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Preface
This PhD project was part of a bigger project, the OHLAM (One Health Livestock Associated MRSA) project,

initiated by the Ministry of Environment and Food of Denmark in order to underpin decisions towards a

strategy to control LA MRSA in Denmark and limit its spread to humans.

The background for initiating the OHLAM project was a marked increase in the number of detected human

LA MRSA carriers from 14 in 2007 to 643 in 2013, as well as an increase in the proportion of the total MRSA

cases constituted by LA MRSA from 2.1% to 30.7%. Some of this increase could be explained by revised

MRSA guidelines for sampling, but it was still clear that the epidemic was growing, and that there was a

need for a strategy to control LA MRSA.

Generally, there is a lack of knowledge regarding effective interventions against LA MRSA in pigs as well as

in humans. The importance of various transmission routes is not characterized on a large scale and the

economic consequences of LA MRSA at a national scale needs to be further investigated, in order to make

informed decisions about handling the epidemic.

The OHLAM project consists of 15 work packages with a high degree of interaction between them. The

work presented in this thesis formed part of work package (WP) 1.1 and 1.2. The overall aim of WP 1.1 was

to build simulations models for spread of LA MRSA within and between pig farms and use these models for

simulating the effect of possible control strategies. It was the intention that these models should be

informed by data harvested in other WPs. The aim of WP 1.2 was to investigate the epidemiology of LA

MRSA in the Danish pig population, in particular the influence of vertical transmission, risk factors for

introduction and determinants for farm level LA MRSA status.

The work that formed the basis for the present thesis was conducted at the Division for Diagnostics and

Scientific Advice, National Veterinary Institute, Technical University of Denmark during April 1, 2015 –

March 31, 2018, and also included a 2 month stay at Department of Disease Control and Epidemiology,

National Veterinary Institute, Uppsala, Sweden (SVA) during September 25, 2017 – November 24, 2017.

The PhD student was enrolled in the VET BIT PhD School and the PhD project was funded by the Ministry of

Environment and Food of Denmark through The Danish Agrifish Agency (J. no. 33010 NIFA 14 612).

Lyngby, March 2018.
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Summary
Livestock associated methicillin resistant Staphylococcus aureus (LA MRSA) is an opportunistic human

pathogen with main reservoir in pigs.

Since LA MRSA first was identified in Denmark in 2007 among isolates collected at two Danish pig farms in

2003, the occurrence have increased dramatically and reached a prevalence of 88% positive farms in 2016.

Meanwhile a similar increase in human infections have been observed; most infections are still observed

among people with livestock contact, but the development in number of infections among people without

livestock contact have followed a similar increasing trend.

Given the high prevalence of LA MRSA positive farms, total eradication of LA MRSA in the Danish pig

population does not seem feasible, and thus a strong need for exploring options to control the spread of

LA MRSA in Danish pig herds exists. At present it is still not known how LA MRSA managed to spread so

quickly in the Danish pig population and a lot still needs to be understood regarding which factors that

determine whether a farm becomes LA MRSA positive or not.

In the first part of this thesis two studies were conducted with the aim of identifying herd level risk factors

for: 1) herds testing MRSA positive (study 1), and 2) more specifically for herds changing status from

negative to positive during 2014 2016 (study 2). The studies were based on data harvested in

questionnaire based phone interviews with farmers and supplemented with data for antimicrobial use,

movement of pigs and location of neighbouring farms extracted from three national registers.

Three risk factors already identified in other studies were confirmed. LA MRSA positive status was

associated with large herd size and with number of pig suppliers. In addition, sow herds tested LA MRSA

positive less frequently than herds without sows, and therefore data from sow herds were analysed

separately. In univariable analysis, the following factors were associated with sow herds testing LA MRSA

positive: use of wet feed in the sow units; higher weights of piglets at weaning; availability of a delivery

room on the farm; cleaning of aisles after pigs were moved; number of pigs per weaner section; number of

pigs purchased in the past year, and factors related to rodent control and human traffic in the herd. In

herds without sows, the univariable analysis showed that the presence of other animal species on the farm;

negative pressure ventilation; full sectioning; frequent visits from the veterinarian; peroral use of

tetracyclines for weaners; number of pigs purchased in the past year, and factors related to rodent control

and human traffic in the herd were significantly associated with LA MRSA status. Similar to what have been

observed in other studies, many of the factors significantly associated with LA MRSA status in study 1 was

also significantly associated with herd size, and thus it was not possible to identify whether herd size itself

or the related factors were the “true” risk factors.
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The number of observations in study 2 was small, but three variables (the number of pig suppliers, use of

group medication in water vs. administration through feed, and having a company contract for mouse

control) were associated with changing LA MRSA status in the univariable analysis.

Before the implementation of a national control strategy can be decided upon, it is also essential to

understand how LA MRSA spreads and persists within a pig herd, once it has been introduced. In the

second part of this thesis a mechanistic model for spread of LA MRSA within an pig herd was therefore

build and subsequently used for studying transmission dynamics and within farm prevalence after

simulating different introductions of LA MRSA on a farm.

With the current parameterisation of the model, spread of LA MRSA throughout the farm mainly followed

the movement of pigs. The later in the production process LA MRSA was introduced, the longer it took to

spread to the whole farm. After spread of LA MRSA had reached a steady state, the prevalence of LA MRSA

shedders was predicted to be highest in the farrowing unit, and lowest in the mating unit, independent of

where and how LA MRSA was introduced. Thus the farrowing unit might the area with most potential for

intervention against spread of LA MRSA. Introduction of a low number of intermittently shedding pigs was

predicted to frequently result in LA MRSA not establishing itself in the herd.

Increasing the duration of carriage led to an increased median prevalence, less variance and fewer

iterations where LA MRSA did not become established in the herd. When removing the possibility of pigs

becoming persistent shedders, LA MRSA more frequently faded out and did not become established within

the herd.

Not much is known regarding successful interventions against LA MRSA within pig herds. Consequently the

mechanistic model for spread of LA MRSA within a farm were used for simulating on farm interventions

within four different areas: 1) Reduced antimicrobial consumption, 2) Reduced number of pigs within each

section, 3) Reduced mixing of pigs from different litters, batches or pens, and 4) Improved internal

biosecurity. It is believed that a reduction in the within farm LA MRSA prevalence will result in less spread

between farms and reduce the risk of transmission to humans working on the farm.

Reducing the transmission rates after LA MRSA had become fully established within the herd, resulted in a

marked prevalence decrease in the prevalence of LA MRSA positive pigs within the different stable units,

albeit LA MRSA rarely disappeared completely. This indicates that while reducing antimicrobial

consumption might be an important step towards reducing the LA MRSA occurrence within the herd, other

preventive or intervention measures should also be implemented in order to completely clear a herd from

LA MRSA.
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Implementation of the other interventions after LA MRSA had become established within a herd only

resulted in marginal changes in the median within herd prevalence. However, in relation to being able to

achieve or maintain a low level of antimicrobial consumption, these factors might still be of importance.

The results of the sensitivity analysis indicated that the assumptions regarding the existence of pigs

persistently shedding MRSA have a noticeable influence on the model results.

A secondary of objective of building the simulation model was to identify knowledge gaps regarding spread

and control of LA MRSA. Several knowledge gaps related to infection dynamics exist, including influence of

the environment, LA MRSA load and persistent carriage. Regarding control of LA MRSA, the main problem

is currently a lack of evidence for major effect of any type of intervention other than reducing antimicrobial

consumption.

In conclusion, the work presented in this thesis have resulted in:

1) Confirmation of already known risk factors for farms testing LA MRSA positive (herd type, herd size,

number of pig suppliers) and identification of a number of potential new risk factors, albeit many of these

were related to herd size, and it therefore was impossible to conclude, whether herd size itself or these

factors were the true risk factors.

2) Construction of a mechanistic model for spread of LA MRSA within a pig herd that can be used for

simulating LA MRSA within herd dynamics following different introductions. The code for the model is

publicly available, and the herd part of the model can potentially be re used together with epidemic models

for other pathogens.

3) Simulation of within herd interventions: Reduced antimicrobial consumption, reduced number of pigs

within each section, reduced mixing of pigs, and improved internal biosecurity, of which only reduced

antimicrobial consumption had a marked effect on the within herd prevalence. More intervention

scenarios can be simulated, when data becomes available.

4) The observation that once LA MRSA has become established within a herd, it will spread to all

compartments within the farm and be very hard to get rid of.
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Sammendrag (Summary in Danish)
Husdyr associeret methicillin resistent Staphylococcus aureus (husdyr MRSA) er et opportunistisk patogen

med primært reservoir i svinepopulationen.

Siden husdyr MRSA for første gang blev identificeret i Danmark i 2007 blandt isolater indsamlet i to

svinebesætninger i 2003, er forekomsten steget dramatisk og i 2016 blev der fundet husdyr MRSA i 88% af

de undersøgte svinebesætninger. I samme tidsrum er der observeret en tilsvarende stigning i antallet af

humane husdyr MRSA infektioner. De fleste infektioner ses stadigvæk hos personer med kontakt til husdyr,

men udviklingen i antallet af infektioner hos personer uden kontakt til husdyr udviser samme stigende

tendens.

Givet den høje forekomst af besætninger, der er testet positive for husdyr MRSA, forekommer det ikke

realistisk at udrydde husdyr MRSA igennem sanering, og derfor er det nødvendigt at undersøge alternative

metoder til at få spredningen af husdyr MRSA i de danske svinebesætninger under kontrol. På nuværende

tidspunkt er det stadigvæk uklart, hvordan husdyr MRSA kunne sprede sig så hurtigt i den danske

svinepopulation og, hvilke faktorer, der gør at en svinebesætning bliver husdyr MRSA positiv.

I den første del af denne afhandling, blev der gennemført to undersøgelser, der havde til formål at

identificere risikofaktorer for: 1) at besætninger var husdyr MRSA positive (undersøgelse 1), eller 2) for at

de i løbet af 2014 2016 ændrede status fra at være husdyr MRSA negative til at være husdyr MRSA positive

(undersøgelse 2). Undersøgelserne var baseret på data indhentet i spørgeskema baserede

telefoninterviews med besætningsejere, suppleret med data fra tre nationale registre for henholdsvis

antibiotikaforbrug, flytning af svin, og afstand til andre besætninger.

Tre risikofaktorer, der allerede var identificeret i andre studier blev bekræftet. Status som husdyr MRSA

positiv besætning var relateret til større besætningsstørrelse og antal leverandører af svin. Desuden blev

sobesætninger sjældnere testet positive for husdyr MRSA sammenlignet med besætninger uden søer, og

derfor blev data fra besætninger med søer analyseret separat. I univariabel analyse af data fra

sobesætninger var følgende faktorer forbundet med at være husdyr MRSA positiv: brug af vådfoder i so

afsnittene, højere fravænningsvægt, brug af udleveringsrum, rengøring af gangene efter flytning af svin,

antal fravænningsgrise pr. sektion, antal svin indkøbt indenfor det seneste år, samt faktorer relateret til

gnaverbekæmpelse og menneskelig færdsel i staldene. For besætninger uden søer indikerede de

univariable analyser, at positiv husdyr MRSA status var relateret til tilstedeværelse af andre husdyr på

adressen, undertryksventilation, fuldsektionering, hyppige dyrlægebesøg, peroralt forbrug af tetracyklin til

fravænningsgrise, antal svin indkøbt indenfor det seneste år, samt faktorer relateret til gnaverbekæmpelse

og menneskelig færdsel. Ligesom det også er observeret i en del andre studier, var mange af faktorerne,

der var relateret til husdyr MRSA status også relateret til besætningsstørrelse. Derfor var det i den sidste
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ende ikke muligt at konkludere, hvorvidt besætningsstørrelse i sig selv eller de relaterede faktorer er de

egentlige risikofaktorer i forhold til husdyr MRSA.

Antallet af observationer i den anden undersøgelse var lavt, men tre variable var signifikant forbundne med

husdyr MRSA status (antal leverandører af svin, brug af flokmedicinering via vand, samt firmakontrakt for

musebekæmpelse).

Før en beslutning kan tages vedrørende en national strategi for bekæmpelse af husdyr MRSA, er det

nødvendigt at forstå, hvordan husdyr MRSA spreder sig og forbliver i en besætning. Derfor bygger anden

del af afhandlingen på udviklingen af en simuleringsmodel for spredning af husdyr MRSA indenfor en

besætning. Denne model blev brugt til at studere spredningsdynamik og forekomst i besætningen efter

forskellige introduktioner af husdyr MRSA.

Med den nuværende parameterisering af modellen, fulgte spredningen af husdyr MRSA indenfor

besætningen primært flytningerne af dyr, og jo senere i produktionscyklus husdyr MRSA blev introduceret,

desto længere tid tog det før bakterien havde spredt sig til hele besætningen. Efter en ligevægtstilstand for

spredningen af husdyr MRSA indenfor besætningen har indfundet sig, vil forekomsten ifølge simuleringerne

oftest være højest i farestalden og lavest i løbestalden, uafhængigt af hvor og hvordan husdyr MRSA blev

introduceret. Derfor ser farestalden umiddelbart ud til at være det staldafsnit med størst potentiale for

intervention. Ifølge modellen vil introduktion af et lille antal dyr, der kun udskiller husdyr MRSA fra tid til

anden, ofte betyde, at husdyr MRSA ikke bliver etableret i besætningen, men hurtigt dør ud igen.

I sensitivitetsanalysen blev varigheden af bærertilstanden hos svin, der kun i perioder udskiller husdyr

MRSA forøget, hvilket resulterede i øget medianforekomst af svin, der udskiller husdyr MRSA, mindre

varians og færre iterationer, hvor husdyr MRSA ikke blev etableret i besætningen. Når muligheden for, at

nogle svin blev permanente bærere, blev fjernet, skete det oftere, at husdyr MRSA ikke blev etableret i

besætningen.

På nuværende tidspunkt er der ikke meget viden tilgængelig om succesfulde interventioner overfor husdyr

MRSA i svinebesætninger. Derfor blev simuleringsmodellen brugt til at simulere effekten af

besætningsinterventioner med markant forskellige virkningsmekanismer: 1) Reduceret antibiotikaforbrug,

2) Reduceret antal svin pr. sektion, 3) Reduceret sammenblanding af grise fra forskellige kuld, hold eller

stier, 4) Forbedret intern smittebeskyttelse. Det forventes, at en reduceret forekomst af husdyr MRSA inde

i besætningerne vil føre til mindre spredning mellem besætninger og minimere risikoen for overførsel af

husdyr MRSA til medarbejderne i besætningen.
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Når spredningsraten blev reduceret i simuleringer af spredning i en svinebesætning hvor husdyr MRSA

allerede havde etableret sig, gav det et markant fald i forekomsten i de forskellige staldafsnit, selvom

husdyr MRSA kun sjældent helt forsvandt. Dette indikerer, at selvom en reduktion af antibiotikaforbruget

effektivt reducerede forekomsten af svin med husdyr MRSA i besætningen, og derfor er et vigtigt skridt på

vejen til at udrydde husdyr MRSA, er det kun sjældent nok til helt at udrydde bakterien, og skal derfor

stadigvæk suppleres med andre foranstaltninger.

Implementering af de andre interventioner i en svinebesætning hvor husdyr MRSA allerede var etableret,

resulterede kun i marginale ændringer i medianforekomsten i besætningen. Disse interventioner har dog

formentligt betydning i forhold til at opnå eller bevare et lavt antibiotikaforbrug.

Sensitivitetsanalyserne indikerede, at antagelsen om tilstedeværelse af svin, der er permanente bærere af

husdyr MRSA, har en betydelig indflydelse på resultaterne af simuleringerne.

Et sekundært formål med at bygge simuleringsmodellen var at identificere områder, hvor der savnes viden i

forhold til spredning og kontrol af husdyr MRSA. Med hensyn til spredning af husdyr MRSA indenfor

besætningen er der adskillige områder relateret til spredningsdynamik, herunder indflydelse af det

omgivende miljø, bakterielt load og permanent bærerskab, hvor mere viden er ønskelig. Med hensyn til

kontrolforanstaltninger er det primære problem på nuværende tidspunkt mangel på evidens for virkning af

andre typer interventioner end sænkning af antibiotikaforbruget.

Denne afhandling har resulteret i:

1) Bekræftelse af allerede kendte risikofaktorer for at besætninger bliver husdyr MRSA positive

(besætningstype, besætningsstørrelse, antal leverandører af svin) og identifikation af et antal nye

potentielle risikofaktorer. Dog var mange af disse relateret til besætningsstørrelse, og det var derfor ikke

muligt at konkludere, hvorvidt besætningsstørrelsen eller disse faktorer var de egentlige risikofaktorer.

2) En mekanistisk model for spredning af husdyr MRSA i en svinebesætning. Koden for modellen er

offentligt tilgængelig, og besætningsdelen af modellen kan potentielt genbruges sammen med epidemiske

modeller for andre sygdomsbakterier.

3) Simulering af interventioner indenfor besætningen: reduceret antibiotikaforbrug, reduceret antal svin pr.

sektion, reduceret sammenblanding af svin og forbedret intern smittebeskyttelse, hvoraf kun en sænkning

af antibiotikaforbruget havde en markant effekt. Flere typer interventionsscenarier kan simuleres, når data

bliver tilgængelige.

4) Iagttagelsen af at når husdyr MRSA først har etableret sig i besætningen, vil bakterien sprede sig til alle

dele af besætningen og være meget svær at komme af med igen.
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List of abbreviations
AIC Akaike Information Criterion

Parameter estimate (manuscript I) or transmission rate (manuscript II)

CA MRSA Community acquired methicillin resistant Staphylococcus aureus

CC Clonal complex

CHR Central Husbandry Register

DADD Defined Animal Daily Doses

DVFA Danish Veterinary and Food Administration

EFSA European Food Safety Authority

EU European Union

HA MRSA Hospital or healthcare associated methicillin resistant Staphylococcus aureus

IS Intermittent shedder

LA MRSA Livestock associated methicillin resistant Staphylococcus aureus

MLVA Multiple Locus Variable Number Tandem Repeats Analysis

MRSA Methicillin resistant Staphylococcus aureus

MSSA Methicillin sensitive Staphylococcus aureus

OR Odds ratio

PS Persistent shedder

QAC Quaternary ammonium compound

R0 Basic reproduction ratio
(average number of secondary cases from one “infected” case)

VetStat The Danish Veterinary Medicines Statistics Program
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Definitions/terminology
Shedder/carrier

In many papers, the term LA MRSA carrier is used to describe a pig carrying LA MRSA in detectable levels.

In manuscript II the term LA MRSA shedder was used for describing a pig that carries LA MRSA in

detectable levels and is assumed to be able to pass on LA MRSA to other pigs.

Contaminated/Colonised/Infected

There seem to be no clear definitions of the use of these words within this area, but in general

‘contaminated’ are used when LA MRSA can be found on the site, but has not necessarily become

established. ’Colonised’ most often refers to a state, where the organism in question has become

established within the host, but not caused clinical disease. The term ‘infected’ is used, when the

human/animal carrying LA MRSA is exhibiting signs of clinical disease.

Prevalence of LA MRSA

It can be debated whether it is appropriate to use the term prevalence about LA MRSA, or if occurrence or

presence would be better choices. However, in the present thesis it was decided to use the word

prevalence also when it is not referring to disease prevalence.

In general, when citing other papers, the terminology used in the paper in question has been retained, with

the exception of ST398 and CC398, where CC398 has been preferred if appropriate.
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1. Outline and objectives
This thesis consists of an introduction to livestock associated methicillin resistant Staphylococcus aureus

(LA MRSA), its spread and occurrence, and an introduction to infectious disease modelling. This is followed

by two main chapters; ‘Part A Epidemiology of LA MRSA in the Danish pig population’ and ‘Part B spread

and control of LA MRSA within a pig herd’. Part A includes of one manuscript, while part B includes of two

manuscripts. Each part includes a discussion section. The thesis ends with a general discussion of

knowledge gaps within the area and a combined discussion of the findings in part A and B, followed by

conclusions and perspectives.

‘Part A Epidemiology of LA MRSA in the Danish pig population’ is based on an observational study

described in manuscript I. The general occurrence of LA MRSA in the Danish pig population was

investigated in two national screenings of pig herds conducted by the Danish Veterinary and Food

Administration in 2014 and 2016. The data from these two screenings formed the basis for a risk factor

study together with data collected in a questionnaire based telephone interview survey and data from

three national registers. These data included data on movement of pigs (the pig movement database), use

of antimicrobials and zinc oxide (the VetStat database), and distance to other farms (the central husbandry

register). Some of the information generated in this part of the project was also used in part B as input for

parameterisation of the model, or as inspiration for intervention strategies to be tested in the model.

The objectives of part A were to:

1) Investigate herd level risk factors for farms being classified as LA MRSA positive (study 1).

2) Investigate herd level risk factors for farms changing status from LA MRSA negative to LA MRSA positive

during 2014 2016 (study 2).

‘Part B Spread and control of LA MRSA within a pig herd’ is based on two modelling studies described in

manuscript II and III. Before the implementation of a national control strategy can be decided upon, it is

essential to understand how LA MRSA spreads and persists within a pig herd, once it is introduced.

For other pathogens, disease spread models have proven to be valuable tools for obtaining a better

understanding of disease dynamics, through synthesizing and integrating knowledge from different

sources, e.g. literature, experiments and register data. Creating a model for spread of LA MRSA within a

herd could therefore enable us to study the colonization dynamics of LA MRSA. In addition, such a model

would be a useful tool for assessing the short and long term consequences of proposed interventions

against LA MRSA at farm level, and hereby aid decision makers before the implementation of these. The

within herd LA MRSA prevalence is believed to influence the risk of spread to humans working on the farm,

as well as spread to other farms. A better understanding of within herd LA MRSA dynamics and the effect
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of possible interventions is therefore also important in order to study the spread of LA MRSA between

herds and assess the effect of possible control strategies in the total Danish pig population.

The objectives of part B of the project were to:

1) Build a stochastic model of spread of LA MRSA within an integrated pig herd to aid a better

understanding of the dynamics of LA MRSA spread and persistence following different routes of

introduction.

2) Use this model for studying the effectiveness of potential strategies for eradication and/or control of LA

MRSA in Danish pig herds.

3) Identify important knowledge gaps in transmission and dispersal of LA MRSA. This will naturally happen

during conceptualisation and parameterisation of the model. The identified knowledge gaps will be

discussed in the general discussion section of the thesis.
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2. Livestock associated methicillin resistant Staphylococcus
aureus (LA MRSA)

2.1 Staphylococcus aureus, MRSA and LA MRSA
Staphylococcus aureus is a human commensal of the skin with main reservoir in the anterior nasal cavity

[1,2]. S. aureus is also an opportunistic pathogen and is quite resistant to environmental stress, including

desiccation, osmotic stress, and limited availability of nutrients, and can therefore survive in a wide range

of environments [2,3]. There are many examples of how S. aureus has gained resistance against

antimicrobial agents to which they are exposed [4]. An example of resistant S. aureus is methicillin resistant

S. aureus (MRSA), which was first discovered in 1961, only few years after the introduction of methicillin

[5].

Today, three main groups of MRSA exist. During the 1970 80s, MRSA was mainly found among hospitalised

patients, and therefore this group of MRSA strains have later been referred to as hospital associated or

healthcare associated MRSA (HA MRSA) [2,4]. The next wave of MRSA emerged in the mid 1990s, where

infections were mainly observed among patients, who had not been hospitalised prior to infection [4]. The

strains found among these patients were different from those observed in hospital outbreaks, and this

group of strains was named community acquired MRSA (CA MRSA) [4]. The third wave of MRSA, which was

mainly observed among people with direct or indirect livestock contact, started in 2005, when the first

findings of what is now referred to as livestock associated MRSA (LA MRSA) was reported in the

Netherlands and France [6,7].

It is believed that LA MRSA has evolved through a human methicillin sensitive S. aureus clone becoming

adapted to pigs, and subsequently acquiring first the tetM gene and then the mecA gene causing

tetracycline and methicillin resistance, respectively [8,9].

2.2 LA MRSA carriage and consequences

2.2.1 LA MRSA carriage in humans

2.2.1.1 Carrier types and factors influencing carriage in humans

Not all humans exposed to S. aureus becomes carriers, but carriage status in those that do become carriers

are important, because persistent nasal carriers have an increased risk of S. aureus infection, whereas

intermittent carriers and non carriers share the same low risk [10]. The distribution of S. aureus carriers in

the general human population has been estimated to: persistent carriers (~20%), intermittent carriers

(~30%), and non carriers (~50%) [10–13]. It has however been suggested to no longer distinguish between

intermittent carriers and non carriers, since the S. aureus elimination kinetics and antistaphylococcal
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antibody profile in these two types of carriers are very similar [10]. Persistent carriers have been known to

harbour higher loads of S. aureus compared to the two other types of carriers [1,12,14].

Host related factors are believed to be important determinants for persistent carriage of S. aureus [15,16].

However, in a study among twins only a modest effect was found, since the concordance rate for carriage

did not differ significantly between pairs of monozygotic twins and same or opposite sex dizygotic twins

[17]. A nasal receptor for wall teichoic acid, which is believed to influence colonization with S. aureus has

been identified [18], but the exact mechanisms involved in colonisation still needs to be described.

It has been suggested that MRSA compete with MSSA strains for colonization of the anterior nares [19],

even though, in some studies no association between MSSA and MRSA carriage was found [20,21].

Specifically for LA MRSA, persistent carriage seem to be strongly related to exposure [22,23], and absence

of carriage in periods with no animal contact have led to suggestions of LA MRSA being a poor persistent

colonizer in humans [23]. However, in one study 59% of pig farmers did not clear themselves of LA MRSA

during summer holidays away from the farm [24]. In a study, among 15 farm workers and 45 family

members on pig farms in Denmark, Belgium and the Netherlands, the proportion of persistent LA MRSA

carriers was 75 100% [22].

2.2.1.2 Disease

Some of the adhesion and virulence associated determinants found in other types of MRSA, have not been

identified in LA MRSA and together with low infection rates among carriers, this has led to its pathogenicity

in humans being questioned [25–27]. For example, the risk of S. aureus associated toxin syndromes (food

poisoning or toxic shock syndrome) is expected to be much lower for LA MRSA, since the genes involved

have rarely been identified in LA MRSA CC398 [25].

Most LA MRSA carriers are healthy carriers [28], but in susceptible individuals, LA MRSA has been

implicated in wide range of different conditions (similar to what has been observed for other MRSA types),

e.g. skin and soft tissue infections, pneumonia, meningitis, osteomyelitis, endocarditis and bacteraemia

[29,30].

