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Introduction: Development and validations of accurate mastitis diagnostics
are crucial to make timely and evidence-based decisions on mastitis therapy
in order to reduce its impact on productivity, animal welfare and practicing the
prudent use of antimicrobials on dairy farms.

Methods: The objectives of this study were to assess the agreement between
test results from reference laboratory and two point of care tests (Selma plus,
Dipslide) and to estimate the test accuracies with Bayesian latent class models
(BLCMs). In total of 509 single quarter milk samples from cows with mastitis
were included in the study.

Results: Among all analyzed mastitis pathogens, Streptococcus spp. was
detected in up to one third of all analyzed samples and for Selma
all Streptococcus samples were considered as Streptococcus uberis. The
agreement (k) when comparing two tests varied greatly depending on the
bacteria, ranging from no agreement to good agreement (kx = negative
to 0.86) depending on the prevalence of identified pathogens. Based on
BLCMs to assess diagnostic test accuracies for the pathogen Streptococcus
uberis, posterior sensitivities of 76, 71, and 64% for Selma plus, Dipslide
and laboratory standard culture and specificities of 93%, 98% for Selma and
Dipslide, respectively, were obtained.

Discussion: The two point of care rapid culture systems Dipslide
and Selma plus plate can provide important preliminary pathogen
identification  for  targeted mastitis  therapy,  especially = when
general information about growth and a rough classification of
the bacteria into groups have an impact on treatment strategy.
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The two evaluated rapid culture systems, Dipslide and Selma plus plate, show
good test accuracies for Streptococcus uberis at least at genus level. Therefore,
using these tests may contribute to prudent use of antibiotics.

bovine mastitis, point-of-care diagnostic, rapid culture test, bacteriological culturing,
Bayesian latent class analysis, agreement

Introduction

Globally, bovine mastitis is a major issue among ruminant
infectious diseases, impacting dairy farming in terms of animal
welfare, economical losses (reduced milk yield and quality,
treatment costs and involuntary culling costs) and antimicrobial
usage (1, 2). Intramammary infection (IMI) is commonly caused
by microorganisms. Treatment and prevention of mastitis have
been recognized as the most common reason for antibiotic use
in adult dairy cattle (3-5). Based on clinical judgement, the
therapeutic use of antibiotics is possibly indicated for mastitis
cases and justified on animal welfare grounds. However, the
large-scale use of antibiotics in dairy farming is viewed critically
due to the development and spread of antimicrobial resistance.
Furthermore, residues must not be present in milk and meat,
as they can endanger human health. Additionally, there is an
economic loss for the producer due to non-saleable milk during
the period of treatment and the following milk withholding
period (1, 2, 6, 7).

In consequence, developing and validating new diagnostic
tools and evidence-based strategies for mastitis control are
crucial. This is important not only to keep production losses as
low as possible, but also to implement the guidelines of prudent
use of antimicrobials in dairy farming. Roberson et al. estimated
that antibiotics labeled for intramammary use would not be
justified in 50-80% of clinical mastitis cases, mainly due to no
growth, growth of gram-negative bacteria or yeast in the milk
culture (8). Therefore, knowing the causative pathogen supports
decision-making concerning antimicrobial treatment in cases
of clinical mastitis. Time and accuracy of detection methods
are essential prerequisites to enable targeted treatment with or
without antimicrobials. To determine the etiology of mastitis
will not just influence the decision about the need for antibiotic
treatment but will also give information about optimal duration
of the treatment, as treatment duration recommendations will
vary among pathogens (9).

Besides clinical mastitis, concerns about management of
subclinical mastitis are growing. Several European studies
show that the group of minor pathogens - known to cause
predominantly subclinical mastitis - has become the most
common bacterial group isolated from quarter milk samples
(10-13). Economic consequences of subclinical mastitis are
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considered to be equal to clinical mastitis and are accounting
for up to two thirds of the economic loss (14-16). Subclinical
mastitis can only be detected by the measurement of
inflammatory components and pathogens in the milk (17).
Somatic Cell Count (SCC) has been shown to be an excellent
predictor for subclinical mastitis and reduced milk yield (18).
Besides production loss, increased bulk milk tank SCC and the
risk of excreting microorganisms that might infect other cows,
are important considerations when talking about identifying
cows having a longer period of chronically elevated SCC (17). In
Switzerland, milk quality is of major interest, as about 40% of the
milk production is processed to cheese (mainly raw milk cheese)
(19). Subclinical mastitis changes the composition of milk, and
these changes may affect milk processing (20). Furthermore,
the penalty threshold of bulk milk SCC in Switzerland is set
at 350000 SCC/ml (geometric mean of 4 measures within
5 months) by law (21). Most dairy producers receive bonus
payments for maintaining a low bulk tank somatic cell count
(<100°000 SCC/ml). All these reasons are motivating Swiss dairy
farmers to have effective control of subclinical mastitis.

On the other hand, antimicrobial usage in veterinary
medicine in Switzerland is under scrutiny and a national
program for reduction of antimicrobial resistance was launched
by the government in 2016 (22). In the framework of
the national program a federal database for recording of
antimicrobial treatments in domestic animals is in place
since the beginning of 2019. All antibiotics administered to
domestic animals are recorded at animal age group level by
the prescribing veterinarian. In the context of reduced income
by selling and administering antimicrobial drugs, the increased
implementation of diagnostics not only contributes to prudent
use of antibiotics, but also provides another source of income
for veterinarians.

