccine to reduce virus spread can be studied in so-called 
transmission experiments, in which virus transmission and the effect of 
intervention measures thereon can be quantified [3]. An important aspect in these 
studies is the start of the infection chain in a group of animals [4]. Preferably 
inoculation should mimic natural infection. Since the primary site of infection for 
FMD virus (FMDV) is assumed to be the pharyngeal area [5], intranasal 
inoculation seems to be appropriate to induce infectious animals.  
 
In previous experiments with cattle [6, 7], this route of infection was successfully 
applied in both non-vaccinated and vaccinated animals, and enabled us to quantify 
virus transmission. In experiments with pigs, it was shown that pigs are relatively 
resistant to infection by natural aerosols of FMD [8]. Eble et al. therefore used an 
intradermal injection with virus to induce FMD in vaccinated pigs. However, this 
method did not induce infection in pigs vaccinated 2 weeks before [9]. They 
hypothesized that vaccination of pigs was effective, because pigs seemed to resist 
challenge. Protective efficacy against clinical signs and virus transmission was also 
claimed when vaccinated pigs were direct or indirectly contact-exposed to non-
vaccinated seeders [1, 2].  
However, these experiments do not allow conclusions regarding the extent of 
protection against transmission. Since it is important to have a reliable estimate of 
the efficacy of vaccination against transmission, we developed a different method 
to induce an infection chain in groups of vaccinated pigs, to quantify vaccine 
induced reduction in transmission of FMDV.  
Since intradermal injection seemed a reliable method to induce infection of non-
vaccinated pigs, we exposed vaccinated pigs to non-vaccinated seeders, inoculated 
accordingly. The hypothesis was that if vaccinated pigs could resist infection upon 
exposure to infected non-vaccinated pigs, they would probably also do so after 
exposure to vaccinated infected pigs. In this first experiment no significant 
differences were observed between the number of contact infections in vaccinated 
and non-vaccinated pigs, therefore a second experiment was carried out, in which 
we established the effect of vaccination on both the susceptibility and infectivity. 
We used the non-vaccinated, intradermally inoculated seeders to infect a first group 
of vaccinated pigs and studied transmission from these pigs to a second group of 
vaccinated contact exposed pigs. With quantification of virus excretion and 
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transmission, we compared the effect of a single vaccination in groups of pigs as 
compared to groups of non-vaccinated pigs.   
 
 
2. Materials and Methods 
2.1 Experimental designs 
The two experiments were performed in the high-containment facilities at CIDC-
Lelystad. All pens were completely separated, including individual air ventilation 
units.  
In the first experiment we determined whether a single vaccination could prevent 
the occurrence of infection due to exposure to virus shedding non-vaccinated pigs. 
The pigs were housed in twelve pairs: one pig was inoculated and the other was 
exposed by direct contact (Figure 1a). In six out of twelve pairs the contact-
exposed pigs were non-vaccinated (pair 1-6); in the other six pairs the contact 
exposed pigs were vaccinated (pair 7-12).  
 
 

 

Figure 1a: experimental design of experiment 1 

Figure 1b: experimental design of experiment 2 (both with 2 replicates) 

     -16 dpi till -1 dpi               0 dpi                 RT-PCR positive results in C1 

 
Note: Pigs arrived 16 days prior to inoculation (dpi); the designated groups were vaccinated -14 dpi 

Non-vaccinated seeder (n=4)   S=Seeder 

Non-vaccinated contact group (n=5)  C1=Contact group 1 

Vaccinated contact group (n=5)  C2=Contact group 2 

Seeder euthanized (n=4)
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In the second experiment the effect of vaccination on both the infectiousness and 
susceptibility was determined. Four groups of four non-vaccinated seeders were 
inoculated to start the infection chain. After 24 hours the seeder groups of four pigs 
each were moved to four separate rooms and housed with 5 contact pigs each (C1 
pigs), either all vaccinated or non-vaccinated pigs. The moment FMDV was 
detected in oropharyngeal swabs, taken on a daily basis, by RT-PCR (see section 
2.3) in one of these C1 pigs,  the whole C1-group (n=5) was moved to another pen 
and housed with a second contact group of five pigs (C2) as illustrated in figure 1b. 
The inoculated seeder group was then removed from the experiment. This 
procedure was replicated 4 times, two times with non-vaccinated pigs (replicate A 
and B) and two times vaccinated (replicate C and D) pigs in both C1 and C2 
contact groups. To prevent aggression because of re-grouping the fourteen pigs 
(seeders, C1 and C2) of each replicate had been housed together from 16 days prior 
to inoculation (–16 dpi) till 0 dpi.  
In both experiments a separately housed vaccine control group was included. These 
groups consisted of two and four single vaccinated pigs respectively. 
 
2.2 Animals, vaccine and challenge virus 
The pigs were conventionally raised and weighted 20-30 kilogram at arrival. The 
pigs arrived at -16 dpi and were randomly allocated to the experimental units, in 
free mingling groups. Vaccination was applied intramuscularly -14 dpi with a 
vaccine containing 5 µg 146S antigen O1Manisa per dose of 2 ml in a double-oil-
in-water emulsion (DOE) and a potency of at least 6 PD50 per dose (Animal 
Sciences Group of Wageningen UR, Lelystad). At 0 dpi, the non-vaccinated seeder 
pigs were removed from their original group and sedated with a Ketamine® 
Stressnill® combination for inoculation. At dpi 1 the seeders were re-united with 
their original pen mates. 
The virus used for inoculation, was the field isolate O/NET/2001 [10]. Based on 
titration on cattle tongue, the dose was 1500 infectious doses (ID50) per animal, 
which was equally to approximately 37 500 plaque-forming units (104.6 log) on 
secondary lamb kidney cells. Seeders were inoculated intradermally in the bulb of 
the heel with 0.1 ml virus suspension. 
 
2.3 Sampling procedures 
Clinical signs of all pigs were recorded daily from 0 dpi until the end of the 
experiment. After introduction of the seeder pigs up till 14 days afterwards, a 
sample of oropharyngeal fluid (OPF) was taken daily, by non-disruptively inserting 
a forceps with cotton swab in the oropharyngeal cavity. A heparinised blood 
sample was taken daily in the same period, while clotted blood for serology was 
taken at 0, 4, 7, 11, 14, 21 and 28 dpi.  
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2.4 Laboratory tests 
All OPF swab, heparinised blood and probang samples were tested for the presence 
of virus by virus titration (VT) using plaque count on a monolayer of secondary 
lamb kidney cells [11]. OPF samples were also tested with RT-PCR. After isolating 
RNA using the MagNA Pure® system (Roche), the isolated RNA was tested in a 
Light Cycler based RT-PCR [12].  
The virus neutralization test (VN-test) was performed as described by Dekker et al. 
[13] using O1Manisa virus and secondary porcine kidney cells. We considered a 4-
fold difference in antibody titer as compared to the mean titer of the vaccine 
control group as an indication for infection in the vaccinated animals. Antibodies 
against FMDV non-structural proteins were detected using a commercial NS-
ELISA (Cedi-test®), performed in accordance with the instructions of the 
manufacturer, to discriminate between infection and vaccination [14, 15]. 
 
2.5 Statistical analyses of virus excretion and virus transmission 
From all pigs virus excretion in OPF was compared with a linear mixed effect 
model (S-Plus 7.0) to determine the difference between virus excretion in 
vaccinated and non-vaccinated groups and also between inoculated and contact-
infected pigs. To represent the total virus excretion in oro-pharyngeal fluid per pig 
for the whole sampling period of 14 days, the area under the curve (AUC) was 
calculated as a response variable. AUC’s for pigs, prematurely removed from the 
experiment, were filled up till 14 days with the average virus excretion from their 
pen-mates challenged the same way. The binary variables ‘status’ (inoculated or 
contact-exposed) and vaccination (vaccinated or non-vaccinated) were included as 
explanatory variable and ‘group’ (experimental unit) as a random effect.   
Virus transmission was quantified by reproduction ratio R with the final size of 
infection by means of a maximum likelihood estimation [3, 16]. The methodology 
for calculating R values only applies to homogeneous groups. We determined the 
number of susceptible, infectious and recovered pigs at the start and at the end of 
the experiment. Susceptible pigs are pigs that tested negative in all tests; infectious 
pigs were those that at least once tested positive in the laboratory tests; infected 
pigs were classified as recovered at the end of the experiment.  
We tested whether the reproduction ratio R in the non-vaccinated groups (Rnv) was 
significantly larger than 1 (experiment 1 and 2) and in the vaccinated groups (Rv) 
significantly below 1 (experiment 2). In addition, in experiment 2 we tested the 
null-hypothesis whether the transmission in both groups did not differ significantly: 
H0: Rv = Rnv (H1:Rv<Rnv) [16]. 
In experiment 2 we also calculated the transmission rate parameter β in the 
vaccinated and non-vaccinated groups. We used a generalised linear model (GLM) 
described by Klinkenberg et al [17]  which was based on the number of newly 
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infected (C), susceptible (S) and infectious (I) pigs per day according to virus 
excretion test results from OPF samples. Change in S and I status per animal was 
only changed within a timeframe of one day. Pigs could not regain S-status after 
being infectious. Inoculated pigs from which no virus could be isolated from OPF 
were not considered susceptible (S status). 
 
 
3. Results  
3.1 Experiment 1: Transmission from non-vaccinated seeder 
In five out of six non-vaccinated pairs, both the inoculated and the contact-exposed 
pigs showed severe clinical signs of FMD for several days. These pigs also 
developed VN-titers > 0.3 10log and antibodies to non-structural proteins. In the 
sixth non-vaccinated pair, the inoculated pig (8681) tested virus positive in 
heparinised blood samples, but no virus could be isolated from OPF samples. This 
pig did develop neutralising antibodies four weeks post inoculation. No 
transmission to the in-contact pig (8680) was observed.  
In four out of six pairs with a vaccinated contact pig (groups 7, 9, 11 and 12), both 
the inoculated and contact-exposed pig showed clinical signs and tested positive, 
both in the VT-test and NS-ELISA. All pigs in the remaining two groups (8 and 
10) did not show any clinical signs, and no virus was recovered, neither from 
heparinised blood samples nor from OPF samples. Moreover the NS-ELISA results 
were negative, and no 4-fold difference was found in the neutralising antibody 
titers between the vaccinated contact-exposed pigs and the vaccine control group. 
But both the inoculated and the vaccinated contact-exposed pig in pair 8 tested 
positive in the VN-test. The results are shown in table 1 and summarized in table 2.  
The virus excretion did not differ significantly between vaccinated and all non-
vaccinated pigs, neither between vaccinated and non-vaccinated contact-exposed 
pigs (p=0.283, p=0.438). 



Table 1: Experiment 1 Virus excretion in oropharyngeal fluid per animal per day  

Days post inoculation (dpi) 
Animal 
number 

Pair 
id 

Vaccination 
status 

Virus 
challenge 0 1 2 3 4 5 6 7 8 9 10 11 12-14 

AUC 
(virus 
titer) 

Duration
(days) 

                   

8670 1 Non-
vaccinated Contact - - - 3.44 3.83 3.61 3.89 3.06 3.54 2.02 - - - 26 071 7 

8671 1 Non-
vaccinated Inoculation - - - 4.53 4.53 2.77 3.36 1.76 2.8 1.54 - - - 71 371 7 

8672 2 Non-
vaccinated Contact - - 1.63 4.44 4.13 3.57 3.06 - - - - - - 45 938 5 

8673 2 Non-
vaccinated Inoculation - 1.7 4.74 3.54 2.1 - - - † † † † † 58 630 4 

8674 3 Non-
vaccinated Contact - - 2.88 3.18 3.2 3.26 1.88 - - - - - - 5 752 5 

8675 3 Non-
vaccinated Inoculation - 1.31 5.81 3.91 3 1.7 0.4 - 0.88 - - - - 654 863 8 

8676 4 Non-
vaccinated Contact - - 1.7 3.4 4.04 3.44 1.1 1.3 - - - - - 16 313 6 

8677 4 Non-
vaccinated Inoculation - 3.2 4.8 3.7 2.47 1.92 - - - - - - - 70 070 5 

8678 5 Non-
vaccinated Contact - - 1.44 3.97 4.15 3.7 1.35 0.7 - - - - - 28 524 6 

8679 5 Non-
vaccinated Inoculation - - 4.68 3.74 4.59 1 1.3 0.88 - 0.7 - - - 92 305 8 

8680 6 Non-
vaccinated Contact - - - - - - - - - - - - - 0 0 

8681 6 Non-
vaccinated Inoculation - - - - - - - - - - - - - 0 0 

 
 



Table 1 continued 

Days post inoculation (dpi) Animal 
number 

Pair 
id 

Vaccination 
status 

Virus 
challenge 0 1 2 3 4 5 6 7 8 9 10 11 12-14

AUC 
(virus titer)

Duration
(days) 

                   
8658 7 Vaccinated Contact - - 1.66 2.4 1.7 1.56 - - - - - - - 383 4 

8659 7 Non-
vaccinated Inoculation - - 4.3 3.85 2.83 - - - - - - - - 27 708 3 

8660 8 Vaccinated Contact - - - - - - - - - - - - - 0 0 

8661 8 Non-
vaccinated Inoculation - - - - - - - - - - - - - 0 0 

8662 9 Vaccinated Contact - - 4.35 3.56 3.5 3.83 2.07 1.7 0.88 - - - - 36 116 7 

8663 9 Non-
vaccinated Inoculation - - 5.6 3.64 3.1 1.61 - - - - - - - 403 772 4 

8664 10 Vaccinated Contact - - - - - - - - - - - - - 0 0 

8665 10 Non-
vaccinated Inoculation - - - - - - - - - - - - - 0 0 

8666 11 Vaccinated Contact - - - 3.1 4.44 3.31 2.44 1 - - - - - 31 128 5 

8667 11 Non-
vaccinated Inoculation - - 4.63 4.65 3.59 2.57 1 - - - - - - 91 598 5 

8668 12 Vaccinated Contact - - - 1.1 3.91 2.18 1.1 1.86 - - - - - 8 377 5 

8669 12 Non-
vaccinated Inoculation - - 2.35 4.68 3.36 2.5 0.4 0.4 - - - - - 50 699 6 

 
AUC = area under curve (calculated from true virus titer times days) 
Duration virus excretion included the (false) negative days in between 2 positive test results 
†: animal euthanized  
 - negative testresult 
 



Table 2: Results from experiment 1 (pair-wise transmission) 
 

Animal number 
Pair 
id 

Vaccination 
Status Virus challenge Clinical signs VN test Virus in OPF Virus in blood NS-ELISA 

 
Infected 

8682 13 Vaccinated Control  -  +  -  -  - No 
8683  Vaccinated Control  -  +  -  -  - No 

8670 1  Non-vaccinated Contact  +  +  +  +  + Yes 
8671   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8672 2  Non-vaccinated Contact  +  +  +  +  + Yes 
8673   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8674 3  Non-vaccinated Contact  +  +  +  +  + Yes 
8675   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8676 4  Non-vaccinated Contact  +  +  +  +  + Yes 
8677   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8678 5  Non-vaccinated Contact  +  +  +  +  + Yes 
8679   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8680 6  Non-vaccinated Contact  - -  -  -  - No 
8681   Non-vaccinated Inoculation  -  +  -  +  - Yes 

 
 



Table 2 continued 
 

Animal number 
Pair 
id 

Vaccination 
Status Virus challenge Clinical signs VN test Virus in OPF Virus in blood NS-ELISA 

 
Infected 

8658 7 Vaccinated Contact  +  +  +  +  + Yes 
8659   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8660 8 Vaccinated Contact  -  +  -  -  - No 
8661   Non-vaccinated Inoculation  -  +   -  -  - Yes 

8662 9 Vaccinated Contact  +  +  +  +  + Yes 
8663   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8664 10 Vaccinated Contact  -  +  -  -  - No 
8665   Non-vaccinated Inoculation  -  -  -  -  - No 

8666 11 Vaccinated Contact  +  +  +  +  + Yes 
8667   Non-vaccinated Inoculation  +  +  +  +  + Yes 

8668 12 Vaccinated Contact  +  +  +  -  + Yes 
8669   Non-vaccinated Inoculation  +  +  +  +  + Yes 

 
VN test = virus neutralisation test 
OPF = oro-pharyngeal fluid collected with swab 
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Within the non-vaccinated pigs no significant difference between infection status 
was observed (p=0.253). Results are visualized in figure 2. The reproduction ratio 
in the non-vaccinated pairs was estimated Rnvp = 8.00 (0.8;∞).  
 