In 2016, about 1/3 of all newly registered MRSA carriers in Denmark carried LA MRSA, but LA MRSA was

only implicated in 16% of all MRSA infections registered this year [28,31]. However, this might be a result of

the testing scheme applied when persons with regular contact to pigs or mink come into contact with the

hospital system, and can therefore not be taken as indicative of the infection rate among LA MRSA carriers

compared to other types of MRSA carriers. Among 1,981 cases of S. aureus bacteremia registered in

Denmark in 2016, only seven were caused by LA MRSA [28]. Most patients with LA MRSA bloodstream

infections had no contact to livestock, albeit most of them lived in rural areas [32]. Hospitalised patients

with LA MRSA infection and contact to livestock are generally younger and healthier than other patients
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with MRSA infection, and this difference in demographics might also be part of the explanation for the

lower disease burden and less severe complications observed in this patient group [29].

2.2.2 LA MRSA carriage in pigs

2.2.2.1 Carrier types
Only few longitudinal studies of LA MRSA carriage in pigs, where carriage types have been reported, exist.

In a study of the occurrence of S. aureus and LA MRSA at 20 farms, the 480 tested pigs were classified as

non carriers (23%), intermittent carriers (52%) or persistent carriers (24%) of S. aureus based on three

samplings per pig at one week intervals [33]. Pigs that persistently carried high loads of S. aureus (>10,000

CFU/swab) were identified as “super carriers”, which might be able to play a crucial role in the persistence

of the bacteria within a pig herd [33]. The proportion of persistent carriers was highly dependent on farm

and pen specific factors [33]. This could suggest an influence of the degree of exposure or other

environmental factors. As in humans, higher nasal S. aureus loads were observed in pigs persistently

carrying S. aureus (3.6 log CFU; range, 1.9 to 3.9) compared to those only carrying S. aureus intermittently

(1.4 log CFU; range, 0.3 to 3.3). However, in another study, where a total of 390 pigs on four farms were

tested 11 times between farrow and finish, all pigs changed status at least once, i.e. no persistent carriers

were identified, which made the authors question the existence of persistent carriers in pigs [34].

2.2.2.2 Host related factors

In a longitudinal study of colonisation in piglets, it was observed that if a piglet born by an LA MRSA positive

sow remained LA MRSA negative until weaning, the piglet was at a lower risk of becoming LA MRSA

positive later in life compared to an intermittently colonised piglet from an LA MRSA negative sow [35]. It

has therefore been speculated, that this might be an indication of inherent variation in susceptibility to LA

MRSA [35]. This hypothesis is supported by a study, where a SNP located in a non coding region was

associated with nasal S. aureus carriage in pigs and four chemokine genes were identified as candidate

genes for S. aureus carriage [36]. In addition, when testing nasal samples from pigs from seven different pig

lineages, pigs from one specific lineage were less often S. aureus positive compared to pigs from other

lineages [37].

2.2.2.3 Nasal microbiome

Differential analysis of the nasal microbiome in pigs, identified as carriers or non carriers of S. aureus, has

revealed that twenty operational taxonomic units were associated with non carriers, including species with

known probiotic potential and/or antimicrobial effect [38]. Furthermore, an association between nasal

carriage of S. aureus and other staphylococci in pigs, has been reported in a study, where S. aureus rarely

was found in the same samples as S. sciuri, S. cohnii, or S. saprophyticus [37].

In two studies, where both the presence of S. aureus in general and LA MRSA in pigs were investigated, co

colonisation with MSSA and LA MRSA seemed to be possible [33,39].
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In another study, it was concluded that farm management can influence the nasal microbiota in pigs, but

no association between nasal microbiota and LA MRSA carriage was found [40].

2.2.2.4 Influence of the pig environment

The environment surrounding pigs shedding LA MRSA will naturally also become contaminated by LA

MRSA, and it has therefore been suggested that this also plays a role in the spread of LA MRSA between

pigs [41].

In a longitudinal study at four Belgian farms, where pigs were tested 10 11 times between farrow and

finish, Verhegghe et al., 2014 [42] found that on the two farms contaminated with low levels only, there

were no persistent carriers, and 33% and 17% of the sows were intermittent carriers. On the two highly

contaminated farms, 25% of the sows and 47% of the offspring on one farm and 92% of the sows and 37%

of the piglets on another farm persistently tested LA MRSA positive, while the remaining pigs were

intermittent carriers. This indicates that the overall contamination level of the farm might influence the

fraction of pigs identified as persistent carriers, i.e., it is unknown whether these results reflects “true”

persistent carriage or just re contamination of pigs at the highly contaminated farms.

Results of Multiple Locus Variable number tandem repeats Analysis (MLVA) revealed that during their life,

most pigs were colonized with LA MRSA belonging to several different MLVA types [42]. On the highly

contaminated farms, piglets and sows were often colonized by LA MRSA belonging to the same cluster;

however, all piglets within the same litter did not necessarily carry the same type [42]. This could be an

indication of transmission from the environment or from pigs in neighbouring pens. However, on the two

less contaminated farms, sows did also not always carry the type most prevalent in their offspring [42].

In a comparison of nasal S. aureus carriage in seven different pig lineages, the farm environment seemed to

influence the presence of S. aureus, since results for the lineages differed between farms [37]. In addition

to the possible influence of the overall contamination level of the farm, the risk of LA MRSA carriage in

individuals pigs might also be influenced considerably by differences in management, antimicrobial

consumption, stocking density and other local factors [43,44].

2.2.2.5 Other factors

It is unknown, whether dose of exposure influences the duration of LA MRSA carriage in pigs. However,

upon reporting the results of two experimental trials involving inoculation of pigs with LA MRSA, the

authors of one study [45] concluded that the minimum inoculation dose needed for persistent colonization

of animals seem to be not less than 108 CFU per animal. Similarly, when determining the LA MRSA dose

needed for inoculation of pigs housed in experimental facilities, Szabó et al. [46] found that use of doses

ranging from 102 107 CFU per animal did only result in short term colonization.
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2.2.2.6 Disease in pigs

LA MRSA has rarely been isolated from diseased pigs, but have been implicated in exudative epidermitis,

cutaneous abscesses, septicaemia, mastitis and infections of the urogenital tract and uterus [47,48]. In an

investigation of bacteria from 138 lesions at pigs at necropsy, LA MRSA were isolated as the sole bacteria in

35% of the lesions and therefore the authors suggested that the causative role of LA MRSA in lesions needs

further investigation [49].

2.2.3 Societal impact

2.2.3.1 The MRSA problem in Denmark
The MRSA expert group in Denmark consider LA MRSA a health and resource problem for [50]:

Individuals, who are immunocompromised or suffer from underlying diseases and need to undergo

surgery.

LA MRSA carriers including their families, who need to deal with the carriership – especially persons

working in pig herds and their families.

The health system; an increasing amount of resources is needed to prevent spread of LA MRSA, and to

treat patients with LA MRSA.

The expert group concludes that for the general population LA MRSA only constitutes a small health threat

[50].

2.2.3.2 Stigmatization of MRSA carriers and persons with contact to LA MRSA positive herds

Stigmatization of MRSA carriers have been reported both in Denmark and other countries [51–54].

Reported problems include: erosion or termination of personal or business relationships; discrimination;

bullying; rejections of treatment or access to waiting rooms at health clinics; poor mental health; social

withdrawal; feelings of guilt, shame, fear and isolation [51–54].

Specifically regarding LA MRSA, there has been Danish case stories of farmers’ spouses being bullied or

avoided at their work place, children of farmers being met with suspicion in day care facilities, and former

employees in LA MRSA positive herds having problems finding a new job [55]. Currently, it is not known to

what extent LA MRSA carriers or farm workers in Denmark experience stigmatization as a consequence of

their LA MRSA status or job.

2.2.3.3 Economic impact in the health care system

Only few assessments of the economic impact of LA MRSA for the society exist. The yearly cost of LA MRSA

in the Danish health care system was in 2015 estimated to 43 million DKK (~5.77 million €) [31]. The

majority of these costs (75%) are used for prevention of spread of LA MRSA [31]. Since then, additional

requirements for isolation of patients and test of persons with regular contact to mink, have added an

estimated 5 million DKK to the estimated yearly costs, resulting in a 2017 estimate of 48 million DDK (~6.45

million €) [31]. Similar results were obtained in Norway, relative to the size of the production [31,56].
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In a Swedish cost benefit evaluation of preventing introduction of LA MRSA in the Swedish pig population,

it was estimated that if introduction of LA MRSA resulted in the same human prevalence in the risk groups

as in Denmark or the Netherlands, the costs in the health care system would amount to 0.87 1.23 million €

(2011 prices) [57]. In 2016, the number of pigs slaughtered in Sweden amounted to 2.61 million, and the

pig production in Sweden is hence markedly smaller than the Danish production (18.22 million pigs

slaughtered and 13.51 million live pigs exported in 2016) [58].

Estimates for cost of eradication of LA MRSA in the pig population are mentioned in the section “3.4

Prevention and interventions”.

Based on the costs for the healthcare system we can conclude that LA MRSA is a costly problem for the

society. Therefore spread of LA MRSA needs to be limited as much as possible, perhaps best in the primary

source, which is the pig farm.
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3. Spread and occurrence of LA MRSA
3.1 Occurrence of LA MRSA

3.1.1 Occurrence of LA MRSA in animals

3.1.1.1 MRSA in animals worldwide

Since findings of what is now known as LA MRSA was reported for the first time in the Netherlands and

France in 2005 [6,7], LA MRSA has been detected in many countries in Europe [4] and Asia [59], in addition

to Australia [60], Canada [61] and the United states [62].

In Europe, a baseline study was conducted in 2008 with the aim to investigate the MRSA prevalence at

breeding and production farms in the EU. In this study, LA MRSA was found in either breeding or

production herds in 19 of the 27 participating countries, and since then, LA MRSA has been detected in at

least seven other countries in Europe [63–70]. Afterwards, the method used in the baseline study, analysis

of five pooled dust swab samples of 500 cm2 each, has been criticised for low sensitivity, limiting the ability

to detect MRSA to herds with high within herd prevalence [71,72]. Thus, the occurrence might have been

underestimated. More recent comparisons of the prevalence of positive farms within the different

countries are hampered by a lack of data and the use of different methods for sampling. However, high

prevalence in the pig population has been reported in both southern and central Europe [73,74], while LA

MRSA has only been sporadically detected in Norway and Sweden [57,75]. The dominant clonal complex

(CC) in Europe and Denmark is CC398 [4], albeit other clones also occur, e.g. has CC30 and CC1 been found

on Danish pig farms [76].

In Asia, high prevalence of positive farms (>30%) has been reported in Taiwan, China, Hong Kong and

Malaysia [59]. The dominant sequence type in Asia is CC9, however findings of CC398 have also been

reported in South Korea [59]. In the United States, other S. aureus clones of human origin are more

commonly found in pigs, and in some studies CC5 has been found to be the dominant livestock associated

type [77]. In Australia, only pigs on one farm have been investigated, and here CC398 and community

adapted CC93 were the dominant clones [60]. Reports from other parts of the world include findings of LA

MRSA in pigs in Peru [78], Brazil [79] and Senegal [80].

Pigs are believed to be the main reservoir for LA MRSA, even though a high prevalence of positive veal calf

farms have also been found in the Netherlands (2010: 88%) [81] and Belgium (2015: 79%) [73]. In addition,

findings of LA MRSA have been reported in a wide range of other animals, including mink, horses, broilers,

turkeys, rabbits, pets and rodents [4,82–87].

3.1.1.2 MRSA in the Danish pig population

In 2007, LA MRSA was retrospectively detected in the Danish pig population, when ten out of hundred

isolates collected at three farms in 2005 were re examined [88,89], due the first reports about findings of
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LA MRSA in the Netherlands and France [6,7]. Since then, the Danish pig population has been screened for

MRSA five times. In 2008, 198 production herds and 95 breeding herds were tested as part of the EU

baseline survey, and MRSA was detected in 3.5% of the production holdings, but in none of the breeding

holdings [74]. As mentioned above, the method used in the baseline study has been criticised for low

sensitivity [71,72]. Therefore, the results obtained in this survey are not comparable with results of the

later screenings, where pigs were tested using five times five pooled nasal swabs. In 2010 and 2011, MRSA

was found in 16% of 99 and 79 tested production herds, respectively [90,91]. In 2014, the prevalence had

increased dramatically to 68% and 66% respectively, among the tested 205 production herds and 70

breeding herds. In 2016, 88% of the randomly selected production herds tested positive [28]. Some of the

herds tested in 2014 were re tested in 2016. The 58 re tested herds, which tested positive in 2014, all

remained positive in 2016, whereas 62% of the 53 herds, which had been tested negative in 2014, were

now tested MRSA positive [28]. In 2014, results showed some regional variation in the LA MRSA prevalence

(Jutland (70%) , Funen (69%) and Zealand (53%)) [28], and in 2016 the prevalence was 59% among the 27

tested herds in Southeast Zealand, whereas on the island of Bornholm, 62% of the 26 tested herds were

found LA MRSA positive [28].

As observed in other countries [92], the prevalence in the organic pig population in Denmark is

considerably lower than in the general pig population. In 2015, LA MRSA was detected in 6% of 65

randomly selected organic herds [93].

The occurrence of LA MRSA in Danish pigs at slaughter was investigated in 2009, where 13% of the 789 pigs

were found MRSA positive [94], and again in 2011, where LA MRSA was detected in 44% of swabs from

777 pigs [91], and finally in 2012, where the prevalence was estimated to 77% [95]. However, these results

does not necessarily reflect the prevalence among animals within or between farms, as studies from the

Netherlands have indicated that LA MRSA is able to spread during transportation to slaughter and at lairage

in the slaughterhouse [96].

3.1.1.3 MRSA in other animals and food in Denmark

The presence of MRSA in the Danish cattle population has been investigated several times. The prevalence

in 236 bulk milk samples collected in 2016 was 3%, which is slightly higher than the results of similar

investigations conducted in 2014 and 2012 (both 2%) [28].

In 2015, there were two different on farm investigations on MRSA in veal calves. In one investigation, MRSA

was detected on 5 of the 50 tested farms (10%), whereas in the other one, MRSA was detected on 2 of 16

farms (12.5%). Interestingly, when the farms in the latter investigation were revisited two weeks later, no

animals tested positive [93].
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Veal calves have been tested at slaughter in 2010 (192 animals), 2011 (179 animals) and 2015 (93 animals)

(using skin swabs in 2010 2011, and an unknown method in 2015), but MRSA was not detected in any of

the tested animals [90,91,93].

In an investigation of the diversity of S. aureus in small ruminants at slaughter, LA MRSA CC398 was

detected in a sheep, but it was deemed likely that the isolate might originate from cross contamination at

the slaughterhouse, which also slaughtered pigs [97].

In 2015, LA MRSA was not detected in any of the horses tested at slaughter (N=56) [93], but in an

investigation at 74 farms the same year, 17 of 401 horses (4%) from seven of 74 farms (9%) tested MRSA

positive [98]. Fourteen of the isolates were CC398, and four of these were closely related to isolates from

pigs, while the rest belonged to a horse adapted sub lineage [28,98].

Pig offal is used for mink feed, and consequently there is a risk of spread of LA MRSA from the pig

population to mink. In an investigation in 2015, LA MRSA was detected in healthy animals on 20 of the 50

tested mink farms (40%) and in 20 out of 108 samples from 14 mink feed producers (9%) [87]. During 2015,

LA MRSA was found in 20 of 58 mink submitted for necropsy (34%) [87].

In 2015, LA MRSA was found in turkeys on one out of 54 investigated poultry farms (2%) (a mixture of

conventional and organic chicken farms, as well as turkey farms were tested) [93]. In 2010, MRSA was not

detected, when 197 broilers from the same farm were tested at slaughter [90].

Companion animals most often carry human MRSA strains [99]. In 2015, LA MRSA was only isolated from

one out of 114 dogs tested at veterinary clinics in three different areas of Denmark [93]. The dog was from

an area with high density of pig farms. LA MRSA have also been isolated from flies caught at Danish pig

farms [100].

There has been several surveys of the occurrence of MRSA in Danish and imported pork, beef and broiler

meat [91]. In 2016, LA MRSA was found in 48% of 78 samples of Danish pork, compared to 5% in 2009, 6%

in 2010 and 10% in 2011 [28]. LA MRSA clones, that have not been found in the Danish animal reservoir,

have been found simultaneously in poultry meat at retail and in humans living in urban areas in Denmark,

which indicates that transmission of MRSA from meat to humans might have taken place [101]. However,

foodborne transmission or transmission during handling of meat in households are not believed to be

major sources of transmission of LA MRSA to humans, since most LA MRSA cases live in rural areas, and

hence not many cases are observed in areas with high population density, which one would have expected

in case of transmission from meat being a major transmission route [102].
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3.1.2 Occurrence of LA MRSA in humans

The voluntary surveillance of MRSA in humans in Denmark started in 1988, and since 2006 MRSA has been

notifiable [103]. The first human LA MRSA cases in Denmark were detected in 2004 [103]. Since then, the

number of cases has been increasing considerably with 1,214 new cases in 2017 (preliminary number per

25 01 2018 Statens Serum Institut, 2018) (Fig 1). Registered cases include people with clinical infection as

well as healthy carriers. A change in the Danish Health Authorities rules in 2012, made screening of persons

with regular contact to pigs mandatory in case of hospitalisation [103], which caused more people of high

risk of being carriers to be tested.

Fig. 1. Number of newly registered LA MRSA cases in Denmark, 2004 2016

Note: Cases are only registered, when they are tested positive for the first time. New guidelines for sampling were
introduced in 2012, leading to more healthy individuals with livestock contact being tested.
Data sources: [28,91,95,103,105–107].

According to the current rules, a person will be swabbed upon admission to a hospital, if the person or a

household member have had weekly or more frequent contact with live pigs or worked on mink farms

within the past 6 months [108]. Healthcare staff employed in Denmark must be tested every 6 months, if

they work in a pig herd on a weekly or more frequent basis, or if a member of his/her household has been

tested MRSA positive [108].

In Fig 2, the development in the number of humans with LA MRSA infection (i.e. does not include healthy

carriers) with and without livestock contact are compared with the development in the prevalence of MRSA

positive pig farms over the years. The number of infections in persons without livestock contact followed

the increasing prevalence of positive pig herds, whereas the number of newly registered infections in

persons with livestock contact saw a decline, most likely because these might already have been registered

at an earlier point in time [28].
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Fig 2. Human infections among people with and without livestock contact and prevalence of positive pig
farms in Denmark, 2007 2016

Source: Figure adopted from Danmap 2016 [28].

In general, the occurrence of human MRSA infections in Denmark is low, compared to most other European

countries (<1% of all S.aureus bacteraemia cases are caused by MRSA) [109,110]. This has been attributed

to the implementation of an efficient search and destroy policy in hospitals [110].

3.2 Transmission of LA MRSA
This section will focus on transmission of LA MRSA between pigs within farms, in addition to transmission

to and between humans. Transmission within farms is relevant in relation to risk of staff becoming LA

MRSA carriers, but also in relation to spread between farms, since results of modelling studies have

indicated that increased within farm prevalence increases the risk of spread to other farms, and thereby

influences the prevalence of positive farms [103, J. Shulz personal communication].

3.2.1 Pig to pig transmission

In general, the occurrence of LA MRSA among pigs tends to differ between age groups. In many studies, the

highest prevalence of LA MRSA carriage has been found among piglets or weaners, followed by a decline in

prevalence towards slaughter age, albeit the results varies somewhat [35,41,43,61,112–118]. It has been

suggested that this age dependency could be related to increased susceptibility to colonization in piglets,

because of a poorly developed endogenous microflora [35]. This will then be followed by stress at weaning,

in addition to possible mixing of MRSA positive and negative pigs, contamination through human handling

during transfer, or transfer to contaminated weaning pens [35]. The prevalence in sows generally seems to

be lower than in the other age groups [35,116]. It has however been suggested that this might be

influenced by the sampling methodology, as the amount of sample material obtained in a nasal swab might
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be influenced by the size of the nasal openings [35]. Furthermore, it might be more difficult to swab sows,

compared to younger and more manageable pigs [35].

Several LA MRSA transmission studies with different aims have been conducted. Some of these took place

in animal experimental facilities, where animals were inoculated with a known, often quite high, dose of

LA MRSA, whereas others took place on naturally contaminated farms. The later was especially true for

studies of transmission from sows and to offspring. An overview of studies of transmission from sow to

offspring is given in Appendix I, table 1, followed by an overview of transmission studies among piglets and

weaners in table 2 and table 3 in Appendix I.

It has been demonstrated that perinatal transmission is possible [119], and in a study were sows were

classified based on the results of both nasal and vaginal swabs, the odds of piglets being MRSA positive

were 12 times higher, when born from a nasally positive sow, compared to a negative sow. The odds were

further 3 times higher, if born by a both vaginally and nasally positive sow, compared to one that was only

nasally positive.

Significantly higher transmission between both pre weaning and post weaning pigs have been observed

when tetracyclines and beta lactam antibiotics are used, compared to when there was no use of these

types of antimicrobials [112]. Additionally, in a colonisation study carried out in experimental facilities,

higher nasal load was observed, when pigs were fed tetracycline, but in this study it did not seem to

influence the transmission between animals housed within the same pen [120].

Currently, the dose of LA MRSA a pig need to receive in order to become an LA MRSA shedder is not

known, but transmission between pigs have occurred following low dose nasal inoculation (2*104

CFU/animal) in weaners [45] (Appendix I, table 3).

The reported basic reproduction ratios (R0) for LA MRSA in pigs varies greatly, depending on the study and

age group of the pigs used, and the reported R0 values range from <1 to 52.5 [41,112,121].

In two studies, the observed duration of MRSA carriage varied considerably between pigs. In the first study

conducted in 6 week old weaners in animal experimental facilities, it varied from 1 39 days, with a median

of 7.5 or 18 days depending on the calculation method used [121] (Appendix I, table 3). In the second

study, a median duration of 2, 13 or 15 days were observed in three parallel groups of 3 week old piglets

[41] (Appendix I, table 2).

3.2.2 Transmission between animals and humans

There are many indications of transmission of LA MRSA from pigs and to humans, in the form of findings of

the same types or clones in pig herds and humans working in these herds, in addition to a higher risk of

farmers testing positive for LA MRSA [4,6,7]. LA MRSA carriage in farmers have been linked to the
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frequency and duration of contact to livestock [23,122,123]. Several studies have shown that most short

term visitors on farms only transiently carry LA MRSA, and that only a minority (12%, 6% and 0% in the

three studies listed), are still positive after 24 hours [124–126].

In a systematic review of literature on LA MRSA carriage among farmers, veterinarians and slaughterhouse

workers, the prevalence of LA MRSA carriers ranged from 0 85% in the 33 reviewed studies [127].

However, the study populations varied from veterinarians, not necessarily working with livestock, to

farmers with MRSA positive herds. In a study on 47 MRSA positive pig farms, 86% of the farmworkers, 4%

of these farmworkers’ family members, 45% of the veterinarians taking care of the herds on these farms,

and 9% of these veterinarians’ family members tested positive for LA MRSA [128].

An association between nasal carriage in farmers and LA MRSA levels in the air on their farms has been

demonstrated [123]. Furthermore, among short term visitors in pig barns who did or did not interact

directly with the pigs, LA MRSA carriage was associated with personal exposure to LA MRSA in the air

[124]. However, those who had interacted with the pigs both had higher personal airborne LA MRSA

exposure and more often carried LA MRSA [124]. Thus, it was suggested that the increased carriage in

those interacting with the pigs might primarily be a result of the increased LA MRSA concentration in the

air, rather than the actual contact to the pigs [124].

There are not many reports of transmission between humans and pigs, but it is assumed that LA MRSA has

been introduced by humans on three sow farms in Norway [75].

3.2.3 Human to human transmission

Household members in farmer families are at increased risk of becoming MRSA carriers [23,123,128–130].

For those living on a farm, some of the family members might also enter the stables, while others might not

and thus it is not always clear whether these have acquired LA MRSA through animal contact or through

contact to other household members with direct animal contact. Among veterinarians, who carried MRSA,

but did not live on farms with livestock, the frequency of LA MRSA transfer to non livestock exposed family

members has been estimated to 9% [128].

In Denmark, the number of new LA MRSA cases with infection and no livestock contact has been increasing

since 2007, and reached 121 cases in 2016 [28]. In both Denmark and the Netherlands, it has been

observed that the majority of LA MRSA cases with no livestock contact live in rural areas [131–133].

However, in a study within three Danish municipalities in areas with high pig density, patients with LA

MRSA infection did not live closer to pig farms than the population controls [133]. This could indicate that

direct environmental spread from neighbouring farms is maybe less likely, than general community spread

in rural areas [133]. Compared to the population with frequent livestock contact, a greater part of the
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population without livestock contact might be immunocompromised, and thus more susceptible to LA

MRSA infections. Thus spread of LA MRSA into the general community is a cause of concern [28].

In general, the risk of human to human transmission of LA MRSA is assumed to be lower than for other

MRSA types, since the transmissibility of LA MRSA within hospitals have been estimated to be 4.4 times

lower than for non livestock associated MRSA [134]. However, LA MRSA has been able to cause outbreaks

in two hospitals and a nursing home in the Netherlands [135,136].

3.2.4 Transmission through the environment

The role of the environment in transmission of LA MRSA is still somewhat unclear. Findings of LA MRSA in

dust have frequently been reported [115,137–139], and the half life of LA MRSA in dust has been

estimated to 5 days in a study, where it was still possible to cultivate MRSA in the highly contaminated

samples 30 days after sampling [137]. LA MRSA is also able to form robust biofilms, of similar strength to

those formed by non livestock MRSA [140], and therefore it is also expected to be able to survive on

surfaces for an extended amounts of time [3]. In addition, faecal shedding of LA MRSA from pigs has been

reported [46], as well as findings in manure, where it is able to survive for at least 16 days at temperatures

likely to prevail during normal manure storage in Denmark (15 C) [141]. Manure has been suggested as a

source of human MRSA infections in the United States [142].

In a transmission study on CC5 in pigs, the overall carriage rates in MRSA negative pigs exposed to a

naturally MRSA contaminated environment or to inoculated carrier pigs where very similar; 0.11 and 0.09,

respectively [143]. However, if only looking at the first five days of exposure, the carriage rate was

significantly higher in the group exposed to the contaminated environment [143]. The authors of the study

noted that the number of pigs used might be too low to draw a definitive conclusion regarding the

influence of the environment [143].

3.3 Risk factors for occurrence of LA MRSA in pig herds
In theory, LA MRSA can emerge within herds as a result of horizontal gene transfer of the SSCmec cassette

and the mecA gene from other coagulase negative staphylococci and to MSSA [144]. However, this is

assumed to be a rare event, and therefore in most cases, LA MRSA is assumed to be introduced in the herd

from an external source.

