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ABSTRACT

The aim of this study was to evaluate the utility 
and cost-effectiveness of a range of national surveillance 
methods for paratuberculosis in Irish dairy herds. We 
simulated alternative surveillance strategies applied 
to dairy cattle herds for the detection of Mycobacte-
rium avium ssp. paratuberculosis (MAP)-infected herds 
(case-detection) or for estimation of confidence of herd 
freedom from infection (assurance testing). Strategies 
simulated included whole-herd milk or serum serology, 
serology on cull cows at slaughter, bulk milk tank serol-
ogy, environmental testing, and pooled fecal testing. 
None of the strategies evaluated were ideal for wide-
spread national case-detection surveillance. Herd test-
ing with milk or serum ELISA or pooled fecal testing 
were the most effective methods currently available for 
detection of MAP-infected herds, with median herd sen-
sitivity >60% and 100% herd specificity, although they 
are relatively expensive for widespread use. Environ-
mental sampling shows promise as an alternative, with 
median herd sensitivity of 69%, but is also expensive 
unless samples can be pooled and requires further vali-
dation under Irish conditions. Bulk tank milk testing is 
the lowest cost option and may be useful for detecting 
high-prevalence herds but had median herd sensitiv-
ity <10% and positive predictive value of 85%. Cull 
cow sampling strategies were also lower cost but had 
median herd sensitivity <40% and herd positive predic-
tive values of <50%, resulting in an increased number 
of test-positive herds, each of which requires follow-up 
herd testing to clarify status. Possible false-positive 
herd testing results associated with prior tuberculosis 
testing also presented logistical issues for both cull cow 
and bulk milk testing. Whole-herd milk or serum ELI-
SA testing are currently the preferred testing strategies 
to estimate confidence of herd freedom from MAP in 

dairy herds due to the good technical performance and 
moderate cost of these strategies for individual herd 
testing. Cull cow serology and bulk tank milk sampling 
provide only minimal assurance value, with confidence 
of herd freedom increasing only minimally above the 
prior estimate. Different testing strategies should be 
considered when deciding on cost-effective approaches 
for case-detection compared with those used for build-
ing confidence of herd freedom (assurance testing) as 
part of a national program.
Key words: Johne’s disease, cull cow serology, bulk 
milk testing, environmental testing, herd testing

INTRODUCTION

Bovine paratuberculosis, or Johne’s disease (JD), is 
characterized by chronic granulomatous enteritis that 
manifests in clinically affected animals as a protein-
losing enteropathy, causing diarrhea, hypoproteinemia, 
emaciation, and eventually death (Sweeney et al., 
2012). Adverse effects on animal productivity in terms 
of lower milk yield (McAloon et al., 2016b), higher cull 
rates (Hendrick et al., 2005), reduced value for culled 
animals (Richardson and More, 2009), and possible 
decreases in fertility (Johnson-Ifearulundu et al., 2000) 
are key drivers of the attempt to control the disease at 
farm level. In addition, research exists to suggest that 
the etiologic pathogen, Mycobacterium avium subspe-
cies paratuberculosis (MAP), may pose a zoonotic risk 
(Liverani et al., 2014; McNees et al., 2015). Accordingly, 
many major dairy-producing countries have established 
JD control programs aimed at reducing the prevalence 
of the disease (Geraghty et al., 2014).

In Ireland, control of nonstatutory diseases such as 
JD is coordinated by Animal Health Ireland (AHI; 
More et al., 2011); AHI operated a pilot JD control pro-
gram from November 2013 to December 2016 and has 
recently launched the voluntary Irish Johne’s Control 
Program (IJCP). The new program has 4 key objec-
tives: (1) to identify test negative herds and provide 
farmers with the tools and knowledge to increase their 
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confidence of freedom over time; (2) to identify infected 
herds and provide farmers with the tools and knowledge 
to control the disease and reduce within-herd transmis-
sion; (3) to further underpin the quality of Irish dairy 
and beef produce in the international marketplace; and 
(4) to improve calf health and farm biosecurity in par-
ticipating farms.

In the long term, the best use of available funds for 
the IJCP are subject to ongoing discussion. Several 
methods may be used for the detection of infected 
herds (in support of objective 2), including individual 
milk or serum serology, bulk tank milk serology, or test-
ing of environmental samples or individual or pooled 
fecal samples by real-time PCR or culture. In Ireland, 
ongoing surveillance for national proof of freedom from 
bovine brucellosis is conducted by the Department of 
Agriculture, Food and the Marine (DAFM) through 
a cow monitoring survey (CMS). The CMS collects 
blood samples from approximately 70% of cull cows 
that enter DAFM-approved slaughter plants, present-
ing a potential cost-effective source of samples for MAP 
testing, with goals of either identifying MAP-infected 
herds (case-detection) or providing evidence of herd 
freedom from infection (assurance testing). The DAFM-
approved slaughter plants process 88% of all Irish dairy 
cattle aged 24 mo and above annually, with a further 
3% being slaughtered through local authority-approved 
slaughter plants and the balance (9%) disposed of 
through the knackery system.

The aim of our study was to evaluate the suitability 
of a range of national surveillance methods, both for 
case detection and for providing confidence of herd 
freedom from infection, in terms of herd sensitivity, 
positive and negative predictive values, overall cost, 
and utility, including any logistical factors associated 
with their use.

MATERIALS AND METHODS

Model Overview

A stochastic simulation model was implemented in the 
R software environment, version 3.3.3 (R Core Team, 
2017), with some calculations and outputs produced 
using the R packages RSurveillance (Sergeant, 2016), 
gplots (Warnes et al., 2016), ggplot2 (Wickham, 2009), 
and gridExtra (Auguie, 2016). The model simulated 
potential surveillance methods applied to dairy cattle 
herds for the detection of MAP infection (case detec-
tion) or for estimation of confidence of herd freedom 
from MAP. Herd size, numbers of animals slaughtered, 
and within-herd prevalence were estimated from exist-
ing data on Irish dairy herds. Model outputs included 
herd-level sensitivity, specificity, and positive and nega-

tive predictive values for annual herd testing for each of 
the methods evaluated. Expected cost per herd tested, 
as well as number of herds tested and overall cost per 
100 infected herds detected were also estimated. Model 
inputs were entered as probability distributions, to 
reflect uncertainty about their true values, and each 
scenario was simulated for 50,000 iterations, with key 
outputs summarized as medians and 95% prediction 
intervals.

