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  ABSTRACT

  We validated a commercial (Idexx Pourquier, Mont-
pellier, France) serum and milk indirect ELISA that 
detects antibodies against Mycobacterium avium ssp. 
paratuberculosis (MAP) in Greek dairy goats. Each 
goat was sampled 4 times, starting from kidding and 
covering early, mid, and late lactation. A total of 1,268 
paired milk (or colostrum) and serum samples were 
collected during the 7-mo lactation period. Bayesian 
latent class models, which allow for the continuous 
interpretation of test results, were used to derive the 
distribution of the serum and milk ELISA response for 
healthy and MAP-infected individuals at each lactation 
stage. Both serum and milk ELISA, in all lactation 
stages, had average and similar overall discriminatory 
ability as measured by the area under the curve (AUC). 
For each test, the smallest overlap between the distri-
bution of the healthy and MAP-infected does was in 
late lactation. At this stage, the AUC was 0.89 (95% 
credible interval: 0.70; 0.98) and 0.92 (0.74; 0.99) for 
the milk and serum ELISA, respectively. Both tests had 
comparable sensitivities and specificities at the recom-
mended cutoffs across lactation. Lowering the cutoffs 
led to an increase in sensitivity without serious loss 
in specificity. In conclusion, the milk ELISA was as 
accurate as the serum ELISA. Therefore, it could serve 
as the diagnostic tool of choice, especially during the 
implementation of MAP control programs that require 
frequent testing, because milk sampling is a noninva-
sive, rapid, and easy process. 
  Key words:    Bayesian latent class model ,  paratuber-
culosis ,  serum and milk ELISA ,  dairy goat 

  INTRODUCTION 

  Paratuberculosis, which is caused by Mycobacte-
rium avium ssp. paratuberculosis (MAP), is a chronic 

intestinal infection in cattle, sheep, goats, and other 
ruminants. The disease decreases productivity, leads to 
suboptimal productive life, and, consequently, causes 
substantial economic losses to the farming industry 
(Clarke, 1997). The Greek national herd comprises ap-
proximately 5 million goats, which are reared primar-
ily for milk production (Zygogiannis and Katsaounis, 
1992). The majority of goat flocks are endemically in-
fected with MAP (Chiodini et al., 1984). Goats can be-
come persistent fecal shedders about 1 yr postinfection 
without any clinical signs of paratuberculosis (Storset 
et al., 2001) apparent during a long latent subclinical 
phase. In goats, early clinical signs of the disease in-
clude progressive wasting and decrease in milk produc-
tion, which are followed by manifestations of advanced 
clinical disease: flaky skin, poor hair coat, progressive 
emaciation, dehydration, anemia with submandibular 
edema, depression, and diarrhea (Stehman, 1996). 
Commonly used diagnostic tests, such as ELISA and 
fecal culture, have low sensitivities (Se) for identifying 
infected individuals during the early latent infection 
stage (Bakker et al., 2000). 

  An impediment to the surveillance and control of 
paratuberculosis is the cost of testing, particularly for 
small ruminant industries, because of the low economic 
value of each animal (Salgado et al., 2007). Specifically, 
diagnosis of paratuberculosis by fecal culture is slow, 
laborious, and expensive. In contrast, serum ELISA is 
quick and automated but sample collection may be la-
borious and increase the cost of surveillance. Compared 
with serum ELISA, milk ELISA has the advantage of 
easy sample collection. Its validation could make para-
tuberculosis testing more affordable and more widely 
applicable as a useful tool for the management of this 
disease by dairy goat farmers. 

