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SUPPLEMENTARY MATERIAL
Estimation of the sensitivity and specificity of culture and PCR methods for detection of Campylobacter spp. in broiler caecal samples 
M. E. Arnold, E. M. Jones, J.R. Lawes, A. Vidal, F.A. Clifton-Hadley, J.D. Rodgers, L.F. Powell.
Calculation of the elements of pk.

Let πi be defined as the batch prevalence of campylobacter by species i = j (C. jejuni), c (C. coli), f (neither species present),. Let 
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denote the sensitivity of PCR culture respectively where ik can be jj (sensitivity to detect C. jejuni if C. jejuni only campylobacter species present), jm (sensitivity to detect C. jejuni in a mixed sample), with similar notation for C. coli except with c in place of j. We allow for the possibility of mis-classification of species by culture and PCR in the formulae (the latter set to be 0 ) i.e. we also include 
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 The specificity of PCR for C. jejuni and C. coli is denoted by (1-
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respectively. For culture, we define the probability of a negative culture from a campylobacter free sample to be  denoted by 1-
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, the likelihood of C. jejuni or C. coli from a campylobacter free sample by 
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respectively (denoted 1-
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Define 
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such that i and j represent the PCR results for C. jejuni and C. coli respectively, where i,j=1 for a C. jejuni and C. coli positive respectively, i,j=2  for a C. jejuni and C. coli negative respectivly, and k represents the 3 possible culture results; positive for C. jejuni (k=1), positive for C. coli (k=2) and negative. With this notation the likelihood that both PCR and culture are negative for both species is given by the sum of 

1. C. jejuni only present but not detected by any of the tests πj(1-θjj)(1-λjj )

2. C. coli only present but not detected by any of the tests πc(1-θcc) (1-λcc)

3. Both species present but not detected by any of the tests πm(1-θjj)(1-θcc) (1-λjm-λcm)

4. No Campylobacter present ((1-πj-πc-πm)(1-θjf)(1-θcf)(1-
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This leads to the probability that all tests are negative, p223, being given by the sum of each term, i.e.

p223 = πj(1-θjj) (1-λjj)+πc(1-θcc) (1 -λcc)+πm(1-θjj)(1-θcc) (1-λjm-λcm)+(1-πj-πc-πm)(1-θjf)(1-θcf) (1-
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) 
The likelihood of the outcome given at least one positive test follow similar reasoning and are given in Table S1

Table S1

Formulae for the likelihood of each possible test result from applying PCR and culture to caecal samples for Campylobacter in broilers.

	Probabil-ity
	Test result
	Likelihood formula

	
	PCR
	Culture
	

	p111
	C. jejuni & C. coli
	C. jejuni
	πjθjjθcfλjj+πcθjcθccλjc+πmθjjθccλjm+(1-πj-πc-πm)θjfθcfλjf

	p121
	C. jejuni
	C. jejuni
	πjθjj(1-θcj)λjj+πcθjc(1-θcc)λjc+πmθjj(1-θcc)λjm+(1-πj-πc-πm)θjf(1-θcf)λjf


	p211
	C. coli
	C. jejuni
	πj(1-θjj)θcjλjj+πc(1-θjc)θccλjc+πm(1-θjj)θccλjm+(1-πj-πc-πm) (1-θjf)θcfλjf

	p221
	Negative
	C. jejuni
	πj(1-θjj)(1-θcf)λjj+πc(1-θjc)(1-θcc)λjc+πm(1-θjj)(1-θcc)λjm+(1-πj-πc-πm) (1-θjf)(1-θcf)λjf


	p112
	C. jejuni & C. coli
	C. coli
	πjθjjθcfλcj+πcθjcθccλcc+πmθjjθccλcm+(1-πj-πc-πm)θjfθcfλcf

	p122
	C. jejuni
	C. coli
	πjθjj(1-θcj)λcj+πcθjc(1-θcc)λcc+πmθjj(1-θcc)λcm +(1-πj-πc-πm)θjf(1-θcf)λcf


	p212
	C. coli
	C. coli
	πj(1-θjj)θcjλcj+πc(1-θjc)θccλcc+πm(1-θjj)θccλcm +(1-πj-πc-πm) (1-θjf)θcfλcf 


	p222
	Negative
	C. coli
	πj(1-θjj)(1-θcj)λcj+πc(1-θjj)(1-θcc)λcc+πm(1-θjj)(1-θcc)λcm+(1-πj-πc-πm) (1-θjf)(1-θcf)λcf


