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ABSTRACT

Johne’s disease and bovine tuberculosis are dis-
eases of economic, public health, and animal welfare
importance. The single intradermal cervical compara-
tive tuberculin (SICCT) test, which is used to deter-
mine bovine tuberculosis status as part of eradication
schemes in the United Kingdom and some other coun-
tries, has been reported to interfere with the results
of the widely used ELISA to detect antibodies against
Mycobacterium avium ssp. paratuberculosis (MAP) in
milk. Better understanding of the relationship between
SICCT and MAP tests can improve management and
control of Johne’s disease. The aim of this study was
to characterize the relationship between SICCT testing
and milk ELISA performance and to assess whether
the immunological response to the SICCT test is differ-
ent for MAP-infected cows and noninfected cows. We
used repeated MAP milk ELISA test results of a cohort
of 805,561 cows in the United Kingdom between 2010
and 2018 that had milk ELISA tests within 90 d of
SICCT testing to identify cows likely to be infected.
We then assessed, separately, for cows deemed to be
MAP-infected and noninfected, the association between
MAP test results and proximity to SICCT testing by
means of survival analysis and generalized additive
mixed models. The results were used to quantify the
effect SICCT testing may have on performance of milk
ELISA tests conducted soon after SICCT testing. At
high prevalence levels (20%) of MAP in the infected
herd, overall accuracy of the milk ELISA is not reduced
when testing occurs within 14 d from SICCT testing.
Milk ELISA values of cows deemed to be infected were
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highest when MAP testing was closer in time to SICCT
testing, suggesting the SICCT test enhances antibody
response for MAP in infected cows. This corresponds to
higher sensitivity of the MAP milk ELISA when testing
within 30 d of the SICCT test. For cows deemed to
be noninfected, the effect of previous SICCT testing
was delayed compared with infected cows, with MAP
milk ELISA values peaking at around 15 d post-SICCT
testing. For both, MAP-infected and noninfected cows,
interference from SICCT test diminished 30 d after
SICCT testing, suggesting post 30 d to be the most
appropriate time for evaluating the milk ELISA for
MAP after SICCT testing. Our results provide strong
evidence that the effect of the SICCT test on serologi-
cal response against MAP is different for MAP-infected
versus noninfected cows and that, as a result of this
distinct effect, it is possible to improve interpretation
of MAP milk ELISA test results (higher accuracy) by
taking into consideration time since SICCT testing.
Key words: Mycobacterium aviumssp. paratuberculosis,
bovine tuberculosis, milk, ELISA, SICCT testing

INTRODUCTION

Johne’s disease (JD), caused by Mycobacterium
avium ssp. paratuberculosis (MAP), is a chronic wast-
ing disease of ruminants responsible for considerable
economic losses to the dairy sector worldwide (Ott
et al., 1999; Garcia and Shalloo, 2015; Barratt et al.,
2018). Furthermore, the public health impact of MAP
exposure is a growing concern. There is increasing
evidence of a causal association between MAP and
Crohn’s disease, and in recent years, MAP exposure has
been found to be associated with other diseases such as
multiple sclerosis (Sechi and Dow, 2015; Ekundayo et
al., 2022). Mycobacterium avium ssp. paratuberculosis
herd-level prevalence in the United Kingdom has been
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estimated to range from 59 to 77% (Velasova et al.,
2017). Infected cattle shed MAP in colostrum, milk,
and feces at varying rates; those with clinical signs
are at greatest risk of shedding. Before clinical signs
develop, a long latent period is commonly observed,
where transmission via these routes can still take place
(Nielsen et al., 2002a). Calves are most susceptible to
MAP, infection primarily taking place in first few weeks
or months after calving (Windsor, 2010). It is assumed
that calves are infected primarily via the fecal-oral route
(Sweeney, 1996, 2011; Lombard, 2011; Rathnaiah et al.,
2017; Fecteau, 2018). Transmission from the dam can
also take place in utero, and the risk of MAP infection
has been shown to be higher for calves born to MAP-
infected dams even when those dams were subclinical
and seronegative at the time of calving (Whittington
and Windsor, 2009; Patterson et al., 2020). There-
fore, early detection of infection, to reduce the risk
of transmission to calves, is crucial for MAP control.
However, detecting MAP poses a challenge due to poor
sensitivity of diagnostic tests, especially in early stages
of infection (Hanks et al., 2013; Li et al., 2017). The
most commonly used diagnostic test is the ELISA for
detection of antibodies in milk samples. Although fecal
culture has a higher sensitivity, the ELISA is relatively
low cost, more convenient, and faster (Nielsen et al.,
2002b; Stabel et al., 2002). Among the tests that can be
used for diagnosis of MAP infection, the IFN-~ assay,
which measures the levels of the cytokine IFN-~, has
been found capable to detect MAP infection at early
stages (Nielsen and Toft, 2009; Corneli et al., 2021).
This test has also been found to be strongly affected by
a previous single intradermal cervical comparative tu-
berculin (SICCT) test, with subclinical MAP-infected
cows becoming more likely to test positive after SICCT
testing (Coussens, 2004; Stabel et al., 2007; Roupie et
al., 2018).

