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Bovine paratuberculosis is a disease characterised by chronic granulomatous enteritis which manifests
clinically as a protein-losing enteropathy causing diarrhoea, hypoproteinaemia, emaciation and, even-
tually death. Some evidence exists to suggest a possible zoonotic link and a national voluntary Johne’s
Disease Control Programme was initiated by Animal Health Ireland in 2013. The objective of this study
was to estimate herd-level true prevalence (HTP) and animal-level true prevalence (ATP) of paratubercu-

if:i’:rz;‘fr"culosis losisinIrish herds enrolled in the national voluntary JD control programme during 2013-14. Two datasets
Dairy were used in this study. The first dataset had been collected in Ireland during 2005 (5822 animals from
Ireland 119 herds), and was used to construct model priors. Model priors were updated with a primary (2013-14)
Prevalence dataset which included test records from 99,101 animals in 1039 dairy herds and was generated as part
Bayesian of the national voluntary JD control programme. The posterior estimate of HTP from the final Bayesian

model was 0.23-0.34 with a 95% probability. Across all herds, the median ATP was found to be 0.032
(0.009, 0.145). This study represents the first use of Bayesian methodology to estimate the prevalence of
paratuberculosis in Irish dairy herds. The HTP estimate was higher than previous Irish estimates but still

lower than estimates from other major dairy producing countries.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bovine paratuberculosis is a disease characterised by chronic
granulomatous enteritis which manifests clinically as a protein-
losing enteropathy causing diarrhoea, hypoproteinaemia, emaci-
ation and, eventually death (Sweeney, 2011). Adverse effects on
animal productivity in terms of lower milk yield, higher cull rates,
reduced value for culled animals, possible adverse effects on fer-
tility and losses due to continued spread of infection are key
drivers in the attempt to control the disease at farm level. In addi-
tion some research exists to suggest that the aetiologic pathogen
Mycobacterium avium subspecies paratuberculosis (MAP) may pose
a zoonotic risk (Chiodini et al., 2012). Consequently, many major
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dairy producing countries have introduced control programmes
aimed at reducing overall prevalence (Geraghty et al., 2014).

Animal Health Ireland (AHI) was formed as a not-for-profit
organisation providing national leadership and coordination of
non-regulatory animal health issues in Ireland (More et al., 2011).
The AHI Johne’s Disease Control Programme was developed and
introduced as a voluntary programme in 2013. Irish herd-level true
prevalence (HTP) on dairy farms in 2005 was estimated at 20%,
based on the results of a serological survey (Good et al., 2009), con-
siderably lower than estimates across Europe of greater than 50%
(Nielsen and Toft, 2009). In common with trends across the EU,
the number of dairy herds in Ireland has been gradually decreasing
whilst herd sizes have increased. It is therefore possible that HTP
has altered in the intervening years.

Measuring the impact of control programmes requires an initial
baseline estimation of the occurrence of infection. In the context of
chronic diseases of slow or insidious onset such as paratuberculosis,
incidence may be difficult to calculate and prevalence is often used
instead (Messam et al., 2008). A review of the prevalence of paratu-
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berculosis across countries in Europe identified critical issues in a
number of studies (Nielsen and Toft, 2009), primarily these issues
related to the incorrect values for test sensitivity (Se) and specificity
(Sp) in the analysis.

Estimates of Se and Sp of diagnostic tests for paratuberculosis
vary considerably (Nielsen and Toft, 2008). Much of this varia-
tion can be attributed to differences among reference populations
and sampling strategies that have been used for the test valida-
tion procedure (Greiner and Gardner, 2000). However estimates
of Se and Sp may also vary according to prevalence (Brenner and
Gefeller, 1997) and therefore between herds (Greiner and Gardner,
2000). Consequently, the relationship between true prevalence (TP)
and apparent prevalence (AP) can be expected to vary between
populations. It may therefore be unreasonable to assume a fixed,
constant, Se and Sp over different populations (Berkvens et al.,
2006). In Bayesian analyses, all parameters are considered ran-
dom variables and can be modelled using probability distributions.
Uncertainty and variability associated with estimates of test Se and
Sp may therefore be incorporated in the analysis. In addition, in this
instance, a Bayesian posterior probability will provide inference on
a prevalence estimate, conditional on both currently observed data
and previous information about the disease. This methodology has
not yet been applied to the estimation of the prevalence of paratu-
berculosis in Irish dairy herds, but has been used extensively to
estimate the prevalence in other countries (Pozzato et al., 2011;
Lombard et al., 2013; Verdugo et al., 2015).

