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a  b  s  t  r  a  c  t

Mathematical  models  for infectious  disease  are often  used  to improve  our  understanding
of  infection  biology  or to  evaluate  the  potential  efficacy  of  intervention  programs.  Here,  we
develop  a mathematical  model  that aims  to describe  infection  dynamics  of  Mycobacterium
avium  subspecies  paratuberculosis  (MAP).  The  model  was  developed  using  current  knowl-
edge of infection  biology  and  also  includes  some  components  of  MAP  infection  dynamics
that  are  currently  still  hypothetical.  The  objective  was  to show  methods  for parameter
estimation  of  state  transition  models  and  to connect  simulation  models  with detailed  real
life data.  Thereby  making  model  predictions  and  results  of  simulations  more  reflective  and
predictive  of  real  world  situations.  Longitudinal  field  data  from  a  large  observational  study
are used  to estimate  parameter  values.  It is  shown  that  precise  data, including  molecular
diagnostics  on  the  obtained  MAP  strains,  results  in  more  precise  and  realistic  parameter
estimates.  It is  argued  that  modeling  of infection  disease  dynamics  is of great  value  to
understand  the  patho-biology,  epidemiology  and control  of  infectious  diseases.  The quality
of conclusions  drawn  from  model  studies  depend  on  two  key  issues;  first, the  quality  of
biology  that  has  gone  in  the  process  of  developing  the  model  structure;  second  the  quality
of the  data  that  go  into  the  estimation  of the  parameters  and the  quality  and  quantity  of
the  data  that  go  into  model  validation.  The  more  real world  data  that  are  used  in the  model
building process,  the  more  likely  that  modeling  studies  will  provide  novel,  innovative  and
valid  results.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Johne’s disease (JD), or paratuberculosis, is a chronic
enteric disease of cattle and other ruminants due to an
infection with Mycobacterium avium subspecies paratuber-
culosis (MAP) (Behr and Collins, 2010). Herd-level MAP
infection prevalence has gradually increased in the past
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decade; in a recent survey, it was  found that 68% of US
dairy herds have apparently at least one cow that is infected
with MAP. This estimate was obtained from a survey pub-
lished by the USDA’s National Animal Health Monitoring
System in 2007 (NAHMS, 2007). The economic impact of
MAP  infections to the dairy industry in the United States
varies but the cost to dairy producers was  estimated to be
more than $200 million per year (Ott et al., 1999). More
recently the concerns that MAP  may  pose a threat to public
health, as MAP  infections in humans have been associated
with an increased risk of Crohn’s disease in humans (Behr
and Collins, 2010).
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The epidemiology of MAP  in dairy herds is difficult
to study as the infection shows a very slow progression
from initial infection to clinical disease. Many infected
animals never show clinical signs and, even more, many
infected animals are only detected using diagnostic tests
a few years after initial infection or are actually never
detected (NRC, 2003). Even more, under commercial farm
circumstances, diagnostic testing is infrequent and there
is a low diagnostic test sensitivity for animals shedding
either intermittently or low levels of MAP  (Nielsen and
Toft, 2008). Hence, precise information on the infection
status of animals is difficult to obtain. The best data will
likely be obtained from animals that are studied during
their complete lifetime on commercial dairy farms. Particu-
larly if lifetime follow-up is followed by obtaining relevant
tissues at slaughter and bacteriological culture of these tis-
sues with a known predilection of MAP  infection (Whitlock
et al., 2005b).

