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INTRODUCTION 
 
Streptococcus suis (S. suis) has been associated in the etiology of a wide range of 
clinical diseases in swine. The symptoms caused by S. suis include meningitis, arth-
ritis, pneumonia, septicemia, endocarditis, polyserositis and sudden death. Outbreaks 
have been recognized worldwide in countries where pig production is well devel-
oped (Staats et al., 1997). Farmers and veterinarians classified the impact of a S. suis 
serotype 2 meningitis on the well-being of affected pigs as very severe in compari-
son with swine influenza or enteric diseases (Bennett and IJpelaar, 2003). The con-
trol of diseases caused by S. suis demands great efforts at swine farms. The costs of 
drugs, extra labor, and high mortality rates have a significant impact on their eco-
nomics. Concomitant with the high use of antibiotics to control streptococcal disease 
at swine farms, the hazard of antibiotic resistance increases, which is a threat for 
animal as well as public health (Hendriksen et al., 2008).  

S. suis is also a zoonotic agent which affects predominantly people who han-
dle pigs routinely like farmers and butchers (Arends and Zanen, 1988). Sometimes 
the bacterium provokes larger outbreaks in man like in the Sichuan province in Chi-
na (WHO, 2005; Yu et al., 2006; Yu et al., 2005). Experts in communicable diseases 
classify S. suis meningitis in man as an extremely violent disease (Bennett and IJpe-
laar, 2003). 

Although much research has been done on the pathogenesis and transmission 
of S. suis, standardized protocols for the control of S. suis related clinical disease are 
not available. Diagnostic tools to detect the carriers of S. suis play a pivotal role in 
the understanding of S. suis transmission, but are not well defined so far. This thesis 
adds new insight in the detection and transmission of S. suis and the prevention of 
disease caused by S. suis. 

 
 

STREPTOCOCCUS SUIS  
 

Since De Moor (1963) defined S. suis as Lancefield group R, S and T several  real-
locations of S. suis within the Lancefield classification system have been suggested 
(Elliott, 1966; Facklam, 2002; Windsor and Elliott, 1975). The gram-positive, facul-
tative anaerobic, alpha-haemolytic coccus is now categorized into at least 35 differ-
ent serotypes based on specific capsular antigens (Gottschalk et al., 1989; Higgins et 
al., 1995; Perch et al., 1983). Serotype 2 was the most isolated serotype in Europe 
while in the Netherlands, Germany and Belgium serotype 9 was predominant (Wis-
selink et al., 2000).  

Several virulence factors such as the capsular polysaccharide, muramidase 
released protein (MRP), extracellular factor (EF), hemolysin, adhesions factors and 
environmentally regulated genes are associated with disease (Segura and Gottschalk, 
2004; Smith et al., 2001). The EF producing S. suis serotype 2 strain (S. suis 2 EF+) 
is positively associated with the occurrence of diseases in pigs (Vecht et al., 1991). 
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In serotypes 7 and 9, several other putative virulence factors have been described 
whereas in these serotypes EF is not associated with disease (Wisselink et al., 2000).  

In most European countries as well as in the United States and Australia, EF 
positive strains of serotype 2 are the most frequent isolates from diseased pigs (Ber-
thelot Herault et al., 2000; Galina et al., 1996; Mwaniki et al., 1994; Salasia and 
Lammler, 1995; Wisselink et al., 2000). That is why the well-documented EF pro-
ducing S. suis 2 strain was used in our epidemiological studies. 

 
 

THE PREVENTION AND CONTROL OF STREPTOCOCCAL DISEASE 
AND TRANSMISSION 
 
The prevention of streptococcal diseases can be based on two basic strategies. In the 
first strategy the endemic occurrence of S. suis on the farm is permanent and ac-
cepted, while in the second strategy the objective is to accomplish elimination of S. 
suis strains and subsequently maintain freedom of these strains.    

In the endemic situation, disease is controlled by management measurements 
that are focused on pig health in general as well as by preventing the transmission of 
S. suis between animal groups using separation and/or medication. Vaccination with 
farm-specific whole bacterin vaccines and medications are applied in order to de-
crease the incidence of diseases. Strategies focused on the elimination of virulent S. 
suis strains from herds could provide a more sustainable method to prevent S. suis 
diseases. Expensive depopulation-repopulation systems with hysterectomy derived 
piglets have been performed to achieve this, but breakdowns of the S. suis-free sta-
tus have been reported (Clark et al., 1994; Fangman and Tubbs, 1997).  

 
1. The route of infection 

 
The upper respiratory tract is mostly mentioned as porte d’entrée for S. suis (Gott-
schalk and Segura, 2000; Madsen et al., 2002). Other routes of infection like skin 
lesions and translocation from the intestinal tract may be possible too. Although 
translocation of different bacteria through the intestinal mucosa is a well-known 
phenomenon, the translocation of S. suis has not been examined as a potential route 
of infection so far. 

Frequently small numbers of bacteria, mostly normal indigenous species, 
translocate from the intestine across the intact mucosal epithelium, whereupon they 
are effectively killed by the host’s immune defenses. However, if the integrity of the 
mucosal barrier is damaged bacteria readily translocate further on to extra-intestinal 
sites, such as mesenteric lymph nodes, spleen or bloodstream (Berg, 1992). This es-
pecially occurs when ‘stress’-mediating conditions diminish the blood supply in the 
superior mesenteric artery. The accompanying reduction in oxygenation of the intes-
tines eventually gives rise to intestinal ischemia-reperfusion injury (Meddah et al., 
2001; Pargger et al., 1997; Parks et al., 1982; Spreeuwenberg et al., 2001; Steffen et 
al., 1988).  
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Many risk factors for the occurrence of S. suis meningitis in weaned pigs are 
described in literature. They often include stressful events like weaning, mixing of 
litters, change of climate and transition to solid food provision (Dee et al., 1993; Dee 
and Corey, 1993; Villani, 2003). In line with the translocation of indigenous bacteria 
it could be possible that under such stressful circumstances, S. suis translocates the 
intestinal mucosa. In that case, it would be justified to focus weaning strategies on 
the prevention of intestinal ischemia-reperfusion injury, especially at farms with 
streptococcal disease problems. To examine the possibility of S. suis translocation, 
we inoculated the pathogenic EF-producing S. suis serotype 2 strain in pigs that 
were thereafter transported (Chapter 5). 

 
2. Transmission of Streptococcus suis 
 
Carriers of S. suis are found in all age categories at farrowing farms: sows, piglets 
and weaned pigs. Most clinical cases are seen in piglets between one and three 
weeks after weaning. Transmission of S. suis was described from the sow to her lit-
ter as well as between pigs after weaning. Other, however less frequent demonstrat-
ed routes of transmission are for instance intravaginal and by aerosols over short 
distance (Berthelot-Herault et al., 2001; Cloutier et al., 2003; Robertson et al., 
1991).  

At farms where S. suis is endemic, several interventions with the aim to 
eliminate S. suis or to raise piglets free of S. suis were performed with different suc-
cess rates (Fangman and Tubbs, 1997; Higgins and Gottschalk, 2006). The authors 
could not bring about durable S. suis -free herds after early weaning programs nei-
ther without nor with medication of sows and piglets. The elimination of S. suis 
from the tonsils of fattening pigs by medication alone was not achieved as well 
(Clifton Hadley et al., 1984). However, Torremorell (1998) and Amass (2000) did 
observe lower prevalences in piglets after vaccination of the sows. Unfortunately, a 
standard vaccination strategy that covers all local S. suis strains is hampered by the 
absence of industrially produced protective vaccines (De Greeff et al., 2003; Li et 
al., 2006; Staats et al., 1997; Wisselink et al., 2002). Instead, farm specific autovac-
cines are frequently used. This requires specialized pathological examination to iso-
late the strain and laboratory facilities for bacterial growth and determination as well 
as the vaccine production.  

Breeding piglets free from specific virulent S. suis strains would have many 
advantages in health-management after weaning. To accomplish this at farms where 
S. suis is endemic under sows, a strategy to prevent infection of the offspring is re-
quired. To study the feasibility of such a strategy, a transmission experiment is per-
formed. Sows, carriers of S. suis 2 EF+, were vaccinated and medicated to halt S. 
suis 2 EF+ transmission to their litter. As described in a study in chapter 4, we com-
bined both these treatments to obtain the best chance to prevent S. suis 2 EF+ trans-
mission. The effect of this combination was not examined before.  

Summarizing, there is no general strategy to prevent streptococcal disease in 
an endemic situation. The same goes for S. suis eradication procedures without an 
expensive depopulation. Prevention and control of streptococcal disease is still ham-
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pered by the lack of knowledge about the pathogenesis and S. suis transmission 
within farms. In order to enable S. suis transmission studies in the field, possibly 
followed by monitoring programs at farm level we designed a convenient method for 
pig sampling and laboratory analysis. 

 
 
DETECTION OF STREPTOCOCCUS SUIS 

 
S. suis can be found in many organs of diseased animals, such as the nose, tonsils, 
lungs and the intestinal and genital tracts (Baele et al., 2001; Clifton Hadley and Al-
exander, 1980; Devriese et al., 1994; Robertson et al., 1991; Williams et al., 1973). 
The presence of S. suis in organs of clinically healthy pigs is mostly transient. How-
ever the tonsils can harbor S. suis colonies deep in the crypts for prolonged periods, 
without any clinical signs of disease (Davies and Ossowicz, 1991). Therefore the 
tracing of carriers of S. suis is preferably performed by sampling of the tonsils.   

A polymerase chain reaction (PCR) developed by Wisselink and others 
(1999) for the detection of EF-positive S. suis serotype 2 strains was in use to ana-
lyze clinical specimens such as tonsil homogenates. This PCR demonstrated high 
sensitivity on purified chromosomal DNA; the equivalent of 14 S. suis cells was eas-
ily detected. No amplification products were obtained with any other examined 
strain. Till this point, the test qualities were not known on specimen taken from live 
pigs. 

Characterization of a diagnostic test typically focuses on how correct the test 
classifies subjects in two subpopulations (classes) with a different status i.e. animals 
that are healthy or diseased, or likewise non-carriers and carriers. With regard to the 
true status of an animal, the quality of a diagnostic test is expressed as sensitivity 
and specificity. Sensitivity is defined as the probability that a test classifies a subject 
that is truly diseased or carrier as positive and specificity is defined as the probabili-
ty that a test classifies a subject that is truly healthy or non-carrier as negative.  

To determine both parameters the true disease status of the animals must be 
indisputably defined by a gold standard. For the characterization of the S. suis 2 EF+ 
PCR in living sows, there was no gold standard. By adding at least one extra test and 
sampling from more populations with distinct prevalences, the need for a gold stan-
dard can be evaded. Assuming that the tests are valid, conditionally independent and 
behave the same across the populations, the unknown prevalences, sensitivities and 
specificities can be estimated from the test outcomes (Hui and Walter, 1980).  

To perform this test-characterization, Bayesian statistical analysis has been 
increasingly applied in the past few years (Enoe et al., 2001; Frossling et al., 2003; 
Joseph et al., 1995; Orr et al., 2003). The basic principle of the Bayesian approach is 
that every valid test (a test that performs better than chance) correctly classifies a 
proportion of the true positive and true negative test-samples. Because these propor-
tions usually do not completely overlap for different tests, an iterative procedure can 
generate the best fitting sensitivity and specificity from the test results (Casella and 
George, 1992). To obtain narrower credibility intervals, the Bayesian model can be 
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extended with more test or populations. Furthermore, information from previous 
studies carried out on the applied or comparable tests and additional parameters that 
account for possible dependence between the diagnostic tests can be added (Enoe et 
al., 2000; Gelman et al., 1995; Lee, 1997). 

We performed such a Bayesian analysis on the results of two S. suis tests on 
tonsil-swabs taken from live sows and on the removed whole tonsils after slaughter. 
To fulfill the criteria for Bayesian analyses, the laboratory tests differed substantial-
ly from each other in methodology (PCR and Bacterial Examination) what potential-
ly minimizes the dependency between the tests. To have sufficient true carriers and 
non-carriers, the sows were obtained from four herds with different prevalences. The 
results are discussed in chapter 2. In order to acquire smaller credibility intervals for 
sensitivities and specificities of all tests, two additional continuous antibody tests 
were added and different ways to incorporate prior available information are com-
pared in chapter 3. The statistical and in particular the biological implications of 
these Bayesian analyses are discussed in chapter 6. 

 
 

SCOPE AND OUTLINE OF THE THESIS 
 
We focused our research primarily on the endemic S. suis status at farms. To be able 
to perform transmission studies, we estimated the sensitivity and specificity of a po-
lymerase chain reaction assay (PCR) on swabs taken from live sows. This test was 
developed by Wisselink et al. (1999) for the detection of EF-positive S. suis serotype 
2 strains (chapter 2). The outcomes of the PCR together with two other S. suis labor-
atory tests, but without a gold standard, were analyzed in a Bayesian analysis using 
WinBUGS (Spiegelhalter et al., 2003). To optimize the model, different parameteri-
zations of expert information about the tests and parameters for dependency between 
tests were compared (chapter 3). Using the PCR on tonsil-swabs, we selected S. suis 
2 EF+ carrier sows and studied the transmission between these dams and their own 
offspring in isolated farrowing units. This is considered to be the first step in the 
complex and largely unresolved chain of S. suis transmission at farms (chapter 4). 
Finally, to offer possible tools in the control of streptococcal diseases in weaned 
pigs, which is the most often affected group at commercial farms, we examined the 
hardly ever studied route of S. suis infection through intestinal translocation (chapter 
5). In chapter 6 some important points and implications of the thesis are discussed in 
more depth, supported by additional, so far unpublished results.  
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ABSTRACT 
 
In this study the sensitivity (Se) and specificity (Sp) of a PCR for the detection of 
EF-positive Streptococcus suis serotype 2 strains in tonsillar swabs of live sows 
were assessed. We sampled 471 sows originating from four farrow-to-finish farms, 
by tonsillar swabbing and collected their tonsils after slaughter. On these specimens 
a PCR, a bacterial examination (BE) or both were performed for the detection of EF-
positive S. suis serotype 2 strains. Swab-PCR, Tonsil-PCR and Tonsil-BE were re-
garded as three integral tests. A Bayesian approach was used to calculate the Se and 
Sp of the tests. Se and Sp for Swab-PCR were 0.63 (95% Credibility Interval <0.52, 
0.74>) and 0.96 (<0.92, 0.99>), respectively. Values for Se and Sp of Tonsil-PCR 
amounted to 0.88 (<0.75, 0.96>) and 0.94 (<0.87, 0.99>), respectively. For Tonsil-
BE Se was 0.65 (<0.51, 0.76>) and Sp was 0.97 (<0.91, 0.99>). Repetition of the 
swabbing procedure after 10 minutes resulted in a higher Se (0.85 (<0.67, 0.96>) 
than the Se of the first Swab-PCR. Repetition of the PCR on the same sample did 
not result in any significant changes in the outcome of the analysis.  
 
Keywords 
Streptococcus suis, sensitivity and specificity, Bayesian, carrier, tonsillar swabs
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INTRODUCTION 
 
Streptococcus suis is a gram-positive coccus that has been implicated in the etiology 
of a wide range of clinical diseases in swine. The symptoms caused by S. suis in 
swine include meningitis, arthritis, pneumonia, septicaemia, endocarditis, polysero-
sitis and sudden death. Outbreaks have been recognized worldwide in countries 
where pig production is well developed (Staats et al., 1997). In most European coun-
tries as well as in the United States and Australia, muramidase-released-protein 
(MRP) and extracellular factor (EF) positive strains of serotype 2 are most frequent-
ly isolated from diseased pigs (Galina et al., 1996; Mwaniki et al., 1994; Salasia and 
Lammler, 1995; Wisselink et al., 2000). 

Sows carrying S. suis strains in their tonsils are considered the most impor-
tant source of infection for susceptible young pigs (Clifton Hadley et al., 1984; Ro-
bertson and Blackmore, 1989). Detection of these carriers can contribute to the de-
velopment of control measures. In diagnostic assays, the whole tonsil will probably 
be the best specimen to detect animals carrying S. suis, however this can only be 
achieved after slaughter. Tonsillar swabbing seems to be the most practical method 
for sampling live pigs, although it is possibly not the most sensitive method, because 
only the surface of the tonsil is sampled and S. suis tends to form confined groups of 
bacteria deep in the tonsillar tissue (Davies and Ossowicz, 1991). 

For the detection of S. suis serotype 2 strains from clinical specimens, vari-
ous laboratory techniques have been developed. Most test methods are time consum-
ing and lack sensitivity or specificity or both for virulence markers. Recently, a po-
lymerase chain reaction for the detection of EF-positive S. suis strains (PCR) was 
developed. This PCR assay demonstrated good sensitivity (Se) and specificity (Sp) 
on tonsillar specimens of slaughter pigs when compared with bacteriological exami-
nation of the same specimens (Wisselink et al., 1999). However, Se and Sp of this 
PCR on tonsillar swabs of live pigs were not determined. 

Generally, sensitivity (Se) and specificity (Sp) of a test are determined by 
comparing its results with the results obtained in a reference test (gold standard). 
However, as virtually no reference test has perfect Se and Sp, classification errors 
may lead to serious bias in the assessment of test characteristics of a new test. To 
solve this problem, Bayesian statistical analysis has been increasingly applied in 
test-characterization in the past few years (Enoe et al., 2001; Frossling et al., 2003; 
Orr et al., 2003). The basic principle of the Bayesian approach is that every valid 
test (a test that performs better than chance) correctly classifies a proportion of the 
true positive and true negative test-samples. Because these proportions usually do 
not completely overlap for different tests, an iterative procedure can generate Se and 
Sp from a priori defined probability distributions and the new test results (Casella 
and George, 1992). These probability distributions are based on previous studies car-
ried out on the applied test or on comparable tests (Enoe et al., 2000; Gelman et al., 
1995; Lee, 1997). In the current study we assessed the quality of a PCR for the detec-
tion of EF-positive S. suis serotype 2 strains on tonsillar swabs of live sows. A Baye-
sian approach enabled us to calculate Se and Sp without the use of a gold standard.  
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MATERIALS AND METHODS 
 
1. Sample collection 
 
From four farrow-to-finish farms, all sows selected for slaughter during eight 
months were included into the study. At these farms pigs suffered from clinical 
problems related to EF-positive S. suis serotype 2 strains. Culling was not in any-
way related to carriership of these virulent strains. Sows were not medicated before 
and during the sampling period. In the waiting area of the slaughterhouse, the sows 
were caught and fixated using a nose sling. An iron wedge was pushed between the 
teeth. The swab (a sterilised 40 cm plastic stalk with a cotton wool tip of 5 cm, 
Heinz- Herens) was inserted through the 5 cm (2 inches) round hole in the middle of 
the wedge, lightened with a torch. Both tonsils were swabbed during ten seconds, 
while turning the swab between forefinger and thumb. The whole procedure took 
less than 1 minute on average. For calculation of the repeatability of the tonsil-swab-
procedure, randomly selected sows were swabbed a second time 10 minutes after the 
first time (second-Swab-PCR). Within one hour after tonsil swabbing, the sows were 
slaughtered. After scrubbing and superficial burning of the carcass both whole ton-
sils were collected. The experimental protocol was approved by the Animal Ethical 
Committee of the Utrecht University in accordance with Dutch law on animal expe-
riments. 
 
2. Sample handling 
 
Directly after sampling tonsillar swabs and tonsils were transported to the laborato-
ry. Tonsillar swabs were transported in 15 ml Todd-Hewitt broth (Oxoid, CM 189,) 
with 0.25% Streptococcus Selective Supplement (Oxoid, SR 126E) and 0,2 μg/ml 
cristalviolet in individual 50 ml Falcon tubes on ice. Whole tonsils were transported 
in individual plastic bags on ice. 

At the laboratory, swab samples were grown in the transport medium for 
18 hours at 37°C. Whole tonsils were processed into homogenates as described by 
Wisselink et al. (1999) and 15% glycerol was added. All samples were stored in 
2 ml Greiner cryo tubes at -70°C. 
 
3. The PCR assay and bacteriological examination 
 
The PCR assay and the preceding DNA preparations were performed as described by 
Wisselink et al. (1999). S. suis strains were isolated from the tonsillar specimens 
(bacteriological examination, BE) as described by Wisselink et al. (1999). Three 
hundred bacterial examinations were performed on the tonsil homogenates (Tonsil-
BE); 152 were randomly selected from Tonsil-PCR positive samples, whereas 148 
were randomly selected from Tonsil-PCR negative samples. For calculation of the 
repeatability of the PCR-assay, PCR’s (including the preceding DNA preparations 
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from the stored samples) were repeated on 299 randomly selected samples, equally 
distributed over positive- and negative Swab-PCR and Tonsil-PCR samples.  
 
4.  Statistical analysis 
 
The combinations of a sampling method and an isolation technique were each re-
garded as one complete test, thus resulting in three tests: the PCR on tonsillar swabs 
(Swab-PCR), the PCR on the whole tonsil (Tonsil-PCR) and the bacterial examina-
tion of the whole tonsil (Tonsil-BE). The values of Se and Sp of the three tests were 
determined by performing a Bayesian analysis, as implemented in the winBUGS 
program (Spiegelhalter et al., 2003). The required prior probability distributions 
about the Se of Tonsil-PCR and Tonsil-BE were based on the work of Wisselink et 
al. (1999). Further information about the Se of the Tonsil-BE based on studies of 
(Davies and Ossowicz, 1991; Moreau et al., 1989) was inconclusive. Therefore nor-
mal probability distributions that allow for values on a wide interval (0.01 – 0.99) 
were assumed for all Se parameters. For the Sp’s of Swab-PCR and Tonsil-PCR 
more constraining probability distributions were considered valid, because of the 
good Sp of the PCR in a validation study by Wisselink et al. (1999). These distribu-
tions emphasized on values larger than 0.5. The Sp of Tonsil-BE was assumed to 
concentrate on values higher than 0.73, because the combination of slide agglutina-
tion, hybridisation and PCR in this BE likely result in a high Sp (Vecht et al., 1985; 
Wisselink et al., 1999). Herd-prevalence was calculated in a pilot study in the in-
volved herds to be at least 0.15 and at the most 0.80. Consequently, a distribution 
with equal probabilities between 0.01 and 0.99 for all herd-prevalences was a cau-
tious assumption.  