The aim of this study, therefore was to estimate the HTP and
overall animal-level true prevalence (ATP) of paratuberculosis
among herds enrolled in a national voluntary control programme.

2. Materials and methods

Two datasets were analysed in this study. The primary analysis
utilised test data collected from the national control programme
between 2013 and 2014. Model priors for this analysis were con-
structed by analysing a secondary (2005) dataset.

2.1. Study population

The primary (2013-2014) dataset for the current study was
obtained from herds voluntarily enrolled in the national volun-
tary Johne’s Disease control programme. Herds enrolled in the
voluntary programme are required to have all animals that are 24
months of age and older serologically tested using either serum
or milk samples. Diagnostic testing is conducted in both govern-
ment and commercial laboratories using one of 3 commercial ELISA
kits approved for use in the AHI programme; Parachek, Prion-
ics, Switzerland (kit A), Paratuberculosis Antibody Screening Test,
Idexx, USA (kit B) and ID Screen, IDVet, Montpellier, France (kit
C). Producers that elect to test using blood or milk sample are
required to test all eligible animals once or twice per year respec-
tively. Test data, including follow up testing, are stored centrally
in the Irish Cattle Breeding Federation computer database. Data
were extracted for the period beginning 1st November 2013 and
ending 30th December 2014 and included anonymised cow and
herd identifiers, test-date, sample-to-positive (S/P) ratio, labora-
tory interpretation (negative, suspect, positive), sample type (blood
or milk), testing laboratory (test kit) and county.

Test data also included follow up testing data on subsamples of
animals within herds. Herd test data were available for 1040 herds,
436 of these had conducted 2 or more additional rounds of testing.
In order to avoid bias that may have been introduced by some herds
conducting greater than 1 herd screen, only one test per animal was
used. The first recorded test result for each animal was used for the
purpose of this analysis and Se and Sp values were based on a single

test strategy. The “herd” in this study was therefore defined as the
number of unique and eligible animals on the farm within the 14
month sampling frame.

2.2. Statistical analysis

2.2.1. Analytical model

Prevalence was estimated with a Bayesian model extended
from that proposed by Branscum et al. (2004), which was based
on methodology introduced by Hanson et al. (2003). The num-
ber of animals testing positive in each herd was considered to be
binomially distributed. A binomial rather than a hypergeometric
distribution was used because all adult animals in each herd were
sampled. The model was constructed as;

npos;j, ~ Binomial (77;, nherd;) (1)
;= Sejk x ATP; + (1 — ATP;) x (1 - Spjk) (2)
ATP; = HTP; x CWHP; 3)
HTP; ~ Bernoulli (u) (4)
CWHP; ~ Beta (acwnp, bewnp) (5)
Sej ~Beta(ase, bse) (6)
Spjk ~ Beta (asp, bsp) (7)
| ~Beta(ay, bu) (8)

where npos;j equals the number of animals testing positive in the
i-th herd (herd;) using the j-th ELISA kit and the k-th test medium,
given a probability of each animal testing positive (1r;) and num-
ber of animals in the herd (nherd;). The probability of a randomly
chosen animal from a herd testing positive was a function of the
animal-level true prevalence (ATP) within herd;, and the diagnos-
tic test characteristics; Se and Sp, which varied according to kit (j)
and test medium (k). The ATP for a given herd was modelled as
a mixture distribution: the product of HTP and conditional-herd
prevalence (CWHP). The HTP was modelled as a Bernoulli distribu-
tion. The Bernoulli distribution is used to model random variables
with two possible outcomes, in this case a herd was considered
to be “infected” with probability w to indicate the probability of a
randomly chosen herd containing one or more truly infected ani-
mals and “uninfected” with a probability 1-w. Then, conditional
on the herd being infected, the conditional within-herd prevalence
(CWHP) was modelled as beta distribution. Beta distributions are
a relatively flexible family of distributions on the real number line
from O to 1 and are a common method of modelling prevalence.
The effect of ELISA kit and test medium used was assessed using
random and fixed effects, however the change in the animal-level
apparent prevalence due to the effect of these variables was found
to be low (<0.005) and they were removed again from the model.

