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D. Favre M. Mihlemann M. Schallibaum

THEORETICAL DISTRIBUTION OF JOHNE'S DISEASE STAGES
IN INDIVIDUAL HERDS AND SIMULATION OF CONSEQUEN-
CES TO RISK MANAGEMENT OPTIONS

Abstract

The present work presents a model of the propagation of Johne's
disease (JD) in individual herds in order to allow for the simulation
of consequences of herd management options for disease control

or eradication.

Sources for model parameterization were a qualitative description
of JD based on 4 distinct disease stages, literature data and expert
estimates. Modelling was based on the Susceptibility-Exposition-
model combined with the Leslie

Infection-Retrieval  (SEIR)

population model.

The model comprises an iterative process with matrices for initial
conditions and transition between stages. The initial conditions
matrix depends on the actual health status of the herd and is
derived from the modelling of the distribution of JD and analytical
data. The transition matrix depends on country and the specific
expert knowledge of herd parameters, i.e. death and birth rates,

contamination at birth, and duration of stages. The corresponding
estimates may easily be reexamined. For a shorter duration than
any JD stage duration, the matrix describes the changes in animals
classes. Without this condition, the model is redefined between

iterations.

An upper limit of 3 stage Ill animals, 9 stage Il animals and 27
stage | animals and a lower limit of 2 stage Ill, 4 stage Il and 8
stage | animals were implemented in order to estimate the initial
stage values. For that reason, simple hypotheses concerning
duration of stages and considered intervals of time were also
implemented in order to test the combined model. Moreover,
parameters such as births, contaminations and deaths were set as
uniformly distributed. Output may be expressed as a user-friendly

spreadsheet in which different scenarios could be tested.
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1 Introduction

Mycobacterium avium subspecies paratuberculosis (MAP) causes
Johne's disease (ID, also named paratuberculosis). Discovered a
century ago, MAP is found worldwide in numerous mammals and
birds. Ruminants, especially cows, are particularly susceptible. JD
positive cows produce less milk, less meat and have shorter
lifespans [2]. The prevalence of Johne's disease is globally
increasing in animal husbandry [10]. JD positive animals transmit
MAP in faeces, intestinal tissue, lymphatic nodes, blood,
colostrum and milk. The infected animals transmit the bacteria
directly to the foetus [16], but also to the calves through
colostrum and milk [15] and indirectly through faeces [18], [15],
[7]. Cow to foetus transmission is a rare event. Transmission
through colostrum and milk has three characteristics: it is diffuse
(bacteria spread everywhere), continuous (bacteria is often found
in the milk) and of low contamination level when compared with
the indirect source of JD. The indirect transmission is occasional

and with high MAP levels.

Six stages have been described to elucidate the evolution of JD
[15]-[19] (Stage O is the MAP-free status. Stage | corresponds to

the incubation time, separating the inoculation and the first

2 Materials and methods

Modelling assumptions

For modelling purpose, MAP is assumed to be transmitted from
an infective animal to susceptible animals either by intra-uterine
contamination or by contaminated faeces and/or colostrums and
milk. Then, JD evolution is time dependent and expresses itself in
different stages (see above). These stages are to be taken into
account. Susceptibility to JD lowers with age; older animals may
not have time to fully develop the disease. Thus, age must be

taken into account. The age of animals is measured in years.

Lactation is related to birth rates, so this parameter must also be
considered. The first lactation period is assumed to take place

during the third year after birth of the animal.

immunological response of the animal. Stage Il is the time span of
increasing immune response to JD. Some shedding of MAP may
happen during this stage [19]-[13]. The response of the immune
system reaches a plateau value during stage Ill. MAP appears in
the faeces at low contamination levels. At stage IV, infected
animals show clinical signs [4]. Stage V is defined as the final

stage during which JD induces death of the animal.

JD causes reduced milk production, loss of body weight in cattle
sold for slaughter and premature culling [9]. Strategies to
eliminate MAP have included repeated testing, vaccination of
animals and development of genetically MAP-resistant animals.
Each of these strategies is time consuming and cost intensive.
Therefore a mathematical model of JD allowing rational
estimation of disease development within a herd and an
estimation of the expected costs would be useful. Based upon
herd population dynamics and expert knowledge, our model
allows rationalisation of dispersed information, i.e. the evolution
of lactation as well as predictions about the effects of different

management strategies.



