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ABSTRACT

Paratuberculosis (Johne’s disease), caused by Mycobacterium avium subsp. paratuberculosis (MAP), is a common,
economically-important and potentially zoonotic contagious disease of cattle, with worldwide distribution.
Disease management relies on identification of animals which are at high-risk of being infected or infectious. The
disease is chronic in nature, and infected animals may be infectious in the absence of overt clinical signs. Coupled
with limited sensitivity of available diagnostic tests, this creates difficulties in identifying high-risk animals. In
some disease-control programmes, dairy cows are classified with regards to risk according to the results of serial
tests which quantify MAP antibodies in milk samples. Such classification systems are limited by the influence of
non-disease factors on test results, dichotomisation of continuous results into “positive” or “negative” according
to an imperfect threshold, and subjectivity in defining which patterns of serial test results indicate different risk-
categories. An unsupervised learning (clustering) approach was applied to paratuberculosis test results and milk-
recording data collated from 47 farms over an approximately ten-year period between 2010 and 2021. Para-
tuberculosis test results were first adjusted according to influential non-disease factors using linear models.
Continuous-time hidden Markov models were fit to the adjusted test results. The final model revealed four
distinct latent states (clusters). Examination of the distribution of adjusted test results associated with each latent
state suggested that states were ordinal and aligned with disease progression. Model transition probabilities
demonstrated that the probability of an animal progressing to the highest state was dependent on its current
state. Of particular note was the existence of a latent state, characterised by paratuberculosis test results below
the conventional test-positive threshold, which was associated with a relatively high probability of progression to
the highest cluster. This research has led to objective classification of animals according to serial test results, and
furthermore suggests the presence of groups of different disease risk amongst animals whose test results fall
below the routinely used test-positive threshold. Identification of such groups could be used to better manage
disease on farms, through implementation of management practices which limit disease transmission from high-
risk animals.

1. Introduction

increased culling (Smith et al., 2010), impaired udder health (Pritchard
et al., 2017; Rossi et al., 2017), and reduced fertility (Reynolds et al.,

Paratuberculosis (pTB), caused by Mycobacterium avium subsp. par- 2023). In addition to the impact of pTB on animal health, there is
atuberculosis (MAP), is a chronic disease, predominantly of ruminants. concern over the zoonotic potential of MAP (Waddell et al., 2015).
Granulomatous enteritis leads to chronic diarrhoea, weight loss and Initial pTB infection usually occurs in young animals (less than one
death. There are also multiple negative production effects associated year old) (Windsor and Whittington, 2010), often via the faeco-oral

with pTB, including reduced milk yield (McAloon et al., 2016), route, although other, less likely routes are considered possible (for
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example in utero, via ingestion of MAP-containing milk or colostrum,
and potentially via inhalation) (Barkema et al., 2018). Paratuberculosis
is a chronic disease whose progression can be considered with regards to
clinical signs, immunological response and potential for transmission.
For example, clinically pTB can be divided into four stages (Tiwari et al.,
2006); 1) a “silent” stage, during which no adverse effects are detect-
able; 2) a subclinical stage, associated with reduced productivity; 3) a
clinical stage, with signs such as diarrhoea and weight-loss; and 4) an
“advanced” stage, characterised by severe clinical signs and death.
Progression of disease is often associated with a shift from predomi-
nantly cell-mediated immunity to predominantly humoral immunity,
resulting in the presence of circulating MAP-specific immunoglobulins
(Begg et al., 2018). As the disease progresses, infected animals are also
increasingly likely to become infectious via shedding of MAP (Espejo
et al., 2012; Stabel et al.,, 2014) or via in-utero transmission
(Whittington and Windsor, 2009).

A number of national or regional pTB control programmes exist,
focussing on limiting transmission of infection via management changes
to reduce exposure of susceptible animals to MAP, and removing the
source of infection via culling of infected animals (Whittington et al.,
2019). Vaccination has been employed in several pTB control pro-
grammes (Whittington et al., 2019). However, scarce evidence provides
only a suggestion of vaccine efficacy in cattle (Corbiere et al., 2023), and
moreover vaccination is not implementable in many regions due to its
influence on bovine tuberculosis test results (Coad et al., 2013). Man-
agement changes to limit transmission include calving infected cows in a
separate environment, cleaning of calving pens after each calving,
removal of calves from dams promptly after birth, and feeding colostrum
or milk from only cows not suspected of being infected (Nielsen and
Toft, 2011). However, attempts at reduction in spread via management
are hindered by a combination of practical difficulties in implementing
management changes, increased labour requirements and a perceived
lack of cost-benefit amongst farmers (Morrison and Rose, 2023). As a
result, compliance with recommended management practices can be
limited (Nielsen and Toft, 2011). In addition, management and culling
decisions are highly reliant on timely detection of infected animals
(Garcia, Shalloo, 2015), but unfortunately poor diagnostic test perfor-
mance is a fundamental challenge to early detection. Eradication of pTB
from herds has therefore proven difficult in all impacted countries
around the world (Weber et al., 2024). The aspiration of the majority of
control programmes is reduction of prevalence rather than eradication
(Whittington et al., 2019), and only a slow reduction in herd- or
animal-level prevalence is reported (for example in Germany, the
Netherlands and Italy) (Weber et al., 2024). Optimising the rapid
detection of potentially infectious animals could significantly reduce
transmission of infection, ultimately improving the efficacy and
cost-benefit of pTB control programmes.

