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Abstract

Whenever an outbreak of classical swine fever has occurred in the European
Union (EU), the basic control measures have usually been supplemented by
preventive culling. This strategy has led to a great number of culled pigs,
which is discussed by general public and politics from both ethical and
economic points of view. Emergency vaccination has been deemed to be an
alternative control measure for some time now. PCR testing also provides a
possible future strategy, since this method would allow a rapid and reliable
testing of pigs in the vicinity of an outbreak farm. In this study, a spatial and
temporal Monte-Carlo simulation model was used to compare alternative
control strategies based upon these two measures (‘Emergency Vaccination’,
‘Test To Slaughter’, “Test To Control’ and ‘Vaccination in conjunction with
Rapid Testing') with the current control strategy. Two regions for investigation
with different farm densities were used in the model. In a region with a low
farm density, the basic EU control measures seemed to be sufficient to control
an epidemic. In a region with a high farm density, additional measures would
be necessary. ‘Emergency Vaccination’ in a 3km application zone and
‘Traditional Control’ reached the same level of infected farms. Both ‘Test To
Slaughter’ and ‘Test To Control’ combined with preventive culling led to a
lower number of infected farms compared to the sole preventive culling
strategy. The alternative control measures can reduce the number of culled
farms significantly compared to ‘Traditional Control’.
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1. Introduction

Classical swine fever (CSF) is an OlE-listed disease of domestic pigs and wild
boar which causes considerable economic losses (Edwards et al., 2000). It is
a highly contagious viral disease caused by the CSF virus, a member of the
genus Pestivirus of the family Flaviviridae (Moennig, 2000). CSF is distributed
globally. In Europe outbreaks have occurred in domestic pig holdings in
Lithuania, Serbia, Bulgaria, Russia and Slovakia in the last five years.
Additionally the virus continues to recur in the wild boar population of several
EU member states (OIE, 2013).

In the case of an outbreak of CSF in the EU, its control is carried out according
to Council Directive 2001/89/EC (Anonymous, 2001). To prevent further
spread, several control measures are carried out, such as the culling of all pigs
on the outbreak farm, the establishment of protection and surveillance zones
and contact tracing. Additional measurements can be applied where and when
required by the epidemiological situation. One of these is for example the
preventive culling of pigs on farms in the surrounding of an outbreak farm.
Council Directive 2001/89/EC stipulates a radius of 500 m around an outbreak
site but sometimes the radius is extended e.g. in the epidemics in Belgium
1997 (Mintiens et al., 2001), in the Netherlands 1997/1998 (Elbers et al., 1999)
or in Germany 2006 (Anonymous, 2006). This current strategy leads to a
widespread destruction of healthy animals and is therefore controversial both
from an ethical and an economical point of view. Emergency vaccination is
deemed to be an alternative measure which also reduces the susceptible
population. Prophylactic vaccination against CSF is strictly prohibited in the EU
but the current legislation allows an emergency vaccination as an additional
tool to control and eradicate CSF. If CSF has been confirmed and if it
threatens to spread especially in an area with high pig density, this measure
can be ordered (Anonymous, 2001). The vaccination can be carried out either
with a conventional, modified live vaccine or a marker vaccine. Most
attenuated live vaccines are based on the lapinised China-strain (C-strain) of
the CSF virus. These vaccines are highly efficacious. At two to five days after
vaccination, animals are protected against infection and are most likely
immune throughout their economic life (Moennig, 2000; Blome et al., 2006).
Furthermore, vaccination with the C-strain induces almost sterile immunity. 7
days after vaccination pigs do not show viraemia nor virus excretion
(Anonymous, 2003; van Qirschot, 2003). Using the C-strain, horizontal virus
transmission is prevented already at the day of vaccination (Dewulf et al.,
2004). However, the attenuated live vaccines have the great disadvantage that
the antibodies induced after vaccination cannot be distinguished from those
after a field-virus infection. It is not possible to distinguish vaccinated from
infected animals and so the requirement for the absence of antibodies against
the CSF virus cannot be fulfilled. However, marker vaccines have been
developed to try to solve this problem. The CSF virus has three proteins
inducing detectable antibodies. These are on the one hand the non-structural
protein NS3 and on the other hand the envelope proteins E™ and E2. Since
E2 is the major immunogen, the first generation of these marker vaccines are
so-called E2 subunit vaccines. They are based on baculovirus expressed



