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a b s t r a c t
Danish farmers can order a real-time PCR mastitis diagnostic test on routinely taken
cow-level samples from milk recordings. Validation of its performance in comparison to
conventional mastitis diagnostics under ﬁeld conditions is essential for efﬁcient control of
intramammary infections (IMI) with Staphylococcus aureus (S. aureus). Therefore, the objective of this study was to estimate the sensitivity (Se) and speciﬁcity (Sp) of real-time PCR,
bacterial culture (BC) and California mastitis test (CMT) for the diagnosis of the naturally
occurring IMI with S. aureus in routinely collected milk samples using latent class analysis (LCA) to avoid the assumption of a perfect reference test. Using systematic random
sampling, a total of 609 lactating dairy cows were selected from 6 dairy herds with bulk
tank milk PCR cycle threshold (Ct) value ≤39 for S. aureus. At routine milk recordings, automatically obtained cow-level (composite) milk samples were analyzed by PCR and at the
same milking, 2436 quarter milk samples were collected aseptically for BC and CMT. Results
showed that 140 cows (23%) were positive for S. aureus IMI by BC while 170 cows (28%)
were positive by PCR. Estimates of Se and Sp for PCR were higher than test estimates of BC
and CMT. SeCMT was higher than SeBC however, SpBC was higher than SpCMT . SePCR was 91%,
while SeBC was 53%, and SeCMT was 61%. SpPCR was 99%, while SpBC was 89%, and SpCMT was
65%.
In conclusion, PCR has a higher performance than the conventional diagnostic tests (BC
and CMT) suggesting its usefulness as a routine test for accurate diagnosis of S. aureus IMI
from dairy cows at routine milk recordings. The use of LCA provided estimates of the test
characteristics for two currently diagnostic tests (BC, CMT) and a novel technique (realtime PCR) for diagnosing S. aureus IMI under ﬁeld conditions at routine milk recordings in
Denmark.
© 2013 Elsevier B.V. All rights reserved.

∗ Corresponding author at: HERD: Centre for Herd-oriented Education, Research and Development, Department of Large Animal Sciences, Faculty of
Health and Medical Sciences, University of Copenhagen, DK-1870 Frederiksberg C, Copenhagen, Denmark. Tel.: +45 35 33 30 56; fax: +45 35 33 30 22.
E-mail addresses: yasser@sund.ku.dk, yasser saad eldien@yahoo.com (Y.S. Mahmmod).
0167-5877/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.prevetmed.2013.07.021

Please cite this article in press as: Mahmmod, Y.S., et al., Bayesian estimation of test characteristics of real-time PCR,
bacteriological culture and California mastitis test for diagnosis of intramammary infections with Staphylococcus aureus
in dairy cattle at routine milk recordings. PREVET (2013), http://dx.doi.org/10.1016/j.prevetmed.2013.07.021

G Model
PREVET-3413; No. of Pages 9

ARTICLE IN PRESS
Y.S. Mahmmod et al. / Preventive Veterinary Medicine xxx (2013) xxx–xxx

2

1. Introduction
Staphylococcus aureus (S. aureus) is a major cause of
intramammary infections (IMI) leading to damage of udder
tissue and clinical mastitis episodes with subsequent high
economic losses (Barkema et al., 2006; Reyher et al., 2012).
Halasa et al. (2009) concluded that subclinical IMI with S.
aureus was associated with high economic losses of an average of D 1219 total annual net costs for a herd of 100 dairy
cows. Sørensen et al. (2010) reported that clinical S. aureus
IMI was associated with the highest economic losses of
D 570 per case, in comparison to economic losses caused by
other investigated mastitis pathogens. Hence, reducing the
incidence of S. aureus IMI in dairy cows represents a corner
stone for economically sound udder health management.
However, the reduction of the incidence of S. aureus IMI
will deﬁnitely require an accurate diagnostic test. Therefore, diagnostic techniques with high performance are a
necessity for efﬁcient biosecurity and control of S. aureus
IMI.
The control of S. aureus is contingent on accurate diagnosis of IMI, and bacteriological culture (BC) of milk samples
is the most common carried out diagnostics of S. aureus
IMI. The sensitivity (Se) of BC for detection of S. aureus IMI
from single quarter milk samples has previously been estimated to 75% (Sears et al., 1990), to 62% (Sanford et al.,
2006), and a range 44–90% based on 12 different deﬁnitions of IMI (Dohoo et al., 2011). The Se can be increased to
94–99%, if two or three consecutive samples are collected
over a period of time (Sears et al., 1990; Buelow et al., 1996;
Anderson and Pritchard, 2012), however, such requirements are cumbersome and cost prohibitive in ﬁeld studies
and day-to-day mastitis diagnostics. S. aureus bacteria are
shedded intermittently (Sears et al., 1990; Anderson and
Pritchard, 2012), so that the numbers of S. aureus bacterial numbers in milk may be high for a while, followed by
a period with much lower to undetectable numbers. As a
consequence not all the bacterial cells of S. aureus that are
present in an infected mammary gland will be present in
single milk sample (Sol et al., 2002; Ghorbanpoor et al.,
2007). Hence, BC may not be completely satisfactory for
the diagnosis of S. aureus IMI.
The California mastitis test (CMT) has been accepted
as a quick, cheap, and simple cow-side test for screening
for subclinical IMI under ﬁeld conditions (Schalm and
Noorlander, 1957). Sanford et al. (2006) found that the Se
and Sp of CMT for identifying the major pathogens including S. aureus were 79% and 46%, respectively, while they
were 66.7% and 54.8%, respectively in a study by Sargeant
et al. (2001). The CMT can be used to point out potentially
subclinically infected cows for follow-up diagnostics with
BC or PCR.
A commercially available multiplex real-time PCR technique such as the PathoProofTM Mastitis PCR Assay (Thermo
Fisher Scientiﬁc, Vantaa, Finland), is a faster and accurate
alternative to BC (Taponen et al., 2009; Koskinen et al.,
2009). The assay has previously shown a higher Se and
speciﬁcity (Sp) than BC in isolates originating from clinical bovine mastitis (Koskinen et al., 2009) and subclinical
IMI with Streptococcus agalactiae (S. agalactiae) (Mahmmod
et al., 2013a). The assay is performed directly on raw or