Summarized, bacteriological results from subclinical and
clinical mastitis on individual cow level will allow establishing
control measures and targeted mastitis control on herd level.
Identification of mastitis causing pathogens on individual
farms is a key component of managing mastitis and mastitis
treatment (23).

Isolation of a bacterial pathogen from milk of an infected
quarter is considered the gold or reference standard for
diagnosis of IMI (24). Pathogens involved in mastitis are
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usually identified by standard bacteriological laboratory culture,
where diagnostic specificity is usually very high- depending
on the species close to 100%- but diagnostic sensitivity can
be significantly lower (25). Additional species identification
of cultured bacteria by MALDI-TOF mass spectrometry
is a powerful and reliable technique to identify mastitis
causing pathogens (26). Besides bacteriological culturing, PCR
approaches have been established for the diagnosis of mastitis
pathogens (27, 28). However, a diagnostic test with perfect
accuracy does not exist. Thus, when evaluating the diagnostic
test accuracies - sensitivity and specificity- of a new test by
considering bacteriological culture as a gold standard, the
resulting estimated sensitivities and specificities might be biased.
In the absence of a gold standard, Bayesian latent class models
(BLCM) are a valid approach for evaluating diagnostic test
accuracies (25, 27).

In addition, all of the above-mentioned diagnostic
techniques require substantial laboratory infrastructure and
cannot be performed outside of professional laboratories.

Hence, rapid point of care testing (on-farm, or in

a local veterinary practice) have been shown to be
able - with appropriate interpretation guidelines - to
provide reliable first hand results for differentiation

in growth from no growth, gram-positive from gram-
negative growth (28) and gross identification of pathogen
level) (29, 30)
by non-microbiologists.

groups (genus even when performed

Several studies evaluating on-farm rapid culture testing
for clinical mastitis cases, show that the use of an on-
farm culture system to guide the strategic treatment of
clinical mastitis decreased intra-mammary antibiotic use by
25-50%, without significant negative impact on long term
outcomes (e.g., bacteriological cure, subsequent retreatment
risk, somatic cell count or culling risk) (31, 32). Also, on-
farm culturing of milk at the end of lactation has been shown
to have effect on reducing antibiotic treatment for drying
off (33).

Several studies have been performed in the last two decades,
evaluating different rapid culture systems worldwide, mostly
focusing on clinical Mastitis (6, 28, 29, 32-34).

To our knowledge, no study has been performed analyzing
subclinical and clinical cases of mastitis with the two
rapid culture systems Selma Plus and Dipslide, available
in Switzerland.

The aim of this study was to assess the agreement between
test results from two accredited commercial laboratories and
two point of care tests and to estimate the diagnostic test
accuracies with a BLCM, using 509 single quarter milk
samples from cows with clinical and subclinical mastitis.
Additionally, we wanted to assess if the presence of a
mixed infection is associated with changes in the prevalence
or the diagnostic test sensitivities of the two point of
care tests.
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Materials and methods

Study population and samples

Analyzed milk samples (n = 509) originated from three
different pools:

1. Pool 1: 45 dairy herds in different parts of Switzerland,
enrolled in regular herd health visits from the herd health unit
Vetsuisse Faculty, University of Bern.

2. Pool 2: Two private veterinary practices in the rural area
of Switzerland.

3. Pool 3: Samples from a specific area of Switzerland (ReLait
Project, Canton Fribourg) including 63 dairy farms.

Milk samples were collected aseptically either by the farm
veterinarian (Pool 1,2,3) or by trained dairy producers (Pool 3)
from cows with subclinical and clinical mastitis. The procedure
of collecting the samples was performed according to the
guidelines recommended by the National Mastitis Council (24)
after aseptically preparing the teat.

Clinical mastitis was defined as milk that appeared abnormal
with or without other local or systemic signs of inflammation.
Subclinical mastitis was detected when the cow had a composite
somatic cell count (SCC) higher than 150’000 cells/ml in the
recent milk recording. In this case, California Mastitis Test was
performed to identify the affected quarter.

Collected samples were refrigerated and sent directly (Pool
1) or via courier (Pool 2&3) to the laboratory within 12h.
Samples from pool 3 were analyzed in the external laboratory
(standard culture, Labor Zentral) before being frozen and sent
to the University Laboratory (ZOBA) for further analysis with
the mastitis rapid point of care kits.

Standard laboratory culture

Standard laboratory culture was performed by two
accredited laboratories in Switzerland (ZOBA, Vetsuisse Faculty
University of Bern, Switzerland and Labor Zentral, Geuensee,
Switzerland) according to the following procedure:

Labor zentral

One loop of whole of milk (about 10 L) was streaked on a
blood agar plate (blood agar with aesculin, Oxoid AG, Pratteln
Switzerland), a chromID CPS Agar (Bio Mérieux SA, Petit
Lancy, Switzerland) and on a Briliance Staph. agar (Oxoid AG,
Pratteln, Switzerland) each.

