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Abstract – Modelling case occurrence and risk factors for clinical mastitis, as a key multifactorial
disease in the dairy cow, requires statistical models. The type of model used depends on the choice
of perception or the study level: herd, lactation, animal, udder and quarter. The validity of the tests
that are performed through these models is especially ensured when hypotheses of independence
between statistical units are respected, and when the model adjustments do not involve
overdispersion faced with the observed data. In the article, the main sources of overdispersion are
identified according to the different levels of perception of mastitis risk. Then, the proposed
solutions to control for overdispersion at each study level are discussed and the difficulty to compare
the study results is highlighted through a variety of methodological choices of the authors. Two
main categories of models are used for modelling clinical mastitis, i.e. generalist exploratory models
and explanatory designed models. The contribution of the explanatory models to improve modelling
accuracy and relevance is documented through the two main published methodological approaches,
the first one being based on a states model, and the second on a survival model. The integration and
optimisation of such explanatory modelling methods should be possible in the future in order to
develop a more global explanatory model including herd risk factors, which could pertinently
predict udder infections (both clinical and subclinical) at the cow, lactation, or even udder and
quarter levels.
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1. INTRODUCTION
Clinical mastitis in the dairy cow
(CMAST) is the archetype of a multifactorial disease [8, 31]. Udder inflammationsinfections are determined through numerous factors (breeding practices, including
housing hygiene and the quality of milking,
feeding characteristics, weather conditions,
genetic parameters) as well as aetiological
determinants (major, minor and facultative
pathogens, macro and micro traumas) [4, 6,
28, 81]. Moreover, since such factors can be
implicated in different study levels (herd,
cow, teat) which are not independent,
CMAST is at the same time a predilection
field for modelling and a restricting methodological framework.
All statistical models used by the epidemiologist to study CMAST risk factors or
predict CMAST occurrence require suitability between the hypotheses for statistical
modelling and the samples analysed. Whatever analysis method used to identify risk
factors, the hypothesis of independence
between the observed events is especially
necessary and remains a major restricting
problem concerning this field of study.
CMAST modelling involves different levels of dependence, which are potential
sources for the overdispersion of the
observed data at the different study levels:
between different herds of the same region,
within the same herd surveyed over a long
time period, between different animals
within the same herd, between successive
lactations/cases for the same animal, or
between udder quarters (Fig. 1). Moreover,

important potential sources for overdispersion are factors which are not taken into
account or, worse, are unidentifiable. Identifying and taking into account an overdispersion in the analysis process is essential
for the validity of the statistical results, the
estimation of the parameters and the level
of significance of the statistical tests [21,
61].
Faced with such difficulties, the authors
tried to take these different constraints into
consideration. The aim of the present article was to review and discuss the main
methodological issues in CMAST modelling (except through specific genetic models) and the solutions which are proposed
by the epidemiologists.

2. STATISTICAL MODELLING
FOR CLINICAL MASTITIS:
PROBLEMS AND SOLUTIONS
2.1. The overdispersion problem
2.1.1. Overdispersion at the lactation level
In the dairy cow, the number of CMAST
cases during a lactation (and herd CMAST
incidence rate) can be modelled according
to the Poisson distribution because of its
random nature [36, 50]. Concerning the
herd incidence rate, a binomial distribution
must be performed for a dichotomous variable (lactation with/without CMAST).
Unfortunately, these theoretical distributions are rarely observed because of the
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Figure 1. An overview of mastitis study levels and factors.

presence of overdispersion of the studied
data [50, 63], which involves defective
adjustments and incorrect statistical tests.
2.1.2. Overdispersion at the animal level
Successive CMAST reoccurrences cannot be systematically considered as independent, depending on udder pathogen
persistence [36]. Nevertheless other characteristics of the observed lactations may
also generate overdispersion. This is the
case when important factors of variation are
not taken into account depending on herd
managerial conditions (housing and grazing periods including different levels of risk
for CMAST occurrence) [37] or when the
true course of the lactation is not considered
[36]. Finally, the CMAST observed distribution at the lactation level would involve
some overdispersion compared to the
expected theoretical distribution.
At the animal level, it is not possible to
consider that consecutive lactations includ-