Surveillance Strategies

The surveillance strategies simulated were based on a 
variety of testing methods, including herd-testing with 
individual milk or serum ELISA annually, bulk tank 
milk ELISA, cull cow sampling with serum ELISA, herd 
testing with pooled fecal sampling, and environmental 
sampling, as summarized in Table 1. For all animal-
testing strategies, eligible animals for testing were those 
≥2 yr old to be consistent with testing requirements for 
the IJCP (AHI, 2017). For on-farm testing a single an-
nual test event was assumed, whereas cull cow monitor-
ing strategies testing was assumed to be accumulated 
over a 12-mo period.

For environmental (ENV) and pooled fecal (PFT) 
sampling, samples were assumed to be tested with ei-
ther culture or PCR. For ELISA herd-testing strategies 
(strategies 1 and 2), any animals with positive ELISA 
results were assumed to be tested in series with an 
ancillary fecal test (fecal culture or PCR) to provide 
assumed specificity of 1, as is currently the case for 
herd-assurance testing in the IJCP. For annual bulk 
milk-tank (BMT) ELISA and cull CMS, a test-positive 
herd is one that has one or more positive test results but 
for which the true MAP infection status is not known 
and further testing is required to confirm whether the 
herd is truly infected. For other strategies, a positive 
test result confirms MAP infection in the herd. Test-
ing and associated costs for confirmation of infection in 
test-positive herds are not considered in the model for 
BMT and CMS strategies because any follow-up herd 
testing is voluntary and follow-up processes for these 
strategies are not defined in the IJCP.

A previous review of the relative performance of 
PCR and culture of fecal samples found that the 2 as-
says have comparable performance (Meyer et al., 2019), 
so for this analysis we assumed that the 2 tests were 
interchangeable.

Testing costs for each strategy were based on current 
or estimated costs for the various tests (Table 2). For 
individual (mELISA) and bulk milk ELISA, we as-
sumed no additional collection costs because samples 
are already collected as part of existing programs and 
are accessible at no further cost. For serum ELISA 
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(sELISA) on abattoir samples, we assumed a lower 
overall cost, relative to collection of samples on farm, 
due to economies of scale assuming large numbers of 
samples and use of existing staff and logistics currently 
employed for brucellosis screening. Pooled fecal sam-
pling includes a small charge for pooling of samples 
at the laboratory. For laboratory costs for feces and 
environmental samples, we assumed either culture or 
PCR were used at a similar overall cost.

Input Distributions

Input distributions are summarized in Table 3 and 
described in detail below.

Individual Milk and Serum ELISA. The com-
mercial ELISA kits most commonly used in Ireland 
to detect MAP infection in dairy herds are the Idexx 
(Idexx, Westbrook, ME) and IDVet kits (IDVet, Mont-
pellier, France). As they are very similar, we did not 
distinguish between these kits when calculating the 
test sensitivity. Nielsen and Toft (2009) suggested an 
estimate of 0.15 for the sensitivity of serum ELISA 
for the target condition “infected.” For this analysis, 
uncertainty around this estimate was incorporated by 
modeling the sensitivity of serum ELISA as a beta 
distribution. In line with previous literature, 0.15 was 
used as the mode of a beta distribution, with a 95th 

percentile set at 0.3 (Pozzato et al., 2011; More et al., 
2013; McAloon et al., 2016a; Meyer et al., 2019). The 
sensitivity of individual milk ELISA relative to serum is 
estimated at 0.88 (van Weering et al., 2007); therefore, 
for this study, the sensitivity of individual milk ELISA 
was modeled using a beta distribution with a mode of 
0.13 and a 95th percentile of 0.26. In both cases, test 
specificity was modeled with a mode of 0.99 and a 5th 
percentile of 0.98 (Nielsen and Toft, 2009; Pozzato et 
al., 2011; McAloon et al., 2016a).

BTM ELISA. The sensitivity of bulk tank ELISA is 
related to the within-herd apparent prevalence (Nielsen 
and Toft, 2014), and estimates of bulk tank sensitivity 
are often reported relative to within-herd seropreva-
lence thresholds. Sensitivity estimates for different se-
roprevalence levels were extracted from van Weering 
et al. (2007) based on the commercial cutoff point of 
the test. However, these results revealed very small 
sample numbers present within some seroprevalence 
groups and similar estimates for all seroprevalence lev-
els <5%. Therefore, the extracted results were pooled 
across 2 distinct bands: <5% seroprevalence and ≥5% 
seroprevalence. Within each band, the number of herds 
detected (i) and the number tested (t) was used to fit a 
beta distribution, with the α parameter equal to i + 1 
and β parameter equal to t − i + 1 (Vose, 2000). The 
resulting beta distributions had means of 0.13 and 0.50 

Table 1. Summary description of 8 simulated national surveillance strategies for the detection of Mycobacterium avium ssp. paratuberculosis 
(MAP)-infected Irish dairy herds1

Strategy  Abbreviation  Description

1 mELISA Annual herd testing with a single milk ELISA for lactating cows and serum ELISA for dry cows and 
males.

2 sELISA Annual serum ELISA testing of all adults in the herd.
3 CMS_100 Serum ELISA testing of 100% of cull cows slaughtered annually in Department of Agriculture, Food and 

the Marine (DAFM)-approved slaughter plants.
4 CMS_075 Serum ELISA testing of 75% of cull cows slaughtered annually in DAFM-approved slaughter plants.
5 CMS_050 Serum ELISA testing of 50% of cull cows slaughtered annually in DAFM-approved slaughter plants.
6 BMT Annual bulk milk tank ELISA testing.
7 ENV Annual environmental sampling of a set of 6 samples from specified locations in the farm environment.
8 PFT Annual pooled fecal testing, with a pool size of 5, of all eligible animals in the herd.
1Each scenario was considered a single herd-test event annually, except CMS strategies, which assumed testing accumulated over a 12-mo period.