Se and Sp calculations by means of comparing the tests with a gold standard 
test were performed as described by Martin et al. (1987). With BE as the gold stan-
dard, correction for sampling bias was performed (Greiner and Gardner, 2000) be-
cause the 300 tonsil samples in BE were not equally selected from the 468 Tonsil-
PCR positive and negative samples.  

As measure of the repeatability of the tonsillar swabbing procedure, the kap-
pa (proportion agreement beyond chance) of the first and second-Swab-PCR was 
calculated (Fleiss, 1981). Moreover, for calculation of Se and Sp of the second-
Swab-PCR, this test was added as a fourth test in the Bayesian analysis in addition 
to Tonsil-PCR, Swab-PCR (first time) and Tonsil-BE. The repeatability of the PCR-
assay on the same sample was evaluated in a similar fashion.  
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RESULTS 
 
1. Detection of EF-positive S. suis serotype 2 strains 
 
We sampled 471 sows alive by tonsil swabbing just before slaughter and collected 
the tonsils of 468 of these sows after slaughter. From 463 animals both tonsillar 
swabs and tonsil-homogenate were available for analysis in PCR. A summary of the 
isolation results of EF-positive S. suis serotype 2 strains in the three applied test-
combinations is shown in Fig. 1. A cross tabulation of Swab-PCR and Tonsil-PCR 
(Fig. 1A) resulted in 270 matching results in both tests, 73 samples positive in Ton-
sil-PCR but negative in Swab-PCR and 20 samples dissimilar the other way around. 
This led to an agreement of 80% between both tests. The apparent prevalence indi-
cated by Tonsil-PCR was 11% higher than by Swab-PCR in the sampled group of 
sows. 

Out of the 300 samples selected for BE, 54 (18%) were positive in Tonsil-
PCR and negative in Tonsil-BE while only 4 (1,3%) samples were discordant the 
other way around (Fig. 1C). The proportion of equal results of both tests was 80,6%. 
The proportion of equal results of Swab-PCR and Tonsil-BE was slightly lower 
(77,3%), while the discordant results were more evenly divided (36 and 32) (Fig. 
1B).  

 
A   Tonsil-PCR  B   Swab-PCR  C   Tonsil-PCR 

    + -      + -      + - 

Swab-
PCR 

+ 105 20  Tonsil-
BE 

+ 66 36  Tonsil-
BE 

+ 98 4 

- 73 265  - 32 166  - 54 144 
 
Fig. 1. Cross tabulations of the results of the detection of EF-positive S. suis serotype 2 strains: 
(A) Swab-PCR versus Tonsil-PCR, (B) Swab-PCR) versus Tonsil-BE and (C) Tonsil-PCR versus 
Tonsil-BE. 
 
 
2. Sensitivity and specificity using the Bayesian approach 
 
Using Bayesian analysis, the calculated values for Se, Sp and 95% credibility inter-
vals (confidence intervals) of tests are summarized in Table 1. Swab-PCR and Ton-
sil-BE had a Se of 0.63 and 0.65, respectively; Tonsil-PCR had a Se of 0.88. Sp’s of 
all tests were around 0.96.  
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Table 1 
Sensitivities, specificities and 95% credibility intervals of Swab-PCR, Tonsil-PCR and Tonsil-
BE, in Bayesian analysis. 

Test Sensitivity 
(credibility interval) 

Specificity 
(credibility interval) 

Swab-PCR 0.63     (<0.52, 0.74>) 0.96     (<0.92, 0.99>) 

Tonsil-PCR 0.88     (<0.75, 0.96>) 0.94     (<0.87, 0.99>) 

Tonsil-BE 0.65     (<0.51, 0.76>) 0.97     (<0.91, 0.99>) 

 
 
3. Repeatability of the swabbing procedure 
 
The repeatability of the tonsil swab procedure was intermediate with a kappa of 0.63 
(Fig. 2). A number of 19 samples were negative in the first Swab-PCR and positive 
in the second-Swab-PCR while only 3 samples had results the other way around. 
In the Bayesian analysis with the second-Swab-PCR added as a fourth additional 
test, the Se of the second-Swab-PCR was higher than, and the Sp was similar to 
those of the first Swab-PCR (Table 1): 

Se second-Swab-PCR: 0.85 (95% credibility interval <0.67, 0.96>) 
Sp second-Swab-PCR: 0.93 (95% credibility interval <0.84, 0.98>)  

 
 
4. Repeatability of the PCR-assay 
 
The results of the repeated PCR test on the same sample were very similar to the 
first PCR as indicated by a kappa of 0.81 for tonsillar swabs and of 0.82 for whole 
tonsil specimens (Fig. 2). This agreement was also found when the repeated PCR 
test on the same sample was added as a fourth additional test in the Bayesian analy-
sis (results not shown). 
 

A   Swab-PCR  B   First PCR  C   First PCR 

    + -  On swabs   + -  On tonsils   + - 

Second-
Swab-
PCR 

+ 29 19  Repeated-
PCR 

+ 65 5  Repeated-
PCR 

+ 71 8 

- 3 104  - 9 70  - 4 67 
 
Fig. 2. Repeatability of Swabbing-procedure and PCR-assay. (A) Cross tabulation of the results 
of Swab-PCR versus the second-Swab-PCR (Kappa of 0.63); (B) Cross tabulation of the results 
the first PCR-assay versus the repeated PCR-assay on the same tonsillar swab specimens (Kappa 
0.81); (C) Cross tabulation of the results the first PCR-assay versus the repeated PCR-assay on 
the same tonsil specimens (Kappa 0.82). 
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DISCUSSION AND IMPLICATIONS 
 
We calculated Se and Sp of a method to detect live sows carrying EF-positive S. suis 
serotype 2 strains by tonsillar swabbing and PCR. Up till now, no reliable calcula-
tions for Se and Sp of any combination of a live-sow-sampling method and an isola-
tion technique for S. suis serotype 2 were available. In this study, a very reliable cal-
culation of Se and Sp of Swab-PCR was done by performing a Bayesian analysis on 
the results of two sampling methods, two well-defined tests and repetition of all pro-
cedures. Se of Swab-PCR was 0.63 (<0.52, 0.74>) and Sp was 0.96 (<0.92, 0.99>) 
(Table 1). 

The Bayesian approach has the advantage over traditional statistical me-
thods, which use gold standard comparisons that by using prior scientific informa-
tion about the parameters combined with all test-results more precise calculations 
can be made. We calculated the Se of Tonsil-BE at 0.65 (<0.51; 0.76>) and Sp at 
0.97 (<0.91, 0.99>). This indicates that BE cannot be used as gold standard without 
taking its less than perfect test characteristics into account.  

However, bacteriological examination is frequently used as the gold standard 
in test evaluations. When the characterization of Swab-PCR in this study was done 
with Tonsil-BE as gold standard, a different conclusion as in the presented Bayesian 
analysis was drawn: the Se of Swab-PCR was 0.58 (<0.47, 0.69>) and the Sp 0.87 
(<0.81, 0.93>). The Se was within the credibility intervals of the Bayesian analysis 
in this study, but the Sp was underestimated (negative bias), mainly due to false 
negative samples in the Tonsil-BE as a result of a less than perfect Se of the latter 
test.  

The Tonsil-PCR showed a higher Se compared to the Swab-PCR: 0.88 
(<0.75; 0.96>) and 0.63 (<0.52, 0.74>), respectively. The Se of the second-Swab-
PCR (0.85 (<0.67, 0.96>)) also tended to be higher than that of the first Swab-PCR. 
These higher Se’s might be due to the harvesting of more bacteria out of deep crypts 
and adjacent lymphoid tissue than from the surface of the tonsils of carrier sows 
(Arends et al., 1984; Williams et al., 1973), or of some other unknown time depen-
dent process. Further research to unravel the underlying mechanisms of this pheno-
menon might demonstrate ways to improve Se of the Swab-PCR.  
Sp’s of all three tests for the EF-positive strains were calculated around 0.96 (Table 
1). The sampling method did not seem to have effect on the Sp of the PCR. The Sp 
of Tonsil-PCR is in line with the Sp of the Tonsil-PCR as determined by Wisselink 
et al. (1999), who calculated 0.94 (<0.88, 1.0>).  

The agreement between results of the PCR-assay and its repeat on the same 
sample was high as indicated by a kappa of 0.81 (Fig. 2), which was also concluded 
from the Bayesian analysis. This suggests that differences in Swab-PCR results 
mainly reflect differences in the amount of bacteria at the tonsils, the sampling pro-
cedure and the sample processing before the PCR-assay. 

The results from this study open possibilities to develop a test-based eradica-
tion program for EF-positive S. suis serotype 2 strains. Sampling protocols to certif-
icate herds that are free of EF-positive S. suis serotype 2 strains can now be de-
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signed. Moreover, to develop eradication strategies like test and removal, studies on 
the dynamics of the infection between animals within herds can be implemented.  
 
 
CONCLUSIONS  
 
The Se and Sp of the Swab-PCR for the detection of EF-positive S. suis serotype 2 
strains in live sows were calculated at 0.63 (<0.52, 0.74>) and 0.96 (<0.92, 0.99>), 
respectively. 
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ABSTRACT 
 
A model is presented to evaluate the accuracy of diagnostic tests. Data from three 
tests for the detection of EF-positive Streptococcus suis serotype 2 strains in sows 
were analysed. The data were collected in a field study in the absence of a gold 
standard, i.e. the true disease status (non-infected or infected) of the tested animals 
was unknown. Two tests were based on a polymerase chain reaction (PCR); one test 
was applied to a tonsil swab (taken from the live animal) and the other test was ap-
plied to the whole tonsil (collected at slaughter). The third test was based on a bacte-
rial examination (BE) of the whole tonsil. To reduce experimental cost BE was only 
performed for a subset of the animals in the sample. The model allows for depend-
ence between tests, conditional upon the unknown true disease status of the animals. 
Accuracy was expressed in terms of sensitivity and specificity of the tests. A Bayes-
ian analysis was performed that incorporated prior information about the accuracy of 
the tests. The model parameters have a simple interpretation and specification of 
priors is straightforward. Posterior inference was carried out with Markov chain 
Monte Carlo (MCMC) methods, employing the Gibbs sampler, as implemented in 
the WinBUGS program. Different parameterisations to allow for selection and miss-
ing values, use of different priors, practical problems in the analysis and some inter-
esting issues in a joint analysis of the binary (positive or negative) results of PCR 
and BE and two additional continuous enzyme-linked immunosorbent assays 
(ELISA) are discussed. 
 
Keywords: Bayesian analysis; Evaluation of diagnostic test; Gibbs sampling; Latent 
class model. 
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INTRODUCTION 
 
When a reference or gold standard test (De Bock and Van Houwelingen, 1998) is 
available to establish whether an animal is diseased or not, the accuracy of other 
(imperfect) tests can be readily determined. Common measures for accuracy of a 
binary test (healthy or diseased, non-infected or infected, negative or positive, - or 
+) are the sensitivity (probability of a positive test result for a truly positive animal) 
and specificity (probability of a negative test result for a truly negative animal). Of-
ten however, no reference test is available, either because no test with acceptable 
accuracy exists, which is the case for EF-positive Streptococcus suis serotype 2 
strains (S. suis from now on), or because a possible reference test is too expensive 
for practical use in a large-scale experiment. To obtain a sample of truly positive 
animals, healthy animals can be infected. But accuracy, as determined under such 
controlled conditions, may be seriously biased. For a realistic impression of test ac-
curacy, data have to be collected in the field. However, in the absence of a reference 
test, for such field data, the true disease status of the animals involved is unknown. 

When a new test is applied to a single herd, at least 3 parameters (a preva-
lence, sensitivity and specificity) have to be estimated, while there is only a single 
sufficient statistic (the number of animals in the sample that test positive). By add-
ing a second test and sampling from two herds, all 6 parameters (two prevalences, 
two sensitivities and two specificities) can be estimated, as shown by Hui and Wal-
ter (1980). Hui and Walter assume a mixture model, the herd prevalences represent-
ing the mixture probabilities for two latent classes (truly negative or truly positive 
animals). The multinomial distributions that are involved in the mixture are simpli-
fied by assuming equal specificity and sensitivity for the two herds and independ-
ence between the tests conditional upon the true disease status of the animals. The 
assumption of equal specificity and sensitivity over herds is common to most studies 
presented in the literature and will be made in the present paper as well. 

Studies by Vacek (1985) and Torrance-Rynard and Walter (1997) show that 
an analysis assuming independence, while (some) tests are actually dependent, may 
yield biased results. Moreover, conditional dependence between tests may affect the 
efficiency of a testing program based on multiple tests (Gardner et al., 2000). There-
fore, the model discussed in the present paper comprises parameters for conditional 
dependence. 

Often there will be information available about the accuracy of the addi-
tional tests from previous studies or biological background. For instance, a bacterial 
examination of cultures grown from faeces or saliva will typically have a high speci-
ficity. When the information is not specific enough to assume that some parameters 
are actually known, a Bayesian analysis employing prior distributions for the pa-
rameters is appealing. In a Bayesian analysis, in principle there is no need for pa-
rameters to be estimable on the basis of the likelihood alone, see for instance, Joseph 
et al. (1995), Dendukuri and Joseph (2001) and Georgiades et al. (2003). When the 
model lacks identifiability, this can be mitigated by prior information. 



Estimation of sensitivity and specificity in the absence of a gold standard 
 
 

  
32 

In the present paper a Bayesian analysis will be performed. We will show 
that all model parameters have a clear interpretation in terms of accuracy or condi-
tional dependence. Consequently, the formulation of prior distributions for S. suis 
was straightforward. Similarly constructed priors will be useful for analysis of other 
data as well. Posterior inference was carried out with the Gibbs sampler (Casella and 
George, 1992; Gelman et al., 1995), as implemented in the WinBUGS program 
(Spiegelhalter et al., 2003). 

The paper is organised as follows. First, the data are presented with a brief 
discussion of S. suis and the diagnostic tests. In the third section, two equivalent 
parameterisations of the model are presented. The first parameterisation is expressed 
in terms of multinomial distributions. In WinBUGS the multinomial distribution can 
be specified when there are no missing data. The second parameterisation is speci-
fied in terms of product (conditional) binomial distributions. This specification can 
be handled with WinBUGS in conjunction with missing data (for BE). It corre-
sponds naturally to the sampling method and can be extended to incorporate the con-
tinuous ELISA tests. In the fourth section the choice of prior distributions is consid-
ered. Thereafter the results for the S. suis data are presented. Finally, aspects of the 
model and posterior inference, such as choice of priors and parameter identifiability, 
are discussed. 
 
 
THE DATA 
 
S. suis has been implicated as the cause of a wide range of clinical diseases in swine. 
Symptoms caused by S. suis in swine include meningitis, arthritis, pneumonia, septi-
caemia, endocarditis, polyserositis and sudden death. Outbreaks have been recog-
nised worldwide in countries where pig production is well-developed (Staats et al., 
1997). Sows carrying S. suis strains in their tonsils are considered the most impor-
tant source of infection for susceptible young pigs. Detection of these carrier sows 
can contribute to the development of effective control measures. The present study 
was performed to determine the accuracy of a PCR test directed towards detection of 
the epf-gene encoding the EF protein, a virulence marker of S. suis serotype 2 
strains. The PCR was applied to tonsil swabs of the live sows (swab-PCR) and to the 
whole tonsils (tonsil-PCR) that were collected at slaughter. BE is based on bacterial 
growth followed by serotyping by a slide agglutination test and further phenotyping 
by PCR. The BE was applied to the whole tonsils. For details we refer to Swildens et 
al. (2005). 

From 4 farms with clinical problems related to S. suis, all 476 sows that 
were selected for slaughter between September 2002 and April 2003 were included 
in the present study and tested by tonsil- and swab-PCR (positive / + or negative / - 
test result). For 13 animals one of the PCR measurements was missing. For BE (also 
+ or -) only a sub sample of 300 animals was tested to reduce the (considerable) ex-
pense. All 152 animals that tested positive on tonsil-PCR were submitted to BE, but 
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only a random selection of 148 tonsil-PCR negative animals were submitted to BE. 
The data are presented in Table 1. 

The experiment also involved two ELISA tests; swab-ELISA and tonsil-
ELISA that were measured for all animals in the sample. ELISA isolates the EF-
protein produced, after growth in a culture medium. These measurements were not 
binary, but continuous. Suitable cut-off points had to be determined. The ELISA 
tests performed quite poorly and were eventually discarded from the analysis. How-
ever, these tests are of interest from a methodological point of view. We will focus 
on the two PCR tests and BE, but some aspects of the analysis of all 5 tests will be 
discussed as well.  
 

Table 1. The S. suis data for the PCR tests and BE  
The data as counts per combination of test results for tonsil-PCR, swab-PCR and BE 
(* = missing observation). 
test results/herd herd 1 herd 2 herd 3 herd 4 
-   -     - 88 23 16 8 
-   -    + 0 2 0 0 
-   +    - 4 2 3 0 
-   +   + 1 1 0 0 
+   -    - 16 4 2 9 
+   -   + 18 6 4 6 
+   +   - 8 3 10 2 
+   +  + 37 6 12 9 
-    -   * 89 21 10 8 
-    +  * 3 0 3 3 
-    *  * 2 1 1 0 
+   -   * 1 5 0 2 
+   +  * 5 1 4 8 
+   *  * 0 0 1 0 
*   -   * 6 1 0 0 
*   +  * 0 0 0 1 

 
 
THE MODEL 
 
True disease status, denoted by D = 1 for a positive (+, infected, diseased) animal 
and D = 0 for a negative (-, not infected, healthy) animal, was assumed to be inde-
pendently distributed with prevalence )|1( mherdDPm ==π  for animals sampled 
from herd m, m = 1...4. In paragraph 1 the model is expressed in terms of joint prob-
abilities of multinomial distributions for test results y1, y2 and y3 of tests t1, t2 and t3; 
tonsil-PCR, swab-PCR and BE respectively. In this formulation of the model all 
tests are involved in a similar fashion; i.e. expressions for joint probabilities of test 
results are symmetric for the tests. However, this representation of the model cannot 
be used for the S. suis data in conjunction with WinBUGS because of the missing 
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values for BE. An equivalent representation, based on product conditional distribu-
tions, which can be used with WinBUGS, is introduced in paragraph 2. Because a 
specific order of the tests is assumed, this parameterisation is asymmetric for the 
tests. The analysis of the S. suis data was performed under the latter model represen-
tation. Our main interest was in the sensitivity αi = P(yi = 1| D = 1) and specificity 
βi = P(yi = 0| D = 0) of test ti,  i = 1, 2, 3. 
 
 
1. The Multinomial Parameterisation 
 
1.1 Joint probabilities 
 
For truly positive and negative animals, the joint conditional probabilities for the 
test results y1, y2 and y3 are expressed in terms of basic parameters θ+ and θ-: 
 

P+jkl =P(y1 = j, y2 = k, y3 = l| D = 1) =  exp(θ+jkl) / Σj,k,l exp(θ+jkl ),  
P-jkl = P(y1 = j, y2 = k, y3 = l| D = 0) =  exp(θ-jkl) / Σj,k,l exp(θ-jkl ). 

 
This ensures that the probabilities are positive and sum to 1. The conditional prob-
abilities are assumed to be the same for all herds. Throughout the text, indices + and 
- will refer to truly positive and negative animals respectively. Parameters θ+ and θ- 

are expressed in terms of ‘main effects’ δ+ and δ- and ‘two-factor interactions’ ε+ 
and ε-, e.g. 
 
 θ-jkl = δ-1j + δ-2k + δ-3l + ε-12jk + ε-13jl + ε-23kl. 
 
For a parsimonious model, attention is restricted to two factor interactions only. Ap-
propriate constraints result in expressions for parameters θ (Table 2) that offer a 
convenient interpretation for the δ and ε parameters as shown in the next paragraph.  
Per herd the test results are multinomially distributed with probabilities: 
 

.4...1,1,0,,,)1()|,,( 321 ==−+==== −+ mlkjPPmherdlykyjyP jklmjklm ππ
 
1.2 Interpretation of main effects δ and interactions ε 
 
The log odds for, say, test t1 and truly negatives or positives, given fixed values for 
tests t2 and t3, are: 
 

13121321 )),,0|1((logit −−− ++−===== εεδ kjkyjyDyP , 

13121321 )1()1()),,1|1((logit +++ −+−+===== εεδ kjkyjyDyP . 
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Table 2. Parameterisation of the multinomial representation 
 

 
Truly negative animals (D = 0) 
 

l = 0 (test t3 negative) k = 0 (test t2 negative) k = 1 (test t2 positive) 
 

j = 0 (test t1 negative) θ-000 = 0 θ-010 = -δ-2 

 
j = 1 (test t1 positive) θ-100 = -δ-1 θ-110 = -δ-1-δ-2+ε-12 

 
 
 

l = 1 (test t3 positive) k = 0 (test t2 negative) k = 1 (test t2 positive) 
 

j = 0 (test t1 negative) θ-001 = -δ-3 θ-011 = -δ-2-δ-3+ε-23    
                     

j = 1 (test t1 positive) θ-101 = -δ-1-δ-3+ε-13 θ-111 = -δ-1-δ-2-δ-3+ 
             ε-12+ε-13+ε-23 

 
 
Truly positive animals (D = 1) 
 

l = 0 (test t3 negative) k = 0 (test t2 negative) k = 1 (test t2 positive) 
 

j = 0 (test t1 negative) θ+000 = -δ+1-δ+2-δ+3 
           ε+12+ε+13+ε+23 

θ+010 = -δ+1-δ+3+ε+13 

j = 1 (test t1 positive) θ+100 = -δ+2-δ+3+ε+23 θ+110 = -δ+3 
 

 
 

l = 1 (test t3 positive) k = 0 (test t2 negative) k = 1 (test t2 positive) 
 

j = 0 (test t1 negative) θ+001 = -δ+1-δ+2+ε+12 θ+011 = -δ+1 

j = 1 (test t1 positive) θ+101 = -δ+2 θ+111 = 0 
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So, main effects δ are logit transformed conditional specificities or sensitivities. For 
example, δ-1 is the logit of the specificity of t1 conditional upon the correct classifica-
tion results y2 = y3 = 0 of t2 and t3. Under positive dependence, the conditional speci-
ficity is maximal when 032 == yy , minimal when 132 == yy , and in between oth-
erwise. The (marginal) sensitivities and specificities are functions of the main ef-
fects and interactions, e.g. for the specificity of t1: 
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When test t1 is conditionally independent of tests t2 and t3 for truly negative animals: 
ε-12 = ε-13 = 0 and logit(β1) = δ-1.  
 