ing the CMAST cases are independent.
CMAST occurrence in a selected lactation
depends on udder infection status at the
previous lactation for multiparous females
or at the prepartum period for the primiparous [37]. As at the animal level, the basic
characteristics of lactation (duration, parity, yield level) are also important to consider in the modelling process. Even if
the lactation events are summarised in a
dichotomous way (CMAST vs. CMASTfree), overdispersion can be observed when
the data are adjusted for a binomial theoretical distribution [21].
2.1.3. Overdispersion at the herd level
At the herd level, when the herd is considered as a whole, or when time disease
evolution for consecutive years is studied,
CMAST cases are not really independent.
A herd is characterised by its specific environmental conditions, by germs remaining
in the environment or in the udder. Such a
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heterogeneity could also increase overdispersion, whatever is the index summarising
the herd disease information.
2.2. Suggested solutions
2.2.1. Improvement of the statistical
procedures
In epidemiology, the study level of predilection is the population. In CMAST epidemiological studies, the population both
corresponds to a set of herds, animals, lactations and udder quarters. In order to take
into account such a complexity concerning
CMAST risk levels, several modelling
strategies were performed in the literature
[26, 27, 64, 75]. The degree of complexity
of the multivariate models which are used
to predict the risk is the consequence of the
different study levels which are interwoven
in CMAST epidemiology. Such a complexity is better integrated with statistical packages. For example, the writers of SAS
software (SAS Software System, SAS
Institute Inc., Cary, NC, USA) finalised the
CATMOD procedure (categorical data
analysis), the LOGISTIC procedure (linear
regression models for binary response as
well as ordinary response data), GENMOD
procedure (which fits the generalised linear
models and allows the response probability
to be any number of an exponential family)
and finally the MIXED procedure (including random effect models and a variety of
mixed linear models to fit data). These
improvements allow to rule out losses of
information concerning the samples which
are induced by the statistical selection in
order to ensure the mutual independence
and absence of correlation between the
data. These method evolutions permit to
estimate different levels of dependence or
correlation between some statistical units.
Moreover, the introduction of random
effects in the model allows to take into consideration some sources of overdispersion,
in an empirical method.