  In the absence of a perfect reference test to ascertain 
MAP infection status, many researchers have acknowl-
edged the need for latent class methods (Branscum et 
al., 2005; Kostoulas et al., 2006; Wang et al., 2007). 
These methods account for all latent infection stages 
to obtain estimates of the validity of diagnostic tests. 
Recently, Bayesian latent class models have been pro-
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posed that do not require dichotomization of the test 
outcomes and apply to the actual continuous or ordinal 
test results (Choi et al., 2006; Jafarzadeh et al., 2010; 
Wang et al., 2011). The advantage of this approach is 
that the actual distributions of the healthy and infected 
populations can be derived. Thus, the continuous in-
terpretation of test results is feasible, avoiding simple 
definitions of MAP infection, which can be difficult 
and even misleading due to the chronicity of the infec-
tion (Toft et al., 2005). For example, dichotomization 
of ELISA results leads to loss of valuable information 
conveyed in the test by disregarding the fact that not 
all positive results are equal.

In dairy cattle, milk ELISA has been evaluated across 
lactation (Nielsen et al., 2002a), compared with serum 
ELISA (Kennedy and Benedictus, 2001; Hendrick et 
al., 2005; Lombard et al., 2006) with models that allow 
continuous interpretation of the results (Kostoulas et 
al., 2013). However, we cannot extrapolate results from 
dairy cattle to dairy goats. Researchers have indicated 
the need for evaluations of MAP diagnostics that are 
specific to species (Kostoulas et al., 2006), strain (Flo-
rou et al., 2009), target condition (Nielsen et al., 2007), 
and lactation stage (Nielsen et al., 2002a). In dairy 
goats, few studies have evaluated the milk ELISA (Sal-
gado et al., 2005, 2007; Kumar et al., 2008) and none 
have done so across lactation, with the use of latent 
class models and continuous interpretation of results. 
Therefore, the objective of this study was to assess and 
compare the overall diagnostic validity of a commercial 
ELISA kit between milk and serum samples at different 
lactation stages in Greek dairy goats. The latent class 
analyses were done in a Bayesian framework.

MATERIALS AND METHODS

Study Population and Sampling Scheme

A flock of 300 dairy goats was selected for the study. 
The flock had a history of clinical paratuberculosis and 
was unvaccinated against MAP. The does were of the 
domestic breed or their crosses with the Alpine breed. 
The age of the does ranged from 1 to 8 yr old (me-
dian 4 yr). The animals were kept under semi-intensive 
management for milk production, which was the pri-
mary breeding goal. The farmers selected replacements 
from among the daughters of high-yielding does. The 
males brought into the flocks originated from high-
yielding animals from other flocks. The animals grazed 
on pasture most of the year and were additionally fed 
concentrates. They spent most of the day outside and 
were moved into the shed during the night. They were 
mated to bucks, in an unsupervised manner, in June 
through September and delivered during December and 

March of the following year. The kids were weaned 45 
to 60 d after birth; subsequently, the does were milked 
by hand. Milking was ceased abruptly when the stock-
man felt that the milk yield was so reduced that it did 
not compensate for the cost of the milking routine and 
extra feeding.

The does were followed from December 2008 to March 
2010. During this period, we collected 1,268 paired milk 
(or colostrum) and blood samples. The lactating does 
within the flock were separated into 2 groups accord-
ing to kidding month. We sampled the first group of 
goats that kidded in December 2008 and followed them 
during the 7-mo lactation period until November 2009, 
covering early, mid, and late lactation. We followed the 
second group, which kidded during March 2009, from 
May 2009 until March 2010.

Diagnostic Tests

Collected milk and colostrum samples were centri-
fuged, skimmed (−8°C, 1,600 × g for 20 min), and 
stored at −21°C, until testing. Sera were tested using 
a commercial indirect ELISA kit (Idexx Pourquier, 
Montpellier, France) according to the manufacturer’s 
protocol. Skimmed colostrum and milk samples were 
tested by the same ELISA using the manufacturer’s 
protocol for bovine milk (Salgado et al. 2007). The 
paired sera and milk samples were tested simultane-
ously to avoid in-plate and in-day variability (Nielsen, 
2002). The recorded optical densities (OD) were trans-
formed to the sample-to-positive (S/P) ratio, which 
were kept on a continuous scale, instead of using several 
cutoffs to dichotomize the results, for further analysis 
(Toft et al., 2005).