The interaction terms ε are log odds ratios. For example: 
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Conditional upon the result y2 = k of test t2, this is the logarithm of the cross product 
ratio for tests t1 and t3, a familiar measure for association in contingency tables 
(Bishop et al., 1975). The parameterisation (Table 2) is such that positive condi-
tional dependence corresponds to positive interaction terms. Similar to Vacek 
(1985), Torrance-Rynard & Walter (1995) and Yang & Becker (1997), there are two 
separate parameters for dependence in the model, one for truly positives and one for 
truly negatives, for each pair of tests. Since a substantial number of combinations of 
test results may hardly or not at all occur in the data, from a practical point of view 
such a parsimonious model for possible dependence between tests is often desirable.  
 
 
2. The Logistic Regression Parameterisation 
 
2.1 Conditional probabilities 
 
The tests were placed in the order t1, t2, t3 (tonsil-PCR, swab-PCR, BE). The mar-
ginal distribution for y1 was specified, then the conditional distribution for y2 given 
y1 and for y3 given y1 and y2. This involved binomial distributions only. For our 
sampling design the ordering was convenient since our first interest was in the PCR 
tests t1 and t2 and any relationship between them. BE was observed depending on the 
result for tonsil-PCR, and was therefore a natural third in the order. All effects were 
introduced on the logit scale: 
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11 ))0|1((logit −−=== γDyP , 
.))1|1((logit 11 +=== γDyP  

jjyDyP 12212 )),0|1((logit −− +−==== λγ  , 
)1()),1|1((logit 12212 −+==== ++ jjyDyP λγ , 

kjkyjyDyP 23133213 )),,0|1((logit −−− ++−===== λλγ , 
.1,0,),1()1()),,1|1((logit 23133213 =−+−+===== +++ kjkjkyjyDyP λλγ  

 
2.2 Additional continuous test results 
 
The logistic regression representation can be extended with linear regression for, 
say, tonsil-ELISA (test t4 with response y4) on PCR and BE and swab-ELISA 
(t5 with response y5) on PCR, BE and tonsil-ELISA (see also Congdon, 2001, Sec-
tion 6.6.4), e.g. for truly negatives for test t4: 
 

),(N~),,,0|( 434241443214 τλλλγ lkjlykyjyDy −−−− +++==== , 
 
where the residual precision 4τ is the inverse of the residual variance 2

4σ . 

 

2.3 Interpretation of constants γ and coefficients λ 
 
Parameters 1+γ  and 1−γ  are the logit transforms of the sensitivity α1 and specificity 
β1 of test t1, i.e. 
 

1
11 )}exp(1{ −
+−+= γα  and 1

11 )}exp(1{ −
−−+= γβ . 

 
For test t2, conditional upon a correct result y1 of test t1, γ+2 and γ-2 are the logit 
transforms of a conditional sensitivity and specificity, respectively. For instance: 
 

)).0,0|0((logit 122 ====− yDyPγ  
 
Parameters λ+12 and λ-12 are log odds ratios, e.g. for truly positives 
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This is the logarithm of the cross product ratio for tests t1 and t2 for truly positives. 
So, λ+12 and λ-12 represent conditional dependence between tests t1 and t2. These pa-
rameters are 0 under conditional independence and positive under positive condi-
tional dependence, e.g. 012 >+λ  when there is a tendency for concordant observa-
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tions between tests t1 and t2 for truly positives. The sensitivity and specificity of t2 
are: 
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Under conditional independence between t1 and t2, say for truly negatives; λ-12 = 0 
and logit(β2) = γ-2. A similar interpretation holds for the parameters in the logistic 
regression for test t3. For instance, constant γ+3 is the logit transformed sensitivity of 
test t3, conditional upon results y1 = y2 = 1 for tests t1 and t2. Coefficient λ+13 is the 
logarithm of the cross product ratio of tests t1 and t3, conditional upon y2 = k, k = 0, 1 
for test t2 (and is equivalent with interaction ε+13). Derivation of (more lengthy) ex-
pressions for the sensitivity α3 and specificity β3 is straightforward. Again, similar to 
Vacek (1985), Torrance-Rynard & Walter (1995) and Yang & Becker (1997), there 
are two separate parameters for dependence in the model, one for truly positives and 
one for truly negatives, for each pair of tests.   

Some algebra shows that the multinomial and logistic representations (when 
only two-factor interactions are considered) are equivalent and parameters of one 
parameterisation can be expressed in terms of the other, e.g. 
 

{ }))exp(1())exp(1(log 233322 +++++ +−+−++= εδδδγ . 
 

When ε+23 = 0, it follows that γ+2 = δ+2. It can also be shown that ε+13 = 0 implies 
that λ+12 = ε+12. Furthermore, 33 −− = δγ , 1313 −− = ελ  and 2323 −− = ελ , with similar 
expressions for truly positives. The condition ε > 0 imposes a stronger constraint on 
the dependence structure than λ > 0; ε >0 implies that λ > 0, but λ > 0 does not nec-
essarily imply that 012 >+ε or 012 >−ε . Dependence parameters may be constrained 
to be positive through the choice of prior distributions, as discussed in the next sec-
tion. 
 
2.4 Measuring dependence 
 
An appealing measure for conditional dependence between two tests is the percent-
age increase for true positives (or negatives) in the sensitivity (or specificity) of one 
test given that the other test is positive (or negative), e.g. for test t1 and t2 
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Since  

%100*)()1)(1()1|,( 21212112, αααα −−== DyyCorrRse , 
 

12,seR  (and likewise 12,spR ) is symmetric in t1 and t2. Like the correlation between y1 
and y2 (Gardner et al., 2000), the R parameters have lower and upper bounds, e.g.:  
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with a lower bound of 0 for positive dependence. When 1)1,1|1( 12 ==== yDyP , 
which is mentioned as an example of complete dependence in Gardner et al. (2000), 
it follows that %100*)1( 222,1, αα−=seR . In that case 12 αα ≥ , with equality when t1 

and t2 are equivalent for truly positives, i.e. 1)1|( 21 === DyyP . Expressions for 
other R parameters can be readily derived, for instance: 
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CHOICE OF PRIORS AND POSTERIOR INFERENCE 
 
1. Choice of priors 
 
For the γ (and δ) parameters, that are logit transforms of (conditional) specificities 
and sensitivities, 3 different priors were employed. Values for lower and upper per-
centage points and for the median were transformed to logit scale and a mean and 
precision were chosen for the normal distribution that yielded an acceptable com-
promise between these values (Table 3). A low informative prior for (conditional) 
sensitivities and specificities, with 2.5 and 97.5 percentile points equal to 0.06 and 
0.94 and mean and median 0.5, is presented in Figure 1a. A prior for the (condi-
tional) specificity of swab- and tonsil-PCR with emphasis on values larger than 0.5, 
with percentile points 0.15 and 0.98, mean 0.70 and median 0.77, is presented in 
Figure 1b. A quite informative prior for the conditional specificity of BE, with per-
centile points 0.73 and 0.99, mean 0.92 and median 0.94, is presented in Figure 1c. 
The last prior is a fairly cautious reflection of the fact that the specificity of culture 
growth should be quite high. Final results were obtained with the low informative 
prior (Figure 1a) for the sensitivities, the prior with emphasis on values larger than 
0.5 (Figure 1b) for specificities of tonsil- and swab-PCR and the informative prior 
(Figure 1c) for the specificity of BE. For considerations that led to this choice of 
priors we refer to Swildens et al. (2005) and the discussion. 
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Attention was restricted to positive conditional dependence between the tests 
since negative dependence was biologically quite unlikely. Because little was known 
about conditional dependence, a wide gamma prior was employed for the depend-
ence parameters λ (and ε) (Figure 1d). This prior was derived analogous to Smith et 
al. (1995), employing the log odds interpretation. Values for an odds ratio around 
1.6, e.g. )45.0/55.0()35.0/65.0( , )35.0/65.0()25.0/75.0( or 

)15.0/85.0()10.0/90.0( , were plausible under dependence, while an odds ratio of 
6, e.g. )4.0/6.0()1.0/9.0( , was considered to be fairly extreme. The mean and 
median of the gamma prior in Table 3 are 0.48 = log(1.61) and 0.21 = log(1.23). The 
probability to exceed 1.79 = log(6) is 0.07. Additional analyses were also performed 
with a normal prior for the λ parameters, with mean 0 and precision 0.8429 (5 and 
95 percentile points –log(6) and log(6) respectively), to gather evidence for condi-
tional positive dependence by evaluation of the posterior probability for λ > 0. For 
the prevalence πm per herd a uniform prior (Table 3) was employed. Extreme values 
for πm were avoided for reasons to be explained in the next section. 

When the priors from Table 3 are applied to both representations, posterior 
inference will not be the same, because (some) parameters in the two representations 
do not have the same interpretation. In principle, we can make sure that fully equiva-
lent priors are used in WinBUGS by (1) formulation of priors for parameters δ, ε, (2) 
introduction of γ, λ parameters as functions of the δ, ε parameters and (3) logistic 
representation of the model in terms of γ, λ parameters. This implicitly induces de-
pendent priors for theγ, λ parameters (including additional constraints for positive ε 
dependence). Plots and percentile points of the induced priors for the γ, λ parameters 
can be easily derived by WinBUGS (without use of data). However, there are many 
possible choices for prior distributions and the priors in Table 3 offer reasonable 
choices for both parameterisations. Here, we use the priors from Table 3 directly for 
the γ, λ parameters of the logistic representation without additional constraints. Plots 
and percentile points for induced priors of marginal sensitivities, specificities and 
odds ratios can be derived by WinBUGS (again without the use of data). A marked 
difference in posterior inference between the two representations would imply that 
the choice of priors is more critical than expected, probably because the data convey 
relatively little information. In that case the order of the tests in the logistic repre-
sentation would probably also markedly affect posterior inference and further care-
ful attention should be given to the choice of prior distributions. We will return to 
this issue in the next section. 
 
2. Posterior inference 
 
No provision for selection of samples for BE was needed in the posterior analysis of 
all data collected, since neither the kernel of the likelihood nor the priors are af-
fected. Posterior inference was carried out with the Gibbs sampler (Casella and 
George, 1992; Gelman et al., 1995), as implemented in the WinBUGS program 
(Spiegelhalter et al., 2003). The logistic regression representation was used, because 
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of the missing values for BE. The (posterior) means from the values for the parame-
ters generated by the Gibbs sampler were used as point estimates and the 2.5 and 
97.5 percentile points as end points of 95 % credible intervals. We focussed on PCR 
and BE, but some results of joint analyses of PCR, BE and ELISA will be briefly 
discussed as well. We will present a direct comparison between the multinomial and 
logistic representation for the data restricted to the animals with observed BE. Of 
course restriction to animals with observed BE will bias the parameter estimates. 
The sole purpose was to compare posterior inference with WinBUGS for the two 
representations and maximum likelihood inference with the popular TAGS program 
(Pouillot et al., 2002). 

 
Table 3. Prior distributions 
 
 
Prior distributions for PCR tests and BE 
 
 
Parameters γ (and δ), i.e. logit of (conditional) sensitivity and specificity: 
• uninformative prior                                       N(0, 0.5)(1) 
• more informative prior (specificities PCR)   N(1.22, 0.45)(1) 
• informative prior (specificity of BE)            N(2.85, 1.13)(1) 
 

parameters λ (and ε), i.e. log odds ratios that model conditional dependence: 
• positive valued wide gamma(0.48,1)(2) prior 
• normal N(0, 0.8429) (1) prior (to find evidence for positive dependence in the data)  
 
Prevalence π per herd: 
• a uniform distribution on the interval (0.01, 0.99) 
 

 
Additional priors for continuous ELISA measurements 
 
 
Coefficients λ in the additional linear regressions: 
• a lognormal(0, 0.2)(3) prior 
 
Residual standard deviations σ in the additional  linear regressions: 
• a uniform distribution on the interval (0, 10)  
 
(1)normal distribution N(m, τ) with mean m and precision τ, i.e. variance 1 / τ, 
(2)gamma distribution gamma(v, w) with mean v / w and variance v / w2, 
(3)mean 12.2, median 1, 2.5% point 0.01 and 97.5% point 80.1. 
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Figure 1 
The low informative prior (a) for (conditional) sensitivity and specificity, the prior (b) for 
(conditional) specificity that focuses on values larger than 0.5, the informative prior (c) for 
conditional specificity of BE and the low informative prior (d) for coefficients λ (and inter-
actions ε) (parameters for conditional dependence) (details in Table 3). 
 
 

RESULTS 
 
1. Preliminary analysis of simulated data 
 
For a first impression of the performance of the posterior analysis for the different 
prior distributions, data was simulated with GenStat (2000) and analysed with Win-
BUGS. There are some tricky aspects in fitting latent class models that may compli-
cate the analysis, depending on the size and structure of the data. The impact of 
these aspects is much easier to recognise on simulated data, where the true parame-
ter values are known. 

There is always the tendency to switch labels (truly negative or positive). 
For any set of sensitivities α, specificities β and prevalences π, there exists a mirror 
image with sensitivities )1( β− , specificities )1( α−  and prevalences )1( π−  with 
the same likelihood. Even with a judicious choice of starting values and informative 
priors on (some of) the parameters, label switching may occur (sometimes after 
more than a 100.000 runs). The chain may get trapped for quite a large number of 
runs around this mirror image, with dire consequences for means and percentile 
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points. Label switching becomes apparent from inspection of the chain, and from 
unrealistic values for prevalences, specificities and sensitivities. Possible remedies 
are priors with zero probability mass for the offending mirror image or, equivalently, 
constraints like (γ+3 + γ-3 ) > 0 implying that a positive result has a higher probabil-
ity for truly positives than for truly negatives, conditional upon positive PCR results. 
For the present data, that proved to be quite informative, no additional requirements 
except careful inspection of the Markov chains was needed. For many chains label 
switching did not occur in the first 50.000 - 750.000 runs. Results of these chains 
agreed well with the true parameter values in the simulation. 

When a specificity or sensitivity gets close to 1, successive values in the 
Markov chain may become highly correlated and the chain may have difficulty in 
reaching a less extreme value. This was observed when the precision of the normal 
distribution in the low informative prior for γ was chosen quite small, e.g. 0.001, as 
often used in WinBUGS examples. In that case the prior is U-shaped (as if Figure 1a 
was turned upside down). With a precision of 0.5 as specified in Table 3, the prior 
avoids extreme values for sensitivities and specificities (and is perhaps slightly con-
servative for the specificity of BE). Occasionally, problems were also observed with 
extreme herd prevalences, therefore a uniform prior on (0.01, 0.99), excluding val-
ues close to 0 or 1, was chosen. We will now proceed with results for the real data of 
Table 1. 
 
2. Sensitivities and specificities 
 
Markov Chains of length 50.000 - 750.000 were employed. Repeated chains that did 
not trap into single states within herds and did not switch labels produced similar 
results. The results in the second column of Table 4 were derived with the fairly un-
informative priors (Figure 1a). The results in the 3rd column were derived with more 
prior emphasis on values larger than 0.5 for the (conditional) specificities of tonsil- 
and swab-PCR (Figure 1b) and the prior for the specificity of BE that largely con-
centrates on the interval 0.73 - 0.99 (Figure 1c). For the more informative priors, 
estimated specificities were slightly higher with narrower credible intervals. It was 
reassuring that the specificities and sensitivities under the different prior distribu-
tions were similar, indicating that the data were reasonably informative. 
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Figure 2 
The posterior distribution of Rse13 (corresponding to 3rd column of Table 4). 
 
Figure 3 
Posterior distributions of specificity 3β of BE under positive conditional dependence (1) (3rd 
column of Table 4, gamma priors for λ from Table 3), positive or negative dependence (2) 
(5th column of Table 4, normal priors for λ from Table 3 with precision 0.8429) and positive 
or negative dependence (3) (wide normal priors for λ with precision 0.075). 
 
3. Conditional dependence 
 
The opportunity to detect conditional dependence for truly negatives was slim, be-
cause of the fairly high specificity of the tests. For the PCR tests, the percentages 
increase in sensitivity and specificity were Rse,12 = 2.0 (0.00, 13.4) %  and Rsp,12 = 
0.2 (0.00, 1.3) %. To gain more insight into the possible presence of positive condi-
tional dependence, the data was re-analysed with a normal prior for λ (Table 3) that 
allowed for negative dependence as well. The credible intervals for coefficients λ+12 
and λ-12 were wide, covering both relatively large negative and large positive values, 
with posterior probabilities P(λ+12 > 0 | y) = 0.42 and P(λ-12 > 0 | y) = 0.48 for posi-
tive dependence. Incidentally, when a λ parameter is poorly determined, extreme 
values may easily occur, since the likelihood does not change perceptibly from ex-
treme to very extreme values for a λ parameter. The precision of the normal prior 
had a moderating influence on the interval length. Although there is no evidence for 
any marked dependence, we cannot draw any firm conclusions about independence 
between tonsil- and swab-PCR. 

For tonsil- and swab-PCR and BE, for true negatives, the estimated R-
parameters were small; Rsp,13 = 0.6 (0.00, 6.2) %  and Rsp,23 = 0.1 (0.00, 0.9) %. 
When negative dependence was allowed, credible intervals for λ-13 and λ-23  for true  

Figure 2 Figure 3 



Estimation of sensitivity and specificity in the absence of a gold standard 
 
 

  
46 



Chapter 3 
 
 

  
47 

 

negatives were wide with posterior probabilities P(λ-13 > 0 | y) = 0.55 and P(λ-23 > 0 
| y) = 0.51. For tonsil- and swab-PCR and BE, for true positives, the estimated R-
parameters were larger; Rse,13 = 6.8 ( 0.02, 25.5) % (posterior shown in Figure 2) and 
Rse,23  = 6.1  (0.1, 22.0 ) %. When negative dependence was allowed, credible inter-
vals for λ+13 and λ+23 for true positives tended to concentrate on positive values, with 
posterior probabilities P(λ+13 > 0 | y) = 0.89 and P(λ+23 > 0 | y) = 0.81. Although 
evidence is not conclusive, conditional dependence cannot be ruled out, particularly 
between tonsil-PCR and BE for true positives. When the precision of the normal pri-
ors for the λ parameters was reduced, the posterior probabilities for positive depend-
ence increased. However, posteriors obtained with a very low prior precision did not 
look very acceptable (Figure 3). Further discussion will be postponed to the last sec-
tion. 

When possible dependence was ignored (λ = 0), estimated sensitivities for 
tonsil-PCR and BE increased and credible intervals became narrower (4th column of 
Table 4). Since conditional dependence could not be excluded, the results under 
positive dependence in the third column of Table 4, albeit perhaps somewhat con-
servative, were considered the most appropriate to present as final results in 
Swildens et al. (2005). 
 
4. Additional continuous tests 
 
First, a separate analysis was performed for the two ELISA tests only. ELISA meas-
urements were log-transformed prior to analysis. Normal distributions were assumed 
with common residual variances for truly positives and negatives. Herd prevalences, 
ranging from 0.05 (0.01, 0.12) to 0.16 (0.07, 0.29) (extra priors are presented in Ta-
ble 3), were quite low. In histograms of ELISA measurements (not shown) no mix-
ture was apparent, except that some 6% of the animals showed markedly large val-
ues for tonsil-ELISA. These animals tended to be collected into one component of 
the mixture (the supposed positives).  

Second, the logistic model for the PCR tests and BE was extended with lin-
ear regression for tonsil- and swab-ELISA. Again the ELISA measurements were 
log transformed prior to analysis and normality was assumed with common residual 
variances in the regressions of tonsil-ELISA (on tonsil-PCR, swab-PCR and BE) and 
swab-ELISA (on tonsil-PCR, swab-PCR, BE and tonsil-ELISA). Although a joint 
analysis with the PCR tests and BE improved upon the results (Table 4, column 6), 
prevalences remained low and specificities for PCR and BE showed a severe down-
ward bias compared with previous results from analysis of PCR tests and BE only. 
For a grid of candidate cut-off points, the ELISA tests were transformed into binary 
variables and a joint analysis of all 5 tests was performed. Now, results for PCR and 
BE were similar to the results obtained before without the ELISA tests (Table 4, 
column 7). ROC curves (Greiner et al., 2000) (not shown), as obtained from the pos-
terior means for specificities and sensitivities corresponding to the grid of cut-off 
points, showed that the ELISA tests performed poorly. We will return to these re-
sults in the discussion. 
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5. Comparison of posterior inference of the multinomial and logistic 
representations 

 
In Table 5 (columns 2 and 3) results are presented for the multinomial and logistic 
representation for the data set restricted to the 300 animals where BE was observed. 
As explained before it is not recommended to discard animals with structurally miss-
ing values, for instance in order to analyse the data with the TAGS program (Pouil-
lot et al., 2002) (that does not allow for missing values). The difference in prior in-
formation for the two parameterisations yielded only minor differences between pos-
terior results. Under assumption of independence the models and priors are com-
pletely equivalent. Indeed the results under conditional independence (Table 5, col-
umns 4 and 5) were virtually the same. The TAGS program (Pouilot et al., 2002) 
performs a maximum likelihood analysis under conditional independence for com-
plete data only. Maximum likelihood estimates from TAGS (Table 5, column 6) 
were similar to posterior means with the multinomial or logistic representation under 
independence (Table 5, columns 4 and 5). Some of the 95% confidence intervals 
from TAGS were wider than the credible intervals from the Bayesian analysis, e.g. 
for specificity β3 of BE. With the fairly uninformative priors (Figure 1a) credible 
intervals (not shown) under the multinomial and logistic representations were simi-
lar to the confidence intervals from TAGS. 
 