	p113
	C. jejuni & C. coli
	Negative
	πjθjjθcf(1-λjj-λcj)+πcθjcθcc(1-λjc -λcc)+πmθjjθcc(1-λjm -λcm)+(1-πj-πc-πm)θjfθcf (1 -λf)


	p123
	C. jejuni
	Negative
	πjθjj(1-θcj) (1-λjj-λcj)+πcθjc(1-θcc) (1 –λjc-λcc)+πmθjj(1-θcc) (1-λjm -λcm)+(1-πj-πc-πm)θjf(1-θcf) (1-λf)


	p213
	C. coli
	Negative
	πj(1-θjj)θcf(1-λjj –λcj )+πc(1-θjc)θcc(1 –λjc-λcc)+πm(1-θjj)θcc (1-λjm -λcm)+(1-πj-πc-πm) (1-θjf)θcf(1-λf)

	p223
	Negative
	Negative
	πj(1-θjj)(1-θcf) (1-λjj -λcj)+πc(1-θjc)(1-θcc) (1 –λjc-λcc)+πm(1-θjj)(1-θcc) (1-λjm-λcm)+(1-πj-πc-πm)(1-θjf)(1-θcf)(1-λf)



Calculation of priors for the sensitivity of culture for mixed samples
The Dirichlet distribution was implemented in WinBUGS using the method suggested by the WinBUGS user manual i.e. exploiting the fact that if 
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is a gamma random variate with scale parameter equal to 1 and shape parameter given by a 
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is Dirichlet [1], with parameters 
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. For the case of  the sensitivity of culture for mixed samples, 3 parameters were sampled from the Dirichlet distribution: 
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).  For the models where non-informative priors were used for the sensitivity of culture, the 
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 , i=1,..,3, were all set to 1. When informative priors were used, the 
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 were chosen such that the priors matched those from the analysis of the data from [2], exploiting the fact that each element of the Dirichlet distribution, 
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This led to the choice of 
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 (so that 
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~Beta(6.26, 3.63+1.23), 
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~Beta(3.63,6.26+1.23)).
The prevalence of campylobacter by species for each population were similarly sampled from the Dirichlet distribution, with the priors of the Dirichlet set to 1 to represent the case of non-informative priors.

In the case of informative priors for 
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, the relevant value in Table 1 was approximated by choosing the 
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 , i=1,..,3, such that 
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WinBUGS Code
model

{

#estimates se and sp of PCR and culture for campy (by species)

#theta.jj=P(PCR positive jej | jej only in the population)

#theta.jc=P(PCR positive jej | coli only in the population)

#theta.cj=P(PCR positive coli | jej only in the population)

#theta.cc=P(PCR positive coli | coli only in the population)

#theta.jf=P(PCR positive jej | no Campy only in the population)

#theta.cf=P(PCR positive coli | no Campy only in the population)

#lambda.jj=P(culture positive jej | jej only in the population)

#lambda.jc=P(culture positive jej | coli only in the population)

#lambda.cj=P(culture positive coli | jej only in the population)

#lambda.cc=P(culture positive coli | coli only in the population)

#lambda.cf=P(culture positive coli | no Campy in the population)

#lambda.jf=P(culture positive jej | no Campy in the population)

for (i in 1:4) {

pop[i,1:12] ~ dmulti(p1[i,1:12], n[i])  #data from each of the 4 populations

#PCR pos both c and j, culture pos j

p1[i,1] <- prev.jej[i]*theta.jj*theta.cj*lambda.jj

+prev.coli[i]*theta.jc*theta.cc*lambda.jc

+prev.mix[i]*(theta.jj)*(theta.cc)*(lambda.jm)

+prev.free[i]*theta.jf*theta.cf*lambda.jf

#PCR pos both c and j, culture pos c

p1[i,2] <- prev.jej[i]*theta.jj*theta.cj*lambda.cj

+prev.coli[i]*theta.jc*theta.cc*lambda.cc

+prev.mix[i]*(theta.jj)*(theta.cc)*(lambda.cm)

+prev.free[i]*theta.jf*theta.cf*lambda.cf

#PCR pos both c and j, culture neg

p1[i,3] <- prev.jej[i]*theta.jj*theta.cj*(1-lambda.jj-lambda.cj)

+prev.coli[i]*theta.jc*theta.cc*(1-lambda.jc-lambda.cc)

+prev.mix[i]*(theta.jj)*(theta.cc)*(1-lambda.jm-lambda.cm) 

+prev.free[i]*theta.jf*theta.cf*(1-lambda.jfcf)