3.3.1 Purchase of pigs

The influence of trade has been investigated in several studies. Findings of identical types or clones on

supplier and recipient farms has been demonstrated [75,145,146], and in one study 79% of herds with an

LA MRSA positive supplier of pigs were LA MRSA positive, whereas only 23% of herds with an LA MRSA

negative supplier tested positive [147]. Buying pigs from more than two suppliers have also been

associated with being LA MRSA positive [148]. However, two network modelling studies on pigs trading in
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Denmark with focus on LA MRSA have been conducted, and in both studies it was concluded that trading

alone are not able to explain the rapid spread of LA MRSA in the Danish pig population [54, personal

communication: J. Schulz]. In a Norwegian outbreak investigation, 32 of 51 farms, which had received pigs

from LA MRSA positive farms remained negative, so purchase of pigs from a farm with MRSA positive

animals might not always result in the farm becoming contaminated [75]. This was attributed to the fact,

that some of the farms had only received few pigs, or had quickly changed supplier after having washed

and disinfected the premises. In other cases LA MRSA had only recently been introduced on the supplier

farms, and thus the pigs delivered might not have been LA MRSA positive [75].

On country level, the number of imported pigs has been identified as a risk factor for having LA MRSA

positive pig farms [149], but this is of limited relevance for the Danish pig population, since the Danish

import of pigs is negligible (13 pigs in 2016) [58], and LA MRSA already is widespread in the country.

3.3.2 Use of antimicrobials and zinc

LA MRSA isolates harbours mecA or mecC, which is conferring resistance to methicillin and other beta

lactam antibiotics, e.g. penicillins, cephalosporins and carbapanemes [150]. In addition to this, the vast

majority of LA MRSA has also acquired resistance to tetracyclines [103], which is the most used

antimicrobial class in the Danish pig production [28]. However, Staphylococcus aureus is known to easily

gain resistance towards substances it is exposed to [4], and resistance towards a wide range of other types

of antimicrobials has also been identified in LA MRSA, e.g.: aminoglycosides, fluoroquinolones,

lincosamides, macrolides, phenicols and streptogrammins [103,151,152].

Use of antimicrobials LA MRSA is resistant to, might lead to co selection and therefore increase the chance

of the clone becoming established within the herd [151]. However, the results obtained in on farm studies

are somewhat mixed. Using group treatment of pigs have been identified as a risk factor for farms testing

MRSA positive [44,146,148], but in some studies no significant effect of use of group medication was

detected [147,153]. The influence of antimicrobial usage is supported by the results of transmission studies

[112,120] and intervention studies [43,154] (the main results of these studies are summarised in section

3.2.1 and 3.4.2.2).

In Denmark, as in many other European countries, zinc is frequently used for treatment of weaning

diarrhoea. Weaners may get prescribed zinc supplementation in levels of up to 2500 mg/kg feed during the

first two weeks after weaning [155], and the total consumption of medical zinc amounted to more than

400 tonnes in 2015 [156]. This practise might influence nasal carriage of MRSA, since there seems to be a

genetic linkage between mecA and czrC coding for zinc resistance [157–159]. However, LA MRSA clones

carrying a different SCCmec cassette (type IV) does not harbour this gene, and thus not all isolates are

resistant to zinc [158].
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Still, Moodley et al [120] observed increased nasal carriage after feeding pigs zinc supplemented feed, and

in another study a dose response relationship between nasal MRSA carriage in pigs and zinc

supplementation have been demonstrated [160]. In an additional study, in feed concentrations of zinc

were associated with MRSA status of the pigs [161], and in a randomised controlled trial, use of zinc in high

concentrations (3000 mg/kg) has increased the prevalence and persistence of MRSA carriage in weaners

[162].

Following an EU decision, the use of zinc in therapeutic concentrations will be phased out towards 2022

[163].

3.3.3 Herd size and herd type

In several studies, herd type and herd size have been identified as a farm level risk factor for being MRSA

positive [44,148,153,164]. It has been suggested that the lower risk of farrow to finish herds testing

positive compared to weaner to finisher or grower to finisher herds, is caused by herds including sows

having less or no purchase of pigs [164]. Organic herds seem to have reduced risk of being MRSA positive

[28,92].

Large herd size has been identified as a risk factor in relation to many diseases in pig herds [165]. In a large

herd, there will usually be a higher turnover of pigs, more external contacts and more susceptible

individuals [165]. Management practices in these herds might differ from those in smaller herds, and

antimicrobial use, purchase of gilts and hygiene measures have been found to be associated with herd size

[153].

3.3.4 Management factors

Maybe slightly surprising, having all in/all out production has been associated with LA MRSA positive status

[148], along with having partially or totally slatted floors [44]. Disinfection of the nursery pens before every

new arrival have also been associated with positive LA MRSA status (OR=14.1) [161]. It was however

suggested that this could be caused by some LA MRSA isolates carrying the qacG gene, which makes them

resistant to quaternary ammonium compounds [161,166,167]. In relation to the proportion of pigs testing

LA MRSA positive within a farm, several factors related to handling of piglets (tooth clipping and

vaccination) seem to be associated with increased carriage rate [43].

3.4 Prevention and interventions
3.4.1 Initiatives against LA MRSA in Denmark

The first official plan for measures against MRSA in Denmark was initiated in 2014 [168]. Before, several

screenings of LA MRSA in animals and meat had been conducted, and plans for reducing the antimicrobial

consumption had been in place on national and EU level for some years [103]. Only the most recent and

most LA MRSA relevant of these will be mentioned here.
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In 2010, the “Yellow card” initiative for pigs and cattle was launched [169]. This initiative, which was not

specifically driven by MRSA, targeted farmers with high antimicrobial consumption per animal. The idea is

that farmers, whose antimicrobial use in an age group exceed a certain threshold (originally set to twice the

average consumption and updated yearly), get a so called “yellow card”. This implies that they will have 9

months to get their consumption below the threshold, or else they will be sanctioned in different ways

[170]. In 2016, the yellow card was updated to include weighing of the different antimicrobial classes, with

the aim of reducing the use of antimicrobials of human importance, as well as those believed to constitute

a high risk in relation to the development of resistance [171]. Since December 31, 2017, 3rd and 4th

generation cephalosporins, quinolones and fluoroquinolones have been weighted by a factor 10, and

tetracyclines by a factor 1.5, whereas the weighting for all other antimicrobial classes are 1 [171].

In 2010, the pig industry also imposed a voluntary ban on the use of 3rd and 4th generation cephalosporins

[103]. Use of this type of antimicrobials has been associated with substantially higher LA MRSA carriage

rate among the pigs [43]. Additionally, a national target of 10% reduction in antimicrobial use for farm

animals during 2010 2013 was set and followed by differentiated tax on veterinary antimicrobials in 2013

[103].

In 2014, a five point plan against LA MRSA was launched in Denmark [168]. It included the following points:

Individuals who work with pigs must change their clothes and wash their hands when leaving the pig

stables.

The farmer and his/her veterinarian must draw up an infection protection plan that includes initiatives

to reduce infection within the herd and the risk of bacteria being carried out of the herd.

Routine group medication of pig herds should be discontinued. Such a treatment should only be

initiated after a veterinarian has examined the animals and diagnostic samples have been sent for

analysis.

An advisory service for pig workers and health workers should be established.

It should be investigated, whether the use of antibiotics can be regulated, and whether the incentive

for using vaccination as an alternative can be increased.

In 2015, this was followed by a national action plan against LA MRSA [50]. This 4 year plan was based on

the recommendations from an expert group set down in 2014. The main points were:

15 pct. reduction of the use of antimicrobials for pigs during 2015 2018.

Hygiene measurements focusing on prevention of spread of LA MRSA into the community and on the

working environment in the stables.

Reduction of contamination in the herds.

Surveillance of the development in the prevalence of LA MRSA over time.

Investigation of the routes of transmission for LA MRSA.
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International effort, including a continued pressure to promote a joint EU strategy to reduce antibiotic

resistance [168].

Since January 1, 2018 a hygiene course have been made mandatory for everybody, who is professionally

handling live pigs [172].

3.4.2 Intervention strategies

In this paragraph, interventions on farm level will be discussed. Technologies which are intended for

reducing the within farm level of MRSA contamination and have only been tested in vitro, are also

mentioned, since the number of on farm studies are fairly limited.

3.4.2.1 Eradication of MRSA

In Norway, where LA MRSA has only been detected sporadically, all pigs from MRSA positive herds are sent

for slaughter, followed by thoroughly cleaning and disinfection of the farm [75]. In the Danish pig

population, where LA MRSA is endemic, use of the same strategy would give rise to serious ethical and

economic considerations. Preliminary results of a cost of eradication model, indicates that the cost of

eradication of LA MRSA in the Danish pig population would be extremely high (1,837 million € during 15

years) [173]. Thus it is important to explore alternative interventions to limit the spread, which was part of

the main purpose of the present PhD project.

3.4.2.2 Changes in the antimicrobial usage pattern

In an 18 month long intervention study on 36 Dutch pig farms, tailor made interventions were initiated at

each farm with focus on further reducing antimicrobial use, improving personnel and farm hygiene, and

changing animal contact structures [43]. During the study, the antimicrobial use decreased by 44% and was

associated with declining LA MRSA prevalence in the pigs and in the humans working on the farms. LA

MRSA carriage in pigs was substantially higher at farms using cephalosporins, and the odds for pigs testing

LA MRSA positive were higher if the proportion of group treatments exceeded 0.5 [43].

An association between antimicrobial usage and LA MRSA carriage in calves has been demonstrated both in

a cross sectional study [132], and later in an intervention study [154].

3.4.2.3 Use of disinfectants

The effect of disinfection procedures on the occurrence of LA MRSA on pig farms has been investigated in

several different studies. In general, it has been proved possible to remove MRSA entirely through

disinfection in the absence of animals [75,174]. However, in one study the presence of MRSA was

associated with frequent disinfection of nursery pens, and at least one gene associated with resistance

against quaternary ammonium compounds (QAC) was detected in all tested isolates [161]. Additionally,

seven isolates identified in the same study (17.5% of all isolates) were tolerant to benzalkonium chloride,
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and might therefore potentially be able to survive exposure to QAC based disinfectants in the presence of

organic matter [161].

In six Italian pig herds, cleaning and disinfection in the absence of pigs decreased the proportion of positive

environmental samples from 50% to 19%, but the effect varied depending on the production phase, with

the strongest effect in the farrowing unit [115]. In another investigation, use of disinfectants followed by

vacancy periods of 10 days in nursery units did not significantly decrease the prevalence of LA MRSA after

the vacancy period [175].

In a study on use of disinfectant powder in the presence of the pigs, repeated application of the powder

under simulated farm condition led to reduced MRSA levels in air and bedding materials. However, the pigs

remained positive with variable MRSA loads, which increased, when the application of disinfectant

treatments was discontinued [176].

Washing sows in a 3 step procedure on four MRSA positive Belgian pig farms had no significant effect on

MRSA status of the sows’ skin or nares, and in 64% of cases the same strain was detected as before

washing [177].

3.4.2.4 Other methods

Several other methods have been tested either in vitro or in pilot scale, including use of an air washer in

combination with a UV irradiation system on a farm. This gave a relative reduction of 90 99% in the air

concentrations of LA MRSA and airborne bacteria in general, when both parts of the systems were used

[178]. However, the authors reported some technical problems related to water consumption and

deposition of particles on the UV irradiators, which needed solving, along with long term testing of the

system [178].

Use of competitive exclusion (in this case a mixture of Bacillus spp. spores, that should be able to

antagonise growth of other bacteria) was not efficient against LA MRSA, compared to traditional cleaning

and disinfection [179]. Another attempt at using biological prevention was the use of bacteriophages

against LA MRSA [180]. A mixture of two phages efficiently killed LA MRSA in vitro, but a reduction was not

observed when tested in vivo [180]. The authors suggested that this might be caused by different

physiological conditions in vivo.

A study of the porcine nasal microbiome aimed to determine whether the microbiome of pigs carrying S.

aureus differs from that of non carrier pigs. Species with known probiotic potential and antimicrobial effect

were identified in the non carriers, including lactic acid producing Leuconostoc spp. and members of the

Lachnospiraceae family, which is known for butyrate production [38] and might be of interest in relation to

development of new intervention strategies. Already in 2010, it was demonstrated that strains of
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Lactobacillus acidophilus and Lactobacillus casei are able to strongly inhibit growth of some non livestock

associated MRSA isolates, when tested in vitro [181].
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4. Infectious disease modelling

4.1 Use of models for decision making
In general, a biological simulation model is an attempt at representing a biological process, by using a

computer program for creating a simplified representation of reality. Since models are just approximations

of what is going on, predictions will always be subject to uncertainty due to biological variation, the

occurrence of unexpected events, and factors related to construction of the model, such as quality of the

data available for parameterisation, as well as the assumptions and simplifications made.

Models can be used, when real life experiments are not ethically, economically or practically feasible.

Building models is relatively cheap, and as soon as the model is validated, further changes to examine

alternative actions can be incorporated.

Within medical, veterinary and environmental science, mathematical models are used for understanding

epidemiological patterns and dynamics, examining alternative control actions, and identifying knowledge

gaps to direct further research [182]. During conceptualisation and parameterisation of a model, one will

be forced to formulate assumptions and hypotheses, and assess the information already available about

the system to be modelled, and thereby get a clear overview of what is already known. Many models have

been developed for predicting spread of various exotic diseases [183,184], albeit models for spread of

endemic diseases, e.g. within farms, have also been developed [185,186]. Both types of models are

valuable tools when assessing short and long term consequences of possible intervention strategies,

including the costs associated with these. Models have also been used as decision support tools in real

time during on going epidemics, e.g. the Foot and Mouth Disease epidemic in the UK in 2001 [187,188] and

the Ebola outbreaks in 2014 15 [182], albeit with somewhat varying success [189]. Model based analysis of

such outbreaks, including comparisons of predictions with patterns observed in real life, can help in

improving methodology [182], and thereby aid in preparedness for the next outbreak.

It has frequently been mentioned that models are “Wrong but useful” [190]. This statement can be

interpreted as: while uncertainty might heavily influence model predictions, this does not mean that the

results of infectious disease modelling cannot be a part of the basis for informing decisions [190]. However,

when using models as a decision support tool, there are certain ethics to consider and attempts at building

a framework for evaluating whether mathematical models are consistent with ethical good practise and

suitable for use as decision support have been described [191]. This framework was based on the principles

of independence, transparency (autonomy), beneficence/non maleficence, and justice, and among many

other things the importance of communicating model results, limitations and uncertainties clearly to risk

managers was highlighted [191].
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Since mathematical models alone rarely full fill all criteria for being ethical scientific evidence for decision

making, it was suggested that mathematical models may best be utilized in an exploratory context, as one

of several sources of scientific evidence to support decisions about disease contingency planning [191].

Development of harmonized international standards for model development has also been called for [191].

Some attempt at this already exist in the form of the ODD (Overview, Design concepts, and Details)

protocol [192,193], albeit so far this concept seem to mainly have been applied within ecological modelling

[192]. Briefly, the primary objective of the ODD protocol is to standardize the published descriptions of

individual based and agent based models (ABMs), and thereby ensure transparency and reproducibility

[192]. Another standard for describing models has also been suggested in the form of TRACE (TRAnsparent

and Comprehensive Ecological modelling documentation) [194], which later was updated and re defined as

“a tool for planning, performing, and documenting good modelling practice” [195].

4.2 Different types of models
Models can be mechanistic or data driven, albeit hybrids also exist [196]. Mechanistic models are

constructed based on an understanding of the mechanisms and biological processes going on within the

system of interest, and assumptions about how this system works. This type of model will often be

informed by a mixture of data and expert opinions or guestimates. Purely data driven models are

constructed based on available input and output data, and do not necessarily take knowledge about the

actual disease dynamics or social dynamics among the affected humans or animals into account [197,198].

Disease models can be either deterministic or stochastic. In deterministic models, point estimates are used

for every parameter [199], which results in outcomes given also as point estimates for the average

scenario. The same input values will always give the same output and thus the number of re runs of a

deterministic model will not change the result. In stochastic models, variability and uncertainty are taken

into account for one or more parameters, based on which one point estimate will be selected for every

single step and for each run of the model, depicted from stochastic distributions. Consequently, repeated

runs of a stochastic model will give different results, and altogether these results will be presented as a

distribution.

Models are also often divided into population based (compartmental) models, individual based or agent

based models. In population models, movements of animals between compartments, that represents

different infection stages, are modelled collectively [199]. Inclusion of compartments depends on the

nature of the disease modelled. Several main types of infectious disease models exist; the simplest type is

the SI model, where individuals can move from being susceptible and to becoming infected, after which

they will remain infected [199]. For diseases, where infected individuals can recover and either become

infected again or gain immunity that protects against re infection, SIS or SIR models are used [199].
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Another frequently used type of models are SEIR models, which include a pre infectious stage, called “E”

for exposed [199].

In individual based models, the fate of each individual is modelled rather than proportions of individuals

[199]. Although agent based and individual based models are challenged by the existence of many

parameters in the model and hence the extensive need for data to parametrize the models, they

exclusively provide the chance to study dynamics of spread of pathogens and allow for examining control

actions mechanistically, which is rather limited when using population models.

In the present PhD project, an individual based model for spread of LA MRSA within a pig herd was

constructed. In this model an SIS model was used for LA MRSA, but with two different infectious stages for

intermittent shedders (IS) and persistent shedders (PS).
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5. Part A: Epidemiology of LA-MRSA in the Danish pig population
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Abstract 
Livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) is widespread in many 

European countries including Denmark, where 88% of randomly selected production herds tested positive 

in 2016. 

In the present study, we investigated herd-level risk factors for farms being classified as LA-MRSA positive 

(study 1), in addition to herd-level risk factors for farms changing status from LA-MRSA negative to LA-

MRSA positive during a 2-year period (study 2). Risk factors previously identified in other studies were 

confirmed in study 1: large herd size, herd type (lower risk in herds with sows) and number of pig suppliers. 

Due to the effect of herd type, data from sow herds (N=41) and herds without sows (N=166) were analysed 

separately. A univariable analysis found that the variables significantly associated with LA-MRSA status for 

sow herds were: use of wet feed in the sow units; higher weights of piglets at weaning; availability of a 

delivery room on the farm; cleaning of aisles after pigs were moved; number of pigs per weaner section; 

number of pigs purchased in the past year, and factors related to rodent control and human traffic in the 

herd. In herds without sows, the univariable analysis showed that the presence of other species of animal 

on the farm; negative pressure ventilation; full sectioning; frequent visits from the veterinarian; peroral use 

of tetracyclines for weaners; number of pigs purchased in the past year, and factors related to rodent 

control and human traffic in the herd were significantly associated with LA-MRSA status. For herds that 

changed from LA-MRSA negative to positive (study 2), having a company contract for mouse control, having 

more than one pig supplier and using group medication in the drinking water were the variables associated 

with LA-MRSA status in the univariable analysis.  

We did not succeed in building a biologically meaningful multivariable model based on any of the datasets 

and, as observed in similar studies, many of the risk factors identified in the univariable analysis were 

related to herd size. It was therefore not possible to determine whether it was the size of the herd or 

related factors that were the causal risk factors for being LA-MRSA positive. 

Keywords 
MRSA; herd size; herd type; questionnaire; pig suppliers; rodent control 
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Introduction 
Since 2005, when it was first reported in the Netherlands and France (Armand-Lefevre, 2005; Voss et al., 

2005), livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) has become widespread 

in the pig populations of many countries, including Denmark (Crombé et al., 2013). Its presence is 

undesirable as it constitutes an occupational health hazard for farm workers, veterinarians and their 

families, and presents a risk of further dissemination into society (Goerge et al., 2017). 

On LA-MRSA-positive pig farms, the bacteria have been isolated from animals, personnel, air, dust, feed 

and bedding material within the pens, as well as from air and soil samples taken up to 300 m downwind of 

the farms (Ferguson et al., 2016; Friese et al., 2012; Schulz et al., 2012). Known risk factors for the 

occurrence of LA-MRSA on pig farms include: large herds; buying weaners or finishers from more than two 

sources; age of the pigs (increased risk for weaners and nursery pigs); group treatment with antimicrobials; 

having partially or totally slatted floors; use of zinc for nursery pigs; disinfection; all-in/all-out production, 

and herd type (Alt et al., 2011; Broens et al., 2011a; Fromm et al., 2014; Slifierz et al., 2015; Tenhagen et al., 

2009; van Duijkeren et al., 2008). Farrow-to-finish farms have a lower risk of being LA-MRSA positive 

compared to weaner-to-finish or grower-to-finish farms (Alt et al., 2011; Fromm et al., 2014; Tenhagen et 

al., 2009), and in general, lower prevalence has been observed among organic farms compared to 

conventional farms within the same countries (DANMAP, 2017; van de Vijver et al., 2014). Trade has been 

identified as a risk factor for the introduction of LA-MRSA in herds (Broens et al., 2011b; Espinosa-Gongora 

et al., 2012), but there are also indications that introduction might have occurred through human contact 

(Grøntvedt et al., 2016).  

In 2007, LA-MRSA was retrospectively identified among isolates collected from two Danish pig farms in 

2005 (Bagcigil et al., 2007; Guardabassi et al., 2007) and it has since spread rapidly in the Danish pig 

population. In both 2010 and 2011, LA-MRSA was detected in 16% of the tested pig herds (DANMAP, 2012, 

2011), whereas in 2014, the prevalence had increased to 66% and 68% among nucleus/multiplier and 

production herds, respectively. In 2016, 88% of the randomly selected production herds tested positive 

(DANMAP, 2017). 

It is not currently known how LA-MRSA has spread so quickly. In order to initiate efficient interventions to 

limit the further spread of LA-MRSA in the pig population, it is essential to obtain more knowledge on 

determinants for its introduction and establishment within a herd.  
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The main objectives of the present study were to: 1) Investigate herd-level risk factors for farms being 

classified as LA-MRSA positive (study 1), and 2) Investigate herd-level risk factors for farms changing status 

from LA-MRSA negative to LA-MRSA positive during 2014-2016 (study 2). 

Materials and methods 

Screening of herds 
Study design 

During the period from August to December 2016, the Danish Veterinary and Food Administration (DVFA) 

tested 221 production herds for LA-MRSA as part of a national screening. These herds were sampled for 

various reasons: 58 and 53 herds that had tested positive and negative, respectively, in the 2014 screening 

were re-tested to determine how many had changed LA-MRSA status; 53 herds were randomly selected; 57 

herds were selected based on their geographical location in areas not represented in previous screenings. 

After a herd had been sampled, the owner or person responsible for the herd was invited to participate in a 

questionnaire-based telephone interview. Data collected during these interviews were supplemented with 

data extracted from three different national registers: 1) Data on the distance to the nearest pig and mink 

farms were extracted from the Danish Central Husbandry Register (CHR); 2) Data on pigs received on the 

farms were extracted from the pig movement database; 3) Data on antimicrobial consumption were 

extracted from the VetStat database. Study 1 included all tested herds that did not meet the exclusion 

criteria (see “exclusion criteria, categorisation and handling of missing observations” section for further 

details), and a subset, consisting of all herds that had tested negative in 2014, were used in study 2. 

Sampling 

The screening targeted conventional production herds with more than 50 finishers. Sampling staff were 

asked to sample the pigs that were closest to the stage of leaving the farm, i.e. usually finishers close to 

slaughter age. Young gilts were sampled in sow herds that had no weaners or finishers other than their own 

gilt production. At each farm, five pigs from each of five different pens (25 in total) were swabbed in both 

nares. The five nasal swabs obtained within the same pen were pooled in a tube containing 10 ml Muëller-

Hinton broth with 6.5% NaCl. Samples were stored between 1oC and 5oC until lab analysis. 

Lab analysis 

The analyses were carried out by the DVFA lab. Upon arrival at the lab, the tubes were incubated at 37oC 

for 18-24 h. The next day, 1 ml of the incubate was transferred to 9 ml tryptone soya broth (TSB) with 
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3.5 mg/l cefoxitin and 75 mg/l aztreonam, followed by incubation for 18-24 h at 37oC, after which f 

the TSB incubate was streaked on to Brilliance LA-MRSA agar (Oxoid) and incubated for 24 h at 37oC. 

Finally, two presumptive LA-MRSA colonies were subcultured on blood agar. Verification and typing was 

carried out by whole-genome sequencing (MiSeq, Illumina) and use of CGE pipelines. When an isolate was 

confirmed to be LA-MRSA, no subsequent isolates from the herd were sequenced since a herd was declared 

LA-MRSA positive when at least one sample tested positive. 

Questionnaire-based telephone interviews 

Interviews 

Before sampling, the herd owners received an information letter about the study together with information 

about the sampling. After sampling, the farmer was contacted by one of three different interviewers, who 

invited them to participate in the survey and schedule an interview. The interviews were conducted during 

the period August 30, 2016 – April 12, 2017. 

Questionnaire 

Each interview included up to 220 questions, depending on which age groups were present on the farm and 

the answers to the main questions in the questionnaires. The farmers were asked questions related to herd 

type and size, the surroundings of the farm and contact with other animals, design of the barns used for 

pigs of different age groups, management (including internal and external biosecurity), feed, ventilation, 

staff, visitors and health management. The questionnaire was strongly inspired by questionnaires used in 

other surveys among pig farmers (Dewulf, 2014; Sørensen et al., 2008), but specifically adjusted to LA-

MRSA. The full questionnaire is available from the corresponding author upon request. 

Register data 

Data from the Danish Central Husbandry Register (CHR) 

Geographical coordinates (UTM EUREF89, zone 32) for the location of all pig and mink herds in Denmark 

registered as active during the second half of 2016 were extracted from the Danish Central Husbandry 

register (CHR). Mink herds were included based on findings of LA-MRSA in healthy animals in 40% of 50 

tested farms (Hansen et al., 2017). The distance to the nearest neighbouring pig farm and the nearest 

larger pig farm (defined as being above the 75% percentile for total number of pigs/year) were calculated 

and included in the univariable analysis. In addition, the numbers of pig farms within a radius of 1 km, 3 km 

and 10 km were also calculated and included as explanatory variables. The same parameters were 

calculated in relation to mink farms. 
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Data for movement of pigs 

In the interviews, farmers were asked about which age groups of pigs (if any) they had purchased within 

the past year, and how many suppliers they had for each age group. A supplier was considered to be 

external if the pigs came from a farm with a different CHR registration number, regardless of whether this 

farm was owned by the same farmer. These data were supplemented with data from the Danish pig 

movement register, where the number of suppliers and number of pigs received were extracted for the 

1-year period prior to sampling, and the data collected during the interviews were used to validate the data

extracted from the register.

