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An Enzyme-Linked Immunosorbent Assay (ELISA) is currently available for detection of

antibodies against SalmonellaDublin in bovinemilk. However, when used in a surveillance

program, samples may undergo various storage conditions. The objective of this study

was to estimate the repeatability of an ELISA test when used on fresh and frozen samples.

Each of 845 bulk milk collected samples was subdivided into 3 aliquots and analyzed

using PrioCHECKTM Salmonella Ab Bovine Dublin. ELISA percent positivity results (PP%)

were compared between aliquots submitted to the initial analysis and a second analysis

conducted 24 h later. The third aliquots were either preserved for 13–14 days (n = 413)

or 25–28 days (n = 432) at −20◦C prior to analysis and results were compared to the

initial analysis. There was excellent concordance between the two initial values and with

values obtained after 13–14 and 25–28 days-freezing. The corresponding concordance

correlation coefficients were 0.96, 0.97, and 0.94, respectively. Bland-Altman plots

showed differences of PP% of 0.1 percentage points on average between the initial

and second fresh samples. Freezing for 13–14 and 25–28 days led to overestimation

of the initial values by 0.1, and 0.4 percentage points, respectively. Regarding the

classification of samples, greater disagreement was observed between 25 and 28

days-frozen and initial samples when using the cut-off 15% (kappa = 0.76) compared

to 35% (kappa = 0.90). Our study showed that PrioCHECKTM has good repeatability

and that frozen bulk milk samples could generate reliable results. However, the larger

variability at lower PP% should be considered when setting up a threshold.
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INTRODUCTION

Salmonella enterica subsp. enterica serovar Dublin (S. Dublin) is
an emerging zoonotic pathogen in dairy cattle and humans in
Québec since 2011 (1). In infected herds, it leads to concerning
levels of production losses but also causes enteric disease,
pneumonia, septicemia especially among calves, and abortion
in adult cattle (2, 3). It is an important infection in the
dairy industry because it is adapted to cattle (4). Systemic
invasion in carrier cows leads to production of specific antibodies
which can be detected in milk samples (5, 6). Testing milk
for antibodies to the S. Dublin O-antigen factors, notably
by Enzyme-Linked Immunosorbent Assay (ELISA), therefore
facilitates the identification of S. Dublin-infected herds (7).

The PrioCHECKTM Salmonella Ab Bovine Dublin, an
indirect ELISA commercialized by Thermo Fischer Scientific,
originates from the Danish Veterinary Laboratory (7). It
is based on the detection of antibodies in cattle directed
against Salmonella Dublin LPS O-antigens 1, 9, and 12.
It reports the corrected optical density value of each milk
sample as percent positivity (PP%). This test was designed for
screening of individual cow milk. For a large-scale screening,
however, bulk milk samples are simpler to collect and,
thus, possibly more convenient samples than individual cow
samples. For instance, the bulk milk samples that are already
set aside on each milk collect, either for milk composition
analyses for payment or for milk quality analyses, could
possibly be used to determine the herd status for S. Dublin.
However, in a S. Dublin surveillance program based on
mandatory regular bulk milk ELISA analyses, samples may
undergo various storage conditions, including freezing for
many days. Currently, no information is available regarding
the variability of that assay when performed on fresh or
frozen samples.

The PrioCHECKTM and Danish-in-house milk based-ELISA
have been evaluated in Northern European countries for their
performance in diagnosing the S. Dublin herd-level status using
bulk milk samples and seemed to have good performance when
using the manufacturer’s recommended cut-off PP% ≥ 35% (8).
In the province of Québec (Canada), PrioCHECKTM is currently
used in bulk milk for diagnosis of S. Dublin and results ≥ 15%
are interpreted as positive by local authorities. The rationale for
this lower threshold is that, when used on bulk milk samples
in a population where prevalence of S. Dublin positive cows
is expected to be low, the milk of a few S. Dublin positive
cows may be diluted by those of numerous negative cows.
Thus, lowering the threshold used for interpretation may help
increasing the diagnostic sensitivity of the test, although the
specificity would be decreased. So far, the repeatability of the
test for determining if a sample is positive or negative using our
provincial authorities’ cut-off or manufacturer’s suggested cut-off
has not yet been published.

Consequently, the aim of this study was to assess the
repeatability of the commercially available milk ELISA test in
a context of a surveillance program by assessing the assay
variability on fresh and frozen samples and the repeatability of
the test for classifying a sample as positive or negative.

MATERIALS AND METHODS

Study Design
This study was an experimental study conducted using bulk milk
samples collected on 293 dairy farms participating in a larger
observational cohort study aiming at validating a diagnostic
strategy for detecting S. Dublin infected dairy herds. This
research was approved by the Université de Montréal’s Research
Ethic Committee (18-Rech-1943).