Model SEIR

Per definition, the SEIR mathematical model (http://www.biology-
online.org/dictionary/seir_model, accessed 17.05.05) distributes
the JD disease stages (0 to V) in our model herd. Independently
from JD stages, Leslie’s population model [5, 12] distributes ages,
birth and death rates within the same herd. Thus, the Leslie model
implies a varying total number of animals in the herd. Combining
the models allows for the testing of interactions between both
models. Correspondence is drawn between stage 0 and
susceptible animals (S, can become infected), stage | and exposed
animals (E, contaminated, but non infective), stages Il, Il and IV
and infective animals (I, contaminated and infective), as well as
stage V and retrieved animals (R, can no longer be contaminated).
Contamination is understood as the change from stage 0 to stage
I and depends on contacts between susceptible S and infective |

animals.

SEIR models basically are differential equations systems that
describe changes in the numbers of S, E, |, R during the small time
interval dt. Variation in the number of susceptible animals is given
by %?zB—ﬂﬂ—MS m
and depends on arr?vals of newborn MAP-free calves B and a
number of departures symbolized by SST . Thus, the product S|

represents interactions between the two subgroups in the herd

Discretization of the SEIR model

Any derivative of the form @ , where f(¢)is a continuous
dt

time dependent function, is the limit of a difference divided by

the length of the time interval ( d]:l(t) = lim J(t+dr)- f(t)).

't dt—>0 dt
Taking into account the numerator of the right hand term of this

equality for a non-negligible time interval (denoted At ), results
in an approximation of this relation. The loss in precision is gained
in calculability. Under such assumptions, equation (1) becomes
S(t+At)—S(t)
At

or the iteration

Analogously,

E(t+At)—E(1)
At

equations (2) to (4) become

during the time interval dt. The rate at which encounters between
S and | animals create new stage | [or exposed E] animals in the
herd is symbolised by /3. Another source of departures is 2§,
the number of susceptible animals that die during the time

interval dt.

The number of exposed animals E changes during the time
interval dt accordingly to the relation (2). In this relation the group
of exposed animals receives a number of newly exposed cows
from equation (1) equal to ST and loses a number of animals
ME  proportional to the number of exposed animals during the
time interval dt. Another source of loss is given by the limited
duration of stage | symbolised by ﬂl. The exposed animals will

1
disappear at the rate of R The relation (2) is thus
dE

E
—=pB5I-—- (2)
dt A A HE

Similarly, the change in number oflthe infected and infective
animals is given by the loss through change of state in equation
(2), a second form of change in state of the animals is given by
L'I,and the death rate g41,, i.e. the relation (3) is

Finally, the number of retrieved animals is modified by the arrivals
through deaths from stages S, E and I. This is summed up in

relation (4) dd—R = uS+ pE + ul @).
t

= B(t) = fS(0)1(t) — usS(t) (ta)

S(t+A8) = S(1)+ (B~ S BI(1) - s At

E()

= pSOI(t)———— ugE(t) (22)

Ar



I1t+A)—-1(¢) =E(t)_

I(t (3a)
Al A (1)
R At)—R
CR0ZRO SO+ bW+l @) o
t
Since JD is divided into the stages I, II, lll and IV, the infective

group is modelled as three distinct groups sequentially ordered in
time. Exposed animals E become infective animals I. In the SEIR
model, this situation is translated by the corresponding symbols
(I, 1,, 1). Each stage is either associated with a duration A or
with a dying rate Z{ . The equations for the infective groups are
accordingly modified. This change justifies the renaming of the

SEIR model as SELLLR, i.e.

The Leslie model allows the introduction of differences in age in

the SELLI,R model by describing the herd as a squared matrix of

2'3'4

any desired size. In our model, each of the six rows represents an

age category and each of the six columns represents one stage of

Transition matrix

Basically, the transition matrix results from several modifications of
a Leslie population model. It remains a Leslie matrix since it

describes fertility and mortality rates in the herd.

The first modification in the transition matrix is the nonzero
mortality and fertility rate for each matrix component. This
modification is justified by the assumption that these rates are

influenced by JD and by age.