Table 2. Assumed testing costs (€), including farm visits, sample collection, and laboratory costs, used for 
evaluation of 8 potential national surveillance strategies

Test
Visit 
fee Laboratory

Sample 
collection

Milk ELISA (on farm)1 0 2.75 —
Serum ELISA (on farm)1 0 5.86 —
Serum ELISA (abattoir)1 0 2.15 —
Milk ELISA (bulk milk)1 0 7 —
Individual feces (culture or PCR) 40 40 3
Pooled feces (pool of 5, culture or PCR) 40 45 15
Environmental (set of 6) samples (culture or PCR) 40 240 18
1Includes collection cost.
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for herds with seroprevalences of <5 and ≥5%, respec-
tively. The specificity of BMT testing was reported as 
100% in 110 certified MAP-free herds, modeled as a 
beta distribution with α and β parameters of 111 and 
1, respectively (van Weering et al., 2007).

Environmental Testing. The use of environmental 
testing to identify infected herds has been increasingly 
investigated in recent years. Overall, these studies vary 
according to the sampling method used (e.g., boot 
swabs, liquid manure, or samples from specified loca-
tions), the number of sites sampled, and the diagnostic 
test and test kit used for the sample analysis (Lom-
bard et al., 2006; Raizman et al., 2006; Lavers et al., 
2013; Wolf et al., 2016; Hahn et al., 2017). Lavers et 
al. (2013) used a standardized environmental sampling 
protocol of 6 farm locations (2 each in manure storage 
areas, cow concentration areas, and cow maternity or 
sick pens) and reported a sensitivity of 0.71 (95% CI 
= 0.49–0.86) relative to herd infection status, as deter-
mined by repeated individual fecal testing (by real-time 
PCR or culture). The mean and lower 95% confidence 
interval of this result was used to fit the mode and 5th 
percentile of a beta distribution, which was used to 
model the sensitivity of environmental sampling and 

testing relative to whole-herd individual fecal testing. 
As for bulk milk testing, sensitivity of environmen-
tal sampling is correlated with within-herd infection 
prevalence (Tavornpanich et al., 2008; Donat et al., 
2016). Although the data available were not adequate 
to specifically model this correlation, the distribution 
used is based on data from herds with a wide range 
of prevalence values. The specificity of environmental 
testing was assumed to be 1.

Pooled Fecal Testing. Several studies were avail-
able reporting the sensitivity of pooled fecal testing 
relative to individual testing. These studies varied 
according to the number of samples pooled, stratifica-
tion of the target condition (e.g., low, medium, and 
high shedding), and the analysis method used. For this 
analysis, data were extracted from studies investigating 
the sensitivity of pool sizes of 5, as these represented 
the most commonly reported pool size. Estimates of the 
sensitivity of pooled fecal culture vary widely among 
studies depending on the methodology used and the 
level of shedding of MAP in feces. Wells et al. (2002) 
reported the sensitivity of pooled fecal culture as 0.43, 
0.88, and 0.94 for low-, medium-, and high-shedding 
animals, respectively, giving a mean sensitivity of 0.75 

Table 3. Summary of input probability distributions used in simulating 8 potential national surveillance strategies

Description  
Distribution 
(2.5%; median; 97.5%)  Sources

Prior probability of herd infection beta (49, 124.5),1 
(0.218; 0.282; 0.352)

McAloon et al. (2016a)

Sensitivity of milk ELISA beta (5.27, 29.43), 
(0.055; 0.145; 0.287)

van Weering et al. (2007); Nielsen and Toft (2008); 
Pozzato et al. (2011); More et al. (2013); McAloon et al. 
(2016a); Meyer et al. (2019)

Sensitivity of serum ELISA beta (5.04, 23.9), 
(0.062; 0.167; 0.329)

van Weering et al. (2007); Nielsen and Toft (2008); 
Pozzato et al. (2011); More et al. (2013); McAloon et al. 
(2016a); Meyer et al. (2019)

Sensitivity of fecal testing in ELISA positives pert(0.6, 0.65, 0.7),2 
(0.615; 0.650; 0.685)

Nielsen et al. (2002); More et al. (2013); Meyer et al. 
(2019)

Sensitivity of bulk tank milk ELISA in herds 
 with prevalence <5%

beta (12, 84), 
(0.067; 0.122; 0.198)

van Weering et al. (2007)

Sensitivity of pooled fecal testing (pools of 5) beta (23.6, 8.1), 
(0.582; 0.750; 0.888)

Wells et al. (2002); Kalis et al. (2004); Eamens et al. 
(2007); van Schaik et al. (2007)

Sensitivity of environmental testing beta (11.4, 5.2), 
(0.453; 0.694; 0.879)

Lavers et al. (2013)

Sensitivity of individual fecal testing beta (16.9, 48.6), 
(0.160; 0.256; 0.370)

Nielsen and Toft (2008)

Sensitivity of bulk tank milk ELISA in herds 
 with prevalence ≥5%

beta (12, 12), 
(0.306; 0.500; 0.694)

van Weering et al. (2007)

Specificity of milk and serum ELISA beta (560.72, 6.65), 
(0.978; 0.989; 0.995)

Nielsen and Toft (2009); Pozzato et al. (2011); McAloon 
et al. (2016a)

Specificity of fecal testing in ELISA positives 1 Nielsen and Toft (2008)
Specificity of bulk tank milk ELISA beta (111, 1), 

(0.967; 0.994; 1.00)
van Weering et al. (2007)

Specificity of pooled fecal testing (pools of 5) 1 Nielsen and Toft (2008)
Specificity of environmental testing 1 Specific identification of Mycobacterium avium ssp. 

paratuberculosis in the herd environment
Specificity of individual fecal testing 1 Nielsen and Toft (2008)
1Alpha and β parameters for β distributions.
2Parameters for pert distribution are minimum, most likely, and maximum.
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overall. Kalis et al. (2004) reported a sensitivity of 0.81, 
Eamens et al. (2007) reported a sensitivity of 1.00, and 
van Schaik et al. (2007) reported a sensitivity of 0.46. 
To accommodate the diversity of estimates, a beta dis-
tribution with a mode of 0.76 (the mean of the various 
estimates) and a 95th percentile of 0.86 was used to 
model uncertainty around this parameter (β = 23.6, 
8.1). The specificity of pooled fecal testing was assumed 
to be 1.