Herds

The study was performed with samples from 47 dairy herds
that have already tested positive to S. Dublin and 246 randomly
selected dairy herds. The positive status of infected herds was
confirmed with clinical signs, bacterial isolation and/or blood or
milk serology. They were recruited by the Québec Ministry of
Agriculture, Fisheries and Food (Ministère de l’agriculture, des
pêcheries et de l’alimentation du Québec; MAPAQ) from a list
of infected herds since 2014. The other herds were randomly
recruited by the research team from a list of 954 dairy herds
from three regions of the Québec Province (Montérégie, Centre-
du-Québec, and Estrie) and provided by the provincial dairy
producer association.

Data Collection

A total of 845 monthly bulk milk samples were collected
from April to September 2019 within the mandatory provincial
milk quality analysis scheme. Briefly, certified milk transporter
aseptically sampled 50 to 60ml from bulk tank milk of each
dairy herd. Samples were kept refrigerated at 4◦C during
transportation and were transferred to a commercial laboratory
(Lactanet) 24 to 48 h after the sampling. Each bulk milk sample
was subdivided into 3 aliquots as presented in Figure S1. The
first aliquots, preserved at 4◦C, were submitted to the initial
analysis in general within 7 days after arrival to the laboratory.
The second aliquots kept at 4◦C were analyzed 24 h following the
initial analysis. The third aliquots were either preserved for 13
to 14 days (n = 413) or 25 to 28 days (n = 432) at −20◦C prior
to analysis.

ELISA Assay
The samples were tested at the laboratory using the
PrioCHECKTM Salmonella Ab Bovine Dublin, Ref. 7610640
(Thermo Fischer Scientific, USA). Antibodies against S. Dublin
LPS O-antigens 1, 9, and 12 were detected from plates coated
with the purified LPS isolated from S. Dublin. The analyses
were carried out following the instructions of the manufacturer.
The optical density of each well was measured at 450 nm. The
ELISA results were interpreted using corrected OD450 values
(sample OD minus negative control OD) and expressed as
percent positivity (PP %), which is the ratio (%) of the sample
corrected OD450 to the positive control corrected OD450 minus
10 according to Equation 1. The samples were initially classified
as positive when PP% ≥ 15%, which is the Provincial authorities’
used cut-off. Alternatively, a second classification using the PP%
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≥ 35% manufacturer’s cut-off was used for comparison.

PP% =

(

Corrected OD450 test sample

Corrected OD450 positive control
× 100

)

− 10 (1)

Statistical Analyses
Concordance correlation coefficients (CCCs) were computed in
order to first compare the results of the two fresh aliquots, then,
secondly, to compare results of the frozen aliquots with the initial
analysis. CCCs values of 1 indicate perfect concordance, values
approaching 1 indicate excellent concordance, and values inferior
or close to 0 reflect very poor concordance. Bland-Altman
diagrams were plotted to determine the limits of agreement,
mean differences (biases) and 95% confidence intervals between
the initial analysis and the second or third measurements (9).
The repeatability of ELISA assays using provincial authorities’
cut-off (PP% ≥ 15%) and manufacturer’s recommended cut-
off value (PP% ≥ 35%) was evaluated with Cohen’s kappa
(κ) as the measure of agreement. Before assessing kappa,
we investigated whether the PP% values classified the same
proportions of samples as positive using the McNemar’s χ²
test in order for kappa assessment to be of value. Cohen’s
kappa (κ) were then calculated to assess the repeatability of
the test to classify a sample as positive or negative. κ values
were interpreted according to Landis and Koch’s interpretation’s
guidelines (10). The data were stored in a Microsoft Access
database and edited using version 9.4 of the SAS Software.
CCCs analyses were performed using version 12 of the Stata
Statistical Software (StataCorp LP, College Station, TX, USA),
Concordance correlation and Bland-Altman plots were obtained
using Excel, and Kappa analyses were performed for mixed
population (mixture of positive and negative samples) using the
EpiTools epidemiological software (https://epitools.ausvet.com.
au/comparetwotests).

RESULTS

Samples Analyzed
Each herd was sampled on average 2.9 times (range: 1 to 8
times). Out of the 845 bulk milk samples collected, 845 aliquots
preserved at 4◦C could be submitted to the initial ELISA analysis.
They were analyzed on average within 6.7 days (range: 0 to 14
days) from sampling. Seventy-three percent (n = 616) of the
845 samples had their first analysis within the 5 days following
the sampling. Twenty one percent (n = 176) were tested no
more than 6 to 10 days after the sampling. The second ELISA
analysis could be conducted on 845 aliquots. These second fresh
samples were tested after an additional overnight-refrigeration
at 4◦C.