 
DISCUSSION 
 
Two equivalent representations (multinomial or product binomial) were presented of 
a model for analysis of data from 3 (possibly) conditionally dependent diagnostic 
tests in the absence of a gold standard. A popular and common mechanism to intro-
duce dependence is the use of random effects and associated components of vari-
ance, see for instance Qu et al. (1996), Qu and Hadgu (1998), Hadgu and Qu (1998), 
Goetghebeur et al. (2000) and Dendukuri and Joseph (2001). These models are sub-
ject specific rather than population averaged in the terminology of Zeger et al. 
(1988). Parameters of interest, such as sensitivity or specificity, are only available 
after integration over the random effects and will involve both the fixed (systematic) 
effects and the components of variance of the random effects. Consequently, the 
formulation of appropriate priors in random effect models can be quite laborious. 
Random effects models can be useful for biologically similar tests where random 
effects may represent an individual's attributes that are not related to the true disease 
status, but affect all tests in a similar fashion, see e.g. Hadgu and Qu (1998) and Al-
bert et al. (2001). In general however, with three or more tests, we prefer popula-
tion-averaged models with basic parameters that have a more straightforward inter-
pretation, thus avoiding undue effort in the construction of appropriate prior distri-
butions. 

Hanson et al. (2003) present a population-averaged model for two tests and 
several, typically many, herds. Their model can be extended to three or more tests. 
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For the joint distribution of the tests for truly positive and negative animals Dirichlet 
distributions were used. Although the Dirichlet is a natural choice for a prior on joint 
probabilities, it is something of a disadvantage, especially for 3 or more tests, that 
the joint probabilities are not of primary interest. Finding Dirichlet priors that ade-
quately reflect prior information about specificities and sensitivities is not straight-
forward. 

The parameterisation in the population-averaged model discussed in the pre-
sent paper is basically the same as for log-linear models for contingency tables 
(Bishop et al., 1975). The log-linear parameterisation was recently employed by 
Hanson et al. (2000) to study dependence structures when true disease status was 
known and by Cook et al. (2000) for two tests in combination with hidden Markov 
chains for longitudinal data. The parameters of both the logistic regression and mul-
tinomial representations of our model have a simple interpretation and specification 
of priors will be straightforward for most problems. Parameters in the model of 
Yang & Becker (1997) have a more direct interpretation as marginal logit-
transformed sensitivities and specificities and log odds ratios for pairs of tests, com-
pared with their conditional counterparts in our model. However, the Yang & Becker 
marginal model involves imposition of a set of constraints such that joint probabili-
ties are only available implicitly. For a Bayesian analysis (with WinBUGS) the ab-
sence of explicit forms for joint probabilities is a disadvantage. 

Often, like for the S. suis data, there will be little information about condi-
tional dependence. In that case in our model priors for conditional sensitivity and 
specificity may be based on information about marginal sensitivity and specificity, 
assuming modest dependence. If there is positive conditional dependence, which is 
biologically more likely (Gardner et al., 2000), these priors will be somewhat cau-
tiously formulated, leading to slightly conservative inference. So the need for mar-
ginal basic parameters is small and in our opinion overruled by the advantages of the 
Bayesian analysis employing WinBUGS. Note that in the logistic representation, for 
test t1 the basic parameters are the logit transformed marginal sensitivity and speci-
ficity and for t1 and t2 a marginal log odds ratio. In the rare case that reliable and 
substantial information about conditional dependence between several tests is avail-
able, initially priors can be formulated ignoring the conditional character of the pa-
rameters. Then priors for the basic conditional parameters can be systematically var-
ied around the initial priors such that desired priors for sensitivity, specificity and 
odds ratios are obtained. This can be easily achieved with WinBUGS (without use of 
data). In that case the imposition of constraints in the Yang & Becker marginal 
model is replaced by the choice by trial and error of priors in our model. The priors 
used for the S. suis data range from fairly uninformative to quite informative and 
similarly constructed priors will be useful for other problems as well. The logistic 
representation can be used with missing data in WinBUGS. Extension with tests 
with continuous outcomes is straightforward. In that case the data will be introduced 
per individual, rather than grouped over individuals. 

For the S. suis data test specificity and sensitivity were of primary interest. 
The prevalences per herd were nuisance parameters. The present model can be modi-
fied to include more intricate structures for prevalence. For instance, in Bouma et al. 
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(2001) the number of herds was large with quite small samples per herd. For each 
herd the prevalence was sampled from a beta distribution. The present model can be 
extended with a beta, logit-normal or probit-normal distribution for herd prevalence, 
with appropriate priors for the parameters of this distribution. When the posteriors 
suggest a U-shaped distribution, a more extensive family that includes bimodal dis-
tributions or an additional positive probability for zero prevalence may be consid-
ered. Quite intricate priors for the prevalence structure based on a Dirichlet Process 
are presented in Hanson et al. (2003). 

In Guggenmoos-Holzmann and Van Houwelingen (2000) it is stated, perhaps 
somewhat indiscriminately, but not without some truth, that latent class models are 
invented "for detecting things you cannot see", like "introversion" or "sensation 
seeking" in psychology. Although we tend to think that "disease status (infected / 
non-infected)" has a more solid basis, the latent class model offers an elegant 
mathematical framework to give substance to a disease status that we cannot directly 
measure. Diagnostic tests are directed to certain aspects of the disease. A panel of 
tests directed at similar aspects of the disease, like traces of a gene possibly present 
in dead sample material, may correspond to a different mixture of distributions, than 
a panel of tests based on culture growth for live sample material. The latent classes 
for tonsil-ELISA are associated with a small fraction of clearly outlying observa-
tions and quite different from those underlying PCR and BE. PCR is directed to-
wards detection of the epf- gene encoding for the EF protein, while ELISA isolates 
the protein itself after growth in a culture medium. Possibly the product is not al-
ways produced although the gene is present. So, a panel of tests based on varying 
aspects of the disease offers a safer background for the latent class model. When 
many different tests are available, an obvious alternative approach is to define a 
quasi-gold standard on the basis of a "majority vote" of the tests. An important dif-
ference with the latent class approach is that the quasi reference offers a "true" status 
for each animal, while the latent class model offers an underlying structure of true 
status in a probabilistic sense. The latent class model is the safer choice. But the fact 
remains that, like Baron Munchhausen, the model more or less pulls itself out of the 
swamp by its own hair. 

Without a proper gold standard, lack of sufficient structure in the latent class 
model may lead to non-identifiability of parameters. Such is for instance the case 
with two dependent tests (Georgiades et al., 2003). Identifiability of parameters in 
the multinomial and logistic regression model representations was not formally (see 
e.g. Catchpole and Morgan, 2001) established. As a referee pointed out, even with 
higher order interactions set to 0, the two representations may at least sometimes 
lack identifiability. Therefore it is important to use all reliable prior information that 
is available. In this study, use of different priors suggested that the data were rea-
sonably informative with respect to sensitivity and specificity of the tests. This was 
not the case with respect to conditional dependence. Although quite unlikely for the 
S.suis data from a biological point of view, negative dependence was considered to 
find evidence in the data for positive dependence by inspection of posterior prob-
abilities P(λ > 0 | y ). Although there was an indication for moderate conditional 
dependence, evidence was not conclusive. In many WinBUGS applications the stan-
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dard uninformative prior for parameters on the logit scale is a normal distribution 
with very low precision. Very low precision for the priors of the λ parameters re-
sulted in posteriors with heavy left hand tails and a wobbly appearance with multiple 
modes (Figure 3). This may be explained by a conflict between priors and data, 
similar to Liu and Hodges (2003) (in the different context of a variance components 
model), or by lack of identifiability of the dependence parameters. This argues in 
favour of fairly uninformative priors obtained from more realistic considerations, 
such as the priors for log odds ratios λ that are presented in this paper (Table 3). 

It remains imperative to inspect the Markov chains carefully and study the 
impact of different prior distributions. We find analysis of simulated data, with the 
same structure as the actual problem, indispensable in this respect. 
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ABSTRACT 
   
The effect of vaccination with a killed whole-cell vaccine of extracellular factor-
positive Streptococcus suis serotype 2 (S. suis 2 EF+) combined with medication 
with amoxicillin on the presence of virulent S. suis 2 EF+ strains on the tonsils of 
sows and their offspring was evaluated. In two herds, 14 pregnant sows that carried 
these virulent strains, as detected by PCR in three consecutive tonsillar brush sam-
ples, were selected and randomly assigned to treated or left untreated as controls. 
The treated sows were vaccinated at six and three weeks before the expected farrow-
ing date and medication from one week before expected farrowing until the end of 
the experiment. Two weeks before parturition, the sows were housed in individual 
isolation farrowing rooms, and the sow and its litter were sampled by using tonsil-
brushes and tonsil-swabs, respectively. Approximately 27 days postpartum, the sows 
and their piglets were euthanased and their tonsils were collected and analysed by 
PCR. No S. suis 2 EF+ could be detected from the tonsils of the seven treated sows, 
but the tonsils of seven untreated sows remained positive. Only one litter of the un-
treated sows became infected, five days after birth, and none of the litters of the 
treated sows became infected.  
 
Keywords 
Streptococcus suis, vaccine, amoxicillin, carrier, tonsil 
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INTRODUCTION 
 
Streptococcus suis has been implicated in the aetiology of meningitis, arthritis, 
pneumonia, septicaemia, endocarditis, polyserositis and sudden death in pigs. S. suis 
infection is a zoonosis that has repeatedly been reported in pig-rearing and pork-
consuming countries (Arends and Zanen, 1988; WHO, 2005). The virulent extracel-
lular factor-positive strains of S. suis serotype 2 (S. suis 2 EF+) have frequently been 
isolated from diseased pigs in many European countries as well as in the USA and 
Australia (Galina et al., 1996; Mwaniki et al., 1994; Salasia and Lammler, 1995; 
Wisselink et al., 2000). Sows carrying S. suis strains in their tonsils are considered 
the most important source of infection for their susceptible offspring (Clifton Had-
ley, 1984; Robertson and Blackmore, 1989), which can become infected very early 
in their lives with different S. suis serotypes including virulent strains (Amass et al., 
1996a; Cloutier et al., 2003; Robertson et al., 1991; Torremorell et al., 1998). Carri-
er sows can be detected using a PCR for the detection of S. suis 2 EF+ strains in ton-
sillar swabs (Swildens et al., 2005). 

Several intervention studies have been carried out to try to reduce the clini-
cal signs associated with S. suis strains and the costs of control. For example, the 
vaccination of pregnant sows with a S. suis serotype 14 bacterin resulted in central 
nervous signs in significantly fewer of their 13-day-old piglets after an experimental 
intravenous challenge with a homologous strain than in the control group (Amass et 
al., 2000), and the vaccination of pregnant sows with a commercial serotype 2 vac-
cine significantly reduced the percentage of carriers of S suis serotype 2 in their one- 
to 15-day-old offspring (Torremorell et al., 1998). However, the medication of early-
weaned piglets was not successful in raising piglets free of S.  suis (Amass et al., 
1996b), and Clifton-Hadley and others (1984) reported failures to eliminate S. suis 
from herds of slaughter pigs by different antibiotic regimens. However, to the best 
of the authors’ knowledge, the effect of a combination of medication and vaccina-
tion of sows in order to protect their offspring from carrying S. suis has not been in-
vestigated. 

The aim of this experiment was to examine the effect of a combination of 
vaccination and medication of carrier sows on the S. suis 2 EF+ carrier status of the 
sows and their offspring.  
 
 
MATERIALS AND METHODS 
 
The experiment was carried out according to a protocol approved by the Animal 
Ethical Committee of Utrecht University, as required by Dutch law.  

At two farrow-to-finish farms, a total of 16 S. suis 2 EF+ carrier sows (eight 
per farm) were selected for inclusion in the experiment. At both farms the weaned 
pigs suffered from clinical problems related to S. suis 2 EF+ strains. In a previous 
survey, the proportion of carrier sows had been estimated to be at least 0·55 (Swil-
dens et al., 2005). Four batches of four sows were studied. For each experimental 



Elimination of S. suis 2 EF+  
 
 

  
58 

batch, over 25 sows were sampled at the farms 10, nine and eight weeks before the 
expected date of farrowing, and sows that tested positive in three consecutive 
weekly samplings were considered to be carriers. On each farm, the selected carrier 
sows were randomly allocated to the treatment or control group. Two to three weeks 
before the expected farrowing date, one sow of each group was randomly selected at 
each farm and transported to the experimental unit. These four sows were randomly 
assigned to individual isolation rooms, where they farrowed. In the treatment group 
a mean (sd) of 9,86 (0.38) piglets per sow were born, and in the control group 8,57 
(2,30) piglets per sow were born. Samples were collected regularly from the sows 
and individual piglets. Twenty-two to 32 days after the piglets’ birth; the sows and 
piglets were euthanased and their tonsils were removed using sterile scalpels and 
scissors, without making contact with other parts of the carcass.  
 
1. Sampling of sows 
 
The sows were sampled by tonsillar brushing five times during the selection proce-
dure, and in the week before they farrowed, within 24 hours after farrowing and 
weekly thereafter (table 1). The samples were taken as described by (Swildens et al., 
2005) with a slight modification; briefly, after the sow had been immobilised, a 
wedge was pushed between its teeth, and each tonsil was brushed for at least eight 
seconds using a sterile toothbrush attached to a 40 cm long metal rod. 

Vaginal swabs were taken with a sterilised 40 cm plastic rod with a 5 cm 
cotton wool tip (Heinz-Herens) within 24 hours after parturition. 
 
Table 1: Sampling and treatment schedule for two groups of Streptococcus suis serotype 2-
positive sows. 
Action Material/method Group Timing 
Tonsils sampling Brush T/C 10, 9, eight, six, three and one week before 

the expected farrowing date, within 24h af-
ter farrowing and every week thereafter 

Vaginal sampling Cotton wool 
swab 

T/C Within 24h after farrowing 

Vaccination Streptococcus 
suis serotype 2 
strain 4005 

T Six and three weeks before the expected 
farrowing date 

Medication Amoxicillin T Twice a day from one week before the ex-
pected farrowing date until euthanasia 

T = treatment group, C = control group 
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2. Sampling of piglets  
 
The piglets were sampled for the first time within 24 hours after birth, daily during 
the first week, and then three times a week until they were euthanased (Table 2). To 
sample the piglets, a small wedge was gently inserted between their teeth, and a ster-
ilised 15 cm plastic rod with a 1·5 cm cotton wool tip (Applimed 0538) was used to  
swab both tonsils for 10 seconds, while turning the swab between forefinger and 
thumb; on average, the whole procedure took less than 45 seconds. 
 
Table 2: Sampling schedule for the piglets from the seven treated sows and seven control sows. 
Action Material/method Timing 
Tonsils sampling Cotton wool swab Day of birth and daily for the first seven or eight 

days; thereafter, three times a week 
 
 
3. Housing and hygiene protocol 
 
The sows were housed in individual isolation rooms which, to prevent cross-
contamination, were ventilated under negative pressure through high-efficiency par-
ticle arresting (HEPA) filters. A farrowing crate was placed in each isolation room, 
and food, water and medication were provided through closed systems, to minimise 
the need for technicians to enter the isolation rooms. Only technicians who had no 
other contacts with pigs sampled the animals, and before entering an isolation room 
they changed their clothes and put on disposable protective respiratory masks, 
gloves and hair caps. 
 
4. Treatment 
 
4.1 Vaccine  
 
Six and three weeks before expected farrowing, the sows in the treatment group 
were vaccinated (Table 1). A formalin-killed, whole-cell vaccine of the EF-positive 
S. suis serotype 2 strain 4005 was prepared as described by (Wisselink et al., 2002). 
The vaccine contained approximately 109 colony forming units/dose; a water-in-oil 
emulsion (Stimune; Cedi-Diagnostics) was used as adjuvant. The sows received 
doses of 2 ml intramuscularly. 
 
4.2 Medication  
 
The sows in the treatment group were medicated twice a day from one week before 
the expected farrowingdate until they were euthanased. Each dose consisted of 40 
mg/kg bodyweight of amoxicillin (Octacilline; Eurovet Animal Health, containing 
80 per cent amoxicillin) in 2 litres of water. 
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5. Sample transport and storage 
 
Directly after the samples were taken, the tonsillar and vaginal swabs and the tonsil-
lar brushes were transported to the laboratory in a transport medium consisting of 
Todd-Hewitt broth (CM189; Oxoid) containing 0·25 per cent Streptococcus selec-
tive supplement (SR126; Oxoid) and 0·2 μg/ml crystal violet. At the laboratory the 
specimens were incubated in this medium for 18 hours at 37°C. Whole tonsils were 
transported in individual plastic bags on ice and processed within two hours of col-
lection into homogenates, as described by Wisselink and others (1999); Glycerol 
was added to a final concentration of 15 percent. Individual samples and pooled 
samples from all the piglets in a litter were stored in 2 ml Greiner cryotubes at -70°C. 
 
6. PCR test 
 
The PCR assay for the detection of S. suis 2 EF+ strains and the preceding DNA 
preparations were performed as described by Wisselink and others (1999). The ho-
mogenates of the post-mortem samples from the sows and piglets and the vaginal 
swabs from the sows were analysed by PCR. In addition, eight tonsillar brush sam-
ples taken during lactation from six treated sows and four taken from two untreated 
sows were analysed. All the pooled litter samples, and the individual samples taken 
within 24 hours after birth from the only litter of piglets that had positive individual 
homogenates, were also analysed by PCR. 
 
7. Statistical analysis 
 
To estimate the differences between the two treatment groups in the tonsillar car-
riage of S. suis 2 EF+, a Fisher’s exact test was performed in SPSS 9.0. Values of 
P<0·05 were considered significant. 
 
 
RESULTS 
 
A pair of sows from the same farm in the first batch were excluded from the experi-
ment because the control sow was treated erroneously, leaving 14 sows in the ex-
periment. No S. suis 2 EF+ strains could be detected postmortem in the tonsils of the 
seven treated sows, whereas they were detected by PCR in all the tonsils of the 
seven untreated sows (P<0·001). The same contrast was observed in the tonsil brush 
samples taken during the lactation period; the eight samples from the treated sows 
tested negative but the four samples from the untreated sows tested positive by PCR 
(P=0·036). No S. suis 2 EF+ could be detected in the vaginal swabs from the 14 
sows.  

None of the litters of the treated sows became infected with S. suis 2 EF+ 
strains, but one of the seven litters of the control sows became infected. In this litter, 
S. suis 2 EF+ strains were first detected in the pooled sample taken on day 5. The 
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pooled sample taken on day 6 and five pooled samples taken between day 16 and 
day 25 were also positive, but the four pooled samples taken between day 7 and day 
14 were negative. 
 
 
DISCUSSION 
 
No S. suis 2 EF+ strains could be detected by PCR in the whole tonsils of the treated 
sows postmortem. Earlier attempts by Amass and others (1996b) and Clifton-Hadley 
and others (1984) to eliminate S. suis from the tonsils of  weaned pigs and slaughter-
pigs by medication with therapeutic doses of antibiotics during five days and several 
months respectively, failed. In contrast with those trials, the present experiment used 
sows instead of pigs and used a combination of antibacterial medication and vacci-
nation rather than antibacterial treatment alone. It is not possible to attribute the suc-
cessful results to either the medication or the vaccination of the sows, although the 
results of vaccination trials by Amass and others (2000) and Torremorell and others 
(1998) suggest that the vaccination may have made a significant contribution. 

Owing to the imperfect test sensitivity of 0.88 (Swildens et al., 2005), it is 
not possible to be certain that the treated sows were not still positive carriers at the 
end of the experiment, although the PCR on the whole tonsil was negative. How-
ever, in support of the negative postmortem findings, all the tonsillar brush samples 
taken from the treated sows during lactation also tested negative. The specificity of 
the test was 0·96 (Swildens et al., 2005), and it is therefore very unlikely that the 
sows were free of S. suis 2 EF+ strains at the start of the experiment and were in-
cluded in the trial erroneously as carriers. 

Only one of the seven litters of the untreated sows was infected with S. suis 
2 EF+. This litter was probably not infected at birth, because S. suis 2 EF+ was first 
detected in the pooled-litter-sample of day 5. Moreover, the vaginal swabs taken di-
rectly after parturition were all negative, which is consistent with the findings of 
Clifton-Hadley (1984), who did not detect S. suis on the vaginal samples of 81 sows 
and gilts in two herds with a high carrier rate. The number of litters infected by the 
untreated sows was low compared with the results of Robertson and others (1991), 
who cultured S. suis serotype 2 from all five litters in a trial. Torremorell and others 
(1998) cultured S. suis serotype 2 from tonsillar swabs from 13 of 24 piglets from an 
unknown number of litters, five days after birth. However, both these studies were 
carried out in commercial farrowing units where infectious pigs could have infected 
susceptible pigs in neighbouring pens. In the present experiment a strict biosecurity 
protocol was used so that the role of the sow as the initiator of infections within its 
own litter could be evaluated. 