Data for antimicrobial consumption and use of zinc oxide (Vetstat) 

All prescriptions of antimicrobials for animals in Denmark (including prescriptions of therapeutic 

concentrations of zinc oxide as a feed additive) are registered in a central database called Vetstat (Jensen et 

al., 2004; Stege et al., 2003). For the purpose of the present study, information on age group (for pigs: sows 

incl. piglets, weaners or finishers), antimicrobial class, amount of medicine, and route of administration was 

extracted from this database. The extracted data covered a period of one year prior to the sampling date. 

Furthermore, zinc consumption in kg of active compound and the number of flasks of tetracycline topical 

spray prescribed within the same one-year period were extracted. All amounts of antimicrobial medicines 

for parenteral or oral use were converted into defined daily doses per 1 kg of animal (DADDkg) according to 

the doses published in the DANMAP program (www.danmap.org). The number of Defined Animal Daily 

Doses (DADD) per 100 animals per day was calculated using biomass estimates as described in Jensen et al., 

2014, and these were updated based on more recent production data (Helverskov, 2017). It was assumed 

that all antimicrobials used perorally for weaners were used for group medication.  

Data analysis 

Data management 

During telephone interviews, printouts of the questionnaires were filled in by the interviewer, including 

additional comments. These were later entered into a database created in Microsoft Access 2007-2010. 

The first part of the validation took place during data entry. The full dataset was subsequently validated 

through cross-tabulation of replies to different questions, and by assessing whether the answers appeared 

logically and biologically plausible. Answers that seemed very unlikely to be correct were changed to 

missing observations. Data on the herd size (recorded as the number of sows in the herd, number of 

weaners sold and number of finishers produced annually) were compared to data from the CHR. If these 

data differed markedly, the number of animals in the Fertilizer Account Register was used to judge which 

48



entry was most likely to be correct, and the numbers were corrected accordingly. Where discrepancies in 

the number of suppliers were found between self-reported data and the registered movement data, the 

register data were considered most reliable. 

Exclusion criteria, categorisation and handling of missing observations 

Outdoor herds (free-range or housed in barns with outdoor access) and organic herds were excluded from 

the study, while antimicrobial-free herds remained in the study. Nucleus breeding and/or multiplier herds 

were also excluded. Continuous variables were either included directly in the analysis, or were categorised 

if few replies differed from zero or the distribution encouraged dichotomisation or an ordinal scale. A 

variable for total herd size was created by estimating the total number of pigs present on the farm per day, 

assuming that the number of pigs produced was evenly distributed throughout the year. In the analyses, a 

logarithmic transformation of total herd size was used to improve linearity. In the univariable analyses, 

missing observations were excluded, whereas this would have resulted in the loss of too many observations 

in the multivariable analysis, so missing observations were recoded as “Not relevant” or “No reply”, 

depending on the reason for the data not being available.  

Statistical analysis 

Data analysis was conducted in R version 3.2.2 – “Fire Safety” (R Core team, 2015). Data were analysed 

using logistic regression analysis with farm status (LA-MRSA negative/LA-MRSA positive) as the outcome 

variable. Odds ratios (OR) for testing LA-MRSA positive, including 95% confidence intervals, were 

calculated. Overall p-values for categorical variables with more than two levels were calculated using the 

likelihood ratio test (LRT) with an empty model as reference. Variables were included in the multivariable 

analysis when: 1) p<0.20 in the analysis with recoded missing values, 2) the proportion of observations with 

recoded missing values did not exceed 10%, 3) cross-tabulation of the variable with LA-MRSA status of the 

herd did not lead to any cells with zero observations. The analyses were conducted twice: once excluding 

all variables with zero observations in any cells, and once excluding observations to get rid of cells with zero 

observations, while allowing the variable to remain in the analysis. The latter was applied only in cases 

where it was possible to exclude cells with zero observations by deleting one observation only. 

Confounding was assessed based on biological knowledge of the factors that might influence each other, 

and by 

by more than 20% when including the potential confounder, we deemed that confounding was present. 

Confounding was controlled for either by splitting the datasets according to levels of the confounder, or by 

forcing the confounder into the model. If the variable described something already partly or fully covered 

by another variable or co-linearity was suspected, only one of the variables were selected as a candidate 
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for inclusion in the multivariable model. The multivariable model was built using manual forward selection, 

where the next variable to be included was selected based on p-values, and the Akaike Information 

Criterion (AIC) was calculated using the “add1” function in R. The number of potential variables to include 

was high compared to the number of observations. No multivariable analysis was done in study 2, because 

of the relatively small number of observations. 

Results and discussion 

Inclusion and exclusion 
Of the 221 tested herds, 166 were included in study A (75%). Of the 55 excluded herds, 44 herd owners 

refused to be interviewed or could not be reached during the interview period, and 11 herds were excluded 

for the following reasons: 1) being a nucleus/multiplier herd (three herds), 2) being organic/having outdoor 

production/veranda barns (four herds), 3) logistic constraints – the farms did not appear on sampling lists 

and were only discovered later (three herds), 4) production on the farm had ceased and no relevant 

personnel were available for interview (one herd). In study B, 40 of 53 herds were included (75%).   

Screening outcome 
The majority of the randomly selected herds (88%) tested LA-MRSA positive, yet the prevalence was 

somewhat lower for the area-specific samples (62% for Bornholm and 59% for Southeast Zealand; 

(DANMAP, 2017). Among the 166 herds included in study A, the overall prevalence of LA-MRSA-positive 

herds was 76%, and the prevalence in herds with and without sows was 59% and 82%, respectively.  

All herds that had tested positive in 2014 also tested positive in 2016. Among the herds that had tested 

negative in 2014, 62% had changed status to positive in 2016, corresponding to a yearly incidence risk of 

38% (DANMAP, 2017). There was a 63% prevalence of LA-MRSA-positive herds among the 40 that had 

tested negative in 2014 and were included in study B. 

Description of the participating herds 
The herds could be described as: farrow-to-finish herds (22 herds), sow herds (with no other weaners or 

finishers present on the farm than those related to gilt production) (7 herds), farrow-to-weaner herds (12 

herds), weaner herds (6 herds), weaner-to-finisher herds (20 herds), or finisher herds (99 herds). However, 

in the dataset, the variable “herd type” only refers to whether or not the herd was a sow herd. In the 41 

herds with sows, the numbers of sows ranged from 95 to 2,400 (median=588, mean=633), while the 
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number of finishers produced annually in all 166 herds ranged from 0 to 45,000 (median=4,000, 

mean=5,649).  

Assessment of confounding 
Herd size was found to be related to several other factors, e.g. having a company contract for rat control 

Therefore, we decided to force herd size (log10 (pigs present per day)) into the multivariable models. The 

presence of sows on the farm had a significant effect on the LA-MRSA status, but also affected other factors 

such as the number of employees. Additionally, a considerable number of questions in the interview were 

only relevant for herds with sows and piglets, and we therefore decided to split the original dataset into 

two and analyse data for sow herds (N=41) and herds without sows (N=125) separately. Other potential 

confounders that were tested included age of the premises and numbers of sows on the farm. 

Splitting the dataset used in study 1 into two subsets according to the presence of sows also meant that 

observations relating to weaners were split into two datasets. All univariable analyses on antimicrobial 

consumption and the use of zinc were therefore repeated on a dataset containing all herds with weaners. 

However, this did not yield any results of interest (results not presented).  

Study 1 - univariable analysis 

All herd types 

Explanatory variables with p<0.05 in the univariable analysis are presented in table 1, except age-group-

specific variables. These are instead presented and discussed in the sections on “sow herds” and “herds 

without sows”. All ORs are presented as the odds of the herd being LA-MRSA positive given that the factor 

indicated in the explanatory variable was present, relative to the odds of the herd being LA-MRSA positive 

when it was not present. For numeric variables, this is given as an increase of one unit. 
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Table 1. Study 1 - univariable analysis: Variables significantly associated with the LA-MRSA status of 166 pig herds 

Variable p-value OR  95% CI Yes/noa Median [range] No. of 
obs. +MRSA -MRSA +MRSA -MRSA

log10 (pigs present per day) 0.0064 3.00b [1.37; 6.77] - -  3.33 [1.84; 4.02] 3.10 [1.76; 3.99] 166 
Sows at the farm 0.0035 0.32  [0.15; 0.69]  24/102 17/23 - - 166 
No. of sows (where present) 0.0060 1.28c  [1.10; 1.57] - - 685 [213; 2,400] 350 [95; 800] 41 
Finishers/year  0.0127 1.06d [1.02; 1.11] - - 5,000 [0; 45,000] 1,675 [0; 23,000] 166 
Farrow-to-finish farm 0.0152 0.32 [0.12; 0.81] 12/114 10/30 - - 166 
Mouse control - company contract 0.0031 3.14 [1.47; 6.75] 99/27 21/18 - - 165 
Rat control - company contract 0.0296 2.33 [1.08; 4.98] 97/29 23/16 - - 165 
Ventilation inlet - negative pressure 0.0094 3.30 [1.32; 8.15] 113/13 29/11 - - 166 
Employees from abroad 0.0385 2.22 [1.05; 4.83] 69/51 14/21 - - 155 
Closed herd 0.0001 0.11 [0.03; 0.32] 5/121 11/29 - - 166 
No. of suppliers in the previous year 0.0006 3.04 [1.71; 6.08] - - 1 [1; 11] 1 [1; 2]  163 
Pigs received in the previous year 0.0031 1.06d [1.03; 1.12] - - 5,399 [0; 56,720] 791 [0; 23,090] 163 

a: Yes or no indicates the number of herds of a given LA-MRSA status for which the statement in the variable column is true 
b: OR per log10 increase 
c: OR per 50 sows 
d: OR per 500 pigs
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As in other studies, we observed an effect of herd type – with a lower risk of the farm testing positive if 

sows were present (Fromm et al., 2014; Tenhagen et al., 2009). Only those herds with sows and their own 

gilt production are able to avoid buying pigs from other herds, and in the present study, 37% of the sow 

herds had not purchased pigs from any other herd (including other herds with the same owner) for one 

year prior to sampling. The effect of being a closed herd (i.e. having no suppliers; OR=0.11), was significant 

when considering both the full dataset and sow herds only (OR=0.11). The number of pig suppliers has also 

been identified as a risk factor for LA-MRSA in another study (Tenhagen et al., 2009). In the present study, 

the vast majority of those purchasing pigs (regardless of whether or not the herd included sows) had only 

one supplier, and only 19.5% of the sow herds and 35.2% of the herds without sows had more than one 

supplier. The number of animals purchased also seemed to have some influence, but the present study did 

not investigate whether this was linked to the actual number of animals or just the frequency of 

movements. 

In addition to herd type and factors related to the purchase of pigs, the different variables related to herd 

size and rodent control consistently came out as significant in the univariable analysis of all three datasets 

in study 1: the full dataset (table 1), the sow dataset (table 2), and the dataset for herds without sows 

(table 3). Herd size has already been identified as a risk factor for herds testing LA-MRSA positive in several 

other studies (Alt et al., 2011; Broens et al., 2011a; European Food Safety Authority, 2010; Fromm et al., 

2014; Tenhagen et al., 2009). Increased risk of introduction of diseases introduced by carrier animals or 

airborne diseases has been associated with larger herds, and the number of external contacts (trucks and 

visitors) might increase with increasing herd size (Gardner et al., 2002). Furthermore, many management 

practices are associated with a larger herd size, some of which might theoretically increase the risk of a 

herd being LA-MRSA positive, e.g. higher antimicrobial consumption (Broens et al., 2011a), while others 

should theoretically reduce the risk of disease spread, e.g. sectioning and all-in/all-out production (Gardner 

et al., 2002).  

Questions related to rodents were included in the questionnaire, because LA-MRSA has been detected in 

rats and voles (Pletinckx et al., 2013; van de Giessen et al., 2009), and rats might be able to travel between 

farms. The presence of rodents and who was responsible for rodent control were significantly related to LA-

MRSA status in several of the analyses. However, it was not possible to explore whether LA-MRSA status is 

directly influenced by the presence of rodents, or whether rodents and rodent control is correlated to 

other underlying factors. For example, farmers who have specific pathogen free (SPF) production, and 

farmers producing finishers for the UK market are obliged to have rodent control in place, but a company 

contract is only specifically required for SPF herds with the highest security level (3 herds in the present 
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study) (SEGES, 2018, 2016). In contrast, farmers with a voluntary agreement with a rodent control company 

could have been motivated by relatively severe problems with rodents on their farm or in the area, 

compared to those without a signed agreement. Additionally, the difference between those relying on the 

municipality/region for rodent control and those who had a contract with a company was a bit surprising, 

since a number of municipalities have outsourced the responsibility for rodent control to some of the same 

private companies. 

Sow herds  

Explanatory variables that were significantly (p<0.05) associated with the LA-MRSA status of the sow herds 

in the study are listed in table 2. Variables that, after re-coding of missing observations, fulfilled the criteria 

for potential inclusion in a multivariable model for sow herds are listed in S1 table.  

In addition to factors related to the purchase of pigs, herd size, number of suppliers and rodent control, a 

significant association was found between LA-MRSA status and use of wet feed for the sows in the 

gestation (OR=12.50) and farrowing units (OR=10.11). In a previous study, LA-MRSA was isolated from feed 

(Friese et al., 2012), but samples were collected directly from the feeder and it was therefore suggested 

that the findings were a result of secondary contamination from dust, faeces or pigs, rather than primary 

contamination of the feed itself. The microflora in wet feed is usually dominated by lactic acid bacteria 

(Brooks et al., 2008), and it is not known whether LA-MRSA would be able to grow in this environment. 

Since establishing a wet feed system is a fairly large investment (SEGES, 2010), one could speculate that 

only larger herds might invest in wet-feed equipment, but this could not be confirmed statistically (p=0.09). 

However, the mean number of sows present on farms using wet feed tended to be higher than on farms 

using dry feed, though the difference was not significant (p=0.15). 

Higher weight of piglets at weaning was associated with lower risk of the farm being LA-MRSA positive 

(OR=0.37). Higher weight at weaning is generally assumed to be an indication of higher weaning age. A 

younger age at weaning has been associated with higher total antimicrobial consumption from birth to 

slaughter (Postma et al., 2016), but no significant effect of weaning age was found in the present study. 

Some farmers estimated the average weaning time from the number of days the sows were lactating. As 

this lactation period may also include the use of sows as nursery sows (foster dams), the lactating period 

may not be a reliable indicator for how long the piglets have been suckling. However, higher weight at 

weaning might also be associated with less intensive production, which again may be associated with other 

management practices that could influence the occurrence of LA-MRSA.   
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Table 2: Study 1 - univariable analysis: Variables significantly associated with the LA-MRSA status of the sow herds (N=41) 

Variable p-value OR  95% CI Yes/noa Median [range] No. 
of 

obs.+MRSA -MRSA +MRSA -MRSA
log10 (pigs present per day) 0.0143 14.83b [2.04; 164.81] - - 3.60 [2.76; 3.99] 3.18 [2.42; 3.99] 41 
Weaners sold/year 0.0367 1.03c [1.01; 1.07] - - 22,000 [0; 80,000] 10,000 [0; 26,500] 41 
Weaners produced/year 0.0303 1.04c [1.01; 1.08 ] - - 22,000 [0; 80,000] 10,000 [115; 26,500] 41 
No. of sows 0.0180 1.17d [1.05; 1.37] - - 685 [213; 2,400] 350 [95; 800] 41 
Small occurrence of mice 0.0170 0.19 [0.04; 0.71] 7/17 11/5 - - 40 
Rat control - company contracte 0.0200 6.22 [1.44; 33.84] 21/3 9/8 - - 41 
Use of wet feed in the gestation unitf 0.0034 12.50 [2.71; 92.02] 15/9 2/15 - - 41 
Weight at weaning (kg) 0.0406 0.37 [0.11; 0.83] - - 7 [4; 10] 8 [6;9] 28 
Cleaning of aisles after movement 0.0456 6.00 [1.17; 45.83] 22/2 11/6 - - 41 
Washing of aisles after movementg 0.0030 9.17 [2.28; 44.40] 20/4 6/11 - - 41 
Delivery room 0.0171 6.67 [1.52; 36.95] 20/3 8/8 - - 39 
Typical no. of weaners/section 0.0446 1.08h [1.01; 1.18] - - 43 [15; 92] 27.5 [11; 52] 34 
More than three visitors/month 0.0416 4.67 [1.16; 24.20] 12/12 3/14 - - 41 
No. of people working in the herd 0.0030 2.55 [1.47; 5.16] - - 5 [2; 15] 3 [2; 6] 41 
Employees from abroad 0.0032 9.00 [2.25; 43.52] 18/6 4/12 - - 40 
Closed herd (in the past year) 0.0030 0.11 [0.02; 0.43] 4/20 11/6 -  -  41 
No. of suppliers in the past year 0.0356 2.73 [1.19; 7.95] - - 1 [0; 4] 0 [0;2] 41 
No. of pigs received 0.0132 13.6c [2.10; 140.19] - - 289 [0; 20,900] 0 [0; 472] 41 

a: Yes or no indicates the number of herds of a given LA-MRSA status for which the statement in the variable column is true 
b: OR per log10 increase 
c: OR per 500 pigs 
d: OR per 50 sows 
e: The same results were obtained for mouse control - company contract 
f: Use of wet feed in the farrowing unit gave similar results 
g: Versus other methods of cleaning or not cleaning (sub-question for 'cleaning of aisles') 
h: OR per 10 pigs
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Having a delivery room was associated with higher risk of being LA-MRSA positive. However, having a 

delivery room was also associated with a large herd size (OR=8.70). Furthermore, some of the farmers who 

did not have a delivery room had alternative procedures in place, such as a delivery paddock or a delivery 

truck for transporting pigs to the road, which might have a similar (or even stronger) protective effect. 

Unfortunately, we only have information on this for a limited number of the farms. 

Surprisingly, cleaning the aisles after moving pigs (OR=6.00) and, more specifically washing the aisles 

(OR=9.17), were associated with farms testing positive for LA-MRSA. A biological explanation could be that 

cleaning might disturb dust containing LA-MRSA, and washing might create aerosols.  

Several factors related to human traffic in the herd (number of visitors or employees, employees from 

abroad) were significantly related to the LA-MRSA status of the sow herds. More people entering the herd 

will increase the risk of human introduction, but this could also be a proxy for herd size. Having employees 

from abroad was included in the study due to previous reports about introduction by employees from 

abroad (Grøntvedt et al., 2016). However, given the high prevalence in Danish pig herds, this may be of less 

relevance and could also be an effect of herd size, since the relationship between having employees from 

abroad and herd size was close to the threshold for significance (p=0.0530; OR=7.38).  

Having bigger epidemiological units, measured by the typical number of weaners per section (OR = 1.08 

per 10 pigs), was also associated with herds testing positive. Other factors related to having many pigs 

together in one unit (i.e. air space stocking density, floor space stocking density and herd size) have 

previously been identified as risk factors for the spread of other swine diseases (Gardner et al., 2002). 

Herds without sows 

Explanatory variables where p<0.05 for the LA-MRSA status of herds without sows are listed in table 3. 

Variables that, after re-coding of missing observations, fulfilled the criteria for potential inclusion in the 

multivariable model for herds without sows are listed in S3 table. 
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Table 3: Study 1 - univariable analysis: Variables significantly associated with the LA-MRSA status of the herds without sows (N=125) 

Variable p-value OR  95% CI Yes/noa Median [range] No. of 
obs. +MRSA -MRSA +MRSA -MRSA

log10 (pigs present per day) 0.0072  3.76b  [1.45; 10.24] - - 3.27 [1.84; 4.02] 2.97 [1.76; 3.58] 125 
Other animal species on the farm 0.0351 0.32 [0.11; 0.96] 13/88 7/15 -  -  123 
Mouse control - company contractc 0.0410 2.71 [1.03; 7.08] 78/24 10/12  -  - 124 
Rat control - municipality/regionc 0.0155 0.28 [0.10; 0.80] 14/88 8/14  -  - 124 
Full sectioning - finisher unit 0.0104 4.05 [1.36; 11.86] 79/12 13/8  -  - 112 
Ventilation inlet - negative pressure 0.0203 3.62 [1.18; 10.68] 91/11 16/7  -  - 125 
Days between  0.0317 2.93 [1.08; 7.79] 82/18 14/9  -  - 123 
Three or more visitors/month 0.0325 0.28 [0.09; 0.94] 9/90 6/17 - - 122 
Only one person working in the herd 0.0169 0.32 [0.12; 0.82] 22/76 11/12  -  - 121 
No. of suppliers in the previous year 0.0365 2.75 [1.27; 8.73] - - 1 [1; 11] 1 [1; 2] 125 
No. of pigs received 0.0489 1.04d  [1.01; 1.10] - - 6901 [229; 56,720] 5041 [229; 2,390] 122 
Peroral use of tetracyclines (yes/no)e 0.0420 13.50 [1.35; 317.77] 18/4 1/3  -  - 26 

a: Yes or no indicates the number of herds of a given LA-MRSA status for which the statement in the variable column is true 
b: OR per log10 increase 
c: Many herds, but not all gave the same replies for mouse and rat control 
d: OR per 500 pigs received 
e: Set to NA for herds that had no weaners (also significant if these were set to zero), only four herds with weaners were negative
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A protective effect of having other animal species on the farm was observed in herds without sows 

(OR=0.32). Among the 20 farms (16%) with other animal species present, eleven had cattle, nine had 

horses, and one had sheep or goats. A similar protective effect of having other animals on the farm was 

obtained in a meta-analysis using pooled data from several LA-MRSA risk factor studies (Fromm et al., 

2014), in which this effect was also associated with floor type and having outdoor access. It was therefore 

suggested that these features could be characteristic of traditional family farms. None of the pigs in the 

present study had outdoor access, though the presence of other animals was also associated with herd size 

(OR=0.30, p=0.0175), supporting the theory that presence of other animal species might be indicative of 

less intensive farming/ hobby type herds. 

Having a ventilation system with negative pressure was associated with positive LA-MRSA status 

(OR=3.62), while natural ventilation was associated with lower risk of positive LA-MRSA status (OR=0.03). 

However, only six farms had natural ventilation, while the vast majority had negative pressure ventilation 

systems (107 farms), and a small number had other types of systems. It has been suggested that depending 

on the type of ventilation system and the construction of the barns, internal spread of LA-MRSA throughout 

the whole building via dust might be able to occur (Friese et al., 2012). However, the role of ventilation in 

the introduction and persistence of LA-MRSA within the herd still needs to be elucidated. Herds with 

curtain ventilation or barns with open sides were excluded from the study, but the exact type of ventilation 

in place on the remaining six farms with natural ventilation remains unknown. Furthermore, having natural 

ventilation was also associated with a smaller herd size (p=0.0016).  

In the analysis of data from herds without sows, having full sectioning in the finisher unit (OR=4.05) and 

frequent visits from the veterinarian (on average 35 days between visits; OR=2.93) were both associated 

with testing LA-MRSA positive, but both factors were also related to a larger herd size (full sectioning: 

OR=8.35, p=0.0003 , p<0.001). The observed association between herd 

size and frequency of visits from a veterinarian was expected, since it is mandatory for all large1 Danish pig 

herds to have a health advisory agreement with a veterinarian – most often including at least nine 

mandatory visits per year (Ministry of Environment and Food of Denmark, 2016). One could also 

hypothesise that visits from the veterinarian might be a potential source of introduction, but our dataset 

showed no significant association with the veterinarian or clinic used, or how many other pig herds the 

veterinarian or clinic served (results not presented). However, due to the limited number of pig herds in the 

dataset relative to the number of pig veterinarians in Denmark, many veterinarians only featured once in 

the dataset. Visits from veterinarians are of course also just part of the human traffic in the herd in general 

1 >300 sows, gilts or boars, >3,000 finishers or >6,000 weaners 
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(see discussion in the “sow herds” section above). Herds with no sows and only one person working in the 

herd (OR=0.32) and with more than three visitors per month on average (OR=0.28) were negatively 

associated with LA-MRSA status. This latter effect was contrary to expectations, and opposite to that 

observed for the sow herds. 

As mentioned in the introduction, the use of zinc for nursery pigs and the use of group treatment with 

antibiotics have previously been identified as risk factors for being LA-MRSA positive (Fromm et al., 2014; 

Slifierz et al., 2015). In the present study, the peroral use of tetracyclines for weaners, which was assumed 

to be equivalent to group treatment, was associated with LA-MRSA status (OR=13.50). None of the other 

factors related to the use of zinc or antimicrobial consumption were found to be significant. The vast 

majority of herds with weaners used zinc (85%), and the amount used was not significantly associated with 

LA-MRSA status when scaled to the number of weaners produced annually. In the questionnaire, farmers 

were asked whether they routinely initiated group treatment, but there was no significant difference in 

relation to LA-MRSA status.  

Study 2 - univariable analysis 
The dataset in study 2 was not segregated based on the presence of sows due to the relatively small 

number of observations and only seven of the participating herds being sow herds. Only three explanatory 

variables were significantly associated with LA-MRSA status: the number of pig suppliers within the past 

year (OR=15.17 [2.46; 296.40], p=0.0143), use of group medication in water (vs. administration through 

feed; OR=12.00 [1.44; 261.37], p=0.0406), and having a company contract for mouse control (OR=6.00 

[1.51; 27.06], p=0.0136). The effect of herd size (log10 (pigs present per day)) was close to the threshold for 

significance (OR= 3.76; p=0.0594).  

Administration of group medication through water has previously been associated with increased 

antimicrobial consumption (Fertner et al., 2016). Fertner et al. speculated that this might be related to the 

potentially large number of animals served by each waterline, which makes it more difficult to treat smaller 

groups of pigs.   

General discussion 
In study 1, many of the explanatory variables that were associated with LA-MRSA status in the univariable 

analysis were also associated with herd size. Several of the factors associated with herds without sows 

being LA-MRSA negative (no full sectioning; long intervals between visits from the veterinarian; having 

other animal species on the farm; no contract with a rodent control company and having only one person 

working with the pigs) might also be associated with less intensive production, in addition to smaller herds 
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in general. Similarly, a higher weight at weaning; having no delivery room; a lower number of visitors and 

no employees from abroad were associated with sow herds being LA-MRSA negative, and these are also 

factors one could speculate might be linked to less intensive production. 

In our first attempt to build a multivariable model for the sow herds (exclusion of variables to avoid cells 

with zero observations in cross-tabulations), the LA-MRSA status was significantly related to herd size 

(log10(pigs present per day)), use of wet feed in the gestation unit and use of tetracyclines and colistin for 

sows and piglets. However, both tetracycline and colistin use in sows and piglets were strongly confounded 

with herd size and were also related to each other. Adding them to the model led to a 106% increase in the 

regression parameter for wet feed and a 112% increase in the regression parameter for herd size. In 

addition, only one of the negative herds used colistin, so the basis for estimation was also very limited. 