glycoprotein E2 of the CSF virus (vanRijn et al., 1996; Moormann et al., 2000).
Pigs vaccinated with these E2 subunit vaccines develop only E2-specific
antibodies so it is possible to distinguish vaccinated from infected animals with
an ELISA that detects antibodies against E™ (Floegel-Niesmann, 2001).
However, these first marker vaccines have shown several problems
concerning efficacy compared to the conventional, modified live vaccine. They
are less protective and the immune response is delayed. Not until 14 to 21
days after vaccination are the animals fully protected (Hulst et al., 1993;
Bouma et al., 2000; Uttenthal et al., 2001). The two developed E2 subunit
vaccines require however a booster vaccination. Moreover, it was found that
the prevention of horizontal and vertical spread of the CSF virus is not
sufficient (Dewulf et al., 2002) and that the E™-ELISA does not yet provide
satisfactory sensitivity and specificity (Floegel-Niesmann, 2001). In addition,
pathogen detection has improved in regard to sensitivity and capacity. Real-
time reverse transcription-polymerase chain reaction (rRT-PCR) is the most
sensitive method for the detection of the CSF virus and makes a genetic
differentiation between vaccinated and infected animals possible (Blome et al.,
2011). Here, the differentiation is based on genome sequence varieties
between vaccine strains and field virus. With an E2 subunit vaccine, which
does not contain any virus genome, a CSF specific rRT-PCR protocol can be
used. A positive test result would be proof for an infection with field virus
(Anonymous, 2010). In case of the C-vaccine, a vaccine virus-specific rRT-
PCR protocol is necessary. Multiplex rRT-PCR assays for simultaneous
detection of CSF virus and the vaccine strain are newly developed (Zhao et
al., 2008; Hoffman et al., 2009; Leifer et al.,2009). In the very unlikely event of
a CSF field virus infection shortly after vaccination, the rRT-PCR might fail to
discriminate clearly between vaccinated pigs and pigs infected with a field
virus after vaccination. Nevertheless, combination of the new C-vaccine
specific rRT-PCR with sequencing will ensure that these animals are identified
(Leifer et al., 2009; Blome et al., 2011). During major disease outbreaks a
large amount of samples need to be tested. Using sample pooling, RNA
extraction robots and realtime PCR machines with a 96- or 384-sample
platform, high throughput seems feasible (Depner et al., 2007; Hoffmann et al.,
2011). rRT-PCR would allow a rapid and reliable testing of all pigs on farms in
the vicinity of an outbreak farm and avoid preventive culling (Beer et al., 2007;
Greiser-Wilke et al., 2007). Hence, ‘Rapid Testing’ seems to be a possible
CSF control measure.

The objective of this study was to evaluate possible future CSF control
strategies and to compare them with the current control strategy. The future
strategies consisted of emergency vaccination, ‘Rapid Testing’ using rRT-PCR
and a combination of these two alternative measures. To describe the spread
and control of CSF a spatial and temporal Monte-Carlo simulation model was
used.



2. Material and Methods

2.1. The simulation model

The simulation model described the spread and control of the CSF virus
between individual farms in a given region on daily basis. It was a spatial and
temporal approach using a Monte-Carlo simulation to model epidemics. The
enclosed contact structure and the virus emission were based on a foot-and-
mouth disease simulation model (Traulsen et al., 2010) and were adapted to
CSF. The herd incubation period amounted to 27 days on average (lognormal
distribution with a mean of 3.3 and standard deviation of 0.1) (Karsten et al.,
2005b). The virus was able to spread by local spread, as well as by animal,
person and vehicle contact. The transport of piglets from a farrowing farm to a
fattening farm was implemented in the model as direct contact. Farrowing
farms either sold all their animals directly to a certain number of fattening
farms (contract sale) or the animals were randomly allocated by an animal
hauler to any other fattening farm (trade). Indirect contacts in terms of the
veterinarian and animal feed vehicles were solved as a routing problem.
Routes for the indirect contacts started at a given depot, visited a certain
number of farms (veterinarian: 10 farms, feed vehicle: 15 farms) and returned
to the depot. Farms within a route were arranged in ways that the travelling
distances were minimised. Therefore the Nearest-Neighbour-Algorithm was
used (Traulsen et al., 2010). An infectious farm could transmit the virus to the
next farm on the route with a decreasing probability by an exponential function.
The probability depends on the route position behind the infectious farm and
the transmission probabilities of the contact type. The transmission
probabilities are summarised in Table 1. We orientated towards Karsten et al.
(2005a) and Boklund et al. (2009) and adapted the parameters to our model.
Local spread occurred in circles around an outbreak farm (< 250 m, 250-500
m, > 500-1000 m) with a decreasing probability at increasing distance (Karsten
et al., 2007). A sensitivity analysis was performed to investigate the reaction of
the simulation model to changes in the input data. An epidemic started with the
infection of the index farm (set by the user), all other farms were in the state
‘susceptible’. Once a farm had been infected, it ran through the states
‘infectious’, ‘clinical signs’, ‘diagnosed’ and ‘culled’. In the case of ‘Rapid
Testing’ a farm could also be in the state ‘empty’ after all fattening pigs had
been delivered to the slaughterhouse.