preserved milk samples and takes about 3–4 h from DNA
extraction until results are available.
Since 2010, Danish farmers have been able to order
cow-level PCR tests (PathoProofTM Mastitis PCR assay)
automatically as part of routine milk testing (Katholm,
2010). Relatively few published studies have evaluated
the accuracy of different PCR techniques based on comparison to imperfect reference tests (Ahmadi et al., 2010;
Friendship et al., 2010). On quarter-level, Paradis et al.
(2012) estimated the diagnostic accuracy of a multiplex
real-time PCR and BC for subclinical IMI with S. aureus using
Bayesian analysis. The authors estimated the Se of BC of 66%
and 83% based on the IMI deﬁnition of 10 cfu and 1 cfu per
0.01 ml, while the Se of PCR was 95% and 88%, respectively.
In both tests Sp was ≥99%. Cederlöf et al. (2012) reported
Se and Sp of 93% and 95% for PCR tests on routinely taken
samples from milk recording, while it was 83% and 97%
for BC on sterile quarter foremilk samples, respectively. In
that study, all milk samples used for BC were frozen prior to
analysis. Freezing was found to increase the likelihood for
obtaining S. aureus in the milk sample and improve the Se
of BC (Villanueva et al., 1991; Sol et al., 2002). To the best of
our knowledge, PCR tests have not been evaluated on cow
level against BC and CMT from fresh milk samples obtained
as part of routine milk recording from all cows within the
herd.
When neither diagnostic test can be regarded as perfect test, latent class analysis (LCA) (Hui and Walter, 1980)
can be an alternative procedure, which does not assume
that the accuracy of either the reference test or the test
under evaluation is known (or that a perfect reference test
for subject classiﬁcation is available). By using LCA, the disease status exists but is not known; it is latent (Toft et al.,
2007). Using LCA Sanford et al. (2006) estimated the Se and
Sp of CMT and BC for detection of IMI at dry-off and demonstrated that CMT could be a valuable tool to identify cows
with IMI for selective dry cow treatments in herds with low
prevalence of major pathogens. However, studies estimating the Se and Sp of PCR from routinely collected test-day
samples against CMT and BC for S. aureus from randomly
selected cows in different stages of lactation have not yet
been published. The objective of this study was to estimate
the Se and Sp of real-time PCR assay, BC and CMT for the
diagnosis of the naturally occurring IMI with S. aureus in
routinely collected milk samples using LCA to avoid the
assumption of a perfect reference test.
2. Materials and methods
2.1. Study population
Six dairy herds with Danish Holstein cows were selected
from 34 Danish dairy herds participating in a project
investigating relations between bulk tank PCR and the
prevalence of S. agalactiae and S. aureus in the herds
(Mahmmod et al., 2013a). To be eligible for inclusion in
the present study, herds had to have a conventional milking parlour and a bulk tank milk (BTM) PCR Ct value ≤39
for S. agalactiae and S. aureus at the annual PCR testing in
October 2010. The cut-off was chosen according to Katholm
et al. (2012), as it is a common practice for bulk tank

Please cite this article in press as: Mahmmod, Y.S., et al., Bayesian estimation of test characteristics of real-time PCR,
bacteriological culture and California mastitis test for diagnosis of intramammary infections with Staphylococcus aureus
in dairy cattle at routine milk recordings. PREVET (2013), http://dx.doi.org/10.1016/j.prevetmed.2013.07.021

G Model
PREVET-3413; No. of Pages 9

ARTICLE IN PRESS
Y.S. Mahmmod et al. / Preventive Veterinary Medicine xxx (2013) xxx–xxx

monitoring of mastitis pathogens in Denmark. Seven herds
met the criteria. Furthermore, monthly PCR BTM tests were
taken from January to March 2011. One herd had a Ct
value of 40 for S. agalactiae in each test and was excluded,
while the remaining six herds had Ct values of ≤37 in at
least two out of three tests. We regard these six herds as
representative for herds with loose-housing systems and
conventional milking parlour.
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threshold ﬂuorescence signal level (Koskinen et al., 2009).
It is used as a measurement of the load of bacterial DNA
in the tested sample. The thermal cycling protocol for the
PCR assay involved 40 cycles for the reaction. The higher
the numbers of bacteria DNA present in the milk sample,
the lower the Ct value obtained with the assay (Koskinen
et al., 2008). Lower Ct values are indicative for higher DNA
concentrations of S. aureus in the milk sample.

