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ABSTRACT

In light of the various adverse effects of Johne’s 
disease on animal productivity and the debate on the 
role of its causative organism, Mycobacterium avium 
ssp. paratuberculosis, in the etiology of Crohn’s disease, 
major dairy-producing countries around the world have 
implemented national control programs aimed at re-
ducing the prevalence of this infection in cattle. A pilot 
control program was initiated in Ireland in 2013, with 
a key objective to provide farmers with test-negative 
dairy herds with tools and knowledge to increase their 
confidence of freedom over time. The aim of this study 
was to estimate the confidence of freedom obtained in 
test-negative Irish dairy herds over time with various 
sampling scenarios and to evaluate the cost-effective-
ness of alternative scenarios for achieving an acceptable 
level of confidence of freedom in herds with no evidence 
of infection. A stochastic model was developed to simu-
late repeated annual testing of individual animals using 
ELISA and confirmatory assays over a period of 20 
yr. Two scenarios modeled the current herd-screening 
options, whereas 14 alternative scenarios explored the 
effect of varying parameters from the current testing 
strategies, such as the frequency of testing, the eligibil-
ity criteria for selecting animals, the type of assay, the 
probability of introduction, and the assay sensitivity. 
Results showed that the current testing strategy with 
milk twice a year or serum once a year in all animals over 
2 yr old provided the highest annual herd sensitivity, 
with a median value of 55%. Although the median con-
fidence of freedom increased over time for all scenarios, 
the time required to reach 90 and 95% confidence of 
freedom was highly variable between scenarios. Under 
the testing scenario where serum tests were used once a 
year, the confidence of freedom reached 90% after 4 yr 

and 95% after 7 yr of testing. Some of the alternative 
scenarios achieved an acceptable level of confidence of 
freedom in a reasonable timeframe and at lesser cost 
than the current testing strategies. The results of this 
work are used to provide recommendations for the next 
phases of the program.
Key words: Republic of Ireland, Johne’s disease, 
Mycobacterium avium ssp. paratuberculosis, confidence 
of freedom

INTRODUCTION

Johne’s disease (JD) is a disease of ruminants charac-
terized by chronic granulomatous enteritis, which mani-
fests as a protein-losing enteropathy-causing diarrhea, 
hypoproteinemia, emaciation, and eventually death 
(Sweeney, 2011). Adverse effects on animal productiv-
ity 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), pos-
sible adverse effects on fertility (Johnson-Ifearulundu et 
al., 2000), and losses due to continued spread of infec-
tion are key drivers in the attempt to control JD at the 
farm level.

In addition, it has been proposed that the causative 
organism, Mycobacterium avium ssp. paratuberculosis 
(MAP), could play a role in the etiology of Crohn’s 
disease in humans (Chiodini et al., 1984). Although 
several potential transmission routes exist (Waddell 
et al., 2016), currently insufficient evidence exists 
to clarify the potential public health effects of MAP 
exposure (Waddell et al., 2015). Food-borne transmis-
sion of MAP is of particular importance, and studies 
have demonstrated MAP resistance to commercial 
milk pasteurization (Grant et al., 2002). Several major 
dairy-producing countries around the world have im-
plemented national control programs aimed at reducing 
JD prevalence in cattle (Geraghty et al., 2014).

Animal Health Ireland was established to provide 
leadership in the control of nonstatutory diseases in 
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Ireland (More et al., 2011). In a Delphi study conduct-
ed in 2010, JD was highlighted as one of the priority 
diseases of the dairy industry to be addressed (More et 
al., 2010). Based on the lessons from a pilot program 
run by Animal Health Ireland between 2013 and 2016 
and a review of several international programs (Ger-
aghty et al., 2014), the voluntary Irish Johne’s Control 
Programme (IJCP) was launched in 2017.

Herd owners may reduce the potential for the in-
troduction of MAP by implementing bio-exclusion 
practices, such as the introduction of stock from low-
risk sources. Given imperfect test characteristics and 
sampling strategies, definite proof of freedom may 
not be achievable. Instead, a probabilistic approach is 
used based on the accumulation of evidence (Cameron, 
2012). The ability to demonstrate confidence of free-
dom and the progression of that confidence over time 
depends upon the sampling strategy and interval em-
ployed, the expected true prevalence of infection in the 
population sampled, and the sensitivity and specificity 
of the diagnostic tests used (Martin et al., 1992, 2007). 
Changes in the confidence of freedom are also greatly 
influenced by the purchasing behavior of the herd in 
the intervening period (More et al., 2013). To improve 
decision-making around use of available funding, it is 
vital to know implications of different testing strategies 
on herd-level sensitivity and confidence of freedom.

Consistent with the objectives of the program, the 
early identification of infected herds may highlight 
farms that could be targeted with knowledge and tools 
to reduce within-herd MAP transmission. Further, 
identification of such herds may limit the unknowing 
sale of infected animals. Several MAP-screening tests 
are available, including whole-herd testing, bulk tank 
testing, cull cow testing, and environmental testing. In 
the current work, we only considered testing strategies 
based on serum and milk testing. The costs associated 
with each testing strategy will depend on the sampling 
and testing strategies, including follow-up and confir-
matory testing as well as test characteristics and costs. 
Therefore, one aim of our study was to estimate the 
effect of varying the sampling frequency, interval, and 
sample size on confidence of freedom in test-negative 
Irish dairy herds over time. A second aim was to evalu-
ate the cost-effectiveness of alternative scenarios for 
achieving an acceptable level of confidence of freedom 
in herds with no evidence of infection.