Statistical Analyses

We implemented a Bayesian mixture modeling ap-
proach to predict the distribution of the serum and 
milk ELISA response by infection status separately for 
each lactation stage.

Definition of Infection Status. Bayesian mixture 
models for diagnostic test evaluation create their own 
probabilistic definition of infection, which implicitly as-
sumes a biological definition that has to be explicitly 
described. Essentially, this is determined by the target 
condition that the analytes and biomarkers of the test 
under consideration measure (Gardner et al., 2011). 
In our case, to describe MAP infection in biological 
terms, we used the approach described by Nielsen et al. 
(2002b) and Kostoulas et al. (2006). Hence, by “MAP 
infection” we mean that goats carry MAP intracellular-
ly; substantial replication need not take place because 
the infection can be latent. Entrance and persistence 
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of MAP have lasted long enough to give a detectable 
humoral immune response at any time during their life; 
we assumed that once an animal has an established 
infection, the infection persists for life.

Bayesian Mixture Model. The proposed model 
determines the distribution of the continuous serum 
and milk ELISA response by infection status and lacta-
tion stage, adjusting for the likely correlation of the 
OD measurements within animal and lactation stage. 
For each infection status, we assumed that either the 
original continuous test responses were normally dis-
tributed or could be transformed to normality using 
appropriate methods such as the log-transformation 
(Toft et al., 2005; Nielsen et al., 2007). Let Yij denote 
the log-transformed ELISA response of the ith doe at 
the jth lactation stage, with j = 1, …, 4 corresponding 
to kidding, early, mid, and late lactation stages for the 
serum ELISA and j = 5, …, 8 for the same stages 
for milk ELISA. Also, let Dij be the latent data that 
represents the unknown true disease status of each doe 
at each lactation stage, with Dij = 0 for the non-MAP-
infected and Dij = 1 for the MAP-infected individuals. 
The Yij follow a mixture multivariate normal distribu-
tion, with 2 mixture components:
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The Dij follow the Bernoulli distribution, where πj is the 
prevalence of the infection at each lactation stage, φ is 
the multivariate normal probability density function 
with parameters: μj0 (μj1) the mean vector and Σjj0 
(Σjj1) the variance co-variance matrix for the distribu-
tion of the healthy (diseased) animals. Because j = 1, 
…, 4 corresponds to the serum ELISA measurements 
and j = 5, …, 8 to milk ELISA measurements on the 
same individuals, πj = πj+4 for j = 1, …, 4. Given the 
distribution of the MAP-infected and the non-MAP-
infected individuals by lactation stage j, the Sej and the 
Spj for any cutoff value c ∈ (−∞, +∞) are defined as
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where Φ is the cumulative distribution function. Sub-
sequently, the receiver operator characteristic (ROC) 
curves can be constructed by plotting the pairs of the 
estimated (1 − Spj, Sej). The AUC for the serum and 
milk ELISA at each lactation stage is
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j j
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For either serum or milk ELISA, we selected as a poten-
tial optimum cutoff an S/P percentage that optimizes 
prevalence-independent summary measures of Se and 
Sp such as the Youden index J = max [Spj(c) + Sej(c) – 
1]. This occurs where the ROC curve gets closest to the 
top left corner of the graph (Fluss et al., 2005).

Finally, the correlation ρkD between the serum and 
milk ELISA for the non-MAP-infected (D = 0) and the 
MAP-infected (D = 1) individuals at the kth lactation 
stage can be estimated by the elements of the variance 
co-variance matrix: ρkD klD kkD llD= ( )σ σ σ2 , with k = 1, 
…, 4 and l = k + 4.

