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The bacterium Mycoplasma bovis causes disease in cattle of all ages. An apparent increase in the occurrence
of M. bovis associated outbreaks among Danish dairy cattle herds since 2011 has prompted a need for
knowledge regarding herd-level diagnostic performance. Therefore, the objective of this study was to
evaluate the herd-level diagnostic performance of an indirect ELISA test by comparison to a real-time
PCR test when diagnosing M. bovis in cattle herds of bulk tank milk.

Bulk tank milk samples from Danish dairy herds (N=3437) were analysed with both the antibody
M . detecting BIO K302 M. bovis ELISA kit and the antigen detecting PathoProof Mastitis Major-3 kit. As none

lycoplasma bovis . . . . . .
ELISA of these are considered a gold standard test for herd-level diagnostics we applied a series of Bayesian
PCR latent class analyses for a range of ELISA cut-off values. The negative and positive predictive values were
calculated for hypothetical true national prevalences (1, 5, 10, 15 and 20%) of infected herds.

We estimated that the ELISA test had a median sensitivity and specificity of 60.4 [37.5-96.2 95% Poste-
rior Credibility Interval] and 97.3 [94.0-99.8 95% PCI] at the currently recommended cut-off (37% Optical
density Coefficient). These changed to 43.5 [21.1-92.5 95% PCI] and 99.6 [98.8-100 95% PCI] if the cut-off
was increased to 50 ODC%. In addition, herd-level diagnosis by ELISA would result in fewer false positives
at a cut-off value of 50 ODC% compared to 37 ODC% without compromising the negative predictive value.
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1. Introduction

The bacterium Mycoplasma bovis (M. bovis) causes disease in
cattle of all ages. In young calves, M. bovis is commonly associated
with otitis media, pneumonia and arthritis. In cows, it is primarily
reported in cases with mastitis (Maunsell et al., 2011; Nicholas and
Ayling, 2003). M. bovis can cause chronic infections that are difficult
to treat and it can also be carried asymptomatically (Brown et al.,
1990; Byrne et al., 2005 Fox et al., 2005). The movement of carrier
animals allows M. bovis to spread unnoticed between farms and
this inevitably lead to production losses and impairment of animal
welfare. A US estimate on the annual costs of M. bovis infection was
made in 1999, where it was found to exceed US$ 130 million for the
US dairy and beef industry (Rosengarten and Citti, 1999). In Europe,
the M. bovis herd-level prevalence has previously been estimated
to be between 1.5% and 5.4% based on bacteriological culture of
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bulk tank milk (BTM) (Filioussis et al., 2007; Passchyn et al., 2012;
Pinho et al., 2013). The last published study on Danish herd-level
prevalence found 10 out of 227 (4.4%) BTM samples from different
herds positive by culture (Friis, 1984) and the current herd-level
prevalence is unknown. Recently a number of Danish dairy farms
have reported severe outbreaks of M. bovis, and this has resulted in
arenewed focus on the bacterium within the Danish farming com-
munity. If a potential future surveillance or control programme is
to be initiated an evaluation of the applied diagnostic test methods
must be performed. This has not been done for herd-level diagnos-
tics of M. bovis with the current diagnostic methods.

Herd-level diagnosis of M. bovis, based on bacteriological cul-
ture, has been applied to BTM samples in both routine surveillance-
and eradication efforts (Passchyn et al., 2012; Pinho et al., 2013).
However, this method can be relatively expensive compared to
more modern methods. More cost-effective alternative diagnos-
tic methods based on either polymerase chain reaction (PCR) or
enzyme-linked immunosorbent assays (ELISA) are commercially
available. Some PCR based tests have been applied for herd-level
diagnosis of M. bovis in BTM samples (Arcangiolietal.,2011; Justice-
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Allen et al.,, 2011) and have shown similar sensitivity (Se) and
specificity (Sp) to bacterial culture (Cai et al., 2005). A number of
ELISAs for animal-level diagnostics of M. bovis are described in the
literature (Ghadersohi et al., 2005 Uhaa et al., 1990). None of these
have, to the best of the authors’ knowledge, been evaluated for use
on BTM samples.