Commonly used pTB diagnostic tests include; those which detect
MAP directly (e.g. culture or polymerase chain reaction testing of faecal
samples), or indirectly by quantification of MAP antibodies in serum or
milk, utilizing enzyme-linked immunosorbent assays (ELISA)
(Whittington et al., 2019). Antibody ELISA testing of milk samples offers
a practical and low-cost option for surveillance, since testing can be
performed on routinely-collected milk-recording samples, and is there-
fore used commonly in pTB control programmes (Whittington et al.,
2019). Numerical ELISA test results are dichotomised into “positive” or
“negative” categories according to a predefined cutpoint. Within herd
prevalence of pTB infection is often low, typically less than 15 %
(Whittington et al., 2019). Consequently, to avoid excessive false posi-
tive results, MAP ELISA tests are characterised by a S/P diagnostic
cut-point favouring specificity over sensitivity (Nielsen et al., 2002).
Sensitivity for detection of infectious animals is therefore generally low,
and has been estimated at between 21 % and 61 % (Nielsen and Toft,
2008). A further difficulty in identifying potentially infectious animals
arises from the nature of the immune response to MAP infection. There is
a considerable delay between MAP infection and the initiation of a
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humoral immune response, which produces detectable circulating
MAP-specific immunoglobulins (Begg et al., 2018). A field study found
that the average age of animals at their first positive antibody ELISA
result was approximately four years (Espejo et al., 2012).

Given the delayed onset of immunoglobulin production, and the
modest sensitivity of the milk ELISA, animal health providers advise that
animals are tested repeatedly throughout their productive lifetimes, to
identify potentially infectious animals as soon as possible. This strategy
is used for example in the United Kingdom and Denmark, where all
lactating cows in participating herds are tested four times per year using
a milk antibody ELISA (Nielsen, 2009; Nielsen and Toft, 2011). How-
ever, difficulty lies in interpretation of patterns of serial test results when
classifying animals with regards to risk of being infected or infectious.
The definition of risk-categories according to serial results are derived
empirically (Nielsen, 2009). Furthermore, in order to improve the pos-
itive predictive value of high-risk categories, animals are usually
required to have two or more positive test results to be assigned the
highest risk level, reducing the likelihood of infectious animals being
classified as high-risk. Despite such an intensive testing strategy, the
prompt identification of infectious animals is not assured. Whilst there is
some correlation between milk ELISA test results and faecal shedding of
MAP (Beaver et al., 2017), the temporal relationship between the first
positive antibody ELISA result and the onset of faecal MAP shedding is
inconsistent. Some animals have a positive ELISA result prior to the
onset of faecal shedding, whilst others do not (Nielsen and Toft, 2006),
and ELISA results in animals shedding MAP in faeces fluctuate over time
(Laurin et al., 2017). Failure to identify some cows which are infectious
could be in part due to the dichotomisation of ELISA results into positive
and negative categories. An S/P ratio less than a given threshold,
especially a threshold which favours specificity over sensitivity, does not
imply zero probability of disease (Collins, 2002; Fischer, 2021). In
addition, MAP milk ELISA S/P ratios are influenced by non-disease
factors, such as milk yield and somatic cell count (McAloon et al.,
2020). Such factors can influence whether an S/P ratio falls above or
below any given threshold. In summary, the dichotomous interpretation
of test results using the diagnostic ELISA thresholds, and interpretation
of serial dichotomous results, has the potential to inappropriately assign
infected cows into low-risk categories, and is too crude to enable the
timely identification of cows at high risk of being infected or infectious
that is required for successful pTB control.

Hidden Markov models (HMMs) (Rabiner, 1989) are useful to cluster
subjects in time-series data. In HMMs, subjects move through a sequence
of a number of latent states, such as stages of a disease. The latent states
are not observed (hidden), but are associated with an observed variable,
for example a milk test result, whose probability is a mixture distribu-
tion in which each component corresponds to a latent state. Test results
are used to infer in which latent state an animal resides.

The aim of this study was to create a HMM which objectively assigns
animals to latent states according to numerical (not dichotomised) test
values of serial milk MAP antibody ELISA results. Such a model may aid
pTB control by revealing early patterns in individual cow serial test
results which are currently overlooked and potentially indicative of
significant risk of being infected or infectious.