Constant Prevalence Across Lactation Stages. 
Paratuberculosis develops slowly and the prevalence 
of the disease is expected to remain unchanged across 
one lactation period. Thus, we also consider a slight 
modification of our initial model to allow for a constant 
prevalence across the whole observation period:

 D Bernoullii ~ ( ),π  

 Y Dij ij j jj
D

j jj
Di i( ) ⋅( ) ⋅( ) −~ , , ,ϕ μ ϕ μ1 1 0 0

1
Σ Σ  

Prior Selection. We selected noninformative priors 
for the parameters π, πk, μjD, and ΣjjD, that follow 
the Beta (Be), Normal (N) and Wishart distributions, 
respectively:

 π ~ ( , ),Be 1 1  

 ~ ( , ),πk Be 1 1  

 μ jD ~ ( , ),N 0 100  
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 Σ ΓjjD ~ ( , ),Wishart 8  

where Γ is an 8 × 8 matrix and 8 represents the degrees 
of freedom. To represent vague prior knowledge, we 
chose the degrees of freedom to be as small as possible, 
8 being the rank of ΣjjD.

Sensitivity Analysis. We also considered less dif-
fuse prior values, which is recommended when low 
information priors are used (Ntzoufras, 2009). Two 
alternative sets of priors were used in the sensitivity 
analysis. The first set was the same as for the primary 
analysis but with less diffuse priors specified on the 
mean of the healthy individuals and on the prevalence 
of infection: μj0 ~ N(0, 10), π ~ Be(2, 2), and πk ~ 
Be(2, 2). The second set was more informative on the 
same priors: μj0 ~ N(0.01, 0.07), π ~ Be(15, 2.6), and 
πk ~ Be(15, 2.6).

Assessment of Convergence. Convergence di-
agnostics for Markov chain Monte Carlo (MCMC) 
sampling are not foolproof. Therefore, a combination 
of diagnostics plus visual inspection of the trace plots 
and summary statistics is recommended (Best et al., 
1995). To assess the convergence of the MCMC, we 
checked the autocorrelations and the trace plots. We 
also checked the parameter summary statistics of 
90,000 iterations after a burn-in phase of 10,000 itera-
tions. This was adequate because the Raftery and Lewis 
(1992) method suggested that analytical summaries of 
45,000 iterations after a burn-in of 15 iterations were 
needed. To assess the effect of prior value selection on 
the conclusions, we obtained the posterior medians and 
credible intervals (CrI) of the AUC (Choi et al., 2006).

Statistical Software

The model was run in the freeware program Win-
Bugs (Spiegelhalter et al., 1996). The graphs in the 
manuscript were produced in the statistical package R 
(http://www.r-project.org/).

RESULTS

Figure 1 shows the distributions of the MAP-infected 
and healthy does for the serum and milk ELISA for 
each lactation stage. The estimated μj0 and μj1 and 
the corresponding 95% CrI for each of these distribu-
tions are presented in Table 1. Originally, means and 
CrI were obtained for the log-transformed values that 
were then back-transformed to the actual S/P scale. 
The mean S/P values of both serum and milk ELISA 
did not differ among lactation stages.

The estimated AUC and CrI by lactation stage are 
given in Table 2. Both tests in all lactation stages had 

average (0.7–0.9) overall discriminating ability as mea-
sured by the AUC. Both tests had comparable AUC 
across the different lactation stages. Further, for both 
tests, we observed no significant differences between 
the different lactation stages with the exception of the 
estimated AUC for the milk ELISA during kidding that 
had a lowered mean value of 63 (95% CrI: 39; 82). For 
both tests, the highest power to discriminate healthy 
from infected does was in late lactation.

