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Summary

Brucellosis is one of the world's major zoonotic pathogens and is responsible for enormous
economic losses as well as considerable human morbidity in endemic areas. Definitive control
of human brucellosis requires control of brucellosis in livestock through practical solutions
that can be easily applied to the field. In Italy, brucellosis remains endemic in several southern
provinces, particularly in Sicily Region.

The purpose of this paper is to describe the developed brucellosis model and its applications,
trying to reproduce as faithfully as possible the complex transmission process of brucellosis
accounting for the mixing of grazing animals. The model focuses on the contaminated
environment rather than on the infected animal, uses real data from the main grazing areas of
the Sicily Region, and aims to identify the best control options for minimizing the spread (and
the prevalence) and to reach the eradication within the concerned areas. Simulation results
confirmed the efficacy of an earlier application of the controls, showed the control should
take place 30 days after going to pasture, and the culling time being negligible. Moreover,
results highlighted the importance of the timing of both births and grazing pastures (and
their interaction) more than other factors.

As these factors are region-specific, the study encourages the adoption of different and
new eradication tools, tuned on the grazing and commercial behavior of each region. This
study will be further extended to improve the model's adaptability to the real world, with the
purpose of making the model an operational tool able to help decision makers in accelerating
brucellosis eradication in Italy.

Introduction

ranean area, bovine brucellosis is typically caused
by B. abortus while ovine and caprine brucellosis

Brucellosis is an important zoonotic disease caused
by infection with bacteria of the genus Brucella. The
disease may affect several animal species, such as
cattle, buffaloes, sheep, goats, pigs, and humans.
Having a worldwide distribution (Pappas et al. 2006),
it is one of the most important zoonoses in the Me-
diterranean and Middle East regions. In the Mediter-

are mainly caused by B. melitensis, although cross-
species infections may occur (De Massis et al. 2019).
The typical clinical sign of the infection in affected
animals is the occurrence of abortion (although this
depends on whether the infection is recent or has
been chronically present) as well as low fertility and
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milk production. However, the disease can be pre-
sent in an animal for several years without clinical
signs (Akakpo et al. 1987). Humans can contract the
disease by contact with infected animals or their
products, with unpasteurized milk being the most
common source of brucellosis in urban populations
(Godfroid et al. 2005, Moreno 2014). Brucella meli-
tensis is the most frequent agent of brucellosis in
humans. It leads to the most severe manifestation
of the disease (Corbel 2006), with the occurrence of
infection highly related to the consumption of con-
taminated dairy products from sheep and goats (De
Massis et al. 2005).

Human brucellosis is a systemic infectious disease
with varying clinical manifestations. Patients often
develop fever of unknown origin with an insidious
clinical on-set. The disease is often difficult to dia-
gnose because of its similarities with other febrile
diseases, such as malaria or other undulating fevers,
and it occurs as a subacute or chronic illness that is
generally not lethal (Pappas et al. 2006). In the Eu-
ropean Union, 619 cases of human brucellosis were
reported in 2008 (EFSA 2008), and this figure decre-
ased to 437 cases in 2015 (EFSA 2016). The highest
incidence was recorded in some member states still
not officially free from bovine and sheep and goat
brucellosis (Italy, Portugal, Greece, and Spain).

Due to the high public health and economic bur-
den of brucellosis, European countries have applied
surveillance, control, and eradication programs for
many years, and most of them have acquired the Of-
ficially Brucella melitensis-Free (OBF) status. The dise-
ase, however, persists in several countries in the Me-
diterranean area. In Italy, despite implementation of
the eradication program for over 50 years, brucello-
sis remains endemic in several southern areas, parti-
cularly in Sicily. The current brucellosis surveillance
system in lItaly involves annual serological testing
and slaughtering of the positive animals from which
a bacteriological isolation is performed for confirma-
tion of the diagnosis (Italian Ministry of Health 1992,
1994, 2015). Control testing is performed twice a
year in non-OBF Regions, where the main aim is era-
dication of brucellosis, and once a year (or less fre-
quently according to the epidemiological situation)
in the OBF regions, where the goal is to control the
reintroduction of the disease (Garafolo et al. 2013).
The articulated Italian National Eradication Program
for bovine brucellosis is summarized in Supporting
information (S1 Figure).

In Italy, while central and northern provinces are
declared officially brucellosis free, with limited num-
bers of cases reported annually (EU Commission De-
cision 1992, 2003), bovine brucellosis is endemic in
the southern part of the country, as well as sheep
and goat brucellosis (Graziani et al. 2013).