MATERIALS AND METHODS

General Approach

A stochastic simulation model was developed using 
R software, version 3.3.3 (R Core Team, 2017). Some 

of the graphical outputs were produced using the R 
packages ggplot2 (Wickham, 2009) and gridExtra (Au-
guie, 2016). The model simulated repeated testing of 
a dairy cattle herd for the presence of MAP infection 
and estimated the resulting herd-level sensitivity and 
the updated confidence of freedom for each year of the 
simulation. The confidence of freedom from infection 
was updated each year using a framework previously 
described (Martin et al., 2007). The model ran over 
20 yr with a time step of 1 yr to accommodate the 
chronic nature of MAP infection. Key model inputs 
were entered as probability distributions to reflect un-
certainty about their true values. A range of scenarios 
were modeled to estimate the effect of varying the 
sampling frequency, interval, and sample size used in 
the current program on the outputs. Each scenario was 
simulated for 50,000 iterations and key outputs were 
summarized as medians and 95% prediction intervals. 
Under the conditions of the IJCP, herd owners may 
elect to use either a milk ELISA or a serum ELISA for 
herd screening. Herd owners opting to use milk ELISA 
must test all eligible animals twice per year, with an 
interval of at least 90 d between samplings. Nonlactat-
ing eligible animals, such as males and dry cows, must 
be tested by serum ELISA. Herd owners electing to use 
serum ELISA for all eligible animals are only required 
to sample animals once per year. These herd-screening 
options were modeled as scenarios 1 and 4, respectively. 
Fourteen additional scenarios, which were considered 
feasible and realistic and had been agreed upon by the 
stakeholders involved, were also modeled. These ad-
ditional scenarios were defined by varying parameters 
from the current scenarios, such as the frequency of 
testing, the eligibility criteria for selecting animals, the 
type of assay, the probability of introduction, and the 
assay sensitivity. All scenarios are described in Table 
1. Scenarios 5 to 10 were divided in 2 periods, where 
period 1 is similar to current practices, whereas the 
testing intensity is reduced during period 2.

Model Input Data

Herd Size. Animal population and movement data 
were extracted for the period July 1, 2015, to June 30, 
2016, from the Animal Identification and Movement 
database maintained by Ireland’s Department of Agri-
culture, Food and the Marine. The study was limited 
to those herds classified as dairy by the Irish Cattle 
Breeding Federation and which had at least 1 calf born 
between the above dates. Herds with <20 females aged 
2 yr or older or with several movements in or out of the 
herd >70% of the number of females aged 2 yr or older 
were excluded as not representative of Irish commercial 
dairy herds. The population and movement data of the 
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remaining herds were used as probability distributions 
for the following model inputs: number of animals in 
each sex-age group, number of animals introduced 
annually, and number of animals having left the herd 
annually. The population of interest was assumed to be 
constituted of animals aged 2 yr and older. Therefore, 
the term herd size refers to the number of animals aged 
2 yr and older in the remainder of this document.

Test Sensitivity and Specificity. It was assumed 
that any ELISA-positive result would be followed by a 
fecal culture (FC) or PCR assay (the use of either of 
these tests is hereafter referred to as a confirmatory 
assay) to confirm infection and provide assumed 100% 
specificity. The 2 tests would be interpreted in series, 
and therefore the sensitivities of the combined tests [a 
milk ELISA followed by a confirmatory assay (Semilk) 
and a serum ELISA followed by a confirmatory assay 
(Seserum)] were calculated as the product of the sensitiv-
ity of the milk or serum ELISA and the sensitivity of 
the confirmatory assay in ELISA-positive animals.

Estimates of serum ELISA sensitivity and specificity 
were obtained for the target condition “infected,” which 
was in line with the definitions proposed by Nielsen 
and Toft (2008). Infected animals were those that carry 
MAP intracellularly but may not necessarily be shed-
ding (infectious) or exhibiting clinical signs (affected). 
It is important to note that the condition infected here 

also includes infectious and affected animals. An exist-
ing literature review of the performance of antemortem 
tests (Nielsen and Toft, 2008) was supplemented with 
an additional search for target condition infected in all 
published literature from 2007. The commercial ELISA 
kits most commonly used in Ireland to detect MAP 
infection in dairy herds are the Paratuberculosis Anti-
body Screening Test (Idexx, Westbrook, ME) and the 
ID Screen (IDVet, Montpellier, France) kits. As they 
are very similar, we did not distinguish between these 
kits when calculating the test sensitivity and specificity. 
Beta distributions were constructed for each test from 
central and dispersion estimates found in the literature 
(Vose, 2000). The sensitivity of the serum ELISA test 
was modeled by a beta distribution with a mode of 0.15 
and upper 95th percentile of 0.30, whereas the sensitiv-
ity of the milk ELISA test was modeled by a beta distri-
bution with a mode of 0.13 and upper 95th percentile of 
0.26 (van Weering et al., 2007; Nielsen and Toft, 2008; 
Pozzato et al., 2011; More et al., 2013; McAloon et al., 
2016a). Summary estimates of the specificity for these 
ELISA kits ranged from 0.98 to 1.00 (Nielsen and Toft, 
2008; Nielsen et al., 2013). Consequently, the specificity 
of the ELISA test was modeled by a beta distribution 
with a mode of 0.990 and upper 95th percentile of 0.995 
(McAloon et al., 2016a). The sensitivity of the fecal 
culture in ELISA-positive animals was modeled by a 

Table 1. Definitions and features for each of the 16 testing scenarios used in the model

Scenario  
number  Scenario name  Scenario features

1 Milk twice or serum once a year 
(current)

All animals ≥2 yr old tested with either milk ELISA twice per year (cows in milk) or 
serum ELISA once per year (males and dry cows).