The ROC curves for both tests by lactation stage are 
given in Figure 2. Evidently, despite the comparable 
overall discriminating ability, the tests had different 
diagnostic accuracy at selected cutoffs. The Se and Sp 
at the recommended cutoffs (S/P = 45% in serum and 
20% in milk) and at the 50% reduced cutoffs (Kos-
toulas et al., 2006) are given in Table 2. When the 
cutoff values were reduced, Se were increased without 
serious loss of Sp. Specifically, the optimum cutoffs that 
simultaneously maximized Se and Sp were 0.45, 0.45, 
0.46, and 0.47 for serum ELISA and 0.44, 0.43, 0.44, 
and 0.46 for milk ELISA at kidding, early, mid, and 
late lactation stages, respectively.

Estimates under the model assuming distinct preva-
lence for each lactation stage and that with constant 
prevalence were comparable (Tables 1 and 2), indicat-
ing that the non-lactation-stage-specific prevalence was 
similar.

DISCUSSION

We assessed the overall discriminatory power of serum 
and milk ELISA for the diagnosis of MAP infection in 
dairy goats at different lactation stages (kidding, early, 
mid, and late lactation). The estimated AUC, which 
serves as a global average statistic of the diagnostic 
validity of a test, indicated that both the serum and 
milk ELISA, at each lactation stage, are moderately 
accurate tests, because they fall within the 0.7 to 0.9 
interval (Greiner et al., 2000). The AUC estimates were 
in accordance with a previous AUC that measured the 
diagnostic accuracy of a serum ELISA in Greek goats 
(Kostoulas et al., 2006). In that study, they also used 
latent class models to adjust for all latent infection 
stages. The latent class models do not lead to overes-
timates of the diagnostic accuracy of tests, which can 
occur when the accuracy estimates are based on confir-
mation procedures that are used as gold standards but 
do not include all latent cases of infection.

The overall discriminatory power of the serum and 
milk ELISA tests was moderate because of the exis-
tence of latently infected animals that were at an early 
stage of infection. In the early stages of MAP infec-
tion, undetectable levels of antibodies are produced. 
Interferon-γ and tumor necrosis factor-α (TFN-α), 
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Figure 1. The predicted distributions of the sample-to-positive ratios (S/P) of the healthy and the infected population in serum (a, c, e, g) 
and milk (b, d, f, h) ELISA at (a, b) kidding, (c, d) early, (e, f) mid, and (g, h) late stage of lactation. Initial predictions were based on the vari-
able Yij = loge [(S/P) + 1], which was then back-transformed to the original S/P percentage. The gray area is the overlap between the healthy 
and infected populations. The better the discrimination ability of the test, the smaller the overlap.

Table 1. The estimated medians of the mean values of the distributions of the healthy and the diseased ELISA responses for each stage of 
lactation in serum and milk ELISA of the log normal sample-to-positive ratios (S/P),1 which was then back transformed 

Model2 ELISA
Lactation  
stage

Median of the mean S/P, 10−2 (95% credible intervals)