Figure 2 Box and Whiskers-plot of total virus excretion (log scale) in all subgroups of experiment 1 
and 2 
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1 = experiment 1: inoculated pigs 
2 = experiment 1: vaccinated contact exposed pigs 
3 = experiment 1: non-vaccinated contact exposed pigs 
4 = experiment 2: C1 (contact group 1) vaccinated 
5 = experiment 2: C2 (contact group 2) vaccinated 
6 = experiment 2: C1 (contact group 1) non-vaccinated 
7 = experiment 2: C2 (contact group 2) non-vaccinated 
 
AUC = area under the curve 

 
 
3.2 Experiment 2: Transmission from vaccinated seeder 
All non-vaccinated inoculated seeder pigs of all four groups, tested positive in OPF 
by RT-PCR. VT-tests on OPF samples were positive in fourteen out of sixteen 
pigs. On dpi 1, all C1-pigs tested positive in RT-PCR tests of the OPF samples, 
therefore the C1 pigs were moved on 1 dpi and housed with the C2 groups.In the 
replicates A and B with non-vaccinated pigs, contact infection in all C-2-pigs was 
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observed: all pigs tested positive for FMDV in OPF and blood samples. At the end 
of the experiment all pigs tested positive in VN-test and NS-ELISA (Tables 3-4), 
with exception of the pigs that were euthanized before the end of the experiment 
for welfare reasons.  
In the vaccinated groups of one replicate (C) all pigs of C1 and C2 tested positive 
in OPF, but only two pigs in C1 and three pigs in C2 tested positive for FMDV in 
blood samples. The NS-ELISA showed a positive test result in three out of five in 
C1 and all four pigs in C2. In the other replicate (D), four out of five pigs in both 
C1 and C2 tested positive in OPF samples, and three pigs in C1 and one pig in C2 
tested positive in heparinised blood samples. The NS-ELISA showed positive 
results in four out of five C1 and two out of five C2 pigs. All test results are 
summarized in tables 3 and 5. Virus excretion in OPF did not differ significantly 
between C1 and C2 groups within the non-vaccinated and vaccinated groups 
(p=0.253 and p=0.260). Also, the AUC in C1 was not significantly higher 
(p=0.188) in non-vaccinated groups compared to vaccinated groups, neither was a 
differences between both C2 groups (p=0.165). Virus excretion is illustrated in 
figure 2.  
Transmission rate β in the non-vaccinated groups was estimated 6.84 day-1 
(3.17;14.75) and in the vaccinated groups 0.66 day-1 (0.24;1.82). Transmission 
rates in vaccinated groups of pigs differed significantly from transmission rates in 
non-vaccinated groups (p=0.0003). Transmission ratio Rnv was ∞ (1.3;∞) and 
significantly above 1 (p=0.007). In the vaccinated groups Rv was 2.42 (0.9;6.9). 
The hypothesis Rv = Rnv could not be rejected.  
 
 
4. Discussion 
The aim of this study was to design a transmission experiment that enabled 
quantification of the effectiveness of vaccination against FMD virus in groups of 
pigs. Since intradermal inoculation in the bulb of the heel of vaccinated pigs did 
not result in a detectable level of infectiousness, we used non-vaccinated seeder 
pigs to start the infection chain.  
In the first experiment, transmission occurred from seeders to both vaccinated and 
non-vaccinated contact exposed pigs, and no difference in virus excretion or 
transmission was observed. Although it is likely that vaccination does reduce the 
susceptibility for infection, it was not sufficient to prevent infection due to contact 
with a non-vaccinated seeder. However, if vaccination is applied during an 
outbreak, usually all pigs within a herd will be vaccinated, and then not only 
susceptibility but also the infectiousness of pigs that do become infected might be 
affected. Therefore, exposure of vaccinated pigs to non-vaccinated seeders might 
result in an underestimation of the vaccine efficacy. 



Table 3: Experiment 2 Virus excretion in oropharyngeal fluid per animal per day  
 

Days post inoculation (dpi) Animal 
number 

Vaccination 
status 

Virus 
challenge 0 1 2 3 4 5 6 7 8 9 10 11 12-14

AUC 
(virus titer)

Duration
(days) 

9041 Non-vaccinated C1 - - - 3.24 4.34 4.25 2.51 0.4 - - - - † 41 724 5 
9042 Non-vaccinated C1 - - 2.68 3.41 4.08 1.97 † † † † † † † 20 246 4* 
9043 Non-vaccinated C1 - - 2.97 4.06 3.86 2.56 0.88 - - - - - - 20 029 5 
9044 Non-vaccinated C1 - - 3.37 3.8 2.64 - - - - - - - - 9 090 3 
9045 Non-vaccinated C1 - - 3.2 2.8 3.7 3.53 1.92 - - - 1.18 0.7 - 10 719 10 
9046 Non-vaccinated C2 - ND ND 0.7 2.13 2.31 3.85 2.44 2.74 2.27 - - - 8 434 7 
9047 Non-vaccinated C2 - ND ND - 3.99 4.03 1.95 1.35 2 0.4 1.18 0.7 - 20 721 8 
9048 Non-vaccinated C2 - ND ND 1.18 4.92 4.6 3.17 1.4 - - - - - 124 506 5 
9049 Non-vaccinated C2 - ND ND 1.4 2.2 5.19 4.95 2.88 2.01 - † † † 245 052 6 
9050 Non-vaccinated C2 - ND ND - 2 3.56 2.44 1.6 1 † † † † 1 635 5* 
9506 Non-vaccinated C1 - - 1.76 3.48 3.88 0.7 1.48 - - - - - - 10 698 5 
9507 Non-vaccinated C1 - - 1.94 3.23 5.28 3.29 † † † † † † † 199 363 4* 
9508 Non-vaccinated C1 - - 1.57 3.89 3.89 1.08 † † † † † † † 20 655 4* 
9509 Non-vaccinated C1 - - - 3.15 4.17 3.75 0.7 - - - - - - 21 832 4 
9510 Non-vaccinated C1 - - - - 4.1 3.29 3.18 1.3 - - - - - 16 072 4 
9511 Non-vaccinated C2 - ND ND 2 4.17 4.81 2.84 2.56 1.95 0.4 - - - 80 603 7 
9512 Non-vaccinated C2 - ND ND 0.88 2.9 3.85 4.28 3.82 2.32 - - - - 33 751 6 
9513 Non-vaccinated C2 - ND ND 2.48 3.41 4.34 4.93 3.92 1.63 - - - - 118 224 6 
9514 Non-vaccinated C2 - ND ND - 2.88 2.1 3.24 2.25 1.98 0.4 - - - 2 898  6 
9515 Non-vaccinated C2 - ND ND 0.7 3.56 3.13 2.99 - - - - - - 5 962 4 

 
 
 



Table 3 continued 
 

Days post inoculation (dpi) Animal 
number 

Vaccination 
status 

Virus 
challenge 0 1 2 3 4 5 6 7 8 9 10 11 12-14

AUC 
(virus titer) 

Duration 
(days) 

9521 Vaccinated C1 - - - 3.09 2.13 2.18 1.65 - - - - - - 1 561 4 
9522 Vaccinated C1 - - 0.88 - 0.88 1.48 - 1.44 - 0.4 - - - 75 8 
9523 Vaccinated C1 - - 0.4 1.1 1.89 1.1 1.4 0.88 - - - - - 138 6 
9524 Vaccinated C1 - - 0.7 3.15 3.3 2.3 2.26 1.65  - - - - 3 839 6 
9525 Vaccinated C1 - - 1.1 2.5 1.8 1.44 2.17 0.4 - - - - - 569 6 
9526 Vaccinated C2 - ND ND - - 1.76 1.7 2.19 2.18 1.65 - - - 458 5 
9527 Vaccinated C2 - ND ND - - - - - 1.1 - - - - 0 012 1 
9528 Vaccinated C2 - ND ND - 4.83 1.18 2.48 - - † † † † 67 934 3 
9529 Vaccinated C2 - ND ND - 0.4 - 3.61 1.85 1.89 1.24 - - - 4 242 6 
9530 Vaccinated C2 - ND ND - - 1.9 4.12 2.28 2.06 - - - - 13 567 4 
9536 Vaccinated C1 - - - 2.51 1.7 2.77 1.7 - - - - - - 1 012 4 
9537 Vaccinated C1 - - 0.7 2.83 1.86 2.6 2.13 - - - - - - 1 286 5 
9538 Vaccinated C1 - - - 0.7 1.8 3.19 1.93 - - - - - - 1 702 4 
9539 Vaccinated C1 - - - 1.24 1.83 2.86 2.1 0.88 1.51 - - - - 0 975 6 
9540 Vaccinated C1 - - - - - - - - - - - - - 0 0 
9541 Vaccinated C2 - ND ND - - - - - - - - - - 0 0 
9542 Vaccinated C2 - ND ND - 0.7 2.4 1.68 2.4 2.35 2.53 1.3 - - 1.137 7 
9543 Vaccinated C2 - ND ND - - 0.88 - - 0.7 - - - - 12 4 
9544 Vaccinated C2 - ND ND - - 2.13 1.51 1.4 2.24 2.14 - - - 504 5 
9545 Vaccinated C2 - ND ND - - - - 1.4 - - - - - 25 1 

 
ND= not determined C1 = contact group 1 C2 = contact group 2  †: animal euthanized * duration censored 
because of dead 
 



Table 4: Experiment 2 non-vaccinated groups 

 Animal 
number 

Vaccination 
status 

Virus 
challenge 

Clinical 
signs VN-test

Virus in 
OPF

Virus in 
Blood NS-ELISA 

PCR 
(OPF) 

Euthanasia
(dpi)

 
Infected

9036 Non- Inoculation + ND + ND ND + Yes
9037 Non- Inoculation + ND + ND ND + Yes
9039 Non- Inoculation + ND + ND ND + Yes
9040 Non- Inoculation - ND + ND ND + Yes

     
9041 Non- C 1 + + + + + + 11 Yes
9042 Non- C 1 + + + + 3 Yes
9043 Non- C 1 + + + + + + Yes
9044 Non- C 1 + + + + + + Yes
9045 Non- C 1 + + + + + + Yes

     
9046 Non- C 2 + + + + + + Yes
9047 Non- C 2 + + + + + + Yes
9048 Non- C 2 + + + + + + Yes
9049 Non- C 2 + + + + + 9 Yes

R
ep

lic
at

e 
A

 

9050 Non- C 2 + + + + + 7 Yes
 
 
 



Table 4  continued 
 

 Animal 
number 

Vaccination 
status 

Virus 
challenge 

Clinical 
signs VN-test

Virus in 
OPF

Virus in 
Blood NS-ELISA 

 
PCR 

Euthanasia
(dpi)

 
Infected

9501 Non- Inoculation + ND + ND ND + Yes
9502 Non- Inoculation + ND + ND ND + Yes
9504 Non- Inoculation + ND + ND ND + Yes
9505 Non- Inoculation - ND + ND ND + Yes

     
9506 Non- C 1 + + + + + + Yes
9507 Non- C 1 + + + + 3 Yes
9508 Non- C 1 + + + + 3 Yes
9509 Non- C 1 + + + + + + Yes
9510 Non- C 1 + + + + - + Yes

     
9511 Non- C 2 + + + + + + Yes
9512 Non- C 2 + + + + + + Yes
9513 Non- C 2 + + + + + + Yes
9514 Non- C 2 + - + + + + Yes

R
ep

lic
at

e 
B

 

9515 Non- C 2 + + + + + + Yes
 
 
ND= not determined 
VN test = virus neutralisation test 
OPF = oro-pharyngeal fluid collected with swab  
C1 = contact group 1 
C2 = contact group 2 
Dpi = days post inoculation 
 

 



Table 5: Experiment 2 vaccinated contact groups 
 

 Animal 
 number 

Vaccination 
status 

Virus 
challenge 

Clinical 
signs VN-test

Virus in 
OPF

Virus in 
Blood NS-ELISA 

PCR 
(OPF) 

Euthanasia
(dpi)

 
Infected

9517 Non- Inoculation + ND + ND ND + Yes
9518 Non- Inoculation - ND - ND ND + Yes
9519 Non- Inoculation + ND + ND ND + Yes
9520 Non- Inoculation - ND + ND ND + Yes

     
9521 Vaccinated C 1 + + + + + + Yes
9522 Vaccinated C 1 - + + - - + Yes
9523 Vaccinated C 1 - + + - - + Yes
9524 Vaccinated C 1 + + + + + + Yes
9525 Vaccinated C 1 - + + - + + Yes

     
9526 Vaccinated C 2 - + + - + + Yes
9527 Vaccinated C 2 + + + + + + Yes
9528 Vaccinated C 2 + + + + + 7 Yes
9529 Vaccinated C 2 - + + - + + Yes

R
ep

lic
at

e 
C

 

9530 Vaccinated C 2 + + + + + + Yes
 

 



Table 5 continued 

 Animal 
 number 

Vaccination 
status 

Virus 
challenge 

Clinical 
signs VN-test

Virus in 
OPF

Virus in 
Blood NS-ELISA 

PCR 
(OPF) 

Euthanasia
(dpi)