Second, births are split into contaminated and non-contaminated
animals. For any class indexed by (.i;j), fertility rates are denoted

77 and contamination rates at birth

SEBOZS0 _ ey )10+ 150+ L(0) - 550
BEEBOZEO  psiotso)+ 1,00+ 1)~ 22 By
Lt+D)-5L(t) _E@) L@ :
At B L0
L(+A)-L() _ L) L)
Ar =4 7 usl5(1)
L+A) -1, _ L@ 1)
At X Li0)
AEBOZRO 4 S(0) + B0+ polo 1)+ T30+ 1) ®

the disease (0 to V). Each matrix component, characterised by the
indexes (.i;j), represents the number of animals of the i-th age and
in the j-th stage of JD. The matrix itself is called a transition

matrix.

Products of the form 7;’1‘77;'/11‘,_/0) represent the proportion
of contaminated births found among the  77;1; ; (¢) births of
the class indexed by (.i;j). Of course, the proportion of non-

contaminated births is given by (1 — Vi )/71.].][’]. (1) .

Third, the number of survivors of age .i in the unmodified Leslie
model corresponds to a same age population containing all JD
stages. In other words, each line of the matrix in the modified
model is related to the Leslie model by the relation

ki—l(t)(l - /Ui): Si+E;i+ 1+ 15+ 1+ R,

at the iteration t. (6)



Fourth, transitions from stage to stage branch either from suscep-
tible to susceptible or from susceptible to exposed animals. When

exposed, the disease evolves from stage Il to stage V.

Contaminations are represented by products of the form
BioSio(t)Bi ;1 ;(t). The tendency of susceptible ani-
mals to become MAP carriers when in contact with infective
animals is described by its susceptibility ,B,-,o. Infectivity ﬂ,, des-
cribes the tendency of infective animals to spread the disease.
Finally, the transmission of JD is the result of the product of

infectivity, the number of infective animals, the susceptibility, and

Sino(t+AN=S,,(t)
At

Ei+1,1 (t + At) - Ei+1,1 (Z) —
At

the number of susceptible animals. For example, the one year old
susceptible animals SI,O have a corresponding susceptibility
,31,0 and three year old stage Il animals ]3’2(0 whose
infectivity is ,83’2 create ﬂi,OSi,O(t)/Bi,zli,z (£) new
members of the E group. Different values of infectivity and
susceptibility result in different products. Therefore, the sum of all
possible products replaces the expression of new cases in the SEIR
model ST . The number of survivors is then determined by
multiplying the obtained results by the survival rate. The variation
of susceptible animals from the t-th iteration to the ¢+ At

iteration is thus expressed by

= (1 —tio ) Sio(®)+B(?) _Zﬂi,OSLO (t)(ﬂi,21i,2 (O+B:15(0) +ﬁi,4]i,4(t)) @

Fifth, a contaminated animal may either grow older without

changing its JD stage, i.e. |, to |, or grow older and change its

i+1,jr

JD stage, ie. | to | When the actual time interval between

1

two iterations is 7, the pertinent proportions of this branching
T

event are defined by the factor . The time interval 7 is cho-

il
sen smaller than the duration of stages, ie. 7 < /1ij (for any

.i;j.). Stage durations are assumed to depend on age and

therefore the matrix (/1,-,]- )i:O is defined. This

s N3 j=0,.,5
new term modifies the equation in the system (5) for the exposed

animals E to

Ei+1,1(t)

N
D BoSioBaliz(t)+ Bislis(O)+ Bralia(t))- s u, Ea@y ®
i=1

E

and for the infective animals (l) to

Lus(t+A) —15(0) _ E(0) _1x(0) ©

- i 1,' t
At A A, 2(0)

Since the measures defining the iterations are points on the time
line, the distribution of events between the measures is unknown.
In our model, events are arrivals and departures of animals with a
change in JD's stage considering any (.i;j) indexed class. The
simplest distribution to use in that sense is the uniform one. This

T
means that events are proportional to -— and their

. . . . T i,1
non realization is proportional to 1 - —
i1
In both cases, the age number (.i) changes.

Finally, the retrieved animals R collect all dead animals from all

columns.