Individual Fecal Testing. Herd testing with indi-
vidual fecal testing was not specifically considered as 
a national surveillance strategy. However, herd-level 
sensitivity of individual testing was calculated as a 
reference point for the sensitivity of environmental 
sampling. Nielsen and Toft (2009) suggested a point 
estimate for the sensitivity of individual fecal testing 
of 0.25 for the target condition “infected.” This value 
was used as the mode of a beta distribution with a 95th 
percentile of 0.35.

As in previous studies, the sensitivity of individual 
fecal culture for confirmation of infection in ELISA-
positive animals was modeled as a PERT (0.6, 0.65, 
0.7) distribution (Nielsen et al., 2002; More et al., 2013; 
Meyer et al., 2019). The specificity of fecal culture was 
assumed to be 1.

Herd Data. Animal population and slaughter data 
from DAFM’s Animal Identification and Movement 
database, for the period from July 1, 2015, to June 
30, 2016, were extracted and cleaned as previously de-
scribed (Meyer et al., 2019). All females ≥2 yr of age 
and slaughtered at DAFM-approved slaughter plants 
during the relevant period were identified to their herd 
of birth as being the most likely source of MAP infec-
tion. The population and slaughter data of these herds 
(n = 14,130) were then used as probability distributions 
for herd size (animals ≥2 yr old, by sex and lactation 
status) and the number of females born in each herd 
that were slaughtered during the period of interest at 
DAFM-approved slaughter plants and were ≥2 yr of 
age at the time of slaughter. The number of additional 
herds in which each animal resided before slaughter was 
also determined.

Within-Herd Prevalence. Within-herd true preva-
lence of MAP infection was estimated from screening 
data collected during the pilot phase of the program, 
as previously described (Meyer et al., 2019). Estimates 
from these data that were >0 were used as a probability 
distribution for within-herd true prevalence for evalu-
ation of the ability of each strategy to detect infected 
herds. Separately, a fixed within-herd design prevalence 
of 5% was used for estimation of herd-level sensitivity 
and confidence of freedom for assurance testing in test-
negative herds.

Prior Probability of Infection. The prior prob-
ability of herd infection with MAP, for estimation of 
positive and negative predictive values, was estimated 
from a published herd-level prevalence estimate of 0.28, 
with 95% posterior probability interval of 0.23 to 0.34 
(McAloon et al., 2016a). This parameter was estimated 
as a beta probability distribution with mode of 0.28 
and 95th percentile of 0.34, resulting in a β(124.5, 49) 
distribution. The expected number of infected herds 
(4,900) in the population was estimated as 17,500 × 
0.28, as there are approximately 17,500 commercial 
dairies in Ireland.

Herd-Level Test Performance Measures

Herd-Level Sensitivity and Specificity. Herd-
level sensitivities and specificities for each strategy 
were calculated as described below, depending on the 
individual strategy. Herd sensitivity (SeH) for the 
combined milk and serum ELISA strategy (strategy 1) 
was estimated using the formula

 SeH = 1 − (1 − Se)d, [1]

where Se is the average test sensitivity for milk and se-
rum ELISA, weighted by the numbers of lactating and 
nonlactating (dry cows or male) animals in the herd, 
multiplied by the sensitivity of individual fecal test-
ing in ELISA-positive animals, and d is the estimated 
number of infected animals in the herd, calculated as 
the estimated true prevalence for the herd, multiplied 
by herd size, rounded up to the next integer. Herd 
specificity (SpH) was assumed to be 1 due to follow up 
of ELISA-positive animals with an ancillary fecal test.

The SeH for the serum ELISA-only strategy (strat-
egy 2) was estimated using formula 1, where Se is the 
test sensitivity for serum ELISA, multiplied by the 
sensitivity of individual fecal testing in ELISA-positive 
animals. The SpH was assumed to be 1 due to the fol-
low up of ELISA-positive animals.

The SeH for the cow monitoring survey strategies 
(strategies 3–5) were estimated using the sep.freecalc 
function from the RSurveillance package in R, with 
sensitivity and specificity for the serum ELISA, esti-
mated within-herd true prevalence, N = herd size and 
n = number of animals sampled, as arguments for the 
function (Cameron and Baldock, 1998; Sergeant, 2016). 
The SpH was estimated as Spn, where Sp is the specific-
ity of the serum ELISA and n = number of animals 
sampled.

The SeH and SpH for bulk tank ELISA (strategy 6) 
were assumed to be the same as test sensitivity and 
specificity, depending on estimated within-herd true 
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prevalence, whereas SeH and SpH for environmental 
sampling (strategy 7) were assumed to be the same as 
test sensitivity and specificity for this test.

The SeH for pooled fecal sampling (strategy 8) was 
estimated using formula 1, where sensitivity is the es-
timated pool-level sensitivity of pooled sampling and 
d is the expected number of infected pools, estimated 
as the number of infected animals in the herd up to a 
maximum of the number of pools required to sample 
the whole herd (N divided by pool size, rounded up to 
the next integer). The SpH was estimated as Spn, where 
Sp is the pool-level specificity of pooled sampling and 
n is the number of pools required to sample the whole 
herd (Christensen and Gardner, 2000).

Herd-Level Positive and Negative Predictive 
Values. The SeH and SpH and prior probability of 
herd infection were used to estimate herd-level positive 
(HPPV) and negative (HNPV) predictive values us-
ing standard epidemiological formulae (Sergeant and 
Perkins, 2015).

Herd Sensitivity and Confidence of Freedom 
for Test-Negative Herds. The SeH for estimation 
of confidence of freedom in test-negative herds was 
estimated for all strategies using the same formulae, 
assuming follow up of positive samples with ancillary 
fecal tests where required and a test specificity of 1. 
These estimates and an assumed SpH of 1 were then 
used in the standard formula for HNPV to estimate 
herd-level confidence of freedom, assuming a prior 
probability of infection of 0.28 (Martin et al., 2007; 
McAloon et al., 2016a).