#PCR pos j and neg c, culture pos j

p1[i,4] <-prev.jej[i]*theta.jj*(1-theta.cj)*lambda.jj

+prev.coli[i]*theta.jc*(1-theta.cc)*lambda.jc

+prev.mix[i]*theta.jj*(1-theta.cc)*(lambda.jm)

+prev.free[i]*(theta.jf)*(1-theta.cf)*lambda.jf

#PCR pos j and neg c, culture pos c

p1[i,5] <-prev.jej[i]*theta.jj*(1-theta.cj)*lambda.cj

+prev.coli[i]*theta.jc*(1-theta.cc)*lambda.cc

+prev.mix[i]*theta.jj*(1-theta.cc)*(lambda.cm)

+prev.free[i]*(theta.jf)*(1-theta.cf)*lambda.cf

#PCR pos j and neg c, culture neg

p1[i,6] <-prev.jej[i]*theta.jj*(1-theta.cj)*(1-lambda.jj-lambda.cj)

+prev.coli[i]*theta.jc*(1-theta.cc)*(1-lambda.jc-lambda.cc)

+prev.mix[i]*theta.jj*(1-theta.cc)*(1-lambda.jm-lambda.cm)

+prev.free[i]*(theta.jf)*(1-theta.cf)*(1-lambda.jfcf)

#PCR pos c and neg j, culture pos j

p1[i,7] <-prev.jej[i]*(1-theta.jj)*(theta.cj)*lambda.jj 

+prev.coli[i]*(1-theta.jc)*theta.cc*lambda.jc

+prev.mix[i]*(1-theta.jj)*theta.cc*(lambda.jm)

+prev.free[i]*(1-theta.jf)*(theta.cf)*lambda.jf

#PCR pos c and neg j, culture pos c

p1[i,8] <-prev.jej[i]*(1-theta.jj)*(theta.cj)*lambda.cj 

+prev.coli[i]*(1-theta.jc)*theta.cc*lambda.cc

+prev.mix[i]*(1-theta.jj)*theta.cc*(lambda.cm)

+prev.free[i]*(1-theta.jf)*(theta.cf)*lambda.cf

#PCR pos c and neg j, culture neg

p1[i,9] <-prev.jej[i]*(1-theta.jj)*(theta.cj)*(1-lambda.jj-lambda.cj) 

+prev.coli[i]*(1-theta.jc)*theta.cc*(1-lambda.jc-lambda.cc)

+prev.mix[i]*(1-theta.jj)*theta.cc*(1-lambda.jm-lambda.cm)

+prev.free[i]*(1-theta.jf)*(theta.cf)*(1-lambda.jfcf)

#PCR neg, culture pos j

p1[i,10] <-prev.jej[i]*(1-theta.jj)*(1-theta.cj)*lambda.jj 

+prev.coli[i]*(1-theta.jc)*(1-theta.cc)*lambda.jc

+prev.mix[i]*(1-theta.jj)*(1-theta.cc)*(lambda.jm)

+prev.free[i]*(1-theta.jf)*(1-theta.cf)*lambda.jf

#PCR neg, culture pos c

p1[i,11] <-prev.jej[i]*(1-theta.jj)*(1-theta.cj)*lambda.cj 

+prev.coli[i]*(1-theta.jc)*(1-theta.cc)*lambda.cc

+prev.mix[i]*(1-theta.jj)*(1-theta.cc)*(lambda.cm)

+prev.free[i]*(1-theta.jf)*(1-theta.cf)*lambda.cf

#PCR neg, culture neg

p1[i,12] <-prev.jej[i]*(1-theta.jj)*(1-theta.cj)*(1-lambda.jj-lambda.cj) 

+prev.coli[i]*(1-theta.jc)*(1-theta.cc)*(1-lambda.jc-lambda.cc)

+prev.mix[i]*(1-theta.jj)*(1-theta.cc)*(1-lambda.jm-lambda.cm)

+prev.free[i]*(1-theta.jf)*(1-theta.cf)*(1-lambda.jfcf)

pcolimixed[i]<-prev.mix[i]/(prev.coli[i]+prev.mix[i])

pjejmixed[i]<-prev.mix[i]/(prev.jej[i]+prev.mix[i])

#sample prevs of campy by species from Dirichlet so all prevs sum to 1

#use gamma distribution method of sampling from Dirichlet as suggested in winBUGS manual

#all alphaprev[k] are equal to 1 - non-informative priors

for (k in 1:4) {

p[i, k] <- delta[i, k] / sum(delta[i,])

delta[i, k] ~ dgamma(alphaprev[k], 1)

campyprevs[i,k]<-p[i,k]

}

prev.free[i]<-campyprevs[i,1]  

prev.jej[i]<-campyprevs[i,2]  

prev.coli[i]<-campyprevs[i,3]  

prev.mix[i]<-campyprevs[i,4]  

}

 Table S2

Bayesian model estimates (plus 95% credible intervals) of the sensitivity and specificity of PCR (using a threshold of CT<36 to be designated as positive) and culture for detection of Campylobacter by species applied to caecal samples from broilers).