 
Infected

        
9532 Non- Inoculation + ND + ND ND + Yes
9533 Non- Inoculation + ND + ND ND + Yes
9534 Non- Inoculation + ND + ND ND + Yes
9535 Non- Inoculation - ND - ND ND + Yes

     
9536 Vaccinated C 1 + + + + + + Yes
9537 Vaccinated C 1 + + + + + + Yes
9538 Vaccinated C 1 - + + - + + Yes
9539 Vaccinated C 1 + + + + + + Yes
9540 Vaccinated C 1 - + - - - + No

     
9541 Vaccinated C 2 - + - - - + No
9542 Vaccinated C 2 + + + - - + Yes
9543 Vaccinated C 2 - + + - - + Yes
9544 Vaccinated C 2 + + + + + + Yes

R
ep

lic
at

e 
D

 

9545 Vaccinated C 2 - + + - + + Yes

9546 Vaccinated Control - +  No
9547 Vaccinated Control - +  No
9548 Vaccinated Control - +  No

 

9549 Vaccinated Control - +  No
ND= not determined VN test = virus neutralisation test OPF = oro-pharyngeal fluid collected with swab C1 = contact group 1 C2 = contact 
group 2  

Dpi = days post inoculation 
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Consequently we carried out a second experiment in which we quantified 
transmission in homogenous groups, either vaccinated or non-vaccinated. The 
infection chain was also started by direct contact-exposure of pigs to non-
vaccinated seeders. The vaccinated contact-infected pigs became infected as in 
experiment 1 and these pigs were able to transmit virus to other vaccinated pigs. 
The reproduction ratio R was estimated to be above one and did not differ from the 
R in the non-vaccinated groups. The transmission rate β was significantly lower in 
the vaccinated groups of pigs compared to non-vaccinated groups of pigs. Virus 
excretion, compared by AUC from virus titers in OPF, did not differ significantly. 
Alternative analyses, both non-parametric testing and other parameters for virus 
excretion (AUC of log titers, mean daily virus excretion = mean virus titer on days 
pigs excreted virus in OPF, alternatively also with log titers), gave comparable 
results, although in some of the alternative analyses a significant difference was 
shown in virus shedding between vaccinated and non-vaccinated C1 groups.  
Our results seem to contradict previously published findings on vaccine efficacy. 
Several studies on emergency vaccination showed protective immunity for clinical 
signs and prevention of virus transmission from 4 days after vaccination. In these 
studies vaccinated pigs were challenged by indirect or direct contact exposure to 
non-vaccinated seeders as well, but this exposure was limited to 1 or 2 hours [1, 2]. 
Eble et al. [9] exposed vaccinated pigs to intradermally inoculated seeders, 
vaccinated 14 days before inoculation, and they did not observe virus transmission. 
Remarkably, a single intradermal inoculation of vaccinated pigs did not even result 
in a measurable response of infection. These studies concluded that vaccination 
was highly efficacious in preventing infection. Our results showed however that 
vaccination was not sufficiently effective, neither in preventing clinical signs nor in 
reducing transmission after exposure to clinically affected pigs.   
Main difference with the referred experiments seems the duration and method of 
exposure, and the virus- and vaccine strain used. The effect of route and virus dose 
on the outcome of infection has been described before. Terpstra (1972) studied 
differences in amount of virus required to initiate an infection, the primary site of 
virus replication and the rate at which generalised clinical signs of FMD appeared. 
In those experiments the pigs were either challenged with oral and nasal spray, 
instillation into the mouth or inhalation of an aerosol. Differences in sensitivity for 
the route of infection and speed of generalisation of FMDV were observed [18]. 
Studies by De Leeuw et al. [19, 20] described differences in vaccine protection as 
related to the method of challenge. After contact challenge a lower level of clinical 
protection was observed compared to needle challenge, but both methods resulted 
in more severe clinical signs of FMD compared to oral challenge of vaccinated 
pigs either in a group or individually housed [19]. They hypothesized that 
additional factors like skin injuries which may result from fighting, continuous 
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inhalation of aerosols containing infectious virus or stress might be additional 
influencing factors [20].  A difference in success rate of infection dependent on 
route of exposure has also been shown for respiratory viruses in humans, in which 
volunteers were direct (nasopharyngeal instillation) and indirectly (airborne) 
exposed to respiratory viruses [21].  
Other studies have been performed to identify the minimal infectious dose for 
several FMD virus strains in cattle, sheep and pigs and infectious doses as low as 
10 TCID50 were identified for calves [22-25], but limited data on the impact of 
duration of exposure have been published. Burrows et al. compared several 
challenge methods and hypothesized that an overwhelming amount of virus by 
contact exposure to a clinically infected animal might lead to simultaneous 
infection of different sites in the animal and thereby lead to more severe clinical 
signs [26].  
Although all studies do provide relevant data, the results are not consistent, and it 
remains difficult to establish a reliable inoculation method. Our method of contact-
exposure might be more close to a field situation in which pigs can mingle freely in 
groups, and seems to mimic natural exposure more than the artificial challenge 
methods used before. The study design we used in experiment 2, seems a good 
alternative to study the effect on both infectivity of infected and susceptibility of 
contact-exposed pigs of vaccination in groups of pigs. 
When extrapolating these experimental results to a field situation, it is not very 
likely that vaccinated pigs are contact-exposed to non-vaccinated seeders. As 
homogeneous groups with regard to their vaccination status are most likely to be 
present during an outbreak where emergency vaccination will be recommended at 
herd-, regional or country level. During an outbreak a transport ban will be in 
place, so exposure of a vaccinated pig to a non-vaccinated infected pig is not likely 
to occur.  
From our results it can be hypothesized that vaccination in the field may slow 
down virus transmission since the estimate for β in a vaccinated population is 
significant lower compared to a non-vaccinated population. Although vaccination 
was not able to prevent within pen transmission, the exposure dose and contact rate 
between herds will probably decrease with distance, so the between herd 
transmission could be lower. Therefore vaccination of pigs may still be considered 
as an additional tool to control an outbreak of FMDV. 
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Abstract 
This case report describes foot-and-mouth disease virus (FMDV) detected in 
tonsils of pigs 30-32 days after inoculation or contact exposure. The piglets 
originated from two different transmission experiments with FMDV O/NET/2001, 
in which 14 days after infection all results from the virus titration tests of oro-
pharyngeal fluid and heparinised blood, turned negative, indicating the piglets to be 
recovered from FMDV infection. At the end of the studies, i.e. 31 - 32 days after 
inoculation of the seeder pigs all pigs were euthanized, and the tonsils were 
collected. From all left tonsil plates a part of 1x1 cm was prepared in the MagNA 
Lyser® or ground with a pestle and mortar for testing in RT-PCR. This resulted in 
positive test results in 13 tonsil samples of 2 vaccinated and 11 non-vaccinated 
piglets; all these tonsils originated from piglets that had shown clinical signs. Our 
findings confirm the persistence of viral genome in tonsils of piglets more than 
four weeks after initial infection.  
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Introduction 
Foot-and-mouth disease (FMD) is a contagious viral disease of livestock species 
like ruminants and swine. Not only the effect on animal health and welfare, but 
also the economic impact of the disease is of great importance, especially for 
exporting countries. Export-limitations are partly based on the possible role of 
ruminant carriers in transmission of FMD virus. Persistent infection in carrier 
animals has been defined as presence of virus more than 28 days after challenge [1]. 
In 1959 van Bekkum et al. reported infectious FMDV in the oropharyngeal 
scrapings collected with a probang sampling cup from FMD convalescent and sub-
clinically infected vaccinated cattle. This method has become the ‘standard’ 
detection method for carrier animals ever since [2].  
Occurrence of carriers in cattle can be observed in approximately 50% of the cattle 
after clinical and sub-clinical infection and also other ruminants like sheep, goats 
and African buffalo have been recognized as carriers of FMD virus. Carriers have 
also been found after vaccination. This has been considered a problem in 
implementation of vaccination in control strategies for FMD, since it has been 
suggested that imported carrier animals may have been responsible for new 
outbreaks in importing countries [3, 4]. Many studies tried to define carrier state in 
pigs as well; Mezencio et al. described the finding of pigs being carriers by 
identifying FMDV-RNA in sera of pigs 266 days post infection [5] although 
Alexandersen et al. showed that pigs cleared the virus within 3-4 weeks [6]. 
Tonsils were found PCR positive previously 2 and 3 days post infection [7], and 
also with in situ hybridization techniques positive results on tonsil tissues on day 2-
4 after infection were reported [8].  
 
We used real-time RT-PCR to identify FMD viral RNA in the tonsils of clinically 
recovered pigs 31-32 days after initial inoculation. We focussed on the tonsil, since 
the oropharyngeal region of all mammals is rich in lymphoid tissue [9], and in 
ruminants the oropharynx is considered an important location of virus persistence. 
Furthermore, previous studies showed positive results in tonsils by RT-PCR and in-
situ hybridisation shortly after infection. 
 
 
Experimental data 
Tonsils were available from two transmission experiments performed with piglets 
of 10 weeks old [10]. The first study included 11 non-vaccinated seeder piglets 
inoculated intradermally with approximately 10.000 plaque forming units of 
FMDV O/NET/2001 in the bulb of the heel, and 12 contact-exposed pigs, which 
were either vaccinated (n=6) or non-vaccinated (n=6). Vaccination was performed 
with a standard dose of double oil emulsion O1Manisa vaccine 15 days prior to 
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contact with inoculated piglets. The piglets were slaughtered 31 days after 
inoculation and 30 days after contact exposure of the piglets. 
In the second experiment four groups of four pigs were inoculated with an 
intradermal injection of FMDV O/NET/2001 in the bulb of the heel. Both two non-
vaccinated and two vaccinated groups of five animals were exposed by contact to 
these seeders. A second group of contact-exposed pigs was exposed to these 
groups; also four groups of five animals. Eight pigs were euthanized for welfare 
reasons before the end of the experiment. 32 Days after first contact with the 
inoculated seeders (dpi) or 31 days after in-contact exposure to this group, all 
piglets were slaughtered. Six vaccinated but not-infected animals were included in 
the experiment as vaccine controls and tonsils of these 6 and 8 other piglets 
(slaughtered for other purposes) served as additional negative controls. From the 
central part of the left tonsil a biopsy of 1 by 1 cm was collected. The tonsil 
biopsies were stored at -70° C until analysis. 
 
 
Laboratory analyses 
The biopsies were both prepared automatically with the MagNA Lyser® and 
manually with a pestle and mortar using sterile sand and EMEM. The suspensions 
were made in PBS containing 2% fetal calf serum and 10% mixed antibiotics. All 
samples were handled in a class II laminar flow cabinet to prevent contamination. 
The tissue suspensions were tested in a virus titration test (VT-test) for presence of 
FMDV on a monolayer of secondary lamb kidney cells. In total 200 μl of tonsil 
tissue suspension was added to one well of a 6-well plate (Greiner®). After one 
hour incubation, the wells were washed with fresh medium and 2.5 ml of fresh 
medium was added. The cells were macroscopically observed for cytopathogenic 
effects for 2 days. If no cytopathogenic effect was observed the cell and 
supernatant were frozen and thawed and 200 μl was tested like the original 
suspension. All incubations were performed at 37°C in a humidified atmosphere 
containing 5% CO2.  
The tonsil suspensions were also tested by automated real-time RT-PCR; RNA 
isolation was performed using the MagNA Pure LC total Nucleic Acid Isolation 
kit (3 038 505) in the MagNA Pure® system (Roche). The isolated RNA was tested 
in a Light Cycler based RT-PCR with use of Light Cycler RNA Master 
Hybridization Probes (3 0180954), all in accordance with the manufacturers 
instructions (Roche). Using the Light Cycler system with hybridisation probes 
performed in a closed glass capillary, detection of the amplification product is 
possible during amplification, thereby minimising the risk of cross-contamination. 
In each run a low positive and negative control was included. The positive test 
controls gave a positive result as expected, indicating a technically correct test 
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result. The primers and probes used were described by Moonen et al. [11]. The RT-
PCR for FMD virus is ISO 17025 accredited and validated within the laboratory 
facilities of CIDC-Lelystad. 
 
 
Laboratory findings 
Results from the acute phase of infection are summarized in table 1-2-3 to indicate 
whether pigs became clinically infected, sub-clinically infected or not infected. 
From 9 days after challenge, all oro-pharyngeal fluid (OPF) samples from all 
piglets tested negative in the VT-tests. Tables 1-3 shows the days post inoculation 
(dpi) when piglets tested positive and the total number of days the piglets tested 
negative in OPF samples after initial positive test results (Table 1-2-3). 
No virus could be isolated from the tonsil samples of the experimentally infected 
animals or vaccine- and negative controls. In contrast, 2 out of 25 vaccinated 
animals and 11 out of 31 non-vaccinated animals tested positive in the RT-PCR. 
The difference between the number of positive samples from vaccinated and non-
vaccinated piglets is significant (Fisher’s exact p=0.024). All positive RT-PCR 
samples originated from animals that had shown clinical signs of FMD. The 
positive test results were all in the proximity of the weak positive test control 
sample. No difference in test results between manually prepared samples (pestle 
and mortar) or automated (MagNA Lyser®) prepared samples was observed.  
 
 
Discussion 
We detected viral RNA using RT-PCR, in tonsils of two vaccinated and 11 non 
vaccinated pigs, which indicates that viral RNA is still present 30-32 days after 
challenge. However, we did not detect virus using the less sensitive VT tests, so it 
cannot be determined whether viable virus was still present. All our positive test 
results originated from piglets of which virus was isolated from OPF samples 
during the acute stage of infection with FMD, but no virus had been detected for at 
least 22 days. 
 
In ruminants persistently infected with FMDV, virus is known to be located in the 
oro-pharyngeal region and in more detail, in the dorsal soft palate [12, 13]. In pigs, 
tonsillar tissue can be found [9] throughout the oropharynx, so we therefore 
directed our sampling towards the tonsils of pigs.  
Due to the high sensitivity of the real-time RT-PCR for FMD combined with a high 
specificity [11, 14-16] samples with a low concentration of viral genome, may still 
test positive. 