The mean sensitivity and specificity of the milk
ELISA across all age groups, given the age distribution
of cows enrolled in a UK JD screening program, has
been estimated at 61.8 and 99.9% (Meyer et al., 2018).
The relatively low sensitivity can be explained by the
chronic nature of the disease and the resulting gradual
increase in antibody levels as infection progresses, with
fluctuations that may correspond to transient shedding
of the bacteria (Nielsen, 2008). To overcome the limi-
tations associated with relatively low and age-varying
sensitivity and fluctuation in antibody levels, allocation
of MAP infection status to cows for the purpose of
farm-level decisions, frequently relies upon repeated
testing. Currently in the United Kingdom, decisions
on control commonly involve selective culling based on
whether a cow is classified as “green,” “yellow,” or “red”
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from repeated milk ELISA testing. The widely adopted
HerdWise service, which is recognized by the Cattle
Health Certification Scheme, defines cows as “red”
when they test MAP positive from milk ELISA twice
within 4 consecutive tests. “Green” cows are cows that
have never tested positive, and the remaining cows are
classified as “yellow” (Meyer et al., 2018; HerdWise,
2022).

Interpretation of MAP milk ELISA results is further
complicated by cross-reactivity with other mycobacte-
ria such as Mycobacterium bovis. Mycobacterium bovis
is the primary causative agent of bovine tuberculosis
(bTB) in the United Kingdom, but it should be noted
that according to some regulations such as the current
European Animal Health Law, bTB is caused by my-
cobacteria of the Mycobacterium tuberculosis complex,
namely Mycobacterium bovis, Mycobacterium caprae,
and Mycobacterium tuberculosis (EU, 2020). Bovine tu-
berculosis is subject to a statutory national eradication
program in the United Kingdom, with annual testing
being mandatory in high-risk areas (APHA, 2020). In
the United Kingdom, screening for bTB involves the
SICCT test where the purified protein derivatives
(PPD) are extracted from M. bovis AN5 (bovine
PPD) and M. avium D4ER (avian PPD), respectively
(Tameni et al., 1998; Corneli et al., 2021). The avian
PPD and bovine PPD are injected into the neck at 2
different sites and infection status is determined 72 h
postintradermal injections (Monaghan et al., 1994; de
la Rua-Domenech et al., 2006).