3 Results

Stage O

Age 0 (Z[Z (1_7i,j)77i,j[i,j(l)

} —So0 (t)J(l - ,Uo,o)

Age 1 [so,o(t)Z[Z ﬂooﬂ,,lu(t)} Sl,o(z)J(l—ul,o)

i=0

Jj=

Age 2 (Sl,()(t)z {Z (1 = BioBi; )Ii,j (t)} -Sh0 (f)J(l - ,Uz,o)

6 [ 4
Age 3 Szo Z
=

i=0

4
1:0 =1

J

6 [ 4
Age 5 S4o Z
=

i=0

( —- Baof j)Il j(t):| S3,0(f)J(1_#3,0)
( :BS O,Bt JJ u(t):| S4,0(t)J(1_,u4,0)

( ,340,31])111(0} Ss,o(t)](l_ﬂs,o)

Age 6 (SS,O(t)Z{Z 1- Bsof 1,,(¢)} Sé,o(t)J(l— Lo.o)

A transition matrix is shown in order to illustrate the equations (7)
to (9). Subsequently, some particularities of the stages are
discussed in relation to the matrix. In order to write shorter
formulas, the time interval is taken as one unit of time, i.e.

For the same reason, the use of

(=4 ;=1year)
6

K(t)= Z Bindin(O)+ Bislis (1) + Biali (1)
i=l

proved to be useful.

Stage 0 subpopulation arrivals occur by uncontaminated births
(class (0;0)) from all other classes. On the other hand, departures
from stage 0 are caused by either contaminations or deaths. In
order to stay in the stage 0 subpopulation, the animals must avoid
contamination by all subpopulations of infective cows (defined by
coefficients of the form (l_ﬁ4,0ﬁi,j )]l.,j (¢) ) and survive du-
ring the time interval of the iteration (survival is defined by

coefficients of the form (l — Us 0) ).



Stage | Stage Il Stage lll
(Z |:Z Vil (t)} —Ep, (Z)J(l — Hoya ) 0 0
(Bo.oSo.0 (K ()= Ev i ()1 = 421) (Eo () =1 2(ON1- 142) 0

(BLoS1o (0K ()= B (0))1 - 21)
(Bo0S2.0(O)K ()= Esy (N1 - 13.)
(B350 (K ()= Eas(0)N1 = paa,)
(BioSao 0K ()= Esi (N1 - 5.)
(Bs.0S5.0(O)K (0) = B, (N1 = 1)

From stage | to stage IV, the evolution of the disease is forced.
When entering stage |, the cow successively passes all other
stages. The coefficients of the form (1—/13,1) define the pro-
portion of survivors for a given iteration. The time intervals
between iterations and the stage duration were set equal.
Therefore, every animal in a (.i;j) class at the t-th iteration will
leave its class for a (.i+1;...) class. The symbols —E3,1(t) and
—14’2(1‘) follow this relation. The arrivals into a new stage of JD
are either due to contaminations (the coefficients of the form
ﬂz,oSz,o(l‘)K(l‘) ) or to transition from the preceding stage and
preceding iteration. For example, the stage Il subpopulation at the
age 3 receive the exposed animals (stagel) from age 2, i.e.in
the class with the indexes (3;2) the arrivals are given by the
coefficient Ez’l(l) . The last considered source of contamination

is birth, whose size is calculated by the expression
N
Z7i,j77i,j1i,j(t) (10)

i,j=0
yi,j gives the proportion of contaminated births among
771‘,_1'][,}' (f) If 7/z‘,j relates to susceptible animals its value is

set to zero.

When the time intervals between two iterations and the JD stages
duration are different, some animals will not change their JD

stage but will change their age (given by the coefficients of the

1

3.1

form 1—

E;, (t) representing arrivals in the (4, 1)

class).

(B ()= L2 (01— t22)
(Bai ()= L52 (N1 -5,
(Bsa ()= Lo (ON1 - 1)
(Ean(=Ls2(0)N1—-52)
(s ()= Toa (01— 52

(2= L3 ON1=1225)
(B2 (O =L O)1-1155)
(52O~ L1 p5)
(La(0) = Is5@)N1- p555))
(I52 ()~ Io5 )1 - ts)

Some animals in this class will change stage (denominated by the
expressions M , representing departures in the same class).
The remaining 4']arrivals are from the preceding stage and
preceding age . The proportion of survivors is still given by the
(1_,U4,1) coefficient. In conclusion, these considerations result in

formulas like

1 E
sl K0+ 1 -0 B ) 0
ﬂ’},l /14,1
instead of the formula (ﬂloSg,o(t)K(l‘)—E4,1(l‘))(l—y4,1) used
above in the stage | of JD at the age of 4.