The simulation program was written in the object-oriented language C++.
Routines from the NAG C library (NAG, 2002) were used to generate random
numbers.

2.2. Farm data

In the present study two investigation regions with different farm densities
were examined, both had a size of 908 km?2. The farm data were derived from
the Farm Structure Survey 2003 (Forschungsdatenzentrum, 2005). The farms
were located by their x- and y-coordinates and depending on their animal
composition were classified according to farm type (farrowing farm, fattening
farm or farrow-to-finishing farm). The first region was located in Northern
Germany. It consisted of 728 farms, of which 69 were farrowing farms, 382



were fattening farms and 277 were farrow-to-finishing farms. Hence, this
region had a farm density of 0.8 farms/km?. The second region consisted of
2,733 farms (517 farrowing farms, 1,444 fattening farms and 772 farrow-to-
finishing farms) and had a farm density of 3.0 farms/km?2. This fictitious region
was used to investigate the influence of the farm density on the control
measures. To avoid an edge effect in the simulation an additional region with a
radius of 10 km was located around the real investigation regions. Otherwise,
the number of preventive culled, vaccinated and tested farms would have been
underestimated when farms located at the edge of the investigation region
were infected. The radius of 10 km equated the maximum size of the
application zones of the control measures. In both regions a farrowing farm in
the centre of the region was set as an index case to obtain a “worst-case
scenario”.

2.3. The control strategies

Six basic control strategies (‘Restriction Zone’, ‘Traditional Control’,
‘Emergency Vaccination’, ‘“Test To Slaughter’, ‘Test To Control’ and
‘Vaccination in conjunction with Rapid Testing’) were examined. In all
strategies, with the exception of ‘Restriction Zone’ and “Traditional Control’, a 3
km application zone and a 10 km application zone of the control measure was
established. Furthermore, vaccination was carried out either with a modified
live vaccine (C-vaccine) or with a marker vaccine (E2 subunit vaccine). This
led to a total of 26 considered control strategies, which are summarised in
Table 2.

2.3.1. ‘Restriction Zone’

This control strategy consisted of the minimum control measures according to
the EU guidelines in case of an CSF outbreak (Anonymous, 2001). It included
culling of all outbreak farms, the establishment of protection zones within a
radius of 3 km and surveillance zones within a radius of 10 km around the
outbreak farms and contact tracing during the previous 30 days. In protection
and surveillance zones (restriction zones), the movement and transport of pigs
was prohibited. In the simulation model, the user was able to set a percentage
value according to which extend the movement restrictions are limited. It is
known from previous outbreaks that despite the establishment of restriction
zones infections occur via the transport of pigs (Terpstra and de Smit, 2000).
For this reason, a value of 90 percent was determined as a basis in this study.
The following control strategies were based on this strategy.

2.3.2. ‘Traditional Control’

In addition to the basic measures of ‘Restriction Zone’, preventive culling was
applied in this strategy within a radius of 1 km around the outbreak farms. The
legislation allows preventive culling of farms within a radius of at least 500 m
from the outbreak (Anonymous, 2001), but in previous epidemics, e.g. in the
Netherlands 1997/1998 (Elbers et al., 1999) or in Germany 2006 (Anonymous,
2006), the radius was extended.