2 Milk test only, once a year All females ≥2 yr old and having calved are tested once a year with a milk ELISA.
3 Milk or serum test once a year All animals ≥2 yr old tested once per year (females in milk with milk ELISA, males and 

dry females with serum ELISA).
4 Serum test once a year (current) All animals ≥2 yr old tested every year with a single serum ELISA
5 Older animals, milk or serum Period 1 (2 yr): scenario 3; period 2 (rest of the simulation): all animals ≥3 yr old 

tested once a year (females in milk with milk ELISA, males and dry females with serum 
ELISA).

6 Older animals, serum only Period 1 (2 yr): scenario 4; period 2 (rest of the simulation): all animals ≥3 yr old tested 
once a year (serum ELISA).

7 Reduced frequency, milk or serum Period 1 (2 yr): scenario 3; period 2 (rest of the simulation): all animals ≥2 yr old tested 
every second year (females in milk with milk ELISA, males and dry females with serum 
ELISA).

8 Reduced frequency, serum only Period 1 (2 yr): scenario 4; period 2 (rest of the simulation): all animals ≥2 yr old tested 
every second year (serum ELISA).

9 Reduced frequency with 
movements tested

Period 1 (2 yr): scenario 3; period 2 (rest of the simulation): all animals ≥2 yr old tested 
every second year (females in milk with milk ELISA, males and dry females with serum 
ELISA) + entries and exits tested with a serum ELISA in the intervening year.

10 Reduced frequency after 4 yr Scenario 7 with duration of period 1 = 4 yr
11 Increased risk of introduction Scenario 3 with increased probability of introduction
12 Decreased risk of introduction Scenario 3 with null probability of introduction
13 Decreased assay sensitivity (10%) Scenario 3 with sensitivity of the confirmatory assay reduced by 10%
14 Decreased assay sensitivity (20%) Scenario 3 with sensitivity of the confirmatory assay reduced by 20%
15 Closed herd, 1 yr of testing only Period 1 (1 yr): scenario 3 with null probability of introduction; period 2 (rest of the 

simulation): no testing with null probability of introduction.
16 Closed herd, 4 yr of testing only Period 1 (4 yr): scenario 3 with null probability of introduction; period 2 (rest of the 

simulation): no testing with null probability of introduction.
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Pert distribution with a minimum of 0.60, mode of 
0.65, and maximum of 0.70 (Nielsen et al., 2002b; More 
et al., 2013).

Estimates for performance of PCR vary widely. Pos-
sible reasons include differences in the samples used 
(e.g., naturally infected or spiked individual fecal 
samples or environmental samples), variations in the 
extraction and purification methods used, differences 
in the PCR kits used themselves, and likely laboratory 
variation. Of publications reporting the sensitivity of 
PCR relative to fecal culture, the sensitivity reported 
is often in the range of 0.50 to 0.70 (Plain et al., 2014; 
Acharya et al., 2017). However, in the majority of stud-
ies, several subclinical samples are often positive on 
PCR but negative on fecal culture (Logar et al., 2012). 
This was also the case when a longitudinal case defini-
tion was used in cows repeatedly sampled over 12 mo. 
Kralik et al. (2014) showed that, within infected herds, 
a large proportion of these additional positive samples 
are likely due to pass through in the presence of high-
shedding animals, representing a decrease in individual 
specificity; in the rest of the studies reported, it was 
not possible to know whether this was also the case. 
Further, the potential reduction in specificity within 
infected herds was not of particular importance for our 
study, as it is the herd-level diagnosis that is ultimately 
of key interest. Therefore, for the purpose of our study, 
a PCR sensitivity and specificity of 1.0 relative to fecal 
culture was used (scenarios 1 to 12), with additional 
values of 0.8 and 0.9 to assess the effect of varying this 
estimate (scenarios 13 and 14).

Further, the ELISA test sensitivity is known to be 
particularly poor in younger animals, such as those in 
their first lactation (Nielsen et al., 2002a). Therefore, a 
multiplying factor was applied to the ELISA test sen-
sitivities presented above when used in animals aged 3 
yr and older (scenarios 4, 6, 8, and 9). We calculated 
the average sensitivity in animals 2 yr and older and 3 
yr and older, respectively, using published age-specific 
sensitivity estimates (Nielsen et al., 2013; Meyer et al., 
2018) and Irish dairy herd population data. The 2 val-
ues obtained (1.09 and 1.17) were used as parameters 
for a uniform distribution to model F≥3, the multiplying 
factor applied to the ELISA test sensitivity in animals 
aged 2 yr and older (presented above), to obtain the 
ELISA test sensitivity in animals aged 3 yr or older.

Within-Herd Prevalence in Source Herds. 
Whole-herd MAP screening data and within-herd true 
prevalence estimates were obtained from the pilot 
phase of the program. All test results for enrolled dairy 
herds are stored centrally in the Irish Cattle Breeding 
Federation database. Available individual animal test 
data were extracted from November 1, 2013, to Decem-

ber 31, 2017. Individual data were aggregated to the 
herd level to include number of animals tested, number 
positive, and sample matrix used (hereafter herd tests). 
Next, the within-herd true prevalence for each herd was 
estimated using Rogan-Gladen estimation (Rogan and 
Gladen, 1978), including the sensitivity and specificity 
of the test kits used. The mode of the distributions 
described above was used as a point estimate of the 
sensitivity for the Idexx and IDVet kits (0.15 for serum 
tests and 0.13 for milk tests). In addition to the Idexx 
and IDVet kits, the Paracheck 2 Kit (Thermo Fisher 
Scientific, Waltham, MA) was also used in the pilot 
phase. The literature search described above provided 
2 relevant studies from which a sample size weighted 
mean of 0.22 was calculated for the sensitivity of the 
Paracheck 2 kit (Jubb et al., 2004; Alinovi et al., 2009). 
The mode of the distribution described above (0.99) 
was used as a point estimate of the specificity for the 
3 ELISA kits, which was consistent with the estimate 
used in other studies (McAloon et al., 2016a).