Table 1: Results from experiment 1 
 

Animal 
identification 

Vaccination 
status 

NS-ELISA Clinical 
signs 

VI OPF 
acute phase

VI blood 
acute phase

VI tonsil  
> 28 days 

RT-PCR 
tonsil 

> 28 days 

CP Light 
Cycler 

Positive test 
results in 
OPF (dpi) 

# Negative 
days after 
infection 

8671  + Yes + + - + 28.6 3-9 22 
8677  + Yes + + - + 28.6 1-5 26 
8669  + Yes + + - + 28.8 2-7 24 
8667  + Yes + + - + 28.8 2-6 25 
8663  + Yes + + - + 28.9 2-5 26 
8659  + Yes + + - + 28.9 2-4 27 
8665  - No - - - - - - 31 
8675  + Yes + + - - - 1-8 23 
8679  + Yes + + - - - 2-9 22 
8681  - No - + - - - - 31 
8661  - No - - - - - - 31 
8670  + Yes + + - + 28.6 3-9 22 
8672  + Yes + + - + 28.8 2-6 25 
8674  + Yes + + - + 28.8 2-6 25 
8676  + Yes + + - + 29.7 2-7 24 
8678  + Yes + + - - - 2-7 24 
8680  - No - - - - - - 31 
8668 Vaccinated + Yes + - - + 28.7 3-7 24 
8666 Vaccinated + Yes + + - + 28.9 3-7 24 
8658 Vaccinated + Yes + + - - - 2-5 26 
8662 Vaccinated + Yes + + - - - 2-8 23 
8664 Vaccinated - No - - - - - - 31 
8660 Vaccinated - No - - - - - - 31 

 
 



Table 2: Results from control samples 
 

Animal 
identification 

Vaccination 
status 

NS-ELISA Clinical 
signs 

VI OPF acute 
phase 

VI blood 
acute phase

VI tonsil 
> 28 days 

RT-PCR tonsil 
> 28 days 

CP 
Light Cycler

Positive test 
results in 
OPF (dpi) 

# Negative  
days after 
infection 

8682 Vaccinated - No - - - -  -  
8683 Vaccinated - No - - - -  -  
9546 Vaccinated - No - - - -  -  
9547 Vaccinated - No - - - -  -  
9548 Vaccinated - No - - - -  -  
9549 Vaccinated - No - - - -  -  

positive 
control n = 2 - - + +  + 28.2 -  

  - - + +  + 28.5 -  

negative 
control n = 8 - - - - - -    

 
Captions to table 1-2-3 
 
+ : positive at least once 
- : negative in all samples 
VI : virus isolation 
CP = crossing point (2nd derivative) 
OPF = oro-pharyngeal fluid collected with swabs 
CPE = cytopathogenic effect 
dpi = days post inoculation 
# negative days after infection: Number of days between last + OPF sample and the tonsil test at the end of the experiment 



 
 
Table 3: Results from experiment 2 
 

Animal 
identification 

Vaccination 
status 

NS-ELISA Clinical 
signs 

VI OPF 
acute 
phase 

VI blood 
acute 
phase 

VI tonsil 
> 28 days

RT-PCR 
tonsil 

> 28 days

CP Light 
Cycler 

Positive test 
results in OPF 

(dpi) 

# Negative days after 
infection 

9043  + Yes + + - - - 1-5 27 
9044  + Yes + + - - - 1-3 29 
9045  + Yes + + - - - 1-5  9-10 22 
9046  + Yes + + - - - 2-8 24 
9047  + Yes + + - - - 3-10 22 
9048  + Yes + + - - - 2-6 26 
9506  + Yes + + - - - 1-5 27 
9509  + Yes + + - - - 2-5 27 
9510  - Yes + + - - - 3-6 26 
9511  + Yes + + - - - 2-8 24 
9512  + Yes + + - - - 2-7 25 
9513  + Yes + + - + 27.1 2-7 25 
9514  + Yes + + - - - 3-8 24 
9515  + Yes + + - - - 2-6 24 

 



Table 3 continued 
 

Animal 
identification 

Vaccination 
status NS-ELISA Clinical 

signs 

VI OPF 
acute 
phase 

VI blood 
acute 
phase 

VI tonsil 
> 28 days

RT-PCR tonsil
> 28 days 

CP Light  
Cycler 

Positive test 
results in OPF 

(dpi) 

# Negative days after 
infection 

9521 Vaccinated + Yes + + - - - 2-5 27 
9522 Vaccinated - No + - - - - 1-8 24 
9523 Vaccinated - No + - - - - 1-6 26 
9524 Vaccinated + Yes + + - - - 1-6 26 
9525 Vaccinated + No + - - - - 1-6 26 
9526 Vaccinated + No + - - - - 4-8 24 
9527 Vaccinated + Yes + + - - - 7 25 
9529 Vaccinated + No + - - - - 3-8 24 
9530 Vaccinated + Yes + + - - - 4-7 25 
9536 Vaccinated + Yes + + - - - 2-5 27 
9537 Vaccinated + Yes + + - - - 1-5 27 
9538 Vaccinated + No + - - - - 2-5 27 
9539 Vaccinated + Yes + + - - - 2-7 27 
9540 Vaccinated - No - - - - -  32 
9541 Vaccinated - No - - - - -  32 
9542 Vaccinated - Yes + - - - - 3-9 33 
9543 Vaccinated - No + - - - - 4-7 25 
9544 Vaccinated + Yes + + - - - 4-8 24 
9545 Vaccinated + No + - - - - 6 26 
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Expected amounts of virus during persistence in OPF samples are generally low 
[17] and highly variable [18].Low amounts of virus that cannot be detected by 
virus isolation are often still detectable by real-time RT-PCR. Also since virus 
isolation techniques, especially on probang samples, are laborious and time-
consuming [19], RT-PCR is preferred nowadays, not only for OIE listed diseases 
but also for other infectious diseases [20]. RT-PCR can be used as a quantitative 
assay at higher concentrations, but at low concentrations (in samples containing 
approximately 0.1 to 1 TCID50) the crossing points observed in our real-time RT-
PCR are almost identical and in the proximity of the weak positive control (table 1-
2-3). It should be noted that the detected amounts of viral RNA in the tonsil 
samples are very low and biological relevance is not clear as it is not known at 
which rate it would cause infections in susceptible contact animals. 
Zhang & Alexandersen showed a correlation between the presence of persistent 
viral RNA in pharyngeal tissues and the presence of infectious virus in OPF 
samples in cattle [12]. We did not test probang samples or OPF samples at the end 
of our experiment, but with the relation presented in cattle, positive probang 
samples in our pigs might be expected, which makes detection of persistence of 
viral genome in live piglets optional.  
 
To improve knowledge on carriers in pigs, a group of infected, vaccinated and non-
vaccinated pigs could be followed for a longer period in time, both for OPF 
samples and tissue samples. Besides tonsil tissue, other tissues in the oro-
pharyngeal region could be collected to define the location of persistence. In future, 
use of a specific negative strand RT-PCR could show whether virus is still 
replicating and in that way differentiate between a slow viral clearance after acute 
infection (with presence of viral RNA) or a persistent infection with replicating 
virus [21]. 
To overcome discussions on false positive test results, other independent diagnostic 
techniques used to identify FMD virus, could support our findings (in situ PCR 
incorporating digoxigenin-labeled dUTP [22], histopathological and in-situ 
hybridization [8], in situ hybridization also by using biotin-labelled 
oligodeoxynucleotides and tyramide signal amplification [13, 23]), but these tests 
are not as sensitive as the real-time RT-PCR. No other highly sensitive diagnostic 
techniques are available in our laboratory at this moment. 
Several studies have shown viral RNA to be cleared from pigs after 3 weeks of 
infection, [6, 24], which seems to be in contrast to our positive test results on tonsil 
samples more than 4 weeks after infection. One explanation might be the inter-
laboratory difference in RT-PCR test results. Since real-time RT-PCR is nowadays 
mostly preferred, because it is a fast and sensitive technique, therefore it might 
provide test results that have not been expected or observed before. We therefore 
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think that these experimental results should be discussed before ‘unexpected’ test 
results are obtained from the field. 
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Abstract 
Detection of clinical signs of foot and mouth disease (FMD) is important for rapid 
detection of new outbreaks. However, virus excretion could start before clinical 
signs become apparent and the infection could also be sub-clinically. Therefore, we 
quantified experimentally observed transmission that occurred before the first 
clinical signs were noticed, by the reproduction ratio Rincubation. Rincubation is defined 
as the average number of secondary infections caused by one infectious individual 
before clinical signs become apparent. It is assumed that individual hosts, before or 
without showing clinical signs, are less infectious due to lower virus excretion. We 
therefore estimated the transmission of FMD proportionally to the virus excretion. 
For both vaccinated and non-vaccinated groups of lambs and calves estimates for 
Rincubation were below 1, indicating that only few secondary infections occurred, 
before clinical detection of the initially infected individuals. Estimate for Rincubation 
for non-vaccinated dairy cows was Rincubation =1.72 (0.41;7.13). In both non-
vaccinated and vaccinated piglets estimates were above 1 (Rincubation =13.20 and 
Rincubation =1.26, respectively). These findings suggested that only in non-vaccinated 
pig herds possibly a large number of animals might have been infected before 
clinical signs are noticed.  
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1. Introduction  
Foot and mouth disease (FMD) is a notifiable disease of cloven-hoofed animals, 
because it is highly contagious and can cause severe economic losses in livestock 
industry. Since a FMD virus introduction can never be fully prevented, monitoring 
for early detection of an infection is necessary to minimise the number of 
secondary outbreaks. Monitoring is mainly based on detection of clinically 
suspected cases. However, it is well known that infected animals can shed virus 
during the incubation period (i.e. time between infection and first detectable 
clinical signs), and in some species a FMDV infection can occur sub-clinically (i.e. 
infection without clinical signs) [1].  
 
The role of infected but not yet detected individuals and herds has shown to be 
important, like during the UK epidemic in 2001, where epidemiological 
investigations suggested that by movement of undetected infected sheep before the 
first case was confirmed, up to 79 premises were likely exposed to a FMD 
infection [2]. In sheep, the incubation period is often longer compared to cows and 
pigs, and also the total duration of virus excretion in sheep can exceed virus 
excretion in cattle and pigs. The highest virus titers on the other hand are excreted 
by pigs followed by cattle and sheep. In scenario studies, the number of secondary 
outbreaks in the high-risk period (i.e. the time between introduction of FMD virus 
into a country and detection) is often based on the reproduction ratio estimated for 
the whole infectious period of an infected animal. It is unknown however, how 
many secondary infections are to be expected in the incubation period. As virus 
excretion patterns differ between various species, as well as the appearance and 
severity of clinical signs, the question is whether these virus excretion patterns do 
result in differences in transmission before clinical signs are observed. 
 
The aim of this study was therefore to estimate transmission of FMDV among 
vaccinated and non-vaccinated calves, lambs, piglets and dairy cows in the 
incubation period. We calculated the transmission parameter, proportional to the 
virus excretion, both during incubation period (Rincubation) and the full experimental 
period (Rfullperiod).  
 
 
2. Methods 
2.1 Experimental data 
The data used originated from transmission experiments, as was previously 
described in more detail [5-8]. In total 52 calves, 52 lambs and 40 piglets, all 10 
weeks of age, and 40 multiparous lactating dairy cows were included. In the 
transmission experiments the animals were housed in groups, in which half of the 
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group was inoculated with FMDV (approximately 104.6 plaque forming units (pfu) 
of FMDV field isolate O/NET/2001). The other half of the group was contact 
exposed to the inoculated animals. All experiments were carried out with groups of 
non-vaccinated animals and groups of animals that were vaccinated once with 
(DOE) O1Manisa vaccine, 14 days prior to challenge. Each experimental group of 
animals could mingle freely in its pen. Virus excretion was observed by daily 
collection of oro-pharyngeal fluid (OPF) samples. FMDV titers (pfu/ml OPF) were 
determined using plaque count on a monolayer of secondary lamb kidney cells [9].  
 
2.2 Clinical signs 
In each experiment an individual daily registration of all clinical signs was 
performed. For determination of clinical onset of a FMDV infection, observations 
of vesicles in the epithelium of the mouth, the tongue, teats, interdigital spaces and 
the coronary bands were taken into account.  
 
2.3 Statistical methods for quantification of transmission in the incubation period 
(Rincubation ) 
The reproduction ratio Rincubation was defined as the average number of new 
infections per infectious individual in the incubation period. We also included sub-
clinically infected animals, in which virus excretion in OPF was observed. Rincubation 
was estimated for each species both in vaccinated and non-vaccinated groups with 
transmission data proportional to virus excretion of individual animals in OPF. We 
assumed equal individual amounts of OPF produced by one species and that each 
pfu was equally infectious, both before and after clinical signs were observed. 
At first a transmission rate β was calculated, which here represents the average 
number of newly infected animals per day per unit (pfu) of virus excretion in OPF. 
For this calculation we determined the mean daily virus excretion per pen (MDVE) 
since transmission was also determined per pen. The estimated β was based on the 
full experimental period.  
The stochastic S-I-R model (susceptible-infectious-recovered model) as described 
by De Jong and Kimman [10] was adapted to a model based on the number of 
newly infected (cases), contact exposed animals (susceptibles) and the pen-wise 
summed daily virus excretion (for the “I-category”). We used a generalised linear 
model analysis with ‘cases’ as dependent variable, ‘susceptibles’ as binomial total, 
log (MDVE * Δt /N) as offset (where N is total number of animals in the 
experimental unit), and a binomial distribution. By dividing through N, we assume 
mass action, and transmission to be proportional to the density of infected and 
susceptible animals [11].  
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By multiplying the average virus titer per infectious animal with the average 
duration (T  in days) of virus excretion either before clinical signs (for the 
Rincubation) or for the full period (for Rfullperiod ) with this β, transmission was 
quantified: 
 

T
animalinfectious

virustiterβon)R(incubati ∗∗=   

 
The contribution of an individual animal with clinical signs before virus excretion 
or without any virus excretion, to duration T  was considered 0, since that 
individual did not contribute to the total virus excretion before clinical signs 
appeared. When no clinical signs were observed, the total duration of virus 
excretion of that individual was used. In addition to Rincubation we also calculated a 
reproduction ratio for the whole experimental period, Rfullperiod which was 
calculated with the pen-average of the total duration (in days) of virus excretion for 
T, independent of clinical observations. The duration of infectivity was calculated 
from the first till the last day that virus was present in OPF. Days that tested 
negative within this period were considered positive.  
 
 
3. Results 
3.1 Virus excretion and clinical signs 
In figure 1, duration of virus excretion before clinical signs become apparent is 
illustrated. Note that the zero-category includes individuals where virus excretion 
started after clinical signs became apparent. In dairy cows and in non-vaccinated 
and vaccinated pigs a rapid start of virus excretion after inoculation and short 
incubation period were observed. In non-vaccinated and vaccinated lambs and 
calves the onset and duration of virus excretion was observed over a longer period 
of time. In the non-vaccinated groups of animals 16 out of 24 calves, 12 out of 24 
lambs and all dairy cows and piglets showed clinical signs. In the vaccinated 
groups 1 out of 24 calves and 10 out of 20 vaccinated piglets showed clinical signs, 
whereas no clinical infection was observed in the lambs or dairy cows. A summary 
is given in table 1, to indicate whether virus excretion started either before or after 
clinical appearance, or when the infection was sub-clinical. Three non-vaccinated 
dairy cows, one vaccinated and six non-vaccinated piglets were euthanized for 
welfare reasons, due to severe FMD infection.  
 