Several studies have examined the potential of in-
fection with bTB (as opposed to SICCT testing and
how the PPD affect the milk ELISA) affecting the
specificity of the MAP milk ELISA test (Byrne et al.,
2019; Picasso-Risso et al., 2019) as well as the reverse
relationship: infection with MAP affecting the accuracy
of diagnosing bTB (Seva et al., 2014; Roupie et al.,
2018). Research on the effect the SICCT has on MAP
milk ELISA diagnostic performance is more limited.
An increase in MAP antibodies post SICCT has been
shown (Varges et al., 2009; Kennedy et al., 2014);
however, it is not clear whether this rise leads to an
increase in sensitivity due to a potential anamnestic
effect from the PPD in MAP-infected animals or due
to antibody cross-reaction in MAP-noninfected animals
or a mixture of both. The anamnestic effect (booster
effect) has been well described in tuberculosis in both
animals and humans (Costello et al., 1997; Palmer et
al., 2006). An increase in the sensitivity of antibody
tests associated with a rise in serum antibody responses
after intradermal injection of tuberculin has been iden-
tified in tuberculous camelids, deer, and other species
(Busch et al., 2017; TB hub, 2021). The HerdWise pro-
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gram in the United Kingdom recommends that cows
should not be tested for MAP during the 42-d period
following SICCT testing (HerdWise, 2022); however,
this recommendation is not always followed and there
have been anecdotal reports that MAP testing soon af-
ter SICCT testing may help identifying MAP-infected
cows. A recent study performed by Barden et al. (2020)
showed an increase in the odds of a positive MAP test
result when MAP milk ELISA testing occurs less than
30 d to SICCT testing. A similar result was also found
by Bridges and van Winden (2021), who reported an
increased risk of testing positive in the MAP milk
ELISA, with a gradually increasing risk, peaking 57
to 70 d post SICCT testing to subsequently wain. In
this study, we aim to further characterize the relation-
ship between SICCT testing and MAP milk ELISA
performance, including an assessment of whether the
immunological response to the SICCT test is different
for MAP-infected cows and noninfected cows. Our spe-
cific objectives were (1) to determine the effect of time
since SICCT testing on MAP milk ELISA test values
[sample-to-positive (S/P) ratios| for MAP-infected and
noninfected cows and (2) to estimate the effect of test-
ing interval between SICCT and MAP on the capacity
of the MAP milk ELISA to correctly classify cows ac-
cording to their MAP infection status.

MATERIALS AND METHODS

Source of Data and Data Management

This historical longitudinal study was based on MAP
milk ELISA test data provided by the National Milk Re-
cords group (NMR) and National Bovine Data Centre
consisting of 10,153,441 MAP test results for 1,697,828
individual animals carried out between January 1,
2010, and September 29, 2018 (62% provided by NMR
and 38% from National Bovine Data Centre in terms of
individual cows). This data set includes the vast major-
ity of MAP tests carried out in the United Kingdom
during that period. Both data providers tested milking
cows (usually every 3 mo) for MAP antibodies by milk
ELISA (IDEXX Paratuberculosis Screening Ab Test,
IDEXX Laboratories, Westbrook, ME) and interpreted
the results following the manufacturer’s instructions:
tests with a S/P ratio of 0.3 or above were considered
positive. After removal of duplicates, animals with in-
consistencies in date of birth or the identifier (i.e., ear
tag), animals more than 20 yr old, and animals with
first test less than 20 mo, 9,714,164 MAP tests from
1,617,659 animals were available for analysis. Of these,
1,369,722 animals were present in the data set with
more than one MAP test.
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This data set was integrated with information on
SICCT test dates that were systematically recorded
between January 1, 2012, and March 1, 2021, kindly
provided by the United Kingdom’s Animal Plant Health
Agency (APHA). The SICCT test uses avian PPD
and bovine PPD to elicit a delayed hypersensitivity
response mediated by T cells (Monaghan et al., 1994).
Single intradermal cervical comparative tuberculin
testing intervals vary depending on the bTB infection
status of the herd from every 2 mo in herds currently
under bTB restrictions to 1- to 4-yr intervals in bTB
free herds.

Merging of the 2 data sets (i.e., MAP test and
SICCT test) by animal ear tag resulted in 7,909,639
records from 1,073,499 unique animals for which MAP
milk ELISA tests and SICCT tests could be paired.
Each MAP milk ELISA test was matched to the clos-
est preceding SICCT test; this meant that cows could
have the same SICCT test paired to multiple MAP test
observations. Selection of cows with clear SICCT test
results and observations within 90 d of SICCT testing
made up the final data set for analysis; this consisted
of 2,404,368 MAP test observations from 805,561 cows.

Case Definition

Classification as MAP-infected was based on the
HerdWise program definition for determining cattle
highly likely to be infected and shedding MAP in the
feces (HerdWise, 2022). The HerdWise program is a
screening program provided by NMR where animals are
tested quarterly using milk recording samples. Accord-
ing to the program, a cow with 2 positive milk ELISA
test results within 4 consecutive tests is classified as
infected. For this study, the same definition is used.
To avoid interference from cows classified as infected
that could have been classified due to the SICCT test-
ing under consideration, cows defined as infected from
tests occurring within 90 d from SICCT testing were
excluded from the analysis (14% of infected cows). The
remaining cows that did not meet this criterion were
deemed to be noninfected.

