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Pigs are considered to be the main reservoir for livestock-associated methicillin-resistant Staphylococcus
aureus (LA-MRSA), which is a zoonotic opportunistic pathogen. As LA-MRSA is an occupational hazard,
there is an incentive to control its spread in pig herds. Currently, knowledge about effective control mea-
sures which do not require culling the whole herd are limited, and the control strategies against LA-MRSA
vary between countries. This study uses a stochastic compartment model to simulate possible control
measures for LA-MRSA in a farrow-to-finish pig herd. The aims of the study were to (1) extend a previ-
ously published disease spread model with additional management and control measures; (2) use the
extended model to study the effect of the individual LA-MRSA control measures on the within-herd
LA-MRSA prevalence; (3) evaluate the effect of control measures when they are implemented in combi-
nations. From the individual control measures tested in the study, thorough cleaning was found to be
most effective in reducing the LA-MRSA prevalence in the herd. When the different control measures
were combined, cleaning together with disease surveillance had the largest impact on reducing the
LA-MRSA and a higher chance of causing disease elimination. The results of the study showed that
achieving disease elimination once LA-MRSA had been introduced in the herd was challenging but was
more likely when control measures were introduced early during the outbreak. This emphasises the
importance of early detection of the pathogen and subsequent rapid implementation of LA-MRSA control
measures.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Pigs are common carriers of livestock-associated methicillin-
resistant Staphylococcus aureus. These bacteria can be transmitted
from animals and cause disease in humans. This simulation study
indicated that vigorous cleaning of the pig herd environment was
the most effective control measure to reduce the within-herd
prevalence of the bacteria. When different control measures were
combined, cleaning the environment and regular disease surveil-
lance were the most effective measures to reduce the prevalence.
The study confirms that eradication of livestock-associated
methicillin-resistant Staphylococcus aureus from a pig herd is chal-
lenging, but the best results are obtained when control measures
are introduced early in an outbreak.
Introduction

Livestock-associated methicillin-resistant Staphylococcus aureus
(LA-MRSA) is a commensal and opportunistic pathogen that is
resistant to most beta-lactam antibiotics and often to other antimi-
crobial substances such as tetracycline (European Food Safety
Authority and European Centre for Disease Prevention and
Control [EFSA and ECDC], 2022; Rao et al., 2022). While the
LA-MRSA strains belonging to the clonal complex 398 (CC398)
are predominant in Europe, the distribution of different strains var-
ies globally (Smith, 2015; Goerge et al., 2017; EFSA and ECDC,
2022). Although LA-MRSA is capable of colonising several species
including cattle, poultry and horses (Verkade and Kluytmans,
2014), pigs are considered to be the main reservoir (EFSA and
ECDC, 2022). While pigs are usually asymptomatic carriers of
LA-MRSA (Verkade and Kluytmans, 2014), LA-MRSA is zoonotic
and colonisation through occupational exposure is common
(Goerge et al., 2017; Chen and Wu, 2021). Spillover of LA-MRSA
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to the non-farming community as well as nosocomial spread have
also been reported (Larsen et al., 2015; Bosch et al., 2016; Sieber
et al., 2019). In humans, both methicillin-susceptible and
methicillin-resistant CC398 have been reported to cause various
health problems including skin infections and life-threatening
infections (Smith and Wardyn, 2015; Goerge et al., 2017; Slott
Jensen et al., 2020). Resistance to antimicrobials which are
reserved for human use has also been reported in some LA-MRSA
isolates, which is a public health concern (EFSA and ECDC, 2022;
Leão et al., 2022). As people working with livestock are at signifi-
cantly higher risk to become colonised by LA-MRSA (Chen and
Wu, 2021), finding control measures in the pig farm environment
that would reduce or eradicate LA-MRSA might result in reduced
occupational exposure.

In Europe, the approaches to monitoring methicillin-resistant S.
aureus in animals vary between countries (EFSA and ECDC, 2022).
This leads to insufficient information about the prevalence in dif-
ferent regions, with subsequent challenges for risk assessment
and risk management. In some countries, the lack of effective
evidence-based LA-MRSA control strategies that do not involve
culling the herd could contribute to the low level of surveillance
in livestock. Disease modelling is a cost-effective way to study dis-
ease dynamics and control measures when experimental studies
are not feasible for practical, ethical or economic reasons. Previ-
ously, Sørensen et al. (2018) have used an individual-based model
to study the effect of reducing antimicrobial consumption, number
of animals and mixing of pigs as well as improved biosecurity on
within-herd LA-MRSA prevalence. The simulation indicated that
eradication of the bacteria was difficult to achieve, but concluded
that changing antimicrobial consumption patterns might be
important in reducing the prevalence (Sørensen et al., 2018). Sim-
ilarly, Schulz et al. (2019) concluded in their simulation study that
combinations of different intervention measures, such as reducing
the usage of high-risk antimicrobials and the probability of indirect
transmission via humans, restricting movements from LA-MRSA-
positive herds and using a voluntary eradication process in some
of the positive herds, led to a larger reduction in the LA-MRSA herd
prevalence than applying each intervention separately. However,
the intervention combinations did not fully clear LA-MRSA from
all the herds (Schulz et al., 2019). Control measures targeting the
between-farm trade network have also been studied by Bastard
et al. (2020). The study concluded that targeting control measures
to farms with the highest outward trade of pigs had the biggest
impact in reducing the LA-MRSA prevalence in the network.