Susceptibility of cattle to brucellosis infection is in-
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fluenced by age, sex and reproductive status of the
individual animal. Susceptibility increases as stage
of gestation increases (Pérez-Sancho et al. 2015,
Diaz-Aparicio et al. 2015). The spread of the disease
from one herd to another (inter-herd spread), and
from one area to another, is primarily due to animal
contacts at pastures or through animal movements
between herds (Calistri et al. 2013). In the event of
an abortion, or at the time of parturition, an infected
cow may excrete large quantities of bacteria throu-
gh the fetus and lochia (uterine fluids) (Nicoletti
1980). Male cattle can sometimes become infertile
when infected and may discharge bacteria in their
semen (Crawford et al. 1990). The long and variable
incubation period (Nicoletti 1980) and the occur-
rence of latent infection in heifers born to infected
dams that show no serum reaction upon future in-
fection (Wilesmith 1978), also may lead to difficulties
in eradicating brucellosis. The control of brucellosis
is based on the identification through active and
passive surveillance of the infected herds. As soon
as an infected herd has been detected, all animal
movements from and to this herd are blocked and
the infected animals within the herd are culled. Me-
anwhile, all herds that had contacts (through ani-
mal movements, pasture contacts, indirect contacts
through exchange of materials or personnel, etc.)
are identified and checked for the presence of infec-
tion. The tracing and checking of herds in contact is
a cumbersome activity that may require long time
to be carried out. During this time, the infection can
further spread (Savini et al. 2017).

Studies have demonstrated that mathematical mo-
delling can aid the veterinary services in developing
brucellosis control strategies (Savini et al. 2017). The
majority of these mathematical models are based
on a compartmental model in which the individuals
are grouped according to their disease status and
some of them are embedded in animal movement
networks (Roy et al. 2011, Ainseba et al. 2010, Dubie
etal. 2014, Zinsstag et al. 2005).

Our objective was to study possible ways to prioriti-
ze the herd in-contact to limit the possible spread of
the disease during this phase. Therefore, modelling
the spread of brucellosis requires knowledge about
where and when animals move into and out respec-
tive herds, to be able to trace potentially infected
animals.

Aim of this model has been to develop a tool that
could be useful for field application in order that
brucellosis transmission can be reduced and the
eradication process facilitated.

The model will use real data from the field, in order
to identify the best control options possible to ac-
celerate the eradication process in the specific areas
concerned.
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A SEIR stochastic model was developed by the au-
thors in the past after a comparison of different ap-
proaches in modelling bovine brucellosis (Savini et
al. 2017). However, in some situations the model did
not predict the occurrence of brucellosis outbreaks
in certain geographical areas, and, in particular, for
some areas of Sicily, when pasture mixing effect is
present.

The model here described will consider the effect of
mixing animals at pastures on Brucella transmission
taking into account the data from Sicily, in particular
from the Messina, Enna and Catania Provinces (main
grazing areas of the Region). The structure of the
model has been made enough flexible, to be possi-
ble to use it also on sheep and goat brucellosis (just
changing the input values).

The aim has been to predict correctly the situation
thatis observed in the field, and to be a real and use-
ful tool for planning the control and eradication ac-
tivities. This has been possible also thanks to the fact
that in Italy, since 2006-2007, National Control Au-
thorities have in place an electronic database con-
taining all the checks carried out in the framework of
the National Brucellosis Eradication Program.

The conceptual framework of the new model is syn-
thesized in Figure 1.
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Figure 1. Conceptual framework. Conceptual framework describing the
working of the developed Brucellosis transmission and control model.

The model has been structured in three different
modular models:

1) individual based model to assess the reproducti-
ve stage of each cow;

2) brucellosis transmission SEIR model;

3) control option model.

The first model simulates the reproductive stage of
susceptible animals, at single animal level. The se-
cond model, interconnected with the first, is a clas-
sical Susceptible - Exposed - Infected - Recovered
(SEIR) model. Finally, a third model interconnected
with the second has been conceptualized consi-
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dering different possibilities of control options to
evaluate the risk reduction and the efficacy of the
actions taken for control and eradication.

Materials and methods

Demographic and reproductive data
description and analysis

Demographic and reproductive data were calcula-
ted for each single cow considering the data stored
in the National Database for Animal Identification
and Registration (NDB) for Messina, Enna and Cata-
nia provinces of Sicily Region, Italy (Figure 2).

A five-year dataset, from 2014 to 2018, was used to
reduce possible distortions due to variability among
years. The aim was to use real data, in order to model
the reproductive stages of cows in the area based on
the real situation.

ke o ) 100 Km.
Jﬁ ——

Figure 2. Study area. Messina, Enna and Catania provinces of Sicily
Region.