Statistical Methods

A total of 66,156 infected cows and 739,405 nonin-
fected cows were present from 3,226 herds after apply-
ing the case definition. All statistical models were built
separately for infected and noninfected cows. Given the
large number of records available and to reduce com-
putation time, one observation from each noninfected
cow and infected cow was randomly selected. Statistical
models were estimated using packages coxme (Ther-
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neau, 2020) and mgev (Wood, 2017) from R version
4.1.0 (R Core Team, 2020).

Relationship Between Time from SICCT to MAP Test
and MAP Positive Test Result

Nested frailty models were used to assess the (linear)
relationship between time since SICCT test and MAP
positive test result, with the cohort beginning when
the first MAP test was recorded for each cow and the
event of interest being a positive MAP milk ELISA test
result.

We analyzed only the first 90 d after SICCT testing
[this period was selected after examining the results
of the generalized additive mixed models (GAMM)
described below]. The time interval between SICCT
and MAP testing was categorized into 4 groups: 0 to
14 d, 15 to 28 d, 29 to 60 d, and 61 to 90 d. The 61 to
90 d group was used as the baseline group for analysis.
Hazard ratios and their 95% confidence intervals (CI)
were obtained as a measure of the hazard of a MAP
positive result for each category, relative to the 61 to
90 d period. The model accounts for clustering of the
data by including a random frailty effect (herd). The
random effect term was assumed to follow Gaussian
distribution. The models were assessed with age as a
potential confounder, which was incorporated into the
final models.

Nonlinear Relationship of Time from SICCT to MAP
Test and MAP Optical Density Values

Generalized additive mixed models were applied to
assess potential nonlinear relationships between time
from SICCT testing to MAP test and MAP milk
ELISA values (S/P ratio). Due to the skewed nature
of the ELISA results, the GAMM model was fitted
using a gamma logarithm link function. A gamma
distribution requires strictly positive data (>0); 2% of
the S/P ratios were zeros, so to fit a gamma distribu-
tion to the variable, 0.001 was added to all values.
To model the group variability among herds, different
random effect structures were tested, and models were
compared using Akaike information criterion. The fi-
nal model contained time in days between SICCT and
MAP testing and age (in days) as continuous variables
and herd fitted as a random slope; additionally, each
variable had its own smooth term using thin plate re-
gression splines. Cross validation was used to estimate
the amount of smoothing. Each smooth function was
plotted for infected and noninfected cows with 95%
confidence bands. Model diagnostics included plotting
of residuals versus fitted values to assess homogeneity

Journal of Dairy Science Vol. 105 No. 10, 2022

8357

of variance, and of residuals versus each covariate to
investigate model misfit.

Impact of Time Since SICCT Testing on Ability
of MAP Test to Classify Cows as Infected
Versus Noninfected

Using the case definition as the reference (i.e., assum-
ing that cows that meet the case definition are MAP
infected), the mean sensitivity and specificity for the
MAP milk ELISA were calculated for MAP tests car-
ried out at each time interval from SICCT testing. One
observation from each cow was randomly sampled and
the process was repeated 1,000 times to find the mean
sensitivity and specificity with 95% CI. This was done
separately for the entire data set and for the data set
excluding cows defined as infected within 90 d from
SICCT testing.

Mean accuracy and positive and negative predictive
values of the test were simulated using a binomial prob-
ability model. Accuracy referred to the proportion of
tests that correctly identify the infection status of the
cow. Sensitivity and specificity values were randomly
sampled from the range of values obtained when in-
cluding and excluding cows classified as infected within
90 d from SICCT testing.

The simulation was repeated 10,000 times to calcu-
late mean accuracy and predictive values with 95% CI
for hypothetical 200-cow herds at 5, 10, and 20% true
prevalence of MAP infection, for each SICCT-MAP
testing time interval.

RESULTS
Descriptive Statistics

A total of 805,561 cows were present in the data set,
of which 66,156 (8%) cows were deemed infected at
some point in their lives, based on the case definition.
The average number of cows tested per herd was 250.
Descriptive statistics are presented in Table 1.