ZOBA

To allow for better comparability in the framework of
the present study, both the culture using whole milk as well
as cultures of milk sediment, which represents the routine
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diagnostic procedure for the ZOBA laboratory, were performed.
For sedimentation, milk tubes were centrifuged 10 min at 3000
rpm and the supernatant discarded. One loop full of whole
milk and one loop full of milk sediment (each about 6pL)
were streaked separately on a blood agar plate (Trypticase Soy
Agar II with 5% Sheep Blood, BD) and on a Brolac agar plate
(ThermoFisher, Oxoid AG, Pratteln, Switzerland) each. The
results of the whole milk culture were taken as the standard
culture to allow better comparability. The results of the milk
sediment of the laboratory ZOBA were used only for one part
of the BLCA of Strept. uberis in this study (see Table 3).

In both laboratories, blood agar plates were incubated at
37°Cina 5% CO; atmosphere and Brolac plates were incubated
aerobically. After 16 to 24 h colonies were identified with Maldi-
Tof MS (MALDI Biotyper, Bruker, Fallanden, Switzerland).

Point of care tests

Selma plus (SVA, National Veterinary Institute,
Sweden)

The Selma plus plate is an agar plate divided in four
sectors with different selective media: Bovine blood agar with
esculin where gram-positive bacteria, gram-negative bacteria,
yeast and algaewill grow; MacConkey agar, where only gram-
negative bacteria grow; Mannitol agar, where staphylococci
and enterococci grow and beta-glucuronidase (PGUA) agar for
identification of Escherichia coli. One loop of the milk sample
(about 10 L) was spread on each agar field according to
the producer’s instruction. Isolates were classified as belonging
to one of the following 11 species or species groups: non-
aureus Staphylococci (NAS), Staphylococcus aureus (S. aureus),
Streptococcus spp., Enterococcus spp., Trueperella (T.) pyogenes,
Escherichia coli (E. coli), Klebsiella, Candida, other gram-
negative, no growth and contaminated (CON).

Dipslide (AxonLab AG, Baden-Datwil, Switzerland)

The Dipslide test tube (Dipslide) contains three different
media for culturing mastitis causing pathogens: Brain-heart
BHI-Agar, PVP, pH 7.2), where
gram-positive and gram-negative bacteria and yeast grow;

infusion (Medium 1 =

Chromogenic Media for detection of gram-positive bacteria
(Medium 2 = Chromogenic Substrate 4+ Supplement, PVP, pH
7); Chromogenic Media for detection of gram-negative bacteria
(Medium 3 = Chromogenic Substrate 4+ Supplement, PVP, pH
7). A non-specified amount of whole milk (Min. 2 ml, Max.
10ml) of the sample was spilled over both sides of the test
kit (side 1 for medium 1, side 2 for media 2 and 3), making
sure all media were poured with milk. Isolates were classified
into following 10 categories: Staphylococcus aureus (S. aureus),
Streptococcus uberis (S. uberis), Enterococcus, Escherichia coli
(E. coli), Klebsiella, Candida spp., other gram-negative, other
gram-positive, no growth and contaminated.
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Two farm animal clinic veterinarians (residents, working
at the Herd Health Unit, Vetsuisse Faculty, University of
Bern) with no specific experience in microbiological culturing
methods performed all laboratory procedures of the rapid point
of care detection kits. The initial 50 milk samples were analyzed
as training to adopt the test kits and the interpretations, and have
not been added to our data. After this initial training, all results
were interpreted according to the accompanying interpretative
guidelines from the test kits by either one of the veterinarians.

Qualification and interpretation of
identified pathogens

Both, the Selma plus plates and Dipslide tubes were
incubated at 37°C for 16-24 h. The first reading was preformed
after 16-24 h. If there was no growth, the test was incubated for
another period of 24 h.

The threshold for growth - and therefore considering a
quarter infected - was set according to the definition of Dohoo
etal. (25) at 100 CFU/ml equal one single colony from a 0.01 ml
milk sample. Exception from this definition was made in the
group of NAS, where also a borderline threshold of 100 CFU/ml
was chosen, instead of the proposed 200 CFU/ml by the authors.

This definition was coherent between the on-farm culture
and one laboratory-based system (Labor ZOBA, University
of Bern, Switzerland), but slightly differed in the standard
culture performed by the commercial laboratory (Labor Zentral,
Geuensee, Switzerland). Le., a single colony of a major pathogen
was defined as intramammary infection for all culture systems,
however a single colony of other pathogens (such as NAS) was
defined as an infection for the on-farm culture and ZOBA,
whereas three or more colonies were required for classifying as
infection in the laboratory protocol of Labor Zentral.

Single quarter samples were categorized as contaminated
(CON), if three or more morphologically different colonies were
detected [according to NMC Handbook (35)] or no pathogenic
bacteria could be isolated due to strong growth of several
different bacterial species.

In the case of growth of two morphologically different
bacteria, these were each classified according to the guidelines
of the test kits and included in the results as mixed infection.