Herds with less than 20 animals tested or with an 
estimated true prevalence of infection over 0.90 were 
excluded as not representative of Irish commercial 
dairy herds. The maximum number of animals tested at 
a single point in time during the study period was ex-
tracted for each herd, and herd tests performed on less 
than 80% of that maximum number were dropped for 
each herd to avoid retaining follow-up tests performed 
on a subset of positive animals. Finally, the most recent 
herd test was retained for each of the remaining herds.

For scenarios other than 11, 12, 15, and 16, we ex-
tracted the estimated total number of infected animals 
i and the total number of animals tested t from those of 
the remaining herds having a true prevalence equal to or 
under 5% to model the biosecurity practices consistent 
with implementation of one aspect of the veterinary 
risk assessment and management plan (VRAMP): 
the sourcing of replacement animals only from low-risk 
herds. Assuming the introduced animals were sourced 
independently from this population, the probability of 
an introduced animal being MAP-infected (Psource) was 
estimated from a beta distribution with parameters i + 
1 and t − i + 1. For scenario 11, i and t were calculated 
using all the herds to model insufficient biosecurity 
practices and the lack of, or an ineffective, VRAMP. 
For scenarios 12, 15, and 16, we assumed that increased 
biosecurity measures would decrease the probability of 
introduction to 0 (closed herd).

Model Outputs

Herd-Level Sensitivity. The herd-level sensitivity 
in year y (SeHy) was defined as the probability of at 
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least 1 animal testing positive during year y given that 
the herd is infected at a prevalence equal to or greater 
than the design prevalence. The herd-level sensitivity 
was calculated each year using approximations of the 
hypergeometric and binomial probability distributions 
(Cameron and Baldock, 1998), as presented in Table 
2. The design prevalence was set as 5% by agreement 
among the relevant stakeholders. In scenarios where 
only a sample of the herd was tested, the assumed 
number of infected animals (d) was calculated as the 
product of the design prevalence and the herd size 
rounded up to the next integer. Sensitivity analysis was 
conducted by using alternative values of 1 and 3% for 
the design prevalence in scenarios 1, 3, and 5 (results 
shown in Appendix).

Confidence of Freedom. The confidence of free-
dom in year y (PFreey), that is, the probability that the 
true herd prevalence is less than the specified design 
prevalence given negative test results, was estimated as 
follows (Martin et al., 2007):

 PFree
Prior

SeH Priory
y

y y
=
− × −( )1 1

, 

where Priory was the prior probability of freedom for 
year y. Priory was calculated from the confidence of 
freedom for year y − 1, discounted for the probability 
of introduction of infection in year y − 1, Pintroduction:

 Prior
PFree P

P PFreey
y introduction

introduction y
= −

− + −

−×

−

−

1
1

1
1

11( )
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
, 

where Pintroduction is the probability that infection is in-
troduced or exceeds the design prevalence during the 
time period, either from newly introduced infection or 
by increase in prevalence of existing infection from a 
level below the design prevalence (Martin et al., 2007). 
Because the aim of our analysis was to simulate herds 
that are expected to be free of infection, progression 
of existing infection was not specifically considered in 
this analysis, and Pintroduction was estimated from the 
numbers of animals introduced into the simulated herd, 
using a binomial probability distribution:

 P Pintroduction source
nentries= − ( )1 1 – , 

where nentries was the total number of animals intro-
duced in the herd during that year. For the first year 
of the simulation, the prior probability of freedom 
was estimated as 1 minus the average herd-level JD 
prevalence in Irish dairy herds enrolled in the national 
control program (McAloon et al., 2016a).

Testing Costs. For each scenario and year of 
simulation, the annual cost of the testing program was 
calculated by adding the costs for all the individual 
ELISA and confirmatory assays performed that year. 

Table 2. Calculation of the herd-level sensitivity in each scenario

Scenarios and periods  Herd-level sensitivity1

Scenario 1 SeHy = 1 − (1 − Seavg)d 

with Se
n Se n Se

Navg
milk milk serum serumombined=
× + ×

, 
 
Se Semilk milkcombined

= − −( )1 1 2  

Scenarios 2, 3, 4, 11, 12, 13, and 14 SeHy = 1 − (1 − Seavg)d 
 

with Se n Se n Se
Navg

milk milk serum serum=
× + ×Period 1 of scenarios 5, 6, 7, 8, 9,10, 15, and 16

Even years of period 2 of scenarios 7, 8, 9, and 10

Period 2 of scenarios 5 and 6 SeH F Se n
N

F Se n
y milk

milk
d

serum
seru= − − × ×

⎛
⎝
⎜⎜⎜⎜

⎞
⎠
⎟⎟⎟⎟ × − × ×≥ ≥1 13 3

mm
d

N
⎛
⎝
⎜⎜⎜⎜

⎞
⎠
⎟⎟⎟⎟  

Odd years of Period 2 of scenarios 7, 8, and 10 SeHy = 0
Period 2 of scenarios 15 and 16