Relationship Between Time from SICCT to MAP Test
and MAP Positive Test Result

Results from the nested frailty models are shown in
Table 2. The models give strong evidence of an associa-
tion between SICCT to MAP test time and positive
MAP milk ELISA result, for both infected and nonin-
fected cows (P < 0.001 for both models). Among cows
assumed to be infected, tests carried out within 14 d
from SICCT testing were 1.36 times (95% CIL: 1.25-
1.49) more likely to yield a positive result compared
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Table 1. Descriptive statistics by

Mycobacterium —avium —Ssp.
paratuberculosis (MAP) status'

Group MAP infected ~ MAP noninfected

Number of positive tests 112,929 (47.2) 46,569 (2.2)

[ (%)]

Number of cows 66,156 739,405
Lactation

Median 4 4

IQR? 3-6 35
Number of MAP tests

per cow

Median 8 7

IQR 6-13 4-10
Lactation of first positive

test (yr)

Median 4 4

IQR 3-5 3-6
Lactation of classification

as case (yr)

Median 4 —

IQR 3-6 —
Time between SICCT and

MAP tests in days (%)

Median 62 62

IQR 50-72 50-72

"Data from 2,404,368 individual test results from 805,561 cows belong-
ing to 3,226 herds, tested by MAP milk ELISA in the United Kingdom
between February 6, 2012, and August 29, 2018, within 1 to 90 d from
single intradermal cervical comparative tuberculin (SICCT) testing.

’IQR = interquartile range.

with tests carried out 61 to 90 d after SICCT testing.
The hazard ratio for infected cows decreased as time
between SICCT and MAP testing increased. The prob-
ability of a MAP test being positive was also affected
by time from SICCT to MAP test among noninfected
cows. For noninfected cows, the risk of a MAP posi-
tive test result was highest at 15 to 28 d post-SICCT
testing, with the effect being stronger than among
infected cows (hazard ratio: 3.35; 95% CI: 3.11-3.61).
Infected and noninfected cows had similar hazard ratios
for MAP testing 29 to 60 d post SICCT testing, both
showing a reduced risk of a positive MAP milk ELISA
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test result compared with the previous time periods
(Table 2).

Nonlinear Relationship of Time from SICCT to MAP
Test and MAP Optical Density Values

The results from the GAMM are shown in Figure
1. The plots show the estimated relationship between
time from SICCT to JD testing and S/P ratios from
JD ELISA tests. For infected cows, the S/P ratios
decrease steadily as time between SICCT to JD test
time increases, reaching a plateau when JD testing oc-
curs around 50 d post-SICCT testing. The effect of
SICCT testing on S/P ratios for noninfected cows is
less prominent, delayed, and shorter compared with
infected cows. Sample-to-positive ratios peak around
15 d post SICCT and level off around 35 d post SICCT
testing. Model checking showed residuals were approxi-
mately normally distributed and there did not seem to
be a pattern when the residual versus fitted values were
plotted.

Impact of Time Since SICCT Testing on Ability
of MAP Test to Classify Cows as Infected
Versus Noninfected

The increase in S/P ratio of infected cows immediate-
ly after SICCT testing results in infected cows having a
higher probability of positive MAP milk ELISA result
the closer MAP testing occurs to SICCT testing (high-
er sensitivity) and therefore increasing the probability
that a negative test reflects a truly uninfected animal
by lowering the probability of a false-negative result.
The pattern in sensitivity is the same when including or
excluding the 14% of infected cows classified within 90
d from SICCT testing. The effect of SICCT testing on
S/P ratio of noninfected cows is smaller and delayed,
resulting in a change (reduction) in specificity, which

Table 2. Estimates of Cox models examining association between time since single intradermal cervical
comparative tuberculin (SICCT) test and Mycobacterium avium ssp. paratuberculosis (MAP) positive milk

ELISA results (sample-to-positive ratio > 0.3)"

MAP infected
SICCT to MAP

MAP noninfected

test time (d) Hazard ratio (95% CI) P-value® Hazard ratio (95% CI) P-value
61-90 1 1

1-14 1.36 (1.25, 1.49) <0.0001 3.13 (2.92, 3.36) <0.0001
15-28 1.25 (1.14, 1.38) <0.0001 3.35 (3.11, 3.61) <0.0001
29-60 1.00 (0.97, 1.04) 0.65 1.15 (1.11, 1.20) <0.0001
"Herd used as random effect term (data from 66,156 infected and 739,405 noninfected tested between 2012
and 2018).