2.3.3. ‘Emergency vaccination’

In this study, the fattening farms and farrow-to-finishing farms within the
application zone were vaccinated either with a C-vaccine or with an E2 subunit
vaccine. Vaccination started three days after detection of the first farm and in
the case of secondary outbreaks two days after detection. This time delay was
attributed to EU permission and provision of vaccines and vaccination teams.
The delay of three respectively two days represents a “best case scenario”. To
prevent outward spread, vaccination started outside of application zone and
continued towards the centre. After an average of four days (normal
distribution with a mean of 4 and a standard deviation of 0.5), the pigs were
immune against CSF if they were vaccinated with a C-vaccine. If vaccinated
with an E2 subunit vaccine, they were immune on average after 21 days
(normal distribution with a mean of 21 and a standard deviation of 0.7). A
vaccination efficacy of 98% was assumed for both vaccines. Furthermore, the
assumption was made that one vaccination team could vaccinate three farms
per day and that 10 teams were available so that a maximum of 30 farms
could be vaccinated per day.

2.3.4. ‘Test To Slaughter’

This control strategy makes use of real-time reverse transcription-polymerase
chain reaction (rRT-PCR) as an additional measure. rRT-PCR is the most
powerful technique for early detection of the CSF virus. In comparison with
virus isolation in a cell culture, the virus can be detected earlier after infection
and for a longer period (Paton et al., 2000; Dewulf et al., 2004). Because of
the possibility to test pooled samples a great number of animals can be tested
in a short period. rRT-PCR offers the potential of rapid testing with a high
sensitivity (Greiser-Wilke et al., 2007).

In the application zones, all finishing pigs ready for slaughter were tested using
rRT-PCR before transport to the slaughterhouse. Rapid testing was carried out
before each delivery of slaughter pigs. The PCR results were available after 24
hours. When the test was negative, the pigs were slaughtered, otherwise the
farm was awarded the status “diagnosed” and then “culled”. If the last pig on
the farm was slaughtered, the farm was given the status ‘empty’. A test
sensitivity of 99% was assumed (Depner et al., 2007; Zhao et al., 2008; Leifer
etal.,, 2011).

This strategy does not comply with the current legislation but it constitutes a
possible future control strategy for CSF.

2.3.5. ‘Test To Control’

Like the strategy ‘Test To Slaughter’, this strategy is based on rRT-PCR and is
not currently in accordance with the EU directive. Here, rapid testing was used
as a control measure. After CSF had been confirmed on a farm, all finishing
pigs on farms in the application zone were tested immediately and repeatedly
seven days after the first test. If the test was positive, the farm was classified
as “diagnosed”, followed by the status “culled”. Otherwise finishing pigs that
were ready for slaughter could be delivered to the slaughterhouse.



2.3.6. ‘Vaccination in conjunction with Rapid Testing’

The measures of ‘Emergency Vaccination’ and ‘Test To Slaughter’ were
combined in this strategy. The vaccination was carried out as described in
2.3.3. and additionally all slaughter pigs were tested using rRT-PCR before the
transport to the slaughterhouse. Here, the genetic differentiation of vaccinated
and infected animals was used. The differentiation is based on genome
sequence varieties between vaccine strains and field virus so that both
attenuated live vaccines and marker vaccines could be used (Beer et al.,
2007; Leifer et al., 2009).

2.4. Output analysis

For each control strategy the simulation model was run for 2,500 iterations. To
evaluate the strategies the mean number of infected, overall culled (farms
culled after diagnosis plus preventive culled farms), preventive culled,
vaccinated and tested farms were considered. These output variables were
count data and therefore not normally distributed. A generalised linear model
was fitted to the response variables as a function of control strategy and farm
density:

log(E(Yj)) = Bo + control strategy; + farm density; + (control strategy * farm
density);

The GLIMMIX procedure of the SAS program package (SAS, 2006) was used
for this. The best model fit was obtained by a negative binomial distribution
and a log-link function. The ratio of Pearson Chi-Square and the degrees of
freedom were close to one for all response variables. Type lll statistics were
used to examine the significance of the main factors and the interactions.
Analyses were done via least square means (LSM) on log-scale. Pair-wise
differences between LSMs were examined with a t-test. Since an adjustment
for multiple testing was necessary, a Bonferroni adjustment was carried out.
The results are presented by the inverse transformed values of the LSMs.