Odd years of Period 2 of scenario 9 SeH Se
n
N

Py serum
exits

d

source
nentries= − − ×

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟ × −( )≥1 12 ≥≥2  

1d = assumed number of infected animals in the herd; F≥3 = multiplying factor applied to the ELISA sensitivity in animals aged 2 yr and older; 
N = herd size; nentries≥2 = number of animals over 2 yr introduced that year; nexits≥2 = number of animals over 2 yr having left the herd that 
year; nmilk (nserum) = number of herd animals tested with a milk (serum) ELISA that year; Psource = probability of an animal introduced being 
MAP-infected; SeHy = herd-level sensitivity in year y.
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The number of confirmatory assays (FC or PCR) was 
estimated using a binomial probability distribution 
with parameters the number of ELISA tests performed 
that year and the complement of the ELISA specificity. 
As this work was targeted toward JD-free herds, all 
animals were expected to be free of infection and all 
positive ELISA results were expected to be arising from 
false-positive animals. Current costs were obtained 
from the IJCP, namely €5.86 per serum ELISA test, 
€2.75 per milk ELISA test, and €40.00 per confirma-
tory assay, including collection costs. The total testing 
costs over 5-yr and 20-yr periods as well as the testing 
costs to reach 90% and 95% confidence of freedom were 
also extracted.

RESULTS

Model Inputs

Valid herd sizes and movement data were obtained 
from 14,130 herds (Figure 1, upper left panel). The 
distribution of the number of introductions for the year 
July 2015 to June 2016 presented a long upper-tail 
(Figure 1, lower left panel), as 34% of the herds did not 
introduce any animals, whereas 64% of the herds did 
not introduce any animals over 2 yr old. The proportion 
of introductions during this period relative to the herd 
size was <5% for 45% of the herds having introduced at 
least 1 animal (Figure 1, lower right panel). Valid herd 

Figure 1. Bar plots showing the distribution of key input parameters (July 2015 to June 2016): herd size (upper left panel), within-herd 
prevalence (upper right panel), number of introductions during this period (lower left panel), and introductions as a percentage of the herd size 
(lower right panel).
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prevalence data were available for 1,523 herds (Figure 
1, upper right panel).

Herd-Level Sensitivity

The current testing strategy (scenario 1; milk twice a 
year for eligible lactating cows, serum once a year in all 
other eligible animals, eligible animals being over 2 yr of 
age) provided the highest annual herd sensitivity, with 
a median of 55% (Figure 2). All other testing strategies 
had lower herd sensitivity values, with median estimates 
ranging from 9 to 39%. The sensitivity estimates calcu-
lated in the model had very broad prediction intervals, 
covering between 62 and 72% of the possible interval 
(0 to 1). According to the sensitivity analysis, herd size 
was the most influential parameter in the calculation of 
the herd-level sensitivity in scenario 3, whereas number 
of introductions was most influential on confidence of 
freedom (Figure 3). Under the conditions of this par-
ticular scenario, the diagnostic sensitivity of the milk 
ELISA was more influential than that of the serum 
ELISA, because fewer tests were conducted on serum 

(median n = 3 per year) than milk (median n = 66 per 
year). The median number of confirmatory assays over 
the entire simulation period was ≤20 in all scenarios 
and represented between 8 and 19% of the total costs 
depending on the scenario.

Confidence of Freedom

The median confidence of freedom increased over 
time for all scenarios (Figure 4). The width of the 
prediction intervals of the confidence of freedom also 
increased over time, with the exception of scenario 12 
(Figure 4). Overall, the time required to reach 90 and 
95% confidence of freedom was highly variable between 
scenarios (Figure 5 and Table 3). Under the current 
testing requirements, the confidence of freedom reached 
90% after 2 (scenario 1, milk twice or serum once a 
year) and 4 yr of testing (scenario 4, serum test once 
a year); it reached 95% after 4 and 7 yr of testing, 
respectively. After 5 yr of testing, the final confidence 
of freedom was 97.5 and 93.4% in scenarios 1 and 4, 
respectively. None of the alternative scenarios achieved 

Figure 2. Plot of the annual herd-level sensitivity (SeH) obtained with each testing strategy. The plots show the median estimate (dot) and 
the 95% prediction interval (bar). The numbers in brackets indicate the scenario(s) in which each testing strategy is used
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90 or 95% confidence of freedom as fast as scenario 1; 
however, some scenarios achieved comparable perfor-
mances with scenario 4. Scenarios 3, 5, 6, 12, and 13 
reached a confidence of freedom of 90% or higher after 
5 yr, as obtained with the current strategies.

Scenario Analysis

Scenario 3. Reducing the testing frequency to once 
a year in herds using milk tests (scenario 3) increased 
the time to reach 90 and 95% confidence of freedom to 
values similar to scenario 4 (4 and 8 yr, respectively). 
The final confidence of freedom was also similar to that 
of scenario 4. The cumulative testing costs over 5 yr 
for scenario 3 were 43% lower than those of scenarios 
1 and 4.

Scenario 2. Reducing the testing intensity even 
further, by testing only females in milk once a year 
(scenario 2), increased the time to reach 90 and 95% 
confidence of freedom to 6 and 11 yr, respectively. The 
confidence of freedom after 5 yr was 89.2%. The overall 
testing costs were decreased by 58% compared with 
those of scenario 1.

Scenario 5. When only older animals were tested 
using both milk and serum tests, the time to reach 
90 and 95% confidence of freedom noticeably increased 
when compared with the current strategy where all 
animals are tested twice a year (scenario 1). However, 
this protocol only increased the time to reach 90 and 
95% confidence of freedom by 1 yr when compared 
with scenario 3 (milk or serum test once a year). The 
confidence of freedom after 5 yr was 91.1%. The testing 

Figure 3. Tornado plots of the correlation between the annual herd-level sensitivity (upper panel) and confidence of freedom after 5 yr (lower 
panel) as well as relevant input variables for scenario 3
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costs over 5 yr of this scenario were 52 and 15% lower 
than those of scenarios 1 and 3, respectively.