Measures of Cost-Effectiveness

Testing Effort. The testing effort required for case 
detection of each strategy was estimated by calculat-
ing the number of herds required to be tested for 100 
infected herds to have positive test results.

Testing Costs. The overall testing cost for each herd 
was calculated from testing costs in Table 2 and the 
number of animals sampled. For mELISA and sELISA 
strategies, costs include follow-up testing of 1 positive 
reactor with fecal culture or PCR in test-positive herds 
to confirm the presence of infection, including sample 
collection cost. Total costs for testing required for 100 
infected herds to have positive test results was also 
calculated as a standardized measure for comparison of 
costs between strategies.

Testing Effectiveness. For each strategy and itera-
tion, the simulated herd was determined to be either 
test-positive or not using a random binomial function 
with a sample size of 1 and the relevant herd sensitivity 
as the probability of detection. The number of herds de-
tected, and case detection proportion, were then calcu-

lated for each strategy as the total number and propor-
tion of iterations in which infections were detected by 
that strategy. The expected numbers and proportions 
of test-positive herds identified and of true-positive and 
false-positive herds and false-negative herds, as well as 
the cost of testing, were then calculated for each strat-
egy for a range of population coverage values.

RESULTS

Herd Data

A total of 14,130 herds met the inclusion criteria for 
our study. Separately, prevalence data were available 
for 1,523 herds where ≥20 animals were tested and the 
resulting true prevalence estimate was less than 0.90; 
of these, 702 had an estimated prevalence greater than 
0 and were included in the simulation. Herd size ranged 
from 20 to 1,189, with a median of 78 (Meyer et al., 
2019). Estimated within-herd true prevalence in eligible 
herds ranged from 0.001 to 0.897, with a median of 
0.127 and 77% of simulated herds had a prevalence 
≥5%. A total of 291,721 females ≥2 yr old born in 
eligible herds were disposed of through DAFM- or lo-
cal authority-approved slaughter plants or knackeries 
during the period, with a mean and median of 21 and 
18 animals, respectively, per herd, representing 23% of 
eligible females in the source herds. Of these, 238,718 
were slaughtered at DAFM-approved slaughter plants 
and were included in our analysis. The number of adult 
cows originating from each herd and included in the 
analysis ranged from 0 to 214, with a mean of 17 and 
median of 14. There were 1.2% of herds that had 0 
cows slaughtered, a further 2.7% had only 1 to 2 cows 
slaughtered, and 34% had ≤10 cows slaughtered at 
DAFM-approved slaughter plants (Figure 1). About 
32% of cows moved directly from their birth-herd to 
slaughter and a further 38% moved only once to a new 
herd, whereas about 12% moved to new herds 3 or more 
times during their lives, including some animals that 
moved up to 11 times to new herds. On average, cows 
included in our study resided in a mean of 2.15 herds 
during their lifetime.

Strategy Performance for Case-Detection

Herd Sensitivity and Specificity. Median SeH 
was lowest for BMT (0.08) and CMS strategies (0.21 
to 0.37, depending on strategy) and highest for PFT 
(0.83; Figure 2A). All estimates, except for ENV, had 
very wide prediction intervals due to a combination of 
uncertainty about test performance and the wide range 
of simulated herd sizes. The SpH was 1 for individual 
mELISA, sELISA, PFT, and ENV, as these strategies 
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were assumed to have 100% specificity. For the other 
strategies, median SpH ranged from 0.86 for CMS_100 
to 0.92 for CMS_050 and 0.99 for BMT (Figure 2B).

Herd-Level Positive and Negative Predictive 
Values. Herd-level positive predictive values were 1 for 
individual mELISA, sELISA, PFT, and ENV, as SpH 
was also 100% for these strategies, whereas median 
values for the remaining strategies ranged from 0.47 
for CMS_100 to 0.5 for CMS_050 and 0.85 for BMT 
(Figure 2C). Median HNPV ranged from 0.74 for BMT 
to 0.94 for PFT (Figure 2D).

Testing Cost Per Herd. Median testing cost 
per herd was lowest for the BMT (€2.75) and CMS 
(€15.05–30.10) strategies, and most expensive for PFT 
(€1,000). Other strategies ranged from €298 for ENV 
to €316 for mELISA and €531 for sELISA (Figure 2E).

Herd Sensitivity Versus Positive Predictive 
Value. Consideration of the relationship between 
SeH and HPPV (Figure 3) shows that BMT and CMS 
strategies had both low sensitivity and only moderate 
positive predictive values at herd level, resulting in 
both a lower case detection rate and higher numbers of 
false-positive herds compared with other strategies that 
had higher values for both SeH and HPPV.

Case Detection Proportions. Overall, case detec-
tion proportions were similar to the respective median 

SeH values. Assuming national surveillance of all herds 
with the various strategies, between 874 (BMT) and 
4,308 (CMS_100) test-positive herds would be identi-
fied, of which between 740 (BMT) and 3,611 (PFT) 
would be truly infected (Table 4).

For BMT and CMS strategies, these numbers include 
between 15% (134 herds for BMT) and 53% (2,270 
herds for CMS_100) false-positive herds that are indis-
tinguishable from infected herds without additional on-
farm testing. Total cost ranged from €48,125 for BMT 
to €526,750 for CMS_100 and up to €17,500,000 for 
PFT (Table 4). In contrast, testing of 6,000 herds based 
on mELISA, sELISA, PFT, or ENV would detect be-
tween 1,009 (mELISA) and 1,240 (PFT) infected herds 
at substantially higher cost than industry-wide surveil-
lance with BMT or CMS, but with no false-positive 
herds.

Number of Herds Tested to Detect 100 In-
fected Herds. Between 428 (PFT) and 4,550 (BMT) 
herds are required to be tested for 100 infected herds 
to have positive test results, depending on the strategy 
chosen (Table 5). Imperfect specificity of BMT and 
CMS strategies results in additional uninfected herds 
providing false-positive results (52.6% of all positive 
herds for CMS_100). These false-positive herds cannot 
be distinguished from truly infected herds that also test 
positive without further herd testing to clarify their 
status at significant additional cost. Conversely, imper-
fect SeH for all strategies means that some infected 
herds will remain undetected, particularly for BMT 
and CMS strategies, with between 174 (CMS_100) and 
1,174 (BMT) false-negative herds.