2. Materials and methods

Data analysis proceeded in two stages: 1) Creation and evaluation of
models for adjusting pTB test results (S/P ratios) based on non-disease
variables; and 2) building and evaluating HMMs for time-series clus-
tering of animal states utilising adjusted pTB test results. At each of these
two stages, data were first cleaned appropriately for model creation.
Model predictions made on raw (unclean) data were then examined to
help understand the implications of applying the models to the sort of
data routinely collected by milk-recording organisations.
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2.1. Creation and evaluation of models for adjusting paratuberculosis test
results

2.1.1. The data

The target population were UK dairy herds engaged in regular pTB
milk ELISA testing and regular milk recording. The source population
were all herds milk recording with Quality Milk Management Services
(QMMS) LTD., UK. All farms were included if, during the ten-year period
between 1st January 2011 and 31st December 2020, they had conducted
at least 20 whole-herd pTB tests, and had conducted milk-recording on
average at least four times per year. A whole-herd pTB test was defined
as an occasion on which at least 70 % of lactating animals had been
tested. Testing consisted of quantification of MAP antibodies in indi-
vidual cow milk samples, using a commercially-available ELISA (IDEXX
B.V., Hoofddorp, The Netherlands). In accordance with the policy of
QMMS LTD., which specifies that pTB testing should not occur within 60
days following an intradermal tuberculosis test, it was assumed that pTB
tests were not carried out during this period. Test results and milk
recording data for all animals that had calved at least once were
retrieved via dairy analysis software (TotalVet Version 3, QMMS LTD.,
UK). The resulting dataset consisted of one row per individual animal
pTB test result, with any associated milk recording data for that animal
on the same day, including parity, age, days-in-milk (DIM), yield, so-
matic cell count (SCC) and milk quality (% protein and % butterfat).
ELISA test results (optical densities) were converted to sample-to-
positive (S/P) ratios, and expressed in the data as percentages, as
follows:

ODsample - ODnegative control

S/PRatio =100 *

) 'positive control ODnegaa've control

where OD = optical density.

Somatic cell counts and S/P ratios were transformed due to their
right-skewed distribution, by adding one (to eliminate zero-values) and
then calculating the natural logarithm. To account for possible vari-
ability in ELISA test kits (Kohler et al., 2022), day-to-day laboratory
procedures and herd average immune response, a new variable was
created, henceforth referred to as the mean titre of negative cows
(MTNC). This variable was the mean of all S/P ratios below 10 % at each
test day in each herd. It was anticipated that S/P ratios below 10 %
would largely represent animals which were not mounting a humoral
immune response, and so variation in MTNC between test days in a herd
would be a measure of any variation in ELISA results which was not due
to MAP infection.

Due to differences between primi- and multiparous animal groups in
the association of some non-disease factors (e.g. yield, DIM) with S/P
ratios, data were split into primiparous and multiparous sets. Cleaning of
both datasets was performed with the aim of removing erroneous
measurements. Rows were removed if their values for any predictor
variables were implausible, as follows. Given a realistic minimum age at
first calving (AFC) of 20 months, rows of the primiparous data with age
less than this value were removed, as were rows of primiparous data
with age greater than 60 months. Within the data, calvings or abortions
only triggered a new lactation if they occurred following a gestation of at
least 4.5 months. Therefore, for multiparous data, rows with age less
than 25 months (minimum AFC, plus a short interval between calving
and conception, plus 4.5 months) were excluded. A minimum DIM of
zero days (indicating the day of parturition) was permitted, and rows
with DIM greater than 730 days were removed. Rows with protein less
than 1 % or greater than 6 % were excluded, as were rows with butterfat
less than 1.5 % or greater than 9 %. The range of values for S/P ratio,
yield, SCC and MTNC were all considered plausible. Prior to training of
the linear models only, rows with missing milk-recording data (yield,
SCC, protein or butterfat) were also removed. Missing data were deemed
missing at random (Rubin, 1976).
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2.1.2. Construction of linear models for adjusting S/P ratios

Similar to the methods of McAloon et al. (2020), linear models were
used to quantify the association of the natural logarithm of the pTB test
result (LogSP; dependent variable), with age, lactation stage, SCC, milk
yield and quality, as well as MTNC, for each of the primi- and multip-
arous datasets. Models were fitted using the Ime4 package (Bates et al.,
2015) in R version 4.2 (R Core Team, 2022). Univariable plots were used
to assess the linearity of the association between each predictor and
LogSP. Bivariable plots (showing the association of LogSP with one
predictor, at varying values of a second predictor) were used to assess
the presence of interactions between predictors. Non-linear associations
between predictors and LogSP were modelled using cubic b-splines
(McAloon et al., 2020). K-fold repeated cross validation (10 folds, 10
repeats) of univariable models for each feature was employed to find the
optimum number of b-spline degrees of freedom. The optimum number
was taken as that which minimised root mean squared error (RMSE)
whilst, to prevent overfitting, minimising the difference between
apparent and cross-validated RMSE. Predictions from each resulting
univariable spline model were plotted for a range of the predictor, to
check for overfitting, and if necessary, the number of degrees of freedom
was reduced until the resulting plot showed a smooth curvilinear asso-
ciation. Multivariable mixed effects models (LogSP; dependent variable)
with random intercepts for farm, and cow nested in farm, were fitted
including b-spline and interaction terms as appropriate. For each of the
primiparous and multiparous datasets, two models were fit; one model
was offered all of the predictors, whilst a reduced model was offered
only age, DIM and MTNC as predictors. The reduced models were later
used for prediction in cases where milk recording data were unavailable.
Features were selected in a backwards-stepwise manner using Akaike’s
Information Criterion (AIC). At each step, the variable whose exclusion
resulted in the lowest AIC was removed. Variables were nevertheless
retained in the model if confounding was evident, as indicated by a
change of at least 10 % in the coefficient of a significant covariate.
Biologically plausible two-way interactions suggested by the bivariable
plots were included if they improved AIC. Normality of random effects
was evaluated through histograms and Q-Q plots. Marginal effects plots
were examined to visualise the association of different features with
LogSP.