Herd size

The first aspect investigated has been to identify the
average herd size of cattle herds, in terms of number
of heads per herd. The average herd size in the area
under study is around 30 heads (standard deviation
equal to 37), the 5% of herds having more than 98
heads. The herd size (N) (considering only females)
has been sampled from the best fitting distribu-
tion for the observed data, rounded to the closest
integer value, an exponential shifted distribution
(29.339, 0.99302).

Age distribution

The second aspect investigated has been to identify
how those herds are structured in terms of age of
the animals.

The distribution of females according to the age
classes is shown in the following Table I (b). Althou-
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gh around 18% of female cattle kept in the three
provinces aged more than 8 years, these animals
have not been included in the model, because not
considered relevant for further brucellosis transmis-
sion (England et al. 2004). Another reason was to try
to compensate errors in entering the ages of the
animals in the NDB which generally can lead to an
overestimated number of older animals. From the
zootechnical point of view, this would mean that,
in optimal condition, these animals might have as
much as 5 parturitions in life. The 16.7% of animals
less than 1 year of age has been calculated exclu-
ding the animals slaughtered for meat consumption
during the first year of life and not intended to be
kept for reproduction. However, according to com-
mon agricultural practice, young slaughtered ani-
mals are replaced with purchased ones, in order to
compensate the loss of adult animals and to increa-
se the breeding performances of the herd.

Temporal distribution of new born animals
Another important aspect to consider is the distri-
bution of births, given that is one of the major risk
factors in the transmission of brucellosis. The par-
turitions, and therefore, the number of new-born
animals, are not homogeneously distributed during
the year, but a given seasonal pattern can be obser-
ved (Table I (a)). This phenomenon has been already
observed in sheep and goats (De Massis et al. 2005),
but is less common in cattle. However, this is com-
mon in Sicily in the area under study, and actually is
a common practice in all areas of the Mediterranean
basin in which animals are sent to pastures in given
periods of the year (spring and summer) to facilita-
te births during the best climatic period of the year.
Natural and/or Artificial Insemination are organized
in order to reach this objective. Data from NDB show
that in the study area cattle are going to pastures in
the warmest period of the year, i.e. from April-May
until the first half of November. Moreover, the type
of husbandry is much more devoted to meat pro-
duction rather than milk production, and this im-
plies that mating and parturitions are programmed
in a way to have more calves at disposal in the pe-
riod of highest demand by the consumers.

For estimating the annual fertility rate for single cow,
the proportion of new-born animals (males and fe-
males) over the adult cows (> 24 months of age) pre-
sent each year in each farm has been calculated. The
median value of the distribution obtained was equal
to 0.65 and this value has been used in the model.
For estimating the annual turnover of adult cows,
the number of the new-born females remaining in
the same farm of birth for at least 24 months, natural
deaths, slaughtered cows older than two years, the
sold and culled cows, has been considered. The me-
dian value of the distribution obtained was equal to
0.20 and this value has been used in the model.

Savini et al.

Table I (a). Percentage of new births and (b) of female cattle per age
in the study area.

a b
Month Pe;;:lstl;ltsof Age (years) Pfee r:a':::f

Jan 9.4 <1 16.7
Feb 11.0 1-2 12.7
Mar 13,5 23 11.8
Apr 13.6 3-4 9.8
May 11.6 4-5 8.8
Jun 103 5-6 7.8
Jul 7.1 6-7 7.8
Aug 5.0 7-8 6.9
Sep 3.9 8-9 59
Oct 42 9-10 3.9
Nov 53 10-11 2.9
Dec 51 11-12 2.9

>12 2.0

Demographic categories of epidemiological
interest

The age at the first parturition and the numbers of
days between following parturitions from the NDB
were used to obtain the description of the different
reproductive stages of female cattle population.

The length of pregnancy has been considered fixed
and equal to 285 days (Nogalsky and Piwczynski
2012). This fixed value has been adapted from li-
terature taking into consideration that in the type
of husbandry and breed present in the study area,
beef cattle have pregnancies little longer than dairy
cattle. Another fixed value is sexual maturity, which
has been set at 484 days (Schefers and Weigel 2012).
This value derives from the consideration that the
average time (in days) before a sexually mature cow
becomes pregnant is different for a primiparous vs
multiparous cow (119 days longer for primiparous,
NDB data). These data have been used in the model
to obtain the number of cows in each demographic
category of epidemiological interest (d): not sexually
mature (NM), sexually mature (M), and pregnant per
month (p1-p10).