CHAPTER 6 
 
 

 108 

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Duration of virusexcretion in calves (days)

Pe
rc

en
ta

ge
 o

f a
ni

m
al

s (
% non-vaccinated

vaccinated

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Duration of virusexcretion cows (days)

Pe
rc

en
ta

ge
 o

f a
ni

m
al

s (
%

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Duration of virusexcretion lambs (days)

Pe
rc

en
ta

ge
 o

f a
ni

m
al

s (
%

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Duration of virusexcretion piglets (days)

Pe
rc

en
ta

ge
 o

f  
an

im
al

s (
%

Figure 1: Duration of virus excretion in the incubation period per species 
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Table 1: Virus excretion related to observation of clinical signs (number of animals per category) 
 
 
 

 
Calves 

(nv) 

 
Calves 
(vac) 

 
Dairy 
cows 
(nv) 

 

 
Lambs 

(nv) 

 
Lambs 
(vac) 

 
Piglets 

(nv) 

 
Piglets 
(vac) 

 
Virus excretion started 
before clinical appearance 

 
11 

 
0 

 
18 

 
12 

 
0 

 
20 

 
9 

 
Virus excretion started after 
clinical appearance 

 
2 

 
1 

 
2 

 
0 

 
0 

 
0 

 
1 

 
Virus excretion, 
no clinical signs 

 
3 

 
8 

 
0 

 
4 

 
6 

 
0 

 
8 

 
No virus excretion, 
clinical appearance 

 
3 

 
0 

 
0 

 
0 

 
0 

 
0 

 
0 

 
No virus excretion, 
no clinical signs 

 
5 

 
15 

 
0 

 
8 

 
18 

 
0 

 
2 

 
 
vac = vaccinated 
nv = non-vaccinated 
 
 
3.2 Reproduction ratio Rincubation  
The virus transmission before clinical manifestation (Rincubation) was estimated for 
the non-vaccinated and vaccinated groups of calves to be 0.30 [0.03;3.43] and 1.03 
10-8 [0;∞] respectively. For the non-vaccinated cows Rincubation was 1.72 [0.41;7.13]. 
In the vaccinated dairy cows no virus excretion was detected so Rincubation could not 
be calculated. In the groups of lambs Rincubation was 0.21 [0.02;2.48] in the non-
vaccinated and 0.16 [0.009;2.96] in the vaccinated groups, whereas for pigs the 
estimation for the non-vaccinated groups was 13.20 [4.08;42.68] and 1.26 
[0.18;8.96] for the vaccinated groups. These results, including estimations for 
Rfullperiod are summarized in table 2.  
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Table 2: Virus transmission as quantified with reproduction ratio R 
 

 

Species 

 

Vaccination status 

R a 

95% confidence 

limits 

Rfullperiod 

95% confidence 

limits 

Rincubation

95% confidence 

limits 

Calf Non-vaccinated 

Vaccinated 

2.52 [1.13;52.1] 

0.18 [0.01;1.2] 

0.67 [0.05;9.98] 

1.07 10-8 [0;∞] 

0.30 [0.03;3.43] 

1.03 10-8 [0;∞] 

Dairy 

cow 

Non-vaccinated 

Vaccinated 

∞ [1.3; ∞] 

0 [0;3.4] 

5.87 [2.67;12.89] 

- b

1.72 [0.41;7.13] 

- b

Lamb Non-vaccinated 

Vaccinated 

1.14 [0.3;3.3] 

0.22 [0.01;1.78] 

0.60 [0.03;13.10] 

0.16 [0.009;2.96] 

0.21 [0.02;2.48] 

0.16 [0.009;2.96] 

Piglet Non-vaccinated 

Vaccinated 

∞ [1.3; ∞] 

2.42 [0.9;6.9] 

30.74 [11.09;85.17] 

1.44 [0.22;9.31] 

13.20 [4.08;42.68] 

1.26 [0.18;8.96] 
 

 
R = Reproduction ratio; average number of secondary cases arising from one infectious individual 
estimated with the final size of infection 
Rfullperiod= average number of secondary cases based on the virus excretion in OPF for the whole 
infectious period 
Rincubation = average number of secondary cases proportionally to the virus excretion in OPF before 
clinical signs become apparent 
a Reproduction ratio calculations are described in more details in previous publications by Orsel et al. 
b R cannot be calculated as the vaccinated dairy cows did not excrete virus in oro-pharyngeal fluid  
 
 
4. Discussion  
Clinical signs are important in the rapid detection of new outbreaks of FMD. 
However, infected animals can excrete virus before clinical signs become apparent, 
or sometimes a FMD infection occurs sub-clinical. Since secondary outbreaks may 
occur within the incubation period, we estimated the transmission of FMDV 
infections before the start of clinical signs by Rincubation. All transmission 
experiments were performed with FMDV strain O/NET/2001, which allows 
species comparison, but is a limitation for the extrapolation to different strains, 
since FMDV strains are known to be very antigenic varied, with different species 
specificity [12, 13]. 
For both non-vaccinated and vaccinated calves and lambs Rincubation was estimated 
below 1. Within these types of herds, on average less than one new infection 
occurred, before clinical detection of the initially infected individual. 
Consequently, although clinical signs are often more difficult to be recognized in 
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calves and lambs [14], clinical monitoring seems suitable to detect infected herds at 
a time when the number of infected animals within the herd is still small.  
Since the effect of virus excretion pattern (both height and duration of virus 
excretion) [15, 16] on virus transmission was never quantified before, discussions 
about the risk of virus transmission without clinical signs, especially in sheep, led 
to confusing conclusions. On one hand, it was concluded that sheep play a rather 
limited role in virus transmission because low virus titer are excreted and the 
disease often occurs sub-clinical [17].  On the other hand it was stated that because 
sheep show limited clinical signs, it makes them difficult to recognize, and 
consequently sheep may pose a major risk for virus transmission to occur [14]. Our 
estimations for Rincubation take into account the differences in time till clinical signs 
were observed, and also the calculations were proportional to the amount of virus 
excreted in OPF. These estimations support the suggestion that sheep may play a 
limited role in virus transmission. We therefore conclude that infected sheep herds 
will probably be detected in time when monitored clinically.  
  
Given high estimates of Rincubation for FMDV infections in non-vaccinated pigs and 
estimates above 1 for dairy cows and vaccinated piglets, by the time clinical signs 
became apparent, transmission will most likely have occurred to other animals 
within the herd. This estimate was not based on the final size of infection, but used 
the transmission rate β, virus excretion and duration of virus excretion. When 
reproduction ratio estimates are based on the final size of infection (Rv and Rnv for 
vaccinated and non-vaccinated animals, respectively) other observations like 
serological responses are also taken into account. Consequently, those Rv and Rnv 
estimates will generally be higher than the Rfullperiod reported here and they are most 
likely an overestimation of the true R value [18]. The transmission parameters 
Rincubation and Rfullperiod were based only on virus excretion in OPF and might 
underestimate the transmission per virus excreted, since virus excretion in milk is 
not taken in to account, which is a well known route of virus transmission [19].  
We assumed equal OPF production between animals per day, but clinically 
infected animals often excrete more saliva, which may increase exposure of pen-
mates to this infectious excretum. This may especially counts for the clinical 
period, although we assumed equal infectivity per amount of virus excreted 
throughout the experimental period. Most likely infectivity is lower in the 
incubation period compared to the clinical phase, which might have led to an 
overestimation of Rincubation.  
 
In case Rincubation is low, resulting in limited, if any, transmission in the herd before 
the animal is detected, it might be expected that the probability of FMDV 
transmission to another herd by that time is even lower, since the contact structure 
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between herds is less direct and intense compared to the within herd contact 
structures. For extrapolation it needs to be considered that estimates for Rincubation 
are based on experimental infections, in which clinical disease is observed at 
animal level and might be recognized easier compared to field infections. In field 
situations however, observations are at herd level in which more infected animals 
can be present which increases the chance of clinical recognition of an infected 
herd. Important however, is a fast detection and report of suspicious clinical signs 
observed by the farmer. 
Our estimates for transmission in dairy cows and piglets within herds are above 1. 
Especially in non-vaccinated herds with one clinically affected piglet most likely 
more infected individuals will be present, which makes the herd infectious to other 
herds. When culling capacity is limited, priority should be given to non-vaccinated 
herds of piglets, non-vaccinated herds of dairy cows followed by vaccinated piglets 
and other infected herds of susceptible species. 
 
In conclusion, within herd transmission is most likely to occur in non-vaccinated 
piglets before clinical signs are observed. In contrast, at the moment of clinical 
detection of an infected herd with non-vaccinated dairy cows and vaccinated pigs 
only a limited number of secondary infections are likely to have occurred. Most 
likely clinical inspection in herds with lambs or calves is in time to prevent within 
herd transmission. 
Finally, our results also give useful estimates of transmission before and after 
clinical detection which can be used for the modelling of detection and culling 
strategies in combating outbreaks of  FMD [20-22]. 
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1. Introduction  
Foot and mouth disease (FMD) is a contagious disease, affecting important 
livestock species like cattle, sheep and pigs. FMD is listed as a notifiable disease to 
the OIE (Office International des Epizooties). Outbreaks of FMD in countries with 
a former disease free-status are initially controlled by the slaughter of all infected 
herds, pre-emptive slaughter of contiguous herds, disinfection and movement 
restrictions [1].  
The outbreaks of FMD in Europe in 2001 triggered the discussion about the use of 
vaccination as an additional intervention tool. The aim of vaccination during an 
epidemic of FMD is to reduce virus transmission among animals or between herds. 
The main purpose of the work presented in this thesis was to provide more 
knowledge on FMD virus excretion and transmission in vaccinated and non-
vaccinated populations of the main host species. 
 
 
2. Experimental work 
In Chapter 1 virus transmission among calves was studied, since the outbreak in 
the Netherlands in 2001 was assumed to have started on a mixed farm after import 
of veal calves via a FMDV-contaminated staging point in France [2]. Virus 
transmission was quantified within groups of calves which could mingle freely, by 
estimating the reproduction ratio R, i.e. the expected number of secondary cases 
produced by a typical infected individual during its entire period of infectiousness 
in a completely susceptible population [3]. Two experiments were performed with 
six groups of either four vaccinated or four non-vaccinated calves each. 
Vaccination was carried out with O1Manisa vaccine. Two weeks after vaccination, 
two calves per group were inoculated intra-nasally with FMDV field isolate 
O/NET/2001. The two other calves were contact-exposed to the inoculated calves. 
Contact infections were observed by clinical inspection, virus isolation and RT-
PCR on heparinised blood, oro-pharyngeal fluid (OPF) and probang samples and 
the antibody response. In all six non-vaccinated groups, transmission to at least one 
of the two contact-exposed calves was recorded; in the vaccinated groups, virus 
transmission was observed to one contact-exposed calf in one group.  
The reproduction ratio in the non-vaccinated groups Rnv was estimated 2.52 and 
significantly above 1, whereas in the vaccinated groups the reproduction ratio Rv 
equalled 0.18 and was significantly below 1, indicating that vaccination may 
successfully be applied as additional intervention tool to reduce virus transmission 
in a epidemic of FMD. Contrary to the free mingling groups in these experiments, 
the calves on the index case in the 2001 outbreak had a limited contact structure. 
This could be an explanation for the minor outbreak observed on that farm as no 
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transmission was also observed in a previously performed experiment with 
individually housed veal calves [4]. 
  
The calves did not show clear clinical signs, neither in the experiments, nor during 
the epidemic in 2001. More severe clinical signs were reported during the outbreak 
in 2001 in dairy cows. Since clinical signs were thought to be related to the amount 
of virus excreted [5], and because of that also with virus transmission, a second 
experiment was performed to quantify the effect of a single vaccination on virus 
transmission amongst dairy cows (Chapter 2). The study design was comparable to 
the experiments with calves; however the cows were housed in groups of 10 
animals. In the non-vaccinated groups all cows became infected and showed severe 
clinical signs; three cows had to be euthanized for welfare reasons before the end 
of the experiment. Rnv was significantly above 1.  
In the vaccinated groups infection was demonstrated in three out of ten inoculated 
cows by positive NS-ELISA results, and no transmission was observed (Rv was 0, 
not significantly below 1). As a consequence, the power of this experiment, to 
establish whether Rv is significantly below one, was low. Transmission was 
significantly reduced in the groups of vaccinated cows compared to the groups of 
non-vaccinated cows. These findings indicate that after a single vaccination dairy 
cows are protected against intranasal challenge of FMDV, and most likely also 
virus transmission will be sufficiently reduced within a vaccinated herd.  
Ruminants are considered sensitive to infection by the respiratory route [6], and the 
method of intra-nasal inoculation was successful in all non-vaccinated cows. 
However, by adjusting the method of challenge in vaccinated dairy cows, as was 
shown for pigs in Chapter 5a, (exposure of a first contact group to non-vaccinated 
seeder animals), an infection might also take place in vaccinated cows. 
Consequently, Rv in the experiments described in Chapter 2 might have been 
underestimated. 
 
A second group of susceptible species are small ruminants. Sheep are well known 
to be susceptible for FMDV, but whether virus can spread or persist within a sheep 
population, is not fully clear. Until now, the available field and experimental data 
were contradictory. Some studies described an important role in the transmission of 
FMDV for sheep and goats [7, 8], especially since virus excretion in these species 
most often starts before clinical signs become apparent, or can even occur without 
clinical signs [9]. Moreover, the world-wide trade in live sheep and goats, 
combined with a poor identification and registration system of the individual 
animals were pointed as major risks for entry of FMDV into disease-free countries 
[8, 10].  
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In contrast to these findings, Donaldson et al. [13] provided ‘circumstantial 
evidence’  for a limited role of sheep in transmission in the field, as shown in 
endemic infected areas in Kenya and Uruguay and epidemics in Greece and North 
Africa [11]. However, during the outbreak in 2001 in the UK, sheep were the main 
affected species, and also thought to be particularly responsible for transmission of 
FMDV all over the country by trade of live sheep through markets [12]. 
Since most available data were qualitative, virus transmission was quantified in 
sheep by performing a transmission experiment with FMDV strain O/NET/2001 in 
groups of lambs (Chapter 4). Like in the experiments with calves, six groups of 
four lambs each were used. To quantify the effectiveness of a single vaccination 
also six groups of four lambs each were included, vaccinated with a full dose of 
O1Manisa vaccine, fourteen days prior to inoculation. In this study it was once 
again shown that virus excretion could occur in sheep without clear manifestation 
of clinical signs. The mean daily virus excretion and the number of days the lambs 
excreted virus in the OPF differed significantly between vaccinated and non-
vaccinated lambs. The transmission rate β (i.e. the average number of new cases 
per time-interval from one infectious individual) in the non-vaccinated groups was 
0.105 (0.044;0.253) per day. The duration of the infectious period (T) was 21.11 
(10.6;42.1) days, resulting in an estimate for Rnv of 2.22 (0.46;4.33).  
Based on the observed final size of infection Rnv was estimated to be 1.14 (0.3;3.3), 
and in vaccinated groups Rv = 0.22 (0.01;1.78). Virus transmission did not differ 
significantly between the vaccinated and the non-vaccinated groups of lambs. With 
an estimate of Rnv within herds of only slightly and not significantly larger than 
one, the probability of a minor outbreak to occur is higher compared to the 
probability of a major outbreak. Small outbreaks most likely would not result in 
highly infectious herds. When extrapolating to between herd transmission, 
additional intervention tools, like limitation of the contact rate, could already be an 
effective measure to reduce between herd transmission to a level below 1. But 
since vaccination significantly reduced virus excretion and duration of virus 
excretion this could contribute to reduction of virus spread between sheep herds.  
 