2.2.2. Solutions for within lactation
dependence
To improve the independence between
animals and consecutive clinical cases,
constraints were imposed by the authors in
the sample selection process. Nevertheless,
it is obvious that such a practice induces a
systematic loss of information to the detriment of the accuracy and finally the ability
of the statistical procedure to highlight the
potential risk factors.
The widely adopted solution consists in
removing within the lactation new CMAST
cases occurring in a pre-established time
interval after the primary case. Since no
precise biological justification allows the
choice of a well-defined censure duration,
there is a significant variability in the chosen durations (lag time for a new case)
according to different authors. Lag time for
a new CMAST case varies from 0 to
90 days, including the value 0 [76], 7 [60],
8 [55], 10 [16, 17, 56], 14 [3, 11, 28, 73],
15 [13, 34], 30 [24, 30, 51, 59, 67, 68] or
90 days [57]. Some authors highlight this
lag time variability while varying this
parameter from 4 to 28 days [79] or from 0
to 30 days [50] starting from the same initial data. Finally, these authors used a value
of 9 days, close to the value of the 8 days
recommended by the International Dairy
Federation (IDF) [50]. The comparison
between different studies is all the more difficult since some authors do not specify the
value used in their analyses [9, 10, 45, 47,
69]. Moreover, the knowledge or not of
udder bacteriological status [38], including
various levels of accuracy, still complicates
the between-study comparisons. Some
authors have tried to define synthetic indices allowing the study of CMAST reoccurrences without censoring [65]. In other
studies, more explanatory models integrating biological concepts have been developed to take into account the notion of non
independence in a simulation model [1, 2]
or in a statistical model [36, 37]. All the
authors who model CMAST using this procedure used a model based on a Poisson
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distribution (Poisson regression or Poisson
model through Generalised Linear Models
(GLM)) [61].
In some studies data are more significantly censored, since the first CMAST
occurrence within the lactation is only considered. Within these studies, a binary type
response is sometimes chosen: CMAST
free lactations vs. lactations with at least
one CMAST case [11, 14, 16, 17, 32, 39–
41, 55, 72, 77–79, 81, 83]. Such a choice is
recommended [55] and carried out for
genetic studies [23, 42, 43, 52, 53, 60, 67,
70, 80]. According to the same approach,
the expression of this dichotomous response
is sometimes limited to a subperiod of the
lactation: from 7 days before calving to
7 days after calving [66], the 5 first days
after calving [19], the first 14 days [73, 82],
the first 30 days [7, 20, 74], the first 60 days
[6], the first 100 days [18], or even a calendar year instead of the lactation [79]. The
International dairy Federation recommends
considering the 30 days before calving for
primiparous animals [50]. In other studies,
lactation is divided into different successive periods: according to the 4 seasons
[60], 2 periods of 2 and 7 months [15], or
4 periods [29]. The periods are even fixed
by some authors in a cumulative way [43,
44].
Fixing the duration of the observational
period enables easier between-study comparisons than taking into account the whole
lactation, whatever the duration of the lactation. Among the lactation splitters, some
keep only one occurrence within the lactation [15, 29], or integrate the minimal time
interval between consecutive CMAST
cases (see above). These authors aim to
obtain over one specific period, and not
on the whole lactation, a dichotomous
response. The analysis models are mainly
based on a binomial distribution (logistic
regression, or binomial model through the
Generalised Linear Models (GLM)) [21,
61]. Other authors consider the date of
occurrence of the first CMAST case within
the lactation, choosing the calving date as
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the initial moment [71]. This is the main
analysis framework of survival models,
especially the Cox models [33].
2.2.3. Solutions for between lactation
dependence
To study a potential dependence between
lactations, some authors consider only one
lactation per animal. The first lactation,
especially in genetic studies, is often
selected [42–44, 53, 60, 66, 70, 81, 82], or
the two first lactations when the study is
aimed at evaluating the influence of the first
lactation on the second lactation [67, 71, 72,
77]. In other cases, one lactation is randomly selected among the available lactations for a given animal, which allows to
consider the lactation number as the explanatory variable [17, 19, 20, 51, 80].
2.2.4. Solutions for within herd
dependence
It is also necessary to consider the question of herd dependence in the course of
time and of animal dependence for animals
living within the same herd. As previously
presented, when a set of herds is surveyed,
the main source of overdispersion (except
the problem of following the same herd all
along a time period) is a lack of consideration of significant (and generally unknown)
factors of heterogeneity in the model. To
overcome the overdispersion problem, the
models try to estimate it using a theoretic
distribution of Poisson, or a theoretic distribution yet including an overdispersion
through a negative binomial or a beta-binomial distribution [75]. When the same
herds are studied in a prospective survey,
the models allow to estimate a within herd
variance through an extension of GLM procedures (Generalised Estimated Equations
or GEE) [25]. Moreover a herd fixed or random effect is usually entered in the models,
besides the fixed effects corresponding to
other control, key or explanatory variables.
In large scale surveys, a random herd effect
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is generally entered to save the degrees of
freedom, to the detriment of an accurate
estimation of the residual variance, which
is important in order to precisely test the
factors of interest. When few and not randomly selected herds are defined and used
in the model, the introduction of a fixed
effect herd factor is better. Moreover
between-study comparisons are difficult
because the control variables of the final
model are very often different according to
the study. When the analysed response at
the herd level is increasingly built from
more or less censored responses to subjacent levels (animal, lactation and case), the
optimal consideration of the problem is
harder.
The herd level study mainly depends
on the definition of the index, qualifying
the response variable (incidence, incidence
rate), and characterising a herd at a given
moment or in a time period. A significant
part of the between herd observed heterogeneity depends on the index calculation
and the characterisation of the CMAST
case in a herd [50]. In most studies, significant efforts have been made to homogenise mastitis definition criteria (at least the
observation of lumps in milk), standardise
their clinical description, and confirm the
infection through milk quarter bacteriology. Another problem is to normalise the
calculation of a synthetic CMAST incidence rate, since at least 12 different definitions of CMAST incidence rate are given
by the authors [50]. In the literature,
CMAST indices are calculated as percentages of infected lactations by the total
number of lactations or lactations at risk,
or occurrences (more or less censored)
observed for different periods and calculated as the numbers of days, weeks or
months at risk. According to the calculation, either the observed lactation duration
is not considered or the time interval while
an animal is not at risk after a CMAST
occurrence is a priori variably chosen.
In other respects, the calculation from
the overall number of lactations (or specific lactation periods) with at least one

CMAST is then related to the numbers of
cows-lactation at risk [6, 11, 17, 32, 39, 41,
52, 55, 79] or of CMAST-free months [14,
15]. When the calculation is made from the
total number of cases (per udder or per
quarter), it is divided by the total number
of cows-day at risk [3–5, 11, 30, 34, 48, 54,
55, 69, 79], the study period within the lactation [13], or even by the number of cowsweek [9, 10, 56] or cows-month [28, 48,
54]. Sometimes, the calculation procedure
is not mentioned [45, 47]. It is important to
indicate that the calculation of the number
of CMAST cases including a number of
days at risk mainly depends on [79] the a
priori chosen value (from 0 to 90 days
according to the study), which allows to
decide if a new case occurs.