2.2. Cow selection
2.5. Bacteriological culturing and CMT
For collection of cow-level (composite) milk samples
for PCR testing, all lactating dairy cows within the herds
were sampled. For collection of quarter milk samples for
BC, approximately 50% of the lactating dairy cows in each
herd were selected using systematic random sampling for
the milking unit (milking place) as follows; in herringbone
or side-by-side parlours, all cows milked at the ﬁrst, the
third, and the ﬁfth unit on the one side and the second, the
forth, and the sixth on the other side were sampled. In the
herd with a rotary parlour all cows at every second milking
unit were sampled.
2.3. Sample collection
Between 28th March and 28th May 2011 each herd
was visited by two trained technicians from the Knowledge Centre for Agriculture, Cattle (Aarhus, Denmark)
at the milking of the routine milk recording. After the
farm personnel had carried out their routine pre-milking
practices, quarter milk samples were collected aseptically
before attachment of the milking device from the randomly
selected cows following the procedure according to the
National Mastitis Council recommendations (NMC, 1999).
About 5 ml milk was collected aseptically from each quarter
of each cow in clean sterile snap-cap plastic tubes, which
were placed in ice boxes at 5 ◦ C. Ice boxes were delivered
to the Euroﬁns Steins Laboratory (Holstebro, Denmark)
within 12 h of collection for BC and CMT.
At the same milking when quarter foremilk samples
were taken, Bronopol preserved composite milk samples
were automatically taken with the Tru-test Electronic Milk
Metre device (Tru-Test Group Company, New Zealand) as
part of the ordinary DHI sampling. Samples were delivered
to Euroﬁns Steins Laboratory within 24 h for PCR analysis.
2.4. Real-time PCR testing
The collected cow-level milk samples were tested using
the PathoProofTM Mastitis PCR assay (Thermo Fisher Scientiﬁc, Vantaa, Finland). The PCR testing was performed at
the section of Microbiology at Euroﬁns Steins Laboratory
according to the instructions of the manufacturer. A total
of 350 l of milk was used as a starting volume for the DNA
extraction. The DNA extraction protocol involved an enzymatic lysis step, disrupting the cell walls of gram-positive
and gram-negative bacteria, as well as spin column-based
DNA puriﬁcation and elution steps (see Koskinen et al.,
2009, for further details). Ct values were recorded for all
samples, targeting DNA of S. aureus. The Ct value represents the number of PCR cycles required to reach a set

BC was performed by the ﬁrst author according to the
guidelines of the National Mastitis Council (NMC, 1999)
by aseptically spreading 0.01 ml of each milk sample from
each quarter on a calf blood agar plate and 0.01 ml of the
same sample on Chrome agar media with a disposable, calibrated bacterial loop. Inoculated plates were marked by
the cow identity and the sequence of the quarters, and then
incubated aerobically at 37 ◦ C. After 24 and 48 h the plates
were read for the growth of S. aureus colonies. Samples
were considered negative if no growth occurred after 48 h.
On blood agar, S. aureus was identiﬁed by the appearance
of greyish-white to yellow-orange colonies with double
zones of hemolysis (NMC, 2004). On chrome agar, S. aureus
colonies were identiﬁed by its characteristic golden yellow
colour. In suspicious cases, conﬁrmatory tests for deﬁnite
diagnosis were performed such as KOH test, catalase test,
and coagulase test.
At Euroﬁns lab, CMT was performed by the ﬁrst author
as described by Schalm and Noorlander (1957) for each
collected quarter milk sample. The test scored on a ﬁve
point scale with score one as completely negative, score
three as clearly positive and score ﬁve as a maximum
(Bennedsgaard et al., 2006). The laboratory personnel were
blinded concerning the cow identity, BC- and PCR-results
when scoring the CMT.

2.6. Test categorization
Positivity for S. aureus IMI on BC was deﬁned in the following cases; (1) identiﬁcation of greater than or equal
to two colonies of S. aureus on pure or mixed blood agar
plate from an individual quarter milk sample (Buelow et al.,
1996), or (2) if the quarter was deﬁned as contaminated and
S. aureus was part of such contamination, the quarter was
considered as positive for S. aureus (Dohoo et al., 2011). If
a cow had at least one quarter positive for S. aureus, the
cow was considered test positive by BC. If a cow had at one
quarter positive for S. aureus and another quarter regarded
as contaminated, the cow was considered test positive by
BC. Quarter milk samples, from which 3 or more species
of colonies were isolated, were regarded as contaminated
(NMC, 1999).
For CMT, an individual mammary quarter milk sample
was deﬁned as positive if CMT score ≥3. If a cow had at
least one positive quarter, the cow was considered test
positive by CMT. Regarding the PathoProofTM Mastitis PCR
Assay (Thermo Fisher Scientiﬁc, Vantaa, Finland); the thermal cycling protocol involved 40 cycles for the reaction. We
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used the recommended cut-off with Ct values ≤37 deﬁned
as positive (Bexiga et al., 2011).