These two factors were therefore not included in the model. Adding the use of wet feed only caused a 4% 

change in the regression parameter for herd size, but these two parameters still seemed to modify each 

other, leading to a very large confidence interval for both ORs (S3 table).   

When excluding observations to avoid zero cells in cross-tabulation of variables, only herd size and cleaning 

of aisles after moving pigs remained in the model. However, these also strongly modified each other (S3 

table). For herds without sows, the LA-MRSA status of the farm was associated with the average number of 

visitors per month, having a company contract for rat control and the herd size, regardless of which model-

building approach was taken. However, these models do not seem to be biologically meaningful. In the 

present investigation, the number of observations was low relative to the number of factors investigated, 

so the possibility of some being significant just by chance cannot be excluded. 

In questionnaire surveys, there is always a risk of misunderstandings, recall bias or an inclination to give 

“politically correct” answers. To minimise the effect of this bias, several variables were cross-checked with 

register data where possible. For example, 21/41 sow farmers considered their herd to be closed, whereas 

according to data from the movement database, only 15 of those sow farms had no entries of pigs from 

other herds within the past year.  

Conclusions 
Sow herds tested LA-MRSA positive less frequently than herds without sows. Many of the factors 

significantly associated with LA-MRSA status in study 1 also seemed to be associated with herd size, and it 

was therefore not possible to determine whether herd size itself or the related factors were the “true” risk 
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factors for an LA-MRSA-positive status. Similar problems caused by associations with herd size have been 

observed in other studies (Broens et al., 2011a).  

We did not succeed in building any biologically meaningful multivariable models, though the results 

obtained in study 1 suggest that herds remaining LA-MRSA negative might be smaller herds with less 

intensive production. The dataset available for study 2 was small, and only three variables (the number of 

suppliers, use of group medication in water vs. administration through feed, and having a company 

contract for mouse control) were associated with LA-MRSA status in the univariable analysis. The reasons 

for some herds being able to maintain negative status are believed to be multifactorial, and this study was 

impeded by a relatively low number of observations and possibly by potential factors of relevance not 

being recorded.  
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S1 Table: Study 1 - variables included in the multivariable analysis – sow herds 

Variable p-valuea OR 95% CI Non-
missingsb 

Min.  
Groupc 

log10(pigs present per day) 0.0048 14.83b [2.04; 164.81] 41 numeric 
Small vs. larger occurrence of mice 0.0178 0.19 [0.05; 0.72] 40 6 
Rat control - company control 0.0238 5.93 [1.37; 32.30] 41 1 
Solid floor (100%/combination) - gest. unit 0.0497 0.24 [0.05; 0.95] 41 4 
Deep litter - gest. unit 0.1721 0.20 [0.01; 1.76] 38 1 
Wet feed vs. dry feed - gest. unit 0.0045 11.67 [2.51; 86.19] 41 16 
Straw bedding (deep/limited) - farr. unit 0.1940 0.23 [0.01; 1.59] 41 1 
Wet feed vs. dry feed - farr. unit 0.0100 10.11 [2.14; 75.27] 38 1 
Cleaning of aisles after moving pigsd 0.0456 6.00 [1.17; 45.83] 40 2 
Shower mandatory when leaving farm 0.0695 3.95 [0.97; 20.47] 41 3 
Delivery room present on CHR 0.0395 6.67e [1.52; 36.95] 39 1 
Negative pressure ventilation – inletd 0.1030 0.15 [0.01; 1.13] 40 1 
More than three visitors per month 0.0416 4.67 [1.16; 24.20] 41 3 
No. of personnel taking care of the pigs 0.0025 2.69 [1.53; 5.62] 41 numeric 
Employees working with pigs at other CHRs 0.1867 0.13 [0.00; 1.32 ] 41 1 
Employees from abroadd 0.0032 9.00 [2.25; 43.52] 40 4 
Fixed routine/work order (youngest first)d 0.1657 0.27 [0.03; 1.61] 40 2 
Closed herd 0.0030 0.11 [0.02; 0.43] 41 4 
No. of pigs received (per 100 pigs) 0.1710 1.27 [0.43; 6.63] 41 numeric 
Use of probiotics/ alternative medicine 0.1970 2.50 [0.65; 11.06] 41 4 
Used for sows (y/n) - Tetracycline 0.0507 0.19 [0.03; 0.87] 41 2 
Used for sows (y/n) - Simple penicillins 0.1890 2.92 [0.61; 16.35] 41 3 
Used for sows (y/n) - Colistin 0.0936 6.59 [1.01; 130.44] 41 1 
Used for sows (y/n) - Combined penicillins 0.1474 0.38 [0.10; 1.39] 41 6 

a: For categorical variables with more than two levels, the p-value originates from the LRT against an empty 
model. For the remainder, the p-value originates from a univariable logistic regression  
b: No. of observations that are neither "no reply" nor "not relevant". The min. number required to be 
considered for inclusion in the multivariable analysis was set to 37 (41 obs. minus 10%) 
c: Smallest number of obs. in a group when cross-tabulated with LA-MRSA status 
d: Only included in the second approach in the multivariable analysis, where single observations were 
deleted to eliminate cells in cross-tabulations with no observations 
e: OR presented for delivery room present vs. not present (OR for "No reply" vs. the other categories were 
not significant) 
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S2 Table: Study 1 - Variables included in the multivariable analysis – herds without sows 

Variable p-valuea OR 95% CI Non-
missingsb Min. groupc 

log10 (pigs present per day) 0.0072 3.76d [1.45; 10.24] 125 numeric 
Area (North; South; East; SE; Bornholm) 0.1208 See footnotee 125 3 
Other animal species in CHR 0.1081 0.32 [0.11; 0.97] 125 1 
Dist. to nearest horses 0.0707 1.11 [1.01; 1.27] 114 numeric 
Rat control - region/municipality 0.0155 0.28 [0.10; 0.80] 124 8 
Typical no. of pigs per pen - finisher unit 0.1530 0.95 [0.88; 1.02] 116 numeric 
Negative pressure ventilation – inletf 0.0060 4.98 [1.55; 15.86] 122 7 
Mean no. of visitors per month 0.0318 0.73 [0.52; 0.95] 122 numeric 

f 0.0317 2.93 [1.08; 7.79] 123 9 
More than one person taking care of the pigsf 0.0169 3.17 [1.22; 8.23] 121 11 
No. of suppliers in the previous year 0.0365 2.75 [1.27; 8.73] 122 numeric 
No. of pigs received 0.0489 1.04g [1.01; 1.10] 122 numeric 
No. of pig farms within 3 km 0.1046 0.91 [0.82; 1.02] 125 numeric 
Dist. to nearest pig farm in CHR (per 100 m) 0.1990 1.06h [0.97; 1.17] 125 numeric 
Linamid - yes/no, finishers 0.1270 2.11 [0.81; 5.66] 119 9 
Pleuromutilin - ADDs per 100 finishers 0.0923 0.72 [0.46; 1.05] 119 numeric 

a: For categorical variables with more than two levels, the p-value originates from the LRT against an empty 
model. For the remainder, the p-value originates from a univariable logistic regression 
b: No. of observations that are neither "no reply" nor "not relevant". The min. number required to be 
considered for inclusion in the multivariable analysis was set to 113 (125 obs. minus 10%) 
c: Smallest number of obs. in a group when cross-tabulated with LA-MRSA status 
d: OR per log10 increase 
e: Mainly driven by the difference between North and Bornholm: OR=0.24 [0.06; 0.97], p=0.0403. (No other 
contrasts resulted in p<0.05) 
f: Only included in the second approach in the multivariable analysis, where single observations were 
deleted to eliminate cells in cross-tabulations with no observations 
g: OR per 500 pigs 
h: OR per 100 m distance 
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S3 Table: Results of multivariable analysis in study 1 
Variable P-value OR [95% CI] 
Sow herds - model 1 AIC: 40.86 
Use of wet feed in the gestation unit 0.00893 12.6 [2.3; 11.7] 
Herd size (log10(pigs present per day)) 0.01585 81.8 [3.9; 640] 
Sow herds - model 2 AIC: 40.31 
No cleaning of aisles after moving pigs 0.02131 0.04 [0.00; 0.42] 
Herd size (log10(pigs present per day)) 0.00354 152.9 [8.10; 8,183.12] 
Herds without sows AIC: 101.36 
Average no. of visitors per month 0.00838 0.56 [0.34; 0.80] 
Rat control – municipality/region (y/n) 0.00688 0.19 [0.06; 0.64] 
Herd size (log10(pigs present per day)) 0.01817 3.78 [1.26; 11.86] 

70



5.2. Discussion (Part A)

Many of the potential risk factors identified in univariable analysis in study 1 in manuscript I were also

associated with herd size, and therefore it was not possible to conclude, whether herd size itself or factors

related to herd size were the true risk factors for farms having status as LA MRSA positive. This is a

commonly reported problem in risk factor studies [153,165]. Specifically for Danish pig herds, a relation

between herd size, stocking density and pig density in the surrounding area have been reported [165], but

these factors were not associated with LA MRSA status in the present study. In manuscript I, it was decided

to report all factors associated with both LA MRSA status and herd size, rather than just concluding that LA

MRSA status was associated with herd size, despite the risk of misinterpretation. For economic reasons,

most farmers will probably not be willing to markedly change the size of their herd, whereas the associated

management procedures might be easier to adjust, and therefore it is still very important to clarify what

characterize these herds [165].

Many of the questions included in the questionnaire used for the study (the full questionnaire is available in

Danish in Appendix II), were not directly related to introduction of LA MRSA, and thus one could argue, that

it might have been unlikely to observe an effect of these. However, many of these factors, e.g. use of zinc,

cleaning and sorting of pigs, were hypothesized to influence establishment or spread of LA MRSA within

the herd, and thus still might influence the overall LA MRSA status of the farm.

Factors not included in the investigation, which might have been of relevance in relation to the risk of

introduction of LA MRSA, include number of trucks visiting the premises per month, frequency of

introduction of new pigs (currently only number of suppliers and number of animals received per year were

included), as well as the use of temporary workers. Also, in the few open questions included in the

questionnaires, the farmers themselves had lots of different comments and theories about LA MRSA, of

which it might be of interest to include some in another study, e.g. use of disposable gloves.

The questionnaire also included questions about use of probiotics and dust reducing initiatives, which both

sometimes have been mentioned as potential interventions against LA MRSA, albeit any probiotics

currently used most likely would be aimed at improving the pigs’ gut flora. However, these were only rarely

used in the herds included in the study and therefore it could not be investigated whether this had any

impact on the herd level LA MRSA status.

It might be of interest to further investigate several of the factors identified in univariable analysis in a set

up, where herd size is controlled for. This includes the use of wet feed, which had some of the highest ORs

in the study, and also seems relevant seen from a biological perspective. Also the results for some of the

factors, that only occurred infrequently and therefore could not form the basis for any firm conclusions,

could warrant further investigation. This is for example the case for natural ventilation, which was
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associated with negative LA MRSA status, but did only occur in six herds. Differences in ventilation and air

flow are interesting in relation to LA MRSA, seen in the light of that LA MRSA positive pigs have been able

to lose LA MRSA when inserted in free range production [28]. Furthermore, it could also have been

interesting to explore, whether there was any effect of which veterinarian or clinic the herds used (both in

relation to antimicrobial use and risk of potentially transmitting LA MRSA between herds). However, most

veterinarians were only used by one of the herds in the present dataset, so to further investigate this, a

much bigger dataset is required.
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6. Part B: Spread and control of LA-MRSA within a pig herd
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Amechanistic model for spread of livestock-
associatedmethicillin-resistant Staphylococcus
aureus (LA-MRSA) within a pig herd

Anna Irene Vedel S rensen1 , Nils Toft1, Anette Boklund1, Carmen Espinosa-Gongora1,
Kaare Græsb ll1, Jesper Larsen2, Tariq Halasa1

1 National Veterinary Institute, Technical University of Denmark, Lyngby, Denmark, 2 Microbiology and
Infection Control, Statens Serum Institute, Copenhagen, Denmark

* anvso@vet.dtu.dk

Abstract

Before an efficient control strategy for livestock-associated methicillin resistant Staphylo-

coccus aureus (LA-MRSA) in pigs can be decided upon, it is necessary to obtain a better

understanding of how LA-MRSA spreads and persists within a pig herd, once it is intro-

duced. We here present a mechanistic stochastic discrete-event simulation model for

spread of LA-MRSA within a farrow-to-finish sow herd to aid in this. The model was individ-

ual-based and included three different disease compartments: susceptible, intermittent or

persistent shedder of MRSA. The model was used for studying transmission dynamics and

within-farm prevalence after different introductions of LA-MRSA into a farm. The spread of

LA-MRSA throughout the farm mainly followed the movement of pigs. After spread of LA-

MRSA had reached equilibrium, the prevalence of LA-MRSA shedders was predicted to be

highest in the farrowing unit, independent of how LA-MRSA was introduced. LA-MRSA took

longer to spread to the whole herd if introduced in the finisher stable, rather than by gilts in

the mating stable. The more LA-MRSA positive animals introduced, the shorter time before

the prevalence in the herd stabilised. Introduction of a low number of intermittently shedding

pigs was predicted to frequently result in LA-MRSA fading out. The model is a potential deci-

sion support tool for assessments of short and long term consequences of proposed inter-

vention strategies or surveillance options for LA-MRSA within pig herds.
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Farm design.

Production cycle.

Re-insemination of sows.

Fig 1. Flow between stable units in a simulated Danish integrated herd.

https://doi.org/10.1371/journal.pone.0188429.g001

Table 1. Housing in different stable units in a hypothetical farrow-to-finish pig herd with 500 sows.

Mating unit Gestation unit Farrowing unit Weaner unit Finisher unit

Time spent in the unit Day 1–33 in each sow
cycle

Day 34–113 in each sow
cycle

Sows: Day 114–147 Day 29–77 Day
78-slaughteragePiglets: Day 1–28

Pigs in the unit Sows, gilts Gestating sows Sows + piglets Weaners Finishers

Sectioning in the unit Full None Full Full Full

System within the unit Individual housing of
sows

Loose-housing Individual housing with
piglets

Max. 30 pigs per
pen

Max. 15 pigs per
pen

Max. 5 gilts per pen One pen per batch

No. of sections 5 + 1 for gilts 1 5 8 + 1 buffer 14 + 1 buffer

No. of pens per section 40 (12 for gilts) 12 35 14 (3 in buffer) 24 (10 in buffer)

Snout contact btw. neighboring
pens

Yes Not relevant Yes Yes Yes

https://doi.org/10.1371/journal.pone.0188429.t001

Amodel for spread of LA-MRSAwithin a pig herd
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Use of nursery sows (foster dams).

Removal of sows.

Replacement of sows.

Weaning and placement into pens.

Use of buffer sections in the weaner and finisher unit.

Removal of piglets, weaners and finishers.

Amodel for spread of LA-MRSAwithin a pig herd
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Epidemic model
Definitions.

S aureus

Structure.

Transmission parameters.

Fig 2. Infection model for MRSA. S = Susceptible, IS = Intermittent shedder, PS = Persistent shedder, =
Overall transmission rate, q = fraction of shedders becoming persistent shedders, DIS = Duration of shedding
for intermittent shedders, DPS = Duration of shedding for persistent shedders, DPS DIS.

https://doi.org/10.1371/journal.pone.0188429.g002
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S aureus

Model output and validation
Model run.

Introduction of MRSA.

Output parameters.

Validation.

Sensitivity and robustness analysis.
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Results

Validation

Spread of MRSA

!
!
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Fig 3. Development in themedian prevalence of MRSA shedders following introduction of oneMRSA
shedding gilt. Predicted median prevalence over time following introduction of one intermittently (a-c) or
persistently shedding gilt (d-f), when using low (a+d), medium (b+e) or high (c+f) transmission rates.
Mat = Mating unit, Gest = Gestation unit, Farr = Farrowing unit, Wean =Weaner unit, Fini = Finisher unit.

https://doi.org/10.1371/journal.pone.0188429.g003
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Sensitivity and robustness analysis

Fig 4. Violin plot of the prevalence following introduction of one gilt sheddingMRSA intermittently or
persistently. Predicted prevalence of MRSA shedders six years after introduction, whenmedium
transmission rates were used (distribution of 500 iterations). The median prevalences are indicated by white
dots. Mat = Mating unit, Gest = Gestation unit, Farr = Farrowing unit, Wean =Weaner unit, Fini = Finisher unit.

https://doi.org/10.1371/journal.pone.0188429.g004
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Table 2. Predicted prevalence and fade-out of MRSA in a simulated pig herd following single introductions.

Transmission rates Introduction scenario Shedder prevalence Fade out Duration

Median 5th-95th percentile (% iterations) Median Range

Low 1 IS gilt 0.0 0–38.0 87.0 13.0 1–142

1 PS gilt 0.0 0–0.01 88.4 507.0 469–557

1 IS weaner 0.0 0–0 99.2 14.5 1–257

1 PS weaner 0.0 0–0 95.4 150.0 11–658

1 IS finisher 0.0 0–0 99.6 14.0 2–312

1 PS finisher 0.0 0–0 98.4 94.0 1–425

Medium 1 IS gilt 0.0 0–68.6 51.0 13.0 2–100

1 PS gilt 56.4 39.4–70.2 0.0 - -

1 IS weaner 43.9 0–69.0 46.0 11.0 2–347

1 PS weaner 56.1 0–69.7 7.0 150.0 3–346

1 IS finisher 0.0 0–68.5 58.4 15.0 1–314

1 PS finisher 54.1 0.68.9 27.4 100.0 80–444

High 1 IS gilt 64.7 0–79.6 26.4 9.0 2–80

1 PS gilt 67.0 48.2–79.4 0.0 - -

1 IS weaner 64.6 0–82.3 20.6 7.0 1–153

1 PS weaner 68.0 54.5–80.3 0.4 100.5 9–192

1 IS finisher 64.7 0–80.6 28.4 8.0 1–128

1 PS finisher 67.8 51.1–78.8 0.0 - -

https://doi.org/10.1371/journal.pone.0188429.t002

Fig 5. Results of sensitivity- and robustness analysis. Predicted prevalence six years after introduction of
one intermittently shedding gilt (distribution of 500 iterations). Last part of each label indicates the transmission
rate used. Dur = duration of shedding for IS altered, No.PS = no persistent shedders, Host = shedder type
solely determined by host factors (no influence of prevalence in the room), Trans = transmission rates altered.

https://doi.org/10.1371/journal.pone.0188429.g005
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Discussion
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Supporting information
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S1 Table. Model input: Probabilities of sow parities at simulation start and re-insemina-

tion attempts.

S2 Table. Model input: Litter size, duration of shedding and transmission rates used for

sensitivity analysis.

S3 Table. Model input: Probability of removal of sows.

S4 Table. Model input: Assumed slaughter age distribution.

S5 Table. Model input: Removal of piglets, weaners and finishers.

S6 Table. Model input: Probability of pigs becoming persistent shedders.

S7 Table. Model input: Transmission rates and probabilities.

S8 Table. Model output: Results of sensitivity- and robustness analysis.

S9 Table. Model output: Simulated production parameters compared to Danish produc-

tion data.

S10 Table. Model output: Predicted fade out of MRSA in a simulated pig herd and time

elapsed between introduction and fade out following single or multiple introductions.
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S11 Table. Summary of MRSA prevalence in different age groups in observational studies.

S1 Fig. The sow cycle modelled in a hypothetical farrow-to-finish herd.

S2 Fig. Model output: Convergence after introduction of one intermittently shedding gilt.

S3 Fig. Model output: Development in the median prevalence of MRSA shedders following
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Table S1: Model input: Sow parities at simulation start and re-insemination attempts 
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Table S2. Model input:  Litter size, duration of shedding and transmission rates used for 
sensitivity analysis

References 

Staphylococcus
aureus

Staphylococcus aureus 
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References 
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Probability of having the potential to become a persistent shedder

Prevalence threshold

Probability of persistent shedding below threshold

Staphylococcus aureus
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Table S7. Model input: Transmission rates and probabilities 

References 

102



Staphylococcus aureus
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Table S10. Model output: Predicted fade out of MRSA in a simulated pig herd and time 
elapsed between introduction and fade out following single or multiple introductions. 
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Table S10, continued from page 1. 

Median 5th-95th 
percentile Median Range

Transmission 
rates

Introduction      
scenario

Shedder prevalence Fade out      
(% iterations)

Duration (days)
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Staphylococcus aureus

Staphylococcus aureus

Staphylococcus
aureus

Staphylococcus aureus
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Staphylococcus aureus

Staphylococcus aureus
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Figure S2. Model output: Convergence after introduction of one intermittently shedding gilt
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Abstract 
Knowledge on successful interventions against livestock-associated methicillin-resistant Staphylococcus 

aureus (LA-MRSA) within pig herds is sparse. In situations like this, a mechanistic simulation model can be a 

valuable tool for assessing the effect of potential intervention strategies, and prioritising which should be 

tested in the field. We have simulated on-farm interventions, with a previously published LA-MRSA spread 

model, within four different areas: 1) Reduced antimicrobial consumption, 2) Reduced number of pigs 

within each section, 3) Reduced mixing of pigs, and 4) Improved internal biosecurity. To model a decrease 

in the selective pressure, the transmission rates were reduced after LA-MRSA had become fully established 

within a herd, which resulted in a marked decrease in the prevalence within all stable units. However, LA-

MRSA rarely disappeared completely from the herd; this was only observed in scenarios where the 

transmission rates were reduced to  30% of the original level. While changes in antimicrobial consumption 

patterns might be a very important step towards reducing the spread of LA-MRSA, the simulation results 

indicate that it may need to be paired with other preventive or intervention measures. Reducing the 

number of pigs within each section, reducing mixing of pigs, or improving internal biosecurity after LA-

MRSA had become established within the herd only resulted in marginal changes in the median prevalence 

within the herd. However, these factors might be important in relation to being able to achieve or maintain 

a low level of antimicrobial consumption, and thus still indirectly influence the LA-MRSA prevalence within 

the herd. The results of a sensitivity analysis indicated the assumptions regarding the existence of pigs 

persistently shedding MRSA have a noticeable influence on the model results. The assumptions regarding 

transmission from sow to offspring at the day of birth also had a considerable influence on the MRSA 

prevalence within the farrowing unit but did not cause any marked changes in the simulated effect of 

interventions. Effects might differ between different farm types contaminated in different levels and this 

simulation study highlights a strong need for more knowledge from on-farm trials.  
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Introduction 
Staphylococcus aureus  is an opportunistic pathogen capable of causing a wide-range of diseases in humans 

and animals [1]. In 2005, findings of livestock-associated methicillin-resistant Staphylococcus aureus (LA-

MRSA) were reported for the first time in France and the Netherlands [2,3], and since then LA-MRSA has 

been detected in the pig population in many European countries [1].  

The majority of LA-MRSA strains are resistant to tetracyclines [4] and use of these compounds is therefore 

expected to select for LA-MRSA. In  a longitudinal study, where transmission rates of LA-MRSA between 

pigs were estimated both with and without the use of risk-antimicrobials (beta-lactams and tetracyclines), 

these were significantly different from each other [5], and in several studies group treatment with 

antimicrobials has been identified as a risk factor for pig farms becoming LA-MRSA contaminated [6–8]. 

Also, in an intervention study, where use of antimicrobials was reduced by 44%, this was associated with 

declining MRSA prevalence in pigs [9]. Thus, changing antimicrobial consumption patterns on the farms can 

be considered a relevant area of intervention.  

LA-MRSA has been detected in high levels in air within stable units [10], and consequently pigs are exposed 

to LA-MRSA both through bacteria bound to dust particles suspended in the air, and through direct contact 

with their pen mates. Since the LA-MRSA contamination of the air is assumed to originate from pigs 

shedding LA-MRSA, a reduction in the number of pigs within a stable section might lead to decreased 

exposure, both through decreased concentrations in the air and through decreased direct contact to other 

pigs, provided that the within-pen stocking-density is also reduced. The number of direct contact events 

with other pigs during an animal’s lifespan is dependent both on the stocking-density in the pens, and on 

how often mixing between pigs in different pens or batches occur. Both factors have been identified as risk 

factors for spread of other infectious agents [11,12].  

In addition to in the air within stables,  LA-MRSA has been detected in many different parts of the farm 

environment, including in dust, feed, faeces, and boot swabs of the service alley on contaminated farms 

[10]. Therefore, farm workers and equipment are also potential sources of spread of LA-MRSA between 

sections or stable units within the farm. Some units are more work intensive than others, e.g. the farrowing 

unit, and the work will involve more direct interaction between humans and pigs. Improved internal 

biosecurity, e.g. improved hand hygiene, change of boots between stables, fixed working order, having 

equipment dedicated to each unit etc., may reduce this spread. 

On-farm studies showing successful interventions against spread of LA-MRSA, which do not involve 

emptying the farm and culling all animals, are sparse. Most of these have focused on the use of 

disinfectants, but the scope, study design, disinfection procedure and type of disinfectant applied varied, 
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and so did the results. In general, it has been shown possible to remove LA-MRSA entirely through 

disinfection in the absence of animals [13,14], or obtain a reduction in LA-MRSA levels in the air and 

bedding materials, when repeatedly applying disinfectant in the presence of LA-MRSA positive animals [15]. 

Other attempts at reducing the LA-MRSA contamination within farms, includes sow washing, where the 

original strain was detected in 64% of the animals again after washing [16], and use of an air cleaning 

system consisting of an air washer and a UV-irradiation system, which led to significantly reduced 

concentrations of LA-MRSA in the stable air [17]. 

In situations where the knowledge on successful interventions is limited, a mechanistic simulation model 

can be a valuable tool for assessing the effect of potential intervention strategies, and prioritising which 

one should be tested on real farms. One of the main challenges, when modelling spread of LA-MRSA is that 

the dynamics of infection in pigs are not clear, and assumptions regarding the existence of both 

intermittent shedders (IS) and persistent shedders (PS) might have a major impact on the results. In this 

paper, we use a previously published mechanistic individual-based model for spread of LA-MRSA within a 

pig herd [18] for simulating the outcome of implementing on-farm interventions within four different areas: 

1) Reduced antimicrobial consumption, 2)  Reduced number of pigs within each section, 3) Reduced mixing

of pigs, and 4) Improved internal biosecurity. Using the Danish situation as an example, where LA-MRSA

was isolated from 88% of 57 randomly selected pig herds tested in  Denmark [19], we assume that LA-

MRSA has already become fully established within the herd and reached a steady state prevalence in all

farm units before the interventions are initiated. The aims of the study were to: 1) Assess the effect of the

possible intervention strategies mentioned above and evaluate if it is possible to clear a farm from LA-

MRSA, once it has become established by lowering the transmission, and 2) Assess the impact of

assumptions and parameters on model predictions.