Log normal Back transformed

Healthy Diseased Healthy Diseased

I Serum Kidding 2 (0; 4) 41 (15; 67) 37 (37; 38) 55 (43; 72)
  Early 2 (1; 3) 52 (32; 73) 38 (37; 38) 62 (51; 76)
  Mid 3 (1; 5) 41 (15; 68) 38 (37; 39) 56 (43; 73)
  Late 4 (2; 5) 63 (37; 91) 38 (38; 39) 69 (53; 91)
 Milk Kidding 1 (−1; 3) 14 (12; 40) 37 (36; 38) 42 (33; 55)
  Early 1 (0; 2) 41 (19; 66) 37 (37; 38) 55 (44; 71)
  Mid 1 (−1; 3) 33 (3; 63) 37 (37; 38) 51 (38; 69)
  Late 4 (2; 5) 56 (31; 83) 38 (38; 39) 64 (50; 84)
II Serum Kidding 2 (0; 4) 37 (13; 62) 37 (37; 38) 53 (42; 69)
  Early 2 (1; 3) 51 (31; 72) 38 (37; 38) 61 (50; 76)
  Mid 3 (1; 5) 40 (14; 67) 38 (37; 39) 55 (42; 72)
  Late 4 (2; 5) 58 (33; 84) 38 (38; 39) 66 (51; 85)
 Milk Kidding 1 (−1; 3) 12 (−10; 36) 37 (36; 38) 42 (33; 53)
  Early 1 (0; 2) 40 (18; 65) 37 (37; 38) 55 (44; 70)
  Mid 1 (−1; 3) 32 (3; 61) 37 (37; 38) 50 (38; 67)
  Late 3 (2; 5) 55 (30; 81) 38 (38; 39) 64 (49; 83)
1Yij = loge [(S/P) + 1].
2In model I (II), we assumed different (constant) prevalence for each lactation stage.
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which activate macrophages and achieve control of the 
infection, usually precede a humoral response in goats 
(Storset et al., 2001; Lybeck et al., 2011) and cattle, 
although low levels of detectable antibodies could occur 
at this stage. Clearance may or may not occur because 
some macrophages remain inactive and infected. These 
macrophages decay sporadically within granulomas, 
which accounts for transient bacterial shedding. As 
MAP infection progresses, the cell-mediated immune 
reactions are no longer capable of controlling MAP pro-
liferation, and the shift to a humoral immune response 
and production of detectable levels of antibodies occurs 
(Stabel, 2000; Coussens, 2001).

The estimated AUC were comparable between serum 
and milk ELISA across all lactation stages. Therefore, 
the milk ELISA may be used instead of the serum ELI-
SA for the diagnosis of MAP infection in dairy goats. 
Both tests have similar discriminatory power but the 
former has the advantage that milk samples are easily 
collected, in a noninvasive way, which offers the farmer 
the opportunity to screen for MAP with lower labor 
and sampling costs.

The estimated means of the S/P ratio in milk were 
higher in late lactation than at kidding for the infected 
population (Table1). Nielsen et al. (2002a) suggested a 
similar trend in the milk of dairy cattle. Those authors 
also found high antibody levels at the beginning of lac-
tation, which was not observed in this study. Differences 

in the milking frequency, milk volume, and husbandry 
between dairy cattle and goats could partly explain 
this. An inverse relationship exists between milk vol-
ume and IgG concentration in dairy cattle (Pritchett et 
al., 1991), whereas milk IgG concentration is negatively 
correlated with milking frequency in goats (Hernández-
Castellano et al., 2011). Furthermore, the IgG levels in 
goat milk depend on the milking frequency and stage of 
lactation. In Greek dairy goat flocks, does are housed 
indoors with their newborn kids for the first 5 d after 
kidding. We collected colostrum samples 10 h after kid-
ding at a time at which the kids had increased suckling 
frequency. A similar trend was observed in Majorera 
goats where the colostrum IgG concentration declined 
rapidly in the first 10 h after kidding (Moreno-Indias et 
al., 2012). Greek dairy goats are milked once daily in 
late lactation, leading to a high antibody concentration 
in milk.

We estimated the optimum cutoffs that simultane-
ously maximize the Se and Sp of the ELISA for sera 
and milk testing at each lactation stage. The optimum 
cutoffs were similar to those recommended by the 
manufacturer for the serum ELISA. However, the rec-
ommended cutoff for the milk ELISA was lower than 
the optimum. The manufacturer proposes one cutoff for 
the blood and serum ELISA, which is not species spe-
cific. However, differences may exist in the distribution 
of MAP strains, immune response, ability to contain 

Table 2. The medians (95% credible interval in parentheses) of the area under the curve (AUC), and sensitivity (Se) and specificity (Sp) for 
the recommended and 50% reduced cutoffs at different stages of lactation in serum and milk ELISA 