2.2.2. Model priors—test characteristics

Nielsen and Toft (2008) proposed the case definitions “infected”,
“infectious” and “affected” in an attempt to reduce variability
between reported estimates of test Se. The subgroup “infected”
also includes animals that are “infectious” and “affected”, and is
the population of interest in this prevalence study.

To estimate the Se and Sp of each commercial kit, a published
review of the literature (Nielsen and Toft, 2008) was examined
and supplemented with searches in PubMed and CABdirect of all
literature published between 2007 and 2015 on paratuberculosis
diagnostic test evaluation. Test characteristics for each test kit used
in Ireland evaluating the “infected” sub group, were extracted from
each peer-reviewed article from this search and from the 2008
review publication (Table 1).
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Table 1

Point estimates and confidence intervals extracted from studies evaluating the sensitivity and specificity of 3 commercial ELISA kits used in Ireland for the serological

detection of paratuberculosis “infected” animals.

Source Kit Se Confidence Intervals Sp Confidence Intervals
Aly et al. (2014) Kit B 0.34 0.08,0.70° 0.958 0.849, 0.996°
Nielsen et al. (2013) Kit C 0.27-0.79 - 0.9866 0.9859, 0.9874"
Norton et al. (2010) Kit A 0.41 25.5, 65.0° 0.997 0.989, 0.999°
Alinovi et al. (2009) Kit A 0.26 - 1.00 -

McKenna et al. (2005) KitA 0.07 0.03,0.11°% - -

Jubb et al. (2004) Kit A 0.22 - - -

2 95% confidence interval.
b 99% confidence interval.

The first study was limited to a population of cull cows
(McKenna et al., 2005) and the second study (Norton et al., 2010)
was carried out on herds with a history of clinical disease and with
relatively high ATP. A third study (Nielsen etal.,2013), was removed
because the target condition “infected”, was in this case, defined
based on the longitudinal interpretation of the evaluated serolog-
ical test. A final study (Aly et al., 2014) was removed which was
based on the evaluation of the test on a single herd.

After removing these estimates, 2 evaluation studies were avail-
able for kit A with no appropriate published values available for kits
B and C. When test characteristics were presented by age group, a
weighted mean of the test Se was calculated relative to the age dis-
tribution of the present study. A sample size weighted mean was
next calculated for the Se of kit A (0.224) using the two estimates
extracted from the study. A previously constructed estimate for
the Se and Sp of kit B was available (Nielsen and Toft, 2009) which
has been used in subsequent prevalence estimates (Pozzato et al.,
2011), kits B and C are known to have similar ancestry, therefore
the same values were adopted for kit C. The parameters for the
beta-distribution were found using “betabuster” software (Chun-
Lung 2010) based on a given mode and either upper or lower 95th
bound. The Se of individual milk ELISA relative to serum ELISA has
been shown to be approximately 0.87 (van Weering et al., 2007),
therefore in the absence of a Se estimate for milk, the Se of the
serum ELISA was multiplied by a factor of 0.87. Final values and
associated beta distribution parameters are shown in Table 2.

2.2.3. Model priors—HTP and CWHP

Prior distributions for HTP and CWHP in Irish dairy herds
were required. In order to construct these priors, data (secondary
dataset) from a previously published prevalence survey (Good et al.,
2009) were used as follows. Data were removed from animals less
than 24 months of age, from animals without a recorded date of
birth and from non-dairy enterprises. This dataset included a much
higher proportion of small herds relative to the primary dataset,
therefore, farms containing less than 20 animals were removed to
prevent possible overestimation of CWHP priors due to small herd
sizes.

The CWHP was estimated for each positive herd using
the Rogan-Gladen estimator (Rogan and Gladen, 1978), i.e.,
CWHP=(AP+Sp—1)/(Se+Sp—1), where, AP=Apparent Preva-
lence. All serum samples in this survey were tested using the
Pourquier ELISA, this kit is now sold as Kit B, and therefore, the
test characteristics given for Kit B (Table 2) were used to calculate
the prior distribution of within-herd prevalences. The distribution
of CWHPs in this dataset were plotted and the mean and mode used
to fit a beta distribution using the betabuster programme.