Scenario 6. When only older animals were tested 
using serum tests, the time to reach 90% confidence 
of freedom was not affected when compared with the 
current strategy where all animals are tested serologi-
cally once a year (scenario 4), and the time to reach a 
95% confidence of freedom only increased by 1 yr. This 
scenario decreased the confidence of freedom after 5 yr 
from 93.4 to 92.5% only and reduced the testing costs 
over 5 yr by 13%.

Scenarios 7 and 8. Reducing the testing frequency 
to every second year substantially increased the time 
to reach 90 and 95% confidence of freedom when com-
pared with the relevant current strategy. This scenario 
also decreased the confidence of freedom after 5 yr to 
85.2 and 86.3% for scenarios 7 (milk and serum tests) 
and 8 (serum tests only), respectively. The effect on the 
testing costs over 5 yr was large, as they were 66 and 
40% lower than those of scenarios 1 and 4, respectively.

Scenario 9. Adding movement testing in years when 
whole-herd testing was not performed (scenario 9) re-
duced the time to reach 90 and 95% level in confidence 
of freedom by 2 and 4 yr, respectively, compared with 
scenario 7, where this was not practiced. It allowed the 
confidence of freedom to reach 87.3% after 5 yr of simu-
lation but increased the testing costs by 25%.

Scenario 10. Reducing the testing frequency after 
4 yr instead of 2 (scenario 10) decreased the time to 
reach 90 and 95% confidence of freedom by 4 and 2 yr, 
respectively, compared with scenario 7. Further, it only 
increased the overall testing costs by 9%.

Scenarios 11, 12, 15, and 16. In the scenario 
modeling an increased probability of disease introduc-
tion (scenario 11), the median confidence of freedom 
reached a maximum of 73.0% only. By comparison, de-
creasing the probability of introduction to zero (scenario 
12) decreased the time to reach 90 and 95% confidence 
of freedom by 1 and 3 yr, respectively, compared with 
the equivalent scenario with the original probability of 
introduction (scenario 3). In scenario 12, the confidence 
of freedom reached 95.9% after 5 yr and almost 100% 
after 20 yr. When testing was ceased after 1 and 4 
yr in closed herds (scenarios 15 and 16, respectively), 
the final confidence of freedom did not reach the 95% 
level. One year of testing provided an 80% confidence 
of freedom (scenario 15), whereas 4 yr provided a 93.7% 
confidence of freedom, after which confidence of free-
dom plateaued. The testing costs were decreased by 
95 and 80% in scenarios 15 and 16, respectively, when 
compared with continuous testing for 20 yr.

Scenarios 13 and 14. Considering a lower sensitiv-
ity of the confirmatory assay (to model the use of a con-
firmatory test that may be less sensitive than originally 

Figure 4. Plots of the confidence of freedom (Pfree) by scenario for the first (left panel) and last (right panel) year of the simulation. The 
plots show the median estimate (dot) and the 95% prediction interval (bar)
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assumed) increased the time to reach 90% confidence 
of freedom by 1 and 2 yr for scenarios 13 (sensitivity 
of 90% of original value) and 14 (sensitivity of 80% of 
the original value) when compared with scenario 3. It 
increased the time to reach a 95% confidence of free-
dom by 1 and 3 yr for scenarios 13 and 14, respectively, 
compared with scenario 3.

DISCUSSION

This work presents estimates for herd sensitiv-
ity and confidence of freedom as median values and 
95% prediction intervals, incorporating uncertainty in 
model inputs and variability in herd size across the 
Irish dairy industry. In general, larger herds tend to 

Figure 5. Plots of the median confidence of freedom (Pfree, blue lines) and annual herd sensitivity (SeH, black dots) by year and scenario. 
The time until the median Pfree reaches 90% (respectively, 95%) is represented using a dashed red (respectively, black) line.
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have higher herd sensitivity estimates, both because 
of the larger numbers of infected animals present and 
the use of a modeling strategy based on whole-herd 
testing; therefore, these herds progress faster toward 
the target confidence of freedom, whereas smaller herds 
will have lower herd sensitivity and make slower prog-
ress. Similarly, herds with nil or few introductions of 

only low-risk animals will have nil to low probability 
of introduction and will make faster progress when 
compared with herds with larger numbers of high-risk 
introductions. Overall, the broad prediction intervals 
associated with the herd sensitivity estimates are likely 
due to a combination of uncertainty about the diag-
nostic test sensitivity and the large variations in herd 

Figure 5 (Continued). Plots of the median confidence of freedom (Pfree, blue lines) and annual herd sensitivity (SeH, black dots) by year 
and scenario. The time until the median Pfree reaches 90% (respectively, 95%) is represented using a dashed red (respectively, black) line.
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sizes (Figure 1, upper left panel). The long tails in the 
estimates of the confidence of freedom at the end of the 
simulation (Figure 4) are likely due to the minority of 
herds that have large numbers of introductions (Figure 
1, lower left panel). This resulted in an increase in the 
probability of introduction each year, and therefore a 
decrease of the confidence of freedom for these herds 
over time. This was particularly evident in scenario 
11, where the average prevalence of infection among 
source animals is much higher than in other scenarios. 
The sensitivity analysis also showed that the number 
of introductions in the herd was the most important 
factor affecting confidence of freedom over time. It is 
worth noting that the movement data used in our study 
were collected in 2015 and 2016, when the number of 
introductions in Irish dairy herds was at the highest 
level for more than a decade (DAFM, 2017).