Simulator framework

The simulator described in Figure 3 consists of three

integrated models:

1) the Individual-based model (IBM) to assess the re-
productive stage of each cow;

2) the compartmental SEIR model describing the
brucellosis dynamics in each herd and at the pa-
sture;

3) the control option model.

Veterinaria Italiana 2023, 59 (1), 51-63 doi: 10.12834/Vet|t.2934.20799.1
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The IBM determines the demographic categories of
epidemiological interest (d) for each cow, conside-
ring a turnover of 20%, and a time window of 15 ye-
ars to create the input data for the com-partmental
epidemiological model.

The compartmental SEIR (Susceptible, Exposed or
Latent infectious, Infectious events, and Recovered)
model simulates the infection transmission in each
herd and at the pasture for 8 consecutive years. “I"
represents the number of infectious events (Brucel-
la shed). It is linked to places rather than infectious
animals and thus, it is shared between herds during
the pasture period, and between animals within the
farm.

A detailed description of compartmental flows
among each demographic category of epidemiolo-
gical interest has been reported in Supporting in-
formation (S2A Figure).

The control option model simulates the control car-
ried out on all animals of the fertile population in
each herd in a certain period of the year (Tc: Control
Time) and subsequently the culling of test-positive
animals (Ta: elapsed time between control and cul-
ling).

The model redistributes, in Tc + Ta, the animals in the
relative SER compartments and demographic cate-
gories of epidemiological interest based on the test
results.

The Simulator simulates the demographic categori-
es of epidemiological interest for each cow by IBM
model. Then, for each temporal step (one day), the
transmission and control (in the time step = Tc) of
brucellosis in the population composed of five cattle
herds in the pasture period (according to the diffe-
rent scenarios that will be considered by the model),
and in the five cattle herds separately in the remai-
ning of the year.

The Simulator was implemented and analyzed using
R software (R Core Team 2015) and the simulation
algorithm has been summarized in Supporting in-
formation (S2B).

Scenario

The number of herds in the same pasture has been
chosen considering the data stored in the NDB for
Sicily.

It has been noted that in the same pasture it is possi-
ble to have up to five herds at the same time, so the
model was set on this scenario in order to simulate
the worst condition possible.

It is assumed that only one (the first) herd of the
five herds at the pasture is already infected with a
number of initial exposed cows = 2. Twenty pastures
were generated, and each one simulated 50 times
for a period of 8 years. It is also assumed that the pa-

Veterinaria Italiana 2023, 59 (1), 51-63. doi: 10.12834/Vet|t.2934.20799.1
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Figure 3. Simulator framework. T/BM model, 2 The compartmental SEIR
model, and 3 The control option model.

sture carrying capacity and then the density of gra-
zing animals remain constant throughout the years.

The pasture period where the populations are per-
fectly mixed is from the mid of April to the mid of
November and was estimated using the pasture
movements data extracted from the NDB. Table Il
reports the analysis results aimed at defining the
time spent grazing in days which was estimated at
214 days.

Only horizontal transmission of brucellosis has been
considered in the model. In particular, only the
transmission due to abortion/parturition followed
by Brucella shed has been taken into account, given
that this represents the main route of transmission.
Even if some authors consider them potentially dan-
gerous for the transmission of the disease (Godfroid
et al. 2005), the possible contribution of infected
bulls by natural mating has been considered negli-
gible for the purposes of the model (Farina and Sca-
tozza 1998), while not sexually mature females are
not considered susceptible to brucellosis infection
(Godfroid et al. 2003).
In relation to brucellosis transmission and conside-
ring the reproductive stages two exposure condi-
tions have been taken into account:
a) infection during non-pregnant stages in sexual-
ly mature animals: In this case, the abortion and
dissemination of Brucella is considered to occur
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at the following calving after the exposure with a
probability of abortion sampled from a triangular
distribution as reported in Table IlI

b) infection during pregnancy: In this case, the
abortion and dissemination of Brucella is
considered to occur with a probability de-
pending on the month of pregnancy during
which the infection took place (Table IiI).

It is known that cows that aborted once normally
would not abort again in following pregnancies.
However, there is a given probability that, following
a first abortion, at the next calving there may be a
chance that Brucella can be eliminated, even with
the birth of a normal, live, and viable calf (Farina and
Scatozza 1998). Therefore, in all cases, the model
considers a probability equal to 20% of having the
shed of Brucella at the following parturition after a
first post-exposure abortion and 0% for those still
following.