A number of priors were trialled for HTP including the herd-
level apparent prevalence based on a varying number cut point
reactors. However, after it was observed that the primary model
was extremely insensitive to the prior for HTP, it was decided to
use a flat distribution from O to 1 as the prior for this variable.

2.2.4. Sensitivity analysis

Sensitivity analysis of the final estimate to the priors used in
the model was assessed by varying the point estimate and con-
fidence intervals of the each prior by 10%, 25% and 50% in either
direction and repeating the analysis. In addition, the prior for HTP
was modelled as a uniform distribution from 0 to 1 and the anal-
ysis repeated. The posterior HTP was compared with the estimate
from the default priors and the percentage deviation calculated as;
(HTPs — HTPp )/HTPp, where HTPs and HTPp represent the posterior
estimates of HTP from the sensitivity analysis and the default prior
analysis respectively. The model was implemented in WinBUGS
Version 1.4.1 with the first 10,000 iterations discarded as burn-
in and 50,000 iterations used for posterior inference. Convergence
was assessed by visual inspection of the time series trace plots
and autocorrelation plots and by running multiple (n=3) chains
from different starting values. Figures were constructed using the
“ggplots2” package in R.

3. Results
3.1. Descriptive statistics

3.1.1. Secondary dataset (2005); formulation of priors

In total, there were 20,323 test results available from the 2005
dataset. After removing non-relevant results, 5822 test results from
119 herds were available in the final dataset. The modal value
for the prior for HTP was 0.32. The 95% confidence intervals were
0-0.92. The beta distribution was fitted with a mode of 0.32 and a
95th percentile of 0.92. The resulting distribution had alpha and
beta parameters of 1.18 and 1.25 and 10th, 50th and 90th per-
centiles of 0.12, 0.48 and 0.86 respectively. Within infected herds,
the CWHP was 0.151 with a mode at 0.1, the resulting beta distri-
bution used for the prior had alpha and beta parameters of 2.37 and
13.31 and 10th, 50th and 90th percentiles of 0.051,0.136 and 0.272
respectively.

3.1.2. Primary dataset (2013-14)

Descriptive statistics are shown in Table 3. After removing error
records, data were available for 99,101 animals in 1039 dairy herds.
Average herd size was 95.4 animals, the majority of the herds were
located in Leinster (n=249) and Munster (n=719) provinces and
these herds also had the greatest average herd sizes (108.5 and
102.1 respectively). Four hundred and forty eight herds (43.1%) had
an apparent prevalence of 0, i.e. no animals testing positive. The dis-
tribution of apparent prevalence for herds with 1 or more animals
testing positive is shown in Fig. 1.

3.2. Model outcomes

The median posterior estimate for HTP (95% posterior proba-
bility interval) was 0.28 (0.23, 0.32). Across all herds, the median
ATP was found to be 0.032 (0.009, 0.145), whilst within infected
herds, the median CWHP was 0.137 (0.033, 0.348). Fig. 2 shows the
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Table 2
Mode and 95% confidence limits of constructed sensitivity and specificity estimates for 3 commercial ELISA kits used in Ireland for the serological detection of paratuberculosis

“infected” animals using either milk or serum as a diagnostic medium.

Kit/Medium Se? Beta parameters SpP Beta parameters Reference

A-serum* 0.22 (0.3) 21.13,72.37 0.99 (0.99) 499.82, 2.50 Jubb et al. (2004), Alinovi et al. (2009)

B-serum 0.15(0.3) 5.04, 23.90 0.99 (0.98) 560.72, 6.65 Nielsen and Toft (2009)

C-serum 0.15(0.3) 5.04, 23.90 0.99 (0.99) 560.72, 6.65 Nielsen and Toft (2009)

A-milk® 0.19 (0.26) 21.31, 87.61 0.99 (0.99) 499.82,2.5 Jubb et al. (2004), Alinovi et al. (2009), van Weering et al. (2007)
B-milk® 0.13(0.26) 5.27,29.43 0.99 (0.98) 560.72, 6.65 Nielsen and Toft (2009), van Weering et al. (2007)

C-milk® 0.13 (0.26) 5.27,29.43 0.99 (0.98) 560.72, 6.65 Nielsen and Toft (2009); van Weering et al. (2007)

2 Mode and 95th percentile.
b Mode and 5th percentile.
¢ Constructed test performance estimates based on data available from peer reviewed publications in the absence of specific test performance estimates for that kit/medium

combination.