2.1.3. Adjustment of S/P ratios

Adjustment of S/P ratios proceeded in a similar manner to previously
published methods (McAloon et al., 2020). One of the four models was
used to predict LogSP for each animal in the raw, unclean data, at each
timepoint; i) a model for primiparous cows when milk recording data
were present, ii) a model for multiparous cows when milk recording data
were present, iii) a model for primiparous cows when milk recording
data were missing and iv) a model for multiparous cows when milk
recording data were missing. Predicted LogSP values were converted
back to S/P ratio, so that predictions were the expected S/P ratios, given
covariate values, irrespective of true disease status. Residuals (the dif-
ference between the actual and predicted S/P ratios) were calculated.
Next, the full models (including milk-recording features) were used to
predict an S/P ratio for two hypothetical animals, one primiparous and
one multiparous, with median values of all predictors. These predictions
represented the expected S/P ratio of ‘average’ primiparous and
multiparous animals. Finally, S/P ratios adjusted for covariates were
calculated by adding the model residual for each data point to the
model-predicted S/P ratio for the hypothetical average animal. Adjusted
S/P ratios were compared with unadjusted S/P ratios by inspection of
scatter plots. Adjusted S/P ratios which were at least ten units more or
less than the unadjusted S/P ratio were considered unusual. Covariate
values of these unusual data points were summarised to explore the
number of times and the circumstances in which S/P values would be
adjusted to such an extent.
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2.2. Building and evaluating hidden Markov models for time-series
clustering

2.2.1. The data

The raw data were again cleaned to remove erroneous measure-
ments. Rows of data with implausible values for age, DIM, protein or
butterfat were identified using the same criteria as were applied previ-
ously. In order to fit models to time-series data, it was important that
every test result was present for any animal in the training data. For this
reason, if an animal had any implausible values in the data, then all of
the data for that animal was excluded. Animals having been tested for
PTB only once during the period were also removed, as their data would
not be informative in time-series clustering. S/P ratios were adjusted for
influential covariates as described previously. Negative values of
adjusted S/P ratios were set to zero in line with the test kit manufac-
turer’s recommendations for reporting results. A fixed value of one was
added to each adjusted S/P ratio in order to permit its representation as
a lognormal mixture distribution in the subsequent models.

2.2.2. Model training and selection

Hidden Markov models, comprising continuous-time first-order
Markov processes, were utilised for clustering of time-series data. When
fitting such models, there are three types of parameter to be estimated;
initial state probabilities (the probability of any animal being in each
state prior to any pTB test results), transition probabilities (the proba-
bilities of an animal moving from a certain state to another state over a
defined period of time) and emission probabilities (the probability
density functions of the numerical ELISA test results corresponding to
each state). Transitions between states were permitted only between
adjacent states (e.g. from 1 to 2, but not from 1 to 3). However, in a
continuous-time HMM, transitions are expected to occur during the in-
terval between observations (pTB test results). A subject can therefore
appear to move from one state to a non-adjacent state from one obser-
vation to the next as a result of multiple (unobserved) transitions
occurring in between ELISA test results. Emission probabilities (S/P
ratios) were specified as lognormal distributions. Models were trained
using the msm package (Jackson, 2011) in R. The aim of modelling was
to produce a predictive model to support decision making by farmers
regarding management of individual cows. It was anticipated that pre-
dictions from a model with many states would be difficult to interpret
and would therefore be of limited use to producers; therefore models
with up to four latent states were considered from the outset. Parity,
categorised as “1”, “2” or “3 + ”, was included as a covariate for all
transition probabilities. To aid convergence, the number of parameters
to be estimated was reduced by constraining LogSP variance to be equal
across states, and by specifying the initial state probabilities prior to
fitting. Appropriate initial state probabilities were determined by
comparing the likelihood of models fit with a variety of different values.
The optimum number of states was selected by comparing AIC of the
different models. Maximum likelihood calculations in the msm package
require initial values to be supplied for the parameters to be estimated
(transition probabilities, and location and scale of the emission proba-
bility functions). These initial values are given in Supplementary Ma-
terials Table A. Sensitivity of models to the initial values supplied was
assessed by varying these values and comparing fitted model
parameters.