Regarding the frozen samples, 413 aliquots were frozen for
about 2 weeks (mean 13.5 days; range: 13 to 14 days). Among
these, 384 aliquots were included to the third ELISA analysis,
while 29 could not be analyzed due to coagulation after thawing.
The majority of the remaining 432 aliquots were frozen for about
4 weeks (mean 26.5 days; range: 25 to 28 days) and all of these
could be analyzed.

Concordance Between Fresh and Frozen
Milk Samples
The level of agreement between the two fresh samples and the
fresh samples vs. frozen samples, are illustrated in Figure 1.
Briefly, an agreement corresponding to a CCC of 0.96 (95%
CI: 0.96, 0.97) was observed between the two fresh samples,
and regression and perfect concordance lines were almost
undistinguishable. Similarly, comparison of ELISA results of
fresh samples vs. 13–14 days-frozen samples and 25–28 days-
frozen samples indicated excellent concordance (Figures S2A,B).
The corresponding CCCs values were 0.97 (95% CI: 0.97, 0.98)
and 0.94 (0.93, 0.95), respectively.

Biases and Limits of Agreement
The second fresh ELISA analysis underestimated by −0.1
percentage points (95% CI: −0.3, 0.1) the PP% values of the
initial analysis (Figure 2). Conversely, the Bland-Altman plots
obtained with frozen samples revealed overestimation by 0.1
(96%CI: −0.3, 0.5), which was not significant, and 0.4 (95%
CI: 0.1, 0.8) percentage points on average, for 13–14 and
25–28 days of freezing, respectively (Figures S3A,B). For all
comparisons, we observed larger PP% values variation (i.e.,
larger PP% differences) at lower mean PP% values, indicating
greater variability of the assay in samples yielding low PP%
values (Figure 2, Figures S3A,B). The number of observations
with high PP% values was limited, however, thus precluding a
thorough evaluation of PP% variation in samples yielding high
PP% values. Finally, the limits of agreement obtained for 25–28
days-frozen samples was slightly larger than that of 13–14 days
frozen samples (−7.1 to 8.0% vs.−6.9 to 7.1%).

Repeatability of ELISA Assays for
Determining Herd Status
The McNemar’s χ² test confirmed that, for all comparisons,
when using same cut-off, the same proportions of samples were
classified as positive in the two subsequent analyses (P-values
ranging from 0.18 to 1.00), thus supporting use of the kappa
statistic. Classification of the herds according to the two fresh
samples analyses is presented in Table 1. Using the initial fresh
samples analyses, the PP% ≥ 15% cut-off was leading to the
classification of 98 herds (11.6%) as positive. The ≥35% cut-
off was classifying 27 herds (3.3%) as positive. Almost perfect
agreement (κ: 0.90) was observed between the two analyses,
no matter the threshold used (Table 1). Very similar measures
of agreement were observed when comparing the initial fresh
samples analyses to the analyses conducted on samples frozen for
13–14 days. When freezing for 25–28 days, however, agreement
with the initial fresh samples analyses was slightly lower for the
PP% ≥ 15% cut-off (κ: 0.76; 95% CI: 0.67, 0.86).

Figure 3 summarizes agreement between analyses for the two
cut-offs. The agreement was almost perfect when the ELISA
results were interpreted using the cut-off value PP% ≥ 35%,
regardless of freezing duration. When the ELISA results were
analyzed using the cut-off values PP% ≥ 15%, the agreement
decreased with increasing freezing time.
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FIGURE 1 | Concordance correlation plots comparing ELISA results for antibodies against Salmonella Dublin obtained from two different analyses of the same fresh

bulk milk samples (analyses conducted 24 h apart after a 4◦C overnight conservation), with regression lines (solid line) and lines of perfect concordance (dashed line).

FIGURE 2 | Bland-Altman plots for a Salmonella Dublin ELISA test comparing two different analyses of the same fresh bulk milk samples (analyses conducted 24 h

apart after a 4◦C overnight conservation), with mean difference between analyses (dashed line), and lower and upper limits of agreement (dashed and dotted lines).

DISCUSSION

The aim of this study was to determine the repeatability of
PrioCHECKTM Salmonella Ab Bovine Dublin when used in the
context of a surveillance program that would include various
samples handling conditions. The ELISA PP% values of two fresh
aliquots from 845 bulk milk samples were compared at 24 h of

interval. The assay variability of plausible freezing for 2 and 4
weeks on ELISA results was also investigated.