By the use of individual isolation rooms for the sows and their litters and the 
use of a well characterised test, the results of this experiment show that it is possible 
to wean piglets free of S. suis 2 EF+ from positive sows, and that the incidence of 
vertical transmission in farrowing pens is low. By using the S. suis 2 EF+-free wean-
ers as replacement gilts, S. suis 2 EF+ could be eliminated from a farm provided that 
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the gilts were not infected later on and that the incidence of transmission between 
gilts and sows and between sows was low. As a result, the costs of labour and the 
use of antibiotics to control disease associated with S suis could be reduced substan-
tially. To determine the feasibility of this strategy, studies on the dynamics of animal 
contacts and the transmission of S. suis 2 EF+ within a farm are needed.  
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ABSTRACT 
 
Sepsis with subsequent multisystem organ failure after translocation of bacteria from 
the gut is a serious risk associated with stress situations. We showed that intestinal 
bacterial translocation can be one of the pathways for pathogenic Streptococcus suis 
infections in the pig. In 24 piglets weighing 10-14 kg, free of the extracellular factor 
(EF+) producing phenotype of S. suis serotype 2, a silicon canula was placed in the 
proximal jejunum to enable intestinal inoculation and bypassing the upper alimenta-
ry tract. The pigs were individually housed. After stress induction in eighteen pigs 
by means of a truck drive in individual cages for one hour, pigs were inoculated 
through the intestinal canula either with S. suis type 2 EF+ or with growth medium 
only, and put back in their original housing. The six not transported pigs were also 
inoculated with the same strain. To prevent oral self-infection, faeces were collected 
in a bag that was glued around the anus. Clinical and behavioural symptoms were 
recorded for 72 hours post inoculation, and then the animals were sacrificed for pa-
thological and bacteriological examination. In three animals the inoculation strain 
was re-isolated from mesenterial lymph nodes and typically affected organs. No S. 
suis type 2 EF+ was detected by specific Polymerase Chain Reaction (PCR) in any of 
the tonsil-swabs and -homogenates. We concluded that infection of the organs had 
taken place after bacterial translocation out of the gut and that the intestinal tract can 
be a porte d’entrée for Streptococcus suis type 2 EF+. 
 
Key words 
Intestinal bacterial translocation / Streptococcus suis / stress / canula / pig 
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INTRODUCTION 
 
The mucosal layer of the gut is an important mechanical barrier that prevents bacte-
ria, endotoxin and other luminal contents to invade the extraintestinal tissues. How-
ever, endogenous bacteria can escape the intestinal tract and infect otherwise sterile 
tissues. This process of intestinal bacterial translocation into organs is a well-known 
phenomenon (Berg, 1992; Lemaire et al., 1997; Ljungdahl et al., 2000; Marston et 
al., 1989; Naaber et al., 2000; Steffen et al., 1988).  

Streptococcus suis serotype 2 strains are often present in swine herds and are 
causing substantial losses (Staats et al., 1997; Vecht et al., 1985). In this experiment 
we concentrated on intestinal translocation of the EF-positive S. suis serotype 2 
strain because this is the most frequently isolated phenotype of S. suis serotype 2 
from diseased pigs in most European countries as well as in the United States and 
Australia (Galina et al., 1996; Salasia and Lammler, 1995; Vecht et al., 1991; Wisse-
link et al., 2000). Moreover, it can be isolated with a very sensitive and specific PCR 
(Wisselink et al., 1999).  

Most S. suis clinical signs occur around the weaning period. In this period 
the gut morphology undergoes substantial changes. Under stressful circumstances 
such as weaning, the defence mechanisms of the gastrointestinal tract fail, thus faci-
litating bacteria to pass the stomach and translocate from the gut to (Nieuwenhuijs et 
al., 1998). Transport stress reduces the blood flow in the superior mesenteric artery 
which lowers the intramucosal pH (Nabuurs et al., 2001; Pargger et al., 1997; Van 
der Meulen et al., 2000). This mucosal acidosis increases the intestinal macromole-
cular permeability and the bacterial translocation from the gastrointestinal tract 
(Niewold et al., 2000). However, the generally accepted infection route of S. suis is 
through replication in the tonsils (Gottschalk and Segura, 2000). We investigated 
whether S. suis type 2 EF+ can translocate from the intestinal tract to the internal 
organs of pigs. To exclude the tonsil as infection route we bypassed the upper ga-
strointestinal tract through a duodenal canula. 
 
 
METHODS 
 
Twenty-four male pigs, weighing 10-14 kg, were obtained from the high health sta-
tus farm of the Lelystad Centre for Pig Husbandry. S. suis type 2 EF+ was neither 
found by PCR in repeated examination of tonsil-swabs of 207 weaned piglets and 
sows during the 20 month of existence of the farm, nor in the entry-tonsil-sampling 
of the 24 experimental pigs. Clinical signs of streptococcal arthritis or meningitis 
were never observed in this herd. The 24 pigs were randomly allocated over individ-
ual cages to prevent cross infection. The absence of S. suis type 2 EF+ at the tonsils 
was confirmed during the trial by S. suis type 2 EF+ PCR analysis of tonsil-swabs 
twice before experimental inoculation and twice after inoculation and of the tonsil-
homogenates after necropsy (Wisselink et al., 1999). 
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In the week after arrival, in all animals, a 2,5 mm diameter silicon canula 
with was surgically placed in the proximal jejunum about 10 cm distally from the 
flexura duodenojejunalis. The canula was guided sub-dermal to the top of the shoul-
der blade. Pigs were allowed to recover from surgery for 10 to 14 days. 
To induce transport stress, 18 animals were transported in individual cages during 
one hour in a small truck over a meandrous road. Thereafter 12 of these pigs and the 
six pigs that were not transported, were inoculated through the canula with 5 ml 
Todd Hewitt broth with 2,5x 108 CFU of S. suis type 2 EF+ strain 4005 (Vecht et al., 
1992). The other six transported pigs were inoculated with Todd Hewitt broth (me-
dium) only.  
 
Table 1: Overview of treatment groups. 

Group Number 
of pigs Transport S. suis inoculation Number of successful 

procedures 
1 12 Yes Yes 11 
2 6 Yes Growth medium only 4 
3 6 No Yes 4 

 
 

Stoma bags were glued around the anus to prevent oral re-infection and 
possible contamination of the tonsils. The pigs were put back in their original cages. 
No changes in the food were made. The days after, clinical symptoms and rectal 
temperature were checked twice daily. The areas under the curves (AUC) of the five 
rectal temperature measurements were calculated relative to the normal temperature 
of the pig (39,5°C). Tonsil swabs were taken every morning. Sixty-nine to 74 hours 
after inoculation, all animals were killed for pathological examination. Swabs taken 
from joint cavities, kidney, brain, liquor, pericardium, peritoneum, pleura and lung-
heart valve were plated directly at Columbia plates with 6% horse blood. Ten grams 
of tissue from tonsils, liver, mesenteric lymph nodes, spleen and lungs were each 
thoroughly crushed and mixed 1:1 with phosphate buffered saline (pH 7,2). 100 µl 
was plated at Columbia plates with 6% horse blood. Scrapings of proximal, mid- and 
distal jejunum mucosa were plated on the same plates and on Columbia plates with 
6% horse blood, 0,4% Streptococcus Selective Supplement (Oxoid SR 126E) and 
0.01% Cristalviolet (2 mg/ml) to minimize Gram-negative bacterial and staphylo-
coccal overgrowth. The experimental protocol was approved by the ethical commit-
tee of the ID-Lelystad in accordance with Dutch law on animal experiments. 
 
 
RESULTS 
 
In three animals (animal nr 1, 2 and 3 in table 2) out of 11 successfully inoculated 
and transported animals, S. suis type 2 EF+ was re-isolated from organs, indicating 
intestinal bacterial translocation. In two of these pigs (nr 1 and 2) typical S. suis in-
fected organs, such as the mesenteric lymph nodes, liver, spleen, joints and perito-
neum, were positive. In addition these 2 pigs showed gross lesions typical of S. suis, 
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namely a fibrinosuppurative peritonitis, pleuritis, perisplenitis and arthritis. In the 
third animal (nr 3), S. suis type 2 EF+ was re-isolated from the liver, spleen and peri-
toneum, but not from the mesenteric lymph nodes and joints. In this animal, pathol-
ogy was less pronounced.  

This was in contrast to four non-transported and four growth-medium inocu-
lated animals where S. suis type 2 EF+ was not cultured and only in one animal non-
typical pathological lesions were seen. In the other five animals, in which the canula 
was erroneously placed in the ileum, there were also no positive cultures or patho-
logical lesions. 
 
Table 2: Summary of major results. 
Identification numbers of affected animals  

  
    Clinical Examination  Pathological 

Examination 
 Bacteriological Examination 

Group  Pigs with 
lameness 

pigs with 
nervous 
symptoms 

Pigs with 
clinical de-
pression 

 Pigs with typi-
cal S. suis 
lesions 1) 

 Pigs with S. 
suis in mesen-
terial lymph 
nodes  and 
joints 

Pigs with S. suis 
in liver, spleen 
and peritoneum  

1 (n=11)  1, 2, 3 1, 2 1, 2, 4  1, 2  1, 2 1, 2, 3 

2 (n=4)  - - 5  -  - - 

3 (n=4)  - - -  -  - - 
1) Fibrinosuppurative peritonitis, pleuritis, perisplenitis and arthritis. 
 

All three animals with translocation (nr 1, 2 and 3) of S. suis type 2 EF+ 
showed lameness at least at one control moment and two of them (nr 1 and 2) 
showed central nervous symptoms, while none of the other animals in the experi-
ment showed these symptoms. Two of the animals with translocation (nr 1 and 2) 
had a lower food intake and were clinically depressed and one of the other animals 
(without translocation) (nr 4) had a lower food intake (see table 2). The three ani-
mals with intestinal bacterial translocation (nr 1, 2 and 3) were by far highest in rank 
with regard to area under the temperature curves (Fig.1). There was a difference in 
AUC between the groups 1 and 3 (p=0.019), but this was after Bonferroni correction 
not significant in the Mann-Whitney Test (level of significance with three groups is 
0,0167).  
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Figure 1.   Area under the curve of rectal temperatures. 
* AUC= area under the curve of five consecutive rectal temperature measurements with 39,5°C 
as reference temperature (°C*t). 

 
 
The PCR analysis on S. suis type 2 EF+ of the tonsil-swabs and the tonsil-

homogenates did not reveal any positive samples. All small intestinal mucosa scrap-
ings were negative for S. suis. The duodenal canula’s were grown well together with 
the intestinal wall without signs of inflammation in all animals.  
 
 
DISCUSSION AND CONCLUSION 
 
In this experiment we have shown that S. suis type 2 EF+ can translocate from the 
gut to different organs. In three originally S. suis type 2 EF+ negative pigs we iso-
lated the inoculation strain from multiple organs after intestinal inoculation.  
In this experiment the S. suis infection pathway through replication in the tonsils and 
the negative effect of acid in the stomach, was bypassed by means of a canula to the 
duodenum. All tonsils stayed negative for S. suis type 2 EF+ as demonstrated by 
PCR of daily tonsil-swabs after inoculation and PCR of the tonsil-homogenate after 
necropsy.  

S. suis has been found in the intestine of pigs although most of the cultured 
strains probably belong to serotypes 9-22 (Devriese et al., 1994). In germfree pigs S. 
suis type 2 EF+ can pass the stomach and survive in the small intestines (Vecht et al., 
1992). We did not culture S. suis from the intestinal mucosal scrapings after inocula-
tion. The bacteria were probably already excreted by intestinal transit during the ex-
perimental period. 
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 (Nabuurs et al., 2001) and (Seidler et al., 2001) showed that transport stress 
leads through intestinal acidosis to an increase in bacterial translocation. However, it 
was not possible to show a significant effect on the translocation of the bacteria by 
transportation in this study. Taking into account the rather high bacterial count of 
the inoculum and the small number of animals showing sepsis, translocation from 
the intestine does not seem to be a very efficient route of infection. Nevertheless, 
considering the important changes in defensive mechanisms of the gastrointestinal 
tract during weaning, a possible role of translocation from the gut in the pathway of 
S. suis type 2 EF+ infections can not be excluded. This is the first time that, by ex-
clusion of the tonsil route, translocation from the gut is demonstrated to be one of 
the pathways for S. suis type 2 EF+ infections.  
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INTRODUCTION 
 
Streptococcus suis (S. suis) has been associated with meningitis, arthritis, pneumo-
nia, septicemia, endocarditis, polyserositis and sudden death in pig-husbandry all 
over the world. Streptococcal disease not only causes economic losses due to treat-
ment and control costs, extra labor and mortality, but it also affects the well-being of 
pigs. Although much research has been done on the pathogenesis and epidemiology 
of S. suis, it remains difficult to design robust preventive strategies.  

S. suis can often be isolated from clinically healthy pigs. The prevalence of 
S. suis carrier pigs in a herd does not correlate with the incidence of related disease 
outbreaks (Berthelot Herault et al., 2000; Clifton Hadley et al., 1984a; Clifton Had-
ley et al., 1984b; van Leengoed et al., 1987). Still, carriers of S. suis comprise the 
most important risk of infection for susceptible animals, whereby the moment of 
transmission is largely unknown. Infections during and shortly after birth are de-
scribed in literature. A second important risk moment of S. suis transmission is when 
piglets are weaned and litters are mixed to form large homogeneous groups (Amass 
et al., 1996a; Cloutier et al., 2003; Robertson et al., 1991; Torremorell et al., 1998). 
Pigs can be carriers of different streptococcal strains at the same time (Monter 
Flores et al., 1993). Probably many of these S. suis strains do belong to the indige-
nous S. suis population that plays a role in the colonization resistance of skin, mu-
cous membranes and intestines, thus preventing overgrowth of pathogenic bacterial 
strains (Guarner and Malagelada, 2003; Vollaard and Clasener, 1994; Wilson, 2005). 
However, especially the pathogenic strains are of primary interest in respect of pre-
vention and control strategies.  

The aim of the studies as described in chapter 2-5 was to provide better in-
sight in the transmission of virulent S. suis. This is essential to improve strategies in 
the prevention of streptococcal disease. The extracellular protein producing serotype 
2 strain (S. suis 2 EF+) is often isolated from diseased pigs in most European coun-
tries as well as in the United States and Australia pigs (Berthelot Herault et al., 
2000; Galina et al., 1996; Mwaniki et al., 1994; Salasia and Lammler, 1995; Wisse-
link et al., 2000). Therefore this strain was used in our experiments as a representa-
tive of virulent strains. In the first place a reliable diagnostic tool was needed. 
Therefore the quality of a S. suis 2 EF+ PCR on swabs taken from live sows was de-
termined. This was established using a Bayesian analysis of a latent class model that 
included the results of three S. suis 2 EF+ test methods from four farms. This PCR 
was subsequently used to analyze the carrier status of lactating S. suis 2 EF+ carrier-
sows and their offspring before and after an intervention consisting of vaccination 
and medication of the sows. The vaccine contained an EF-positive serotype 2 strain 
and the medication consisted of long-term oral amoxicillin administration. After this 
intervention S. suis 2 EF+ was not detectable anymore at the tonsils of the sows. 
Moreover, six out of seven non-treated carrier-sows did not transmit S. suis 2 EF+ to 
their offspring during lactation. Finally, intestinal translocation of S. suis 2 EF+ was 
demonstrated to be a possible pathway for infection in newly weaned pigs. 
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This chapter discusses some aspects of the presented studies in the light of 
additional experimental results and the literature. In the first section the validation of 
the S. suis 2 EF+ PCR on swabs taken from live sows is explained in more detail. 
Firstly the choice of tonsillar swabs to sample live sows will be illustrated and 
thereafter some methodological difficulties in the characterization of the S. suis 
serotype 2 EF+ PCR in a Bayesian analysis will be discussed. The second section is 
dedicated to the prevention and control of streptococcal transmission and disease. 
The possible importance of intestinal translocation as an infection route of S. suis 
and appropriate preventive measures will be commented. Thereafter, some 
unpublished data about the effect of medication on the transmission of S. suis 
serotype 9 are shown and compared with the data about S. suis serotype 2 EF+ 
transmission. The chapter concludes with summarizing the conclusions and 
recommendations for future research. 
 
 
DETECTION OF S. SUIS 2 EF+ CARRIERS 
 
A well-defined diagnostic method was needed for research on the prevalence and 
transmission of S. suis 2 EF+. The polymerase chain reaction (PCR) developed by 
(Wisselink et al., 1999) for the detection of EF-positive S. suis serotype 2 strains 
performed very well under laboratory circumstances. To design a field-test for the 
detection of S. suis 2 EF+ carrier sows, the most sensitive way of sampling was 
needed. S. suis can be detected in many organs of diseased pigs. The tonsils can 
harbor S. suis for prolonged periods without clinical signs of disease while in most 
other organs the presence of S. suis is transient (Davies and Ossowicz, 1991; 
Gottschalk and Segura, 2000). Therefore the tracing of carriers of S. suis is 
preferably performed by sampling the tonsils. In the first paragraph the results of a 
small study on the most sensitive sampling methods that are easy to combine with 
the PCR is shown.  

To characterize the performance of the S. suis 2 EF+ PCR on tonsil-swab 
samples of live sows, this test method was compared with two other available tests 
methods on the same sows, namely the PCR and a bacterial examination (BE) ap-
plied on the homogenates of whole tonsils removed after slaughter. The quality of 
the PCR and BE was established using a Bayesian analysis of a latent class model as 
described in chapter 2. The credibility intervals of the sensitivities of all three tests 
were larger than 0.2. To obtain smaller intervals, more valid and conditionally inde-
pendent tests can be incorporated into the latent class model. Accordingly we tested 
all whole tonsil samples again in an Enzyme-Linked Immuno Sorbent Assay (ELI-
SA) as described in chapter 3. This test was based on the detection of the EF-protein 
in the supernatants of S. suis 2 EF+ cultures and was therefore expected to be condi-
tionally independent from the other tests that were based on the presence of DNA of 
the bacterium (PCR) or growth of the bacterium (BE). The results were added to the 
model for Bayesian analysis. The outcomes however were not much better than the 
estimates and credibility intervals of sensitivities and specificities derived from the 
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original model with only three tests. Moreover, the sensitivity and specificity of the 
ELISA itself were disappointing. Therefore this EF-test was not further examined at 
that moment.  

When a Surface Plasmon Resonance technique (SPR) was developed as an 
alternative EF detection method (Bergwerff and van Knapen, 2006), the model from 
chapter 2 was used again to characterize this test. In paragraph 2, we describe the 
way the cut-offs for both continuous antibody-based tests (ELISA and SPR) were 
chosen. The outcomes from the Bayesian analysis of the models with these continues 
tests included are discussed and compared with former results from chapter 2 and 3. 
 
1. Sampling method 

 
A small study was performed to compare two potential sample techniques on tonsils 
of live sows (tonsil swabbing and biopsy) to a sample of the homogenate of the 
whole tonsil obtained after slaughter. The analysis of these specimens was done by 
S. suis 2 EF+ PCR (Wisselink, 1999). 
 
Table 1. Results of the PCR on tonsil-swabs and tonsil-biopsies compared to the PCR on a 
sample of the homogenate of the whole tonsil of the same sows. 
 

 
 

Tonsil homogenate 
PCR* 

(post mortem) 
  + - 

Tonsil 
swab  
PCR 

(live sow) 

+ 12 3 

- 6 28 

 

 
 

Tonsil homogenate 
PCR* 

(post mortem) 
  + - 

Tonsil  
biopsy 
PCR 

(live sow) 

+ 7 1 

- 11 30 

* The PCR on the whole tonsil homogenate sample is defined as gold standard. The resulting 
sensitivity and specificity of the PCR on tonsil swabs is 0.67 (CI95%: <0.45-0.88>) and 0.90 
(<0.80-1.0>) respectively and the sensitivity and specificity of PCR on tonsil biopsies is 0.39 
(<0.16-0.61>) and 0.97 (<0.91-1.0>) respectively. 

 
 
Carriers of S. suis can be found slightly easier by PCR on swabs than on bi-

opsies when compared to the PCR on the whole tonsil homogenate defined as the 
gold standard (Table 1). Similar results are described by Marois et al. (2007). The 
higher sensitivity of tonsil-swabs compared to tonsil-biopsy is plausible in view of 
the results of Davies and Ossowiscz (1991) who found colonies of S. suis confined 
to some locations at the tonsil by IFT. A colony can be missed using biopsy samples 
because of the limited sampling area involved. In other words, the biopsy is too lo-
cal, and consequently, less suited for the detection of S. suis carrier sows. Deeper 
colonies, on the other hand, can be missed when a superficial swab is taken. Howev-
er, we found that testing a second swab of the tonsils of a sow has a better sensitivity 
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than the first swab (Chapter 2). This suggests that a slightly more invasive technique 
like tooth-brush samples can overcome the drawbacks of superficial swabbing. Fur-
thermore, swabbing the tonsils of a sow with a toothbrush instead of taking a biopsy 
is easier to perform. This sampling technique was utilized for the sampling of the 
sows in the transmission experiment as described in chapter 4. The Dutch Animal 
Health Service advises this sampling method now as a routine technique in farm 
screening programmes. 