Item Model1 ELISA

Lactation stage

Kidding Early Mid Late

AUC, 10−2 I Serum 84 (61; 96) 93 (76; 99) 83 (60; 95) 92 (74; 99)
  Milk 64 (38; 84) 87 (66; 97) 78 (52; 93) 89 (70; 98)
 II Serum 81 (60; 94) 93 (76; 99) 82 (59; 95) 89 (71; 98)
  Milk 63 (39; 82) 87 (66; 97) 77 (51; 93) 88 (69; 97)
Se,2 % I Serum 54 (30; 77) 67 (44; 86) 54 (30; 77) 74 (50; 92)
  Milk 45 (21; 71) 75 (50; 92) 64 (37; 86) 82 (60; 95)
 II Serum 50 (28; 73) 66 (44; 86) 53 (30; 77) 69 (47; 87)
  Milk 43 (21; 68) 74 (50; 92) 63 (37; 85) 81 (59; 94)
Se,3 % I Serum 70 (45; 89) 83 (62; 95) 70 (45; 89) 85 (64; 97)
  Milk 55 (30; 79) 82 (59; 96) 72 (45; 91) 87 (66; 97)
 II Serum 67 (43; 86) 83 (61; 95) 70 (45; 89) 81 (60; 94)
  Milk 53 (29; 76) 82 (58; 96) 71 (44; 90) 86 (66; 97)
Sp,2 % I Serum 100 (100; 100) 100 (100; 100) 100 (99; 100) 100 (100; 100)
  Milk 95 (91; 97) 98 (96; 99) 95 (91; 98) 93 (89; 96)
 II Serum 100 (100; 100) 100 (100; 100) 100 (99; 100) 100 (100; 100)
  Milk 96 (92; 98) 98 (96; 99) 94 (90; 97) 95 (92; 97)
Sp,3 % I Serum 96 (93; 98) 98 (96; 99) 94 (90; 97) 95 (92; 97)
  Milk 79 (72; 85) 84 (79; 88) 79 (72; 85) 73 (66; 78)
 II Serum 95 (91; 97) 98 (96; 99) 95 (91; 98) 93 (89; 96)
  Milk 79 (72; 84) 84 (79; 88) 79 (72; 85) 73 (66; 78)
1In model I (II), we assumed different (constant) prevalence for each lactation stage.
2The Se and Sp estimated at the recommended cutoffs (S/P = 45% for serum and S/P = 20% for milk). S/P = sample-to-positive ratio.
3The Se and Sp at the 50% reduced cutoffs (S/P = 22.5% for serum and S/P = 10% for milk).
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infection, and clinical manifestations between cattle, 
sheep, and goats. Thus, a species-specific approach is 
preferable (Kostoulas et al., 2006). Variable strains of 
MAP stimulate variable levels of antibody response in 
goats and cattle. The major strain types, S- and C-
type, are not host specific (de Juan et al., 2005; Sevilla 
et al., 2007). In a recent study in northern Greece, sig-
nificant genetic diversity of MAP isolates was found in 
small ruminants (Dimareli-Malli et al., 2013). In terms 
of clinical disease, goats appeared more susceptible to 
MAP infection, whether infected with S- or C-type, 
than sheep, with cattle being the most resistant (Stew-
art et al., 2007). Other papers that applied the same 
ELISA at the recommended cutoffs in dairy cattle and 
goats found agreement between the proportion positive 

in milk ELISA with that in fecal culture, whereas the 
proportions positive in serum ELISA and fecal culture 
were not in agreement (Hendrick et al., 2005; Salgado 
et al., 2007).