To provide support for effective decision-making when choos-
ing control measures against LA-MRSA CC398 (later ‘‘LA-MRSA”),
the aims of the study were first (1) to extend a previously pub-
lished LA-MRSA transmission model of a farrow-to-finish pig herd
(Tuominen et al., 2022) with additional management practices and
control measures. Secondly (2) to investigate the effect of environ-
mental and biosecurity-related control measures and disease
surveillance on within-herd LA-MRSA prevalence. And finally (3),
to evaluate the efficacy of novel combinations of control measures
for LA-MRSA.
Material and methods

The model simulations and data analyses were run using the R
programming language version 4.2.0 (R Core Team, 2022) and the
SimInf package version 9.0.0 (Widgren et al., 2019). In the SimInf
framework, the transitions between compartments were modelled
as a continuous-time discrete-state Markov chain using the Gille-
spie stochastic simulation algorithm (Gillespie, 1977). The simula-
tion model consisted of a farrow-to-finish pig herd and it was
2

based on a previously published study by Tuominen et al. (2022),
with extensions for the current study.
Model structure

The disease spread model is an SISE compartment model, where
animals move between susceptible (S) and infected (I) states and E
represents the indirect transmission through a contaminated envi-
ronment. In this context, the word ‘‘infected” is used to label the
pigs that are carriers/shedders of LA-MRSA and not as an indication
of clinical disease. The infected state was assumed to be transient
and the animals could be recolonised immediately after moving to
the susceptible state. The herd structure and animal flow in the
model have been described previously in Tuominen et al. (2022).
Model extensions

To improve the conceptual model validity, the existing model
was extended to include disease spread between pens located in
the same room as well as between rooms within the same herd,
which is referred to as between-pen transmission. Here, ‘‘room”
refers to the different sections within the herd which, in a farm
environment, would be divided by walls. Additionally, the recovery
rate parameter used in the model was changed from an exponen-
tial distribution to an Erlang-distributed recovery time.
Between-pen transmission
The transmission through the contaminated environment was

modelled by including a term (ui) that described the pen (i) level
LA-MRSA contamination from the infected pigs (Tuominen et al.,
2022). In the current study, each pen additionally had a coupling
to the infectious pressure in other pens within the same room
(ur) as well as to the whole farm (uf ). Theui,ur anduf were recal-
culated when simulated time had proceeded by one unit (day). The
ur for each room (r) per time step was determined as:

ur ¼
Xnpen rð Þ

i¼1

ui ð1Þ

where ui is the within-pen environmental infectious pressure of
pen i in room r, and npen rð Þ the number of pens in the room. The
uf for the farm (f) per time step was determined by:

uf ¼
Xnroom fð Þ

j¼1

ur ð2Þ

where ur is the environmental infectious pressure of room r in the
farm f and nroomðf Þ the number of rooms in the farm.

The daily decay rate of the environmental infectious pressure
was set to 0.871 (Tuominen et al. 2022), which was based on a
5-day half-life of LA-MRSA in dust, as reported by Feld et al.
(2018). Currently, there is a lack of studies on the between-pen
transmission of LA-MRSA in pigs. For porcine circovirus type 2,
the between-pen transmission between adjacent pens was
reported to be 10–17% of the within-pen transmission (Andraud
et al., 2008). For foot-and-mouth disease, the between-pen trans-
mission has been reported be to approximately 10% of the
within-pen transmission (Eblé et al., 2006). Based on this, the rate
for between-pen spread within the same room was assumed to be
0.1 of the within-pen transmission. The probability of transmission
between rooms was assumed to be lower than the transmission
within the room and was therefore set to be 0.01 of the within-
pen transmission. The transition functions for transitions between
the compartments are described in Supplementary Material S1.
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Distribution of the infectious time period
To shift the distribution of the infectious period from an expo-

nential towards a more biologically plausible shape, the previously
used single infected compartment was divided into three subcom-
partments (I1, I2, I3). This resulted in the recovery time following an
Erlang distribution [k = 3, k = 1/(3 * duration of carriage)], where
the duration of carriage was 17.4 days based on the study by
Broens et al. (2012a).
Model parameters