Strategy Performance for Herd  
Confidence of Freedom

The pattern of median SeH and confidence of free-
dom estimates among strategies for a fixed within-
herd design prevalence of 5% and assuming negative 
test results was generally similar to that using actual 
prevalence values, except that values for most strate-
gies tended to be somewhat lower because of the lower 
design prevalence compared with estimated true preva-
lence in these herds (Figure 4). In general, the very low 
sensitivity of BMT and CMS strategies resulted in only 
minimal increase in confidence of freedom above the 
prior level of 0.72 compared with other strategies.

DISCUSSION

We believe ours is the first analysis comparing the 
performance and cost-effectiveness of several alterna-
tive surveillance strategies with the dual national sur-
veillance objectives of detecting MAP-infected dairy 

Figure 1. Relative frequency distribution of numbers of adult 
females slaughtered at Department of Agriculture, Food and the 
Marine-approved slaughter plants per herd during the period from 
July 1, 2015, to June 30, 2016.
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herds and providing herd confidence of freedom in 
test-negative herds. One previous study was targeted at 
individual herd MAP-detection and cost-effectiveness, 
without considering industry-wide sampling or use of 
opportunistic sampling at slaughter plants such as has 
been undertaken in the current study (Tavornpanich 
et al., 2008). Our results will be used to inform future 
decision-making on national surveillance as part of Ire-

land’s national program. The analysis also provides a 
valuable resource for other countries considering the 
development of surveillance programs for MAP.

Surveillance for Case Detection

Based on our analysis, none of the strategies evalu-
ated are ideal for widespread use for national case-

Figure 2. Median and 95% prediction interval for herd-level sensitivity (SeH; A), herd specificity (SpH; B), positive predictive value (HPPV; 
C), negative predictive value (HNPV; D), and testing cost (€) per herd tested (E) for 8 simulated national surveillance strategies (defined in 
Table 1).
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detection surveillance. In general, lower-cost strategies 
such as BMT and CMS had lower values for both 
SeH and HPPV, resulting in more false-positive and 
false-negative herds compared with the higher-cost 

and better-performing strategies of mELISA, sELISA, 
PFT, or ENV.

Milk or Serum ELISA Whole-Herd Test. The 
2 whole-herd ELISA testing strategies had similar and 
relatively good performance for case detection, with 
case detection proportions greater than 60% and posi-
tive predictive values of 100% due to follow-up of any 
seropositives with an ancillary fecal test. However, the 
requirement for whole herd testing and resulting high 
cost reduced the cost-effectiveness of these strategies as 
a tool for case detection during national surveillance, 
with costs exceeding €5,000,000 if applied nationally.

Cull Cow Monitoring Surveys. Whereas strat-
egies based on abattoir sampling of cull cows were 
among the lower-cost strategies, the resulting herd 
sensitivities were considerably lower than more costly 
strategies and case detection proportions ranged from 
27 to 42%, depending on the assumed proportion of 
eligible cows tested, representing many infected herds 
being undetected at sampling. Further, these strate-
gies have imperfect specificity, leading to false-positive 
results, requiring further follow-up of all test-positive 
cows with a herd test if the true herd status was to 
be determined. Median positive predictive values were 
around 50% for these strategies, so that about half of 
the herds with a positive serological result may in fact 
be uninfected.

Figure 3. Scatter plot of median values for herd sensitivity (SeH) 
and positive predictive value (HPPV) for 8 simulated national surveil-
lance strategies (defined in Table 1).

Table 4. Expected total number of positive herds identified, number of these expected to be infected, percentage of all infected herds in the 
population tested positive, expected number and percentage of false-positive herds, and overall cost (€) for national surveillance of all herds 
using 8 simulated national surveillance strategies compared with results for voluntary enrolment of 6,000, 3,000, or 2,000 herds in a test-based 
program1

Item [% (no.)  
of herds tested]

Positive 
herds

Infected 
herds

% of all infected 
herds positive

False-positive 
herds

% False-positive  
herds

Total  
cost (€)

100% (17,500 herds)
 mELISA 2,950 2,950 60.2 0 0 5,530,180
 sELISA 3,028 3,028 61.8 0 0 9,290,429
 CMS_100 4,308 2,038 41.6 2,270 52.7 526,750
 CMS_075 3,637 1,759 35.9 1,878 51.6 395,062
 CMS_050 2,691 1,333 27.2 1,358 50.5 263,375
 PFT 3,611 3,611 73.7 0 0 17,500,000
 BMT 874 740 15.1 134 15.3 48,125
 ENV 3,391 3,391 69.2 0 0 5,215,000
34.3% (6,000 herds)
 mELISA 1,009 1,009 20.6 0 0 1,896,062
 sELISA 1,039 1,039 21.2 0 0 3,185,290
 PFT 1,240 1,240 25.3 0 0 6,000,000
 ENV 1,161 1,161 23.7 0 0 1,788,000
17.1% (3,000 herds)
 mELISA 505 505 10.3 0 0 948,031
 sELISA 519 519 10.6 0 0 1,592,645
 PFT 617 617 12.6 0 0 3,000,000
 ENV 583 583 11.9 0 0 894,000
11.4% (2,000 herds)
 mELISA 338 338 6.9 0 0 632,021
 sELISA 348 348 7.1 0 0 1,061,763
 PFT 412 412 8.4 0 0 2,000,000
 ENV 387 387 7.9 0 0 596,000
1Testing strategies as defined in Table 1.
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A comparison of strategies found that a national CMS 
strategy sampling all herds would potentially identify 
between 324 and 1,029 more infected herds than would 
testing of up to 6,000 herds using the mELISA strategy 
at between 14 and 28% of the cost (Table 4). However, 
CMS would also report high numbers of false-positive 
herds (up to 2,270 for CMS_100), which are indistin-
guishable from truly infected herds without additional 
testing, creating confusion and potentially discrediting 
the national surveillance program.