Data analysis

The processing of milk samples and collection of data was
carried out in the period from February to November 2019.
The data cleaning, processing and categorization was done with
Excel 2016 (36) and statistical analysis was performed with R
(37). The data is available in the Supplementary material S1, S2.
To describe the proportion of positive samples, 95 % binomial
confidence intervals, following Jeffreys approach, were obtained
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with the command BinomCI() from the package DescTools
(38). To assess if the proportions of positive test results differed
between the three tests (pairwise) Mc Nemar’s chisquare test was
used. The agreement between test results of all three diagnostic
approaches was obtained with Cohen’s kappa available in the
psych package (39). A Cohen’s Kappa coefficient (k) close
to 1 indicates a good agreement, k close to 0 indicates a
poor agreement.

For bacteria with an apparent prevalence of at least 10%,
Bayesian latent class models (BLCM), encompassing three tests
(Dipslide, Selma plus and culture) in one population, were used
to estimate diagnostic test accuracies of all three diagnostic
tests (40). Solely, for S. uberis, the apparent prevalence was
higher than 10% for samples tested by Dipslide and culture. All
samples identified aesculin-positive Streptococci by Selma plus
were assumed to be S. uberis.

The meaning of the latent class is presence or absence of
specific bacteria.

Since the specificity of culture is assumed to be very high, the
specificity of culture was fixed to 1 in the model (deterministic
constraint). To assess the influence of conditional dependencies
between the sensitivities, all two-way conditional dependencies
or covariances were first included separately and then in all
possible combinations. A model with a potential conditional
dependency between the specificity of both rapid point tests was
also included. In the absence of evident covariances [i.e., 95%
credibility intervals including 0 and no substantial decrease in
DIC (41)], the covariances were set to 0. Non-informative beta
priors (1,1) were chosen for all sensitivities and the specificities
of Selma plus and Dipslide. The model code is available in
the Supplementary material S3. For the prevalence, using beta
buster, an informative beta prior was used assuming (95% sure
that the prevalence was smaller than 50% with a mode at 30%).
This prior was based on the expert opinion of one of the
Co-authors based on descriptive data of a study in progress
(Sommer et al. in preparation). A sensitivity analysis was
performed by varying the informative prior for the prevalence
and using weakly informative priors beta (2,1) for the diagnostic
test accuracies. For a subset of the data, where test results
from samples analyzed from the sedimented milk, an additional
BLCM analysis with tests results from Dipslide, culture and
culture based on the sediment was performed.

Additionally, models allowing for a mixed infection to be
included as a covariate for prevalence or sensitivity of Dipslide
and Selma plus were also tested. The latent class models were
fitted using Markov Chain Monte Carlo (MCMC) simulation by
using the free statistical software JAGS (42) and the R packages
runjags (43) and coda (44). For each model, three chains
of the Gibbs sampler were run independently from different
starting points of 100 000 iterations after a burn-in of 5,000
and a thinning of 10. The behavior of the MCMC chains was
monitored through the plotting of the posterior trace plots to
identify potential converging problems. The output files from
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the Gibbs sampler were analyzed through the package coda (44)
calculating the potential scale reduction factor. We followed the
STARD-BLCM guidelines (45), (Supplementary material S4).

Results

Descriptive results of microbiological
analysis and test agreement beyond
chance

A total of 509 single quarter milk samples were enrolled
in the study. From those 509 samples, information about
clinical presentation was available for 287 samples, with 108
cases (38%) classified as clinical mastitis and 179 (62%) cases
as subclinical mastitis. In 222 individual quarter samples, no
information on the clinical appearance could be determined.
This high proportion is due to the fact, that the clinical
appearance of mastitis was not consistently noted on the
laboratory anamnesis sheet.

Pool 1 and 2 contributed 237 samples, while 73 samples
came from Pool 3.

Microbial growth was isolated from 78, 89, and 88% of single
quarters with clinical and subclinical mastitis for whole milk
culture, Dipslide and Selma plus, respectively (Table 1).

Overall, gram-positive bacteria were detected in 65-75% of
all samples, with Streptococcus spp. as the main isolated bacteria.
Gram-negative growth appeared in 8-9%, with Escherichia coli
being responsible for more than half of the gram-negative cases.

No bacterial growth was recovered in 113, 56, and 63
samples, referring to 22, 11, and 12% for culture of whole milk,
Dipslide and Selma plus, respectively.

The two rapid culture test kits yielded 26 and 11 non-
identifiable results for Dipslide and Selma plus, respectively.
The higher number in Dipslide is due to the fact, that all
colonies, growing only on Medium 1 (BHI Medium), were
not identifiable according to the interpretation guidelines
of the test. The category “not identifiable” includes mainly
colonies, that should have been recognized according to the
test instructions, but could not be assigned on the basis of the
morphology/appearance of the colony (e.g., growth on atypical
media, unusual discoloration). Furthermore, bacteria such as
Serratia spp. (n = 2), Pasteurella multocida (n = 1) or Citrobacter
krusei (n = 1) which could not be identified according to the
guidelines, but also Proteus spp. (n = 1), which is listed in
the guidelines, but could not be identified, are included in
this category.

Cohen’s Kappa coefficient (k) showed a wide range of
agreement between negative k values (Enterococcus Dipslide
vs. culture) or low k values (Klebsiella spp.; Selma plus vs.
culture), indicating poor agreement between the test results
(Table 1). Examples for a favorable agreement between all tests
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TABLE 1 Descriptive statistics and Cohen’s kappa agreement for 509 single quarter milk samples collected from 509 Swiss dairy cows suffering from
clinical and subclinical mastitis.