2.7. Statistical analysis
In the absence of a reference standard test to identify the
true S. aureus IMI status of a cow, the test characteristics of
PCR, CMT and BC results were analyzed using a modiﬁed
version of the LCA introduced by Hui and Walter (1980).
In this study we used a Bayesian model, which is essentially the same as the one used in Toft et al. (2007) and we
refer to this study for further description. It was assumed
a priori that the prevalence of S. aureus in the samples
from the 6 herds would differ and that the test characteristics could be considered constant across the herds. The BC
and CMT were not considered conditionally independent
(CID) given disease status, due to them being carried out
on the same quarter milk samples. Therefore, a model was
used, which allowed for conditional covariance between
the two tests, while assuming CID between PCR and both
CMT and BC. To verify the importance of the assumption
of conditional covariance, the model was compared to a
model assuming CID between all tests, as well as models
assuming conditional dependence between the other pairs
of tests, i.e. BC and PCR or CMT and PCR. Model comparison was done by comparing Deviance Information Criteria
(DIC) (Spiegelhalter et al., 2002) and by judging if changes
in posterior estimates changed the biological conclusions
about the test and the implied latent disease (IMI) deﬁnition. Furthermore, to check if the CMT had inﬂuence on the
estimates for BC and PCR, a model without CMT assuming
CID between PCR and BC was run.
In a Bayesian analysis, all parameters are modelled
using distributions, where prior distributions are provided
to reﬂect what is known about the model parameters
independently of the study results. However, there is no
published evidence of the diagnostic properties for the tests
under comparison, when applied to naturally occurring
(subclinical) infections from routine milking recordings
based on latent class approach. Thus, we chose to use uninformative priors in the shape of uniform distributions on
the interval between zero and one, modelled using the
Beta (1, 1) distribution. The priors for the covariance were
modelled using uniform distributions with ranges given by
the limits described in Toft et al. (2007). The model was
implemented in OpenBUGS software, version 3.2.2 rev 781
(Thomas et al., 2006), which uses a Markov Chain Monte
Carlo (MCMC) sampling algorithm to obtain a Monte Carlo
(MC) sample from the joint posterior distribution of all
model parameters. The MCMC chain was run for 20,000
iterations of the model and the ﬁrst 10,000 were discarded
as the burn-in phase. Convergence of the MCMC chain
after the initial burn-in was assessed by visual inspection
of the time-series plots of selected variables as well as
Gelman–Rubin diagnostic plots using three sample chains
with different initial values (Gelman and Rubin, 1992). The
posterior distribution of the population prevalence, the Se
and Sp of the three tests, and the conditional covariance
were reported as the median and corresponding 95% posterior credibility interval (PCI).

3. Results
A total of 624 cows were selected by systematic random sampling within the 6 herds for BC, CMT and PCR
testing. Due to missing values in PCR testing, 15 cows
were excluded from the analysis. A total of 40 cows had at
least one quarter regarded as contaminated. Out of these
40 cows, 25 cows with 26 contaminated quarters, where
S. aureus was not part of the contamination, were negative in both BC (for all other quarters) and PCR. Twelve
cows out of 15 with S. aureus contaminated quarters had
at least one other quarter infected with S. aureus based
on BC as well as PCR. The remaining three other cows
with S. aureus contaminated quarters had no S. aureus
infection. The analysis was performed for two datasets,
with and without excluding the 25 cows with contamination, where S. aureus was not part of this contamination.
The results showed no signiﬁcant difference between the
obtained estimates for the two datasets and therefore,
we present the results for the dataset with excluding the
25 cows (609 cows) to include the information from all
quarters.
In each of the six herds, the test outcomes of the test
1 (BC of S. aureus), test 2 (CMT ≥ 3 at least 1 quarter), and
test 3 (PCR Ct value ≤37) from the 609 cows (2436 quarter milk samples) were cross classiﬁed into 2 × 2 tables,
Table 1. Based on these tabulated data for the 6 herds, Se
and Sp for PCR, BC and CMT, the conditional covariance
parameters (Cov.Se and Cov.Sp) between BC and CMT, as
well as the prevalence of S. aureus IMI in each herd was
estimated (Tables 2 and 3). The prevalence of S. aureus IMI
based on BC was 23% (140/609), while it was 28% (170/609)
based on PCR. The median posterior Se and Sp estimates
of PCR were higher than those for BC and CMT. CMT was
more sensitive than BC, but lacked speciﬁcity compared
to BC. Based on the DIC, the model assuming conditional
covariance (COC) between BC and CMT was preferred over
other COC combination models scenarios and CID model
(DIC = 252.5, compared to DIC = 270.0 for a model assuming CID, DIC = 264.3 for a model assuming COC between
PCR and BC, and DIC = 264.7 for a model assuming COC
between PCR and CMT). In the model Cov.Se was signiﬁcant, i.e. the 95% PCI did not cover 0, while Cov, Sp was not.
To check if the CMT inﬂuenced the test estimates for BC
and PCR, a model without CMT assuming CID between PCR
and BC showed that CMT did not affect the ﬁndings and
overall conclusions substantially, indicating that the latent
disease deﬁnition is indeed driven by presence of S. aureus,
Table 4.