Similar to the previous study (Tuominen et al., 2022), the cur-
rent model had different transmission rates for different age
groups. These age groups were mature pigs (sows and gilts), suck-
ling piglets, growing pigs and finishing pigs. Due to the change in
infected categories (I), the model transmission rates were re-
parameterised for the current study by using the Approximate
Bayesian Computation (ABC) sequential Monte Carlo algorithm
(Toni et al., 2009), which is available in the SimInf package. The
parameterisation process was similar in both studies; the best-
fitting transmission rates were obtained by comparing the simu-
lated within-herd LA-MRSA prevalences to expected prevalences,
which were based on a study by Broens et al. (2012b). For each
model trajectory run in the parameterisation, the transmission
rates were sampled from the accepted fitted values. Each genera-
tion of the ABC run was required to have two hundred accepted
particles, where the accept condition was specified as described
in Supplementary Material S2. In contrast to the previous study,
adaptive tolerance selection, as proposed by Simola et al. (2021),
was implemented to iteratively decrease the tolerance in each gen-
eration. The tolerance was used to determine when the simulated
data were sufficiently close to the expected prevalences to accept a
parameter proposal. In addition, the adaptive tolerance selection
algorithm contained a stopping rule based on the estimated
sequential ABC posterior distributions to avoid unnecessary itera-
tions of the algorithm. The adaptive tolerance selection and the
stopping rule functionalities were implemented as part of the
SimInf package.
Control measures

Different control measures were modelled separately and in
combination. To study the effect of the control measures at differ-
ent stages of disease spread, the measures were applied to the herd
at two time points:

� During the outbreak phase – the control measures were applied
simultaneously with disease introduction, mimicking a herd
management practice that was in place prior to disease intro-
duction or a very early detection and subsequent intervention.

� During the endemic phase – the control measures were applied
after the disease prevalence had reached stationarity in the
herd. In practice, these measures were set to start at 770 days
of burn-in after disease introduction.

In both of the cases, LA-MRSA was first introduced to the herd
by infecting 20% of gilts in the growing unit on day 1 at the begin-
ning of every trajectory. This proportion of infected pigs corre-
sponded to approximately 0.4% of all pigs in the herd. The
growing gilts were considered to be a reasonable pig group for
the introduction because farrow-to-finish herds may replace culled
sows with gilts from other herds. The disease was introduced to
the herd once. However, multiple LA-MRSA introductions over
time (e.g. through repeated gilt purchases) could result in different
disease dynamics.
3

Each control measure or a combination of control measures was
run in a total of 10 000 trajectories for both the outbreak phase and
endemic phase. From each trajectory, the within-herd prevalence
on the last day of the simulation and time required for LA-MRSA
to be eliminated from the herd by stochastic extinction were
recorded. The prevalence was determined by calculating the pro-
portion of animals in the infected compartment out of all animals
(susceptible and infected) in the herd. The control strategies were
considered effective if the simulation resulted in reduction in dis-
ease prevalence or elimination of disease from the herd. When
modelling the control measures, extreme values for each parame-
ter were tested to determine the maximum effect of the measures
(e.g. when cleaning the environment, all infectious pressure was
removed). Therefore, if a control measure was not effective with
the tested values, it was also unlikely to result in a reduction in
the within-herd prevalence if partially implemented. The combina-
tions of different control measures were chosen based on what was
deemed practically feasible to implement in a Swedish pig herd.
Some control measure combinations were excluded from the mod-
elling based on the results that were obtained during the simula-
tion process (e.g., measures that resulted in disease elimination
on their own were not run with all possible control measure
combinations).
Improved biosecurity
The effect of improved biosecurity within the herd was mod-

elled by reducing the room and farm level between-pen transmis-
sion to 0.
Disease surveillance
Disease surveillance was modelled by implementing the follow-

ing disease testing scenarios:

� Testing all sows individually in the farrowing unit two days
before they were moved to breeding.

� Testing the gilts in the gilt-unit two days before they were
moved to breeding. The testing was done as pen-level pooled
samples.

� Both of the above scenarios combined.

In a study Agersø et al. (2014), the diagnostic sensitivity for
pooled nasal and ear-skin swab samples were estimated to be 78
and 90%, respectively. For this modelling work, the disease testing
was modelled by assuming 70% diagnostic sensitivity in both indi-
vidual and pooled samples. The modelling of the imperfect test was
implemented in the model in the same way as described by
Rosendal et al. (2020) for the simulation of disease testing. The
conservative 70% sensitivity was chosen due to different sample-
pooling assumptions than what was described by Agersø et al.
(2014). Additionally, testing with 100% diagnostic sensitivity was
modelled to compare the results to a perfect test.