Pathogen Test Frequencies [n = 509] Agreement (Cohen’s Kappa; k)

Positive n % [95% CI] Dipslide - culture Selma plus- culture Dipslide - Selma plus

Negative/No Growth Culture 113 22.2[18.8;26.0] 0.49 [0.4;0.59] s° 0.54 0.82
[0.45;0.63] [0.74;0.9]
s ns®
Dipslide 56 11.0 [8.5;13.9]
Selma plus 63 12.3 [9.7;15.4]
Gram positive ! Culture 329 64.6 [60.4;68.7] 0.57 0.59 0.79
[0.49;0.64] [0.52;0.67] [0.72;0.85]
s ns s
Dipslide 376 73.9 [69.9;77.5]
Selma plus 378 74.3 [70.3;77.9]
Staphylococcus aureus  Culture 27 5.3 [3.6;7.5] 0.48 0.72 0.45
[0.3;0.65] [0.56;0.87] [0.25;0.65]
ns s ns
Dipslide 21 4.1 [2-6;6.1]
Selma plus 17 3.3[2.0-5.1]
Streptococcus spp. Culture 177 34.2 [30.2;38.4] NA 0.58 NA
[0.51;0.66]
s
Dipslide NA® NA
Selma plus 185 36.3 [32.3;40.6]
Streptococcus uberis Culture 139 27.3[23.6-31.2] 0.53 NA NA
0.45;0.61
ns
Dipslide 158 31.0 [27.1;35.1]
Selma plus NA® NA
Enterococcus Culture 22 4.3 [2.81;6.35] NA* 0.21 0.36
[0.003%;0.42] [—0.009%;0.72]
s ns
Dipslide 6 1.2[0.49;2.41]
Selma plus 5 1.0 [0.36;2.14]
Minor pathogens (NAS Culture 120 23.6 [20.0;27.4] NA 0.48 NA
+ Corynebacterium [0.41;0.55]
spp.)? s
Dipslide NA® NA
Selma plus 216 42.4 [38.2;46.8]
Trueperella pyogenes Culture 10 1.9 [1.01;3.45] NA 0.46 NA
(0.12:0.79]
s
Dipslide NA® NA
Selma plus 3 0.5 [0.1651.56]
Gram negative > Culture 40 8.6 [6.4;11.3] 0.49 0.66 0.7
[0.35;0.63] [0.54;0.78] [0.58;0.81]
ns ns ns
(Continued)
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TABLE 1 (Continued)

Pathogen Test Frequencies [n = 509] Agreement (Cohen’s Kappa; k)

Positive n % [95% CI] Dipslide - culture Selma plus- culture Dipslide - Selma plus

Dipslide 39 7.7 [5.6;10.2]
Selma plus 44 8.6 [6.4;11.3]
Escherichia coli Culture 28 5.5 [3.77;7.74] 0.66 [0.51;0.82] ns 0.81 0.75
[0.7;0.93] [0.61;0.88]
ns ns
Dipslide 22 4.3 [2.81;6.35]
Selma plus 28 5.5[3.77;7.74]
Klebsiella Culture 4 0.7 [0.2651.86] NA 0.17 NA
[—0.14%;0.48]
ns
Dipslide NA® NA
Selma plus 7 1.8 [0.62;2.68]
Candida Culture 4 0.8 [0.27;1.86] NA 0.86 NA
[0.58;1.0]
ns
Dipslide 0 0 [0;0.49]
Selma plus 3 0.6 [0.17;1.56]
Contaminated Culture 34 6.7 [4.75;9.11] 0.44 0.43 0.79
[0.28:0.61] (0.28:0.59] [0.67:0.91]
ns ns ns
Dipslide 25 4.9 [3.28;7.05]
Selma plus 30 5.9 [4.09;8.19]
Not identifiable Culture 0 0.0 NA NA NA
Dipslide 26 5.1 [3.44;7.28]
Selma plus 11 2.2 [1.15;3.71]

!Gram positive: Dipslide: Gram positive (all unspecific growth on Medium 2), Staphylococcus aureus, Streptococcus uberis, Enterococcus; Selma plus: NAS, Staphylococcus aureus,
Streptococcus spp., Enterococcus, T. pyogenes; Culture: NAS, Staphylococcus aureus, Streptococcus spp., Enterococcus, T. pyogenes, other Gram positive. 2Gram negative: Dipslide: E. coli,
Klebsiella, other Gram negative (growth on Medium 3); Selma plus: E. coli, Klebsiella, other Gram negative (general growth on MacConkey agar); Culture: E. coli, Klebsiella. >Minor
pathogens: Selma plus: NAS; Culture: NAS + Corynebacterium spp. *Negative Kappa or values close to 0 indicate that the number of agreement is lower than the expected number by
chance. *Unable to categorize the growth into one of the groups according to the manufacturer’s guidelines. ®“s” and “ns” indicate if Mc Nemar’s Chisquare test gave a significance or a
non-significant test result (p < 0.05), respectively.