4. Discussion
This is the ﬁrst reported study of an LCA estimating
the Se and Sp of PCR, CMT and BC at cow-level without
the assumption of a reference standard for detection of
S. aureus in freshly collected milk samples of dairy cows
under ﬁeld conditions, at routine milk recordings. The performance of PCR was better with respect to both Se and Sp
compared to BC and CMT.
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Table 1
Cross-tabulated results for bacterial culture (BC), test 1 (T1, bacterial culture (BC) of Staphylococcus aureus), test 2 (T2, California mastitis test (CMT) ≥3 in
at least 1 quarter), and test 3 (T3, PCR Ct-value cut-off ≤37) used for diagnosis of intramammary infection with Staphylococcus aureus in six dairy herds.
Herd

H1
H2
H3
H4
H5
H6

Tests combination (BC T1, CMT T2, PCR T3)
+++

++−

+−+

5
11
5
10
21
15

2
9
4
5
2
2

2
7
1
0
5
6

Total (n)
−++

+−−
4
14
1
0
8
1

−+−

0
0
8
8
11
7

−−+

15
28
29
29
18
16

−−−

0
7
7
10
20
4

38
96
20
34
38
26

66
172
75
96
123
77

Table 2
Latent class estimates (posterior median and 95% posterior credibility interval (PCI)) of test sensitivity (Se), speciﬁcity (Sp) for bacterial culture (SeBC , SpBC ),
CMT (SeCMT , SpCMT ) and real-time PCR assay (SePCR , SpPCR ) used for diagnosis of intramammary infections with Staphylococcus aureus at cut-offs for PCR
Cycle threshold (Ct) values ≤37, with conditional covariance (Cov.Se and Cov.Sp) between BC and CMT.
PCRa cut-off

Parameter

Cut-off ≤ 37

Median (%)
95% PCI

Test estimates
SeBC

a

SeCMT

52.8
60.6
44.7–61.7 52.7–68.8

SePCR

SpBC

SpCMT

SpPCR

Cov.Se

Cov.Sp

91.2
74.5–99.5

89.4
85.6–93.4

64.7
59.9–69.7

98.6
93.7–100.0

0.081
0.045–0.116

0.006
−0.012 to 0.024

PCR = PathoProofTM Mastitis PCR Assay (Thermo Fisher Scientiﬁc, Vantaa, Finland).

Table 3
Posterior median and 95% posterior credibility interval (PCI)) of true prevalence of intramammary infections with Staphylococcus aureus in 6 Danish dairy
herds tested with BC, CMT and PCR (PathoProofTM Mastitis PCR Assay (Thermo Fisher Scientiﬁc, Vantaa, Finland)).
PCR cut-off

Parameter

Cut-off ≤ 37

Median (%)
95% PCI

True prevalence
H1

H2

H3

H4

H5

H6

12.2
5.3–22.7

15.6
9.4–23.9

29.8
17.7–44.2

30.9
20.2–43.7

49.2
38.2–61.5

44.4
32.1–58.3

Table 4
Latent class estimates (posterior median and 95% posterior credibility interval (PCI)) of test sensitivity (Se), speciﬁcity (Sp) for bacterial culture (SeBC , SpBC ),
and real-time PCR assay (SePCR , SpPCR ) used for diagnosis of intramammary infections with Staphylococcus aureus at cut-offs for PCR Cycle threshold (Ct)
values ≤37, with unconditional dependence (CID) models.
PCRa cut-off

Cut-off ≤ 37
a

Parameter

Median (%)
95% PCI

Test estimates
SeBC

SePCR

SpBC

SpPCR

52.3
44.2–61.1

90.8
73.9–99.6

89.5
85.8–93.6

98.8
94.2–100.0

PCR = PathoProofTM Mastitis PCR Assay (Thermo Fisher Scientiﬁc, Vantaa, Finland).