3. Results

The effects of the different control strategies for both investigated regions are
shown in Figure 1. In this case, the application radius amounted to 3 km and a
C-vaccine was used for vaccination. In the low-density region, no significant
differences were observed in the number of infected farms between the control
strategies. A range of 7.7 to 8.4 farms were infected. In all control strategies,
except ‘Traditional Control’ (14.5 culled farms), the number of culled farms was
equal to the number of infected farms. The high-density region presented a
slightly different picture. On average 80.9 farms were infected and culled with
the ‘Restriction Zone’ strategy. In contrast, the control strategies Trad,
Vacc_3km, T_T_C_3km and VaccTest_3km led to a significantly lower
number of infected farms (range of 32.4 to 34.5). T_T_S_3km also decreased
the number of infected farms significantly compared to the ‘Restriction Zone’
strategy, but with 40.0 infected farms there was also a significant difference
from the other control strategies. The ‘Traditional Control’ strategy led to the



highest number of culled farms (126.1). In all other strategies, only the infected
farms were culled and therefore the number of culled farms was in accordance
with the number of infected farms.

Table 3 shows the effect of an increased application radius. Applying the
control measures in an enhanced radius of 10 km resulted in a decreased
number of infected farms in both investigation regions. However, in the low-
density investigation region the decrease was very small. Whereas in the high-
density region especially the strategy T_T_S 10km reduced the number of
infected farms significantly from 39.9 to 32.7.

The influence of additional preventive culling in a 1 km radius on the number of
infected and culled farms in the high-density region is shown in Figure 2. In all
alternative control strategies (Vacc_3km + PC, T_T_S_3km + PC,
T_T_C_3km + PC and VaccTest_3km PC), adding preventive culling slightly
decreased the number of infected farms to a level of 30 respectively 29. Again
‘Test To Slaughter’ showed the strongest effect and ‘Vaccination Zone’
showed no significant difference. Additional preventive culling resulted in a
significantly higher number of culled farms in all control strategies. For
example, Vacc_3km + PC showed 104.3 culled farms compared to 31.7 culled
farms without preventive culling (Vacc_3km). In the low-density region, the
addition of preventive culling again resulted in a very slightly decreased or an
unchanged number of infected farms. In all alternative control strategies about
14 farms were culled (data not shown).

Using an E2 subunit vaccine compared to a C-vaccine showed no difference in
the number of culled farms in the low-density region (Figure 3). This was valid
for both the strategies Vacc and VaccTest, each with a 3 km application zone
and a 10 km application zone. In the high-density region, epidemics eradicated
with the Vacc_Marker_3km strategy resulted in 36.8 infected farms and
therefore in significantly more infected farms than those vaccinated with a C-
vaccine (Vacc_3km: 32.4). An increased number of infected farms was seen in
the 10 km application zone by using the E2 subunit vaccine but to a much
smaller and not significant extent. VaccTest Marker_3km and

VaccTest Marker_10km also led to a slightly increased number of infected
farms compared to vaccination with a C-vaccine, but the difference is very
small especially in the 10km radius.

The numbers of culled, thereof preventively culled respectively culled after a
positive PCR result, vaccinated and tested farms for the low-density region are
presented in Table 4 and for the high-density region in Table 5. All in all, the
number of farms affected (culled, vaccinated and tested farms) by the control
measures was significant lower in the low-density region. The ‘Restriction
Zone'’ strategy led to the lowest number of affected farms both in the low- and
the high-density investigation regions. Nevertheless, in the high-density region
‘Restriction Zone’ led to the highest number of infected farms (80.7). Most
farms were involved using ‘Vaccination in conjunction with Rapid Testing'
when vaccination and rapid testing were carried out, followed by solely
vaccinating or testing. If preventive culling was a part of the control strategy,
the number of culled farms was highest and at the same time the number of
vaccinated and tested farms decreased. Thus, the number of farms culled



after testing also decreased. If the size of the application zone was increased
from 3 to 10 km, the number of vaccinated respectively tested farms increased
significantly, especially in the region with the high farm density. In both
investigation regions, the number of vaccinated farms respectively tested
farms both within the 3 km and in particular within the 10 km application zone
were a lot higher compared to the number of culled farms using ‘Traditional
Control’. In the low-density region 8.4 farms were culled in the ‘Restriction
Zone’ strategy. Using emergency vaccination or rapid PCR testing within a 3
km radius, 61.7 farms were vaccinated respectively 57.8 farms were tested. In
the high-density region even 612.3 farms were vaccinated respectively 597.5
farms were tested. The alternative control strategies reduced the number of
culled farms from 80.7 to 31.7 (‘Emergency Vaccination’) respectively 34.2
(‘Test To Control’).