A third susceptible species, important in the Dutch livestock industry, are swine. 
During the last outbreak in the Netherlands, pigs did not become infected. 
However, in endemic areas in Asia, pigs are the main species affected by FMD 
[13]. Since pigs are assumed to be potent emitters of airborne virus [14], they are 
assumed to play an important role during an outbreak of FMD. 
Therefore, the effect of vaccination on transmission of FMDV among pigs should 
be quantified. Transmission experiments have been carried out before [15, 16]. 
Previous experiments showed that intradermal challenge of pigs with FMDV 
fourteen days after vaccination was not suitable to start an infection chain, as pigs 
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seemed to resist infection [17]. Since the method of challenge has an important 
effect on starting the infection chain, two experiments were carried out, in which 
the infection route was adjusted (Chapter 5a).  
 
Firstly, pigs were exposed, either 14 days after vaccination or non-vaccinated, each 
to a non-vaccinated seeder pig inoculated in the bulb of the heel with FMDV 
O/NET/2001. Four out of six contact exposed vaccinated pigs became infected, 
whereas five out of six non-vaccinated pigs did.  
Secondly, virus transmission was quantified in homogenous groups of either 
vaccinated or non-vaccinated pigs. The infection chain was started by exposing 
pigs to non-vaccinated seeder pigs, since this seems to be closest to a natural route 
of infection. Transmission was determined from the contact-infected non-
vaccinated pigs to a second group of non-vaccinated and from contact-infected 
vaccinated pigs to a second group of vaccinated pigs. Virus excretion was only 
slightly reduced in the vaccinated pigs compared to the non-vaccinated pigs. 
Transmission occurred to all contact-exposed pigs in the non-vaccinated groups 
and to 9 out of 10 contact-exposed pigs in the vaccinated groups. The rate of 
transmission β was significantly reduced in the vaccinated groups. With estimates 
for Rnv and Rv above 1, major outbreaks may still be expected in groups of both 
non-vaccinated and vaccinated pigs. Consequently, vaccination does not seem to be 
effective when exposed to virus shedding pigs in a herd. Whether vaccination 
effectively reduces the probability of FMD introduction into a herd by other means 
than virus shedding pigs, is still unclear. However, with current knowledge of 
vaccination in pigs it does not seem to be an effective tool to control an FMD 
outbreak and consequently pre-emptive culling of in-contact pig herds has to be 
considered seriously during an outbreak. 
 
In Chapter 5b, a case study was described on detection of foot and mouth disease 
viral RNA in tonsils of pigs from the transmission studies described in Chapter 5a. 
Carrier animals are well known to occur in both clinical and sub-clinically infected 
cattle and other ruminants, either vaccinated or non-vaccinated. Pigs, however, are 
thought not to become persistently infected [18]. With the development of more 
sensitive diagnostic methods like RT-PCR low levels of viral RNA might be 
detected, also in tissue of pigs.  
At the end of the transmission studies (Chapter 5a), 30-32 days after inoculation or 
contact exposure, all pigs were euthanized, and the tonsils were collected, and 
tested in RT-PCR. This resulted in positive test results in 13 tonsil samples of 2 
vaccinated and 11 non-vaccinated piglets, which all were infected and showed 
clinical signs. These findings suggest that also pigs could become carrier. Since 
only viral RNA was detected (all tests for viable virus were negative), it has to be 



CHAPTER 7 
 
 

 120 

determined in future studies whether pigs can be infectious to other animals more 
than four weeks after infection. So far, it is unknown however, if pigs tested 
positive in RT-PCR pose a risk for transmission of FMDV, since transmission from 
carrier animals with viable virus is still under debate [19]. However, the occurrence 
of carrier animals is often an obstacle in the declaration for ‘freedom from disease’ 
and trade options. 
 
In this study all pigs with positive test results in RT-PCR showed clinical signs due 
to a FMD infection and herds with clinically affected pigs will be culled during an 
outbreak. Nevertheless, with a European discussion getting more in favour of a 
‘vaccination to live policy’[20], it might be important to include a discussion on 
positive RT-PCR test results in sub-clinically infected pigs, as was shown in 
Chapter 5a, pigs might become sub-clinically infected after vaccination.  
 
Finally, in Chapter 6 a statistical method was described to quantify the 
transmission of FMD infections proportionally to virus excretion in the incubation 
period, by estimating the reproduction ratio Rincubation. Detection of clinical signs of 
FMD is important for rapid detection of new outbreaks and until now transmission 
before clinical detection was not quantified. Experimental data were used from 
previously performed transmission experiments (as described in Chapters 2-5) with 
calves, dairy cows, lambs and piglets and both non-vaccinated and vaccinated 
groups were included.  
Point-estimates for Rincubation were above 1 for non-vaccinated dairy cows (Rincubation 
= 1.72) and vaccinated piglets (Rincubation = 1.26). In non-vaccinated pigs Rincubation 
was 13.20. This implies that by the time of first observation of clinical signs, a 
large number of infected pigs can be expected within that same herd. Non-
vaccinated pig herds are most likely highly infectious to other herds, so between-
herd transmission can be expected. This justifies culling of a whole herd when 
virus is detected, even without presence of clinical signs. 
For calves and lambs, estimates for Rincubation were below 1, indicating that when 
first clinical signs do occur in herds of lambs or calves, limited spread within the 
herd can be expected. This was found for both vaccinated and non-vaccinated 
groups. It might be expected that FMDV transmission between herds is also below 
1, since the contact structure between animals in different herds is less direct and 
intense compared to animal contact within a herd. 
In Chapter 4, it was found that FMDV infection in sheep without manifestation of 
clinical signs was thought to be the reason for underestimation of the role of small 
ruminants in the transmission of FMDV. In contrast to that finding it was shown in 
Chapter 6 that clinical inspection can detect an infection in time before large 
numbers of infected animals may have occurred within the infected sheep herds. 
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However, as a consequence of introduction of infected but not yet detected sheep 
during the 2001 outbreak in the UK, many new cases of FMD occurred all over the 
country. Clinical monitoring during an experimental study is most likely easier 
compared to the field, as was analysed by McLaws et al. (2006), since many 
factors are associated with the proper clinical detection of FMD in the field [21].  
As was stated by Kitching et al. (2005), virus transmission from sub-clinically 
infected animals was information that was lacking during the outbreak of 2001 in 
the UK, but should be taken into account when recommendations are made 
adjusting control strategies during an epidemic [22].  
We observed differences in virus transmission among veal calves compared to 
dairy cows, which had not been described before. Differences were described after 
the 1967-1968 outbreaks of FMDV in pigs in the UK, where a tendency toward a 
longer incubation period in younger pigs was mentioned [23]. This might imply an 
overestimation of Rincubation, since our piglets were approximately 10 weeks of age, 
when extrapolating to herds with adult pigs. In sheep however, no differences in 
incubation period are described other than with some virus strains, a high mortality 
rate in lambs. This makes a FMD infection more likely to be detected in herds with 
young animals [24].  
 
The different transmission parameters described in Chapter 6 for the period before 
clinical signs become apparent and the full experimental period, can be used for the 
modelling of detection and culling strategies for future outbreaks of FMD. 
 
 
3. Future consideration 
Given the results from all transmission experiments described in this thesis, 
vaccination is able to significantly reduce virus transmission in cattle and sheep. 
Although in pigs R was not below one, the transmission rate was significantly 
reduced in vaccinated pig populations, which is an indication that also in pig 
populations vaccination might be useful in limiting between-herd transmission. 
These data may help policy makers to change the control strategy and decide to use 
vaccination as additional tool in future epidemics. With the species-specific 
transmission parameters models can also be adjusted for the impact of different 
species on scenario studies. 
Although in this thesis it is shown that heterologous vaccines with antigens held in 
the International Vaccine Banks (O1Manisa) were able to sufficiently interfere with 
transmission of a field strain (O/NET/2001), improved knowledge on the structure 
of the virus and the fragments which elicit a protective immune response might 
allow the development of new vaccines. It would be a great advantage if these new 
vaccines do not require infectious virus (and thus high containment facilities) and 
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could protect animals against multiple serotypes of the virus [25]. With an 
improved protective immunity in pigs to prevent development of clinical signs and 
virus transmission, the occurrence of major outbreaks in pig herds might also be 
prevented. A better understanding of the immunological differences between 
ruminants and swine and the pathogenesis of FMD infection in pigs might help to 
adjust the vaccine for use in pigs.  
Also the possibility for OIE recognition as a country ‘free from disease with 
vaccination’ allows protection of livestock with vaccination against introduction of 
FMDV. Several commercial tests have become available to differentiate naturally 
infected animals from vaccinated animals by DIVA testing with NS-ELISA’s  [26, 
27]. The commercial test used in these studies (Cedi-test® FMD-NS ELISA) was 
able to detect most of the FMDV infected animals, both in non-vaccinated and 
vaccinated populations. The commercial vaccine used in this experiment has 
shown to  perform well according to this marker principle [28].  
However, application of vaccination is a complex decision and other aspects need 
to be considered, like costs, feasibility of different control or eradication measures, 
impact on local and international trade, economic consequences like effect on 
tourism, animal welfare and social implications including cultural and religious 
considerations [29]. After the 2001 outbreak, the European policy is now more in 
favour of vaccination and development of a ‘vaccination to live’ strategy [20]. 
However, it is specified that vaccinated animals can still not be moved between EU 
countries after an outbreak, which makes implementation of emergency 
vaccination economical less attractive. 
As is shown in this thesis differences are observed between vaccine effectiveness 
in various species, which might lead to the development of a differentiated 
vaccination strategy. Dairy cows can best be protected by vaccination, while 
limited effectiveness in pigs might be expected. During an outbreak, affected but 
also contiguous pig farms might better be culled immediately after clinical 
detection. Since transmission is limited within herds of sheep and calves, it might 
be considered not to vaccinate these species groups when vaccination capacity is 
limited. 
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1. Mond- en klauwzeer: een nooit eindigend verhaal!? 
 
Mond- en klauwzeer 
In 2001 werd Europa opgeschrikt door een uitbraak van mond- en klauwzeer 
(MKZ). Een ziekte die de oudere generatie veehouders, dierenartsen en andere 
betrokkenen nog scherp op het netvlies stond, maar die bij de jongere generaties 
alleen maar bekend was uit wet- en regelgeving over aangifteplichtige ziekten, 
studieboeken en verhalen. Vanwege het infectieuze karakter van de ziekte en de 
economische gevolgen is MKZ namelijk opgenomen op de lijst van de World 
Organisation for Animal Health (OIE) als aangifteplichtige ziekte. 
De laatste uitbraak in Nederland dateerde van 1984 en sinds 1992 heeft ons land de 
officiële gezondheidsstatus “MKZ-vrij”.  
 
MKZ kenmerkt zich door blaarvorming op zowel de tong, het verhemelte, het 
mondslijmvlies, de kroonrand als ook op de spenen. Daarnaast worden meer 
algemene ziekteverschijnselen als koorts, apathie, kreupelheid en kwijlen 
waargenomen. De incubatietijd, de tijd die verstrijkt tussen de besmetting en de 
eerste klinische symptomen van de ziekte, is ongeveer 3-8 dagen en onder andere 
afhankelijk van de virulentie van het virus en van de geïnfecteerd geraakte 
diersoort.  
Belangrijke economische schade komt voort uit productiedaling, zoals 
melkgiftdaling en groeivertraging. De ziekte wordt verder gekenmerkt door het feit 
dat veel dieren de infectie oplopen (hoge morbiditeit), maar er meestal weinig 
sterfte wordt waargenomen (lage mortaliteit). Sterfte wordt het meest 
waargenomen in jonge dieren lijdend aan hartspierafsterving. Volwassen dieren 
kunnen zeer ernstig ziek zijn; het welzijn kan zelfs zodanig verstoord zijn door 
kreupelheid (eventueel met ontschoening) of door zeer uitgebreide uierontsteking 
dat, los van wettelijk verplichte ruimingen, euthanasie noodzakelijk is. 
Ook kunnen er zowel na klinische als subklinische infecties zogenaamde ‘carriers’ 
ontstaan. Carriers zijn dieren die symptoomloos drager worden van het virus. In 
runderen bijvoorbeeld kan tot jaren na een infectie nog levend virus aangetroffen 
worden in de oro-pharynx (keelstreek).  
 
 
Vaccinatie tegen mond- en klauwzeer 
Een tweetal doelen voor vaccinatie kan worden onderscheiden: ten eerste is het 
belangrijk dat de schadelijke gevolgen van klinische verschijnselen worden 
voorkomen. Voor MKZ is het tweede doel mogelijk nog belangrijker, namelijk om 
te voorkomen dat het virus zich verspreidt. Er kunnen echter ook nadelen 
verbonden zijn aan vaccinatie; dieren die toch geïnfecteerd raken, laten minder of 
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geen klinische verschijnselen zien, waardoor virus spreiding onopgemerkt kan 
plaatsvinden.  
Bij gebruik van vaccinatie is het essentieel dat het gebruikte vaccinvirus 
bescherming geeft tegen in het veld circulerende virussen. Er zijn 7 verschillende 
serotypes van het MKZ virus te onderscheiden: A, O, C, ASIA1, SAT1, SAT2 en 
SAT3. De definitie van een serotype is, dat opgebouwde immuniteit na infectie met 
één type niet leidt tot weerstand tegen een van de andere types. Hetzelfde geldt 
voor immuniteit na vaccinatie; ook deze is serotype specifiek. Vaak wordt in 
landen waar het MKZ virus endemisch is en er tegen MKZ gevaccineerd wordt, 
dan ook gebruik gemaakt van vaccins waarin verschillende, in dat land 
circulerende, serotypes voorkomen; de zogenaamde polyvalente vaccins. In landen 
met een vrij-status, zoals Nederland, wordt vaccinatie alleen toegepast in 
noodscenario’s bij aangewezen populaties dieren. Bij een dergelijke 
noodvaccinatie wordt gevaccineerd met een monovalent vaccin werkzaam tegen 
het serotype van die uitbraak. 
 