were detected for Escherichia coli, i.e., (k 0.66-0.81) for Selma The results, including the posterior means and 95% credibility
plus plate compared to culture. intervals, of both the independence model and the model with

a covariance between the sensitivities of Dipslide and Selma

plus, are displayed in Table 2. Including a covariance led to
B ayesi an latent class models lower test accuracies. Including further covariances between the
sensitivities did not alter the posterior estimates substantially.
To assess if the prior of the prevalence (“being 95% sure, that
the true value was below 50% with a mode at 30%”) affected the
obtained posterior values, a sensitivity analysis was performed

BLCM were performed solely for Streptococcus uberis,
because this was the only pathogen with proportion of at
least 10% of the samples being positive. For Selma plus all

Streptococcus samples were considered as Streptococcus uberis. by varying the beta priors from assuming the true value to be
Based on posterior trace plots and all potential scale reduction below 30% with a mode of 10%, below 40% with a mode of 20%
factors being below 1.1, all models converged. Regarding the and so on, until below 90% with a mode of 70%. Additionally, a
95% credibility intervals (Crl) and the deviance information non-informative prior with a beta (1,1) for all parameters - and
criterion (DIC), the best model was a model including a weakly informative priors with a beta (2,1) for the diagnostic
covariance between the sensitivities of Dipslide and Selma plus. test accuracies - were considered. None of the mean posterior
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TABLE 2 Results of the final BLCMs for Streptococcus uberis encompassing three tests (Dipslide, Selma plus, and whole milk culture) in one
population, to estimate diagnostic test accuracies of all three diagnostic tests using 509 milk samples collected from Swiss dairy cows suffering

from clinical or subclinical mastitis.

Model Model Model Model Model
Estimates independence with covs covariate on covariate on Se covariate on Se Selma plus
prevalence Dipslide
mean mean mean mean mean
[95% CrI] [95% Crl] [95% Cr] [95% Cr] [95% CrI]
Prevalence 42.2 41.1 - 41.5 41.8
[37.0:47.2] [36.0:46.5] [36.0;46.9] [36.5:47.7]
Prevalence Sensitivity Dipslide Sensitivity Selma
Posterior of interest - - 9.5 63.8 54.5
Cov=1 [1.7;22.8] [44.8;77.4] (35.4;73.4]
Posterior of interest - - 439 70.6 75.0
Cov=0 (38.3;49.9] [62.0;78.5] (66.7:82.2]
Se pipslide 71.1 69.5 68.9 - 68.3
(63.9;78.4] [61.7;77.2] (60.877.0] (60.1;76.4]
Se Selma plus 76.2 71.8 71.7 71.7 -
(69.9;82.4] [64.6;79.2] [64.4;79.1] [64.2;79.3]
Se Culture 64.0 59.3 59.0 58.5 57.9
[56.1;71.5] [52.9:66.0] [52.2:65.4] [51.2:65.6] (51.2:65.3]
SP Dipslide 98.4 95.1 95.0 95.8 95.5
[96.2;1] [92.1;98.0] [92.0;97.8] [92.5;:99.0] (92.3;98.4]
SP selmaplus 932 88.5 88.6 88.8 90.0
(88.6:97.9] [84.4;92.8] (84.3;93.0] [84.5;93.1] (85.4;94.6]
Sp Culture Fixed to 1 Fixed to 1 Fixed to 1 Fixed to 1 Fixed to 1
Covs - 0.07 0.07 0.07 0.06
[0.05;0.09] [0.05;0.09] [0.05;0.08] (0.040.08]
Intercept - - —0.245 0.886 1.10
[~0.48; —0.001] [0.48;1.29] [0.69;1.53]
Slope - - —2.19 -0.32 -0.92
[~3.65; —0.79] [~1.1;0.34] [~1.83;0.017]
DIC 1,539.9 1,477.5 1,464.7 1,478.6 1,475.3

All samples identified as Streptococcus by Selma were assumed to be Streptococcus uberis. The 95% credibility intervals of the independence model, the model with conditional dependency

between sensitivities of Selma plus and Dipslide and models including as a covariate a mixed infection for prevalence and the sensitivities of Dipslide and Selma plus are shown.

values differed substantially from the initial model when varying
the priors for prevalence or including weakly informative priors
(Supplementary material S5). The largest difference found was a
posterior prevalence mean of 42.2 compared to 41.0% indicating
that the chosen informative prior had a negligible effect on the
posterior distribution.

When allowing for the covariate “mixed infection” in the
model to have an impact on either the prevalence or the
sensitivities of either the Dipslide or Selma plus, an effect
was only seen for prevalence. Here a substantial decrease
in DIC as well as a 95% credible interval of the regression
coeflicient not including 0 was found (on the log odds scale).
The prevalence of S. uberis in the presence of a mixed infection
was 9.5% with a 95% CrI [1.7;22.8] and 43.9% [38.3;49.9] in
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the absence of a mixed flora. Although the sensitivities of both
Dipslide and Selma plus were reduced in the presence of a
mixed infection, their corresponding credible intervals of the
regression coefficient did contain 0 and the sensitivity intervals
were overlapping (see Table 2 and Figures 1A,B).