The diagnostic performance of a test is commonly evaluated
against areference test, which is assumed to be a gold standard with
perfect Se and Sp. Alatent class analysis (LCA) allows the estimation
of Se and Sp of the evaluated diagnostic tests, in a population where
the underlying true infection status is unknown (Hui and Walter,
1980). The infection dynamics of M. bovis within a herd make it
likely that the analytes of an antibody detecting ELISA and a PCR
test will be present simultaneously in a BTM sample (Pfiitzner and
Sachse, 1996). The presence of these two analytes could thereby
reflect an underlying infection state of the herd, whenever an M.
bovis outbreak is ongoing.

Therefore the objective of this study was to estimate the per-
formance of an ELISA test (BIO K 302 M. bovis ELISA kit, Bio-X
Diagnostics, Jemelle, Belgium) by comparison to a PCR test (Patho-
Proof Mastitis Major-3 kit, Thermo Fisher Scientific, Helsinki,
Finland) for herd-level diagnostics of M. bovis, using LCA. The effect
on the Se and Sp, by applying different cut-off values for the ELISA
when keeping the PCR cut-off constant, was evaluated and the pos-
itive and negative predictive values (PPV and NPV) were calculated
at arange of hypothetical true prevalences of M. bovis infected dairy
herds.

2. Materials and methods
2.1. Sample material

BTM samples from all Danish dairy herds were collected during
the period from August 27 to November 28, 2013. The BTM samples
were collected by the milk hauler, using standardized procedures,
to ensure representative sampling of the whole bulk tank of milk.
The farmers were not informed of when the samples would be col-
lected. This procedure is a part of the Danish milk quality control
scheme and is routinely performed during milk collection for the
dairy plant. All samples were tested with both the ELISA and the
PCR assay in a blinded setup, at the Eurofins Steins A/S Laboratory,
Holstebro, Denmark as described in the following sections.

In order for a sample to be included in the analysis, it had to
have been collected during the study period and successfully ana-
lysed with both tests on the same sample. All farms with paired
test results had their geographical location as UTM (EUREF89, Zone
N 32) X and Y coordinates included in the dataset. The data were
divided into a north and south sub-population based on a line
at the UTM coordinates 6300000 north, as required by the anal-
ysis assumptions (see Latent Class Analysis section). This split is
required to obtain the minimal degrees of freedom in the data. The
division was based on industry reports of a high proportion of M.
bovis cases in Northern Jutland, compared to the rest of Denmark.

All data were obtained from the Knowledge Center for Agricul-
ture, Cattle, Aarhus, Denmark.

2.2. PCR test

The qPCR test, Thermo Scientific PathoProof Mastitis-3 Kkit,
Thermo Fisher Scientific, Helsinki, Finland, was performed accord-
ing to the manufacturer’s instructions described in the kit manual.
Thus, the cycle threshold (Ct) cut-off value was set to 37, meaning
that Ct values <37 were considered positive and Ct values >37 were
considered negative.

2.3. ELISA test

The ELISA, Bio-X BIO K 302 M. bovis ELISA kit, Bio-X Diagnostics,
Jemelle, Belgium, was performed according to the manufactures
instructions described in the M. bovis ELISA Kit insert. In brief, the
kit is an indirect ELISA with recombinant protein of M. bovis coated
wells. Positive and negative control samples were included on the
plates for quality control and calculation of the sample coefficient.
The coefficient is calculated by: ODC%=(0OD sample - OD nega-
tive control)/(OD positive control - OD negative control) x 100%.
When applied to animal level samples, a sample coefficient >37
ODC% is considered positive, and a sample coefficient <37 ODC% is
considered negative by the manufacturer.

2.4. Latent class analysis

In order to evaluate the two diagnostic tests, we performed a
series of Bayesian latent class analyses (Branscum etal., 2005) based
on the two populations, two tests conditional independence model
(Hui and Walter, 1980). The model assumptions were (1) the data
consisted of two subpopulations with different true prevalence, (2)
the Se and Sp of the two tests were constant across the subpopu-
lations, and (3) the tests were conditionally independent given the
true disease state. Each LCA was performed for a range of ELISA cut-
off values: 20, 30, 37, 40, 50 and 60 ODC%, where the 37 ODC% is the
manufacturers recommended cut-off for animal-level testing. The
PCR cut-off was kept constant at sample positive <37Ct, for all esti-
mates. The Se and Sp were compared between tests by calculating
the Bayesian posterior probabilities (POPR) of the two hypothe-
ses Hy: Segpisa > Sepcr and Hg: SPELISA > SPPCR. This was evaluated
as the proportion of Markov Chain Monte Carlo (MCMC) samples
where the hypotheses were true. Based on the Se and Sp, as well as
a range of simulated true herd-level prevalences (1%, 5%, 10%, 15%
and 20%), we calculated the PPV and NPV for the ELISA.