In any case, the elimination of Brucella from the geni-
tal tract ends at the end of the uterine post-partum
involution period (Fraser et al. 1991), which normally
identified with the Voluntary Waiting Period (VWP),
which ranges between 21 and 74 days (Chang et al.
2007).

The Individual Based Model

The IBM (Figure 3(1)) simulates the reproductive
stages of each single female bovine from birth to 8
years of age.

For each cow and with 1-day time-step (for 15 years)
the following data are simulated: age, timing of par-
turition (for sexually mature cows, from which the
state of pregnancy is obtained in the previous 285
days).

The turnover rate is assumed to be constant during
the year while the birth rate is seasonally based.
This implies the population may decrease during pe-
riods of low birth rates. In any case, the accumulated
losses are recovered as soon as the new births beco-
me available. In this way, the model tries to restore
the initial population size during the year.

To check the consistency of IBM (in terms of age di-
stribution, the temporal distribution of new-borns,
leaving the system animals, and overall population),
the model’s simulation results were compared with
NDB data and reported in Supporting information
S$3.The IBM variables and parameters calculation are
reported in Table IV.

The brucellosis compartmental SEIR model

The bovine female population was divided into the
demographic categories of interest (d) ac-cording
to their ability to spread the infection. The popula-
tion within all demographic categories but the not
sexually mature (NM) was subdivided into three
compartments Susceptible (S), Exposed (E), and Re-
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Table II. Quantiles of the herd time spent grazing (in days).

Pasture
Min Max  Period
(average)

1 361 214 22 107 164 290 326

P0.05 P0.25 P05 P0.75 P0.95

Table I1l. Model variables and parameters definition.

Variable/

Reference
Parameter

Definition

Number of susceptible animals
at each time step t belonging to
S the demographic categories (not
sexually mature animals are not
susceptible).

Number of exposed or infected
animal at each time step t.

Number of Brucella shedding
events at each time step t.

Number of recovered animals
at each time step t. Recovered
means that animals may be still
infected but no more infectious.
The probability a sexually mature
cow will be impregnated on a
n specific day of the year is mday-
285 i.e. nday shifted by 285 days
(see Table 4).

ml see Table 4
1l see Table 4

A Force of infection rate.

The monthly infectious contact
rate, calculated starting from
an abortion or birth event with
Brucella shedding:
P(month) =[0.95, 0.9, 0.8, 0.6,
0.5,0.5,0.3,0.2,0.1,0.1,0.1,0.1]
The probability of having an
abortion and shed of Brucella
at the following parturition
is calculated considering the
reproductive stage:

. Non-pregnant animals: England et al., and
v P=Triang(0.7,0.8, 1) for the Yamamoto et al.

following calving; [28, 36]
Pregnant animals considering the
month of pregnancy:
P=[0.001,0.001,0.001,0.1,0.75,
0.8,0.75,0.5,1]

Recovery rate:
0.8 for the first parturition
following the abortion;
1 for the following parturitions.

[28,36]

Modified from

Modified from
Farina & Scatozza
and Saegerman et

al.[32,37]

=}

covered (R), accordingly to the Infectious events (I)
as shown in the flow chart of Figure 3 (2).

The SEIR stochastic model for each demographic ca-
tegory involved in Brucella spread is de-scribed by

Veterinaria Italiana 2023, 59 (1), 51-63 doi: 10.12834/Vet|t.2934.20799.1
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the following ODEs . For the sake of simplicity, the
compartment E also includes cows that do not reco-
ver after the first exposure, and the female popula-
tion is closed to the turnover:

‘%" = —Binomial (S4, 1)

% = Binomial(Sy;, 1) — Binomial(Binomial(Eg, v;), p)
% = Binomial(Binomial(Ey;,v;),2 — p)
‘%‘i = Binomial(Binomial(Eg;, v;), p)

where:
- dis the demography category;

- Ais the force of infection rate and depends on
the abortions that have occurred in the past 12
months: -

3= His G-, (2)
N a

+ [ is the contact rate and is variable (decreasing)
from the moment when an exposed animal aborts;

- v,istheinverse of the duration of theincubation
period with i the month of pregnancy;

« pisthe recovery rate.

Table IV. [BM variables and parameters calculation.

A model-based spread evaluation for brucellosis eradication in Sicily

The SEIR model variables and parameters values are
reported in Table Ill. The probability of an animal
becoming infected with brucellosis is not constant
over time, as it is in many other diseases. Similarly,
the duration of the incubation period is not constant
over time. These time variations are because the
transmission of brucellosis occurs at the moment of
parturition or abortion and the amount of Brucella
eliminated by an infected animal decreases with the
time elapsing from the moment of parturition or
abortion. Therefore, the force of infection (\) depen-
ds on a contact parameter (f3), which on turn is varia-
ble (decreasing) from the moment when an infected
animal delivers or aborts within the herd. The value
of B by month after the parturition or abortion of the
infected animal is shown in Table III.