Materials and methods 

Simulation model 
All simulations and data analyses were carried out in R version 3.2.2 – “Fire Safety” [20].  The model used 

for the simulations is a mechanistic, stochastic, individual-based model with discrete time-steps of one day. 

All simulation scenarios were run for 500 iterations, except in the sensitivity analysis, where some 

simulations were run with 100 iterations as explained below in section: ‘Sensitivity analysis’. The model 

consists of two main units, a herd model of a farrow-to-finish pig herd and an epidemic model for LA-MRSA. 

Both are briefly described below and a more detailed description of the full model can be found in 

Sørensen et al., 2017 [18], including a link to the model R-code: https://github.com/anvso/DTU-model. 
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Herd model 

The model was designed to represent a typical Danish medium-sized farrow-to-finish herd (~ 500 sows, 

annual production:  ~15,400 slaughter pigs). It was assumed that the herd used weekly batch production 

with 100% artificial insemination, and replacement gilts were purchased from other herds. The main 

processes in the model included: insemination, farrowing, slaughter, death/culling, re-insemination and use 

of two-step nurse sows. The farm consisted of five different stable units: the mating unit, the gestation 

unit, the farrowing unit, the weaner unit and the finisher unit. 

Epidemic model 

The epidemic model used for LA-MRSA was an SIS-model with two different infectious stages, since it was 

assumed that a pig could either be susceptible to LA-MRSA, or be an intermittent or persistent shedder of 

LA-MRSA. It was assumed that, as in humans, IS and PS formed two distinct groups [21], and therefore a pig 

could not go directly from being an IS to becoming a PS. Whether a pig became a PS was modelled to 

depend both on host-related factors and the degree of exposure to LA-MRSA. This was implemented by 

only assigning a certain fraction of the pigs the potential to become PS, with a probability of becoming PS 

upon exposure that changed depending on the prevalence within the section where the pig was housed 

being above or below a given limit [18]. The duration of shedding for IS varied from 1-26 days. The routes of 

transmission in the model included: within-pen, between-pen, between-section and between-stable 

transmission [18].  

Interventions simulated 
To allow enough time for LA-MRSA to become established in pigs within all stable units, the interventions 

were not initiated until 180 days after LA-MRSA had been introduced, reflecting the time needed for LA-

MRSA to reach an endemic state. This is a relevant approach to testing interventions that could be useful if 

implemented in the endemic state currently found in Danish pig population. All scenarios were simulated 

with three different sets of transmission rates, referred to as ‘low’, ‘medium’ and ‘high’, except the 

scenarios related to reduced antimicrobial consumption, where the high rates were used as a baseline 

before intervention. The ‘low’ set of transmission rates were intended to represent a scenario with no use 

of beta-lactams or tetracyclines (rates based on [5]), whereas ‘high’ transmission represented a situation 

with high antimicrobial consumption (rates based on [5]). The ‘medium’ scenario represented a situation 

between the two extremes (rates were based on averages of ‘low’ and ‘high’) [18]. 

Reduced antimicrobial consumption 
Changes in the antimicrobial consumption patterns, which lead to a decrease in the use of compounds 

selecting for LA-MRSA, are expected to decrease the rate of LA-MRSA transmission between pigs. To 

investigate if it was possible to clear a herd from LA-MRSA by decreasing transmission to a sufficiently low 
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level, all the transmissions rates used when assuming ‘high’ transmission, were reduced by 10% - 90% in 

steps of 10% each.  

Reduced number of pigs within each section 

In Denmark, it is common for farmers to sell pigs either immediately after weaning (weight ~7 kg) or after 

the nursery phase (weight ~30 kg), and therefore scenarios were specified with reductions in the number of 

pigs in each section within these two age groups, where we assumed that the farmer started selling pigs 

and gradually increased the proportion of every batch sold by 5%-steps every 6th month. The overall 

stocking density within a section was reduced, by either: 1) utilising less of the pens available within the 

section, or 2) reducing the number of pigs within each pen (reduced stocking density). It was assumed that 

a reduction in stocking density also would affect the transmission rate due to decreased contact rate, and 

thus the transmission rates were reduced stepwise with the same relative reduction per step as the relative 

reduction in density.  

Reduced mixing 

In the simulated herd, it was assumed that the farmer was using batch production i.e. in principle all-in/all-

out on the section level. However, animals from different batches might in some cases be mixed. Regularly, 

some sows will be moved from one batch to another, either because of reproductive failure or because of 

being used as nurse sows (foster dams) for piglets born by sows in other batches. In a survey from 2016, 

63% and 52% of the interviewed Danish pig herd owners, who used batch production, had a buffer section 

in their weaner or finisher unit, respectively (S1 table). Therefore, both the weaner and the finisher units 

were assumed to contain a buffer section for slower growing pigs that needed extra time in the unit before 

being ready to be moved to the finisher stable or before being sent for slaughter. It was assumed that the 

leftover pigs in the weaner unit could spend up to three weeks in the buffer section before being moved to 

the finisher unit and that these pigs would therefore be mixed with weaners from other batches. Mixing of 

pigs in the buffer section in the finisher unit was considered to only be of little importance, since pigs will 

not return from the buffer section, but instead be sent directly to slaughter from here. Mixing of pigs from 

different litters is common in Danish pig production herds, where pigs are frequently sorted according to 

size and assigned new pen mates when they are moved from one stable unit to another. In the baseline 

scenario, it was assumed that the pigs were sorted and assigned new pen mates at least twice: first when 

entering the weaner unit, and later when being moved from the weaner to the finisher unit. In practise, this 

was implemented in the model as random mixing at transition. In the present study, reduced mixing was 

simulated in three different ways: 1) No use of buffer sections and thus no possibility of mixing between 

pigs belonging to different batches, 2) No use of buffer stables along with reduced mixing (the pigs in each 

weaner pen were distributed in two pens, when being moved to the finisher unit, and as a result, these pigs 

only received new pen mates once, at entry in the weaner unit, when two litters would be put into one pen 
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together), 3) Keeping pigs from different litters separated all the way from farrowing and to slaughter. In 

practice, this also meant that the number of pigs within each pen was reduced considerably, because in the 

baseline scenario the maximum number of pigs per pen would be 30 in the weaner unit and 15 in finisher 

unit.  

Improved internal biosecurity 

The effect of increased internal biosecurity was modelled as a reduction in the transmission between 

sections, between stable units or both, and included the extreme cases of no between-section and/or 

between-stable transmission.  

Sensitivity analysis 
Many of the parameters used in the infection model originate from one study [5], and thus are subject to 

considerable uncertainty. In the first part of the sensitivity analysis, the effect of changes in within-pen and 

between-pen transmission rates relative to each other was investigated. This was intended to highlight 

which changes in model parameters that have the biggest impact on the outcome and therefore potential 

focus areas for intervention. Within-pen and between-pen transmission parameters were independently 

scaled from 0.3-1.1 times the baseline value in steps of 0.10, while the other parameters were kept 

constant. In the sensitivity analysis, the variation in these parameters was not included, and therefore 

simulations only required 100 iterations to generate stable estimates. Spread between-section and 

between-stable units were set to a fixed proportion of the between-pen spread, and therefore no separate 

sensitivity analysis was conducted on these. To assess the influence of intervening in one stable unit only, 

the within-pen and between-pen transmission rates were also changed individually in one unit at a time, 

where both rates were scaled with the same factor in each step. 

The presence of pigs persistently shedding LA-MRSA is expected to have a considerable influence on the 

outcome of the intervention scenarios, and therefore the influence of the presence or absence of these 

was assessed in the second part of the sensitivity analysis. The assumptions regarding the probability of 

transmission from sow to offspring on the day of birth might also influence the interventions modelled and 

therefore this parameter was also subjected to sensitivity analysis.  The effect of using values 

corresponding to 0%, 25%, 50 and 75% of the probabilities used in the standard parameterisation was 

investigated. The sensitivity analysis was conducted with only one set of transmission rates (‘high’ 

transmission). 
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Results 
Reduced antimicrobial consumption 
The median prevalence within the stable units over time decreased immediately after the reduction in 

transmission rates had been implemented, and then stabilised at a lower level, which depended on the 

proportion of reduction implemented (Fig 1.A-D and S1 Fig). Violin plots were used to illustrate the 

variation in the outcome of different iterations (Fig 1.E-H and S2 Fig). Generally, a bimodal distribution was 

observed with one proportion of the simulated prevalences clustering just above zero, and the more the 

transmission rates were reduced, the more iterations resulted in a prevalence of zero or just above zero 

(Fig 1.E-H and S2 Fig). Complete fade-out of LA-MRSA resulting from the introduced reduction in the 

transmission rate was only observed in the scenarios where the transmission rate was reduced to less than 

30% of the initial level, and still this was a rare event (0.2%, 0.4% and 2.4% of iterations, when the 

transmission rates were reduced to 30%, 20% and 10% of the initial level, respectively (S2 Fig)).  

Reduced number of pigs within each section 
Reducing the number of pigs within each section in either way had only a marginal effect on the 

development in the simulated median prevalence over time, when assuming ‘high’ transmission (Fig 2), 

since a major effect was only observed, when enough time had elapsed for the number of pigs within each 

section to be reduced to level, that probably not will be realistic for farmers (>10% reduction). In the 

scenarios, where ‘low’ or ‘medium’ transmission was assumed, similar results were obtained (S3 Fig). There 

was slightly more effect, when the number of pigs was reduced within each pen and not only the number 

of pens in use within the section. 

Reduced mixing 
With the current parameterisation of the model, no effect was observed in any of the scenarios with 

reduced mixing, no matter if high (Fig 3), medium or low (S4 Fig) transmission was assumed.  

Improved internal biosecurity 
Reducing transmission between sections had no noticeable effect, when LA-MRSA had already become 

established within the herd (Fig 4). However, when ‘low’ transmission rates were used, a small temporary 

drop in the prevalence was observed immediately after intervention when it was assumed that the spread 

between section and between stables had been reduced to 25% of the initial level (S5 Fig). 

Sensitivity analysis 
The mean prevalence values after stabilisation in the five different stable units as well as the overall mean 

prevalence within the herd for different combinations of scaling of the transmission rates for within-pen 
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transmission and between-pen transmission are illustrated on Fig 5. The proportion of iterations where LA-

MRSA faded out was the same for all units, since following introduction LA-MRSA either faded out in all 

units of the farm or became established within all units. In general, the highest prevalence was observed 

within the farrowing unit and the lowest within the mating unit. The changes in mean prevalence followed 

the same overall pattern within all stable units. 

Gradually changing the parameter values for all transmission rates within one stable unit at a time resulted 

in a gradually changing mean prevalence within the stable unit, where the changes were applied. The 

changes did not markedly influence the mean prevalence in the other stable units, as the prevalence 

consistently remained lowest in the mating unit and highest in the farrowing unit (S6 Fig).  

The influence of our assumptions about the existence of persistent shedders (PS) was assessed by running 

selected scenarios with no PS (S7 Fig). In general, the median prevalence stabilised at a lower level, when 

there was no PS, but only to a lesser degree in the farrowing unit, where there is a constant supply of new 

susceptible piglets and a high sow-to-offspring transmission (S7 Fig. B). The presence of PS in the model 

limited the possible decrease in prevalence following intervention. For reduced mixing and improved 

internal biosecurity, no effect was visible when simulating with the standard parameterisation that 

included the presence of PS, however, when running the scenario, where the pigs were kept together with 

their litter without PS, there was a marginal drop in the median prevalence within the weaner and finisher 

units (S7 Fig. E). When transmission between stables and sections were reduced by 50% in a scenario 

without PS, a small decrease was observed in all units immediately after intervention, except in the 

gestation unit (which is not separated into sections due to loose housing of the sows in larger groups), and 

in the farrowing unit (where sow to offspring transmission quickly generates new MRSA shedders) (S7 Fig. 

F). However, the effect observed was still far too small to be of any practical importance for field 

intervention. 

The assumption regarding transmission from sow to offspring on the day of birth had a considerable 

influence on the prevalence within the farrowing unit (S8 Fig) but did not markedly alter the effect of any of 

the simulated interventions (S9 Fig). 

Discussion 
Reducing the transmission rates after LA-MRSA had become fully established within a herd to simulate a 

reduction in the selective pressure, resulted in a marked decrease in the prevalence within all stable units. 

However, LA-MRSA rarely disappeared completely from the herd and only in scenarios where the 

transmission rates were reduced to  30% of the original level. A reduction to ~40% of the original level 

corresponds to the transmission rates observed in a transmission study in the Netherlands, when no beta-
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lactams or tetracyclines were used [5], but it must be expected that multiple factors related to 

management and the environment would affect transmission, and hence it remains unknown how large a 

reduction would be realistic. It has however been suggested that a reduction in the overall use of 

antimicrobials and especially those agents which co-select for LA-MRSA, might not result in a rapid decline 

in the occurrence of LA-MRSA; the effect will depend on the fitness cost of methicillin resistance for LA-

MRSA and the impact of management and treatment procedures implemented to replace the current 

procedures [4].  Additionally, one could speculate that the high stability of tetracyclines and their ability to 

persist in the environment [22], might play a role.  

In an intervention study of 36 Dutch pig farms, where the antimicrobial use decreased by 44% during the 

18-month study, this decline was associated with a decreasing MRSA prevalence in pigs, despite 

tetracyclines and penicillins remaining the two most used drug types during the study period [9]. The 

observed decrease in prevalence did not occur as fast as those resulting from abrupt reduction of the 

transmission rates as in the present study, where an immediate rather than gradual reduction in the use of 

antimicrobials was assumed. Additionally, we assumed that the use of tetracyclines and penicillins would 

also be reduced. A reduction in transmission could also represent the effect of reducing the concentration 

of LA-MRSA in the air and the environment through for instance use of a disinfectant powder. 

Reducing the number of pigs within each section after LA-MRSA had become established within the herd 

only resulted in marginal changes in the median prevalence within the herd, if the reduction should be kept 

within a range that is assumed to be economically feasible for the farmer (5-10%). These changes could all 

be attributed to the reduction in transmission rate implemented, rather than directly to the reduced 

number of animals within the section or pen. This could be caused by a weakness in the modelling 

approach, since we are not modelling the exposure through the air directly, even though it indirectly is 

included in the transmission rates. For density-dependent transmission, the transmission rates depend on 

the population size, and the estimate of transmission rate decrease with decreasing stocking-density are 

difficult to assess. 

In the present study, no effect of modelling reduced mixing of pigs was observed. An investigation of the 

LA-MRSA status of piglets at the time of intervention, when the prevalence in the herd had stabilized at a 

high level, revealed that most piglets and litters were already LA-MRSA positive. The effect of reduced 

mixing between litters could intuitively not be observed when the majority of piglets were already 

shedders. However, even when applying lower transmission at day-one in the piglets’ life in the sensitivity 

analysis, there was no apparent effect.  

No environmental carryover effect was included in the LA-MRSA model used, i.e. we assumed perfect 

disinfection between batches [18]. We also assumed that LA-MRSA could quite easily be spread between 
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different compartments on the farm, if internal biosecurity procedures to avoid this were not practiced. LA-

MRSA isolates originating from pig farms have been shown to be able to form robust biofilm under lab 

conditions [23], and thus may be able to survive on equipment for a long time. In the present study, no 

direct effect was observed as all units on the farm had already been contaminated, but this might still be 

important as a preventive measure in situations where LA-MRSA has not been introduced or in relation to 

keeping antimicrobial consumption low. 

From the results of the sensitivity analysis, it became clear that our assumption regarding the existence of 

pigs persistently shedding LA-MRSA had a considerable influence on the results of the simulated 

interventions. The sensitivity analysis also revealed, that our assumption regarding transmission from sow 

to offspring at the day of birth, had a considerable influence on the general prevalence within the farrowing 

unit (S8 Fig), but not much influence on the effect of the simulated interventions (S9 Fig). The association 

between sow LA-MRSA status and the probability of piglets testing LA-MRSA positive have been confirmed 

in several studies [24–26], where the proportion of positive piglets in the days after farrowing were very 

different. We therefore expect the transmission on the day of birth might be dependent on the general 

infectious pressure on the farm, and therefore all the situations included in the sensitivity analysis could 

potentially be of practical relevance. Strongly decreased transmission at the day of birth could also 

represent the use of caesarean sections, as might be used to generate gnotobiotic pigs in nucleus breeding 

herds, e.g. if wanting to start a new LA-MRSA free production [27].  

With the current parameterisation of the model, prevalences were in general highest within the farrowing 

unit, and lowest within the mating unit (S6 Fig), and thus the farrowing unit seems to be the area with the 

most potential for intervention. Also, changes within this unit seemed to have the most effect on the 

prevalence within the other units (S6 Fig). 

When assessing the feasibility of the suggested interventions, practical and economic implications for the 

farmers should be considered, including any effects on health and growth rate of the pigs. Reducing 

antimicrobial consumption might be challenging, but the implementation of herd-specific interventions 

have in some cases been shown to reduce the use of antimicrobials without negative impact on overall 

economic and technical performance [28]. However, both the current antimicrobial consumption patterns 

and the reduction, that is possible to obtain, might of course vary considerable between farms, depending 

on management and current disease problems. 

Also, while no direct effect of reducing the number of pigs within each section, reducing mixing or 

improving internal biosecurity were observed, these might all be important in relation to spread of other 

diseases, and consequently the antimicrobial consumption within the herd. 
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Preferably, there should be multiple benefits of the interventions, which require an investment from the 

farmer; either these should be a step toward not only reducing the occurrence of LA-MRSA, but also the 

occurrence of antimicrobial resistance in general or other problematic resistant bacteria such as extended-

spectrum beta-lactamase producing bacteria (ESBL) or have a preventive effect on spread of disease within 

the herd in general. Also, it is crucial to obtain more knowledge on how to avoid MRSA being introduced or 

reintroduced in the herd.  

Based on the results obtained from the present simulation study, it is unlikely that a highly contaminated 

farm can clear itself completely from LA-MRSA by only implementing interventions, which decrease 

transmission, e.g. reduced use of antimicrobials and zinc. However, this intervention did result in a marked 

decrease in the within-herd prevalence and might play an important role in preventing LA-MRSA in 

becoming established in a naïve herd. It is also important to keep in mind, that LA-MRSA has been found in 

organic [29] and antimicrobial-free herds [25], albeit much less frequently compared to in conventional 

herds (6% positive Danish organic herds in 2015 vs 68% positive Danish conventional herds in 2014). 

Therefore, while changes in antimicrobial consumption patterns might be an important step towards 

reducing the prevalence of LA-MRSA within a herd, it still needs to be supplemented by other preventive or 

intervention measures. 

The results obtained are subject to uncertainty, due to the limitations of the model and the uncertainty of 

the parameters and the assumptions made. Especially, the assumption regarding PS has a noticeable 

influence on the results. Effects might differ between different farm types contaminated with LA-MRSA at 

different levels and this simulation study highlights a strong need for more knowledge from on-farm trials. 

Conclusions 
Reducing the transmission rates after LA-MRSA had become fully established within a herd, resulted in a 

marked decrease in the prevalence, but LA-MRSA only rarely disappeared completely. So, while changes in 

antimicrobial consumption patterns might be a very important step towards reducing the prevalence of LA-

MRSA within a herd, it still needs to be supplemented by other preventive or intervention measures. 

Slightly reducing the number of pigs within each section, reducing mixing of pigs, or improving internal 

biosecurity after LA-MRSA had become established within the herd only resulted in marginal changes in the 

median prevalence within the herd. However, these factors might be important in situations where LA-

MRSA has not become established within the herd, or in relation to being able to achieve or maintain a low 

level of antimicrobial consumption. 
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The results of the sensitivity analysis indicated that the assumptions regarding the existence of pigs 

persistently shedding MRSA have a noticeable influence on the model results. The prevalence was in 

general, highest within the farrowing unit, and lowest within the mating unit, and thus the farrowing unit 

might be the area with most potential for intervention. 
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Fig 1. Reduced transmission

Development in the median prevalence after intervention 

Distribution of prevalence outcomes six years after 

Note: Transmission was reduced 180 days after MRSA had been introduced. The percentages refer to the proportion 
of the ‘high’ set of transmission rates, the set of rates used after intervention at day 180 corresponds to.
Mat = mating unit, Gest = gestation unit, Farr = farrowing unit, Wean = weaner unit, Fini = finisher unit. 
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Fig 2. Reduced density. 

Note: Development in the median number and prevalence of MRSA shedders over time. High transmission.
 Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.  
The number of pigs within the relevant unit was gradually reduced by 5% every 6th month. 
7 kg pigs/30 kg pigs refer to if the pigs are sold just after weaning (7 kg) or not until they reach approximately 30 
kg, which also is the point, where they normally would be moved from the weaner to the finisher unit.  
-/+ WP reduction refers if the within-pen density has also been reduced, or if some pens are just empty – the 
overall within-room density will be the same in both scenarios. 
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Fig 3. Reduced mixing. 

 

Note: Development in the median prevalence of MRSA shedders over time. High transmission.
Intervention was initiated 180 days after MRSA had been introduced. 
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.  
No buff = no use of buffer sections.  
Red. Mix = Reduced mixing – two litters are put into one pen together in the weaners unit, instead of random 
mixing of piglets.
Litterwise = weaners and finishers are only sharing pens with pigs from the same litter as themselves. 
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Fig 4. Improved internal biosecurity

Note: Development in the median prevalence of MRSA shedders over time. High transmission.  
Intervention was initiated 180 days after MRSA had been introduced. 
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.  
Panel B-D illustrates the extreme cases of completely eliminating between compartment transmission, whereas E and F illustrate the
influence of a reduction of the transmission between sections and stables to 25% (E) or 75% of the original value (F). 
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Fig 5. Mean prevalence in the stable units following changes in the within-pen and the 
between-pen transmission rate 

Note: The colour intensity represents the mean prevalence. The proportion of iterations where 
MRSA did not become established has been printed on each square.  
BetaBP = between-pen transmission rate, scaled as indicated.  
BetaWP = within-pen transmission rate, scaled as indicated 
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S1 Fig. Reduced transmission: Development in the median prevalence after intervention

Note: Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit. 
Transmission was reduced 180 days after MRSA had been introduced. The percentages refer to the proportion 
of the ‘high’ set of transmission rates, the set of rates used after 180 days corresponds to.  
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S2 Fig. Reduced transmission: prevalence in the stable units six years after introduction

Note: Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit. Mat = mating unit, Gest = 
Transmission was reduced 180 days after MRSA had been introduced.
The widths of the violin plots illustrate the distribution of 500 iterations. The median prevalence is indicated by white dots. 
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S3 Fig. Reduced density: Low and medium transmission 

Note: Development in the median number and prevalence of MRSA shedders over time (only includes iterations 
where MRSA became established). Intervention was initiated 180 days after MRSA had been introduced. 
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.  
7 kg pigs/30 kg pigs refer to if the pigs are sold just after weaning (7 kg) or not until they reach approximately 30 
kg, which also is the point, where they normally would be moved from the weaner to the finisher unit.  
-/+ WP (within-pen reduction refers) if the within-pen density has also been reduced, or if some pens are just 
empty; the overall within-room density will be the same in both scenarios.
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S4 Fig. Reduced mixing: Medium and low transmission

Note: Development in the median prevalence of MRSA shedders over time (includes only iterations where MRSA became established).
Intervention was initiated 180 days after MRSA had been introduced. 
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.  
No buff = no use of buffer sections, Red. Mix = Reduced mixing – two litters are put into one pen together in the weaners unit, instead of 
random mixing of piglets, Litterwise = weaners and finishers are only sharing pens with pigs from the same litter as themselves.
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S5 Fig. Improved internal biosecurity: Low and medium transmission. 

Note: Development in the median prevalence of MRSA shedders over time (includes only iterations where MRSA became established).
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit. 
Intervention was initiated 180 days after MRSA had been introduced. 
Panel B-D and F-H illustrate the influence of a gradual reduction of the transmission between sections and stables from 75% of the original 
value (B and F) to 25% of the original value (D and H).
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S6 Fig. Mean prevalence following changes in transmission within one stable unit at a time.

Note: The colour intensity represents the mean prevalence. The proportions of iterations where 
MRSA did not become established have been printed on each square. Stable units: 1. Mating unit, 
2. Gestation unit, 3. Farrowing unit, 4. Weaner unit, 5. Finisher unit. x = proportion of the Beta
values (transmission parameters) used. Beta values = all relevant transmission parameters applied
within the unit.

147



S7 Fig. Sensitivity analysis: Persistent shedders. 

 

Note: Development in the median prevalence of MRSA shedders over time. High transmission.
No persistent shedders from the start of simulation. Intervention was initiated 180 days after MRSA had been introduced.
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.  
No PS = No existence of persistent shedders, it is assumed that all pigs will become intermittent shedders upon exposure. 
Red. trans = transmission reduced to 40% of the initial level, red. dens = sale of 7 kg pigs and increasing reduction in within pen density. 
Litterwise = weaners and finishers are only sharing pens with pigs from the same litters as themselves.
50% btw. sec. + stab = the transmission between sections and stables reduced by 50%, e.g. through improved biosecurity. 
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S8 Fig. Sensitivity analysis: Transmission on the day of birth. 

Note: Development in the median prevalence of MRSA shedders over time. High transmission and no intervention.
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.  
Panel A-D illustrate the influence of a gradual reduction of transmission between sow and offspring on the day of birth from 
75% of the original value (B) to 0% of the original value (D). 
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S9 Fig. Sensitivity analysis: Transmission on the day of birth - reduced mixing and increased biosecurity. 

Note: Development in the median prevalence of MRSA shedders over time. Transmission on day one reduced from start of simulation.
Mat = mating unit, Gest = gestation unit, Far = farrowing unit, Wean = weaner unit, Fin = finisher unit.
Panel A-E illustrate the influence of a gradual reduction of transmission between sow and offspring on the day of birth from 75% of the 
original value (A) to 0% of the original value (H), where transmission between sow and offspring on the day of birth is assumed to take 
place as described in Sørensen et al., 2017 (100%). 
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6.3. Discussion (Part B)
6.3.1 Selection of model structure

The simulation model for spread of LA MRSA within a herd constructed in this part of the project was an

individual based mechanistic model (manuscript II). Building a mechanistic model including all major

processes going on within the herd, enabled us to: 1) quantify the importance of the different mechanisms

of LA MRSA spread between animals and identify the main drivers of LA MRSA spread, 2) propose and

examine the effect of interventions in these processes, and 3) identify knowledge gaps and critical

parameters. If possible, critical parameters should subsequently be estimated precisely from observed

data. Furthermore, this approach enabled taking host related factors regarding carriage into account, by

only assigning specific pigs the potential to become persistent shedders.