*Wald test.
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is lowest (0.95; 95% CI: 0.95-0.95) when MAP testing
occurred 15 to 28 d post-SICCT testing (Table 3). This
drop is also seen in the positive predictive value and
overall accuracy during this period across the range of
prevalences (Table 4). There is small variation in nega-
tive predictive values over the different time intervals
from SICCT testing. At high prevalence levels (20%) of
MAP in the infected herd, overall accuracy of the milk
ELISA is not reduced when testing occurs within 14 d
from SICCT testing. The milk ELISA accuracy is the
same as for testing 60 d after SICCT testing.

DISCUSSION

Johne’s disease and bTB are arguably 2 of the most
important single-agent infectious diseases affecting the
dairy industry in the United Kingdom and worldwide
(Radia et al., 2013; Sibley, 2019; Whittington et al.,
2019). Although a statutory program exists for bTB,
JD control relies on identification of infected cows
by means of repeated testing, due to the chronic and
slow progressive nature of the disease and the limited
performance of diagnostic tests during the long latent
or preclinical phase of the disease. The economic im-
portance of JD for the dairy industry and the reliance
on repeated testing is reflected in the numbers of tests
carried out: between 2010 and 2018, the 2 largest milk
recording companies in the United Kingdom carried
out 10,153,441 tests on milk samples from 1,697,828

1.0

0.8

S/P ratio
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Table 3. Mean Mycobacterium avium ssp. paratuberculosis (MAP)
milk ELISA sensitivity and specificity for tests carried out at different
time intervals since single intradermal cervical comparative tuberculin
(SICCT) testing with 95% CI'

All cows Exclusion

SICCT to MAP

test time (d) Sensitivity —Specificity Sensitivity Specificity

1-14 0.65 0.96 0.40 0.96
15-28 0.62 0.95 0.37 0.95
29-60 0.54 0.98 0.34 0.98
61-90 0.53 0.98 0.32 0.98

'The results are presented when all infected cows are included in the
analysis and when cows that were classified as infected within 90 d
from SICCT testing were excluded.

individual cows belonging to 3,760 dairy herds. As for
SICCT testing, between 2012 and 2019 in the United
Kingdom, 5,238,938 tests were performed, with test-
ing occurring up to every 60 d in bTB infected herds
(Lilenbaum et al., 2007). In this context, characterizing
the effect of the SICCT test on MAP test results and
on the ability of MAP tests to classify cows as infected
is of great importance as it can inform adaptation of
testing regimens and interpretation.

An association between MAP milk ELISA results and
the SICCT test is biologically plausible and has been
proposed by several studies (Kennedy et al., 2014; May
et al., 2016; Barden et al., 2020). Kennedy et al. (2014)
provided evidence for a significant difference between
ELISA values pre and post SICCT every 14 d up until

0.4

0.2

0.0

fitted values
transformed

o |
=]
o _|
o
~ ]
o
o _|
o
©o
o

SICCT to MAP test time (days)