2.2.3. Model assessment

Transition probability matrices for each parity category, corre-
sponding to the median interval between pTB tests in the data, were
extracted from the final model. The matrices were used to determine the
dynamics of state membership, and to compare relative risks of tran-
sitioning to another state from different starting states and in different
parities. Bootstrap 95 % confidence intervals were calculated for the
transition probabilities and relative risks, using 100 bootstrap samples
of the data. To visualise the distribution of adjusted S/P ratios associated
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with each state, probability density functions were plotted using the
scale and location parameters of the emission distributions from the
fitted model. The adequacy of the model fit was then assessed by com-
parison of simulated and observed S/P ratios (Gelman et al., 1996;
McElreath, 2018) as follows. A dataset of 100,000 animals were simu-
lated, and animals were allocated to a state according to the model
initial state probabilities. The animals were then simulated to transition
at four-month intervals (approximately equal to the mean interval be-
tween tests in the data) to other states, until a total of six transitions had
occurred, mimicking the passage of two years. Animals moved between
states according to the transition probabilities for the mean parity in the
data. At each timepoint, for each animal in this simulated dataset, one
random draw was taken from the lognormal distribution defined by the
HMM emission parameters for the state in which that animal resided at
that timepoint. A fixed value of one was subtracted from this random
draw to convert it to a simulated adjusted S/P ratio. Two thousand
random samples of adjusted S/P ratios were taken from each of the
simulated and observed datasets and were compared visually using
histograms. The process was repeated multiple times, comparing sam-
ples of S/P ratios from the simulated dataset with samples of S/P ratios
from different folds of the observed dataset. Folds were created by
dividing the observed data according to one particular feature of inter-
est. For example, for continuous features (DIM, yield, SCC, protein,
butterfat and MTNC), folds were created by splitting the data into
quartiles of the feature of interest, yielding four folds. Three folds were
created for parity (one for each of the parity categories 1,2 and 3 +).
Five folds were created containing data from different farms. The val-
idity of posterior predictions was therefore assessed across a range of
scenarios. To further appraise model predictions, two types of proba-
bility were calculated for each animal at each timepoint, using the for-
ward and Viterbi algorithms respectively (Rabiner, 1989); 1) filter
probabilities (the probability of an animal being in each state given all of
its pTB test results up to that timepoint) and 2) the hidden path (given
the filter probabilities at the end of the time series for each cow, the most
likely path taken through the hidden states). Plots of individual cows,
showing their adjusted titres and associated filter probabilities and
hidden paths, were studied to further understand model predictions at
the individual animal level. For each herd, plots were created showing
the proportion of cows in each state over time according to hidden paths.

3. Results

3.1. Creation and evaluation of models for adjusting paratuberculosis test
results

3.1.1. The data

Prior to cleaning, the data comprised 252,789 pTB test results, from
39,419 animals on 47 farms. After cleaning, the data comprised 220,179
results, from 37,792 animals on 47 farms. Testing occurred between 7th
December 2010 and 22nd December 2021. Details of the number of rows
of the uncleaned data with implausible values are given in Supple-
mentary Materials Table B. Descriptive statistics of the data before and
after cleaning are shown in Supplementary Materials Tables C and D.

3.1.2. Modelling non-linear associations between covariates and S/P ratios
Potential non-linear associations, modelled using cubic b-splines,
were observed between DIM and S/P ratio in both the primiparous and
multiparous data. The numbers of b-spline degrees of freedom for DIM in
the primiparous and multiparous models were 8 and 11 respectively.

3.1.3. Multivariable models

The parameters of the four final models are shown in Supplementary
Material Table E. Conditional effects of the features specified as b-spline
terms are shown in Supplementary Material Figure A. The relationship
between DIM and S/P ratio in all models was curvilinear, such that S/P
ratios were lowest during mid lactation, higher towards late lactation,
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and higher still during early lactation. In the multiparous full model
there were interactions between log SCC and yield, between DIM and
yield, and between log SCC and DIM. In the primiparous full model there
were interactions between log SCC and yield, log SCC and protein, and
between protein and DIM. DIM and age interacted in the primiparous
reduced model. Interaction effects are shown in Supplementary Material
Figure B.

3.1.4. Adjustment of S/P ratios

The adjusted S/P ratio was at least 10 units less than the unadjusted
S/P ratio in 0.8 % (2005 / 252,789) of rows of the data. These unusual
cases had a median adjusted S/P ratio of —1, and at least one covariate
whose value was lower than the 5th or greater than the 95th percentile
(i.e. extreme).

3.2. Building and evaluating hidden Markoy models for time-series
clustering

3.2.1. The data

After cleaning, the data comprised 224,852 test results, from 33,230
animals on 47 farms. Descriptive statistics of the dataset after cleaning
are shown in Table 1. Original and adjusted S/P ratios in the cleaned
data are shown in Supplementary Material Figure C.

3.2.2. Model training and selection

AIC indicated that the HMM with four states was optimal. The initial
state probabilities were 0.5, 0.4, 0.05 and 0.05 for states 1-4 respec-
tively. Sensitivity analysis demonstrated that the model fit was insen-
sitive to the initial values supplied during model fitting. Halving or
doubling the initial transition intensity values or the emission proba-
bility distribution location parameters resulted in negligible changes to
HMM parameters.