Several alternative models for spread of diseases within pig herds exists, e.g. for African swine fever,

porcine circovirus and Salmonella [185,200,201] or for modelling the effect of different management

strategies [202,203]. Some of these models are not very detailed, whereas at least one of the management

models [202] have a level of detail similar to the mechanistic model build in the present project and

therefore in principle could have been adapted to this use. However, we needed a model where the

parameterisation was based on current management practises in the Danish pig production, and which was

built in a software, where we could also create the epidemic model.

When building a model, it is a balance to include just enough detail to describe all major processes properly

without adding redundant details that read just as noise. In principle this could be tested by stepwise

removing details from the model and comparing output from the reduced versions with the full model,

however this exercise is seldom carried out, albeit the influence of some details, e.g. the existence of

persistent shedders in the case of LA MRSA, often will be included in sensitivity analysis. In the present

model, many details e.g. use of two step nursery sows (foster dams) were included in order to most

accurately imitate the contact pattern among the pigs, since e.g. the risk of transmission to pen mates,

were assumed to be higher than for pigs not housed within the same pen.

6.3.2 Other MRSA models

To our best knowledge, the model build in the present PhD project was the first mechanistic model for

spread of LA MRSA within a pig herd to be fully described in a scientific paper. For transparency, the source

code of the model has been made freely available on the internet, where interested researchers can

benefit from and further develop on it. The herd module could easily be incorporated in a model for spread

of other bacteria or pathogens circulating within the pig population.
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In addition to the model build in the present project, other types of models for spread of LA MRSA do exist.

This includes another model for spread of LA MRSA within a pig herd [204], three models for spread of LA

MRSA between pig herds [6, T. Rosendal, personal communication; J. Schulz personal communication], as

well as a meta population model for spread of LA MRSA into the general human population [205].

Currently a full description has only been published for two of these models, and therefore the models

cannot be discussed in detail. One of the models under development is a model for spread of LA MRSA in

the Danish pig population [206], and this model also includes a within herd module for spread of LA MRSA.

However due to the complexity of the modelled system, where focus is given to modelling the spread of LA

MRSA between herds, the within herd module was based on a relatively simple deterministic approach [J.

Shulz & T. Halasa, personal communication]. It is the intention that the model build in the present PhD

project will supplement this between herd model.

Specifically for spread of LA MRSA within a pig herd, currently at least one other model exist [204]. Based

on the information available about this model, it also seems to be individual based, whereas it is not known

exactly what level of detail is included in the herd model. The epidemic model for LA MRSA in this model

includes two disease stages, susceptible and carrier. Interestingly, this model also included LA MRSA load

and growth of LA MRSA on the pig, where the load affected transmission rate and duration of carriage.

In a meta population model for spread of LA MRSA from a farm and into the community, LA MRSA is

transmitted from a single pig farm and within and between different at risk populations (five with direct or

indirect contact to pigs and three without contact) [205]. Spread within the farm is not included in the

model; it is just included as a place where farm workers, companion animals, veterinarians and transporters

get exposed according to their frequency of visiting the farm [205]. The epidemic model used for MRSA in

this study, included three different disease stages: susceptible/non carrier, transient carrier or persistent

carrier [205], similar to the stages in the model described in manuscript II.

Several models for spread of HA or CA MRSA within the hospital environment exist [207–212]. The type of

models represented by these models range from relatively simple models [211] and to detailed agent

based models [207]. However, due to the huge differences in the environment modelled, these will not be

described in further detail here. At least one model for spread of S. aureus in the hospital environment,

that includes both antimicrobial resistant and sensitive strains exists [213], and MRSA models have been

used as an example of models, where the structure (e.g. single strain / multi strain model) can heavily

influence the inference drawn [214]. However, currently all described LA MRSA models are single strain

models, which might be a consequence of the lack of knowledge regarding the exact competition and

selection dynamics between MSSA and MRSA.
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6.3.3 Limitations and simplifications

The main limitations of the model are: the uncertainty caused by the many knowledge gaps regarding LA

MRSA; the large variation in reported R0 values and thereby uncertainty related to the transmission rates;

and a lack of validation by real life LA MRSA data for the within farm LA MRSA prevalence on Danish farms.

The transmission rates used are based on studies at four farms only, and these are expected to be highly

sensitive to farm specific factors, such as antimicrobial use. The high uncertainty is illustrated by the wide

range between the lowest and highest reported R0 values from <1 to 52.5 [41,112,121]. The variation in R0

values is expected to be caused by differences in age and antimicrobial consumption, as well as dose of

exposure and possibly environmental factors. To take this challenge into account, the model was run with

low, moderate and high transmission rates, in order to examine the impact of these rates on LA MRSA

dynamics. In all scenarios, once LA MRSA becomes established in the herd, it will persist. The difference

between the scenarios is the level of the prevalence within the herd and the proportion of iterations,

where LA MRSA becomes established in the herd. The higher the transmission rate, the larger number of

iterations, where LA MRSA becomes established, and the higher the within herd prevalence.

Despite the lack of validation by real life LA MRSA, the relative distribution of the simulated prevalence

within the different age groups is in reasonable agreement with what has been observed in other studies,

albeit many observed the highest prevalence among weaners (Manuscript II, Table S11). With the current

parameterisation this is not the case in the model, where the same post weaning transmission rate

estimates are applied for both weaners and finishers. The selective pressure in the early period in the

weaner unit is often higher, as the pigs might suffer from weaning stress and diarrhoea and receive zinc or

treatment with antimicrobials, which is not specifically taken into account in the model. For 18 Norwegian

pig farms involved in LA MRSA outbreaks, the time of LA MRSA introduction on the farms have been

estimated based on trade data [56]. In addition, the within herd prevalence on these farms were estimated

based on the proportion of positive sampling pools [56]. On the five farms, which were estimated to have

been LA MRSA positive for less than a month, the within farm prevalence varied from 10 30%, while on the

six farms that had been positive for approximately two months the within herd prevalence varied from 11

50% [56]. It is not known, how many shedder pigs that were introduced on each farm, but the observed

within herd occurrences are in general within the range of outcomes observed in the simulations in the

present project.

No separate environmental component was included in the LA MRSA within herd model, due to

environmental spread already being included in the transmission rates used for within pen and between

pen transmission [112]. However, findings of LA MRSA in air [123,215] and the results of a study where

naïve pigs were exposed to a contaminated environment [143], indicate that the environment might play

an important role. Therefore intervention strategies aiming at reducing the occurrence of LA MRSA in air
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and dust have received some attention, but by not including a separate environmental component in the

model, simulating the effect of this type of interventions has been made difficult. The advantage of

interventions targeting LA MRSA in the environment is the potential to reduce exposure to LA MRSA for

workers and visitors in the herd; whereas the disadvantage is that it is not removing LA MRSA from the

pigs, which are assumed to be the original source of LA MRSA contamination. Currently, it is unknown if

intermittently shedding pigs can clear themselves of LA MRSA in the absence of infectious pressure from

the environment. However, one would expect that any persistent carriers and/or truly colonised pigs would

still be able to transmit LA MRSA to their pen mates or be able to spread LA MRSA to other farms through

trade.

Several simplifications and prioritisations had to be made when building the model. For instance,

movement of pigs to and from relief pens was not included in the model due to uncertainty about the

frequency and duration of the use of relief pens. In addition, it was assumed that all piglets were weaned

after 28 days; in reality this will usually vary depending on their individual weight gain. It was also assumed

that the sows’ hormonal cycles were synchronized, so that all sows farrowing at the same time would also

come in heat again at the same time, and that their gestation periods would all be of the same duration.

These simplifications were deemed acceptable, because minor variations in insemination time or day of

farrowing would not cause sows to move teams and mix with other pigs than their team mates, and thus

these simplifications would have limited impact on the results regarding spread of LA MRSA. Use of cross

fostering was not included in the model, neither was pen location within a section. The risk of transmission

from pigs in neighbouring pens is most likely larger than the risk of transmission between more distant

pens. However, it must be kept in mind that there is a large diversity in stable design and management

systems on farms, and the herd modelled is only one representation of how a herd might function.

6.3.4 Simulation of interventions

Results of modelling spread of LA MRSA into the general human population indicate that a control policy

that only targets human carriers will not be sufficient to control spread of LA MRSA in the community, if it

remains in the pig population [205]. Therefore, the effect of different farm level control measures was

modelled (manuscript III).

Reducing the transmission rates after LA MRSA had become fully established within a herd, in an attempt

at mimicking a decrease in antimicrobial consumption, resulted in a marked decrease in the within herd

prevalence of LA MRSA shedders, but LA MRSA was rarely completely eradicated. Improving internal

biosecurity, reducing mixing of pigs, or slightly reducing the number of pigs within each section were only

predicted to cause marginal changes in the median within herd prevalence of LA MRSA shedders.
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The assumptions regarding effect of the interventions and the feasibility of implementing these can be

discussed. For simplification, it was assumed that reducing antimicrobial consumption would immediately

lead to a decline in the transmission rate. It has been demonstrated that under selective antibiotic

pressure, the colonizing flora of hospitalised patients change already within 24 to 48 hours [216]. However,

due to the level of dust and organic material in the stable environment, and the ability of tetracycline to

remain in the environment for extended amounts of time [217], it remains unknown, whether it will have

the same fast effect in pigs.

Additionally, the very sudden reduction in antimicrobial consumption in the modelled scenario might not

be feasible. However, due to a lack of good data for the time realistically needed for such a drastic

reduction in consumption, it was for simplification assumed to happen immediately. The current level of

antimicrobial consumption will naturally vary between farms, as well as the potential for reduction of

antimicrobial consumption. The possibilities for reducing antimicrobial consumption have been analysed at

several occasions [31,218], and in general, it is believed that herds, where the animals are more resistant to

disease, can be reached through focused optimization of: the animals’ environment and surroundings;

feed; breeding material; daily management and care [218]. However, very restricted antimicrobial use can

also cause ethical dilemmas, since sick animals need to be treated or alternatively culled [31].

Originally, it was the intention that input data for modelling interventions should be harvested in other

parts of the OHLAM project. However, at the time of submission of this thesis, these studies were still

ongoing, and therefore a rather theoretical approach was taken. The availability of data for

parameterisation from on farm experiments would enable the modelling of interventions that currently

cannot be modelled due to lack of data, e.g. effects of air filtration on spread of LA MRSA within the herd,

and thereby increase the usability of the model as a decision tool.
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7. General discussion

7.1 Knowledge gaps regarding spread and control of LA MRSA in pig herds
Several knowledge gaps or uncertainties regarding LA MRSA were identified in this project, especially

during conceptualisation and parameterisation of the model. These range from a lack of understanding of

how LA MRSA is introduced in herds, in cases where this cannot be attributed to trade, and to a general

lack of knowledge regarding the biology, ecology and host interactions of LA MRSA. In some cases

knowledge exist regarding S. aureus in humans, but it remains unknown how much of this can be

extrapolated to LA MRSA in pigs.

7.1.1 Introduction of LA MRSA in pig herds by other means than trade

The results of two modelling studies [32, J. Schulz personal communication] suggest that with the fast

spread of LA MRSA in the Danish pig population, LA MRSA might have been introduced in some herds by

other means than trade. As mentioned before, human introduction of LA MRSA and spread of LA MRSA by

trucks have been suspected in Norway [75]. At present, it is unknown to what degree spread through

humans and the surrounding environment including air takes place, and spread through other vectors (e.g.,

rodents and insects) cannot be ruled out either.

Exactly how the transmission from humans to pigs took place in Norway has not been elucidated.

Therefore, it is currently unknown, e.g. for how long a human need to be in pig barns and what level of

contact with the pigs are needed in order for transmission of LA MRSA to take place. Among humans there

are numerous reports of transmission to household members [22,128,129,219], but in general it is

unknown how close contact is needed for transmission. However, direct contact to humans or animals is

still assumed to be the primary route of transmission [108], despite LA MRSA being able to survive on

contaminated surfaces for extended amounts of time [220].

7.1.2 Existence of persistent shedders/ supershedders in pigs

The results of the simulated interventions in manuscript III highlight the influence of the existence of pigs

persistently shedding LA MRSA. The existence of persistent S. aureus carriage in humans is well established

[11], but the situation might be different for LA MRSA, as well as relevant physiological conditions in the

nasal cavity might differ between humans and pigs. Also, if there is a genetic or host related component

involved, the situation in pigs might not be comparable to in humans, due to the often very close genetic

relatedness among pigs housed on the same farm.

The existence of S. aureus supershedders among pigs, i.e. pigs persistently carrying high loads of S. aureus,

has been suggested [33]. Super carriers is expected to only constitute a minority of the pigs, and in one

study the occurrence did not seem to be linked to the overall contamination level at the farm, whereas this
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seemed to be the case for ordinary persistent carriers. The latter could support the possibility of ordinary

persistent carriers just being re contaminated intermittent shedders [33]. Provided that supershedders or

persistent shedders in general could be reliably identified, these animals would be an obvious target for

interventions, assuming that more evidence regarding the role of these animals in the spread of LA MRSA

becomes available. In humans, a so called ‘culture rule’ for the identification of persistent carriers of S.

aureus have been derived, i.e. classification of human carriers based on the combined qualitative and

quantitative results of two samples taken one week apart. However, because of the constant exposure of

pigs to LA MRSA in the air and surroundings on highly LA MRSA contaminated farms and thereby a

constant risk of re contamination, in addition to possible differences in biology and host interactions, it

might be challenging to derive a similar rule for LA MRSA in pigs. As mentioned previously, a locus

associated with persistent nasal carriage of S. aureus carriage in pigs has been identified [36], and this

might be a step on the way to finding a method for reliably distinguishing between pigs with different

potentials for carriage.

7.1.3 Colonisation vs contamination

The question about the existence of persistent carriage in pigs is related to the question about whether pigs

get truly colonised by LA MRSA or only contaminated. It has been suggested that intermittent S. aureus

carriage in humans might simply reflect exposure rather than actual colonisation [10], and similarly that

only supershedder pigs might be truly colonised [33]. In some animal experiments, problems with a lack of

colonisation of pigs have been experienced [119,121]. So far this lack of colonisation has been attributed to

unknown bacterial, host and environmental factors [10,119,121]. The mechanism behind S. aureus

colonisation in humans is also not very well understood either, but a receptor in the nasal cavity believed

to be involved in S. aureus colonisation has been identified [18].

7.1.4 Differences in the ability of pigs to pass on LA MRSA to other pigs

In the model it was assumed that all pigs were equally likely to pass on LA MRSA to other pigs, even though

it is not known whether differences related to carrier type and or nasal load exists. In humans the S. aureus

load found in the nasal cavity of persistent carriers are generally higher than in intermittent carriers

[1,12,14], and a similar trend has been observed in pigs [33]. It has been showed that hospitalised patients

harbouring high loads S. aureus in the nose shed more bacteria in their surroundings compared to patients

harbouring lower loads [221]. However, currently it remains unknown, if and how this affects the risk of the

individual passing on S. aureus. This question is also related to the dose of exposure needed for pigs to

become carriers, which is highly relevant in relation to interventions that might reduce air concentrations in

stables.
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7.1.5 Relative influence of different routes of transmission to piglets

In relation to assessing the influence of management procedures, such as cross fostering or use of nursery

sows, it could be interesting to obtain more knowledge on factors influencing transmission of LA MRSA to

piglets. In a colonisation experiment, it was demonstrated that perinatal transmission of LA MRSA is

possible [119], but the same study, it was not possible to colonise piglets by direct nasal and

gastrointestinal inoculation with the same mixture of strains [119]. More clarity within this area is relevant

in relation to interventions, since the simulations indicated that many piglets become LA MRSA positive

already in the farrowing unit.

7.1.6 Duration of carriage

One of the most influential parameters in the sensitivity analysis in manuscript II was the duration of

carriage for intermittent shedders. The values used originate from a transmission study carried out in

animal experimental facilities [121]. However, at present it is unknown how duration of carriage is affected

by infectious pressure in the surrounding environment or interference with other bacteria harboured in the

nasal cavity. It also remains unknown, whether pigs persistently carrying LA MRSA under some

circumstances are able to clear themselves from LA MRSA. Humans persistently carrying S. aureus have

been known to carry the same strain for periods of 84 and 154 days [10,222], and in one study where 17

human persistent S. aureus carriers were re sampled after eight years, 12 again tested positive for S.

aureus, hereof three with a strain similar to the one isolated eight years previously [223]. In manuscript II, it

was assumed that pigs persistently shedding LA MRSA in general would continue to shed the bacteria

throughout their lifetime, except for 1% of the persistent shedders, who were assigned the potential to

undergo decolonisation after an extended amount of time.

7.1.7 Growth and survival of LA MRSA in pigs and the surrounding environment

As mentioned in the discussion of part B, lack of direct inclusion of transmission of LA MRSA through the

environment is one of the limitations of the model. However many knowledge gaps remain within this area.

Based on observations in humans [11,224], it is assumed that LA MRSA is multiplying in the nasal cavity of

pigs and possibly the throat and/or the skin. However, still much is not known regarding survival of LA

MRSA in the surrounding pig barn environment, and whether LA MRSA might even be able to multiply in

the environment due to the heavy contamination with biological material originating from the pigs.

7.2 Combined discussion
The study described in part A was the first LA MRSA risk factor study conducted on Danish farms. It was the

intention to cover as many potential risk factors as possible in one study, and therefore the number of

factors included was fairly large. As mentioned previously, this resulted in confirmation of risk factors

identified elsewhere, as well as identification of new potential risk factors, albeit many of these factors

were also associated with herd size.
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The findings in part B indicated that if at all possible, avoiding introduction of LA MRSA in a herd is crucial,

since based on model predictions, it is hard to prevent LA MRSA from spreading and persisting within a

herd, once it has been introduced. This is maybe hardly surprising, given findings in other studies. For

example in the DVFA screening of Danish pig herds, all the re tested herds, which tested positive in 2014

also tested positive in 2016. It is however not known whether any initiatives to get rid of LA MRSA have

been taken within any of these herds.

Among the interventions modelled in part B, only the reduction of antimicrobial consumption had a

considerable effect on the within farm prevalence. The risk factor studies in part A were not designed to

measure within herd prevalence, and for overall LA MRSA status of the farm no effect of any of the factors

related to antimicrobial consumption was observed, except for peroral use of tetracycline for weaners on

farms without sows in study 1 (assumed to represent group treatment with tetracycline) and use of group

treatments administered through water in study 2. However, a marked reduction in antimicrobial

consumption as simulated in manuscript III might also imply discontinuation of group treatments or limiting

treatments to smaller groups of pigs, and thus one could argue that these results in part A support the

results of the simulated interventions obtained in part B.

In the simulations (in part B), there was no marked effect of reducing mixing of pigs or improving internal

biosecurity on a farm, where LA MRSA had already become established. The simulation model predicted a

reduction of the prevalence of MRSA, when the animal density within each section was drastically reduced,

but this reduction was negligible, when only looking at realistic levels of reduction of the number of pigs

within each unit. As mentioned previously, it is however still important to keep in mind, that the

interventions modelled might still have an effect on farms, where LA MRSA has not yet become

established. In addition, these might also have a preventive impact on spread of other diseases within the

herd and thereby help keeping the antimicrobial consumption low. In part A, where the questionnaire also

included questions related to numbers of pigs within each section or each pen for the different age groups,

only the typical number of weaners within each section was significantly associated with positive LA MRSA

status in univariable analysis. None of the variables related to mixing of pigs (use of buffer sections, sorting

of pigs, cross fostering or use of nursery sows) were significantly associated with LA MRSA status.
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8. Conclusions
The aims of the first part of this thesis were to identify herd level risk factors for pig herds testing LA MRSA

positive (study 1) or more specifically for herds changing status from negative to positive during 2014 2016

(study 2). Based on these studies, it can be concluded:

Previously identified risk factors for farms testing LA MRSA positive (herd type, herd size, number of pig

suppliers) were also associated with LA MRSA status at Danish farms

In univariable analysis a number of other factors were also associated with LA MRSA status, however

many of these factors were related to herd size as well, and thus it was not possible to conclude,

whether herd size itself or these factors were the true risk factors.

The aims of the second part of this thesis were to build a stochastic model for spread of LA MRSA within a

pig herd to aid a better understanding of the dynamics of spread and persistence of LA MRSA and

subsequently use this model for studying the effectiveness of potential control strategies. Based on the

simulations conducted with the current parameterization of the model, it can be concluded that:

Once LA MRSA has become established within a herd, it will spread to the whole herd, and be very

hard to get rid of.

Introduction of a low number of intermittently shedding pigs was predicted to frequently result in LA

MRSA not becoming established in the herd.

Spread of LA MRSA throughout the herd mainly followed the movement of pigs, and thus the later in

the production process LA MRSA was introduced, the longer it took to spread to the whole herd.

After spread of LA MRSA had reached a steady state, the prevalence was highest within the farrowing

unit, and lowest within the mating unit, and thus the farrowing unit might be the area with most

potential for intervention.

When simulating interventions, reduced antimicrobial consumption resulted in a marked decrease in

the prevalence, but LA MRSA rarely disappeared completely. So, while changes in antimicrobial

consumption patterns might be a very important step towards reducing the prevalence of LA MRSA

within a herd, it still needs to be supplemented by other measures.

Reductions of mixing, reductions in the pig density within sections or improved within herd biosecurity

were predicted to only marginally change the median within herd prevalence. However, in relation to

being able to achieve a low level of antimicrobial consumption, these factors might still be of

importance.

The results of the sensitivity analysis indicated that the assumptions regarding the existence of pigs

persistently shedding MRSA have a noticeable influence on the predicted effect of interventions.
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9. Future perspectives
The results of the risk factor studies in part A confirmed that factors related to purchase of pigs, herd size

and herd type seem to important determinants. As mentioned before several other factors, e.g. use of wet

feed, might be worth further investigation, if it is possible to create a setup, where the effect of herd size

can be excluded (using for instance a matched case control study where matching is done on herd size), or

where more herds with the factor in question present can be included, e.g. natural ventilation.

Regarding spread of LA MRSA within a herd, several knowledge gaps related to infection dynamics were

identified, including the influence of the environment, LA MRSA load and persistent carriage. The model

itself cannot be used as such for obtaining more knowledge on the existence of persistent carriers or

supershedders, but it can be used for assessing the influence of different assumptions regarding the

presence of these, as well as for simulating different hypothetical scenarios regarding assumed influence of

LA MRSA load. However, the accuracy of the outcomes when simulating different interventions would

greatly benefit from more clarity regarding this.

Regarding control of LA MRSA, the main problem is currently a lack of evidence for major effect of any type

of intervention other than reducing antimicrobial consumption. However, if not many interventions

efficient at directly reducing the carriage among pigs exist at present, another option could be to start

looking at interventions targeting LA MRSA in air and/or the barn environment in an attempt at limiting

spread of LA MRSA into the society. Including an environmental component in the model would in principle

enable simulating this, but currently not much knowledge about this is available, and thus doing so might

be associated with high uncertainty. It could also be interesting to add a component to the model to link

within herd prevalence to risk of infection for humans, albeit this also would be challenged by data gaps.

In order to provide a better basis for recommendations for prevention and control of LA MRSA spread,

future research should in general focus on filling the gaps identified in the general discussion section

(section 7.1), as well as providing evidence for the effect of interventions. Thus there is still a big need for

more data from observational studies and experimental trials, including data that can lead to more clarity

regarding persistent shedders/supershedders and the influence of load in relation to infectiousness, as well

as studies that can help clarify the role of the environment.
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Appendix I. Table 1: Transmission from sow to offspring. Summary of transmission studies. Page 1 of 2 
Agegroup Sow to offspring  
Reference Verhegghe et al., 2013 [118] Weese et al., 2011 [35] Burns et al., 2014 [225] 

St
ud

y 
de

sc
rip

tio
n 

Objective To investigate: 
*The effect of sow status on MRSA status of the
piglets.
* The age at which piglets become colonized

To investigate: 
*The effect of sow status on MRSA status of the
piglets.
*Longitudinal MRSA colonization in piglets

To investigate: 
*The effect of sow status on MRSA status of the
piglets.
* If pigs carry the same SA strain throughout the
production

Study population 48 sows (12 sows at each of 4 farms) + 
10 piglets from each sow (or others if 
littersize<10) 

10 litters at one farm 6 sows + offspring (73 piglets) at one big farm 
included based on sow colonization status:  
2x (nasally pos. + vaginally pos.), 2x (nasally pos. + 
vaginally neg.), 2x (nasally neg. + vaginally neg.) 

Own/foster dam Own dam + 11 extra piglets from other sows Own dam Own dam 
Sample types Nasal (both nares) Nasal Nasal + vaginal 
No. of samplings Approximately 10 9 for sows, 8 for piglets 2 for sows, 7 times for piglets 
Sampling times Piglets: 1h and Day = {1,3,5,7,17} 

On one farm piglets were sampled only three 
times (day 3,7 and 23) 

Piglets: Day={1,3,7,14,21,28,42, 56,70} 
Sows:  
14 d prior to farrowing + at farrowing + same 
times as piglets 

Piglets: Day={2,17,21,45,49,96,100} 
Sows:  
7 days prior to farrowing + 2 days after 

MRSA introduction Naturally contaminated Naturally contaminated Naturally contaminated 

M
an

ag
em

en
t 

Weaning time 20-27 days 24-28 days 21 days (two diff weaning stages) 

Use of 
antimicrobials 

All the farms (A-D) routinely medicated piglets 
upon entering the growing unit: A + C: 
Promycin and amoxicillin, B: Trimethoprim and 
sulfadiazine, D: Amoxicillin 

No treatment of sows nor piglets In-feed batch treatment as follows: 
Week 3-5: Tilmicosin 1kg/t  
Week 5-7: Trimethoprim/ Sulphadiazine 2 kg/t 
Week 7-14: as above for the first 4 days 

Use of Zinc No data No data No data 

Human handling Fixed route in the stable om farm A&B, not on 
farm C&D 

No data No data (other than the 30 staff members all 
tended to a specific age group). 

En
v.

 
sa

m
pl

in
g 

Parallel air samples Yes, air surrounding the pigs + outgoing air No No 

Parallel 
environmental 
swabs 

Yes (wall + floor) No No 
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Appendix I. Table 1: Transmission from sow to offspring. Summary of transmission studies, continued. Page 2 of 2 
Agegroup Sow to offspring 
Reference Verhegghe et al., 2013  [118] Weese et al., 2011 [35] Burns et al., 2014 [225] 

Re
su

lts
 

Overall 
conclusions# 

Two different trends observed: At two farms 
the colonization percentages were high from 
the beginning and finally reached 100%. On the 
other two farms colonization remained low in 
the nursing unit, but increased at the end of 
their stay in the growing unit. Average 
colonization age for piglets: 17.8 days [95% CI: 
15.3-20.2]. Ranged from 0.1 days at farms B 
and C to 46.6 days at farm A.  