4.1. Latent infection deﬁnition
An implicit assumption of LCA model is that the three
tests are measuring the same latent condition. In our case,
this condition is the presence of S. aureus DNA in the
milk, which we interpret as IMI with S. aureus. A positive PCR result indicates the presence of S. aureus DNA
(Koskinen et al., 2009) without discriminating between
viable and non-viable cells. A positive BC result of an aseptically obtained milk sample indicates the presence of viable
bacterial cells of S. aureus and hereby presumably invasion
and multiplication of S. aureus in the mammary gland. A
positive CMT result of an aseptically collected milk sample
indicates a high cellular milk content/SCC, which is considered as a general indicator for subclinical intramammary
infections; i.e. high numbers of bacteria induce high inﬂammatory response leading to high cellular contents of milk
which is identiﬁed as positive CMT reaction. This inﬂammation is not exclusively caused by S. aureus and could
be due to other mastitis pathogens or mixed infections or

contaminations. However, Kivaria et al. (2007) concluded
that there is a high association between CMT and BC for
identiﬁcation of S. aureus IMI. SCC, which can be identiﬁed by CMT, is a valuable component of monitoring
programmes. Schukken et al. (2003) concluded that quarter and cow SCC directly represent the inﬂammatory status
of the mammary gland and can measure the inﬂammatory
response to an IMI. Recently, Koop et al. (2011) conﬁrmed
that composite SCC can be used as a screening tool to detect
S. aureus-infected animals, but that a conﬁrmatory test is
needed to identify false-positive results.
4.2. Test estimates variations
The posterior median estimates of SePCR and SpPCR were
much higher than SeBC and SpBC , respectively. This reﬂects
the ability of the PCR assay to detect DNA of S. aureus in milk
samples as either viable, non-viable or growth-inhibited
cells (Taponen et al., 2009; Koskinen et al., 2009), while
BC allows the detection of only viable bacterial cells of S.
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aureus. This explanation may reveal why PCR has higher Se
than BC. However, it would be expected to contribute to a
lower Sp. The CMT acts by the unspeciﬁc reaction with the
cellular and inﬂammatory DNA (bacterial cells + somatic
cells) in milk samples (Dohoo and Meek, 1982).
Our ﬁndings for SePCR and SpPCR fall within the range of
those reported previously by Cederlöf et al. (2012) [Se = 93%
and Sp = 95%], Friendship et al. (2010) [Se = 94% and
SP = 95%], and Koskinen (2012) [Se = 91.4% and Sp = 95.6%].
Our ﬁndings for SeBC and SpBC were similar to those estimates reported by Buelow and Nordlund (1999) who found
that SeBC for S. aureus ranged from 54% to 92%, while SpBC
ranged from 86% to 99.8%. Sanford et al. (2006) estimated
the SeBC and SpBC for major mastitis pathogens (including
S. aureus) to be 56% and 93%. In contrast, our estimates for
BC are different from those estimates reported by Dohoo
et al. (2011) for IMI deﬁnition B (≥2 with mixed growth),
where the estimates were SeBC = 90.4% and SpBC = 99.8% for
S. aureus. Cederlöf et al. (2012) found that the estimates for
BC were (Se = 83% and Sp = 97%), which are higher than our
obtained estimates. The possible reasons for this difference
could be (a) they considered greater than or equal to one
colony as a deﬁnition for S. aureus IMI on blood agar while
we considered greater than or equal to two colonies, (b)
their study population was cows at drying off while ours
was all lactating dairy cows regardless the stage of lactation, and (c) prior to their BC, milk samples were frozen
(improves Se), while in our study milk samples were freshly
collected or chilled, not frozen, (d) for PCR, cows may have
been selected by the farmers based on having higher SCC,
and (e) their milk samples for BC were collected within 24 h
after PCR sampling, while in our study, milk samples were
collected at the same milking for both tests.
The low estimate for SeBC may be argued by the intermittent shedding of S. aureus from infected quarters during
lactation (Sears et al., 1990), which may require several
consecutive samples to isolate viable S. aureus necessary
for an accurate diagnosis of the infected quarters (Buelow
et al., 1996). Furthermore, viable S. aureus may be shed in
too low amounts from truly subclinically infected glands to
be present in the inoculum sample (Buelow et al., 1996; Cai
et al., 2003). No doubt that the choice of one colony as a definition for IMI with S. aureus, will favourably improve the
Se estimates as shown by Dohoo et al. (2011) and Cederlöf
et al. (2012). The choice of two colonies as a deﬁnition for
IMI could affect SeBC since quarters with one colony are
considered as negative. However, the deﬁnition of IMI with
S. aureus may not be the only factor that inﬂuences the test
estimates, other factors such as procedures of sample collection, processing of milk samples, culturing procedures,
deﬁnition of contamination, strains difference of S. aureus
and their shedding pattern (Walker et al., 2011) may also
be relevant. Sol et al. (2002) suggested that the SeBC was
not affected only by the used culture technique but also
by the moment of sampling, selection of the cows to be
sampled, and incubation of milk samples. Quarter foremilk
samples were collected for culture examination which may
have a higher concentration of S. aureus in comparison to
samples taken after milking (Sears et al., 1991). Kelton and
Godkin (2000) added that SeBC and SpBC may be inﬂuenced
by other factors such as duration of infections, sample type