3. MAIN TYPES OF MODELS
FOR MODELLING CLINICAL
MASTITIS
3.1. Generalist exploratory models
Two main modelling approaches are
performed to identify the CMAST risk factors: the first is based on a binomial distribution, essentially at the lactation level,
and the second on a Poisson distribution,
used at lactation and herd levels. It is obvious that going from the herd to the lactation level, the sample selection is more
difficult and crucial, in relation with methodological problems.
3.1.1. At the herd level
At the herd level, it seems important to
consider a potential overdispersion, at least
in an empiric way, even if the causes of
overdispersion are not identified. An analysis based on the Poisson model (through a
GLM procedure) is then adapted while
including a random herd effect [13, 19, 41,
52]. Another choice is the use of a negative
binomial distribution instead of the Poisson
distribution [4, 69, 75]. The elementary
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estimation of the overdispersion in a Poisson regression [4, 5, 28] does not allow an
accurate control of the significance of the
tests concerning the factor effects. An analysis of variance, carried out from the ranks
of the herds classified according to CMAST
incidence (Kruskal-Wallis test) [34], is less
precise in terms of risk factor identification,
since independence hypotheses are still
necessary for its use.
3.1.2. At the lactation level
At the lactation level, a dichotomous
response based on a binomial distribution
allows the exclusion of a potential dependence between successive CMAST cases
within a lactation. If a single lactation is
selected for each animal, a multiple logistic regression model can be performed
through the GML procedure, including at
least one herd or animal effect [24, 29, 70],
or through a survival model when considering the time occurrence of the first
CMAST of the lactation [71]. If several
lactations of the same animal are selected,
a random animal or lactation effect must be
considered. An alternative method is the
use of a GEE model including the estimation of within lactation correlations for one
animal, or between animal correlations
within a herd [41]. Modelling based on a
beta-binomial distribution can also be performed. This takes a potential overdispersion into account [75]. This is also possible
through a case-control survey, by pairing a
CMAST case with a within herd control, to
use a single lactation per animal and define
a dichotomous response for the lactation in
order to minimise the different dependence
problems [82]. But when using these methods, the numbers of analysed statistical
units are sharply decreased and consequently it is not reasonable to accurately
evaluate the studied factors.
When the number of lactations including
CMAST cases is considered in the model,
the overdispersion problem is more difficult to overcome, since all the overdispersion sources are potentially present for all
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CMAST perception levels, and the choice
of a censoring period between successive
cases is determinant. Thus, when using generalist models, it can be recommended to
limit the number of the studied perception
levels, by selecting for example the lactations which are studied for each animal.
Such a solution was chosen in a study of
successive recurrences in the lactation
period through a logistic model (in a GEE
model), which is aimed at estimating the
correlation matrix between successive
events within a lactation [78]. Earlier methodological issues have tried to solve the
problem defining indices which allow to
study successive reoccurrences [17, 65]. An
empiric approach has also been developed,
through a negative binomial distribution
including a 30-d censoring period [59]. It
nevertheless seems difficult to go on using
statistical analysis generalist methods like
random effect models with the aim to study
all potential overdispersion sources.
3.1.3. Contribution of the generalist
exploratory models
Finally, it appears very difficult to compare in a relevant way the different studies
using generalist exploratory models, and to
carry out meta-analyses. From the analysis
of the available studies, it seems to be
unlikely to more accurately identify CMAST
risk factors through these generalised methods. Moreover, some highlighted risk factors using generalist approaches are not
relevant, since they do not completely and
accurately remove the different various
levels of dependence and efficiently control
the first kind error (a-error). An alternative
to the use of the generalist models is to
develop explanatory designed models based
on a more integrative and causal approach.
3.2. Explanatory designed models
With the generalist exploratory models,
the problem is to adapt the data to an existing statistical model available in a statistical software. The authors exclude sample
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data information (lactation selection, lagtime of cases, etc.) to respect the hypothesis
of the statistical model used. The aim is
to identify risk factors in an analysis
approach. From another point of view, it is
possible to construct a biological model
based on a lot of knowledge developed in
particular with exploratory model results.
This biological model has then translated in
a statistical model which in general, is not
directly available in a statistical software.
The specific model obtained (with biological and statistical parts) is an explanatory
model. It is possible to use all sample data
information in this synthesis approach.
3.2.1. States models
The knowledge of CMAST epidemiology allows to try to develop more explanatory models based on biological parameters, as previously recommended [62].
Consequently, a nearly accurate approach
was developed via a simulator based on the
definition of states (uninfected, subclinically infected, clinically infected or recovered susceptibles) and probabilities of state
changes (Fig. 2) through three methodological issues: Markov processes, discreteevent simulation and differential equations
[1, 2]. While such an approach allows to
study a germ effect at the quarter or udder
level, it does not allow to test potential risk
factor effects, except through many simulation results.