The elimination of Brucella by an infected animal
and, thus, the infectivity period starts when an ani-
mal delivers or aborts. Therefore, the spread of bru-
cellosis is closely related to the incidence of abor-
tion, or parturition after infection. The occurrence
of abortion depends on when the cow becomes in-
fected. In general, abortion caused by brucellosis in-
fection occurs between the fifth and eighth month
of pregnancy. The probabilities of abortion in each
month of pregnancy (y) are reported in Table IlI.

Definition Name

Calculation

AgeClass  AgeClassSize=Multinomial(N,p) N=population size; p = the relative frequency of the age classes
Animal ages
Jj=1:N; li and pi the lower and upper bound of Age class (i).
Cow Age AgeClassSizef)=Uniform(l,,u) The age class >12 years has been manipulated to exponentially decay
Turnover rate
assumed as
the animals
leaving the p Turnover®=Turnover' /365 = 1 Turnover'= 20% [38] and Turnover® its daily rescaled value.
system at
each time
step
The
probability Productivity! = 65% (Percentage of adult females in a herd which give birth to a calf
a sexually in one year. NDB data);
mature cow . m® = Productivity’ * pBM pB,, = the proportion of births according to the month (Table 1 (a));
will give a /(dd" * pFt) dd" = number of days of the month;
birthon a pFt = the ratio between not pregnant cows with age greater than 484 days (1) and
specific day of less than 8 years and the population.
the year
New born
cows become
sexually B
mature with ml n1=4384 days
an average
time
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The control option model

Given the current epidemiological situation for brucel-
losis in Italy, the National Competent Authority, the Mi-
nistry of Health, has chosen a program of eradication
of the disease in cattle, buffaloes, sheep and goats.
This implies the prohibition of vaccination, allowing
only a policy of testing and slaughter of positives
animals (Italian Ministry of Health 1992, 1994, 2015).
Therefore, the latter control option has been consi-
dered in the model. According to the Italian National
Book of Rules, the serological tests to be used in the
context of the Brucellosis National Eradication plan
are the Rose Bengal Test (RBT) and the Complement
Fixation Test (CFT). The sensitivity and specificity
estimates of these tests are high [EFSA 2006, Greiner
et al. 2009], and are shown in Table V.

The control option model simulates a simplified ver-
sion of the control system by performing the RBT
test on all fertile animals and the CFT test for con-
firmation on RBT positive animals (Figure 3 (3)). It
is assumed that the control takes place every year
and involves the five grazing herds on Tc day and the
tested-positive animals (TP + FP) are culled afteraTa
time and added to animals leaving the system.

The tested-positive animals at Tc time are extracted
from the following distributions:

The tested animals will then be redistributed at Tc

TP~Binomial(E + R, SepgrSecrr) 3
FP~Binomial(S,1 — SprprSpcrr) 4

+ Ta time in the various epidemiological catego-ries
into the specific S, E, R compartments using the mul-
tivariate hypergeometric distributions as fol-lowing:
where:

TP; = Hypergeom(TP,E,R) (5)
FP; = Hypergeom(FP,S)  (6)

« Se and Sp are the sensitivity and specificity of
tests (Table V);

« S is the susceptible population at Tc time
involving all demographic categories;

« E+Ris the exposed and recovered susceptible
population at Tc time involving all demo-
graphic categories;

« jis the specific demographic category;

« FP and TP are false and true test positive
animals respectively.

The control system was simulated considering ten
simulation scenarios that allow analyzing the effec-
tiveness of the different control strategies adopted
through the evidence of the different Brucellosis
diffusion curves obtained in terms of the probability
that at least one herd (non-seed) become infected
at a given time.

Savini et al.

The parameters differentiating the scenarios are:
« culling time (Ta) reflecting three range of
efficiency: maximum, medium and according
to the current Italian legislation;

- control time (Tc): considering that the control
could takes place before, during, and in the
middle time of the grazing period (assuming
that the yearly grazing period starts on 104t
day);

- control starting year: considering that the
control may start the first year of the simulated
period or with a delay of two years (i.e. starting
at the beginning of the third year);

- grazing period: considering the variability
of the period spent in grazing, as reported in
Table ll.

Table V. IBM variables and parameters calculation.