 
De mond- en klauwzeer uitbraak in 2001 
Tijdens de uitbraak in 2001 in Nederland werd de export van dieren en 
dierproducten stilgelegd. Binnen onze landsgrenzen was er sprake van een 
vervoersverbod; in deze periode was geen enkel diertransport toegestaan: varkens 
mochten niet naar het slachthuis afgevoerd worden, kalveren niet naar de 
mesterijen enzovoort. Ruiming van dieren werd toegepast op zowel bedrijven met 
MKZ virus geïnfecteerde dieren, als op contact bedrijven in een 1 of 2 kilometer 
straal om deze besmette bedrijven heen.  
Naast deze maatregelen werd ook noodvaccinatie ingezet. Alle gevaccineerde 
dieren werden door middel van een kenmerk in het oor geïdentificeerd en verplicht 
afgevoerd; de zogenaamde levende ruimingen. Door afvoer van alle geïnfecteerde 
en gevaccineerde dieren werden eventueel aanwezige carriers van het MKZ virus 
verwijderd. Door deze aanpak kon de vrijstatus voor MKZ door Nederland weer 
snel verkregen worden en daarmee ook opheffing van de handelsbeperkingen 
bewerkstelligd worden.  
Het waren vooral de beelden van de ruimingen die de Nederlandse burgers bezig 
hielden en leidden tot publieke discussies. Naast deze vaak emotionele discussies 
bleek ook dat er nog veel wetenschappelijke vragen waren bij het bestrijden van 
MKZ met behulp van vaccinatie. Onduidelijk was bijvoorbeeld de rol van de 
verschillende gevoelige diersoorten, maar ook het effect van vaccinatie op virus 
spreiding. 
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2. Onderzoek beschreven in dit proefschrift 
 
Al tijdens de uitbraak is onderzoek uitgevoerd (met financiële steun van het 
ministerie van LNV) naar de effectiviteit van noodvaccinatie. Hiertoe zijn 5500 
bloedmonsters verzameld van gevaccineerde runderen die gedurende de levende 
ruiming werden afgevoerd naar het slachthuis. Deze monsters zijn allemaal getest 
in een zogenaamde NS-ELISA. Deze laboratoriumtest kan onderscheid maken 
tussen gevaccineerde en door veld-virus geïnfecteerde dieren. Er werd maar een 
beperkt aantal positieve monsters gevonden. Geconcludeerd kon worden, dat er op 
bedrijven alleen maar kleine uitbraken van MKZ hadden plaatsgevonden na 
vaccinatie. Het bleek niet mogelijk om meer conclusies te trekken uit dit veld 
onderzoek en daarom werd er in 2002 begonnen met het hier beschreven promotie-
onderzoek.  
 
 
Transmissie experimenten 
De belangrijkste vraagstelling voor dit proefschrift was het kwantificeren van het 
effect van vaccinatie op transmissie van een infectie met mond- en klauwzeer 
virus, om zo tot een uitspraak te kunnen komen over het te verwachten effect van 
vaccinatie als dit wordt ingezet tijdens een volgende uitbraak. 
Om het effect van vaccinatie in een groep dieren te bestuderen, zijn zogenaamde 
transmissie experimenten uitgevoerd. In een groep dieren, werd de helft van de 
groep met het virus besmet (inoculatie), en de andere helft van de groep werd aan 
deze dieren blootgesteld (contact-exposure). Door het registreren van klinische 
verschijnselen en door middel van laboratorium-onderzoek van dagelijks 
afgenomen bloed- en keelswabmonsters werd bestudeerd of de contact dieren 
geïnfecteerd raakten. Deze proefopzet werd ook uitgevoerd met een groep 
gevaccineerde dieren. Door vergelijking van de resultaten in deze groepen werd het 
effect van vaccinatie gekwantificeerd. 
Met behulp van de reproductie ratio R, wat het gemiddeld aantal nieuwe infecties 
weergeeft ontstaan uit één geïnfecteerd individu, kan transmissie worden 
gekwantificeerd. Als R kleiner is dan 1, zal een geïnfecteerd dier gemiddeld minder 
dan 1 ander dier infecteren waardoor de kans op grote uitbraken heel klein wordt. 
Het is dus van belang te weten, dat de reproductie ratio R na vaccinatie (Rv) kleiner 
dan 1 wordt. Daarnaast werd er gekeken of de transmissie in een gevaccineerde 
populatie (Rv) significant verschillend was van de transmissie in een niet-
gevaccineerde populatie (Rnv).  
Naast de reproductie ratio R hebben we ook de transmissie rate β berekend. Dit is 
een maat voor de snelheid; het gemiddeld aantal nieuwe infecties per dag uit één 
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geïnfecteerd individu. Ook hebben we gekeken naar virusuitscheidingspatronen; 
zowel de hoogte als de duur van virusuitscheiding werd gemeten en geanalyseerd.  
 
Bij verschillende uitbraken in de wereld is gebleken dat het verloop van een MKZ 
virus infectie afhangt van de bij de uitbraak betrokken diersoort. Zo bleek tijdens 
de uitbraak in 2001 in Nederland dat het veldvirus O/NET/2001 tot weinig 
opvallende klinische verschijnselen leidde in lammeren en kalveren, maar in 
melkkoeien ernstige klinische verschijnselen liet zien. Er zijn in Nederland geen 
geïnfecteerde varkensbedrijven gedetecteerd in de uitbraak, hoewel varkens zeer 
gevoelig zijn voor een MKZ virus infectie. Daarom hebben we de transmissie van 
MKZ virus bestudeerd bij verschillende gevoelige landbouwhuisdiersoorten. 
Allereerst zijn genoemde transmissie experimenten uitgevoerd met kalveren, omdat 
de uitbraak in Nederland ook via geïnfecteerde kalveren Nederland was 
binnengekomen. Daarna zijn experimenten uitgevoerd met melkkoeien om het 
effect van betrokken leeftijdsgroep te kunnen bestuderen en vervolgens met andere 
gevoelige species, zoals schapen en varkens om de verschillen tussen de 
diersoorten te kwantificeren.  
 
 
Uitkomsten transmissie experimenten 
In het eerste experiment met zes groepen ongevaccineerde en zes groepen 
gevaccineerde kalveren is gebleken, dat bij de niet-gevaccineerde kalveren de Rnv = 
2.52 en bij de gevaccineerde kalveren Rv = 0.18. Dit was een statistisch significant 
verschil. Daarnaast was de Rv ook significant kleiner dan 1. Dit was een indicatie 
dat vaccinatie succesvol ingezet zou kunnen worden als aanvullende interventie 
maatregel tijdens een uitbraak van mond- en klauwzeer om virusspreiding te 
minimaliseren. Ook bleek uit de experimenten dat de klinische verschijnselen in 
kalveren beperkt waren.  
Onbekend bleef het effect van vaccinatie in runderen met ernstige klinische 
verschijnselen. Daarom zijn transmissie experimenten uitgevoerd met vier groepen 
van tien volwassen, melkgevende runderen. In de gevaccineerde geïnoculeerde 
koeien raakten maar drie van de tien geïnfecteerd waardoor er maar een beperkt 
aantal dieren meegenomen kon worden in de statistische analyse. Als gevolg 
hiervan was het statistisch niet mogelijk om aan te tonen dat de transmissie 
significant onder de 1 kwam. Echter de virusspreiding in gevaccineerde en niet 
gevaccineerde groepen verschilde significant; in de niet-gevaccineerde dieren 
raakten alle contactdieren besmet en in de gevaccineerde dieren geen van de 
contactdieren. 
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Tijdens de uitbraak in 2001 in Nederland waren ook schaapkuddes geïnfecteerd 
geraakt met MKZ. De rol van schapen in de uitbraak in Groot-Brittannië werd zelfs 
erg belangrijk geacht. In de literatuur is er echter nog veel onduidelijkheid over de 
rol van schapen bij overdracht van het MKZ virus. Enerzijds worden schapen als 
een groot risico gezien voor virusspreiding omdat klinische verschijnselen zo 
moeilijk waarneembaar blijken te zijn en handel in levende, geïnfecteerde dieren 
kan leiden tot een onopgemerkte verspreiding en tot een grote uitbraak. Anderzijds 
werd er ook geconstateerd dat beperkte klinische verschijnselen gepaard gaan met 
weinig virus uitscheiding en dat het nauwelijks leidt tot transmissie. Dan zou de rol 
van schapen dus niet zo belangrijk zijn. Om meer duidelijkheid te krijgen over de 
rol van schapen was het belangrijk om ook transmissie experimenten met deze 
diersoort uit te voeren. 
Uit de experimenten is gebleken dat Rnv = 1.14, maar niet significant groter dan 1 
en dat spreiding in schapen dus kan leiden tot kleine maar ook grote uitbraken 
(R>1). Virus werd door lammeren langdurig (tot wel 21 dagen) uitgescheiden. 
Door vaccinatie bleek de gemiddelde hoeveelheid uitgescheiden virus wel 
significant te dalen evenals het aantal dagen dat virus in de keelswab monsters 
werd uitgescheiden.  
 
Eerder uitgevoerde studies met varkens werden bemoeilijkt door het feit, dat 
varkens nauwelijks via de intra-nasale inoculatie methode te infecteren waren. 
Daarom werden inoculaties ook wel uitgevoerd door injectie in de voetzool, maar 
dit leidde in gevaccineerde varkens niet of nauwelijks tot ontwikkeling van 
infectieuze dieren. Daarom werd in deze studie gekozen voor blootstelling aan 
ongevaccineerde geïnfecteerde dieren. Het bleek mogelijk om op deze manier 
zowel niet-gevaccineerde als gevaccineerde dieren te besmetten. De gevaccineerde 
varkens die op deze manier geïnfecteerd geraakt waren, waren op hun beurt weer 
instaat om een andere groep gevaccineerde varkens te infecteren. Een enkelvoudige 
vaccinatie bleek de transmissie tussen dieren dus niet te stoppen, maar de 
transmissie snelheid β bleek significant kleiner te zijn in de gevaccineerde groep 
(0.66 per dag versus 6.84 per dag) vergeleken met de niet gevaccineerde groep 
varkens. Het blijft echter de vraag of het in het veld mogelijk is om voldoende 
virus op een varkensbedrijf te introduceren, zoals hier gedaan is met een 
geïnfecteerd dier, zodat de varkens besmet raken. Experimenten met 1-uurs 
blootstelling aan geïnfecteerde dieren hebben laten zien dat de kans op infecties in 
contact dieren dan wel beperkt kan blijven. 
 
Aanvullend op deze transmissiestudie werd er gekeken of tonsilmonsters van de 
varkens bij afvoer nog MKZ virus bevatten. In de literatuur is namelijk beschreven 
dat varkens geen carrier van MKZ virus kunnen worden in tegenstelling tot 
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herkauwers. Met de virusisolatie technieken werd geen virus aangetoond, maar de 
meer gevoelige RT-PCR test op viraal genetisch materiaal, gaf in 13 van de 31 
tonsil monsters een positieve uitslag. Er bleek dus, dat met moderne, meer 
gevoelige test methodes ook in varkens na ruim vier weken nog sporen van de 
infectie aantoonbaar waren. 
 
In surveillance programma’s, maar ook tijdens een uitbraak wordt een nieuw geval 
van MKZ door klinische verschijnselen waargenomen. Met de beschikbaar 
gekomen gegevens over virus uitscheiding, spreiding en klinische verschijnselen in 
de diverse species, werd berekend hoeveel spreiding er plaats kan vinden voordat 
klinische verschijnselen waargenomen worden. Hiermee kan geëvalueerd worden 
of het systeem van “screening op kliniek” voldoet om veel vervolg infecties te 
voorkomen. Rnonclin werd gedefinieerd als het aantal nieuwe infecties per 
geïnfecteerd dier in de periode voordat klinische verschijnselen waargenomen 
worden. Omdat er in de gevaccineerde melkgevende runderen geen virus werd 
uitgescheiden, is deze groep niet meegenomen in de berekeningen.  
 
In de niet-gevaccineerde melkgevende runderen en zowel niet-gevaccineerde als 
gevaccineerde groepen varkens blijkt transmissie geschat te worden boven de 1 
(Rnonclin 1.72, respectievelijk 13.20 en 1.26). In een koppel met niet-gevaccineerde 
varkens kan op het moment van eerste klinische verschijnselen al een groot aantal 
van de koppelgenoten besmet geraakt zijn. Snelle ruiming van de gehele koppel is 
dan ook noodzakelijk om verspreiding naar andere koppels te voorkomen.  
Bij zowel de gevaccineerde als niet-gevaccineerde groepen lammeren en kalveren 
blijkt de Rnonclin kleiner dan 1, waaruit geconcludeerd kan worden dat het 
waarnemen van de eerste klinische verschijnselen in kalveren en lammeren voldoet 
om veel contact infecties te voorkomen. Klinische inspectie van deze groepen blijkt 
een goed controle systeem.  
 
Concluderend, blijkt vaccinatie in runderen een significant remmend effect te 
hebben op virusspreiding en kan vaccinatie in alle diersoorten een belangrijke 
aanvullende maatregel zijn tijdens de bestrijding van een MKZ uitbraak. Een 
belangrijke waarneming blijft echter dat een enkelvoudige vaccinatie in varkens 
niet in staat bleek de spreiding tussen dieren te stoppen. Opgemerkt dient te worden 
dat deze waarnemingen gedaan zijn in een experimentele setting waarin alleen 
transmissie binnen een groep bestudeerd werd. In het veld willen we ook graag 
weten hoe spreiding tussen bedrijven beïnvloed wordt door vaccinatie. Als R 
binnen een groep kleiner dan 1 is, kan men verwachten dat ook tussen koppels de R 
kleiner is dan 1. Dit, omdat de contacten van dieren binnen hetzelfde bedrijf 
intensiever en frequenter zullen zijn dan contacten van dieren op verschillende 
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bedrijven. De waargenomen verschillen tussen diersoorten kunnen de 
verantwoordelijke beleidsmakers helpen bij het optimaliseren van de huidige 
controle strategie en indien nodig kan een gedifferentieerde inzet van vaccinatie 
doorgevoerd worden. Ook kan bij beperkte ruimingscapaciteit, een prioritering 
gemaakt worden op basis van de verwachte aantallen nieuwe infecties voordat 
klinische verschijnselen waargenomen worden.  
 