When analyzing a subset of the data set for which culture
was performed based on sedimentation (n = 434, comprising
118, 105, and 136 positive samples detected by culture with
sedimentation, culture of whole milk and Dipslide), the
sensitivity of culture of the milk sediment after centrifugation
was considerably higher compared to culture of whole milk
(Table 3). Compared to the analysis with the complete data set,
all sensitivities are higher, whereas specificity of Dipslide and

prevalence were lower.
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FIGURE 1
(A,B) Estimating diagnostic test accuracies for S. uberis of Selma plus, Dipslide and culture, using Bayesian latent class models. Dipslide, red
dashed; Selma plus, green solid; Culture, blue dotted. Since the specificity of culture in general is assumed to be very high, the specificity of
culture was fixed to 1 in the model.

Discussion

This study was carried out to assess the agreement beyond
chance between test results from reference laboratories and two
point of care tests and to estimate the test accuracies with a
BLCM, using 509 single quarter milk samples from cows with
clinical and subclinical mastitis.

The agreement (k) when comparing two tests varied greatly
depending on the bacterial group or bacterial species.

High disagreement in pathogen identification was observed
in the Enterococcus species. Differentiation of Streptococcus,
Enterococcus and Lactococcus based on colony morphology
only is not possible (46). That is why, both test kits included
differentiation aids for correct identification of Streptococcus spp.
and Enterococcus spp.. For Escherichia coli (E. coli), k is best for
Selma plus compared to standard culture of whole milk in an
accredited laboratory). Among gram-negative bacteria, E. coli is
mainly responsible for clinical mastitis (47). With the ongoing
efforts of evidence-based antibiotic use, mastitis caused by Gram
negative bacteria does not benefit from antibiotic therapy (8, 48)
and therefore accurate diagnosis is important for targeted use.
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In bacteria and bacterial groups occurring in a higher
prevalence, agreements are basically moderate to substantial.
Negative or very poor k occur in bacteria with a low prevalence
in the study (e.g., Enterococcus, Klebsiella). In the case of
enterococci, the reason may be that enterococci colonies on
Dipslide were very similar in color to streptococci and therefore
misclassified. The k value is influenced by the prevalence and in
this case basically not interpretable.

Since the definition of a contaminated sample was identical
for all methods the k for “contaminated sample” Selma plus-
Dipslide showed a high agreement. It should be noted that the
rapid culture tests only have small sectors where a relatively
large amount of milk is spread. The exact morphological
differentiation of growing colonies is therefore sometimes
difficult. In standard culture, where one loop of milk is spread
out per plate, the classification of individual colonies is easier
and thus also more reliable. In addition, there is also an influence
of the subjectivity of the evaluator, as the interpretation of what
grows or does not grow on the culture plate depends much on
the experience and training of the person evaluating the culture
plate (49).
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TABLE 3 Outcomes of the final BLCM evaluating test accuracies for Streptococcus uberis of a subset of the data including Dipslide, culture of whole

milk and culture of milk sediment.

Model
Estimates independence
posterior mean
Prevalence 28.5
Se Dipslide 75
Se Culturewholemilk 84.9
Se culture.sediment 95.3
SP Dipslide 86.2
SP Culturewholemilk Fixed to 1
SP Culture sediment Fixed to 1
Covs Culture/Culture.sed -
DIC 1,038.0

While k only gives us information about the agreement
between two test results, the BLCM was performed to determine
the diagnostic test accuracies in the absence of a gold standard.

Based on BLCMs for S. uberis, the sensitivities of both
Dipslide and Selma plus were higher than standard culture of
whole milk in an accredited laboratory. Presumably different
inoculums of milk in all three tests significantly influenced
general growth rate, as a higher inoculum of milk is associated
with a higher growth rate (50). Another study evaluating rapid
culture tests also found similar results (31). Milk inoculum was
highest and not standardized in Dipslide (2-10ml per test).
The BLCM analysis was carried out for S. uberis, because of
the high prevalence and its current importance in practice.
S. uberis is the most important Streptococcus species isolated
in bacteriological culturing from mastitis milk samples (12).
Furthermore, S. uberis mastitis cases profit from an extended
antibiotic therapy (51). Therefore, out of the perspective of a
clinician, it is crucial to know if a S. uberis is involved or not.
Still, a major limitation of the study must be considered before
interpreting the BLCM results, since Selma plus plate diagnoses
Streptococcus at the genus level, only. All samples with a positive
result of aesculin-positive Streptococci by Selma plus plate were
considered in the BLCM as S. uberis based on the perspective of a
veterinary practitioner for clinical decision-making considering
S. uberis as a worst-case scenario.

The two point of care tests displayed a specificity above
90%, while the specificity of culture combined with MALDI-
TOF species identification was fixed to 100%. The slight lower Sp
for Selma plus compared to Dipslide is due to the limitation, as
there were also other Streptococci species than S. uberis included
in the analysis for Selma plus.