Test Se Sp

RBT 0.981 0.998

CFT 0.96 0.998
Results

The Brucellosis compartmental SEIR
model

SEIR model has simulated the transmission of
brucellosis in twenty pastures for a period of 8 years
and 50 iterations. For each pasture it was considered
a population composed by five cattle herds, one
of which infected at t0 with 2 exposed animals,
Turnover = 20% and a Productivity = 65%.

Figure 4 shows the temporal trend of the SER
compartments for each of the five herds of the first
simulated pasture (with 0.25, 0.50, and 0.75 Cl) and
the median values of the 50 simulations.

The vertical dotted lines (grey) outline the pasture
period from the 104" to the 318™ day of the year.
The in-fection reaches all healthy herds during the
second year of simulation and does not die out in
any herd. Brucellosis becomes endemic if no control
measures are applied.

The first graph (at the top) represents the seed farm.
You may notice that the red line is already present at
the beginning of the time.

The other herds will be then infected after, for
having had contact in the same pasture. Therefore,
the number of exposed (red line) and the number of
recovered (green line) is raising over time.
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Then, eventually, the infection will reach the other
four herds and, in absence of control measures,
it would stabilize overtime at a given prevalence
(in other words that means the disease be-came
endemic or RO is equal to one). Figure 5 shows the
distribution of probability that one of the four herds
(not exposed at t0) has at least one exposure over
time (with 0.5 and 0.95 Cl and the median values of
the 50 simulations).

The vertical dotted lines (red) outline the pasture
period from the 104" to the 318™ day of the year.
The probability with which the infection reaches a
new herd on pasture increases progressively over
the years.

The probability of infection tends to increase when
animals are in pasture, while it is descending or
stable in other periods, and so on. In other words, if
you are mixing herds at pasture without controls for
brucellosis, at the end of the second year there will
be a probability of 50% that at least another herd
would be infected.

This has been defined as Scenario 0 (no control
measures applied over time).

Discussion

The model has considered various combinations
of control schemes and frequencies to identify the
best ones able to reduce, as much as possible, the
likelihood of moving infected animals to pastures
and/or increasing the probability of detecting the
infected animals on pastures. Actually, the major
point for policy-makers would be to avoid having
infected (and infectious) animals on pastures, be-
cause this is the place where brucellosis may better
escape from control.

When we consider the transmission on pastures,
the probability for a healthy herd to be infected
is increasing progressively over the years. If the
infection is not controlled, the probability that a
further herd would be infected in the same pasture
will remain stable from the 5th year onwards, with a
value around a 70% (Figure 5). This is consistent with
what is generally known about the epidemiology of
brucellosis, when the infection chronically spreads
in herds or flocks that are not subject to disease
control. Three scenarios regarding the elapsed times
between the detection of positive animals and their
culling (Culling time) have been considered in the
model considered (day 0, day 7, or day 15). Each of
those seems not to have an impact in the infection
trend with respect to the others (Figure 6). This
finding could be related to the different magnitude
of the variable Ta for the three scenarios, as well as
to the time with which an infected animal generates
new ones (the inverse of contact rate).
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Figure 4. The temporal trend of the SER compartments (no control
measures adopted). S (susceptive animals) in blue, E (exposed animals) in
red, and R (recovered animals) in green lines respectively, for each of the 5
herds of the first simulated pasture. The max value reported on the y-axes
indicates the size of each herd involved. The vertical dotted lines outline
the pasture period from the 104" to the 318" day of the year.
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Figure 5. Scenario 0. The distribution of probability of herd exposure over
time (red line). The vertical dotted lines (red) outline the pasture period
from the 104" to the 318" day of the year.
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Figure 6. Shows the simulation results of three scenarios representing
the control strategies as the culling time (Ta) varies in maximum, and
medium efficiency, and according to the current legislation. The control
time is the same in each scenario (i.e. Tc = 74 days, then, 30 days before
going to the pasture) and the control is starting in the third year..
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Figure 7. Shows the simulation results of four scenarios representing the
control strategies as the control time (Tc) and the year of control starting
varies in 30 days before or 30 days after going to the pasture and starting
in the first and third year, respectively. The culling time is the same in each
scenario (i.e. Ta =7 days).
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Figure 8. Shows the simulation results of the scenario representing the
control strategy in the control time oc-curring in the middle of the grazing
period Tc=211" day, compared with scenarios in which Tc=74" day and
Tc=134"day, respectively. The control starts in the third year and the
culling time is the same Ta = 7 days in each scenario.

Figure 9. Shows the simulation results of three scenarios representing
the control strategies as the grazing period varies from 100 days, 164
days, and 290 days, respectively. The control time is the same Tc = 74
day, then, 30 days before going to the pasture, and starts in the third year.