The posterior distributions for all parameters were sampled
for 20,000 iterations, after the initial 10,000 burn-in iterations
were discarded. We applied uninformative beta prior distributions,
i.e. with both shape parameters set to one for the Se and Sp of
both tests and for the true prevalence parameter in each of the
two sub-populations. In order to diagnose the MCMC sampling,
three randomly seeded Markov chains were generated for each
analysis. MCMC sampling diagnostics was performed with time-
series- and autocorrelation-plots of the respective chains, and by
Gelman-Rubin diagnostics as suggested by (Toft et al., 2007). The
analysis was carried out in OpenBUGS version 3.2.2 rev 1063 (Lunn
et al., 2000) and R version 3.0.2 (R Core Team, 2013).

3. Results

Of the 3,523 BTM samples collected in the study period, 86 sam-
ples were excluded due to lack of sample material or because they
were resamplings from an already sampled farm. This left 3,437
samples from Danish dairy cattle farms for the analysis (i.e. more
than 95% of the active dairy farms in Denmark at the sampling
time).

Fig. 1 and Table 1, respectively, show the distribution of paired
test outcomes and their counts when divided into the two sub-
populations for increasing ELISA cut-offs. The apparent herd-level
prevalence in the two subpopulations was 9.7% (north) and 6.7%
(south) for the ELISA, and 2.0% (north) and 1.5% (south) for the PCR.
The nation-wide apparent prevalence was 7.2% and 1.6% by ELISA
and PCR, respectively, at the manufacturers recommended cut-offs
for animal-level diagnosis.

The effects of increasing the ELISA cut-off can be seen in Table 2.
As expected, increasing the ELISA cut-off value resulted in lower Se
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Table 1
Observed counts of paired test outcomes (ELISA/PCR: +/+, +/—, —[+, —/—) per sub-population.
ELISA | PCR
North South
+[+ +/— —[+ —/- +[+ +/— —[+ —/-
ELISA 20 10 331 0 162 42 1592 6 1294
Cut- 30 7 93 3 400 31 426 17 2460
off 37 4 44 6 448 21 176 27 2710
value 40 4 27 6 466 19 119 29 2766
50 2 1 8 482 13 27 35 2859
60 2 3 8 490 8 15 40 2871
Table 2
Sensitivity (Se), specificity (Sp) and true sub-population prevalence (Tp) median estimates with 95% Posterior Credibility Intervals (PCI).
Test Sub-population
ELISA PCR North South
Parameter Se Sp Se Sp Tp Tp
ELISA cut-off Median [95% PCI]
20 94.7 [82.9;99.8] 65.1 [49.9;96.5] 3.8 [2.2;8.5] 99.7 [99.3;100] 56.0 [33.9;75.5] 35.6 [13.1;59.4]
30 79.7  [59.4;98.7] 915  [85.5;99.4] 120  [5.9:45.2] 99.6  [99.2;100] 158  [4.2;28.8] 100 [24;21.1]
37 60.4 [37.5;96.2] 97.3 [94;99.8] 153 [8.2;48.4] 99.5 [98.9;100] 11.4 [3.2;23.2] 6.7 [1.8;14.5]
40 58.1 [34.5;96.1] 97.6 [95.6;99.8] 245 [11.4;82] 99.5 [98.8;100] 6.4 [1.4;15.3] 4.1 [1:10.4]
50 435  [21.1;925] 996  [98.8;100] 369  [202;845] 993  [98.7;100] 45 [1.1;10.8] 22 [0.7;5.4]
60 33.2 [12.7;90.4] 99.7 [99.3;100] 53.3 [24.8;95.6] 99.2 [98.5;100] 2.3 [0.5;6.7] 1.4 [0.4;4.4]
X above. The true prevalence in both sub-populations was observed
n . .
| to decrease with a higher ELISA cut-off.
1 Fig. 2 shows the ELISA predictive values a cut-off of 37 and
! 50 ODC%. The major difference in the predictive test performance
150 5 : between the two cut-offs was in the estimated PPVs. The median
| PPV estimates were consistently higher at the high cut-off value
+ 1 of 50 ODC%. This would translate into the following estimates
%) + . .- . .
S 1 of false negatives and false positives in a hypothetical popula-
Q 100 - + : tion of 3,437 dairy farms, where the true herd-level prevalence
= ) : is 5%: The median estimates of false negative farm diagnoses
< + + 1 = would increase from 3.7 farms (0.4-5.6; 95% PCI) to 5.0 (0.6-6.9;
w 1 l 95% PCI) if the cut-off was increased from 37 to 50 ODC%. The
+ + . I .
+ &+ + ! - median number of false positive herd diagnoses would decrease
50 — g + N ;+ -1—' : . from 78.9 farms (8.3-118.7; 95% PCI) to 23.5 (1.3-68.9; 95%
37 4 = === R T e EE G = PCI).
A, A, y 3
4 A A,ay .
e A A a2 3
1
T I I { 4. Discussion
25 30 35 37 40
PCR (Ct)