Table 1

Descriptive statistics of the features in the cleaned dataset used for building
hidden Markov models. Data were taken from cows (n = 33,230) in 47 dairy
herds in the United Kingdom which were engaged in regular milk recording and
paratuberculosis testing. Herd size during the study ranged from 14 to 1169
(median = 179.0, mean = 247.6).

Feature Minimum Lower Median Mean Upper Maximum
Quartile Quartile

Date 07/12/ 25/02/ 24/05/ 12/ 31/07/ 22/12/

2010 2015 2017 03/ 2019 2021
2017

S/P Ratio 0.0 1.7 2.8 6.7 5.2 282.9

(%)

Adjusted 0.0 1.4 2.4 5.9 4.2 282.3

S/P Ratio

(%)

Parity 1.0 1.0 2.0 2.6 3.0 16.0

Age 20.3 35.7 47.2 53.3 65.0 228.6

(months)

Days in 0.0 78.0 163.0 173.9  250.0 730.0

milk

(days)

Milk yield 0.1 21.1 28.0 28.7 35.6 97.5

(litres)

Somatic 1.0 23.0 52.0 185.9 136.0 18494.0

Cell

Count (x

1000

cells/ml)

Protein 1.2 3.2 3.4 3.4 3.7 6.0

(%)

Butterfat 1.5 3.6 4.2 4.3 4.9 9.0

(%)

Mean titre 0.5 2.6 3.1 3.1 3.7 6.3

negative

cows (%

S/P)
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3.2.3. Model assessment

Extracted transition matrices for the HMM (Table 2) showed that, in
almost all instances, over a period equal to the median intertest interval
(3.91 months), animals were more likely to remain in their current state
than to transition to another state. The exception to this was for pri-
miparous animals in state 3, which were most likely to transition to state
2. The probabilities of transitioning away from states 1 or 2 were
particularly low, and the probability of transitioning away from state 1
became lower with increasing parity. The probability of transitioning
away from states 3 and 4 were somewhat higher, but again decreased
with increasing parity. Relative risks of animals in different parities
moving, over a period equal to the median intertest interval, to state 4
from each of the other states are shown in Table 3. These relative risks
demonstrate that progression to state 4 was substantially more likely
from higher states when compared to lower states. For example, pri-
miparous animals were approximately 10 times more likely to transition
from state 2 to state 4 than from state 1 to state 4, and approximately 15
times more likely to transition from state 3 to state 4 than from state 2 to
state 4. In multiparous animals the differences in relative risks were
larger. Animals in parity 3 or greater were approximately sixty times
more likely to transition to state 4 from state 2 compared to state 1, and
approximately seventeen times as likely to transition to state 4 from
state 3 compared to state 2. The distributions of adjusted S/P ratios
according to the emission parameters of the fitted model are shown in
Fig. 1. Posterior predictive checks (comparing the distributions of
simulated and observed adjusted S/P ratios) did not demonstrate poor
predictions in any particular ranges of features in the data. The preva-
lence over time of cows in different hidden states in an example herd,
according to hidden paths, is shown in Supplementary Material Figure
D, and model predictions on two example cows are shown in Supple-
mentary Material Figure E.

4. Discussion

Paratuberculosis is a significant disease of dairy farming, associated
with reduced productivity (McAloon et al., 2016), poor udder health
(Pritchard et al., 2017; Rossi et al., 2017) and increased culling (Smith
et al., 2010). Repeated testing of individual cow milk samples using an
antibody ELISA is a common strategy in pTB control programmes. Dif-
ficulties in interpretation of serial test results could lead to misclassifi-
cation of cows with regards to disease status, hindering pTB control. The
novel approach presented here provides for a more nuanced, objective
interpretation of serial milk ELISA test results, potentially improving
detection of pTB and aiding control programmes.

The application of hidden Markov models to serial adjusted milk
MAP antibody ELISA results has produced a model with four latent
states. Given a series of milk ELISA test results, the model provides the
probabilities of an animal being in each of the four states at any time-
point. Each state is associated with a different distribution of S/P ratio
(Fig. 1). However, the state probabilities themselves are dependent on
all previous test results up to the most recent test, and are mediated
through the emission and transition probabilities of the fitted HMM.
Therefore an animal may have a high probability of being in a state even
if their most recent test result is not typical of that state. States 1 and 2
are the most prevalent starting states according to the initial state
probabilities (probabilities of 0.5 and 0.4 respectively), and states 1 and
2 are similar to each other with regards to S/P ratios. States 3 and 4 are
rather distinct however, both from states 1 and 2 and from each other.
The transition probabilities of the HMM (Table 2), and the calculated
relative risks of transitioning to state 4 from each of the other states
(Table 3), show that cows are more likely to remain in states 1 or 2 than
to transition to states 3 and 4, and a minority of animals reside in states 3
or 4 at any point. Moreover, current state is an indicator of the proba-
bility of progressing towards the highest states, with cows in state 3 for
example having a considerably higher probability of progressing to state
4 than cows currently in lower states.
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Table 2
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Transition probability matrices for the hidden Markov model with four hidden states. Probabilities represent the probability of animals in different parities starting and
finishing in each state over a period equal to the median interval between paratuberculosis tests (3.91 months). Bootstrap 95 % confidence intervals are shown in

brackets.