distribution of CMAST cases per lactation
and the distribution of CMAST occurrence
periods. Nevertheless, the method does not
integrate at the present time the variability
due to mastitis risk factors at the herd level.
3.2.3. Contribution of the explanatory
designed models
The two proposed explanatory designed
models are synthesis paths for CMAST
modelling from the results of the generalist
exploratory models. These two modelling
ways (exploratory or empirical vs. explanatory) are complementary [22, 58].
These new synthetic approaches could
help to solve previously notified problems,
such as the confounding factors and the
integration of various levels of dependence.
With such models, housing and grazing
periods, and more generally all timedependent variables [1, 37], can be considered at the animal level. The study of such
variables associated with that of an infection rate effect at calving allows to rule out
the lactation stage factor as one of the main

3.2.2. Specific survival models
Another method is based on distribution
mixtures in survival models. This is developed with the aim of a CMAST statistical
model by modelling the dependence between
successive events within the lactation, and
from one lactation to another (Fig. 3). Such
a method easily integrates observable biological parameters [36, 37]. This approach,
performed at the udder level, integrates the
animal and lactation levels and allows to
test individual and/or herd risk factors.
Through this work, it is possible to study the

Figure 2. Diagram showing the modelling
elements making it possible to take into account
dynamically different udder-health states in the
same animal (adapted from [1]).
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Figure 3. Diagram showing the modelling elements making it possible to take into account a relationship between consecutive cases of mastitis within lactation and between consecutive lactations
in the same animal (reproduced from [37] with permission).

structural variables for mastitis risk from
the modelling process [37]. Consequently,
such explanatory designed models intend to
decrease the confounding problems. With
such models, the dependence between successive cases within a lactation can explicitly be considered by these models [36]. In
the future, the modelling could be significantly improved by performing the study at
the quarter level since quarter bacteriological status could be determined. Through
this design, it would be possible to combine
the two explanatory models already published [1, 2, 36, 37]. Such explanatory models could also help to define optimum
criteria for incidence rate definition at the
herd level, even to justify the time lag in
order to eliminate successive reoccurrences
within a lactation. The model developed
from the survival functions [36, 37] only
considers the first CMAST occurrence in a
lactation, or builds the analysis on a dichotomous response at the lactation level (in the
absence of recurrence parameters, more
than one clinical mastitis case per lactation
in the epidemiological context of the experimental studied herds could not occur).
But explanatory modelling techniques
require more scientific investment than the

generalist exploratory models. Nevertheless, they allow to add to the modelling, as
published through a dynamic discrete event
stochastic simulation model [1, 2], the
main epidemiological and experimental
knowledge concerning the CMAST risk.

4. CONCLUSION
Considering the variety of the available
modelling techniques in epidemiology
[49], it is detrimental that only a few
CMAST specific explanatory modelling
approaches have been published. The development of such approaches could involve
a significant improvement in the field of
bovine mastitis research, the disease remaining an economic and hygienic problem for
all dairy channels [12, 35, 46]. The next step
would be to integrate udder inflammation
markers into the CMAST explanatory
model, essentially milk somatic cell counts
(SCC), in order to model in a synthetic
attempt both clinical and subclinical mastitis after reviewing and discussing the
previously published SCC modelling and
simulation techniques.
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