When we lowered the recommended cutoff, we im-
proved Se without serious loss of Sp (Table 2), which 
is in accordance with previous findings in goats (Kos-
toulas et al., 2006). The suggested optimum cutoffs 
that simultaneously maximize Se and Sp correspond to 
an informed decision that assigns equal weights to the 
costs of false-positive and false-negative test outcomes 
and implies that the prevalence in the target popula-
tion is about 50%. This approach may not always fully 
exploit the information provided by the diagnostic 
test in the context of a particular diagnostic objective, 

Figure 2. Receiver operating curves in serum (solid line) and milk (long-dash) ELISA at (a) kidding, (b) early, (c) mid, and (d) late stage 
of lactation. For comparison, the short-dash line depicts the curve of a noninformative test, with the area under the curve equal to 0.5. Marked 
points (�) correspond to the values closest to the upper left corner of the unit square. Se = sensitivity; Sp = specificity.
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but facilitates comparison of different diagnostic tests. 
Cutoff selection is an informed procedure that takes 
into account the epidemiological situation in the tar-
get population and the relative consequences of false-
negative and false-positive test results that are defined 
on the grounds of a specific decision-making situation 
(Greiner et al., 2000) and may not necessarily be set to 
equal. Kostoulas et al. (2006) provided different cutoffs 
for the serum ELISA in sheep and goats for variable 
prevalence schemes and ratios of relative costs. How-
ever, our approach gives lactation-specific distributions 
of healthy and infected dairy goats that permit con-
tinuous interpretation of test results. The continuous 
interpretation eliminates the loss of information that 
occurs under dichotomization of continuous test results. 
Dichotomization of continuous results leads to a loss of 
valuable information because the information conveyed 
in the test result is reduced to considering all positive 
results equal. Hence, potential associations between the 
continuous test result and risk factors or productivity 
indices is attenuated or lost. A diagnostic interpretation 
approach that utilizes the actual continuous responses 
has recently been proposed (Toft et al., 2005) and 
utilized in the identification of the different stages of 
MAP infection. Decision making, such as culling or no 
culling, can be based on this continuous interpretation 
in connection with productive and reproductive indices 
of dairy cattle (Toft et al., 2005; Nielsen et al., 2007).

The sensitivity analysis suggested that the posterior 
distributions were robust under alternative prior infor-
mation. Specification of more informative priors gave 
results similar to the primary analyses that included 
vague prior information. Alternative co-variance struc-
tures (compound symmetry, first-order autoregressive) 
were not considered because we expected an inadequate 
fit to our data. A correlation pattern in dairy cattle 
has shown that the antibodies in milk are increased at 
the beginning and the end of lactation (Nielsen et al., 
2002a). We observed a similar trend in a preliminary 
analysis that was based on the calculation of the corre-
lation of concordance (Aggelidou et al., 2012). Thus, we 
chose the unstructured co-variance matrix that comes 
at a cost in the number of parameters to be estimated 
but allows for estimations that are uniquely based on 
our data, which was preferable given the absence of 
relevant studies in goats. Specifying the appropriate 
model for within-subject correlation is essential for 
drawing accurate and powerful conclusions. The sim-
plest form should be chosen but not at the expense of 
capturing the correct correlation pattern (Guerin and 
Stroup, 2000).

We also considered 2 different variations of the same 
model, one assuming a different prevalence of MAP 

infection for each lactation stage (primary analysis) 
and one setting MAP prevalence as constant across 
all lactation stages. Prevalence, AUC, Se, and Sp esti-
mates under the alternative model specifications were 
similar (Table 2), indicating that, because of the low 
progression of MAP infection, the prevalence of MAP 
can be considered relatively constant during the 14-mo 
follow-up period. In endemic situations, MAP infection 
can be expected to develop slowly over time (Chiodini 
et al., 1984).

CONCLUSIONS

The milk ELISA can be as accurate as serum ELISA 
across all lactation stages and especially in late lacta-
tion. Also, because the prevalence of MAP is constant, 
there is no need for lactation-stage specific selection to 
detect the disease. The milk ELISA is preferred over 
the serum ELISA because milk sampling is a nonin-
vasive, rapid, easy to apply, and low-cost procedure. 
Milk ELISA could serve as the diagnostic tool of choice 
during the implementation of MAP control programs 
that require frequent testing.
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