Cull cow testing strategies also present significant 
logistic issues to consider. Many dairy cows move, often 
multiple times, including to herds that may not operate 
as dairies. This would require careful consideration of 
program rules to determine which herd (or herds) should 
be considered at risk and notified of relevant testing 
and results, potentially at least doubling the number of 
herds to be tested compared with the actual number of 
test-positive herds detected, and significantly increasing 
overall costs for these strategies. Further, in a voluntary 
program, farmers may choose not to undertake any 

follow-up testing when notified of a positive test result 
because of cost issues or concern over implications of 
a positive confirmation, leaving these herds with no 
clear determination of their true infection status unless 
regulatory measures were introduced to require testing. 
Both undetected infected herds and test-positive herds 
that do not engage with the program would continue to 
contribute to ongoing spread of MAP to other herds, 
acting against the objectives of the program.

Currently, existing staff and procedures are already 
in place for sample collection for bovine brucellosis 
surveillance, so that sampling could use these existing 
resources at minimal additional cost. However, any 
changes to the existing brucellosis screening program or 
access to staff and logistics used for the program could 
significantly increase costs for these strategies.

The ELISA sensitivity for CMS strategies assumes 
an unbiased sample from the population. However, ani-
mals at slaughter are a biased sample and are likely to 
have a different age profile to the general population, 
so the actual sensitivity in this sample may also be 

Table 5. Number of herd tests required, total testing cost (€), total number of positive herds identified, and expected numbers and percentages 
of false-positive and false-negative herds for testing to identify 100 infected herds for 8 simulated national surveillance strategies1

Strategy

Herds tested/ 
100 infected  

herds

Cost/100  
infected  
herds (€)

Total  
positive  

herds identified

False- 
positive  
herds

% False- 
positive  
herds

False- 
negative 
herds

% False- 
negative

mELISA 571 180,433 100 0 0 60 37.5
sELISA 540 286,579 100 0 0 51 33.8
CMS_100 977 29,404 211 111 52.6 174 63.5
CMS_075 1,200 27,083 207 107 51.7 236 70.2
CMS_050 1,702 25,620 202 102 50.5 377 79
PFT 428 428,024 100 0 0 20 16.7
BMT 4,550 12,511 118 18 15.3 1,174 92.2
ENV 514 153,311 100 0 0 44 30.6
1Testing strategies as defined in Table 1.

Figure 4. Median and 95% prediction interval for herd sensitivity (A) and confidence of freedom (B) for 8 simulated national surveillance 
strategies (defined in Table 1), assuming a fixed within-herd design prevalence of 5%. The horizontal line represents the prior confidence of 
freedom (0.72).
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biased depending on the age profile and age-specific 
sensitivity values (Nielsen et al., 2013; Meyer et al., 
2018). Nevertheless, any change in sensitivity is likely 
to be modest at best, and herd specificity and positive 
predictive value would remain poor and are unlikely to 
significantly change the relative performance of CMS 
compared with other strategies. Testing of adult male 
animals (bulls) at slaughter was not included in this 
analysis; however, because numbers are likely to be 
quite small for most herds compared with numbers of 
females, their inclusion would have only minimal ef-
fect on the estimates presented here and be unlikely to 
change the overall patterns of the results.

Bulk Tank Milk ELISA Testing. Bulk tank 
testing was the lowest cost option for case detection, 
requiring only the cost of a single test in each herd each 
year. As for the CMS strategies, the case detection pro-
portion was low, at about 15%. In contrast, the HPPV 
was substantially higher than CMS, at about 85%, so 
that fewer false-positive herds would be expected. As 
for CMS testing, confirmatory herd testing to clarify 
the infection status of BMT-positive herds would be 
voluntary on the farmer’s part and at significant cost to 
either the farmer or the program, although fewer herds 
would require follow-up.

One significant advantage of bulk milk testing is 
that the sensitivity of the assay is higher in higher-
prevalence herds, so it could be used for periodic herd 
screening to identify high-prevalence herds for follow-
up advisory contact and assistance with developing an 
on-farm control plan for MAP. Finally, because bulk 
tank testing is inexpensive and can be undertaken on 
samples already collected for other purposes, it would 
be feasible to test herds on multiple occasions per year 
(subject to constraints of any effect of tuberculosis test-
ing) for a relatively small investment, compared with 
some other strategies, further increasing the potential 
for case-detection.

Pooled Fecal Testing. Pooled fecal testing had the 
highest case detection proportion (>70%) and 100% 
positive predictive value. However, the comparatively 
high cost (2–3 times that of milk or serum ELISA test-
ing) is likely to limit its widespread use as part of a 
national surveillance program. One option to reduce 
costs for pooled fecal testing would be to increase pool 
size. A pool size of 10 was not specifically evaluated in 
this model, as robust estimates of pool-level sensitivity 
were not readily available for this pool size. However, 
some reduction in sensitivity and case-detection pro-
portion would be expected, and the overall cost would 
remain similar to, or higher than, milk or serum ELISA 
testing.

Environmental Sampling. Environmental sam-
pling performed nearly as well as pooled fecal testing, 

with a case detection proportion of 68% and 100% posi-
tive predictive value, but with a much lower cost, com-
parable to that for mELISA herd testing. An important 
consideration with environmental sampling is that this 
is a herd-level sample, with a fixed cost regardless of 
herd size. Thus, for larger herds (>about 108 animals) 
environmental sampling is lower cost than mELISA, 
whereas for smaller herds mELISA is cheaper. As for 
bulk milk testing, higher prevalence herds are more 
likely to produce a test positive result, although the 
relationship is not specifically simulated in this model.

Environmental sampling also relies on farmer coop-
eration for collection of samples; if significant numbers 
of farmers refuse to sample, the effectiveness of this 
strategy would be reduced.

In the future, it may be possible to substantially 
reduce the cost of environmental sampling and make 
it more cost-effective for all herd sizes by pooling of 
samples; for example, in 2 pools of 3 samples each, or 
a single pool of 6 samples. This is subject to further 
research to validate this approach.

Based on this analysis, environmental sampling has 
the potential to be the most cost-effective strategy 
for case detection, with high sensitivity and no false-
positive herds detected, particularly if cost can be re-
duced by pooling. However, these results are based on 
assumed values from work in Canadian dairies, so the 
applicability of these results in the Irish dairy industry 
must be considered. In particular, an appropriate set 
of environmental samples for collection in Irish dairies 
needs to be determined, standardized, and validated 
under Irish conditions, including potential pooling of 
samples and use of alternative sample matrices, before 
such a strategy could be fully implemented.