Current contaminations under the uniform distribution hypothesis

divide the herd in four subpopulations:

- The susceptible animal subpopulation ready to become JD
positive E is given by the sum of the coefficients ,Bi,o ,',O(l‘)

- The susceptible animal subpopulation not becoming JD positive

1= B0)Si0(0)

- The infective animal subpopulation infecting susceptible animals

is the sum of the coefficients ﬂi,jli,j (¢)

is given by the sum of the coefficients (

- Infective animals not infecting susceptible animals are related to

(l_ﬁ,j )I,-,j(t).

Contact between animals among subpopulations are represented
by products resulting in the number of non contaminated animals
for a given initial population, i.e

i=6,j=5 (12)

S(-8,)0,0
1

=6, j=5

(]“ﬁa,u lS',.‘"(.f) (] ﬁa; [ )+ ﬁf.u)sr,n(")
1

=1, = i=l.j=

i=h, j=3 =6, j=3

+(1- m$anZMJmm—‘m)(lﬁnaJ(n
=1, j=1 =l =
and the total number of contaminations for the same initial popu-
i=6,j=5

(B0)Sio(®) D (B, (D)

i=1,j=1

lation, i.e.



The presented example includes simplifications. Noteworthy is the
consideration of classes with indexes (.i;)) without animals 0,
where arrivals from precedent age or stage classes are considered

impossible.

Stage IV

(L3 (6) = L4 (0))1- 1154
(L3 (0) = Loa(t)\1— pt4.4)

(L3 (@)= Isa(t)\1—p15.4)

([5,3@)—16,4@))(1_,“6,4)

4 Discussion

An important goal of this work is to produce a user-friendly
spreadsheet-based tool that may be applied by herd managers. To
this end, two problems are to be addressed. One, numerical
calculus allows divergences between difference equations and
differential equations. These divergences have to admit a
supremum. Second, the parameter values and the initial

distribution of age and stages must be known.

The close relation between our model and the Leslie model is
established in case of a MAP-free herd, in which all coefficients
related to JD are zero. The transition matrix becomes then the

Leslie matrix, i.e.

Stage O

N
age o i (is g, M= paoo)

i,j=0

6
Age i Z Si—l,O (t)(l - :ui,O)
i=0

Stage IV
10,080,0 () + o, 1 (£)
Ho,080,0 () + 41,1 (8) + g 21, (1)

3
H2,082,0(E) + g2 Eay () + Z o1 (1)

j=2

4
H3083.0(0) + p3, B3, (1) + Z s 15 (1)

Jj=2

4
Ha0840() + pa By () + z Ha s (2)

=
4
Hs0Ss.0(8) + ps1 Es, (1) + Z s il s ; (1)
=2
4
H60S60(8) + e 1 Ee (1) + Z H.i16.; (1)
=
Stages | — Il = Il IV Stage V
0 Lo,080,0(%)
0 Hi.0Si0(2)

10



Since each subpopulation defined by its age is related to the
Leslie model by the relation (7), divergence in the combined
model is controlled by the behaviour of the Leslie variables. They

admit a supremum.

Moreover, the results of our combined model have to be
consistent with the SEIR model, where infectivity and sus-
ceptibility are neither separated nor considered. The sum of all
susceptible animals, separated in age classes zepresents the sus-
ceptible population of the SEIR model, i.e. z Sio(t)=S(t)
The beta coefficient 3 of the SEIR model can be redefined from
the combined model. A general susceptibility coefficient E
is defined using the sum of all possible products of susceptible
classes multiplied by their

corresponding  susceptibility

coefficients. ﬂ is the unknown in the first degree equation
6
D BiaSio(1)
i=0 =
infectivity coefficient B
6 —
z Bl ;(t)=p-1(t). The loop to the SEIR model is

i=0./=2
closed by summing the two preceding relations giving the

p - S (t) .Byanalogy, a general

can be defined with the relation

number of new cases in the SEIR model, i.e.