4. Discussion

The simulation showed that control strategies using vaccination and rapid
testing could be alternatives to the current control measures. Beside the
control strategy, the region had an influence on the success of CSF control.
The two different investigation regions resulted in a considerably different
number of infected and therefore affected farms. These results are in
compliance with the findings of Nissen and Krieter (2003), who identified the
density as an important risk factor for the spread of CSF. Evaluating the
control strategies, it is necessary to take into account that a simulation model
is a simplification of a real system. Assumptions had to be made which can
lead to limitations.

Low-density region

In the low-density region with a low farm density of 0.8 farms/km?, all
considered control strategies had approximately the same efficiency. This is in
line with a simulation study examining CSF in Denmark (Boklund et al., 2009).
In a region with a low farm density the ‘Restriction Zone’ strategy with culling
of all outbreak farms, establishment of restriction zones with movement
restrictions and contact tracing seemed to be sufficient, since additional
measures such as preventive culling, vaccination or rapid testing did not lead
to a significantly lower number of infected farms. At the same time, the number
of affected farms would increase with those additional measures. The
establishment of the restriction zones meant that the only possible route of
infection left was local spread in the neighbourhood. When the farm density
was low, there was a very small number of neighbouring farms around an
outbreak farm and therefore the additional measures could not further reduce
the number of susceptible farms. It has to be taken into account that in the
simulations, movement restrictions were followed only at 90% and that with a
stricter following the ‘Restriction Zone’ strategy is even more successful
(Brosig et al., 2012). Thulke et al. (2011) even showed with their simulation
model that these basic measures might be sufficient to control most CSF
outbreaks.
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High-density region

In the high-density region with a high farm density of 3.0 farms/km?, the
‘Traditional Control’ strategy and the alternative control strategies were able to
reduce the number of infected farms significantly compared to the ‘Restriction
Zone’ strategy. This was due to the high number of neighbouring farms.
Mangen et al. (2002) also showed that in densely populated regions the
alternative control measures (preventive culling and emergency vaccination)
were more effective than the basic strategy. ‘Traditional Control’, Vacc_3km
and VaccTest_3km led to approximately the same number of infected farms.
However, T_T_C_3km and especially T_T_S_3km were not as efficient.
Thulke et al. (2011) also examined a control strategy using rapid testing as a
control measure. They also found that this strategy was more successful than
the basic strategy (movement restrictions) and less or as successful as a
preventive culling strategy (depending on the efficiency of movement
restrictions). Both strategies using rRT-PCR did not reduce the number of
susceptible farms as preventive culling or vaccination did, so that there was
still a risk that farms in the application zone became infected. Using ‘Test To
Control’, the test was carried out immediately after confirming CSF on an
outbreak farm. Thus, the already infected farms could be found quickly and
further spread could be avoided. The number of infected farms was in the
same order of magnitude as those of ‘“Traditional Control’, Vacc_3km and
VaccTest_3km (Figure 1). In contrast, ‘Test To Slaughter’ showed a
significantly higher number of infected farms. This was due to the longer
period before the test was carried out, right before transport to the
slaughterhouse.

In a region with a high farm density, the number of infected farms increased
using an E2 subunit vaccine instead of a C-vaccine. If animals were
vaccinated with this marker vaccine, a stable immunity against the CSF virus
developed later and therefore the animals were susceptible for a longer time
period. The present results confirm the findings of the EFSA (2009). In this
study, fewer infected farms ensued with a vaccine effective four days after
vaccination compared to one that is not effective until 14 days after. The fact
that the difference between these two vaccines was not even greater was due
to the earlier diagnosis of infected animals in a zone in which vaccination is
carried out. This is because of the visual inspection of each animal during the
vaccination procedure. Thus, Mangen et al. (2001) assumed a higher
probability of detection in the first 14 days after infection when already infected
farms were vaccinated compared to susceptible farms.