(quarter, cow composite or bulk tank), the condition of the
sample (fresh or frozen), the shedding pattern, the volume
of milk plated (inoculum) and the frequency of sampling.
The low estimate of SpBC could be argued by (1) contamination of milk samples at some point during sample
collection in the farm and/or processing of milk samples
in the laboratory; (2) a higher risk of contamination would
be expected when collecting four individual quarters milk
samples (by hand) for BC than when collecting one preserved composite milk sample (by metre) for PCR; (3)
contamination of the bacterial agar plates used for isolation and identiﬁcation of S. aureus. NMC (1999) reported
the common sources of contamination including dirty teat
ends, milk touch hands or ﬁngers before entering the tube,
non-sterile tubes, streaking milk samples on contaminated
media; (4) high number of S. aureus bacteria colonizing
teat skin and teat canal which may increase the chance
of cow being falsely diagnosed as infected when the cow
has no IMI (Frost et al., 1977; Mahmmod et al., 2013b),
and (5) unexpected laboratory error during processing of
the milk samples and/or during steps of the identiﬁcation,
differentiation and counting of S. aureus bacterial colonies.
Although, we followed the standard rules of NMC (1999)
for milk sampling and culturing procedures however, as in
all biological data, diagnosing IMI is subject to error and
we cannot guarantee that contamination during sample
collection in the farm or sample processing in the laboratory would not happen. Edmondson (2011) identiﬁed S.
aureus bacteria in three of the eight milk samples using
PCR however; they were reported as Coagulase negative
Staphylococci with BC, indicating the possibility of confusion between CNS and S. aureus. Although a frequent
assumption is that the recovery of S. aureus from a single
milk sample is evidence of IMI, false positive samples can
occur with all pathogens including S. aureus (NMC, 1999).
The PCR and BC are two different kinds of tests with different principles for detection of bacteria. They were done
on different milk samples; hence the differences between
their estimates should be expected (Kelton and Godkin,
2000). It was reported that 11% of milk samples did not
produce a match between PCR and BC (Edmondson, 2011).
The difference can be inﬂuenced by other factors such as
the differences in the used inoculum, where 350 l from
the whole milking were taken for PCR, only 4× 10 l from
quarter foremilk samples were taken for BC. The larger
inoculum used for PCR in comparison to that of BC may
be one of the reasons for a higher SePCR as a larger inoculum generally increases the probability/chance of S. aureus
detection. Furthermore, bacterial concentrations may have
been different in the foremilk samples vs. the cow level
samples taken subsequently in the same milking for PCR
testing. In another study by the authors (unpublished data)
the carryover effect between consequently milked cows in
the same herds was estimated based on Ct value of PCR for
S. agalactiae. Cows were positively correlated (1st autoregressive correlation) at PCR cut-off ≤37 by 11%, which may
result in false positive PCR results.
This study was part of a larger project aiming to evaluate the diagnostic value of PCR technologies for udder
health management in Danish dairy herds. One part of that
broad project was to investigate the effect of presampling
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procedures on the PCR-positivity for mastitis pathogens.
These procedures include teat cleaning, discarding the ﬁrst
milk streaks and 70% alcohol teat disinfection. These procedures are routinely done before sample collection for BC to
reduce contamination and false positive due to teat canal
and skin colonization (Haveri et al., 2008). On the other
hand, such procedures are not routinely performed for PCR
sampling. However, in the current study these procedures
were applied before sampling for BC as well as PCR. It was
found that applying pre-sampling procedures reduced the
cow’s odds of being PCR-positive for S. aureus by a factor
of 0.75 (95% CI: 0.58–0.97) by reducing number of false
positives (Mahmmod et al., 2013b).
To summarize, the difference between our obtained
estimates (Se, Sp) for PCR and BC and estimates in other
studies can be explained by many reasons such as the type
of PCR (qualitative or quantitative or semi-quantitative),
cut-off choice for Ct value of PCR, IMI deﬁnitions on BC (cutoff point for the number of colonies on BC), frequency of
sampling (single or duplicate) as reported by Erskine and
Eberhart (1988), inoculum volume for BC (Walker et al.,
2010), type of samples for BC (premilking sampling or
postmilking sampling) as reported by Sears et al. (1991),
handling of samples (fresh or freezing or centrifugation or
non) as reported by (Godden et al., 2002), difference in the
time of sampling for BC and PCR, different period of examination (dry off or lactating cows), difference in the sample
size and study design, difference in the herds management
and milking system (conventional milking systems or automatic milking systems), status of the cow at sampling and
their history for S. aureus exposure.
Our estimate of SeCMT was lower than those estimates
previously reported, 86% (Sanford et al., 2006) and 66.7%
(Sargeant et al., 2001). However, SpCMT were higher than
the estimate previously reported: 46% (Sanford et al., 2006)
and 54.8% (Sargeant et al., 2001). SeCMT was higher than
SeBC however; SpBC was higher than SpCMT . These ﬁndings
come in agreement with Sanford et al. (2006) for major
mastitis pathogens (including S. aureus). The difference
between SeCMT and SeBC may be argued by the non-speciﬁc
reaction of CMT due to other mastitis pathogens or contamination. Environmental and physiological factors are
proven to have a signiﬁcant effect on the prevalence of
positive quarters by CMT (Batra, 1980). Furthermore, the
CMT uses a larger amount of milk sample (inoculum) for