To simulate the removal of test-positive individuals as part of a
disease surveillance programme, if a sow received a positive test
result, the sow and its piglets in the same pen were moved back
to the susceptible compartment and the environmental infectious
pressure in the pen was removed (ui ¼ 0). Similarly, if the gilts
had a positive pooled test, all animals in the same pen were moved
back to the susceptible compartment and the environmental infec-
tious pressure in the pen was removed (ui ¼ 0). This approach was
considered to be analogous to a scenario where infected pigs are
replaced with susceptible ones, and it was chosen from a model
functionality perspective to keep the number of animals in the
herd unaltered. A similar approach has been previously described
in a study by Widgren et al. (2018).



Table 1
Parameterised median transmission rates in pigs and associated 95% credible intervals (in parenthesis) and
the model fit values for the final generation of the approximate Bayesian computation.

Item Value

Parameter estimates
Mature 1.92 � 10-4 (1.68 � 10-4 � 2.23 � 10-4)
Piglets 28.33 � 10-4 (24.05 � 10-4 � 34.86 � 10-4)
Growing 1.14 � 10-4 (0.10 � 10-4 � 3.41 � 10-4)
Finishing 1.73 � 10-4 (0.85 � 10-4 � 2.53 � 10-4)

Model fit
Final generation tolerance 1.52
Proposed particles in final generation 8 051
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Cleaning the environment
The effect of cleaning was incorporated into the model by

removing the environmental infectious pressure in the pen
(ui ¼ 0), which corresponds to perfect cleaning where all viable
LA-MRSA have been removed from the environment. In the pens
that followed the all-in-all-out principle (farrowing, growing and
finishing unit), the cleaning was done the day after the pen had
been emptied from pigs. For continuous-flow pens (breeding, ges-
tation and gilt units), the cleaning was scheduled to occur in a
weekly cycle the day before weaning occurred and the sows were
moved to the breeding unit. The cleaning all-in all-out and
continuous-flow pens were modelled individually and in
combination.
Mixing of pigs
In the baseline configuration of the model (without control

measures), 10% of the piglets were mixed with other piglets within
the same farrowing room on the day after birth (‘‘cross-fostering”).
Additionally, all pigs (100%) arriving to the finishing unit were
mixed on the day of arrival. In this study, alternative mixing prac-
tices were simulated, where cross-fostering and finisher pig mixing
were reduced to 0%. In the model configurations where reduced
mixing was combined with other control measures, cross-
fostering and mixing of finishing pigs were simultaneously
reduced to 0%.
Extended empty period in pens
In this control measure, the length of the time period that the

pen was kept empty before the next batch of pigs was increased
by seven days. Therefore, the animal movements from one unit
to another occurred every other week. To compensate for the
reduced number of pens available, the herd size was halved. This
control measure was only modelled during the outbreak phase of
disease spread.
Data analysis

The mean herd prevalence per day and the associated 95% cred-
ible intervals were calculated over the 10 000 trajectories of each
different control measure model. Livestock-associated MRSA was
considered to have been eliminated when the mean herd preva-
lence was 0. The mean time to disease elimination for each model
was calculated as a mean of the observed first time points when
the elimination had been reached. The probability of disease elim-
ination for each model configuration was calculated as P ¼ n=N,
where n is the number of trajectories where the herd prevalence
was 0 on the last day of the trajectory and N is the total number
of trajectories run.
4

Results

Parameterisation of transmission rates and model validation

The transmission rates obtained from parameterisation and the
model fit indicators are presented in Table 1. The final generation
tolerance presented in Table 1 is a measure of model fit, and it rep-
resents how closely the model-predicted within-herd prevalences
matched the expected prevalences obtained from literature.
Empirical model validity was further assessed by comparing the
model-predicted LA-MRSA prevalences to the expected preva-
lences from the literature (Broens et al., 2012b), which is presented
in Supplementary Figure S1.

Control measures

The mean within-herd LA-MRSA prevalence and the corre-
sponding 95% credible intervals for single control measures when
the control measures were introduced in the outbreak phase of dis-
ease spread are presented in Fig. 1. The corresponding control mea-
sures introduced in the endemic phase are presented in Fig. 2. For
combined control measures, the mean LA-MRSA within-herd
prevalence and the corresponding 95% credible intervals when
the control measures were introduced in the outbreak phase of dis-
ease spread are presented in Fig. 3. The corresponding combined
control measures introduced at the endemic phase are presented
in Fig. 4. The mean within-herd prevalences for disease surveil-
lance with 100% test sensitivity are available in Supplementary
Figure S2.

Improved biosecurity
Improving the herd biosecurity by fully removing the transmis-

sion between pens slowed the progression of disease spread and
reduced the mean herd prevalence but was not successful in caus-
ing disease elimination (Fig. 1). A reduction in within-herd preva-
lence could also be observed when improved biosecurity was
combined with other control measures, e.g., disease testing of sows
and cleaning all-in all-out pens (Figs. 3a, c, 4a and c).