From state

To state

1

2

3

4

Parity 1

Parity 2

Parity 3 +

A WNFFE D WN=DWN =

0.762 (0.75-0.774)
0.014 (0.011-0.017)
0.004 (0.003-0.005)
0.001 (0.001-0.001)
0.9 (0.89-0.91)
0.034 (0.031-0.038)
0.005 (0.004-0.006)
0.001 (0.001-0.001)
0.958 (0.954-0.962)
0.086 (0.082-0.092)
0.012 (0.011-0.014)
0.001 (0.001-0.002)

0.228 (0.217-0.24)
0.917 (0.912-0.922)
0.443 (0.419-0.476)
0.175 (0.157-0.196)
0.096 (0.086-0.106)
0.904 (0.899-0.909)
0.251 (0.232-0.268)
0.048 (0.04-0.057)
0.04 (0.036-0.044)
0.827 (0.82-0.833)
0.228 (0.209-0.25)
0.038 (0.033-0.043)

0.009 (0.008-0.01)

0.062 (0.059-0.064)
0.434 (0.405-0.464)
0.372 (0.341-0.412)
0.003 (0.003-0.004)
0.057 (0.055-0.06)

0.635 (0.616-0.654)
0.258 (0.226-0.288)
0.002 (0.002-0.002)
0.081 (0.077-0.085)
0.666 (0.645-0.686)
0.23 (0.206-0.252)

0.001 (0.001-0.001)
0.008 (0.007-0.009)
0.12 (0.112-0.128)
0.452 (0.396-0.497)
0 (0-0)

0.005 (0.004-0.005)
0.11 (0.101-0.119)
0.694 (0.659-0.733)
0 (0-0)

0.006 (0.005-0.006)
0.094 (0.089-0.1)
0.731 (0.702-0.757)

Table 3

Relative risks in a hidden Markov model of an animal finishing in State 4 (the
highest state) after a period equal to the median interval between para-
tuberculosis tests (3.91 months). Relative risks are according to an animal’s state
at the beginning of that period, compared to State 1. 95 % confidence intervals
are shown in brackets.

From state Relative Risk
Parity 1 1 1(1-1)
2 10 (9-11)
3 153 (139-167)
4 577 (471-673)
Parity 2 1 1(1-1)
2 27 (24-30)
3 624 (548-722)
4 3948 (3230 - 4771)
Parity 3 + 1 1(1-1)
2 62 (56—69)
3 1066 (943 - 1217)
4 8264 (7070 — 9556)
0.5
0.4
> 0.3
‘@
c
o)
Qo2
0.1
0.0
0 20 40 60

Adjusted S/P Ratio (%)

Fig. 1. Emission (S/P ratio) probability distributions corresponding to the
latent states in a hidden Markov model. Green = state 1, yellow = state 2, or-
ange = state 3, red = state 4. The x-axis is truncated at a value of 75 % to
improve visualisation of the lower states.

The states within the HMM are dependent primarily on the adjusted
ELISA test results. In infected animals, the magnitude of antibody ELISA
results is correlated somewhat with disease-progression (Beaver et al.,
2017; Koets et al., 2015) and extent of faecal shedding of MAP (Beaver
et al., 2017; Laurin et al., 2017; Nielsen and Toft, 2006; Sweeney et al.,
2006). Therefore, it is probable that the HMM states are also correlated
to some degree with disease progression and faecal shedding. Under this
assumption, the states might plausibly be interpreted as ordinal

categories of disease progression, or of risk of transmission via faecal
shedding of MAP. With increasing parity, the probability of transitioning
away from States 1, 3 and 4 decreases. This would be expected if the
ordinal HMM states are aligned with disease progression, as an animal’s
state should converge on either uninfected or late-stage disease with
increasing age and number of tests. It is however acknowledged that the
association between parity and transition probabilities may be
confounded by culling. Correlations between HMM states and extent of
faecal shedding, or probability of being infectious via other routes (in
utero, or through production of MAP-contaminated milk) cannot be
established with the data available in this study, but could be a key area
for future research.