Increasing the application radius to 10 km reduced the number of infected
farms in all alternative control strategies and again the reduction was the
highest in ‘Test To Slaughter’. However, the relatively low decrease in the
number of infected farms was attended by a very sharp increased number of
vaccinated respectively tested farms. Vaccination and/or rapid testing was
able to reduce the number of culled farms provided that preventive culling was
avoided. Besides preventive culling, the welfare culling of finishing pigs that
are ready for slaughter but are not allowed to leave the farm is problematic
from both ethical and economic points of view. Previous epidemics showed
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that welfare culling was the highest cost element in severe cases (Saatkamp
et al., 2000). In the present study, welfare culling is not included so that the
number of overall culled farms is underestimated. This applies to ‘Restriction
Zone’ and ‘Traditional Control’ as well as to the alternative control strategies.
An exact determination of the number of farms culled for welfare reasons
would be favourable, since rapid testing alone as a measure in a possible
future control strategy could avoid or reduce welfare culling (Greiser-Wilke et
al., 2007).

Simulation model — assumptions and limitations

In the simulation different assumption had to be made to simplify the model.
This concerns the farm data, the contact structure and the implemented
control strategies and needs to be taken into account examining the results.
Particular attention must be paid to the number of farms that need to be tested
and/or vaccinated. It was assumed that 30 farms per day can be
vaccinated/tested and that the PCR results were available after 24 hours.
However, especially in the high-density area and with a 10 km application
radius, an extremely large number of affected farms occurred. It must be
critically questioned and further examined whether the implementation is
logistically possible. In discussions with experts it became apparent that in
such an extreme situation like a CSF outbreak it should be possible to bring
enough veterinarians together to conduct the vaccination respectively the
taking of blood samples. Preventive culling, which is included in the current
control strategy, is also accompanied by considerable personal effort. Previous
outbreaks have shown that it is possible to manage a greate number of
affected farms. In the CSF outbreak 1997/1998 in the Netherlands 429
infected farms were eradicated and additionally 1225 farms were preventive
culled (Terpstra and de Smit, 2000). Using the alternative control measures,
the limiting factor would probably be the PCR testing. Although a high test
throughput seems feasible (Depner et al., 2007; Hoffmann et al., 2011), with
such a great number of blood samples the laboratory capacities would not be
sufficient. Therefore, a 10 km application radius seems to be unrealistic at the
moment. As with preventive culling, emergency vaccination and rapid testing
will be accompanied by considerable personnel and material effort. Thus,
when comparing the different control measures, it is also essential to take into
account the economic consequences.
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Figure 1: LSM number of infected and culled farms and their standard
error for both regions for control strategies Restr, Trad, Vacc_3km,
T_T_S _3km, T_T_C_3km and VaccTest_3km (Different letters indicate
significant differences within number of infected respectively culled
farms and region a=0.05)

Figure 2: LSM number of infected and culled farms and their standard
error for control strategies Trad, Vacc_3km, T_T_S _3km, T_T_C_3km and
VaccTest_3km without and with preventive culling for the high-density
region (Different letters indicate significant differences within control
strategy, a=0.05)

Figure 3: LSM number of infected farms and their standard error using a
C-vaccine or an E2 subunit vaccine in the control strategies Vacc and
VaccTest either in a 3 km or a 10 km application radius (Different letters
indicate significant differences within region, control strategy and
application radius, a=0.05)
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Table 1: Transmission probabilities for the different contact types and
local spread within the simulation model

Table 2: Overview of the different control strategies

Table 3: LSM number of infected farms for both regions for the six
control strategies using a 3 km or 10 km application radius

Table 4: Number of culled, thereof preventive culled respectively culled
after a positive PCR result, vaccinated and tested farms for the low-
density region

Table 5: Number of culled, thereof preventive culled respectively culled
after a positive PCR result, vaccinated and tested farms for the high-
density region
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Preventive

Abbreviation Restriction zones  Tracing culling (PC) Vaccination  Vacoine Testing
‘Restriction Zong'

Restr 3km+ 10 km 30 days

Traditional Cantral’

Trad 3km+ 10 km 3 days 1km

‘Emergency Vacoination'