Disease surveillance
With 70% diagnostic sensitivity, testing of sows was more effec-

tive in lowering the mean within-herd prevalence than testing
gilts, in both the outbreak and the endemic phase of disease spread
(Fig. 1 and 2). Testing gilts had a low chance of causing disease
elimination in the herd when the testing was applied in the ende-
mic phase of the disease spread (Table 2). Combining the two test-
ing protocols did not have an additional impact on the within-herd
prevalence, but combining the gilt and/or sow testing with clean-
ing all-in all-out pens resulted in an additional reduction in the
prevalence (Fig. 3 and Fig. 4). When the diagnostic sensitivity
was assumed to be 100%, the disease prevalence was lower when
testing gilts or testing both gilts and sows (Supplementary



Fig. 1. The model-predicted mean prevalence of livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) in a pig herd when single control measures were
introduced in the disease outbreak phase. The lines represent the within-herd prevalence and the ribbons the corresponding 95% credible intervals. The disease was
introduced in 20% of the new gilts on model day 1. The control measures were introduced at the same time as the disease introduction. Each model was run for 10 000
trajectories. (a) Prevalence without control measures (Baseline), with improved biosecurity (BS+) and when the animals were moved between units only every other week
(Biweekly). (b) Prevalence when the environmental infectious pressure was removed with the weekly cleaning routine either in continuous-flow (CF) pens, all-in all-out pens
(AIAO) or simultaneously in both pen types. (c) Prevalence when either mixing of finisher pigs (FM) or cross-fostering (CrF) 1 day after birth was reduced to 0% and the
combination of both measures. (d) Prevalence when new gilts (G), sows (S) or both new gilts and sows (G + S) were tested (diagnostic sensitivity 70%) for LA-MRSA.
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Figure S2), but for testing only sows, the mean within-herd preva-
lence remained almost the same as with 70% diagnostic sensitivity.
Cleaning the environment
Cleaning the continuous-flow pens had a very limited effect on

the mean within-herd prevalence when it was introduced as the
only control measure (Figs. 1 and 2). However, disease elimination
was observed when the measure was paired with cleaning all-in
all-out pens at the outbreak phase of disease spread (Fig. 3,
Table 2). In the endemic phase, the combined cleaning measures
did not cause disease elimination, but the prevalence was reduced
to low levels (Fig. 4).
Mixing of pigs
Reducing the cross-fostering of piglets or the mixing of the fin-

ishing pigs did not have an observable effect on the within-herd
prevalence in any of the tested interventions (Figs. 1–4).
Extended empty period in pens
Extending the period where pens were kept empty between

batches of pigs resulted in slower progression of the disease spread
and reduced the within-herd prevalence (Fig. 1).
Probability of disease elimination

The probability for LA-MRSA to be eliminated from the herd and
the mean time to elimination are presented in Table 2 (outbreak
phase) and Supplementary Table S1 (endemic phase). The proba-
bility of elimination for disease testing measures with 100% test
sensitivity are presented in Supplementary Table S2.
5

Discussion

This study presents potential scenarios for LA-MRSA spread in a
pig herd and studies how several control measures could be used
to mitigate spread. The focus was on control measures that were
deemed to be feasible to implement in a Swedish context on either
a voluntary basis or enforced through changes in legislation. This
modelling work can provide a basis for strategic planning of con-
trol strategies. Based on the results of the study, achieving a com-
plete disease elimination is challenging when LA-MRSA has been
established in the herd, which supports the results of previous
studies (Sørensen et al., 2018; Schulz et al., 2019; Bastard et al.,
2020). In the current study, the highest probability of elimination
during the outbreak phase of the disease spread was observed
when all pens in the herd were cleaned weekly, or when cleaning
all-in all-out pens was combined with disease surveillance in both
gilts and sows (Table 2). Achieving elimination was less likely if LA-
MRSA had reached an endemic state in the herd and the effective
control measure combinations took a longer time to cause elimina-
tion than the corresponding measures in the outbreak phase
(Table 2, Supplementary Table S1).
Control measures

When assessing individual control measures, cleaning of all-in
all-out pens was most effective in reducing the mean within-
herd prevalence. Cleaning continuous-flow pens as the only control
measure had a smaller impact on the prevalence. This could be
explained by the relative proportion of the two pen types. In the
model, the proportion of continuous-flow pens was only 8.9% of
all pens and they contained approximately 10% of all pigs in the



Fig. 2. The model-predicted mean prevalence of livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) in a pig herd when single control measures were
introduced in the endemic phase of disease spread. The lines represent the within-herd prevalence and the ribbons the corresponding 95% credible intervals. The disease was
introduced to 20% of new gilts on model day 1. The control measures were introduced on day 770. Each model was run for 10 000 trajectories. (a) Prevalence without control
measures (Baseline) and with improved biosecurity (BS+). (b) Prevalence when the environmental infectious pressure was removed with the weekly cleaning routine either in
continuous-flow (CF) pens, all-in all-out pens (AIAO) or simultaneously in both pen types. (c) Prevalence when either mixing of finisher pigs (FM) or cross-fostering (CrF)
1 day after birth was reduced to 0% and the combination of both measures. (d) Prevalence when new gilts (G), sows (S) or both new gilts and sows (G + S) were tested
(diagnostic sensitivity 70%) for LA-MRSA.