Other methods to try and understand the infection
biology and epidemiology of MAP  infection include experi-
mental challenge studies, in vitro studies, model studies or
mathematical modeling of population infection dynamics
of MAP  (Collins and Morgan, 1992). Mathematical models
for JD in dairy cattle have been developed to understand
MAP  transmission dynamics and to predict the effective-
ness of recommended control programs (Kudahl et al.,
2007; Lu et al., 2008, 2010; Mitchell et al., 2008; Marce
et al., 2010). Mathematical models have the advantage of
being able to study infectious dynamics under a wide range
of scenarios, without necessarily having to obtain perfect
data for all these scenarios. Of course, mathematical models
are limited by their imperfect ability to provide a realis-
tic representation of the true infection dynamics in herds
(Pouillot et al., 2004). The more realistic a model as far as
the infection biology and epidemiology of MAP, the more
realistic the obtained observations and drawn conclusions.
Both these components, infection biology and epidemiol-
ogy, in the case of MAP  infections are not fully known and
understood and therefore models may  contribute to the
study of MAP. Care should be taken with regard to the
conclusions drawn from such models. Clearly, models are
only as good as the input of biology and epidemiology that
goes into model (Dorshorst et al., 2006). Particularly, the
parameter estimates that are used in the modeling need to
be based on relevant knowledge and data (Whitlock et al.,
2005b). In the current paper, we will assume that the mod-
els we develop are sufficiently general and flexible that they
may  accommodate our current knowledge of MAP  biology
and infection pathways. This model was initially devel-
oped and described in detail by Mitchell et al. (2008) and
subsequently used in many stochastic and deterministic
simulation studies (Lu et al., 2008, 2009, 2010, 2013). The
model was also reviewed by Marce et al. (2010) and identi-
fied as one of the more versatile and complete MAP  models,
with the possible exception of an external environmental
contribution to MAP  infection transmission. The objective
of this paper is to present parameter estimates of existing
state transition models obtained from real life data and to
compare results of simulation models with detailed real
life data. Finally, we discuss the value of observational data
to feed information to simulation models, thereby making

simulations more reflective and predictive of real world
circumstances.

2. Model description

The state-transition model depicting MAP  infection
dynamics as shown in Fig. 1, is a state transition model with
three age groups. These age groups are animals from birth
to 1 year of age, from 1 to 2 years of age and finally adult ani-
mals aged 2 or more years. Transitions between age groups
(vertical arrows) happen at a rate of aging, essentially 1 step
per year until the animals are in the adult age group. Infec-
tion takes place mostly in the youngest age group, but is
not excluded in older age groups either. Initially animals
when infected at young age, enter into a transient shed-
ding state. From transient shedding they move to a latent
state where no shedding takes place. Eventually animals
may  exit the latent state and move to low shedding and
then progress to high shedding. These states and transi-
tions are in line with our current understanding of MAP
infection biology (Behr and Collins, 2010; Windsor and
Whittington, 2010; Harris and Barletta, 2001), and allow
some further infection mechanisms that are currently only
hypothesized. Examples of such currently hypothesized
transmission routes are adult infection, transient shed-
ding in one year olds, and the existence and importance
of super shedders (Whitlock et al., 2005a; VanRoermund
et al., 2007).

As indicated, assuming that the model structure may
be a reasonable reflection of biological reality, the key
will be to parameterize this model with parameters
that are grounded in reality. Particularly, it is essen-
tial that point estimates and estimates of variability
in these parameters are based on true infection situa-
tions that were observed under realistic circumstances.
Among the biologically and epidemiologically important
parameters are � and � for new infections, and � and
� for progression of existing infections (see Fig. 1 and
Table 1).

In the past, infection dynamics of MAP  in herds was
essentially assumed to be clonal, meaning that all infec-
tions were due to a single strain of the MAP  bacteria (Collins
and Morgan, 1992; Groenendaal et al., 2003). In more
recent studies it has become clear that this is not always the
case (Pradhan et al., 2011). Here, we will discuss the value
of using strain specific estimates of transition. When no dis-
tinction is made between strains in observational studies,
we observe the average transition of isolates. This average
transition may  be a combination of strains that are not very
contagious and a few strains that are more contagious. This
indicates that multiple transmission systems may  be going
on in the same herd. The most frequent method for MAP
strain typing is based on sequencing of multilocus short-
sequence-repeats (MLSSR). This sequence based method
is a highly discriminatory method that has been used for
typing MAP  isolates and many other bacteria (Harris et al.,
2006). While only a limited number of cross-sectional stud-
ies have used this method, and with a restricted set of iso-
lates, it has been recognized that the use of well-designed
longitudinal studies using several herds in multiple states
is essential for applying the MLSSR sequencing technique to
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