Figure 1. Generalized additive mixed model plots showing the relationship between Mycobacterium avium ssp. paratuberculosis (MAP) milk
ELISA testing proximity to a single intradermal cervical comparative tuberculin (SICCT) test and MAP milk ELISA sample-to-positive (S/P)
ratios for infected (solid line) and noninfected (dashed line) cows. The lines represent the S/P ratio from MAP milk ELISA test as a function of
SICCT to MAP test time, with herd included as random slope. The shaded area represents the 95% confidence interval.
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T = 43 d after SICCT testing in a herd of 139 cows. Single
% & 8 8 3 3 g intradermal cervical comparative tuberculin testing
® =l S - has also been shown to have a longer effect on serum
2 2 ggg 22322 Ez ELISA samples compared with milk samples, and an
2 ) increase in antibody titers in serum has been recorded
£ g up till 90 d post-SICCT testing (Varges et al., 2009;
E § 3 2 8 F|2 Kennedy et al., 2014). There has been no evidence, to
Y 1|z miijil\; £ our knowledge, whether the time span of this effect
Z 5 & LRRRLLRR S differs between MAP-infected and noninfected cows,
E ~ - - - = é which would have an effect on MAP test performance.
§ g A study conducted by May et al. (2016) on a herd of
2 2 3 8 glf 240 cows examined the relationship separately for cows
% E R k- based on previous MAP test results; however, they did
a ~ESREEERZR |2 not have a large enough study population for meaning-
2 TETETETe L ful ison of ith different MAP infecti
Z .= ul comparison of cows wi ifferen infection
= =
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g :4: . .
= E of a difference between milk ELISA values pre and
el 5| 8 3 8 %8 § pqst SICCT testing. On a herd level, Bri‘dge.s and van
o g S e S <S8 Winden (2021) found that the odds for finding an ad-
& E 82828888 | ¥ ditional positive test i iated with a SICCT bef
o 21282223222 itional positive test is associated with a efore
E = = = = E the MAP milk ELISA test, and the study was I.IOt able
g s to tell whether the effect was equal for positive and
£2l = T T 5T g negative cows. A similar study by Barden et al. (2020)
Eé T gl = = = 9 "% was able to examine over 20,000 cows from multiple
Sgl 5|~ §§§§§§§§ = herds. The effect of SICCT testing on the MAP milk
28 & =T="="=15 ELISA testing was quantified through splitting SICCT
Z £ :2 test to MAP test time intervals into 4 groups (<30
A8, T S g o|& d, 31-60 d, 61-90 d, >90 d). The groups showed an
- £ B ) ) ’
g s 2| S = gﬁ gﬁ S increase in odds of a positive MAP test result when
g% A BSREERRER|S testing less than 30 and 60 d post SICCT as well as an
z é ceeeeeee | increased odds of a MAP positive test result if a large
g3 E avian skin reaction was recorded at SICCT test before
= % ks MAP testing. By examining how the SICCT leads to
= % .| g 2 5§ % changes in the S/P ratios along the continuum of days
= § S S S S|Z post SICCT testing, we show that, in fact, MAP test-
BE EEEEEEE N ing within 30 d after the SICCT drives S/P ratios to
%ﬁ T |cececece S increase differently in MAP infected and noninfected
\%E = animals.
§ | 8 2 22 g g The results of this study confirm the effect of SICCT
§§ ‘ﬁ z S s s S § on MAP milk ELISA results as seen by Barden et al.
222 | 7 |58585858(2 (2020) and, importantly, that this effect differs between
§ 5l & ceceeeee| g MAP infected and noninfected cows. The results of the
8% 2 2 analytical strategies adopted here, (1) survival analy-
8 E is to expl li lationship bet time si
2g = @ = @ sis to explore a linear relationship between time since
g% S = S ) b SICCT testing and MAP test results and (2) GAMM
8 = ISIEZE3S 2 to allow for a more flexible, nonlinear relationship, are
§*§ cecerec,e 2 consistent and provide a detailed characterization of
T3 ] the relationship between SICCT and MAP test results
T2 £ over time. The probability of a previously unidentified
88 %A = ipfected COW testing positive to MAP is. higher the ear-
=& =z g lier the MAP test is after SICCT testing independent
j% - £ of an anamnestic MAP positive test (cows defined as
= Sf |+ & 8 8 |22 infected close to SICCT testing were excluded). This
g2 ZE1L 2 8 3 |FE suggests a boosted immune response in MAP-infected
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cattle (i.e., an anamnestic effect occurs following the
injection of avian PPD) in animals infected with MAP.
On the other hand, although in noninfected cows the
S/P ratio also increases following SICCT testing, the
response is small and delayed, suggesting a primary im-
mune response to the PPD injected during the SICCT
test. The response to the injection of the avian PPD
in MAP-infected animals precedes the more delayed
nonspecific response as a consequence of the simultane-
ous injection of both bovine and avian PPD. It seems
unlikely that the same specific anamnestic effect seen
in MAP infected cows would follow the caudal fold test
or the single intradermal test, both of which use only
bovine PPD.