Fig. 3. The model-predicted mean prevalence of livestock-associated methicillin-resistant Staphylococcus aureus in a pig herd when combined control measures were
introduced in the outbreak phase of disease spread. The lines represent the within-herd prevalence and the ribbons the corresponding 95% credible interval. The disease was
introduced to 20% of new gilts on model day 1. The control measures were applied at the same time as the disease introduction. Each model was run for 10 000 trajectories.
The possible control measures used in different combinations were: testing gilts (test G) or sows (test S) or testing both gilts and sows (test G + S), cleaning all-in all-out
(AIAO) pens when the pens were empty, improving biosecurity by removing between-pen disease transmission (BS+) and reducing cross-fostering piglets and mixing of
finishing pigs to 0% (M�).
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Fig. 4. The model-predicted mean prevalence of livestock-associated methicillin-resistant Staphylococcus aureus in a pig herd when combined control measures were
introduced in the endemic phase of disease spread. The lines represent the within-herd prevalence and the ribbons the corresponding 95% credible interval. The disease was
introduced to 20% of new gilts on model day 1. The control measures were applied on day 770. Each model was run for 10 000 trajectories. The possible control measures used
in different combinations were: testing gilts (test G) or sows (test S) or testing both gilts and sows (test G + S), cleaning all-in all-out (AIAO) pens when the pens were empty,
improving biosecurity by removing between-pen disease transmission (BS+) and reducing cross-fostering piglets and mixing of finishing pigs to 0% (M�).

K.S. Tuominen, S. Sternberg Lewerin, S. Widgren et al. Animal 17 (2023) 100840
herd, while the rest of the population were in all-in all-out pens.
Therefore, the proportion of pens and animals affected when clean-
ing the continuous-flow pens was much smaller than when clean-
ing all-in all-out pens. However, combining the cleaning of
continuous-flow pens with all-in all-out pens resulted in a larger
prevalence reduction than what was observed in the individual
cleaning measures, indicating that there is an interaction between
the two cleaning protocols. This is likely the result of successful
removal of the pathogen reservoir: when both all-in all-out and
continuous-flow pens are cleaned, the mature animals in the
breeding cycle are less likely to maintain and disseminate LA-
MRSA to other parts of the herd. The approach to model cleaning
that removes all infectious pressure from the environment was
chosen because it represents the best possible effect of cleaning.
Based on studies by Schmithausen et al. (2015) and Elstrøm et al.
(2019), it was considered reasonable to assume that it is possible
to remove viable LA-MRSA below the infectious dose with diligent
cleaning and disinfection. However, in these studies, the farms
were also emptied before cleaning and disinfection. In a field study
in a German farm, Kobusch et al. (2020) showed that standard
cleaning and disinfection are effective against environmental con-
tamination with LA-MRSA but when implemented in a situation
where the prevalence was already high it was not sufficient for
elimination. While the results of the modelled cleaning measures
might not be fully achievable in practical setting, they show that
efficient cleaning and disinfection can have a major impact in
reducing LA-MRSA in a pig herd. However, further studies are
needed to assess the efficacy of less than perfect cleaning
measures.

As cleaning the continuous-flow pens weekly may not be a fea-
sible control measure from a practical point of view, cleaning all-in
all-out pens was combined with other control measures to study if
effective results could be obtained with other approaches. In gen-
eral, cleaning of all-in all-out pens seems to be one of the key com-
ponents in achieving disease elimination, but the largest reduction
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of the mean within-herd prevalence was obtained when cleaning
was combined with disease surveillance. Based on the results in
Fig. 3 and Table 2, disease surveillance by testing both gilts and
sows together with all-in all-out pen cleaning resulted in disease
elimination, especially when improved biosecurity was added.
Testing only sows together with all-in all-out cleaning also had a
high probability in causing elimination when it was combined with
improved herd biosecurity, whereas testing only gilts was not as
effective as the corresponding sow-testing scenarios. A possible
explanation is that testing gilts is mostly effective in early detec-
tion and disease eradication, but if LA-MRSA has already spread
to the rest of the herd, testing sows is more effective in limiting
the spread to the offspring which will become the majority of
the herd population. In both sow and gilt surveillance measures,
the test results were available after one day and the positive ani-
mals were removed after another day. This may affect the reliabil-
ity of the test results as the previously negative animals might
become positive during this period but is consistent with the time
passing between testing and receiving laboratory results.