 
 
2. Characterization of the S. suis 2 EF+ PCR without a gold standard 

 
2.1 Cut-off threshold levels for two EF-tests with continuous outcomes 

 
2.1.1 ELISA 
 
The supernatants of the swabs and whole tonsil homogenates used in the experiment 
described in chapter 2 were tested with an ELISA as described by U. Vecht et al. 
(1993). This ELISA is aimed on the extracellular factor, a 110 kDa protein in the 
supernatant of S. suis 2 EF+ broth. An optimal cut-off for the ELISA was determined 
after constructing a receiver operating characteristic (ROC) curve using the out-
comes of Bayesian analyses of several models that included the results of the PCR 
on swabs, the PCR and BE on tonsils, each time extended with the binary results of 
different cut-offs for the ELISA. The constructed ROC-curve shows the pairs of sen-
sitivity and specificity that correspond to these cut-off points of the continuous test. 
For the analysis described in chapter 3, the used cut-off was -2.1, being the titer at 
the maximum sum of sensitivity and specificity (Greiner et al., 2000). With this 
threshold 117 from 281 samples were classified positive for EF in the ELISA. In a 
comparison with Tonsil-PCR, many results were discordant (36%) (Table 2). 

 
Table 2. The results for the S. suis 2 EF+ PCR and ELISA on tonsils. 
 

  PCR   ELISA -2.1 ELISA 1.0 
pos 143 pos 80 23 

  neg 63 120 
     

neg 138 pos 37 1 
    neg 101 137 

 
An alternative way to determine the threshold level for a continuous test 

without the easy use of a ‘gold standard’ is based on modeling the available results 
of the test in question. In most situations the binominal frequency distribution of test 
results is composed of two underlying normal distributions (representing the positive 
and negative populations). A cut-off that minimizes the proportion of false negatives 
and false positives can be estimated using a simplified mixture population modeling 
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spreadsheet (Cameron and Eamens, 2000). From this MS Excel spreadsheet an ob-
vious cut-off for the ELISA would be around 1. In that case 24/281 (8.5%) of the 
samples would be classified positive (Figure 1 and table 2).  

 
Figure 1: frequency histogram of ELISA results. Titres of 281 samples that are analysed in both 
ELISA and SPR. Cut-offs at -2.1 and 1.0 are indicated. 

 
 

2.1.2 SPR 
 
A new Surface Plasmon Resonance technique (SPR) was developed as an alternative 
EF detection method (Bergwerff and van Knapen, 2006). This test method is a very 
promising technique for the specific detection of proteins in e.g. Salmonella diag-
nostics (Jongerius-Gortemaker et al., 2002).  In short, a quantified amount of antibo-
dies against EF was added to the filtered supernatant of the S. suis 2 EF+ broth. Puri-
fied EF was coated at the test-chip surface. The antibodies which did not bind to the 
EF in the sample attached to the EF at the chip and were measured at that place. In 
this sandwich method a low SPR response (RU) corresponded with high EF levels in 
the sample.  

To dichotomize the test signals in a high and low response group, in each 
batch a cut-off value at different percentiles of the dilution series of the positive con-
trol (purified EF dilutions) was calculated (Ritz and Streibig, 2005). The optimal 
collective cut-off value for the SPR was determined using the mixture population 
modeling spreadsheet, similar to the establishment of the ELISA cut-off (Cameron 
and Eamens, 2000). The 30th percentile (SPR30) was chosen as cut-off between 
positive and negative response samples in each batch (the histogram of all SPR re-
sults (Fig. 2) and the histogram for one of the batches with percentile lines (Fig. 3) 
are depicted below).  
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Figure 2: frequency histogram of SPR results. RU of 281 samples that are analysed in both 
ELISA and SPR. 
 

 
Figure 3: frequency histogram of SPR results. RU of 44 samples from SPR batch 1 that are also 
analyzed in the ELISA. Cut-offs at 10th to 50th percentile of the positive control dilution curve are 
indicated. 
 

Using this 30% threshold level, 59 out of 281 samples (20%) were classified 
positive for EF in the SPR30. In a comparison with Tonsil-PCR, 33% of the test re-
sults were discordant (Table 3). This is similar to the ELISA 1.0. In both tests the 
misclassifications were mainly concentrated in the PCR positive samples. Neverthe-
less, 38% (<30,5%-46,4%>) of the SPR30 samples agreed with the positive PCR 
samples against only 16% (<10,0%-22,1%>) of the ELISA 1.0 samples. These val-
ues would represent the sensitivities of the tests when the PCR is defined as gold 
standard.  
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Finally, to compare the effect of the SPR threshold levels in the Bayesian 
models we also chose an arbitrary non-differential cut-off at the 50th percentile of 
each batch of the SPR (SPR50)(Table 3). Similar to the ELISA –2.1, 42% of the re-
sults were discordant with the Tonsil-PCR results.  
 
Table 3. The results for the S. suis 2 EF+ PCR and SPR on tonsils. 
 

 PCR    SPR30 SPR50 
pos 143 pos 55 98 

  neg 88 45 
     

neg 138 pos 4 74 
    neg 134 64 

 
 
2.1.3 Summarizing the data 
 
The PCR and BE test results of 281 whole tonsil samples that are also analyzed in 
both ELISA and SPR are shown in table 4 below. If the PCR is negative, the other 
test-results are predominantly negative, suggesting that at least the specificities of 
ELISA 1.0 and SPR30 are relatively good. PCR positive samples vary much more in 
the other three tests. 

 
Table 4. The results for the S. suis 2 EF+ PCR, BE and SPR or ELISA on tonsils 

PCR   BE     SPR30 ELISA 1.0 SPR50 ELISA -2.1* 

pos 143 pos 94 pos 49 22 75 59 
    neg 45 72 19 35 
  neg 49 pos 6 1 23 21 
    neg 43 48 26 28 
         

neg 138 pos 4 pos 0 0 2 3 
    neg 4 4 2 1 
  neg 134 pos 4 1 72 34 
        neg 130 133 62 100 

* ELISA -2.1 results are analyzed in chapter 3. The numbers are slightly different because sam-
ples with missing SPR results are not included in this table.  

 
To better visualize the agreement between the results of the SPR30, ELISA 

and PCR on whole tonsils homogenates, the test results are put in one scatterplot 
below (figure 4). The results of the SPR30 (Y-axis) are expressed as the difference 
between the RU of the sample and the 30% cut-off RU, relative to the range of the 
dilution series of the positive sample in the batch: the sample to cut-off 30 ratio = 
(RUsample - RUcutoff)/-(RUmax- RUmin). This way, variation between batches is taken 
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into account. Thus, a sample with a ratio above 0 is classified as an EF-positive 
sample. 

Samples that are tested EF-negative in the SPR30 as well as in the ELISA 
1.0 or -2.1 (corner left-below) often have unequal PCR results, whereas EF-positive 
SPR30 and ELISA results (corner right-top) correspondent well with a positive PCR 
result. Presuming the PCR as gold standard, a relatively good specificity of the two 
EF-tests can only be expected at quite extreme cut-offs. To increase the sensitivity 
of the EF-tests, such a cut-off is not obvious. Altogether, the main conclusion from 
these descriptives is that although SPR30 and ELISA are both aimed at the presence 
of EF, their results are very discordant. The consequences on the estimates and cre-
dibility intervals for sensitivity and specificity as derived by a Bayesian analysis are 
discussed in the next paragraphs. 
 
2.2 Bayesian analysis of test results 
 
2.2.1 Results 
 
The results of the Ton-ELISA 2.1 were added to the latent class model (Ton-PCR, 
Ton-BE and Swab-PCR) that was used for the characterization of the S. suis 2 EF+ 
PCR on tonsil-swabs of live sows as described in chapter 2. In the Bayesian analysis 
in chapter 3, the corresponding estimates of sensitivity (0.58, Credibility Interval 
(CI) 95%: <0.49; 0.68>) and specificity (0.70, CI95%: <0.64; 0.78>) for the ELISA 
-2.1 were both relatively low. The estimates and credibility intervals for herd preva-
lences as well as the characteristics of the other three tests did not differ much from 
the outcomes of the original analysis as described in chapter 2 (2nd and 3rd column 
table 5). We concluded that the Tonsil-ELISA with a non-differential cut-off of -2.1, 
performed without problems in the Bayesian model, but did not add any new infor-
mation either. However, a diagnostic test is most useful if at least one predictive 
value, either sensitivity or specificity, is close to 1 while the other is still reasonable. 
Therefore it seemed logical to add the ELISA with a cut-off of 1.0 to the original 
model, because it was expected to discriminate much better as described in para-
graph 2.1.1. Thereafter the results of the newly developed SPR with a cut-off at the 
30th and the 50th percentile were successively added to the same latent class model. 

The ELISA with a cut-off of 1.0 did not perform well in the Bayesian analy-
sis. The Bayesian algorithm was not capable to identify the most likely EF-positive 
or EF-negative samples. The very unstable Markov chains constantly produced 
double-topped posteriors (figure 5). As a consequence, the estimated parameters for 
prevalence, sensitivity and specificity of all four tests as shown in the 4th column of 
table 5 cannot be interpreted. These estimates are the medians of very irregular den-
sities. Probably, the very low number of positive samples in the ELISA 1.0 gave rise 
to the unsatisfactory outcomes of the Bayesian analysis. 
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Figure 5. Posterior distributions of the sensitivities of SPR and ELISA in the models with SPR30 
and ELISA 1.0 respectively. Examples of stable and unstable densities (in table 5 column 5; row 
10 and column 4, row 9 respectively). 
 
 

The SPR30 results were also added as a fourth test to the former latent class 
model similar to the ELISA’s (5th column in table 5). As expected from the 2x2 
comparison, the Bayesian analysis produced a low sensitivity (0.18, CI95%: <0.13-
0.23>, fig.2.) and a high specificity (0.93, CI95%: <0.80-0.99>) for the SPR30. The 
Tonsil-PCR, Swab-PCR and Tonsil-BE had remarkable low estimates for sensitivi-
ties, relatively much lower than in the original analysis without the SPR30. This 
downward bias was probably data driven to compensate for both the low number of 
positive samples in the SPR30 and its high specificity at this cut-off. 

Finally the Bayesian analysis of the original model, supplemented with the 
SPR50 results did not produce useful outcomes (6th column in table 5). The densities 
were  ambiguous, very much comparable with the ELISA 1.0, even though in the 
mixture population modeling spreadsheet (Cameron and Eamens, 2000), the SPR50 
has a non-discriminating cut-off, whereas the ELISA 1.0 highly discriminates posi-
tive and negative samples. Possible reasons for the poor performances of both the 
EF-tests in the latent class analyses are discussed in the next paragraph. 
 
2.2.2 Remarks and conclusions on the Bayesian analysis 
 
The supplementation of the original latent class model (Ton-PCR, Ton-BE and 
Swab-PCR) as described in chapter 2 with a test based on the detection of EF in the 
supernatant of broth of the tonsil samples did not lead to smaller credibility intervals 
of the parameter estimates from the Bayesian analysis. Moreover, the Bayesian 
analysis only performed well when the ELISA with a cut-off at -2.1 was added as a 
fourth test, but when the ELISA with different cut-offs or the SPR was added either 
the outcomes were non-interpretable or the estimates were very different from the 
original analysis.  
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Because the bad performance of our Bayesian analysis could have been pro-
voked by a single incompatible batch or farm, we changed the model by leaving 
each batch or farm out one after another. None of these model-changes improved the 
outcomes. Thereafter the priors for specificity of the EF-tests were changed to ex-
tremely informative, which restricted the specificity almost to 1. The same was done 
with the prior for the specificity of Ton-BE. Again, these interventions did not im-
prove the outcomes in a convincing direction. There must be another reason for the 
untidy posteriors like a violation of the assumptions of Bayesian latent class analy-
sis.  

A Bayesian analysis of a latent class model involves at least three assump-
tions: (1) the tests are valid, (2) the characteristics of the tests are constant across 
subpopulations and (3) the tests are either conditionally independent given the dis-
ease status or dependency can be parameterized undisputedly (Enoe et al., 2000). A 
plausible explanation for the poor SPR and ELISA performances in our models can 
be that test sensitivities are very low indeed. This significant lack of sensitivity can 
be caused by a bacterial aspect. EF is probably not always produced in vitro due to 
for instance unfavorable storage or cultivation circumstances although the epf gene 
that codes for EF production is present. Samples taken from frozen tissue homoge-
nates produce less capsular antigen as pure bacterial cultures (Serhir et al., 1993). 
The same is probably true with regard to EF-production, because the excretion of 
this protein is dependent from the optimal growth of the bacteria. In that case, the 
validity of the test that is supposed to detect S. suis 2 EF+ carrier status of sows is 
low. The presence of EF in the supernatant is strictly speaking much more a measure 
of the in vitro circumstances of the bacterial growth. 

In a general sense the different tests that are analyzed in latent class models 
must perform in a joint diseased and non-diseased population (Toft et al., 2005). If, 
for instance, diagnostic tests are directed to different aspects of a disease that are not 
all expressed in the same individuals of a population, at the same time or under the 
same circumstances, the shared underlying latent classes of positive or negative 
samples cannot be identified anymore in a Bayesian analysis. In our model the 
growth of bacteria and the subsequent EF production is possibly only optimal in a 
small subset of BE positive samples with so far unidentifiable biological properties. 

In chapter 3, an analysis of the conditional dependence between tests in the 
latent class model with swab-PCR, tonsil-PCR and tonsil-BE but without the ELISA 
or SPR was discussed. Positive conditional dependence could not be ruled out, but 
was not expected to be high. However, in the Bayesian analysis of the model includ-
ing ELISA or SPR conditional dependence between tests in true positive samples is 
much more likely considering the biological background of the tests. Alonzo and 
Pepe (1999) show that if test results are positively correlated in both diseased and 
non-diseased samples, both Se and Sp will be estimated too high. The Bayesian al-
gorithm will strictly identify the few samples that are positive in all tests as the only 
true positive samples. These few samples deviate the other test parameters away 
from their (presumed) true characteristics. However, after the addition of the SPR30 
to our original model, there is no univocal direction of alteration. Our Bayesian 
analysis resulted in high Sp of the SPR30, but very low specificities and sensitivities 
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of all other tests. This downward bias of the Se of the other tests could be due to 
negative conditional dependence, but that is difficult to demonstrate because of the 
small number of SPR30 positive samples. Interrelated with foregoing, the farm S. 
suis 2 EF+ prevalences differ substantially from the estimates in the original model 
as well. 

Altogether the variability of the outcomes of the Bayesian analyses suggests 
that identification of true positive or negative samples has become less straightfor-
ward after incorporation of the EF-tests. The biological relationship between the 
three tests might have given rise to violation of the statistical assumptions that con-
stitute the frame of a Bayesian analysis of latent class models. Verification of statis-
tical dependency between tests in a latent class model is often difficult or even im-
possible because of a lack of degrees of freedom in the data (Toft et al., 2005). 
Comparison of models for conditional dependence with the real data and simulated 
data can at best lead to better insight into the different inter-test correlations. Never-
theless, in our models that include an EF-test, it will be very difficult to define the 
structure of dependence between the tests due to the low amount of positive results 
from the EF-tests (Pepe and Janes, 2007). 

The main conclusion concerning EF detection by SPR or ELISA is that EF-
detection could be used at farm-level if the test cut-off is chosen in a way that opti-
mizes specificity. This would allow for monitoring S. suis 2 EF+ free herds. Howev-
er, because many samples must be taken to generate sufficient herd-sensitivity, both 
the costs of sampling and the costs of the laboratory test must be extremely low. 
From an economic point of view as well as from the diagnostic point of view, the 
PCR on a tonsil-brush is currently the better choice. 

Summarizing, our outcomes of the Bayesian analysis underline that biologi-
cal understanding about test mechanisms and the relationships between tests is es-
sential in a Bayesian analysis of latent class models. Statistical independency be-
tween tests is an important criterion when tests are included in latent class models. 
However, this statistical prerequisite for Bayesian analysis cannot be readily satis-
fied by incorporating tests that are statistical independent. In extremis, generation of 
statistical independence through biological independence can lead to non-
interpretable output of the Bayesian statistics, because tests are not measuring the 
same entity anymore. Of course, tests must at least be valid as a measurement of the 
same disease in question, but a thorough inspection of the Markov chains and post-
eriors is indispensable in Bayesian analysis before interpretation of the outcomes. 
The model can be checked by fitting it to simulated data and different models for 
conditional dependence. Theoretically, dependency between tests can always be pa-
rameterized, but this will lead to wider credibility intervals and thus reduce the ad-
vantages of Bayesian analysis.  
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THE PREVENTION AND CONTROL OF STREPTOCOCCAL DISEASE 
AND TRANSMISSION  

 
On many farms S. suis has an endemic status. Sows carrying S. suis strains in their 
tonsils are to be considered the most important source of infection for their suscepti-
ble offspring (Clifton Hadley, 1984; Robertson and Blackmore, 1989). The preva-
lences in weaned pigs could not be correlated with the incidence of disease at farms 
(Berthelot Herault et al., 2000; Clifton Hadley et al., 1984a; Clifton Hadley et al., 
1984b; van Leengoed et al., 1987). At farms where S. suis is endemic, the prevention 
and control of streptococcal disease is generally based on management measure-
ments that minimize contact between susceptible and infectious animals often com-
bined with the use of farm-specific whole bacterin vaccines. In addition, antimi-
crobial drugs are applied in order to decrease the incidence and severity of disease.  

Many managerial predisposing factors for the occurrence of S. suis meningi-
tis in weaned pigs are described in textbooks. In the next paragraph the role of intes-
tinal translocation as a route of infection and the implication for farm management 
will be discussed. Thereafter the effects of medication on the carriage and transmis-
sion of S. suis serotypes 2 and 9 will be demonstrated. The use of antimicrobial 
drugs however generates disturbance of the indigenous flora and facilitates the de-
velopment of resistance in virulent strains which frustrates therapeutic protocols. 
Controlling the transmission of pathogenic S. suis serotypes by vaccination and ma-
nagerial interventions alone would be an attractive alternative. Therefore some as-
pects that determine the success of vaccination protocols will be discussed in the 
next paragraphs. 
 
 
1.       Managerial interventions to prevent intestinal translocation of S. suis. 
 
Managerial measures that predispose for the occurrence of S. suis meningitis in 
weaned pigs include stressful events like weaning, mixing of litters, change of cli-
mate and transition to solid food provision (Dee et al., 1993; Dee and Corey, 1993; 
Villani, 2003). Some of these events mainly promote the transmission of agents be-
tween susceptible and infectious pigs, while others mostly influence the animal 
health status in general including the development of S. suis meningitis. Although 
many of the pathogenic steps in the development of meningitis are still unknown, 
the generally accepted route of infection is through the tonsils (Gottschalk and Segu-
ra, 2000). However, bacterial translocation from the intestine to the blood could also 
be an important pathway shortly after weaning, considering the changes in defensive 
mechanisms of the gastrointestinal tract like the degree of stomach acidification, co-
lonization resistance and the mucosal barrier functionality (Baumgart and Dignass, 
2002).  

We have shown that S. suis serotype 2 EF+ can translocate from the gut to 
different organs (chapter 5). Transportation was used in our experiment to mimic 
stressful events for pigs that can occur around weaning at farm level (Dalin et al., 
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1993). It has to be considered that in the applied infection model the tonsils and the 
stomach were bypassed with a canula through which a high amount of bacteria was 
inoculated directly in the proximal small intestines. Acting so, at least two defensive 
barriers were overcome: the acid stomach environment and colonization resistance 
in the small intestines. 

The acid stomach content is an important barrier against intestinal pathogens 
such as S. suis. We showed that in a Todd Hewitt broth S. suis survives less than 
3 hours at a pH of 5 or lower. But at a neutral pH S. suis survives over 10 hours (un-
published pilot study). This means that under certain circumstances S. suis could 
survive and pass the stomach. Kamphues (1990) demonstrated that after 5-8 hours of 
ad libitum feeding, the stomach content was not entirely homogeneous mixed, lead-
ing to large differences in acidification from under pH 3 in the fundus and pyloric 
region up to pH 6.8 in the cardiac region. An accidental high Calcium dose in the 
food (59 g Ca/kg DM) prevented acidification of the chyme in all regions (pH 5 in 
all stomach regions). Therefore food that buffers the acidity of the stomach, like pro-
tein rich food after weaning, possibly contributes to translocation of S. suis further 
on in the intestines.  

Indigenous bacteria translocate continuously across the intact mucosal epi-
thelium at very low rates. These bacteria are effectively killed by the host immune 
system before they can reach the circulation. Translocation can be promoted by in-
creased bacterial population levels (Berg, 1992). Although in our experiment S. suis 
serotype 2 EF+ had not colonized the intestines, it did translocate to mesenteric 
lymph nodes and different organs. Drum (1998) found that an abnormal content of 
sugar in feed probably caused S. suis colonization in the small intestines. This kind 
of dietary caused dysbacteriosis may well contribute to the importance of the intes-
tinal route of S. suis serotype 2 EF+ infection. 

Finally, the intestinal mucosa itself forms an important, but variable barrier 
against translocation (Berg, 1992). Stressful events like transport have a negative 
influence on the blood flow in the superior mesenteric artery which leads to ische-
mia in the gastrointestinal tract (Nabuurs et al., 2001; Pargger et al., 1997; Van der 
Meulen et al., 2000).  Ischemia enhances the catabolism of ATP and the genesis of 
xanthine oxidase. Upon reperfusion and accompanying reoxygenation, xanthine oxi-
dase catalyses the reduction of O2 to yield O2

- and H2O2. These oxidants promote 
adherence of neutrophils to the endothelium, that then mediate microvascular dam-
age (Grisham and Granger, 1989). This microvascular damage causes injury of the 
mucosal barrier dependent on the duration and level of hypoperfusion. The process 
is most destructive in cells that metabolize much ATP and O2 for multiplication 
(crypt-cells), absorption and digestion (villous cells), which is especially the case 
after weaning (Niewold et al., 2000; van Beers-Schreurs and Bruininx, 2002).  