 
3. Een toekomst met of zonder mond- en klauwzeer? 
 
Doordat de structuur van het MKZ-virus in steeds meer detail bekend wordt, 
kunnen er in de toekomst mogelijk nieuwe vaccins ontwikkeld worden; idealiter 
met een betere effectiviteit in varkens, gemaakt zonder infectieus virus, en 
bescherming gevend tegen meerdere serotypes. Een andere mogelijke 
oplossingsrichting om nieuwe uitbraken van MKZ in de toekomst te voorkomen is 
de mogelijkheid voor een land zich bij de OIE te laten registreren als “freedom 
from disease with vaccination”. De veestapel kan dan door middel van vaccinatie 
beschermd worden tegen een introductie van MKZ. Om te controleren of er toch 
infecties met MKZ virus zijn opgetreden kunnen NS-ELISA’s ingezet worden die 
onderscheid kunnen maken tussen geïnfecteerde en gevaccineerde dieren. De 
commercieel beschikbare vaccins zijn gezuiverd van NS eiwitten en voldoen 
hiermee aan dit markerprincipe. Wanneer aangetoond kan worden dat er geen virus 
circulatie heeft plaatsgevonden, kunnen handelsbeperkingen zoveel mogelijk 
voorkomen worden. 
 
Uiteindelijk zal inzet van vaccinatie altijd een complexe beslissing blijken; naast de 
aangetoonde effectiviteit, zullen ook aspecten als kosten, mogelijkheden voor 
bestrijdingsmaatregelen, effect op locale en internationale markt, economische 
effecten, de sociale impact inclusief dierwelzijn, culturele en religieuze 
overwegingen etcetera meespelen in de beslissing om al dan niet tot vaccineren 
over te gaan. Maar mede dankzij het publieke debat over de massale afvoer van 
gezonde, gevaccineerde dieren is er nu in de EU meer aandacht voor de 
ontwikkeling van een ‘vaccination to live’ politiek. In het MKZ-draaiboek voor 
Nederland is opgenomen dat bij een nieuwe uitbraak de Minister van LNV beslist 
of er na een vervoersverbod van 72 uur wordt gevaccineerd, rekening houdend met 
veterinaire (epidemiologische), economische en maatschappelijke belangen. 
Gegevens uit dit proefschrift over verschillen tussen de diersoorten en het te 
verwachten effect van vaccinatie kunnen in deze beslissing meegenomen worden. 
Meer onderzoek zal echter nodig zijn om de vragen over effectiviteit en de kosten 
en baten van de verschillende scenario’s in verschillende diersoorten te bestuderen. 



 
 
 
 



Als dank, 
woorden van de Dijk: 



Ik kan het niet alleen 
elke morgen  
elke middag  
elke avond  
iedere nacht  

stel dat ik er wel  
maar jij er niet was  

dan was morgen  
morgen waarschijnlijk weer zo'n dag  

 
o ik kan het niet, ik kan het niet  

ik kan het niet, ik kan het niet alleen  
 

natte ramen  
kale muren  
lege flessen  

lege flessen op de gang  
lange tanden  

laten uren  
weinig zon  

weinig zon en veel behang  
 

o ik kan het niet, ik kan het niet  
ik kan het niet, ik kan het niet alleen 

 
ik heb het geprobeerd  

gedaan wat ik kan  
maar alles gaat verkeerd  

ik ben ook maar een mens  
en ik kan het niet alleen  

elke morgen  
's middags  
's avonds  

maar vooral 's nachts  
stel dat ik er wel  
en jij er niet was  
dan was morgen  

morgen waarschijnlijk weer zo'n dag  
 

o ik kan het niet, ik kan het niet  
ik kan het niet, ik kan het niet alleen 

 
Geschreven door: Huub van der Lubbe 

En gelukkig hoefde dat ook niet! 

Iedereen enorm bedankt 

Karin

 135



Curriculum Vitae 
 
De auteur werd onder naam Karsina Orsel op 11 maart 1969 geboren in Steenwijk 
als dochter van Co Orsel en Gerda Orsel-Broersma en zusje van Roel Orsel. In 
1987 behaalde zij haar VWO diploma aan de Rijksscholengemeenschap “Jan 
Hendrik Tromp Meesters” te Steenwijk en kon zij haar lang gekoesterde wens in 
vervulling laten gaan. De studie diergeneeskunde werd in 1987 aangevangen en in 
1992 werd het doctoraal gedeelte afgerond. In juni 1996 werd het dierenartsen 
examen met genoegen afgelegd en ging zij als waarnemend dierenarts in diverse 
praktijken aan het werk. 
In februari 1997 werd zij aangenomen op de Buitenpraktijk van het huidige 
departement Gezondheidszorg Landbouwhuisdieren. Na actief betrokken te zijn 
geweest bij een epidemiologische studie in het door mond- en klauwzeer getroffen 
gebied in 2001, werd van februari 2002 tot februari 2007 gewerkt aan het 
promotieonderzoek, met dit proefschrift als resultaat. Het onderzoek was een 
samenwerking tussen de Faculteit Diergeneeskunde Utrecht, de Animal Sciences 
Group van de Wageningen Universiteit en Research Centre in Wageningen en het 
CIDC-Lelystad. In 2004 werd de MSc opleiding veterinaire epidemiologie en 
economie succesvol afgerond. 
 
 
 
 
The author was born by the name Karsina Orsel on March 11, 1969 in Steenwijk as 
daughter of Co Orsel and Gerda Orsel-Broersma and little sister of Roel Orsel. In 
1987, she graduated from the "Jan Hendrik Tromp Meesters" highschool at 
Steenwijk. She studied veterinary medicine at the Veterinary Faculty of the Utrecht 
University. In 1992, the theoretical part was completed. In June 1996 the rotations 
were finished “with pleasure” and she started to work as a veterinarian in several 
veterinary practices. In February 1997 she started her job in the ambulatory clinic 
of the current department of Farm Animal Health. After being actively involved in 
an epidemiological study during the foot and mouth disease epidemic in 2001, she 
started her PhD on this topic from February 2002 till February 2007, with this 
thesis as a result. The study was a collaboration between the Veterinary Faculty of 
the Utrecht University, the Animal Sciences Group of the Wageningen University 
and Research Centre and the Central Institute for Animal Disease Control (CIDC-
Lelystad). She also obtained a MSc degree in veterinary epidemiology and 
economics in 2004. 
 
 
 

 136 



List of publications 
 
 
Refereed journals  

1. Orsel K, Dekker A, Bouma A, Stegeman JA, de Jong MC. Quantification 
of foot and mouth disease virus excretion and transmission within groups 
of lambs with and without vaccination. Vaccine 2007; 25, 2673-2679. 

 
2. Orsel K, de Jong MC, Bouma A, Stegeman JA, Dekker A. The effect of 

vaccination on foot and mouth disease virus transmission among dairy 
cows. Vaccine 2007; 25: 327-335. 

 
3. Orsel K, Dekker A, Bouma A, Stegeman JA, de Jong MC. Vaccination 

against foot and mouth disease reduces virus transmission in groups of 
calves. Vaccine 2005; 23: 4887-4894. 

 
4. Hendriksen SWM, Orsel K, Wagenaar JA, Moki A, van Duijkeren E. 

Animal to human transmission of Salmonella Typhimurium DT104a 
variant. Emerg Infect Dis 2004; 10: 2225-2227. 

 
5. Eysker M, van Aarle D, Kooyman FN, Nijzink AM, Orsel K, Ploeger, H. 

Exposure of dairy cows to nematode infections at the end of the grazing 
season in The Netherlands. Vet Parasitol 2002; 110: 93-100. 

 
6. Zadoks RN, Orsel K, Verwer C, de Winter A, van Amerongen JJ. Serum-

γ-globulin concentration of goat lambs as a measure for colostrum intake: 
effect of commercial colostrum replacers. Tijdschr Diergeneeskd 2001; 
126: 646-650. 

 
7. Orsel K , van Amerongen JJ, Zadoks RN, van Doorn DCK, Wensing Th. 

Serum globulin concentration in goat lambs as a measure for colostrum 
intake: effect of time, volume and colostrum type. Tijdschr Diergeneeskd 
2000; 125: 709-712.  

 
 

 137



Publications; submitted 
1. Engel B, Buist WG, Orsel K, Dekker A, de Clerq K, Brocchi E, van 

Roermund H. A Bayesian evaluation of 6 diagnostic tests for foot-and-
mouth disease for vaccinated and non-vaccinated cattle.  

 
2. Orsel K, de Jong MC, Bouma A, Stegeman JA, Dekker A. Foot and mouth 

diseae virus transmission among vaccinated pigs after contact exposure to 
virus shedding pigs.  

 
3. Orsel K, Roest HI, van der Linde E, van Hemert-Kluitenberg F, Dekker A. 

Positive RT-PCR in tonsils of foot and mouth disease virus infected piglets 
after more than 28 days.  

 
 
 
Publications; in preparation 

1. Orsel K, Bouma A, Dekker A, Stegeman JA, de Jong MC. Foot and mouth 
disease virus transmission in the incubation period of the disease in piglets, 
lambs, calves, and dairy cows.  

 
 
 
Proceedings Oral presentations 

o Open session of the research group of the EU for control of FMD, Cyprus, 
October 2006. K. Orsel, H.I.J. Roest, E. van der Linde, F. van Hemert-
Kluitenberg and A. Dekker. Positive RT-PCR in tonsils of foot and mouth 
disease virus infected piglets after more than 28 days 

 
o Open session of the research group of the EU for control of FMD, Cyprus, 

October 2006. K. Orsel, A. Dekker, A. Bouma, J.A. Stegeman and 
M.C.M. de Jong. Quantification of foot and mouth disease virus excretion 
and transmission within groups of sheep with and without vaccination 

 
o Open session of the research group of the EU for control of FMD, Cyprus, 

October 2006. K. Orsel, A. Dekker, A. Bouma, J.A. Stegeman and 
M.C.M. de Jong. Difference in virus excretion and transmission between 
dairy cows and calves in the course of an acute FMDV infection 

 
o Open session of the research group of the EU for control of FMD, Cyprus, 

October 2006. Chénard, G, K. Orsel, Selman, P, Dekker A. Cedivac-
FMD, a marker vaccine? 

 

 138



o ISVEE, August 2006, Cairns Australia. K. Orsel, M.C.M. de Jong, A. 
Bouma, J.A. Stegeman and A. Dekker. The quantification of FMDV 
transmission in groups of vaccinated and non-vaccinated dairy cows 

 
o ISVEE, August 2006, Cairns Australia. K. Orsel, A. Dekker, A. Bouma, 

J.A. Stegeman and M.C.M. de Jong. Difference in virus excretion between 
dairy cows and calves in the course of acute FMDV infection 

 
o Second International Meeting on the Design and Analyses of Diagnostic 

Test Evaluation Studies, Uccle Campus, Brussels, Belgium June 20-June 
22. Bayesian evaluation of diagnostic tests for FMD for vaccinated and 
non-vaccinated cattle. Engel, B., Roermund, H., Buist, W., Orsel, K., 
Dekker, A. 
 

o VEEC-meeting (Dutch Society of Veterinary Epidemiology and Economy) 
2006: K. Orsel, M.C.M. de Jong, A. Bouma, J.A. Stegeman and A. 
Dekker. FMDV transmission in calves and cows: same strain, same 
species, still different. 

 
o Dutch buiatrics group 2004: From field observations to experimental work 

on FMDV. K. Orsel, M.C.M. de Jong, A. Bouma, J.A. Stegeman and A. 
Dekker 

 
o Large animal practitioners conference 2004. Salmonella: science in 

practice. K. Orsel 
 
o EU FMD FAO Chania (Greece) 2004: K. Orsel, A. Dekker, A. Bouma, 

J.A. Stegeman and M.C.M. de Jong. Comparison of transmission of 
FMDV in groups of vaccinated and non-vaccinated calves 

 
o Buiatrics Quebec (Canada) 2004: K. Orsel, A. Dekker, A. Bouma, J.A. 

Stegeman and M.C.M. de Jong. Transmission of Foot and Mouth Disease 
Virus (FMDV) in groups of vaccinated and non vaccinated calves 

 

 139



Proceedings: Poster presentation 
o ISVEE conference November 2003 Vina del Mar, Chile. K. Orsel, A. 

Dekker, A. Bouma, M.C.M. De Jong. Vaccination against FMD reduces 
virus transmission in groups of vaccinated calves as compared to non-
vaccinated calves. 

 
 
 

Publications: non-refereed 
o Salmonellosis in dairy cattle. Veehouder en Dierenarts, April 2001. 
 
o Serology of FMD-vaccinated cattle during the epidemic of 2001. Analysis 

on the effectiveness of vaccination for FMDV and the test characteristics 
of a DIVA test in the field. K. Orsel, A. Bouma, A. Dekker, K. Frankena, 
A.R.W. Elbers, C.J.M. Bruschke, J.T.P.M. Noordhuizen, M.C.M. de Jong. 
Reported to the Ministry of Agriculture, September 2002 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 140


	00-introstuk 0.pdf
	01-hoofdstuk 1.pdf
	02-Hoofdstuk 2.pdf
	2.1 Animals
	2.2 Vaccine and challenge virus
	2.4 Sampling procedures 
	2.6 Quantification of transmission and statistical methods 
	3.1 Clinical signs
	3.2 Virus isolation assay
	3.3 RT-PCR
	3.4 Serology
	3.5 Quantification of virus transmission

	4. Discussion 

	03-Hoofdstuk 3.pdf
	2.1 Animals and milking procedures
	2.2 Vaccine and challenge virus
	2.4 Sampling procedures 

	3. Results
	3.4 Quantification of virus transmission


	04-Hoofdstuk 4.pdf
	The vaccine used contained inactivated, purified O1Manisa antigen using a mineral oil as adjuvant in a double oil emulsion formulation (DOE). The vaccine had a potency of a least 6 PD50 per dose of 2 ml (Animal Sciences Group of Wageningen UR, Lelystad). The challenge virus was the FMDV field isolate O/NET/2001 of the first cattle passage using approximately 1500 cattle-ID50 per animal, which was equal to 104.6 plaque forming units on secondary lamb kidney cells [11].
	2.3 Quantification of transmission and statistical methods 
	3.1 Clinical signs and virus excretion 
	3.2 Serology
	3.3 Mean daily virus excretion 
	3.4 Quantification of virus transmission

	4. Discussion

	05-Hoofdstuk 5a met aangepaste figuur.pdf
	AUC = area under curve (calculated from true virus titer times days)
	Duration virus excretion included the (false) negative days in between 2 positive test results
	†: animal euthanized 
	Animal number
	Virus challenge

	NS-ELISA
	Infected
	Animal number
	Virus challenge

	NS-ELISA
	Infected

	4. Discussion
	Table 3: Experiment 2 Virus excretion in oropharyngeal fluid per animal per day 
	Virus challenge
	Virus challenge



	05-Hoofdstuk 5b.pdf
	06-Hoofdstuk 6.pdf
	07-Hoofdstuk 7.pdf
	08-Nederlandse samenvatting.pdf
	 1. Mond- en klauwzeer: een nooit eindigend verhaal!?
	Mond- en klauwzeer
	De mond- en klauwzeer uitbraak in 2001
	 2. Onderzoek beschreven in dit proefschrift

	09-dankwoord.pdf
	10-Curriculum Vitae voor boekje_.pdf
	11-List of publications.pdf
	Proceedings Oral presentations