As a result of the boosted immune response in MAP-
infected animals, the main effect of SICCT testing on
MAP test performance is through an increase in sen-
sitivity, which results in a higher probability of MAP-
infected cows being correctly classified as positive. The
drop-in specificity is of a much smaller magnitude but
of similar effect on overall accuracy for reasonable val-
ues of within herd prevalence (5 to 20%). Our results
suggest that the improved classification of infected cows
through MAP testing occurring in short succession
after SICCT testing would not be offset by the misclas-
sification of noninfected cows. The overall accuracy is
similar in each time interval except for 15 to 28 d post
SICCT testing and can be slightly higher or slightly
lower when MAP tests are conducted soon after SICCT
testing, depending on the within herd prevalence of in-
fection. For high MAP prevalence values, which are not
uncommon in UK herds (Carslake et al., 2011), testing
for MAP immediately after SICCT testing would result
in no decrease in overall accuracy.

A limitation of this study is the way we have classified
cows as infected versus noninfected. Determining MAP
status is challenging because there is no gold standard
test (Laurin et al., 2017). The classification criteria
used in this study can result in either false negatives
(as the specificity of the milk ELISA is not 100% and
we did not select noninfected cows from herds known to
be MAP free) or false positives (as the sensitivity of the
milk ELISA is not 100% even when cows are classified
as infected despite some test results being negative).
Therefore, we do not have complete certainty in the
infectious status of cows we assumed to be infected or
noninfected. However, the case definition used in this
study has been estimated to yield a high specificity of
99.8% (Meyer et al., 2018). Therefore, it seems unlikely
that noninfected cows have been misclassified as in-
fected. However, there is potential for cows truly MAP
infected to be misclassified as being noninfected due
to the low sensitivity (66.8%) of the test (Meyer et al.,
2018). We would expect their S/P ratio to be higher
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and their behavior to be as that of the infected ones;
in other words, if it has an effect, it would be toward
underestimating the pattern we identified.

The ELISA test results are often unpredictable due
to variation in the S/P ratios from repeated testing.
For example, transient MAP shedders are more likely
to have variable ELISA values compared with high
shedding cows (Nielsen, 2008). Our study identifies
SICCT testing as a contributing factor that could lead
to a variable antibody pattern seen.

Previous research has also shown ELISA values to
be affected by age, stage of lactation, and parity in
MAP positive cows (Nielsen et al., 2002a; Toft et al.,
2005; Meyer et al., 2018). Studies have also reported
how infection with bTB can result in cross-reactive
immune response to MAP, therefore affecting the
sensitivity and specificity of the MAP serum ELISA
test (Picasso-Rissso et al., 2019). It is unlikely that
bTB infection has affected the MAP milk ELISA
test results, due to the low prevalence in the United
Kingdom and animals with a positive SICCT test
being deemed reactors and culled (APHA, 2018). In
addition, we restricted our study population to only
examine cows with clear SICCT test results, as well
as only examine cows classified as MAP infected out-
side of the 90-d post SICCT testing. After exclusion,
our findings still support that SICCT testing induces
distinct changes in the MAP milk ELISA results of
infected and noninfected cows.

CONCLUSIONS

Single intradermal cervical comparative tuberculin
testing affects the serological response of cows against
MAP in different ways depending on whether the cow is
MAP-infected or not. The probability of infected cows
testing positive increases immediately after SICCT
testing, whereas for MAP noninfected cows there is a
slower response until an increase in milk ELISA S/P
ratios is seen. This effect is at individual cow level and
independent of the prevalence of infection in the herd.
However, its practical implications in terms of the
overall accuracy of MAP testing within a herd differ
depending on the within herd prevalence. In herds with
high prevalence of MAP infection, the overall accuracy
of the milk ELISA is not reduced when testing occurs
within close time proximity to SICCT testing. In high
prevalence herds, testing for MAP antibodies soon after
SICCT testing could be beneficial to improve test accu-
racy and to identify MAP-infected animals for control
actions earlier than would otherwise be the case. To
avoid interference from the SICCT test in both MAP
infected and noninfected cows the milk ELISA should
be evaluated more than 30 d post SICCT testing.
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