Summarizing, intestinal translocation is a possible route of S. suis infection 
although many barriers have to be overcome. Several stress and food related cir-
cumstances around weaning can synergistically facilitate this. However, pathogenic 
S. suis strains need extreme circumstances in order to pass the stomach, colonize the 
small intestines and finally translocate injured intestinal mucosa. Probably respirato-
ry S. suis infections are much more important in the pathogenesis of meningitis. 
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Nevertheless, at farms with severe streptococcus related disease problems after 
weaning, intestinal translocation might play a role as additional route of systemic 
infection aside the tonsils. Therefore, at such farms prevention must, besides the 
avoidance of infection, also be emphasized on supporting stomach function, coloni-
zation resistance and an adequate blood flow in the superior mesenteric artery to 
preserve the functionality of the intestinal mucosa. This can be achieved by improv-
ing the process of weaning, very similar to the prevention of E. coli enterotoxemia 
such as early habituation to solid food uptake, optimizing climate conditions and 
minimizing of moving and mixing of piglets (Dee et al., 1993; van Beers-Schreurs 
and Bruininx, 2002).  

 
 

2. Antimicrobial drugs 
 
2.1 Effect of amoxicillin on transmission of S. suis serotype 2 
 
In the experiment described in chapter 4, we used both medication and vaccination 
in particular to stop transmission of S. suis 2 EF+ between sows that carried the bac-
terium and their litters. The experiment focused on S. suis 2 EF+, because this viru-
lent strain was frequently isolated from diseased pigs at Dutch farms among which 
the two farms that provided the sows. Sows were vaccinated with a whole-cell S. 
suis 2 EF+ vaccine at six and three weeks before farrowing. Continuous medication 
with amoxicillin started when the sows were placed in the isolation units around one 
week before farrowing. Both the sows and the piglets were sampled at the start and 
during the 26 day lactation period. At the end of the lactation period sows and pig-
lets were euthanized and all tonsils were collected.  

In the experimental group we did not detect any S. suis 2 EF+ at the tonsils of 
the piglets of the seven treated carrier sows. In the control group that was without 
any sow-treatment, only one out of seven litters became positive (Table 6). Because 
of the very low incidence of infection in both groups, it was not possible to show 
any effect of the treatment. 

At the end of the lactation period S. suis 2 EF+ was not detected on the ton-
sils of the seven treated sows anymore in contrast with the control sows. In this ex-
perimental design it was not possible to assign the results to either medication or 
vaccination. 
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Table 6. Number of sows and piglets with S. suis 2 detected in the tonsil homogenates at the end 
of the lactation period 
 

    Sows   Individual piglets   
Group Sow status*    Positives Negatives   
Treatment Free 7  0 65    
 Carrier 0  0 0   
Control Free 0  0 0   
  Carrier 7   9 (1 litter) 50   
*All 14 sows were carriers at the start of the experiment.    
 
 
2.2 Effect of amoxicillin on transmission of S. suis serotype 9 
 
We were interested if S. suis serotype 9 (S. suis 9) which is frequently isolated from 
diseased piglets after weaning (Wisselink et al., 2000), behaved comparable to 
S. suis 2 EF+ during lactation. Therefore we analyzed all available samples (four out 
of the original seven sows in both experimental groups) on S. suis 9 by PCR (Wisse-
link et al., 2002). All 8 sows were S. suis 9 positive at the start of the experiment. 

Similar to S. suis 2 EF+, at the end of the experiment S. suis 9 was no longer 
detected on the tonsils of the four treated sows in contrast to the non treated control 
sows. The effect on the sow carrier status was probably principally an effect of the 
amoxicillin treatment because the strain was amoxicillin sensitive (NCCLS, 2000), 
while the vaccine was aimed at S. suis 2 EF+ only. Streptococcal whole bacterin vac-
cines probably do not provide cross-immunity (Kebede et al., 1990). However, due 
to the small number of animals, this difference in carriage of S. suis 9 between both 
treatments was not significant, but could still be important (Chi2: 2,133; p= 0,144 
after Yates correction (Abramson, 2004)).  
 Another effect of amoxicillin treatment was apparent in the number of in-
fected piglets per litter. Although not all sows were carrier of S. suis 9 at the end of 
the experimental period, one or more piglets in each litter became positive in the 
tonsil as detected by PCR on the homogenate of the whole tonsil. In the litters of the 
four treated sows 38% of the piglets were positive (15/39), while without treatment 
of the sows 78% of the piglets became positive (27/32)(Table 7). Accordingly, 
treatment of sows seemed to be associated with less infected piglets per litter at 
weaning (taking intra-litter correlation into account: OR: 8.64 (CI95%:<1.24-60.1>); 
p=0,019). 
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Table 7. Number of sows and piglets with S. suis 9 detected in the tonsil homogenates at the end 
of the lactation period. 
 

     Sows   Individual piglets   
Group Sow status*     Positives Negatives   
Treatment Free  4  15 24    
 Carrier  0  - -   
Control Free  1  6 2   
  Carrier   3   21 3   
*All eight sows were carriers at the start of the experiment. 
  

An intermediate role of feces in the transmission of S. suis can be suspected, 
because the amoxicillin treatment did not start before arrival at the isolation units. 
The effect of amoxicillin on the intestinal flora will probably only become apparent 
after several hours. Thus S. suis 9 positive sows can have excreted S. suis 9 in the 
farrowing cages directly after arrival, where later on the piglets can have picked up 
the still viable bacterium, particularly because S. suis can survive about eight days in 
manure. This emphasizes on good cleaning and disinfection practices at farms with a 
high incidence of disease due to S. suis (Clifton Hadley and Enright, 1984). 
 In contrast to our results, earlier attempts by Amass et al. (1996b) and Clif-
ton-Hadley et al. (1984a) to eliminate S. suis from the tonsils of  weaned pigs and 
slaughter-pigs by medication failed. Although in our experiment (as described in 
chapter 4) it was very convincing that the sows and piglets were truly free of S. suis 
2 EF+ because of the many negative samples, it must be taken into consideration that 
the whole tonsils were analyzed only few hours after the last amoxicillin treatment. 
To be more certain that the pigs were free of S. suis a longer period for amoxicillin 
wash-out and subsequent streptococcal growth must be implemented before sam-
pling.  
 
2.3 Adverse effects of antimicrobial drugs 
 
The use of antimicrobial drugs has several benefits in the treatment of streptococcal 
related diseases. However, antimicrobial resistance is an increasing threat for animal 
health as well as public health (Harbottle et al., 2006; Hendriksen et al., 2008). In 
general, the large amounts of drugs used especially in prevention of diseases facili-
tate the emergence and development of bacterial resistance (Aarestrup et al., 2008). 
As a consequence, it already has been shown that the use of antibiotics in livestock 
contributes to the increased prevalence of antibiotic-resistant bacteria that are of 
significance, not only in swine production but in public health as well (Mathew et 
al., 2007; Smith et al., 2002).  

Another adverse effect of the use of antimicrobial drugs is the disturbance of 
the existing resident bacterial microflora at the skin, in the nasopharynx and in the 
intestines. The indigenous bacteria prevent the growth of pathogenic species by 
competing for nutrition and attachment sites. This barrier effect protects from over-
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growth by species that are normally present at low numbers as well as exogenous 
pathogenic species (Guarner and Malagelada, 2003). In children, the indigenous flo-
ra that includes α-haemolytic streptococci, inhibits colonization by i.e. S. pneumo-
niae, H. influenza and S. aureus. Ghaffar (2002) showed that this inhibitory balance 
could be altered by antibiotics. For that reason prevention and control strategies 
without the use of antimicrobial drugs would be preferable. 
 
 
3. Vaccination 

 
To overcome the negative side effects of antimicrobial drugs for controlling patho-
genic S. suis strains, vaccination would be an obvious strategy. The effect of vacci-
nation on transmission is only examined in a few vaccination experiments at farms. 
Amass et al. (2000) and Torremorell et al. (1998) observed lower prevalence of the 
homologous strain in piglets after vaccination of the sows. Regrettably we could not 
draw conclusions on the effect of vaccination in our experiment described in chapter 
4, because the vaccination was combined with amoxicilline treatment.  

In the design of vaccination protocols many subjects have to be considered 
such as the serospecificity of vaccines, the immunological response at young age 
and the possible replacement in the population of vaccine strains by other strains. In 
the decision-making process, knowledge can be used from Streptococcus pneumo-
niae vaccination campaigns in human pediatric medicine. S. suis and S. pneumoniae 
have many features in common, such as capsular proteins, toxins and biochemical 
reactions in the API 20 Strep system. Because of this, the epidemiological dynamics 
of both streptococcal species are considered to be similar in many aspects (Brassard 
et al., 2004; Gottschalk et al., 1991; Gottschalk et al., 1995; Hommez et al., 1986; 
Segers et al., 1998; Smith et al., 1999).  

S. pneumoniae is a common cause of meningitis, sepsis and pneumoniae in 
both young children and elderly people. The 91 known serotypes of S. pneumoniae 
are not all equally pathogenic. This is most likely due to differences in virulence fac-
tors between strains and not the result of the duration of carriage for instance 
(Brueggemann et al., 2003; Henrichsen, 1995). In the prevention of meningitis 
caused by S. pneumoniae in children, vaccination has become an essential tool be-
cause of the worldwide emergence of resistance to penicillin and other antibiotics in 
pneumococci. Pletz et al. (2008) reviewed several well-documented vaccination S. 
pneumoniae campaigns. A 23-valent-polysaccharide vaccine and a 7-valent-
conjugate-vaccine effectively reduced the incidence of meningitis caused by the 
vaccine-included serotypes respectively in adults and children. In veterinary practice 
such large-scale vaccination trials are not yet performed. The effect of vaccination 
not only on the incidence of disease but especially on the prevalence of the vaccine-
strain and non-vaccine strains at herd level or within a top-down production chain 
are of great interest, because this can give insight in the feasibility of eradication 
programmes.  
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3.1 Vaccine types: polysaccharide and conjugate vaccines 
 
In public health as well as swine health, capsular polysaccharide vaccines have been 
widely used in vaccination protocols. The first generation of polysaccharide vac-
cines was not very useful in young children. The polysaccharides can not induce a 
B-cell-dependent immune response in young children due to their immature immune 
system. Progress has been made with the development of conjugate vaccines. 
Through attaching the polysaccharide to a highly immunogenic protein, the T-helper 
cell function is stimulated which subsequently activates B-cells to proliferate and 
produce antibodies (Pletz et al., 2008). In young piglets the same problem in effica-
cy of polysaccharide vaccines can occur. In pig husbandry however, the sows are 
vaccinated to provide protection to the piglets through maternal antibodies in the 
colostrum. This indirect way of (passive) immunization can already be effective 
against early invaders in young piglets. This means that there is no need for conjuga-
tion of capsular polysaccharide to proteins to stimulate T-helper cell function. 
 
3.2 Serotype specificity 
 
Streptococcal whole bacterin vaccines do probably provide protection that is limited 
to the homologous strain (Kebede et al., 1990). In human health, the streptococcal 
strains that are most frequently isolated from patients are combined in a 23-valent-
polysaccharide vaccine to overcome this strain specificity. Besides that, a 7-valent-
conjugate vaccine is formulated for use in children under the age of two, as de-
scribed in the previous paragraph. Presently in swine health no commercial produced 
protective vaccine that contains a single or more S. suis strains is available in the 
Netherlands. Autogenous vaccines made of one to five strains isolated from typical 
ill animals are frequently used at farms with disease caused by S. suis. These case-
specific formalin treated whole bacterin vaccines resemble in many ways the poly-
saccharide vaccines in human medicine and are very useful in the prevention of dis-
ease within farms. However shortcomings are reported, especially concerning vac-
cines that contain a S. suis 9 strain. Although the reasons of these fallbacks are most-
ly unknown, they can often be solved by isolating a pathogenic strain again, and 
then adding this to the vaccine. 
 
3.3 Replacement 
 
Every polysaccharide and conjugate streptococcal vaccine protects in particular 
against the strains that are added to the vaccine. In the long run diseases caused by 
non-vaccine serotypes can increase. The niche that arises when vaccine strains dis-
appear in a population is filled by other strains that are possibly pathogenic as well. 
Replacement of vaccine-serotypes has occurred in several trials of S. pneumoniae 
conjugate vaccines (Lipsitch, 1999; Singleton et al., 2007). This might lead to ‘re-
placement of disease’ caused by non-vaccine serotypes. Brueggemann, et al. (2003) 
showed that some non-vaccine pneumococcal serotypes are highly virulent. A prom-
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ising alternative type of vaccine on which much research is performed lately, is 
based on proteins that are associated with disease, but serotype-independent.  

The use of serotype specific S. suis vaccines could well lead to replacement 
of the vaccine serotype comparable to S. pneumoniae replacement. Protein-subunit 
vaccines would provide a solution to avoid serotype-dependent replacement. Protein 
candidates would be suilysin, MRP, EF and fibronectin- and fibrinogen-binding pro-
tein (De Greeff et al., 2003; King et al., 2001; Staats et al., 1999). Much work still 
has to be done to identify a suitable combination of proteins and meet the safety 
regulations for mass-production (Jones et al., 2007). Anyhow, protein vaccines are 
expected to be cheap and therefore within reach of veterinary medicine. 
 
3.4 Implications for S. suis vaccination protocols at swine farms 
 
At swine multiplier farms vaccination protocols that make use of autogenous whole 
bacterins can provide an adequate management tool in the prevention of streptococ-
cal disease. In the design of a vaccination protocol attention should be paid to the 
moment of infection by the strain that causes disease. S. suis serotypes might colon-
ize piglets at serotype-specific ages. We detected serotype 9 in all (7/7) litters 
around 26 days after birth, but only one out of seven litters was colonized by S. suis 
serotype 2. Reams et al. (1993) detected serotype 2 mainly between six and 14 
weeks and serotype 1 between three and ten weeks of age. Torremorell et al. (1998) 
could not show S. suis 2 tonsillar colonization before 15 days of age. The choice for 
maternal vaccination or administration to individual pigs depends on the age of in-
fection by virulent S. suis serotypes. Serum titers of maternal derived antibodies 
(MDA) diminish with a minimum around seven weeks of age (Lapointe et al., 2002). 
To what extent these MDAs interfere with vaccination is not well documented and 
will not only be dependent on the vaccine formulation (Wisselink et al., 2001) but 
also on the capacity of the strain to elicit humoral immunity. This means that if 
streptococcal disease occurs late after weaning (over +/- the age of five weeks), in-
dividual weaner pig vaccination with polysaccharide formulations might be consi-
dered instead of sow vaccination. 

Regular monitoring and adaptation of the vaccine composition must be per-
formed to prevent the increase of streptococcal disease after replacement of the vac-
cine serotype in the population. 
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4. Elimination     
 

A more appealing approach would be the total elimination of virulent strains from 
farms with streptococcal disease problems. After the elimination of S. suis, these 
farms are not allowed to have any external animal contacts of different S. suis status 
anymore and very strict biosecurity rules have to be applied to avoid the risk of 
breakdown as described by Clark et al. (1994), Fangman and Tubbs (1997). Depopu-
lation and repopulation with sows free of virulent S. suis after thorough cleaning 
would be an obvious, but very expensive method of S. suis elimination. However, 
considering the results from chapter 4, the elimination of virulent strains could also 
be reached by a combination of temporary antimicrobial drugs, vaccination and se-
gregation of age groups (or litters) especially after weaning. Especially the S. suis 
carrier sows must be treated during farrowing and lactation to diminish S. suis 
transmission to their offspring. The newborn gilts must be reared strictly separated 
from older sows. A field experiment in line with chapter 4, can demonstrate the fea-
sibility of such an elimination strategy. During the trial, surveillance of different se-
rotypes can be performed to monitor possible strain replacement and antibiotic resis-
tance profiles. 
 
 
SUMMERIZED CONCLUSIONS AND RECOMMANDATIONS 
 
The S. suis 2 EF+ PCR on tonsil-swabs of live sows is a well performing practical 
diagnostic tool. The estimated sensitivity and specificity of the field test are 0.63 
and 0.96 respectively. Using toothbrushes instead of swabs will probably increase 
sensitivity and already proved to be a convenient sampling method in our transmis-
sion experiment.  
 Identifying the extracellular factor protein in supernatants of enriched broths 
from frozen samples using EF-antibodies is not a very sensitive detection method at 
individual pig level. Therefore this test method is only applicable in screenings with 
sufficient large sample sizes leading to adequate herd sensitivity. 

Bayesian analysis of latent class models is a very convenient test-evaluation 
method when a gold standard is absent. However we experienced some complica-
tions. This was most probably caused by a violation of the assumptions of Bayesian 
analysis of latent class models. The validity of tests, the test-characteristics across 
subpopulations and the independence between test in diseased and non-diseased sub-
jects may be difficult to check. Statisticians must not only analyze the posterior den-
sities and Markov chains thoroughly, but they must also make use of complementary 
biological knowledge of the various diagnostic test systems. The model can then be 
verified by fitting it to simulated data and different models for conditional depen-
dence. But with the current methods, it will not always be without any trouble to 
find the reasons why some models perform badly. Model-checks that are easy to ex-
ecute are needed to make Bayesian analysis of latent class models better accessible 
for use in veterinary science.  
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Prevention and control of streptococcal disease is currently a continuous task 
in pig farm management, because carriers (sows) will always be present on farms. 
Probably oronasal S. suis infections are most important in the pathogenesis of me-
ningitis. Nevertheless, at farms with severe streptococcus related disease problems 
after weaning, intestinal translocation might play a role as additional route of sys-
temic infection. At such farms emphasis must be put on early habituation to solid 
food uptake and avoidance of stressful events to preserve the barrier functions of the 
intestinal tract. 

An intervention at farm level with antimicrobial drugs to control outbreaks 
of S. suis related meningitis must, although often effective, only be temporal, be-
cause of the threat for public health of antimicrobial resistance against drugs in li-
vestock, and the disturbance of bacterial balance (colonization resistance) in the in-
dividual pigs. This forces to focus research on vaccination and elimination of patho-
genic streptococcal strains. 

S. suis vaccination protocols are nowadays mainly performed with autogen-
ous farm specific vaccines made of streptococcal strains isolated from diseased ani-
mals. A more uniform strategy that can be used on different farms would be prefera-
ble. To achieve this, the effect of vaccination should not be strictly limited to the 
vaccine serotype. The formulation of serotype independent commercial vaccines 
seems essential in the prevention and control of streptococcal diseases. Therefore, 
further research on serotype independent virulence markers of S. suis is indicated, as 
stated before in the thesis of de Greeff (2002). Furthermore insight in the moment of 
infection with pathogenic strains and their behaviour in herds are needed to design 
vaccination protocols with such serotype independent vaccines.  

Strong arguments that support specific elimination strategies are not availa-
ble. On basis of our results, an intervention using temporally medication as well as 
vaccination seems a feasible approach. With the use of amoxicilline medication and 
S. suis 2 EF+ vaccination we interrupted vertical transmission of S. suis 2 EF+ from 
carrier sows to their litters completely. However, little is known about the possible 
replacement of vaccination strains at herd level and the effects of antibiotics on the 
defensive bacterial balance of individual pigs.  
 The current conventional pig husbandry systems are associated with out-
breaks of meningitis caused by S. suis comparable to S. pneumoniae meningitis out-
breaks in healthy young children that visit day-care centres. Both the decline of ma-
ternally derived antibodies and a high pressure on other defence systems by stress 
related events, combined with a high risk of infection due to mixing of infectious 
and susceptible individuals, favour large outbreaks of disease. More animal friendly 
farming systems with lower stock densities, less mixing and strictly spatial separa-
tion could potentially reduce the risk of outbreaks. Incidental cases of meningitis, 
however, will remain because of the persistence of carriers of pathogenic S. suis 
strains. 
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INTRODUCTION 
 
Streptococcus suis has been implicated in the etiology of meningitis, arthritis, 
pneumonia, septicemia, endocarditis, polyserositis and sudden death in pigs. The 
virulent extracellular factor-positive strains of S. suis serotype 2 (S. suis 2 EF+) have 
frequently been isolated from diseased pigs in many European countries as well as in 
the USA and Australia. Sows carrying S. suis strains in their tonsils are considered 
the most important source of infection for their susceptible offspring, which can be-
come infected very early in their lives with different S. suis serotypes including viru-
lent strains. In addition, S. suis infection is a zoönosis that has repeatedly been re-
ported in pig-rearing and pork-consuming countries. 
 
 
DETECTION OF STREPTOCOCCUS SUIS 
 
To be able to perform transmission studies, a well-defined diagnostic method was 
needed. We estimated the sensitivity and specificity of a polymerase chain reaction 
assay (PCR) on swabs taken from live sows. This PCR was developed by Wisselink 
and others (1999) for the detection of EF-positive S. suis serotype 2 strains. The out-
comes of three tests, the PCR on tonsillar swabs (Swab-PCR), the PCR on the whole 
tonsils of the same sows removed after euthanasia (Tonsil-PCR) and the bacterial 
examination of these whole tonsils (Tonsil-BE), were evaluated in a Bayesian analy-
sis using the WinBUGS application formulated by Spiegelhalter and others.  
 The estimated sensitivity of Swab-PCR was 0.63 (<0.52, 0.74>) and the sen-
sitivity of Tonsil-BE 0.65 (<0.51; 0.76>). The Tonsil-PCR had a higher sensitivity 
of 0.88 (<0.75; 0.96>). The specificities of all tests were around 0.96. It was con-
cluded that, as expected, the removed whole tonsil sample is the most sensitive spe-
cimen to detect carrier sows. However, this method is not usable to select animals 
alive or monitor S. suis carrier statuses during prolonged periods of time. For that 
purpose swabs are a good alternative, if sampling is repeated. The sensitivity can be 
further increased by using a slightly more invasive technique like tooth-brushes.  