Table 3
Number of herds, average herd size and herd-level apparent prevalence based on a cut-point number of reactors or within herd AP, stratified by province. Data based on test

results from 99,101 animals across 1039 Irish dairy herds.

Province Number of Herds Average Herd Size ~ Proportion of Proportion of Proportion of Proportion of Proportion of
herds with 1 or herds with 2 or herds with within ~ herds with within ~ herds with within
more reactors more reactors herd AP >1% herd AP >1.5% herd AP >2%

Connaught 26 754 50.0% 26.9% 46.2% 34.6% 23.1%

Leinster 249 108.5 69.9% 44.2% 57.0% 45.0% 39.0%

Munster 719 91.1 52.3% 28.9% 43.5% 34.4% 27.3%

Ulster 45 102.1 62.2% 33.3% 53.3% 44.4% 33.3%

Total 1039 95.4 56.9% 32.7% 47.3% 37.3% 30.2%
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Fig. 1. Histogram showing the distribution of within-herd apparent prevalences across 1039 dairy herds enrolled in the AHI Johne’s Disease Control Programme.
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Fig. 2. Histogram showing the distribution of estimated probabilities of infection for individual herds enrolled in the AHI Johne’s Disease Control Programme. The curved
line is the posterior probability density function for a randomly selected herd being infected, i.e. herd-level prevalence.
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Table 4

Results of sensitivity analysis showing the effect of varying the priors for CHP and test Se and Sp by +/— 10%, 25% and 50% on the median HTP and the percentage deviation

from the default median HTP.

Variable Variation Median HTP (95% posterior probability interval) Deviation from default median HTP

Default priors 0 0.280(0.230, 0.336

CHP +10% 0.275 (0.226, 0.329 -1.8%
+25% 0.271 (0.222, 0.326 -3.1%
+50% 0.264(0.217,0.318 —5.4%
- 10% 0.285 (0.234, 0.342 2.0%
—25% 0.295 (0.243, 0.352 5.4%
- 50% 0.323(0.267, 0.384 15.5%

Se +10% 0.276 (0.227,0.333 -1.3%
+25% 0.268 (0.220, 0.322 —4.0%
+50% 0.268 (0.220, 0.322 —4.0%
- 10% 0.284 (0.234, 0.340 1.6%
—25% 0.293 (0.241, 0.350 4.6%
- 50% 0.310(0.257,0.371 10.9%

Sp +10% 0.281 (0.231, 0.337 0.4%
+25% 0.282(0.231, 0.339 1.0%
+50% 0.288(0.237, 0.345 3.0%
- 10% 0.283 (0.232, 0.340 1.0%
—25% 0.278 (0.229, 0.334 -0.5%

(

—50% 0.278 (0.229, 0.333

-0.7%

probability distribution for HTP, along with the distribution of the
probability of infection for all of the herds.

3.3. Sensitivity analysis

Overall, the model was reasonably robust to each of the priors
used in the analysis. Varying the mode and upper 95th percentile
of each prior by up to 50% in either direction resulted in poste-
rior median estimates for the HTP of between 0.265-0.323, which
were within the 95% posterior probability interval of the original
estimate. The posterior distribution for HTP was most sensitive to
the prior for CWHP and to the Se estimate for the ELISA. In both
cases, the direction of the change of the posterior was counter to
the direction of the change for the prior. The model appeared to be
relatively insensitive to variation around the prior for HTP and vary-
ing this prior by up to 50% in either direction resulted in deviations
of less than 0.1% in HTP. Increasing test specificity led to a decrease
in the posterior HTP whereas the converse was noted when the
specificity was reduced. However, even when the specificity esti-
mate was increased by 50%, the posterior estimate remained very
similar, increasing from 0.280 to 0.288.

4. Discussion

This study represents the first use of Bayesian methodology
to estimate the true prevalence of paratuberculosis in Irish dairy
herds. The posterior estimate of HTP of paratuberculosis among
dairy herds enrolled in the national control programme was
0.23-0.34 with a 95% probability.