This in the context of pre-movement test and for
a grazing period of 214 days, and could be related
to the fact that the model considers the movement
of false negative animals, thus considering the sen-
sitivity of the tests concerned. Brucella dissemination
at pasture and the related environmental con-
tamination are in all cases under control.

They determine a decrease of the prevalence over
time, but not to a level of disease eradication.
The increase in culling time (i.e. to 30 days) is not
expected to im-prove the situation, however,
this scenario has not been considered because
outside the requirements of current legislation
(Italian Ministry of Health 2015).When the different
control options are considered in terms of time on
which the control begins, the results highlight the
evidence that an earlier application of the controls
(year 1 vs year 3) would determine a faster and more
marked containment of the infection (Figure 7). This
is consistent with the current surveillance program
in force in Italy, where cattle should be tested
for brucellosis at least once a year, and it is what
should be recommended to competent authorities.
However, the legislation does not state the exact
time on which the control should take place (i.e. if
it should take place before, during or after summer
grazing) (Italian Ministry of Health 1992, 1994, 2015).
If we consider the options of performing the control
30 days before going to pasture (day 74) or after (in
pasture at different control timing, i.e. day 134 or
211), little or no difference is observed (Figure 7 and
Figure 8).

Moreover, if the control is performed in pasture at day
134 (even having less efficacy in the first two years
with respect of the control performed before going
to pasture), it seems to have a higher efficacy over
time after the fourth year of controls onwards. This
may suggest that the control in pasture may have a
protective effect, however, this effect is not present
if the control is per-formed in the middle of grazing
period (at day 211, Figure 8).
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This could be related a mixed effect between
the reproductive stage of animals on pasture
and the related (and subsequent) environmental
contamination. Indeed, this approach should also be
evaluated in the light of the real reproductive cy-cles
and the calving seasons of the animal population in
the area concerned. This is correct for cattle farmed
in the area under study, which demonstrated a
marked seasonality in their reproductive pat-tern,
and is even more real for sheep and goats, where
driving the seasonality in parturitions is a com-
mon husbandry practice in Italy (De Massis et al.
2005). Given that the pasture represents a physical
place in which different herds come in connection
to-gether, a longer grazing period should lead to a
higher probability of infection for healthy herds. This
is what happens in absence of control measures (as
shown in Figure 9, looking at first two years).

How-ever, the results of the model show that a
shorter grazing period retains a greater ability to
spread the disease than a medium term grazing
period (Figure 9). This apparently unexpected result
is probably due to three circumstances:

1. the majority of infectious events (abortions)
occur in the first months of grazing, then a short
grazing period represents the worst period in
terms of probability of an infectious event;

2. in practice, as in the real world, the transmission
of the disease occurs much faster within the farm
(given the concentration of animals) than on
pasture, and the relationship between time spent
on pasture and time spent on farm determines
unfavorable outcomes in terms of prob-ability of
infection for the shorter grazing period;

3. the time spent on the farm between control
and the start of grazing (1 month) is sufficient
to infect new animals even after the test-and-
slaughter within the farm because the longer
peri-od on the farm has produced a high number
of infectious events, keeping consequently the
in-fection pressure in the first period of grazing.
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Taking into consideration the link to the place the
infectious events rather than to the infected animals
could allow a reduction of the infection pressure
through the years by changing the pasture place or
dividing the pastureareainto moreareasforalternate
use. This study will extend further to improve the
model's adaptability to reality. The overcoming of its
limits and conditions of applicability will let to share
the model through a web application.

The model could possibly integrate the use of
biosecurity measures within the farm, and could be
extended by using real data on animal movements.
In this case it could take into account the different
times and the different periods on which farms
are sending animals to pastures, as well the time
of pasture sharing in relation to the actual births
seasonality. In this way, it will be possible to further
evaluate how the different variables would influence
the spread of brucellosis, to provide precise and
specific indications for each territorial reality to
identify the most effective control time. In light of
the results, it is very important to start biosecurity
measures before going to pasture.

Conclusions

Overall, and regardless of the strategies
implemented, it is evident that a considerable
reduction of the infection is obtained within the
8-years period considered, without reaching disease
eradication. This is consistent with the limits of
diagnostic tests in terms of sensitivity and specificity
[39], and demonstrates once again that serological
testing cannot lead to brucellosis eradication alone.
Instead, at the end of the eradication program, it is
necessary to implement a more sophisticated and
interactive system of diagnostic and epidemiological
investigations, aimed to the detection of the residual
sources of infection.
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