Improving the herd biosecurity by removing the between-pen
transmission route had only a minor impact on the within-herd
LA-MRSA prevalence when used as the only control measure. How-
ever, the between-pen transmission rates used in this study were
based on assumptions. In practice, the herds that have poorer
biosecurity might benefit more from the improved biosecurity
than what has been presented in this study. Similar to the
improved biosecurity measure, disease surveillance as the only
control measure was not enough to substantially reduce the herd
prevalence when a test with 70% diagnostic sensitivity was used.
However, a more sensitive test had a bigger impact on reducing
the prevalence when only gilts or both gilts and sows were tested.
As improving the diagnostic sensitivity did not decrease the
within-herd prevalence when testing only sows, the reduction in
prevalence when testing gilts was most likely affected by the
increased probability of disease elimination, which was probably



Table 2
The probability of elimination of livestock-associated methicillin-resistant Staphylo-
coccus aureus and the mean time to extinction in the pig herd model when different
control measures were applied at the outbreak phase of disease spread. Only control
measures that had >0% probability of elimination are included in the table. Each
control measure was run for 10 000 trajectories per scenario. The mean time to
elimination was calculated from the day of disease introduction.

Control measure Mean time
(days)
to elimination

Probability
of elimination
(%)

Single control measures
BS+ 559 0.01
Biweekly1 587 0.07
Test2 gilts 300 2.96
Clean AIAO 1 158 0.02

Combined control measures
Test G + S, clean CF and AIAO, BS+, M� 365 100.00
Test G + S, clean CF and AIAO, M� 536 100.00
Test G + S, clean AIAO, BS+, M� 533 99.99
Test G + S, clean AIAO, BS+ 492 99.98
Test G + S, clean AIAO, M� 946 94.04
Test G + S, clean AIAO 920 94.33
Test G + S, BS+, M� 565 23.7
Test G + S 291 3.26
Test gilts, clean AIAO, BS+, M� 868 54.39
Test gilts, clean AIAO, BS+ 780 63.31
Test gilts, clean AIAO, M� 660 18.92
Test gilts, clean AIAO 648 23.63
Test sows, clean AIAO, BS+, M� 977 99.1
Test sows, clean AIAO, BS+ 931 99.39
Test sows, clean AIAO, M� 1 600 18.67
Test sows, BS+, M� 1 109 0.02
Clean AIAO, BS+, M� 1 510 1.46
Clean CF and AIAO 1 370 73.02

Abbreviations: BS+ = improved biosecurity (between-pen transmission
reduced to 0); M� = cross-fostering and finishing mixing reduced to 0;
AIAO = all-in all-out pens; G + S = gilts and sows; CF = continuous-flow pens.

1 In the biweekly model, animal movements occurred every other week instead
of every week as in other model scenarios.

2 The diagnostic test sensitivity for the surveillance control measures (testing)
was 70%.
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a consequence of improved early disease detection. These results
may indicate that, if several tests with different diagnostic sensitiv-
ities are available, investing in more sensitive testing methods
could be beneficial for maximising the chance of detecting LA-
MRSA carriers early in an outbreak and consequently improving
the chances of eradicating the disease before it spreads widely in
the herd.

Ceasing the mixing of pigs in the farrowing unit (cross-
fostering) and in the finishing unit did not have an impact on LA-
MRSA within-herd prevalence when it was used as the only control
measure nor when combiningwith other control measures (Figs. 1–
4). Similar findings have also been reported in the modelling study
by Sørensen et al. (2018). The reason for the observed lack of effec-
tiveness in the current study remains largely unknown, but one
explanation could be that the infectious pressure within the far-
rowing and finishing rooms is fairly evenly disseminated within
each room and therefore moving animals between pens in the
same room does not influence the prevalence.

This study also investigated the effect of extending the time the
pens were held empty between batches of pigs on the within-herd
prevalence of LA-MRSA. To be able to achieve this, the number of
animals in the herd needed to be halved to be able to fit animals
in pens that were free for use. This control measure slowed the dis-
ease spread and reduced the steady-state disease prevalence. As
this control strategy required major changes to the base model
structure, it was only modelled as a single control strategy at the
outbreak phase of the disease spread. Moreover, in a farm environ-
ment, it would induce a major economic setback and would be
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only implemented when there was a sense of urgency and hope
of eradication, i.e., in the outbreak phase of disease spread. Com-
bining this control measure with other measures such as cleaning
could have a bigger impact on the prevalence, but reducing the
number of pigs in the herd could be difficult and costly in practice.
Time to disease elimination