When including the covariate of mixed infection, the
prevalence of S. uberis in the presence of a mixed infection
was 9.5% and 43.9% in the absence of a mixed flora. Several
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With covs

95% Crl posterior mean 95% Crl
[24.2;32.6] 28.9 [24.6;33.1]
[68.4;83.3] 74.7 [66.9;82.2]
[78.3;90.9] 83.6 [76.7;83.8]
[91.2;98.8] 93.9 [89.0;98.3]
[82.2;89.9] 86.3 [82.4;90.1]

_ Fixed to 1 -

- Fixed to 1 -

- 0.004 [—0.003;0.014]

1,039.7
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studies imply a protective factor in quarters already infected
with a minor pathogen (e.g., NAS or Corynebacteria) for
infection with a major pathogen (e.g., S. uberis) (52-54) which
could be a possible explanation for our findings. However,
this hypothesis has been refused by other studies (55, 56) or
could neither be determined as a risk factor nor as a protective
factor for mastitis caused by major pathogens (57). Another
factor may be inhibited growth of S. uberis in the presence of
other bacteria in the milk sample due to inhibitory substances
produced by minor pathogens or increased SCC in the milk
(58, 59).

When using a subset of the data and including solely
Dipslide and culture of whole milk as well as culture
based on the sedimented samples, the sensitivity of the
latter one was considerably higher compared to the samples
analyzed without a sedimentation step. Also, Se of both
culture methods are higher compared to Dipslide. Additional
to the fact that the sediment might contained a higher
density of bacteria, there are several potential reasons to
explain this difference. The analyzed data is a subset of
the whole data set, and sensitivities and specificities might
change across populations (60). The data set just contained
results from culture of milk sediment performed by one
of the two laboratories (only samples out of pool 1&2).
The omission of samples from pool 3 leads to a different
sample composition and this might as well be responsible for
the difference.

Using BLCMs to evaluate diagnostic test accuracies
in mastitis diagnostics has been shown to be a reliable
method (6, 27, 49). In our study, limitations are due
to test specific identification of specific pathogen not
being uniform for all tests (Streptococcus uberis) and
slight differences in the detailed sample setting under
filed conditions.
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Implementation in practice

When adopting point of care culture system in local

veterinary businesses or on-farm, considerations about
accuracy, cost, shelf life, necessary storage conditions and
ease of use have to be evaluated (34). Additionally, as a
veterinary practitioner you have to make sure to meet
the regulations of your country concerning biosafety and
disposal of potentially hazardous waste that accumulates
when bacterial culture is performed in veterinary practice.
However, at a time when antibiotic reduction is in the
focus, more diagnostics not only serve this goal, but also
provide a source of revenue for veterinary practices to
meaningfully compensate for fewer antimicrobial sales
and treatments.

The two evaluated rapid culture
categories like

classification of the bacteria.

systems showing
growth,

Selma plus

promising results for general

and rough
plate and Dipslide showing good test accuracies for the
Streptococcus on the genus level. However, both rapid
culture systems have their drawbacks: Selma plus is not
able to specify Streptococci to the species level, so we only
assumed that aesculin - positive Streptococci were equal
to S. uberis, whereas Dipslide yielded a high proportion
of S.

vice versa.

uberis that were misclassified as enterococci and

If treatment protocols require a more detailed information
regarding the presence or absence of any particular bacterial
species, the rapid culture systems evaluated in the present work
may not be the test of choice. Even though they can reliably
recognize some individual bacterial species (e.g., E. coli), they
both are limited in recognition of certain other bacteria species
(e.g., Enterococcus, Klebsiella). In the case of Corynebacterium,
which is one of the most prevalent minor pathogens isolated
from milk samples in Switzerland (12), neither Dipslide nor
Selma plus plate specifically detect Corynebacterium. None of
the two test systems was able to detect Trueperella pyogenes, or
algae. In addition, discrimination of NAS from S. aureus was
not straight forward using the two tests. As a conclusion, the
test may not be suitable for analysis of milk samples collected
from cows with subclinical mastitis. Standard laboratory culture
in combination with MALDI-TOF is considered as the method
of choice in these cases, and therefore, we recommend sending
the milk sample to a professional microbiological laboratory.
However, it might be time saving to initially culture the
milk on the rapid test media and if a pure culture of
not identifiably bacteria is present, to send a swab of the
culture to a professional lab for species identification and/or
resistance testing.

In case of acute clinical mastitis however, when classification
of pathogens in gram-negative, gram-positive or no growth
influences treatment decision, the two evaluated rapid point of
care detections kits can be recommended as first line test.
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Conclusion

Therefore, we conclude, that the two point of care rapid
culture systems Dipslide and Selma plus plate can provide an
important base for decision-making on targeted treatment of
clinical mastitis, especially when information on growth/no
growth and a rough classification of the bacteria into groups
have an impact on the treatment strategy. Both rapid culture
tests showing good test accuracies for S. uberis using BLCM,
taking into account that Selma plus is not able to identify
Streptococci to the species level and that the samples contained
only a low number of streptococci other than S. uberis and very
few enterococci, reflecting the field situation in our study. Further
studies need to be performed using datasets and tests with
uniform and more standardized pathogen identification and
with a larger number of samples containing the most relevant
mastitis pathogens. In addition to reliable test results, decision
making for mastitis treatment should include factors at cow
and herd level. Despite the limitation of our study due to the
different sample pools and the difference in the level of pathogen
detection between the rapid tests, we suggest that rapid tests at
the disposal of the cattle practitioners are used more frequently.
They can bring added value for targeted treatment decisions
particularly in cases of acute clinical mastitis and support the
reduction of antimicrobial resistance.
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