The distribution of S/P ratios corresponding to state 4 (the state
likely to represent the highest risk category) is largely above the con-
ventional test-positive cut-point (S/P > 30 %), which favours specificity
(Collins, 2002; Nielsen et al., 2002) and positive predictive value. Ani-
mals within state 4 therefore have the highest probability of being
infected. States 1, 2 and 3 are predominantly associated with S/P ratios
below the test-positive cut-point (S/P < 30 %). S/P ratios below 30 %
would be commonly disregarded when dichotomising milk antibody
ELISA results, however our results suggest that cows with S/P ratios
below this threshold should not be treated as one uniform low-risk
group. A distinct group of animals in state 3 which have not returned
any positive (S/P > 30 %) milk ELISA results are substantially more
likely to progress to state 4 in future than cows in states 1 and 2, and
could be more infectious at present or in the future when compared with
cows in states 1 or 2. Identification and management of state 3 cows,
which have hitherto generally been disregarded, has the potential to
further reduce within-herd MAP transmission rates on farms engaged in
pTB control schemes. Notwithstanding their likely progression towards
state 4, pending further evaluation of the likelihood that state 3 cows are
currently infectious or infected, management of these cows should be
limited to measures aimed at reducing the probability of MAP trans-
mission to other animals, and should not include culling. Animals in
state 1 or 2 appear to be the most likely to be free of disease and,
especially with increasing age, are unlikely to ever transition to higher
risk states or to rise above the traditional S/P threshold of > 30 %. Cows
in State 1 or State 2 may represent lower risks with regards to breeding
replacement animals or sources of colostrum.

Hidden Markov models have previously been applied to animal
health data, for example to model herd-level freedom from infectious
disease (van Schaik et al., 2023), and on pTB data in limited settings, for
example for inferring common patterns of progression of faecal MAP
shedding using comparatively small datasets (Ceres et al., 2020; Lou-
zoun et al., 2015). To the authors’ knowledge the use of a HMM for
clustering of cows according to serial milk ELISA results, used commonly
in pTB control schemes, has not previously been attempted. Wang et al.
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(2011) fit a change-point model, which estimated the probability, given
a series of ELISA and faecal MAP culture results, that a transition from a
negative to a positive state had occurred in an individual animal. The
change-point model included only two latent states (in contrast to the
four states in our model) but, similar to our study, adjusted S/P ratios for
some covariates (yield and age). However, the wider implications of this
model (e.g. the significance of the change-point in the context of disease
progression, and the application of this model to large empirical data-
sets) were not explored.

A number of studies (Eisenberg et al., 2015; Machado et al., 2018;
McAloon et al., 2020; Nielsen et al., 2002; Nielsen and Toft, 2012) have
investigated the associations between S/P ratios and milk yield, quality
or SCC, and our findings are broadly in agreement with all such studies.
The non-linear association of DIM with S/P ratio is in agreement with
other research (McAloon et al., 2020; Nielsen et al., 2002) which also
revealed higher S/P ratios in early and late lactation. This association
has been postulated to be due to an increased concentration of
non-pTB-specific immunoglobulin G (IgG) in colostrum, as well as
concentration of IgG by relatively low yields in early and late-lactation
milk (Eisenberg et al., 2015). Of the covariates in the linear models, the
association between MTNC and S/P ratio had the largest effect size. A
change in MTNC from 2 % to 6 % S/P was associated with a difference of
5.84 % and 6.88 % S/P in individual cow test results in primi- and
multiparous animals respectively. Inclusion of MTNC as a model co-
variate is a novel approach to account for variation in test results due to
non-disease factors (e.g. variability between test kits or lab protocol, or
variation due to a humoral immune response of uninfected animals
exposed to environmental MAP), and is based on the assumption that
uninfected animals would have relatively low S/P ratios. If MTNC
variation was due mainly to test kit variability or variation of lab pro-
tocol, it would be expected that distribution of MTNC would vary little
between farms (assuming random allocation of test kits to farms).
Indeed, on over half of farms in the data, the mean and median MTNC
over all test dates lay between 3.0 % and 3.5 %, suggesting modest
variation in MTNC between farms. However, further investigation of the
usefulness of MTNC as an indicator of test-kit or lab protocol variability,
and the exact range of S/P ratios which should be averaged to calculate
the MTNC figure, will require further research.

This study used a sample of data from one milk-recording organi-
zation and from forty-seven farms. Whilst the farms included in this
study are not atypical for dairy farms in the United Kingdom, and
represent a variety of farming systems, the dataset is nevertheless a
convenience sample. It is unknown to what extent it is representative of
the wider population of dairy cows, in the United Kingdom or globally,
and to what extent the pTB test results would differ if performed by a
different laboratory. Geographical region, breed and laboratory have all
been found to be associated with odds of testing positive by milk anti-
body ELISA (Barden et al., 2020). Therefore, the generalisability of this
model has not been established, and comparative work using other,
larger datasets would be important.

5. Conclusions

This work has provided novel insights into the interpretation of the
results of serial milk pTB antibody ELISA tests. Application of hidden
Markov models has identified four latent states, the highest and lowest
of which appear to be broadly representative of cows which would also
be considered high- and low-risk within existing pTB control schemes.
An intermediate cluster (state 3) has been identified, associated pre-
dominantly with test results below the test-positive threshold routinely
used, and containing animals which are distinct from most test-negative
cows and are at increased risk of progressing to the highest state. Pres-
ence in state 3 appears to represent an early warning of disease pro-
gression in an individual animal, and therefore identification of such
animals could be used to inform pTB control programmes.
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