S BuSia(®) S ol (1) = BB SOI) = BSOI(1)
i=0 k=1,j=2 a4

Duration of stages and iteration time interval

The duration of a JD stage is defined as the time interval between
the start and the end of that stage. Relating this duration to the
interval between two iterations is problematic. If the time interval
between two iterations T for given .i and j is longer than each

stage duration, i.e. 7 > A , then the sum of the duration bet-

iJ
ween two consecutive stages is considered. If the time interval
between iterations is shorter than the sum of the stage durations,
r < ﬂvi,j + )ii,j+l , and the corresponding probabilities
are uniformly distributed, then the evolution of the class [[,]» (t)

will lead to the classes ]i+1,j+1 (l) and ]i+1,j+2 (t) . Where

T

L () =] 1- m (1 —Hij — Hijn )I,-,j ()
T

and L a0 (2) = m(l —HMij— Hijn )[i,j (1)

Underlying the uniform distribution, a continuous creation and di-
sappearance of members of the class Ij,j+1(t) will be observed.
Therefore, the number of visible members of the class (.i;j+1)

will be proportional to the ratio between the stage duration and

11

Other simplifications are true in the SEIR model. For instance, JD
stages are summed up in the E and | animal state. Expressions

like become . Similarly, expressions like

/33,053,0(I)K(t)+ 1—L E3’1(;)_ E‘U(t) become

Az Aa
E (1)),
pS(0)1(e)- 7
Similarly, expressions like E2A10) + [1 - 1]11,2 ) _La®

become (I(t)J A Az s
A

Finally, the number of retrieved animals in the SEIR model is the
sum of all stage V (i.e. dead) animals in the combined stage of

stage- and age classes model.

Since the general behaviour of the herd is controlled by the
differential equations (1 to 4), its functions grow within any finite
time interval. Stage- and age classes that build the entire herd
are therefore maximised. During a considered finite time interval,
these classes behave within a finite interval of finite values
without singularities, which is in agreement with the behaviour

of a differential equations system.

the inter iteration time interval to the proportion of survivors and

to the number of animals coming from the preceding JD stage,

e 1 (0) = 22— (1)

If one ignores stage duTration or at least its relation to the time in-
terval between iterations 7, all possible relations must be
considered. The forced evolution of JD animals in five stages
combined with an unknown iteration time interval implies the
necessity of calculating 2* different matrices, or, considering age
dependent durations and different ages (N), N*2* different matrix
are possible. Since each matrix contains 6*N equations, 6*N**2*
different equations should be defined, whereby only one of the
matrices would be the correct one. Thus, for the best solution, a
practical application would be to measure the durations of the
different stages and to determine the initial matrix according to
the chosen time interval 7 . Another important feature is that the
time interval between iterations 7 is not necessarily constant. In
this case, the transition matrix has to be redefined for each time

interval between iterations.



Parameters

Our model must be transformed into a system of equations that is
useful in herd management practice. Writing this system implies
that values are assigned to the parameters of the equations. For
our model, rough estimates could be accepted on first trials.
When available from field studies, more accurate parameters may

be introduced.

The proportion of calves that a cow delivers during a time interval
between two iterations is called the fertility rate. Before the first
lactation, cows have a fertility rate of zero. The stage V animals
are dead and by definition have also a fertility rate of zero. As an
estimate, the fertility rate of the cows will decrease proportionally

to their age and to the evolution of the disease.

The proportion of death in a given group of animals for a given
time interval is the death rate. In our stage—age model, the death
rates will expectedly increase as age and stage classes of diseased
animals evolve. On the other hand, susceptible animals will

supposedly follow a normal pattern.

Initial state matrix

Defining the state of the herd at a given time is a further

difficulty.  Generally, JD in a herd is discovered by the
identification of one or two clinical cases (http://ianrpubs.unl.edu
/animaldisease/g977.htm, accessed 09. 09.2004). Herd owners
usually initiate precautionary measures when clinical symptoms
are discovered. A starting point for action is to be able to describe
the physiological status of the herd, i.e. the number of animals in

each stage of ID.

An approximation of the initial state of a herd can be deduced
from a few literature sources. Assuming 100% specificity as well
as 100% sensitivity of a testing regimen, and analysing 9 positive
animals from several positive herds, Meylan [6] observed the
following distribution of infected animals: 2 stage IV, 5 stage |ll
and 2 stage | or Il. On the other hand, Streeter et al.[15] examined
a herd with a significant number of animals (n > 100) and found a
total of 36 MAP positive animals including light and heavy
shedders. Meylan'’s relation of 2 stage IV and 5 stage Ill animals
was also recognized in a different herd from the American
continent. Stehman et al. [14] found 6 light and 3 heavy shedders
in a population of 112 cows. The relation 2: 1 for light versus

heavy shedders was found in Australia.
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The proportion of calves born with a MAP infection, i.e. in stage |
of ID, is defined as the ‘at birth’ contamination. We assume that

only stage IV cows can bear contaminated calves ([3] for instance).