Assurance Testing: Surveillance to Provide 
Confidence of Freedom

Whole-Herd Milk or Serum ELISA Testing. 
Milk or serum ELISA are currently the preferred testing 
strategies for assurance testing, to estimate confidence 
of herd freedom from MAP in dairy herds, due to the 
good technical performance and moderate cost of these 
strategies. The results of this analysis are comparable 
to previous analyses and support the ongoing use of 
these tests for herd assurance (More et al., 2013; Meyer 
et al., 2019).

Pooled Fecal Testing. Pooled fecal testing would 
also be useful for assurance testing, except for the much 
higher costs compared with other options that also have 
reasonable herd sensitivity.

Environmental Sampling. Environmental sam-
pling also has the potential to be a useful test for herd 
assurance, with similar performance to pooled fecal 
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testing but at about one third the cost, subject to con-
straints already discussed.

Cull Cow Monitoring Survey and Bulk Milk 
Testing. In contrast, although having much lower costs, 
CMS and BMT strategies provide only minimal assur-
ance value, as confidence of herd freedom increases only 
minimally above the prior estimate due to the generally 
small numbers of animals tested under CMS strategies, 
compared with a whole-herd test, and the generally poor 
sensitivity of BMT in low-prevalence herds. Additional 
research should be considered for further evaluation of 
the potential role of environmental sampling, bulk milk 
testing, and CMS strategies for herd assurance testing 
over time, either as initial screening tests or for mainte-
nance of confidence of freedom once a target level has 
been achieved.

Other Considerations

Considerable uncertainty exists about some of the 
estimates presented in this analysis. This is partly due 
to the use of input probability distributions to allow 
for uncertainty about the true values of sensitivity and 
specificity estimates for the tests being modeled and the 
prior probability of a herd being infected. Variability in 
estimates is also introduced because of inherent vari-
ability in herd size and numbers of animals slaughtered 
in the data used. However, despite the uncertainty, the 
overall analysis is robust and provides a strong insight 
into the relative performance of the different strategies.

For the current analysis, the operating characteristics 
of the serological tests (individual sELISA, mELISA, 
and BTM ELISA) were as reported in the scientific 
literature. However, previous research has shown that 
intradermal skin testing for bovine tuberculosis reduces 
the specificity of individual milk and serum ELISA 
during the subsequent 2 to 3 mo (Kennedy et al., 
2014). With CMS, which relies on the individual serum 
ELISA, animals slaughtered within 2 to 3 mo of tuber-
culin testing would need to be excluded from testing to 
avoid an increase in the number of false-positive results 
and, consequently, further reduction in HPPV for these 
strategies. However, this could substantially reduce the 
number of animals tested through CMS, noting that all 
cattle >6 wk of age are tested at least annually as part 
of the national tuberculosis eradication program (Good 
and Duignan, 2017), leading to a negative effect on the 
measured performance of CMS both for case detection 
and herd confidence of freedom. If the specificity of 
bulk milk ELISA was similarly affected, then a greater 
number of false-positive herds would also be expected. 
The bulk milk ELISA should be further evaluated 
under Irish conditions, and any effect of tuberculosis 
testing on specificity should be investigated before 

widespread use should be considered. Alternatively, 
milk testing should be timed to precede herd testing 
for tuberculosis, creating additional logistic issues for 
implementation. Similarly, serum or milk ELISA herd 
testing should be timed to precede or coincide with 
tuberculosis testing.

For this analysis, we assumed no differences in the 
performance of culture and PCR for detection of MAP 
in feces or environmental samples. This assumption was 
necessary because both assays are available for use in 
Ireland and a review of relevant literature found that 
most estimates of PCR performance were relative to 
fecal culture and either found no difference or a lower 
sensitivity, accompanied by several false positives that 
possibly were truly infected animals not detected by 
fecal culture (Meyer et al., 2019). Further, these tests 
were being applied as part of a herd test, so that issues 
such as passive ingestion of MAP and detection in feces 
of uninfected animals (Kralik et al., 2014) were still an 
indicator the herd was infected.

Cost estimates for this analysis were based on cur-
rent costs and local knowledge, including extrapolation 
from existing cost structures. Although some of these 
costs might change once a program is implemented, any 
change is likely to be small and unlikely to affect the 
overall pattern of results, as overall costs are mainly 
influenced by the numbers of samples being tested and 
the large difference in costs between culture or PCR 
and serology.

CONCLUSIONS

Different national surveillance strategies should be 
considered when deciding on a cost-effective approach 
to case detection, as opposed to building confidence of 
herd freedom (assurance testing) as part of a national 
program. Herd testing with mELISA, sELISA, or PFT 
were the most effective methods for detection of MAP-
infected herds, although they are relatively expensive. 
Environmental sampling shows promise as an alterna-
tive for national case detection if samples can be pooled 
for testing; without pooling, however, it is relatively ex-
pensive. Environmental sampling also requires further 
validation and determination of appropriate sampling 
sites and pooling rates under Irish conditions. Bulk 
milk tank testing is the lowest-cost option and may 
be useful, primarily for detection of higher-prevalence 
herds to allow targeting of advice to farmers to reduce 
within-herd prevalence and prevent spread to other 
herds, again subject to local evaluation and resolu-
tion of potential effects of tuberculosis testing on test 
specificity. Cull cow sampling strategies were also lower 
cost, but had generally lower herd sensitivity and very 
poor positive predictive values; this resulted in many 
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false-negative herds and up to 50% false-positive herds, 
rendering the strategies unsuitable for widespread use 
for case detection without follow-up herd testing at ad-
ditional cost. Whole-herd mELISA or sELISA testing 
are currently the preferred testing strategies to estimate 
confidence of herd freedom from MAP in dairy herds 
due to the good technical performance and moderate 
cost of these strategies. The CMS and BMT strategies 
provide only minimal assurance value, with confidence 
of freedom increasing only minimally above the prior 
estimate.
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