Care must be taken when comparing prevalence studies which
may have been conducted on different populations using different
tests evaluating different target conditions. Previous to this study,
only one HTP estimate had been published for paratuberculosis in
Ireland (Good et al., 2009). The posterior HTP estimate from the
present study was higher than that reported in the 2009 study
(0.206) (Good et al., 2009). However, the earlier study utilised fre-
quentist methods to estimate the true prevalence of herds with at
least one infectious (shedding) animal and was based on a serolog-
ical test Se of 0.278-0.289. The Bayesian methodology used in the
current study however, incorporated uncertainty and variability
associated with the test Se by modelling this variable as a prob-
ability distribution, the target condition in the present study was
“infected” rather than “infectious” and the mode of the distribu-

tion used to model test Se was 0.15 and 0.22 depending on the
test used. It is not possible to determine whether the difference in
prevalence estimates may be related to a true increase in HTP, or
due to differences in the test characteristics used in the estimations.
The previous study was based on data collected in 2005. In the pres-
ence of a decline in the number of dairy herds, an increase in herd
sizes, and in the absence of a nationally co-ordinated control pro-
gramme, it is likely that HTP may have increased in the intervening
years.

It is noteworthy that within the population of herds enrolled
in the national Control Programme, the estimated overall HTP is
significantly lower in comparison to that reported for other coun-
tries. Nielsen and Toft (2009) estimated that HTP across Europe was
likely to be greater than 0.5 based on limited information available
at that time. More recently, Pozzato et al. (2011) found that HTP
was likely to be approximately 0.7 in two regions of Northern Italy
whilst Verdugo et al. (2015) found a trend of decreasing HTP over a
3-year period in Denmark from 0.92 to 0.75. Finally, Lombard et al.
(2013) estimated the HTP in US dairy herds to be approximately
0.91.

However, the results of the present study should be interpreted
with some caution in the wider context of the disease in Ireland.
The primary (2013-2014) dataset used for the current study was
based on test results collected from herds enrolled in a voluntary
control programme with an average herd size of 95 cows, whereas
the national average dairy herd size in 2014 was around 60 cows
(Central Statistics Office, 2015; DAFM, 2015). Furthermore, given
that herdowners join the national control programme voluntarily,
it is likely that herds enrolled within the control programme may
differ from the wider population of dairy herds in Ireland. Herd
owners may have enrolled in the belief that their herd is free from
the disease, with the aim of demonstrating freedom of their herd
through the control programme. In this case it might be expected
that HTP among herds enrolled in the scheme may be lower than
that in the general population. However at the time of this study, a
herd classification system was not yet introduced for the scheme,
meaning that the benefit for the herd owner when the herd tested
negative was not attainable by the farmer in the short term. Con-
versely herd owners may have joined the scheme in the belief or
knowledge that their herd was infected in order to take advantage
of tools developed for control of the disease in infected herds. We
might expect this to increase the HTP in the study in relation to the
national herd level prevalence.
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The results of the sensitivity analysis (Table 4) suggest that the
model was reasonably robust to the selection of priors. Varying
the priors by up to 50% had only a modest effect on the primary
outcome of interest. Overall, the model was most sensitive to the
prior for CWHP and diagnostic test Se.

Whilst conducting this research, a previously reported method
for modelling CWHP was considered (Branscum et al., 2004). This
method utilised a combination of a beta distribution and gamma
distribution in order to model CWHP with the form; Beta(us,
Yi(1 — w)) where . is a beta distribution and s is a gamma distri-
bution. However, in attempting to use this method in the present
study, we noted that the low CWHP and high degree of between-
herd variability frequently pushed the parameters of this prior
less than 1. The resulting beta distribution became increasingly
clustered at 0 when increased variability was introduced. We there-
fore concluded that this method would not be appropriate for the
present study. A single beta distribution was used to model CWHP
which combined uncertainty and variability associated with this
variable.

5. Conclusion

Paratuberculosis test records from 99,101 animals in 1039 herds
between November 2013 and December 2014 were used to produce
a Bayesian estimate of HTP in Irish dairy herds. The median poste-
rior estimate for HTP (i.e. the probability of a randomly selected
herd containing at least one truly positive animal), among dairy
herds enrolled in the national Johne’s Disease Control Programme,
was 0.28 (95% posterior probability interval; 0.23, 0.34).
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