The rate at which a group of contaminated cows transmits the
disease to susceptible animals is the contamination rate. The rate
at which JD free animals become infected is the susceptibility rate.
The susceptibility rate of the youngest MAP-free animals is the
highest. This susceptibility is denoted by the symbol ﬂo,o-
Therefore Muskens et al. [8] stress the importance to protect
calves. Susceptibility rates for others groups of animals will be
much smaller. The exposed animal column or the E column are
denoted by susceptibility- or infectivity rates equal to zero. These
animals are neither susceptible, nor infective. In the other classes

of the herd, infectivity is assumed to grow with age and stage.

In another continent again, [17] observed a relation that is very
similar to Meylan’s in a small population of JD positive animals.
Whitlock and Buergelt [17] propose the “iceberg effect”, namely
that for each stage IV animal (advanced clinical disease) 1 — 2 ani-
mals in stage Il (clinical disease), 4 — 8 animals in stage Il
(subclinical disease, adult carrier), and 10 — 14 animals in stage |
(silent infection, calves, young livestock, adults) will be found.
Ratios from one stage to its preceding stage vary from 1 to 3.5
with the most accepted value being 2. Taking the middle of
theses intervals, the same ratios lay between 1 and 2 with a clear
preference for 2. The literature reveals a clear tendency that for
each stage IV animal 2 - 3 stage Ill animals may be found and so
forth. Thus, admitting 2.5 as factor of increase of infected animals
between the stages seems reasonable, especially when
considering the sensitivity of actual testing regimens. The body's
serological response to MAP can be detected by ELISA tests. The
sensitivity of ELISA tests towards MAP was found to be 21.7 %
(stage 1), 39.7 % (stage ), 58.6 % (stage Ill) and 85.8 % (stage
IV; [1]). The sensitivity of stage |is 21.7 % meaning that almost 8,
out of 10 diseased animals, will result in false negative analysis.
For modelling purpose, this fact implies a serious underestimation

of stage 1 infected animals. This underestimation of diseased



animals diminishes with the progress of JD through the cones-
cutive stages and is set to zero for stage 4 animals, which are

clearly detectable.

A recognized value of ELISA specificity is 98% [11]. Thus,
specificity will not contribute to analytical problems. The specificity
of 98% means that among 100 positive animals, 2 will be
analysed as false negative. The important fact is that JD at stage 4
is readily detected, while preceeding stages of JD may be

underestimated and the initial stage is seriously underestimated.

Assuming a constant contamination ratio between consecutive
stages (derived from [6]) as well as a common duration for every

stage, the contamination rate reaches 1.7 carriers per infective

5 Conclusions

JD was modelled according to the state of the animals. The states
are defined by their ages and their stage in the evolution of the
disease. The equation system may be executed in a simple
spreadsheet. An estimate of the initial herd condition has been

discussed for the case of the presence of one stage IV animal
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cow. Interpreted as a uniform distribution of contamination
events through time, stage IV cows have more time to
contaminate other animals. Our model implies that stage IV cows
contaminate more animals than do less critically ill animals. Our
model applies this rule to all stages and maintains the
contamination rate between states between 1.7 (min.) and 2.5
(max). Performing the calculation, any detected stage IV cow
within a herd results in an upper limit of 3 stage Ill animals, 9
stage Il animals and 27 stage | animals and a lower limit of 2 stage
lll, 4 stage Il and 8 stage | animals. Adequate analysis as well as
better knowledge of the JD stages, contamination rates and
duration of stages would also improve the results. For the

moment, the initial stage matrix can be filled in by educated

guesses.

within a herd. In the near future, detection methods will improve
and exact parameters will be available from literature and
analytics. This model could then be a useful tool when applied to
a set of probable scenarios in order to define optimum cost

strategies to deal with JD.