Vac_3km 3km + 10 km 30 days 3km  C-vaccine
Vace_Marker_3km 3km + 10 km 30 days dkm  marker

Vaco 3km + PC 3Ikm+ 10 km 30 days 1km 3km  G-vaccine

Vaco Marker_3km + PC 3km+ 10 km 3 days 1km 3km  marker

Vace_10km 3km+ 10 km 30 days 0 km  Cevaccine
Vace_Marker_10km 3km + 10 km 30 days M km  marker

WVace 10km + PC 3km+ 10 km 30 days 1km 0 km  Cevaccine

Vace Marker_10km + PC 3km+ 10 km 3 days 1km M km marker

Test To Slaughter’

T_T_S_ 3km 3km+ 10 km ) days 3 km
T_T_& 3km+PC Jkm+ 10 km 30 days 1km 3km
T_T_S_10km 3km+ 10 km 3 days 10 km
T T S 10km + PC 3km + 10 km 30 days 1km 10 km
Test Te Contral’

T_T_C_3km Jkm + 10 km 0 days 3km
T T_C 3km+PC 3km+ 10 km 3 days 1km 3km
T_T_C_10km 3km+ 10 km 30 days 10 km
T_T_C_1dkm + PC 3km+ 10 km 30 days 1km 10 km
Waccination in conjunction with Rapid Testing'

VaccTest_dkm Jkm + 10 km 30 days dkm Cevaccine 3km
VacoTest Marker_3km 3Ikm+ 10 km 30 days 3km  marker 3km
VacoTest_3km + PC 3km+ 10 km 3 days 1km 3km Cevaccine 10 km
VacoTest Marker_3km + PC 3Ikm+ 10 km 30 days 1km 3km  marker 10 km
VaccTest_10km Jkm + 10 km 30 days 1 km  C-vaccine 3km
VacoTest Marker_10km 3Ikm+ 10 km 30 days 10 km  marker 3km
VacoTest_10km + PC 3km+ 10 km 3 days 1km M km  C-vaccineg 1 km
VacoTest Marker_10km + PC 3km+ 10 km 3 days 1km 10 km  marker 0 km




Infected tarms

Lerw-density region High-density region
Control strategy 3 km 0 km 3 km 10 km
Restr a.4 a0.9
Trad 7.9 32,6
Vace 84" 7.6° 32 47 29.4"
TT & 8.3" 7.6 39.9° 32.7"
T_T_ G 7.7 7.6 34 37 7"
Vace Test g.2° 7.4° 33.0° 26.0"

Different letters indicate significant differences within control strategy and
region, a=0.05



Lonw-density region

Freventiv Farms .

Control strategy oo culled culled pacanated - Tested

arms farms after test arms arms
Restr 4.4
Trad 14.5 9.1
Vace_3km 8.3 61.7
Vace 3km + PC 13.7 3.5 48.6
Vace 10km 7.2 3456
T T 5 3km 8.2 .5 49 4
T T 5 3km+PC 14 .4 .0 (.2 329
T_T_S_10km 7.6 0.8 273.6
T_T_C_3km TF .7 TR
T T C 3km+PC 14.5 8.9 0.3 4.7
T_T_C 10k 7.6 1.1 3484
VacoTest_3km 8.1 0.2 570 35
VacoTest_3km + PC 13.8 8.5 1.1 46.9 ay
VaccTest_10km 7.2 1.4 3193 2508




High-density region

Pravertiv Farms .

Control strategy E:I_:_Iﬂd culled culled ;.-"arrr:mated :_Ef_t:d

arms farms after test arms arms
Restr 807
Trad 126.1 109.7
Vace_ 3km 3 612.3
Vace_3km + PC 104.3 8g8.9 4741
Vacn 10km 20.4 2656 3
T_T_&_3km 8.9 11.1 612.4
T_T_ 5 3km + PC 112.0 056 22 2025
T_T_S_10km 32.7 11.2 22045
T_T_C_3km 34.2 105 D075
T T_C 3km+PC 108.9 2.4 27 4726
T_T_C 10km Ny 111 2369.5
VaccTest_3km 32.8 3.3 o88.1 2437
VaccTest_3km + PC 101.3 06.3 (.8 454 .2 3706

VaccTest_10km 285 6.0 2528.0 24207
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