ELISA/PCR: e Neg/Neg 4 Neg/Pos ® Pos/Neg + Pos/Pos

Fig. 1. Test results for 3437 bulk milk tank samples. The dotted lines indicate the
manufacturers recommended cut-offs for the respective test at animal level. Cut-off
values for herd-level diagnosis are not available. Data points have been ‘jittered’ to
facilitate visualisation.

and higher Sp estimates for the ELISA. However, for PCR the Se was
observed to increase and the Sp to decrease when increasing the
ELISA cut-off value. For the Seg;jsa > Sepcr hypothesis, the POPR,
value was higher than 0.95 for all cut-offs lower than 40 ODC%.
That is, the ELISA Se had a probability of more than 95% of being
higher than the PCR Se, at those cut-off values. The POPR was 0.90,
0.63 and 0.23 at cut-off values of 40, 50 and 60 ODC%. None of the
POPR-values for the Spgisa > Sppcr hypothesis were above 0.95.
However the probabilities diverged markedly between the 40 and
50 ODC% cut-offs. At cut-offs lower than or equal to 40 ODC%, the
POPR was at most 0.08 and it changed to at least 0.67 at 50 ODC% or

4.1. Result summary

We have evaluated the herd-level performance of the Bio-X BIO
K 302 M. bovis ELISA kit, which is currently in use for screening of
Danish dairy farms on BTM samples, by comparison to the Thermo
Scientific PathoProof Mastitis-3 PCR kit. The evaluation was done
using a Bayesian LCA, thereby omitting the need to consider either
test as a perfect reference test.

The analysis found that the ELISA had higher median Se, except
at 60 ODC%. The ELISA median Sp was more comparable to the
PCR test Sp, when its cut-off value was increased above the manu-
facturer’s recommended cut-off value for animal-level diagnostics.
The effect of increasing the cut-off appears to have limited impact
on the ELISA NPV, but the PPV appears to improve markedly by
changing the cut-off from 37 to 50 ODC%.

A change in cut-off value will affect the underlying disease def-
inition in the LCA and a comparison of the test performance across
the evaluated cut-offs should therefore be done with caution. How-
ever, the POPR values do show that a cut-off of 50 ODC% is the lowest
value where the ELISA is more probable to have a higher Se than
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Fig. 2. Median estimates for the positive (PPV) and negative (NPV) predictive values of the ELISA test (95% PCI) at two different cut-off values (37 and 50 ODC%).

the PCR. This is furthermore the lowest ELISA cut-off where the Sp
is probabilistically in favour of the ELISA.