Our results showed that the 2 current testing strate-
gies (scenarios 1 and 4) provide similar levels of con-
fidence that the herd is free from MAP infection at 
the end of the 20-yr period. However, as the herd-level 
sensitivity achieved with scenario 1 was higher, the 
confidence of freedom increases faster in the first years 

of testing than it does in scenario 4; this was mostly 
due to the effect of the increased frequency of milk test-
ing in herds using milk tests. Importantly, we assumed 
that when 2 rounds of testing were conducted each 
year, the sensitivities of these tests were independent. 
We can reasonably think that this is not strictly the 
case (Gardner et al., 2000) and that, therefore, the true 
herd sensitivity (and resulting confidence of freedom) 
for scenario 1 is likely to be an overestimate of the true 
value. Although the degree of correlation and resulting 
bias in herd sensitivity and confidence of freedom using 
2 tests per year is unknown, the true value is likely to 
lie somewhere between the estimates for scenarios 1 
and 3. Scenario 1 also creates logistic issues around en-
suring compliance and avoiding potential interference 
from bovine tuberculosis testing that are easier to avoid 
when testing only once a year.

Reducing the testing frequency to once a year in 
herds using milk and serum tests (scenario 3) removed 
the potential correlation bias but decreased the confi-
dence of freedom to levels similar to those of scenario 
4 (serum tests only), with overall testing costs only 
around half of those of scenario 4. As the confidence of 

Table 3. Summary table of the confidence of freedom and testing costs after 5 and 20 yr, by scenario1

Scenario

PFree2

 

Cumulative 
testing costs 

(€)

 

Number of 
tests over 

20 yr

 

Time to reach 
specified  
Pfree (yr)

 

Testing costs 
to reach 
specified 
PFree (€)

5 yr 20 yr 5 yr 20 yr Milk Serum 90% 95% 90% 95%

1 Milk or serum test twice a year 
(current)

0.975 0.994 2,511 10,036 2,640 160 2 4 1,004 2,009

2 Milk test only, once a year 0.892 0.976 1,059 4,237 1,320 0 6 11 1,270 2,331
3 Milk or serum test once a year 0.921 0.985 1,420 5,678 1,320 160 4 8 1,137 2,272
4 Serum test once a year 

(current)
0.934 0.987 2,484 9,932 0 1,560 4 7 1,987 3,479

5 Older animals, milk or serum 0.911 0.981 1,211 4,435 1,104 106 5 9 1,211 2,071
6 Older animals, serum only 0.925 0.984 2,152 7,954 0 1,254 4 8 1,766 3,313
7 Reduced frequency, milk or 

serum
0.852 0.959 852 3,125 726 88 8 18 1,420 2,840

8 Reduced frequency, serum only 0.863 0.964 1,488 5,456 0 858 6 14 1,984 3,970
9 Reduced frequency with 

movements tested
0.873 0.970 1,063 4,071 726 241 6 14 1,347 2,515

10 Reduced frequency after 4 yr 0.886 0.962 1,136 3,408 792 96 4 16 1,136 2,556
11 Increased risk of introduction 0.730 0.732 1,419 5,677 1,320 160 >20 >20 NA3 NA
12 Decreased risk of introduction 0.959 >0.999 1,419 5,679 1,320 160 3 5 851 1,419
13 Decreased assay sensitivity 

(10%)
0.908 0.982 1,419 5,676 1,320 160 5 9 1,419 2,553

14 Decreased assay sensitivity 
(20%)

0.893 0.977 1,420 5,679 1,320 160 6 11 1,703 2,840

15 Closed herd, 1 yr of testing 
only

0.800 0.800 284 284 66 8 >20 >20 NA NA

16 Closed herd, 4 yr of testing 
only

0.937 0.937 1,137 1,137 264 32 3 >20 853 NA

1The figures presented here correspond to the median of the corresponding outputs. They represent a summary estimate of the outputs across 
all possible values of the input variables, including herd size.
2Pfree = confidence of freedom.
3Not applicable.
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freedom is mainly driven by the number of herd tests 
undertaken, it is worth noting that scenarios 1 and 3 
require a similar number of herd tests to reach a given 
confidence of freedom; therefore, scenario 3 requires a 
longer time period because the testing frequency is infe-
rior to that of scenario 1, other parameters being iden-
tical. A single annual whole-herd ELISA test (either 
milk or serum at owners’ discretion) provides adequate 
confidence within a reasonable timeframe.

The most cost-effective alternative testing strategies 
were scenarios 5 and 6. Testing only animals aged 3 yr 
or older did not substantially decrease the overall con-
fidence of freedom achieved at the end of the simula-
tion period, but did lead to a reduction in total testing 
costs by around 20%. The loss of herd-level sensitivity 
obtained when not testing the first-lactation animals 
was minimal (from 36 to 32% for the milk and serum 
scenarios and from 39 to 35% for the serum only sce-
narios). Reducing the testing to a single annual ELISA 
test in animals aged 3 yr or older (either milk or serum 
as above) after 2 yr (Table 1) would therefore provide 
a cost-effective alternative to the current testing strate-
gies.

The largest reduction in testing costs was obtained by 
reducing the frequency from every year to every second 
year. However, this resulted in a substantial decrease in 
the final confidence of freedom and delays in reaching 
target values due to the long interval between tests. 
Testing the entries and exits did not provide substan-
tial benefits in terms of final confidence of freedom, as 
the number of entries and exits in a typical dairy herd 
tends to be relatively small; however, it reduced the time 
to reach 90% confidence of freedom by 2 yr. Likewise, 
comparisons between scenarios 3 and 4 (respectively, 5 
and 6, 7 and 8) showed that the use of serum tests only, 
rather than milk or serum tests, provided only margin-
ally improved outputs for substantially increased costs 
(for instance, total testing costs for scenario 4 were 85% 
higher than for scenario 3).