In addition to the low probability of achieving disease elimina-
tion, the mean number of days required to reach elimination was
high. Even the most effective combination of control measures
(cleaning of all pens, surveillance of both gilts and sows, improved
biosecurity and no mixing practices) took at least one year to reach
elimination when the measures were introduced immediately at
the outbreak phase of the spread. This may seem discouraging
from a practical perspective, but it should be noted that, in herds
with different management practices, the results might be better
than those described in the current study. The transmission param-
eters used in the study were parameterised against values obtained
from the study by Broens et al. (2012b), and therefore, these mod-
elling results reflect the conditions of the herds sampled in that
study. Additionally, the proportion of pigs that were infected to
introduce the disease to the herd was fairly high. If the disease
was introduced via fewer individuals, eradicating LA-MRSA might
have been more likely and occurred sooner. In a country where
the number of LA-MRSA-positive herds is low, the likelihood of
LA-MRSA introduction to the herd and the intensity of the intro-
duction may be smaller than what was modelled in this study.
Therefore, the control measures presented in this study may still
be an attractive alternative to whole-herd culling in low-
prevalence countries.
Limitations

This study adapted a model where both the direct and indirect
transmission of LA-MRSA were combined into single transmission
term. In this approach, all transmission took place indirectly
through the environment and it allowed studying the effect of
cleaning on the disease prevalence. However, as discussed in
Tuominen et al. (2022), separating the direct and indirect transmis-
sion could be a more accurate representation of the disease
dynamics, but this was not possible with the limited within-herd
prevalence observations available in the literature. Due to the envi-
ronmentally mediated transmission, it is possible that the mod-
elled prevalence reduction obtained with the cleaning measures
may have been larger than if the direct transmission would have
been separated from the indirect transmission. However, although
the model might slightly overestimate the effect of cleaning the
environment, it still takes into account the infected animals and
their contribution to the environmental load.

The baseline configuration of the model did not include any
cleaning routines which most of the pig farms are likely to have.
Additionally, no cleaning routines were included when parameter-
ising the transmission rates because the extent of the cleaning
measures in the herds represented in the target data were
unknown. It is reasonable to assume that a certain baseline clean-
ing practice was used in these herds. This could result in an under-
estimation of the transmission rates and consequently an
overestimation of the difference between model trajectories with
and without cleaning. The model used in this study also assumed
that pigs could be recolonised with LA-MRSA immediately after
recovering from infected state. While studies have found it difficult
to induce immunity against S. aureus (Crombé et al., 2013), it is not
possible to fully exclude the possibility of pigs obtaining immunity
against LA-MRSA. If pigs are capable of developing immunity after
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encountering LA-MRSA, this could change the model transmission
dynamics.

The disease surveillance modelled in this study was an adapta-
tion of what could be a feasible surveillance strategy in practice. In
the model, the test-positive pigs and the pigs sharing the same pen
were moved into the susceptible category and the pen environ-
ment was fully cleaned. Therefore, this approach assumed the
availability of LA-MRSA-negative animals to replace infected ones.
In practice, replacement gilts may themselves be a source of dis-
ease or not be available immediately to replace those that are
culled. If animals were not replaced, the population size would
decrease, and this would affect disease transmission dynamics.
Also, using more extensive removal strategies, e.g., removing all
the animals in the same room and thorough cleaning, could
improve the chances of achieving disease elimination in the herd.
Overall aspects

Assessing the practical importance of the individual control
measures presented in this study is dependent on the desired goal
to be achieved (e.g., reduction below certain within-herd preva-
lence or disease elimination) as well as how easy the measures
are to implement in practice. Ideally, control measures should be
cost-effective, feasible to implement and cause quick elimination
of the disease. But, as demonstrated in the current and previous
studies (Sørensen et al., 2018; Schulz et al., 2019), eradicating
LA-MRSA from a pig herd is difficult and requires combining sev-
eral control measures which may be labour-intensive and costly.
The tested control measures were seen as feasible, based on discus-
sions with Swedish pig veterinarians and pig farmers. However,
the success relies heavily on full implementation, which might
require a legal obligation. To limit the between-herd spread of
LA-MRSA, it would also be beneficial to use network models to
study the between-herd dynamics and their impact on the intro-
duction of LA-MRSA to individual herds. In addition, a cost-
benefit analysis including public health benefits would most likely
be required as a basis for discussions about cost-sharing.

This study modelled possible control measures against LA-
MRSA in a farrow-to-finish pig herd. The results show that thor-
ough cleaning of the environment may be one of the key factors
in reducing the within-herd LA-MRSA prevalence. However, com-
bining cleaning with disease surveillance results in a larger reduc-
tion in LA-MRSA prevalence and higher chance of disease
elimination. The results highlight that achieving disease elimina-
tion can be challenging once LA-MRSA has been introduced to
the herd, but more likely if LA-MRSA is detected early in the
outbreak.
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