4.2. Latent herd-level infection state

The fundamental prerequisite for evaluating diagnostic tests by
LCA is the measurement of the same latent infection state by the
tests under evaluation. In this case, when establishing a herd-level
diagnosis of M. bovis from BTM samples, it is necessary to discuss
the latent state, as the PCR test is limited to detection of free M.
bovis DNA in a milk sample whereas the ELISA has the capabil-
ity to detect antibodies directed against M. bovis secreted in the
milk. This implies that the latent herd-level infection state in this
study is defined by a situation with simultaneous presence of both
target analytes in a BTM sample. These two events are not guar-
anteed to reflect the same latent state at animal-level, e.g. it is not
known whether arthritis leads to M. bovis DNA in the milk. How-
ever,a BTM sample can be representative for the herd-level M. bovis
infection status because it represents a combination of different
animal-level infections. It is expected, that all infected animals will
go through at least one phase where either bacterial DNA, antibod-
ies, or a combination, is excreted through their milk (Pfiitzner and
Sachse, 1996). At herd-level it therefore becomes more likely that a
situation which reflects the latent herd-level infection state occurs,
as more animals within a herd become infected and thereby a larger
combination of animal-level infection types becomes present.

At animal-level IgA and IgG concentrations remain elevated at
least 57 days post experimental inoculation (Bennett and Jasper,
1980) and an animal’s antibody levels would remain higher after
seroconversion compared to prior to infection. This might carry
over into a higher antibody signal at herd-level and thereby lead
to false positive ELISAs relative to the latent definition. This would
explain the high number of samples with high ODC% values but a Ct
value of 40 (Fig. 1). Likewise, a short period could exist prior to an
antibody response, where a PCR result would be false positive rel-
ative to the infection state. We assumed that this period was short
enough not to affect the results. However, false positive reactions
may occur in the PCR test due to carry-over of DNA-material from
other infected farms in the sampling equipment or at the auto-
mated handling of the samples at the laboratory. This may be part
of the explanation for the slightly lower Sp of the PCR compared to
the ELISA.

It is apparent that the latent disease definition is dependent on
the chosen cut-off values. Significant linear correlations between
BTM ELISA measurements and the within-herd prevalence have
been found for other diseases. However, other factors can also influ-

ence the BTM ELISA values and make the interpretation and use
of ELISA tests on herd-level difficult (Nielsen and Ersbgll, 2005;
Nielsen and Toft, 2014). None of these studies investigated M. bovis,
but were conducted on milk samples from Danish dairy herds
and with indirect ELISAs. The same trend is also seen for M. bovis
(Unpublished results). The test parameters at a chosen cut-off value
should therefore be interpreted as representing a latent infection
level that reflects a certain level of infected animals in the herd, but
the variation can also be influenced by other factors.

4.3. Assumptions

The general effects of violating the LCA assumptions has previ-
ously been examined thoroughly in the literature (Toft et al., 2005).
Using LCA for diagnostic test evaluation implies that the same
latent herd-level infection status is measured by both tests and
that the tests are conditionally independent given disease status
(CID). The evaluated tests aim to detect infection with M. bovis by
different biological mechanisms, thus supporting the CID assump-
tion.

The true herd-level prevalence (Table 2) decreased for increas-
ing ELISA cut-off values and intuitively these estimates should be
constant. The change in prevalence is a consequence of the change
in the definition of the underlying true infection status when the
ELISA cut-off is altered. The effect caused by changing the latent
infection definition, has been observed in other LCA test evalua-
tions on BTM samples (Mweu et al., 2012). In our case the change
in infection definition should be interpreted as observing a herd
with a higher level of infection at increasing ODC% values, because
a higher proportion of infected cows would lead to a higher BTM
antibody concentration. Therefore, the prevalence estimates are
dependent on the level of infection in the herds. Despite the chang-
ing prevalence estimates, differences between the north and south
populations were apparent for all cut-offs. The effect of this is also
responsible for the change in PCR Se and Sp estimates at the differ-
ent ELISA cut-off levels.

If the homogeneity of the Danish dairy cattle population and
the non-biological type of split are taken into consideration, then
the assumption of having constant Se and Sp across the two sub-
populations is likely to be valid.

5. Conclusion

We have evaluated the Bio-X BIO K 302 M. bovis ELISA Kkit,
which is currently in use for screening of Danish dairy farms, using
BTM samples against the Thermo Scientific PathoProof Mastitis-3
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PCR kit. We estimated that the ELISA would have more favourable
Sp and keep having a better Se, compared to the PCR, if the
cut-off was increased to at least 50 ODC%, rather than using the
manufacturer’s recommended value suggested for animal-level
diagnosis (37 ODC%). The NPV is comparable for both cut-off val-
ues, but the number of false positives would be reduced at a higher
cut-off, thereby improving the PPV.
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