The credibility intervals of the sensitivities of all three tests were larger than 
0.2. To obtain smaller intervals, more valid and conditionally independent tests can 
be incorporated into Bayesian analysis. Accordingly we tested all whole tonsil sam-
ples again in an Enzyme-Linked Immuno Sorbent Assay (ELISA) and a Surface 
Plasmon Resonance technique (SPR). These tests are based on the detection of the 
Extracellular Factor-protein in the supernatants of S. suis 2 EF+ cultures and were 
expected to be conditionally independent from the other tests that were based on the 
presence of DNA of the bacterium (PCR) or growth of the bacterium (BE). The out-
comes however were not much better than the Bayesian estimates and credibility 
intervals of sensitivities and specificities derived from the original model with only 
three tests.  
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BAYESIAN ANALYSIS 
 
Bayesian analysis of latent class models is a very convenient test-evaluation method 
when a gold standard is absent. The basic principle of the Bayesian approach is that 
every valid test (a test that performs better than chance) correctly classifies a propor-
tion of the true positive and true negative test-samples. Because these proportions 
usually do not completely overlap for different tests, an iterative procedure can gen-
erate sensitivity and specificity from a latent class model composed of the new test 
results combined with a priori defined probability distributions based on previous 
studies carried out on the applied tests or on comparable tests. When performing a 
Bayesian analysis of a latent class model the tests must be independent given the 
true disease status and the tests must be valid as measure of disease. 

We did some work to assess the degree of conditional dependences between 
the three tests, Swab-PCR, Tonsil-PCR and Tonsil-BE, in the original model. Sev-
eral different priors for conditional dependence between tests, ranging from fairly 
uninformative to quite informative, were used to estimate the percentages of change 
in sensitivity and specificity after adding a new test to the model. The percentages 
increase in specificity for truly negatives varied between 0.1 % en 0.6 % suggesting 
low conditional dependence. For true positives there was an indication for moderate 
conditional dependence particularly between Tonsil-PCR and Tonsil-BE (6.8 %). 

When results of the ELISA or SPR at different cut-offs were added to the 
original model with three tests, at some cut-offs of these continuous EF-tests the 
Bayesian analyses produced non-interpretable output. Explanations can be that the 
sensitivities of the ELISA and SPR are very low indeed or that the production of EF 
is not a good measure for the presence of S. suis bacteria at the tonsil. This can lead 
to high variability in the outcomes of the Bayesian analyses, because identification 
of true positive or negative samples has become less straightforward after incorpora-
tion of an EF-tests to the model.  

A thorough inspection of the Markov chains and posterior distributions is in-
dispensable in Bayesian analysis before interpretation of the outcomes. The model 
can be checked by fitting it to simulated data and different models for conditional 
dependence. Theoretically, dependency between tests can always be parameterized, 
but this will lead to wider credibility intervals and thus reduce the advantages of 
Bayesian analysis. Our experimental outcomes underline once again that understand-
ing about the biology of test mechanisms and the relationships between tests is high-
ly required in a Bayesian analysis of latent class models.  
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PREVENTION AND CONTROL 
 
Managerial interventions 
 
The generally accepted route of S. suis infection is through the tonsils and respirato-
ry tract. However, bacterial translocation from the intestine to the blood and organs 
could also be an important pathway shortly after weaning, considering the changes 
in defensive mechanisms of the gastrointestinal tract like the degree of stomach aci-
dification, colonization resistance in the intestines and the mucosal barrier functio-
nality.  

To investigate the possibility of S. suis 2 EF+ translocation, 24 weaned pigs 
were randomly allocated over individual cages to prevent cross infection. The upper 
respiratory tract was excluded as infection route by means of a canula placed in the 
proximal jejunum. To induce stress, 18 animals were transported in individual cages 
during one hour in a small truck over a meandrous road. Thereafter 12 of these pigs 
and the six pigs that were not transported, were inoculated through the canula with a 
high amount of S. suis 2 EF+. The other six transported pigs served as controls. After 
euthanasia, in three animals S. suis 2 EF+ was re-isolated from organs, indicating 
intestinal bacterial translocation. This was in contrast to four non-transported and 
four growth-medium inoculated animals where S. suis 2 EF+ was not cultured. This 
way we have shown that S. suis 2 EF+ can translocate from the gut to different or-
gans although many natural barriers have been surpassed in this experiment.  

Pathogenic S. suis strains need extreme circumstances in order to pass the 
stomach, colonize the small intestines and finally translocate injured intestinal mu-
cosa. At farms with severe streptococcus related disease outbreaks after weaning, 
several stress and food related circumstances around weaning can synergistically 
have facilitated intestinal translocation. Therefore, at such farms prevention must 
emphasize on improving the process of weaning, such as early habituation to solid 
food uptake, optimizing climate conditions and minimizing of moving and mixing of 
piglets.  
 
Pharmacological intervention & vaccination 
 
We examined the effect of a combination of medication and vaccination of sows on 
the S. suis 2 EF+ carrier status of the sows and their offspring. From two herds, 14 
pregnant S. suis 2 EF+ positive sows were randomly assigned to be treated with 
amoxicillin combined with a killed S. suis 2 EF+ whole-cell vaccine or to be left un-
treated as controls. Two weeks before parturition, the sows were housed in individu-
al isolation farrowing rooms, and from then on the sow and later her litter were sam-
pled by using tonsil brushes and tonsil swabs. Approximately 27 days postpartum, 
the sows and their piglets were euthanized and their tonsils were collected and ana-
lyzed by PCR. No S. suis 2 EF+ could be detected in the tonsils of the seven treated 
sows, whereas the tonsils of all seven untreated sows remained positive. However, 
only one of the litters of these untreated sows became infected. This showed that the 



Summary 
 
 

  
108 

incidence of vertical transmission of S. suis 2 EF+ in farrowing pens is low. None of 
the litters of the treated sows became infected. 

Similar to S. suis 2 EF+, at the end of the experiment S. suis serotype 9 was 
no longer detected on the tonsils of four treated sows in contrast to non treated con-
trol sows (n.s.; p= 0,144). The effect on the sow S. suis serotype 9 carrier status was 
probably principally an effect of the amoxicillin treatment because the S. suis sero-
type 9 strain was amoxicillin sensitive, while the vaccine was aimed at S. suis 2 EF+ 
only. Streptococcal whole bacterin vaccines are assumed not to provide cross-
immunity.  
 An intervention at farm level with antimicrobial drugs to control outbreaks 
of S. suis related meningitis must only be temporal, because of the threat for public 
health of antimicrobial resistance against drugs in livestock, and the disturbance of 
bacterial balance (colonization resistance) in the individual treated pigs. To over-
come the negative side effects of antimicrobial drugs for controlling pathogenic 
S. suis strains, vaccination or even elimination would be obvious strategies. 

At swine multiplier farms vaccination protocols that make use of autogenous 
S. suis serotype 2 whole bacterins can provide an adequate tool in the prevention of 
streptococcal disease. However, a more uniform strategy that can be used on differ-
ent farms independent of the S. suis serotype would be preferable. Until then, regular 
monitoring and adaptation of the vaccine composition must be performed to prevent 
the increase of streptococcal disease because of replacement of the vaccine serotype 
in the population by other so far less prevalent strains. 
 
 
CONCLUDING 
 
The current conventional pig husbandry systems are associated with outbreaks of 
meningitis caused by S. suis. After weaning, the combination of a decline of mater-
nally derived antibodies and a high risk of infection due to mixing of infectious and 
susceptible individuals, favors large outbreaks of disease. Farming systems with 
lower stock densities, less mixing and strictly spatial separation of age groups can 
potentially reduce the risk of outbreaks. Vaccination strategies can support the con-
trol of disease outbreaks. Nevertheless, incidental cases of meningitis will remain 
because of the persistence of carriers of pathogenic S. suis strains. 
 
 
 



 

 

 
 
 
 
 
 

Samenvatting  
 
 
 

De detectie en overdracht van extracellulaire factor producerende 
Streptococcus suis serotype 2 stammen in varkens 

 
 
 
 
 
 
 
 

Samenvatting 



 

 



Samenvatting 
 
 

  
111 

 

INTRODUCTIE 
 
Streptococcus suis (S. suis) is betrokken bij het ontstaan van meningitis, artritis, 
pneumonie, septicemie, endocarditis, polyserositis en bij plotselinge sterfte van var-
kens. De ziekteverwekkende extracellulaire factor-positieve stammen van S. suis sero-
type 2 (S. suis 2 EF+) zijn frequent geïsoleerd uit zieke varkens in vele Europese lan-
den evenals in de Verenigde Staten en Australië. Zeugen die drager zijn van S. suis 
stammen op hun tonsillen worden algemeen beschouwd als de belangrijkste bron van 
infectie voor hun vatbare toom biggen. Deze biggen kunnen al vroeg in hun leven ge-
ïnfecteerd worden met verschillende S. suis serotypes waaronder pathogene stammen. 
S. suis infectie is bovendien een zoönose die regelmatig wordt gerapporteerd in landen 
waar varkens worden gefokt en varkensvlees wordt geconsumeerd. 
 
 

DETECTIE VAN STREPTOCOCCUS SUIS 
 
Om transmissie studies te kunnen verrichten was een goed gedefinieerde diagnostische 
test vereist. We hebben de sensitiviteit and specificiteit bepaald van een Polymerase 
Chain Reaction (PCR) op swabs genomen bij levende zeugen. Deze PCR was ontwik-
keld door Wisselink e.a. (1999) voor de detectie van EF-positieve S. suis 2 EF+ stam-
men. De uitkomsten van deze test op tonsil swabs (Swab-PCR) werd samen met de 
PCR op de hele tonsillen van dezelfde zeugen uitgenomen na euthanasie (Tonsil-PCR) 
en van het bacterieel onderzoek van deze tonsillen (Tonsil-BE), geëvalueerd in een 
Bayesiaanse analyse gebruikmakend van het WinBUGS programma geformuleerd 
door Speigelhalter e.a. 
 De berekende sensitiviteit van de Swab-PCR was 0.63 (<0.52, 0.74>) en de 
sensitiviteit van de Tonsil-BE was 0.65 (<0.51; 0.76>). De Tonsil-PCR had een hogere 
sensitiviteit van 0.88 (<0.75; 0.96>). De specificiteit van alle testen waren rond de 
0.96. Geconcludeerd werd dat, zoals verwacht, de uitgenomen hele tonsil het meest 
gevoelige monster is om S. suis-drager zeugen mee op te sporen. Deze procedure is 
echter niet bruikbaar om levende dieren te selecteren of de S. suis infectiestatus gedu-
rende langere tijd te monitoren. Voor dit soort onderzoeken zijn swabs een goed alter-
natief, vooral als het bemonsteren wordt herhaald. De sensitiviteit kan verder worden 
verhoogd door een iets invasievere bemonsteringsmethode te gebruiken zoals tanden-
borstels. 

De Bayesiaanse betrouwbaarheidsintervallen van de sensitiviteiten van alle 
drie de testen waren groter dan 0.2. Om deze intervallen te verkleinen kunnen meer 
valide en voorwaardelijk onafhankelijke testen toegevoegd worden aan de Bayesiaan-
se analyse. Dienovereenkomstig hebben we alle tonsil monsters opnieuw geanaly-
seerd, maar nu met een Enzyme-Linked Immuno Sorbent Assay (ELISA) en een Sur-
face Plasmon Resonance techniek (SPR). Deze testen zijn gebaseerd op de detectie 
van het Extracellulair Factor-eiwit in de supernatanten van de S. suis 2 EF+ bacterie 
culturen en daarom zeer waarschijnlijk voorwaardelijk onafhankelijk van de andere 
testen die gebaseerd zijn op de aanwezigheid van het DNA van de bacterie (PCR) of 



Samenvatting 
 
 

  
112 

groei van de bacterie (BO). De uitkomsten waren echter niet beter dan de hierboven 
genoemde Bayesiaanse schatters en betrouwbaarheidsintervallen afgeleid van het ori-
ginele model met slechts drie testen.  
 
 

BAYESIAANSE ANALYSE 
 
Bayesiaanse analyse van latente klassen modellen is een gemakkelijk toepasbare pro-
cedure om testen te evalueren als er geen gouden standaard voorhanden is. Het grond-
beginsel van de Bayesiaanse benadering is dat elke geldige test (een test die beter 
presteert dan op basis van kans alleen) een gedeelte van de werkelijk positieve en ne-
gatieve monsters juist classificeert. Omdat voor verschillende testen deze fracties 
meestal niet volledig overlappen, kan een zich herhalend proces de sensitiviteiten en 
specificiteiten van meerdere testen genereren uit een latente klassen model. Daarin 
worden de testresultaten gecombineerd met vooraf gedefinieerde kansverdelingen 
voor de parameters gebaseerd op voorgaande experimenten die uitgevoerd zijn met de 
testen in kwestie of vergelijkbare testen. Een voorwaarde voor het uitvoeren van een 
Bayesiaanse analyse van latente klassen modellen is wel dat de testen onafhankelijk 
zijn gegeven de werkelijke ziekte status en dat de testen geldig zijn als maatstaf voor 
de ziekte. 
 We hebben berekeningen gedaan om de mate van voorwaardelijke afhanke-
lijkheid te bepalen tussen de drie testen, Swab-PCR, Tonsil-PCR en Tonsil-BE, in het 
originele model. De percentages verandering van sensitiviteit en specificiteit na toe-
voeging van een test aan het model zijn berekend gebruikmakend van verschillende a 
priori kansverdelingen voor voorwaardelijke afhankelijkheid tussen testen, variërend 
van niet informatief tot zeer informatief. De afhankelijkheid tussen testen voor werke-
lijk negatieve monsters was gering. De percentages toename in specificiteit varieerden 
tussen 0.1 % en 0.6 %. Voor de werkelijke positieve monsters was er een indicatie 
voor enige voorwaardelijke afhankelijkheid, voornamelijk tussen Tonsil-PCR en Ton-
sil-BE (6.8 %). 

Wanneer resultaten van ELISA of SPR met verschillende afkapwaarden aan 
het originele model met drie testen werden toegevoegd, produceerde de Bayesiaanse 
analyse op enkele afkapwaarden van deze continue EF-testen niet interpreteerbare 
kansverdelingen. Een verklaring hiervoor kan zijn dat de sensitiviteit van de ELISA en 
SPR daadwerkelijk heel laag zijn of dat de productie van EF geen goede maat is voor 
de aanwezigheid van S. suis bacteriën op de tonsil. Dit kan leiden tot een grote varia-
biliteit in de uitkomsten van de Bayesiaanse analyse, omdat de identificatie van de 
werkelijk positieve of negatieve monsters minder vanzelfsprekend is geworden na 
toevoeging van een EF-test aan het model. 

Een diepgaande inspectie van de Markov-ketens en de kansverdelingen is on-
ontbeerlijk bij een Bayesiaanse analyse voordat de uitkomsten geïnterpreteerd worden. 
Het model kan worden gecontroleerd door het te vergelijken met gesimuleerde data en 
verschillende modellen voor voorwaardelijke afhankelijkheid. Theoretisch kan afhan-
kelijkheid tussen testen altijd geparametriseerd worden, maar dat zal leiden tot bredere 
geloofwaardigheidsintervallen en daarmee worden de voordelen van Bayesiaanse ana-
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lyse ingeperkt. Onze analyse-uitkomsten benadrukken eens te meer dat kennis van de 
biologie van testmechanismen en de verbanden tussen testen vereist is bij een Bayesi-
aanse analyse van latente klassen modellen. 

 
 

PREVENTIE EN BEHEERSING 
 
Maatregelen in de bedrijfsvoering 
 
De algemeen erkende S. suis infectie route is via de tonsillen en ademhalingswegen. 
Bacteriële translocatie vanuit het spijsverteringskanaal naar het bloed en organen kan 
echter van belang zijn als infectieroute, gezien de veranderingen in de beschermings-
barrières van het maagdarmkanaal kort na het spenen zoals de zuurgraad van de maag, 
de kolonisatie resistentie in de darm en de functionaliteit van de darmmucosa.  
 Om de mogelijkheid van S. suis 2 EF+ translocatie te onderzoeken werden 24 
gespeende biggen willekeurig geplaatst in individuele hokken om onderlinge besmet-
ting te voorkomen. De voorste luchtwegen werden uitgesloten als infectieroute door 
een canule te gebruiken die in het proximale jejunum was geplaatst. Om stress op te 
wekken werden 18 dieren gedurende een uur getransporteerd in individuele hokken in 
een veewagen over een bochtige route. Daarna werden 12 van deze biggen en zes big-
gen die niet waren getransporteerd, door de canule geïnoculeerd met een grote hoe-
veelheid S. suis 2 EF+. De andere zes getransporteerde dieren fungeerden als controle-
dieren. Na euthanasie werd uit de organen van drie dieren S. suis 2 EF+ gekweekt, het-
geen duidde op intestinale bacteriële translocatie. Dit was in contrast met de vier niet 
getransporteerde dieren en vier dieren die alleen het bacteriële groeimedium toege-
diend hadden gekregen, waaruit geen S. suis 2 EF+ gekweekt werd. Hiermee is aange-
toond dat S. suis 2 EF+ kan transloceren van het maagdarmkanaal naar verschillende 
organen hoewel veel natuurlijke barrières zijn omzeild in dit experiment. 

Pathogene S. suis stammen hebben extreme omstandigheden nodig om de 
maag te kunnen passeren, de darmen te koloniseren en tenslotte de (beschadigde) 
darmwand te penetreren. Op varkensbedrijven met ernstige aan Streptococcen gerela-
teerde ziekte-uitbraken na het spenen, kunnen diverse stress en voedingsgerelateerde 
omstandigheden rond het spenen synergistisch de intestinale translocatie vergemakke-
lijkt hebben. Daarom moet op zulke bedrijven de ziektepreventie gericht worden op 
verbetering van het speenproces, zoals vroege gewenning aan de opname van vast 
voedsel, optimale klimaatomstandigheden en het minimaliseren van verplaatsing en 
mengen van tomen. 
 
Maatregelen met medicijnen en vaccinatie 
 
We onderzochten het effect van een combinatie van medicatie en vaccinatie van zeu-
gen op de S. suis 2 EF+ drager-status van de zeugen en hun tomen biggen. Uit twee 
koppels werden 14 drachtige S. suis 2 EF+ positieve zeugen willekeurig toegewezen 
om behandeld te worden met amoxicilline en een afgedood S. suis 2 EF+ vaccin of om 
onbehandeld te blijven als controledieren. Twee weken voor het werpen zijn de zeu-
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gen gehuisvest in individuele kraamhokken en vanaf dat moment werden de zeug en 
later haar biggen bemonsterd met tandenborstels en swabs. Ongeveer 27 dagen post-
partum, werden de zeugen en hun tomen geëuthanaseerd en de tonsillen uitgenomen 
en geanalyseerd met de PCR. Er werd geen S. suis 2 EF+ gevonden in de tonsillen van 
de 7 behandelde zeugen, terwijl de tonsillen van de onbehandelde positief bleven. 
Echter slechts één van de tomen van deze onbehandelde zeugen werd geïnfecteerd. Dit 
laat zien dat de verticale overdracht van S. suis 2 EF+ in het kraamhok niet vaak voor-
komt. Geen enkele big in de tomen van de behandelde zeugen werd geïnfecteerd. 
 Vergelijkbaar met S. suis 2 EF+ aan het einde van het experiment, kon S. suis 
serotype 9 niet aangetoond worden op de tonsillen van vier behandelde zeugen, in 
contrast met de onbehandelde controledieren (n.s.; p= 0,144). Het effect op de drager-
status van de zeugen was waarschijnlijk voornamelijk een effect van de amoxicilline 
behandeling, want de S. suis serotype 9 stam was amoxicilline gevoelig, terwijl het 
vaccin uitsluitend gericht was tegen S. suis 2 EF+. Dit type vaccines geven zover be-
kend geen kruisimmuniteit tegen andere serotypes. 
 Een maatregel op bedrijfsniveau met antibacteriële medicijnen om uitbraken 
van hersenvliesontsteking ten gevolge van S. suis te beheersen moet slechts tijdelijk 
zijn, vanwege de verstoring van de bacteriële balans (kolonisatie resistentie) in de in-
dividuele behandelde dieren en de dreiging voor de volksgezondheid door bacteriële 
resistentie tegen de gebuikte middelen. Om deze negatieve bijwerkingen te overwin-
nen zijn vaccinatie of zelfs eliminatie van pathogene S. suis stammen meer voor de 
hand  liggende strategieën. 
 Op varkensvermeerderingsbedrijven kunnen vaccinatie protocollen die ge-
bruik maken van autogene vaccins van afgedode S. suis serotype 2 stammen een af-
doende maatregel zijn bij het voorkomen van ziekte-uitbraken door S. suis. Maar, een 
meer uniforme strategie die onafhankelijk van het S. suis serotype kan worden ge-
bruikt op meerdere varkensbedrijven zou de voorkeur hebben. Totdat deze er is, moet 
het S. suis dragerschap regelmatig gecontroleerd worden en eventueel de vaccinsa-
menstelling worden aangepast. Dit is om te voorkomen dat ziekte weer toeneemt door 
andere tot dan toe minder voorkomende S. suis stammen, die in de populatie de plaats 
innemen van de vaccinstammen. 
 
 

AFSLUITEND 
  
In de huidige conventionele varkenshouderijsystemen komen uitbraken van hersen-
vliesontsteking ten gevolge van S. suis vaak voor. Na het spenen is de combinatie van 
afnemende maternale immuniteit en een hoog risico van infectie door het mengen van 
tomen met infectieuze en gevoelige dieren gunstig voor grote ziekte-uitbraken. Houde-
rijsystemen met meer ruimte per dier, minder mengen en strikte ruimtelijke scheiding 
van leeftijdsgroepen kunnen in potentie het risico van uitbraken verlagen. Vaccinatie-
strategieën kunnen de ziektepreventie ondersteunen. Incidentele gevallen van hersen-
vliesontsteking zullen niettemin blijven bestaan vanwege de persistentie van dragers 
van pathogene S. suis stammen op de bedrijven. 
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