Scenarios 11, 12, 15, and 16 highlighted the impor-
tance of biosecurity practices. When the probability 
of introduction increased, the maximum confidence of 
freedom that can ever be reached decreased despite a 
reasonably good herd-level sensitivity. On the other 
hand, improved movement control practices, includ-
ing the sourcing of animals from JD-free herds only or 
maintaining a closed herd, meant that the confidence of 
freedom would asymptotically reach 1 if the testing was 
maintained for a long enough duration. In such situa-
tions, it may be possible to decrease the testing inten-
sity after the desired level of confidence in freedom is 
reached, as the confidence of freedom does not decrease 
over time when the probability of disease introduction 

is nil. However, a nil probability of introduction (or of 
prevalence exceeding the design prevalence of 5%) is 
not truly achievable in many herds. For example, pro-
gression of low-prevalence infection (below the design 
prevalence of 5%) or introduction of infection through 
contaminated manure or young animals exposed on 
grow-out farms could pose significant risks that are not 
accounted for in this model. Therefore, scenarios 12, 
15, and 16 should be interpreted with caution. Because 
of this ongoing risk, ongoing herd testing provides 
the only effective way of maintaining a high level of 
confidence; complete cessation of testing after only a 
minimal number of tests is not recommended. Not only 
is this important if individual herds maintain their level 
of assurance, it is also critical to provide confidence of 
the assurance status of tested herds for other producers 
wishing to purchase low-risk animals.

Finally, we considered that the VRAMP would 
modify the probability of introduction of infection 
into the herd through management of risks, such as 
introduction of live animals and manure. In addition 
to bio-exclusion, the VRAMP also has a focus on bio-
containment. However, the type of model we used did 
not allow inclusion of within-herd infection dynamics; 
therefore, it was not possible to model the effect of 
VRAMP on MAP transmission within the herd.

Few studies evaluating the herd-level confidence of 
freedom provided by different JD testing strategies are 
available in the literature. The work presented here 
has many similarities to, and builds on, previous work 
undertaken in the Republic of Ireland (More et al., 
2013); however, some fundamental differences exist, 
such that the 2 studies are not directly comparable. In 
the previous work, fixed herd sizes of 50 and 100 ani-
mals were modeled, whereas in our study actual herd 
sizes were used, ranging from 20 to over 1,000 animals. 
The current study assumes a design prevalence of 5% 
in most scenarios, compared with 2 values of 5% and 
1 animal in the previous work. Further, numbers of 
animals introduced (and hence probability of disease 
introduction) is also based on actual data, compared 
with arbitrary values of 0 or 1 animal or 5% of the herd 
previously. Finally, both the prior confidence of free-
dom and the assumed prevalence in source herds for in-
troductions were based on more recent data (McAloon 
et al., 2016a), compared with the work of More et al. 
(2013), which used data from 2005 (Good et al., 2009). 
Despite these differences, results for scenarios that are 
directly comparable are similar after allowing for the 
difference in prior confidence of freedom. Besides More 
et al. (2013), we are only aware of one other relevant 
paper (Sergeant et al., 2008) that investigated a similar 
question; however, those authors used a different meth-
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odology based on actual test results in Danish herds. In 
that study, the authors calculated the probability that 
the prevalence of MAP infection was below a selected 
design prevalence in herds with both negative and posi-
tive results in ELISA and fecal culture. Martin (2008) 
and Frössling et al. (2013) calculated the confidence 
of freedom from the disease in Western Australia and 
Sweden, respectively, based on past surveillance results. 
However, it is not possible to compare our results with 
the outcomes of those studies due to the major differ-
ences in study design. First, the level of both analyses 
was the population rather than the herd; additionally, 
we considered a specific disease surveillance activity in 
the current work (longitudinal serum and milk sam-
pling), whereas the 2 studies cited above combined the 
results of several surveillance activities into the calcula-
tion of the confidence of freedom. Surveillance included 
clinical surveillance in both the dairy and beef sectors, 
cross-sectional surveys based on serum or fecal sam-
pling or both, fallen stock investigations, and activi-
ties targeting imported cattle. Overall, analysis of past 
surveillance activities and modeling of hypothetical 
surveillance scenarios provide complementary insights 
that are both valuable for decision-makers involved in 
JD management, from the herd to the population level.

Last, we did not include environmental sampling in 
the present work, as it will be the subject of a separate 
piece of work within the same project. The use of envi-
ronmental testing to identify the presence of MAP has 
been increasingly investigated in recent years (Lavers 
et al., 2013; Hahn et al., 2017) and could contribute 
to more cost-effective testing strategies when combined 
with traditional serum or milk sampling activities.

CONCLUSIONS

The modeling approach described in this paper pro-
vides a practical comparison of alternative JD testing 
strategies that could be implemented in Irish dairy 
herds. Some of the alternative scenarios achieved an 
acceptable level of confidence of freedom in a reason-
able timeframe and at lesser cost than the current test-
ing strategies. The results of this work will be used to 
provide recommendations for the next phases of the 
program.
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APPENDIX

Figure A1 shows the results of the sensitivity analysis on the level of design prevalence used in scenarios 1, 3, 
and 5. Lower design prevalence levels were associated with longer durations to reach specified levels of confidence 
of freedom, as infected animals were less likely to be detected when the disease prevalence decreased.

Figure A1. Plots of the median confidence of freedom (Pfree, black lines) for scenarios 1, 3, and 5 and levels of design prevalence (1, 3 and 
5%, respectively).