The CCC analyses indicated values close to 1 indicating
excellent concordance between fresh and frozen bulk milk
samples. Few studies have investigated the repeatability of
ELISA milk-based tests under stressors. Evidence of biologically
negligible effect of individual milk handling stressors (heating,
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freezing, thawing and re-freezing for 4 weeks) on a parasite
ELISA test results has been described in a Canadian study
(11). The CCCs values obtained in our study (0.94–0.97) were
coherent with the range of CCC values of 0.65–0.99 reported
in the latter study for all possible stressors combinations with
interquartile ranged from 0.91 to 0.98 for all CCCs.

Bland-Altman plot results revealed a non-significant decrease
of 0.1% following the overnight storage. We observed increases
of 0.1% (non-significant) and 0.4% percentage-points after
freezing for 13–14 days and 25–28 days, respectively. Similar
slight increase following storage at −20◦C for 14 days and
28 days was observed on pregnancy-associated glycoproteins

TABLE 1 | Contingency table of test results obtained from initial analysis, overnight refrigerating, freezing for 13 to 14 days, and freezing for 25 to 28 days analyses for

assessment of the Salmonella Dublin ELISA assay repeatability using provincial authorities’ cut-off (PP% ≥ 15%) and manufacturer’s recommended cut-off (PP% ≥ 35%).

Cut-off Initial analysis Positive Negative McNemar’s χ² P-value Kappa (95% CI)

Analysis +24 h

PP% ≥ 15% Positive 89 9 1.00 0.90 (0.86, 0.95)

Negative 8 739

PP% ≥ 35% Positive 23 4 0.37 0.90 (0.81, 0.99)

Negative 1 817

Analysis +13–14 days

PP% ≥ 15% Positive 40 7 0.18 0.89 (0.81, 0.96)

Negative 2 335

PP% ≥ 35% Positive 10 1 0.48 0.91 (0.78, 1.00)

Negative 1 372

Analysis +25–28 days

PP% ≥ 15% Positive 42 8 0.29 0.76 (0.67, 0.86)

Negative 14 368

PP% ≥ 35% Positive 15 1 1.00 0.91 (0.80, 1.00)

Negative 2 414

FIGURE 3 | Measures of agreement (Cohen’s kappa) with confidence intervals between two ELISA results for antibodies against Salmonella Dublin obtained from the

same fresh bulk milk samples analyzed twice at 24 h intervals 13–14 days and 25–28 days and using for interpretation the manufacturer’s cut-off (35%; solid line) or

our provincial authorities’ cut-off (15%; dashed line).
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ELISA results for milk using multivariable analysis (12).
Although, direct comparison between the two studies cannot
be made, some of the storage temperatures and durations
used in this study are comparable to the Wynands et al.
study. The reasons for such changes remain unknown.
However, hypotheses that the protein concentration could
have been increased in milk sample due to evaporation
during freezing or that the denaturated proteins could cross-
react with the ELISA enzymes have been suggested by
the authors.

In the current study, we did not investigate whether the
number of days between sample collection and first analysis could
affect the repeatability of the test. In our study, 69 and 79%
of samples had a first analysis conducted within, respectively,
3 and 7 days of collection. There was, therefore, relatively little
variation in our dataset in number of days between collection
and first analysis, precluding the investigation of the effect of
this parameter on the test repeatability. The repeatability could
be different in settings where longer withholding times are used
prior to the first analysis.

The slight increase in ELISA PP% values for the 25–28 days
frozen samples compared with the initial values was statistically
significant. The Bland-Altman analysis is a good approach for
authorities to assess by how far the bias between frozen and
initial samples is acceptable and what limits of agreement are
tolerable (13). The PP% value of the milk sample could be
corrected by removing 0.4% to the frozen sample PP% measure
for samples frozen for 25–28 days. With the current study design,
however, we cannot predict if this bias would increase with longer
freezing duration.

Concerning the classification of a herd as S. Dublin positive
or negative, kappa analyses showed a greater disagreement
between initial and frozen samples when ELISA results were
interpreted using the authorities’ cut-off PP% ≥ 15% compared
to manufacturer’s recommended cut-off PP% ≥ 35%. This could
be due to the observed higher variation of the assay at lower
PP% values.

In conclusion, our study showed that ELISA analyses using
PrioCHECKTM Salmonella Ab Bovine Dublin in fresh bulk
milk samples and 2 to 4 weeks-frozen samples were almost
identical. The measured changes in PP % values were minimal.
The test had good repeatability and frozen bulk milk samples
could yield repeatable results. A greater disagreement for
classifying herds as positive or negative was observed as length
of freezing increased when interpreting ELISA results with
a PP% ≥ 15% cut-off. Our future research will now focus
on determining the diagnostic accuracy of this milk ELISA
test for determining the herd-level S. Dublin status when
used on bulk milk samples and for different cut-offs and
sampling strategies.
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