References

Cameron A and Baldock C (2000) Evaluation of Bovine
Johne's Disease Program in Australia: Review of Sensitivity of
the Absorbed

Elisa (A-Elisa) for Cattle, prepared for Animal Health Australia
AusVet Animal Health Services January 2000

Favre D, Muhlemann M, Hummerjohann J and Schallibaum M
(2005) Mycobacterium Avium Subsp. Paratuberculosis and
Pasteurisation

In “Genomics Geneva” P65, 64" Annual Assembly of the SSM
Uni Mail, Genéve, March 31 — April 1% 2005

Food standards Australia New Zealand (2004) Association
between Johne's disease and Crohn’s disease, a
microbiological Review. Technical report series no. 35. Printed
January 2005

Hammer P., Knappstein K. & Hahn G. (1997) Federal dairy
research centre, Institue for Hygiene, Kiel, Germany Presen-
tation on Mycobacterium paratuberculosis Commission A,
Production, Hygiene and Quality of Milk, 81 st Annual
Sessions of the IDF, 27-30 August 1997, Reykjavik.

Leslie, P. H. (1945) On the use of matrices in certain
population mathematics. Biometrika 33:183-212.

Meylan M. (1993) Evaluation d'une méthode sérologique
pour le diagnostic de la paratuberculose bovine et étude de
prévalence sur le Plateau de Diesse.

Muhlemann M, Favre D, Hummerjohann J and Schéllibaum M
(2005) Problematic detection of Mycobacterium avium subsp.
Paratuberculosis

Muskens J, Elbers ARW, van Weering HJ and. Noordhuizen
JPTM (2003). Herd Management Practices Associated with
Paratuberculosis Seroprevalence in Dutch Dairy Herds. Journal
of Veterinary Mediicine Series B\Volume 50 Issue 8 Page 372 -
October 2003 doi:10.1046/j.1439-0450.2003.

00697.x

NAHMS. (1997). Johne's Disease on U.S. Dairy Operations.
USDA:APHIS:VS, CEAH, National Animal Health Monitoring
System. Fort Collins, CO. #N245.1097.

Naser, S.A., Ghobrial G., Romero C., Valentine J.F. Culture of
Mycobacterium avium subspecies paratuberculosis from the

blood of patients with Crohn's disease. Lancet. 2004 Sep
18;364(9439):1039-44.

14

11

12

13

14

15

16

17

18

19

Rossiter C, Hansen D eds. (2002) Johne's Disease Diagnostic
Tests — the ELISA Part 2 of 4. National Johne's Working
Group, Johne's Disease, Article 4 (For The Veterinarian).

Am Assoc Bovine Pract, 4 pp
http://nyschap.vet.cornell.edu/module/johnes/section4/04_Joh
nesArticle.pdf
Sharov A (1997) Quantitative Population  Ecology.
http://www.gypsymoth.ento.vt.edu/~sharov/PopEcol/popecol.
html_reviewed by Dr. S. Vidal (15 August 1997)

Sherman D.M., Bray B(1989) Evaluation of the agar gel
immunodiffusion test for diagnosis of subclinical paratuber-
culosis in cattle. Am J Vet Res 50 (1989), pp 525 - 530
Stehman S M, Craver R, Patten V. Shin S (2002) Preliminary
Results of Evaluation of Use of Pooled Fecal Culture for
Detection of Johne's Disease in Cattle Herds, NYS Diagnostic
Laboratory, Cornell University. /n United States Animal Health
Association, 2002 Committee Reports: Report of the
Committee on Johne's Disease
http://www.usaha.org/reports/reports02/r02johne.htm/
Streeter, R. N., Hoffsis, G. F., Bech-Nielsen, S., Shulaw, W. P.
& Rings, D. M. (1995). Isolation of Mycobacterium
paratuberculosis from colostrum and milk of subclinically
infected cows. American Journal of Veterinary Research 56,
1322-1324.

Sweeney RW,; Whitlock RH; Rosenberger AE (1992)
Mycobacterium paratuberculosis isolated from foetuses of
infected cows not manifesting signs of the disease. Am J Vet
Res 53: 4, 477-480.

Whitlock R., and Buergelt, C. (1996). Preclinical and Clinical
Manifestations of Paratuberculosis (Including Pathology).

Veterinary Clinics of North America: Food Animal Practice.

12:2: 345-356
Whittington RJ & Sergeant ESG Progress towards
understanding the spread, detection and control of

Mycobacterium avium subsp paratuberculosis in animal
populations. Aust Vet J Vol 79, No 4, April 2001

www.usaha.org, accessed 24.06.2004




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