	Campylobacter in sample
	Probability of PCR result (%)  (95% CI)
	Probability of Culture result (%)(95% CI)

	
	C. jejuni
	C. coli
	C. jejuni
	C. coli

	C. jejuni only 

 (95% CI)
	86.0
	
	97.3
	1.7

	
	(82.0, 90.1)


	
	(93.3, 99.52)


	(0.1, 5.1)



	C. coli only

(95% CI)
	
	92.5
	1.7
	64.6

	
	
	(82.8, 99.4)


	(0.08, 5.1)


	(13.8, 96.5)



	Mixed

(95% CI)


	Assume same as for non-mixed samples


	45.2
	53.0

	
	
	(36.5, 53.8)


	(44.5, 61.7)


	None 
	7.71
	6.45
	2.77
	0.85

	
	(1.7, 16.8)


	(0.6, 16.2)


	(0.2, 9.3)


	(0.04, 3.4)




Table S3

Comparison of the posterior medians of the sensitivity and specificity of PCR and culture to detect Campylobacter in broilers from a Bayesian model using 3 different sets of priors.

	Parameter
	Description:
	Bayesian estimate

	
	
	Baseline:Beta(1,1) priors except for Sp of culture
	Informative priors for culture sensitivity and specificity
	Beta(1,1,) priors throughout

	θjj
	Sensitivity of PCR to detect C. jejuni
	0.81
	0.81
	0.87

	θcc
	Sensitivity of PCR to detect C. coli
	0.86
	0.86
	0.87

	1-θjf
	Specificity of PCR (for C. jejuni)
	0.96
	0.97
	0.97

	1-θcf
	Specificity of PCR (for C. coli)
	0.97
	0.97
	0.98

	λjj
	Sensitivity of culture to detect C. jejuni (with no C. coli present)
	0.98
	0.98
	0.97

	λcc
	Sensitivity of culture to detect C. coli (with no C. jejuni present)
	0.83
	0.92
	0.86

	λjm
	Sensitivity of culture to detect C. jejuni in mixed sample
	0.37
	0.37
	0.38

	λcm
	Sensitivity of culture to detect C. coli in mixed sample
	0.6
	0.6
	0.59

	1-λjf 


	Specificity of culture for C. jejuni

	0.98
	0.98
	0.74

	1-λcf
	Specificity of culture for C. coli

	0.99
	0.99
	0.97


Table S4

Estimated prevalence of Campylobacter in batches of broilers from four populations, using a Bayesian model applied to caecal sampling data, using 3 different sets of priors.

	Population
	Season
	Species
	Percentage infected (median


	
	
	
	Baseline: Beta(1,1) priors except for Sp of culture
	Informative priors for culture sensitivity and specificity
	Beta(1,1,) priors throughout

	First batch removed


	Non-summer (November-March)
	C. jejuni 
	41.1
	41.2
	28.6

	
	
	C. coli 
	4.9
	4.9
	4.1

	
	
	Mixed 
	8.2
	7.9
	9.1

	
	
	Total
	54.2
	54
	41.8

	First batch removed 


	Rest of year


	C. jejuni 
	41.6
	41.6
	39.4

	
	
	C. coli 
	2.8
	2.5
	3.2

	
	
	Mixed 
	40
	40
	40.3

	
	
	Total
	84.4
	84.1
	82.9

	Previously partly depopulated

	Non-summer (November-March)
	C. jejuni 
	66.5
	66.5
	63.2

	
	
	C. coli 
	0.9
	1
	1

	
	
	Mixed 
	21
	20.8
	21

	
	
	Total
	88.4
	88.3
	85.2

	Previously partly depopulated
	Rest of year


	C. jejuni 
	52.7
	52.8
	54.2

	
	
	C. coli 
	4.3
	4.9
	6

	
	
	Mixed 
	38.7
	37.9
	36.6

	
	
	Total
	95.7
	95.6
	92.9
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