reaction. Hence, CMT should not be considered as a reliable
speciﬁc test for detection of S. aureus IMI. Although, false
positive results can be obtained from CMT, Sanford et al.
(2006) concluded that selective dry-cow therapy might be
done based on CMT results at dry-off for herds with majorpathogen IMI prevalence <15%. CMT was to have a useful
role in dairy herd monitoring programmes for screening
of the subclinical mastitis under ﬁeld conditions (Sargeant
et al., 2001; Kivaria et al., 2007).
4.3. Model assumptions
In the current study, the biological principles of PCR are
different to those of BC and CMT, as PCR relies on the detection and quantifying the nuclear DNA of S. aureus (Koskinen
et al., 2009). On the other hand, the biological principles of
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BC and CMT are somehow related as both are based on the
cellular contents of the milk. While BC relies on isolation of
viable cells of S. aureus, CMT relies on detection of somatic
and bacterial cells including S. aureus cells. Furthermore,
CMT and BC were performed on the same quarter milk sample of the same cow at the same day. This relationship was
conﬁrmed based on the DIC value for the different models
and combinations, where the model accounting for covariance between BC and CMT was preferred (DIC = 252.5). PCR
was performed on composite milk samples directly, without the need for prior BC (Koskinen et al., 2009; Mahmmod
et al., 2013a).
The assumption of differing prevalence between populations is central to LCA models (Toft et al., 2005). In the
current study, the six different herds were considered as
distinct populations with expected heterogenic true prevalence to S. aureus. This assumption was based on the
differences seen in the monthly BTM PCR testing before
starting the study in 28th March 2011. From Table 3, we
infer that the posterior distribution of the true prevalence
in the herds does differ. To ensure sufﬁcient degrees of freedom, it is not necessary to have differences between all
herds, thus the apparent lack of difference between H1 and
H2, H3 and H4 and H5 and H6 is not important.
4.4. Implications of misclassiﬁcation
Misclassiﬁcation bias is a frustrating problem for mastitis diagnostics and may affect the test estimates under an
evaluation due to false positives and false negatives results.
The misclassiﬁcation could be a misleading for the farmer
and/or the veterinarians results in (1) building a wrong
decision and subsequently, unnecessary costs for treatment, culling or even repeated sampling, or (2) missing the
cows with true IMI and subsequently, spreading the infections within the herd. In their study, Friendship et al. (2010)
concluded that false negatives and false positive results are
associated with BC and PCR for identiﬁcation of S. aureus
IMI.
For PCR, the possibility of getting false positive and false
negative results cannot be completely disregarded. The
reasons for false positive PCR results may be caused by (1)
regardless the bacterial cell status, PCR does not distinguish
between viable and non-viable S. aureus bacteria, meaning that the non-viable bacteria are identiﬁed as positive,
although it has no role in initiation/producing the infection,
(2) there is no speciﬁc cut-off for describing the contamination for PCR (Koskinen et al., 2010; Spittel and Hoedemaker,
2012), in comparison to BC, where growth of three or more
different colony species on the plate considered as contamination, (3) carryover effect (Friendship et al., 2010),
and teat canal infections, (4) non-aseptically collected milk
samples at DHI (Mahmmod et al., 2013b), and ﬁnally (5)
cows that have successfully combatted S. aureus may still
have a low Ct value even though the bacterial cells are
killed. Hence, if the cow was tested by PCR, it will test
positive although it was clinically recovered. Cows may
cure S. aureus IMI spontaneously or following antibiotic
therapy however, it might still S. aureus shedders (Kelton
and Godkin, 2000). The Ct values may remain low after
antibiotic treatments (Katholm, personal communication).
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Hence, identiﬁcation of the truly infected cows and the discrimination of cows that are infected but are at various
clinical stages are essential (Roesler et al., 2001). Therefore, the PCR-positivity for S. aureus does not by necessity
mean that the cow is truly infected. This point may require
further research work.
A negative result of S. aureus might be found in an
infected cow when milk samples are collected during the
period when the numbers of bacteria are at their lowest
(or undetectable) levels (Anderson and Pritchard, 2012).
A new S. aureus infection may have insufﬁcient shedding
to be detected by PCR or BC and insufﬁcient tissue damage
and/or induction to the cow immune system to be detected
by CMT. Therefore, estimating the Se and Sp estimates
without considering the dynamics of S. aureus infections,
shedding pattern, response of cow’s immune system, history and duration of infection, and new infections may not
truly reﬂecting the status of the investigated cows. Our
ﬁndings showed that misclassiﬁcation due to false positives and false negatives results for PCR, BC and CMT may
affect their estimates. However, this topic is beyond the
scope of the current study objective and requires further
investigation.
5. Conclusion
The use of LCA provided estimates of the test characteristics of two currently used diagnostic tests (BC, CMT)
and a novel technique (real-time PCR) for diagnosing IMI
with S. aureus under ﬁeld conditions at routine milk recordings in Denmark. Test estimates of PCR (Se and Sp) were
much higher than test estimates of BC and CMT. SeCMT was
higher than SeBC however; SpBC was higher than SpCMT . We
conclude that PCR performs better than BC and CMT with
respect to Se and Sp, suggesting its usefulness as a routine
test for accurate diagnosis of S. aureus IMI from dairy cows
at routine milk recordings.
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