*Transmission and high colonization rates
possible in the absence of antimicrobial use.
*Sow status have an effect on piglets’ status:
100% of piglets from pos sows and 84% from
neg. sows were pos. at least once.
*Sig. variations in MRSA colonization in piglets
over time
*Age significantly associated with probability of
colonization
* The authors speculate that inherent
difference in susceptibility to MRSA might exist

*Odds of being SA pos., 12xhigher for piglets born
from nasally positive sows,
*…and even three times higher (than mentioned
above) for piglets born from sows being both
nasally and vaginally positive.

Probability of a 
sow infecting its 
piglets 

Mean predicted probability at various time 
points: 
After 1 h: 
From pos. sows: 0.65 
From neg. sows: 0.26 
After 1 day: 
From pos. sows: 0.75 
From neg. sows: 0.35 

100% of piglets from pos. sows and 84% from 
neg. sows were pos. at least once before 
weaning, but only 1/100 piglets tested pos. on 
day 1.  
Fig 2 shows the predicted probability over time 

At day 2, MRSA only: 
OR=13.037 for piglets from sows being nasally 
pos.+vaginally neg. vs nasally neg.+vaginally neg. 
OR=20.444 for piglets from sows being nasally pos. 
+ vaginally pos. vs nasally neg. +vaginally neg.

Duration of 
carriage 

Too short duration of study to assess this 
(17 or 23 days, depending on the farm) 

No data for individual pigs. Sampling frequency 
would not have been high enough to determine 
accurately. 

- 

Proportion of 
persistent 
/intermittent 
carriers 

No data. The authors suggest that the existence 
of intermittent carriers among the sows could 
be the reason for piglets born by sows tested 
negative being positive 

Data presented on aggregated form. 
Only fig.1+2 to judge from. Potentially max. 
1/100 testing positive at all occasions, but not 
fair to include samplings prior to colonization 

Only one piglet tested positive on all occasions (but 
with different strains). The authors suggest that 
piglets get transiently rather than persistently 
colonized from their dam. 

#: The content of this field need to be interpreted as the overall conclusions in relation to the information needed for building the model in manuscript II, and 
is therefore not necessarily identical with what the authors of the studies have listed as their most important conclusions. 
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Appendix I. Table 2: Transmission between piglets + all. Summary of transmission studies. Page 1 of 2 
Agegroup Piglets All 
Reference Verstappen et al., 2014 [180] Crómbe et al., 2012 [41] Broens et al., 2012a [112] 

St
ud

y 
de

sc
rip

tio
n 

Objective To quantitatively study:  
*The colonization of MRSA
*The co-colonization of MSSA and MRSA

* To investigate the spread of ST398 in nursery
piglets.

*To quantify transmission within pig herds incl.
routes
*To identify factors affecting transmission between
pigs

Study population 8 piglets from a single sow 31 piglets (3 wk old) from 4 litters in the same 
MRSA-free herd 

 2 DK + 4 NL farms: 63 sows + offspring sampled 
during one production cycle 

Own/foster dam - - Own dam
Sample types Nasal Nasal, skin, and swabs of the perineum Nasal, vaginal (sows only), and rectal (newborn 

piglets only) 
No. of samplings 13 (according to M&M, but 14 on fig.1 in 

results section) 
21 samplings 6 samplings 

Sampling times Piglets: 
Day={1,2,3,5,6,7,8,9,10,11, 12,13, 15, 17} 

Every second day in the interval 0-42 days post-
inoculum. 

Piglets: 
Day={3,21,42,70,175} 
Sows: 7 days prior to farrowing + same times as 
piglets until weaning 

MRSA introduction Nasal inoculation with 3.5 * 108 CFU/ animal 
when 6 days old 

Inoculation with 3*108 CFU in each nare + 
behind each ear with 1.5 * 108 CFU at day 28 
total dose = 9*108 CFU/animal 

Naturally contaminated 

Sow status 
recorded 

No (piglets in isolators) No Yes 

M
an

ag
em

en
t 

Weaning time Housed in isolators with milking system after 
being delivered by caesarian 

21 days (not completely clear) Not stated, but the sampling 3 wk after farrowing 
is called “just before weaning” 

Use of 
antimicrobials 

No piglets or sows received ab treatment 
during the study period. 

No treatment Recorded for each pen, as yes/no to use of risk 
antimicrobials (Tetracyclines and beta-lactams) for 
at least one pig within the pen. 

Use of Zinc No data No data Used in the 2 DK herds (but all pigs were already 
positive before entering the weaner unit), not in 
the 4 NL herds 

Human handling No data No data No data 
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Appendix I. Table 2: Transmission between piglets + all. Summary of transmission studies. Page 2 of 2 
Agegroup Piglets All 
Reference Verstappen et al., 2014 [180] Crómbe et al., 2012 [41] Broens et al., 2012a [112] 

Parallel air samples No No No
Parallel env. swabs No Yes Yes

Re
su

lts
 

Overall 
conclusions#  

*Nasal colonization succesfull in all piglets with
stable numbers of S. aureus between 104-106

CFU.
*MSSA and MRSA were able to co-colonize.

*R0 between 3.92 and 52.54 in the three
experimental groups.
*The authors suggest that: “…a pen housing a
MRSA negative piglets will upon introduction of
a MRSA positive animal become a “dynamic
system” of interacting reservoirs, regardless of
whether the entities of the system are truly
colonized or not.

* Rapid increase in prevalence after weaning in
one herd, despite no use of risk antimicrobials
*R0 varied between 3.7 and 4.3 and was
significantly above 1, indicating a high probability
of persistence of LA- MRSA,

Transmission rates - 3 parallel groups: 
 

1) 0.89 (0.51-1.54)
2) 1.14 (0.78-1.66)
3) 2.69 (1.30-5.57)

Many different rates listed, depending on if DK, NL 
or DK+NL, post- or pre-weaning, with/or without 
use of antimicrobials and the infection pressure in 
the surroundings (pigs in neighboring pens + env. 
swabs). 

Probability of a 
sow infecting its 
piglets 

- - After 3 days: 
NL herds: 84% from pos. sows and 48% from neg. 
DK herds:78% from pos. sows and 73% from neg. 

Duration of 
carriage 

Persistent colonization throughout the duration 
of the experiment (2 weeks) 

3 parallel groups: 
Mean(SD, median, min-max, n) in days: 
1) 13.00
(10.53, 15, 1-25, 15)
2) 3.44
(2.99, 2, 1-13, 32)
3) 19.53
(11.45, 13, 5-39, 15)

17.4 days from Broens et al., 2012a, were used 
when calculating R0’s. No new data (too long 
interval btw. samplings to allow this?) 

Proportion of 
persistent 
/intermittent 
carriers 

Persistent colonization throughout the duration 
of the experiment (2 weeks) 

It is assumed that all pigs are intermittent 
carriers (SIS-model).  

No individual pig data reported, and the interval 
between samplings are probably too big for data to 
be useful for this 

#: The content of this field need to be interpreted as the overall conclusions in relation to the information needed for building the model in manuscript II, and 
is therefore not necessarily identical with what the authors of the studies have listed as their most important conclusions. 
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Appendix I. Table 3: Transmission between weaners. Summary of transmission studies. Page 1 of 2 
Agegroup Weaners 
Reference Szabó et al., 2012 [46] Jouy et al., 2011 [45] Broens et al., 2012b [121] 

St
ud

y 
de

sc
rip

tio
n 

Objective To investigate: 
*Kinetics of colonization, host susceptibility and
transmissibility for ST398, ST8 or ST9
*Transmission to uninoculated pigs.

To investigate: 
*Contamination and transmission after low
dose inoculation

To: 
*Colonize pigs
*Quantify transmission btw. pigs (based on
transmission between 1st and 2nd contact pigs)

Study population 57 weaned piglets from 10 litters 12 weaners (8 wk old) from an SPF farm Ex.1: 5 female weaners (6 wk old) from a 
conventional MRSA negative farm 
Ex.2: 15 castrated male pigs (6 wk old) 

Own/foster dam - - -
Sample types Nasal, skin, faecal, conjunctiva and organs Nasal, faecal Ex.1: Nasal, rectal and vaginal 

Ex. 2: Nasal and rectal 
No. of samplings 9 or more depending on group 8 samplings Ex. 1: 22 samplings Ex. 2: 19 samplings 
Sampling times 5 piglets were sacrified at day 3 p.i, the rest on 

day 21 and tested on day 1,2,3,7,10,14,17 and 
21) except the sentinel group (6 inoculated + 6
non-ino.), which was sacrified on day 42 p.i.

Every second day in the interval 0-14 Sampling twice a week in both experiments (but 
seems to be more samplings in the tables) 

MRSA introduction Nasal inoculation with 5.0*108 CFU/animal Nasal inoculation with 2*104 CFU/animal Ex. 1: Nasal inoculation with 108 CFU in each nare 
(Ex. 1) (2 wk after inoculation with 108 CFU MSSA 
in each nare). 
Ex. 2: Oral inoculation with 5*109 CFU. 

M
an

ag
em

en
t 

Weaning time - - - 

Use of 
antimicrobials 

No information (but it is stated that no pigs 
showed clinical signs of infection during the 
experiment) 

No treatment during the experiment No treatment during the experiment 

Use of Zinc No data No data No data 

Human handling All staff was neg. during the exp. Disinfection 
and complete change of clothing required 
before entering a pen 

The 5 persons handling the pigs wore 
protective gloves, goggles and masks. All neg. 
before and after the experimental trial 

No data 
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Appendix I. Table 3: Transmission between weaners. Summary of transmission studies. Page 2 of 2 
Agegroup Weaners 
Reference Szabó et al., 2012 [46] Jouy et al., 2011 [45] Broens et al., 2012a [121] 

Parallel air samples Yes, exhaust and supply air in air shafts No  No 
Parallel env. swabs Yes Yes No

Re
su

lts
 

Overall 
conclusions#  

*Low dose led to transmission between pigs.
*Faecal execretion not needed for env.
contamination.
*The authors conclude that the min. inocul.
dose needed for pers.colonization seems to be
not <108 CFU per animal (based on this and
other studies)

*R0= 3.7-4.3 for direct con tact btw. Pigs (within
pen transmission)
*Duration of infection: Under the assumption that
all pigs are intermittent carriers mean duration of
infection = 17.4 (a pig defined as pos after one pos
test) or 10.3 days (a pig defined as pos when
testing pos at two consecutive samplings).
*MRSA conc seems to decrease initially after which
it increases and then stabilizes, which might
indicate that environmental transmission does play
a role

Transmission rates - - Scenario 1 (defined as pos after one pos test): 
 = 0.42 (95% CI: 0.25-0.66) 

Scenario 2 (defined as pos when testing pos at two 
consecutive samplings): 

-0.38) 
Probability of a 
sow infecting its 
piglets 

- - -

Duration of 
carriage 

Not estimated (Total sampling period probably 
a bit too short) 

Only 2/12 pigs tested positive at two 
consecutive samplings 2 days apart (but low 
dose inoculation) 

Scenario 1: 10.3 days (SD=7.7; median=7.5, min-
max=1-26, n=24) 
Scenario 2: 17.4 days (SD=7.9; median=18, min-
max: 6-29, n=15) 
(See scenario explanation under transmission 
rates) 

Proportion of 
persistent 
/intermittent 
carriers 

- No persistent carriers (but low dose 
inoculation) 

Not mentioned in the text. But based on table 2: 
Two of the five 2nd contact pigs tested positive at 
all occasions (day 37,41,48,51,55,58,62) once they 
had been contaminated (exposed since day 15) 

#: The content of this field need to be interpreted as the overall conclusions in relation to the information needed for building the model in manuscript II, and 
is therefore not necessarily identical with what the authors of the studies have listed as their most important conclusions. 
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Appendix II – Questionnaire 

MRSA spørgeskema (in Danish)

A.Generelle oplysninger: Kode:
1. CHR nr:
(Sæt nul foran 5-cifrede
CHR numre)

2. Interviewdato:
(dd-mm-ååååå)

3. Interviewer:
(initialer)

Talt med (navn): 

Besætningsejer:
(bekræftes)

CHR nr. adresse:
Fastnet

Mobil

Produktionstype Ja Nej Hvis Ja, specificér venligst
4. Har du specialproduktion? (f.eks. UK, Øko) Type:

5. Er besætningen en SPF besætning? Rød:       Blå:       Grøn: 

Besætningsstørrelse (kun dyr på det CHR nr, hvor der er udtaget prøver)
6. Antal slagtesvin/år
(årsleverance):

7. Antal årssøer i besætningen: 8. Årlig produktion af smågrise:

9. Race/krydsning:
(for smågrise/slagtesvin)

LYD: ____ %,      LYDH:  ____  %,    LYH:  ____  %,    LYY:   ____  %, 

Andet: ____ %

Indkøb af svin Fra hvor mange besætninger indenfor
det seneste år

10. Smågrise (7-30 kg)

11. Ungsvin (30-45 kg)

12. Sopolte/søer

13. Orner
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B.Kontakt til andre dyr
14. Er der andre husdyr end svin på CHR-nummeret? Ja:  Nej: Kommentar
Hvis
Ja:

15. Hvilke? (sæt et eller
flere krydser)

Kvæg: Hest: Mink: Får/ged: Fjerkræ: Andet (nævn dyreart):

Hvor tæt anslår du at 
besætningens svin er 
på nærmeste…  
(i km):

16. Spredning af gylle eller gødning fra
andre besætninger?

17. Heste 18. Svin på fold
(hvis =< 5 km)

Hund Ja Nej Usikker Kommentar
19. Færdes der hund/hunde på ejendommen?

Hvis Ja: 
Har hunde 
adgang til: 

20. Besætningsområder med svin?
21. Oplagret halm, andet stibundsmateriale eller
hø?
22. Oplagret svinefoder?

Kat Ja Nej Usikker Kommentar
23. Er der tamme/vilde katte på ejendommen?

Hvis Ja: 24. Er der tale om staldkatte/(SPF katte), der
aldrig kommer ud af staldene?

Hvis Nej i 24: 
Har katte 
adgang til:

25. Besætningsområder med svin?
26. Oplagret halm, andet stibundsmateriale
eller hø?
27. Oplagret svinefoder?

Vilde fugle Ja Nej Usikker Kommentar

Har vilde 
fugle 
adgang til:

28. Besætningsområder med svin?
29. Oplagret halm, andet stibundsmateriale eller
hø?
30. Oplagret svinefoder?

Gnavere (mus/rotter) Type Lille Nogen Stor Meget stor Usikker Kommentar
31. Hvor stor vurderer du,
at gnaverforekomsten i
besætningen er?

Mus

Rotter

Hvem står for gnaverbekæmpelsen i besætningen (sæt kryds)?
32. Det gør vi selv: 33. Kommune/Region: 34. Firma (kontrakt): 35. Pt. intet behov for bekæmpelse:
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C.Søer (Hvis besætningen ikke har søer, gå til spørgsmål E, side 205)

C1. Opstaldning – Drægtighedsstald 
36. Hvor gammel er din drægtighedsstald? Antal år: 
37. Hvilken gulvtype anvendes til drægtige søer? Drænet gulv: Delvist spaltegulv: Fast gulv:

Andet: Kommentar:
38. Hvilken strøelse anvendes der i
drægtighedsstalden?

Ingen: Halm i begrænset mængde:
Halm som dybstrøelse: Spåner: Andet:

39. Hvor mange m2 er der pr. so på INDENDØRS
arealet? <2: 2-2,5: >2,5:

Kommentar

Ja Nej Usikker Kommentar
40. Er drægtighedsstalden sektioneret? Nej: Vaskemure: Fuldsektionering:
Hvis Ja: 41. Hvor mange drægtige søer er der pr. sektion? Typisk:             Min:       Max:
42. Bruger du konsekvent holddrift i drægtighedsstalden (rengøring til
gødnings-frit niveau mellem alle hold)?

Hvis Ja: 43. Betyder dette at dyr aldrig flyttes ml. holdene? Altid : For det meste: 
Et par flytninger pr. hold:   

44. Bruger du desinfektionsmiddel  i forbindelse med rengøring?

Hvis Ja: 45. Hvordan gør du? (her tænkes på form
(gas/væske/pulver) og procedure)

46. Tørrer du drægtighedsstalden ud inden indsætning af nye dyr
(hvidtør)?

Hvis Ja: 47. Hvor lang tomperiode/tid til udtørring har du ml.
holdene (i dg.)? Typisk:          Min:             Max:

48. Hvor mange drægtige søer har du i hver sti? Typisk:          Min:             Max:

49. Har du syge-/aflastningsstier inde i selve drægtighedsstalden?
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C2. Opstaldning – Farestald 
50. Hvor gammel er din farestald? Antal år: 
51. Hvilken gulvtype anvendes til diegivende søer? Fuldspaltegulv: Delvist spaltegulv: Fast gulv:

Drænet gulv: Andet: Kommentar:
52. Hvilken strøelse anvendes der i farestalden? Ingen: Halm i begrænset mængde:

Halm som dybstrøelse: Spåner: Andet: 
53. Hvor mange m2 er der pr. so på INDENDØRS
arealet? <2: 2-2,5: >2,5:

Kommentar

Ja Nej Usikker Kommentar
54. Er farestalden sektioneret? Nej: Vaskemure: 

Fuldsektionering: 
Hvis Ja: 55. Hvor mange diegivende søer er der pr. sektion? Typisk:             Min:       Max:
56. Bruger du konsekvent holddrift i farestalden (rengøring til
gødnings-frit niveau mellem alle hold)?

Hvis Ja: 57. Betyder dette at dyr aldrig flyttes ml. holdene? Altid : For det meste: 
Et par flytninger pr. hold:   

58. Bruger du desinfektionsmiddel efter rengøring?

Hvis Ja: 59. Hvordan gør du? (her tænkes på form (gas/væske/pulver)
og procedure)

60. Tørrer du farestalden ud inden indsætning af nye dyr (hvidtør)?

Hvis Ja: 61. Hvor lang tomperiode/tid til udtørring har du ml.
holdene (i dg.)? Typisk:          Min:             Max:

62. Har du syge-/aflastningsstier inde i selve farestalden?
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C3. Fodring – Drægtige søer 

Ja Andel
af søer Nej Usikker Kommentar

63. Bruger du pelleteret færdigfoder til drægtige
søer? %

64. Bruger du hjemmeblandet foder til drægtige
søer? %

Hvis Ja: 65. Bruger du færdigt tilskudsfoder? %
66. Bruger du tør- eller vådfodring til drægtige
søer? Tørfodring:           Vådfodring:  

Ja Andel
af søer

Nej Usikker Kommentar

67. Har drægtige søer adgang til halm andet end
som stibunds- eller rodemateriale? %

C4. Fodring – Diegivende søer

Ja Andel
af søer Nej Usikker Kommentar

68. Bruger du pelleteret færdigfoder til diegivende
søer? %

69. Bruger du hjemmeblandet foder til diegivende
søer? %

Hvis Ja: 70. Bruger du færdigt tilskudsfoder? %
71. Bruger du tør- eller vådfodring til diegivende
søer?

Tørfodring:           Vådfodring:

Ja Andel
af søer Nej Usikker Kommentar

72. Har diegivende søer adgang til halm andet end
som stibunds- eller rodemateriale? %
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D.So-insemination og pattegrise
73. Benyttes der orne eller KS? (angiv andel) Orne: ___%      KS: ___% Kommentar

Ved KS: 74. Har søerne trynekontakt med orne
før insemination? Ja: Nej:

Hvordan håndteres store kuld pattegrise: Ja Nej Af og til Kommentar
75. Bruger du ammesøer?

Hvis Ja: 

76. Et- eller to-trins ammesøer eller
andet system?

Et: To: Andet: Specificer:

77. Til hvilke pattegrise? Overskydende De største       De mindste 
Andet             Hvis andet, beskriv:

78. Hvordan opstaldes ammesøerne? Alle ammesøerne samles i en separat sektion 
Sammen med det hold, hvis afkom de ammer 
Andet , specificér venligst:

79. Bruger du kuldudjævning?

Hvis Ja:    
Hvornår? Kun indenfor 1-2 døgn efter faring 

Flere gange , typisk: ____________________________

80. Andet? Beskriv:

81. Pattegrisenes alder ved fravænning? Typisk:
dg

Min:
dg

Max:
dg

Kommentar

82. Pattegrisenes vægt ved fravænning Typisk:
  kg

Min:
    kg

Max:
    kg
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E.Smågrise/klimagrise (fravænnede grise 7-30 kg)

E1. Opstaldning – Smågrise
83. Hvor gammel er din smågrisestald? Antal år:
84. Hvilken gulvtype anvendes til smågrisene? Drænet gulv: Delvist spaltegulv: Fast gulv:

Andet: Kommentar:
85. Hvilken type strøelse anvendes der i
smågrisestalden?

Ingen: Halm i begrænset mængde:
Halm som dybstrøelse: Spåner: Andet: 

86. Hvor mange m2 er der pr. gris på INDENDØRS
arealet? <0,5: 0,5:

Kommentar

Ja Nej Usikker Kommentar
87. Er smågrisestalden sektioneret? Nej: Fuldsektionering: Vaskemure: 
Hvis Ja: 88. Hvor mange smågrise er der pr. sektion? Typisk:             Min:       Max:

89. Hvor mange smågrise er der pr. sti? Typisk:          Min:             Max:

90. Har smågrisene mulighed for trynekontakt mellem stierne?
91. Bruger du konsekvent holddrift i smågrisestalden (rengøring til
gødnings-frit niveau mellem alle hold)?

Hvis Ja: 92. Betyder dette at dyr aldrig flyttes ml. holdene? Altid : For det meste: 
Typisk et par flytninger pr. hold:   

93. Bruger du desinfektionsmiddel efter rengøring?

Hvis Ja: 94. Hvordan gør du? (her tænkes på form (gas/væske/pulver)
og procedure)

95. Tørrer du smågrisestalden ud inden indsætning af nye dyr
(hvidtør)?

Hvis Ja: 96. Hvor lang tomperiode/tid til udtørring har du ml.
holdene (i dg.)? Typisk:          Min:             Max:

97. Har du syge-/aflastningsstier inde i selve smågrisestalden?

98. Størrelsessorteres smågrisene i tidsrummet ml. placering i sti ved
ankomst til smågrisestalden og salg/afgang til slagtesvinestalden?
Hvis Ja: 99. Hvor mange gange? Typisk:          Min:             Max:

100. Passerer smågrisene igennem afsnit med yngre svin, når de
sælges/overflyttes til ung-/slagtesvinestalden?

Ja: Nej: Af og til: Kommentar:

101. Hvordan håndterer du restgrise, der ikke er klar til at blive
solgt eller overflyttet?

Bruger bufferstald:           %

Sendes til videre uanset størrelse:        % 

Flyttes til efterfølgende hold:           %

Andet: specificér:              % 
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E2. Fodring – Smågrise

Ja Andel
af svin Nej Usikker Kommentar

102. Bruger du pelleteret færdigfoder til
smågrisene? %

103. Bruger du hjemmeblandet foder til
smågrisene? %

Hvis Ja: 104. Bruger du færdigt tilskudsfoder? %
105. Bruger du tør- eller vådfodring til
smågrisene? Tørfodring:           Vådfodring:  

106. Deles der krybbe med nabostien?

Ja Andel
af grise

Nej Usikker Kommentar

107. Har smågrise adgang til halm andet end
som stibunds- eller rodemateriale? %

F. Ungsvin (ca. 30-45 kg)
108. Går ungsvinene separat? Ja: Nej: Usikker: Kommentar

Hvis Nej, gå til spørgsmål G.

F1. Opstaldning – Ungsvin 
109. Hvor gammel er din ungsvinestald? Antal år:
110. Hvilken gulvtype anvendes til
ungsvinene?

Drænet gulv: Delvist spaltegulv: Fast gulv:
Andet: Kommentar:

111. Hvilken type strøelse anvendes der i
ungsvinestalden?

Ingen: Halm i begrænset mængde:
Halm som dybstrøelse: Spåner: Andet: 

112. Hvor mange m2 er der pr. ungsvin på
INDENDØRS arealet? <0,5: 0,5-0,75: >0,75:

Kommentar
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Ja Nej Usikker Kommentar
113. Er ungsvinestalden sektioneret? Nej: Vaskemure: 

Fuldsektionering: 
Hvis Ja: 114. Hvor mange ungsvin er der pr. sektion? Typisk: Min:       Max:

115. Hvor mange ungsvin er der pr. sti? Typisk:          Min:       Max:

116. Har ungsvinene mulighed for trynekontakt mellem stierne?
117. Bruger du konsekvent holddrift i ungsvinestalden (rengøring til
gødnings-frit niveau mellem alle hold)?
Hvis Ja: 118. Betyder dette at dyr aldrig flyttes ml. holdene? Altid : For det meste: 

Typisk et par flytninger pr. hold:   
119. Bruger du desinfektionsmiddel efter rengøring?

Hvis Ja: 120. Hvordan gør du? (her tænkes på form
(gas/væske/pulver) og procedure)

121. Tørrer du ungsvinestalden ud inden indsætning af nye dyr
(hvidtør)?

Hvis Ja: 122. Hvor lang tomperiode/tid til udtørring har du ml.
holdene (i dg.)? Typisk:          Min:       Max:

123. Har du syge-/aflastningsstier inde i selve ungsvinestalden?

124. Størrelsessorteres ungsvinene i tidsrummet ml. placering i sti
ved ankomst til ungsvinestalden og flytning til slagtesvinestalden?
Hvis Ja: 125. Hvor mange gange? Typisk:          Min:             Max:

126. Passerer ungsvinene igennem afsnit med yngre svin, når de
overføres til slagtesvinestalden?

Ja: Nej: Af og til: Kommentar:

127. Hvordan håndterer du restgrise, der ikke er klar til at blive
solgt eller overflyttet?

Bruger bufferstald:           %

Sendes til videre uanset størrelse:        % 

Flyttes til efterfølgende hold:           %

Andet: specificér:              % 
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G. Slagtesvin (evt. + ungsvin >30 kg)

G1. Opstaldning – Slagtesvin (evt. + ungsvin)

128. Hvor gammel er din slagtesvinestald? Antal år:
129. Hvilken gulvtype anvendes til slagtesvin? Drænet gulv: Delvist spaltegulv: Fast gulv:

Andet: Kommentar:
130. Hvilken type strøelse anvendes der i
slagtesvinestalden?

Ingen: Halm i begrænset mængde:
Halm som dybstrøelse: Spåner: Andet: 

131. Hvor mange m2 er der pr. slagtesvin på
INDENDØRS arealet? <0,75: 0,75-1: 1:

Kommentar

Ja Nej Usikker Kommentar
132. Er slagtesvinestalden sektioneret? Nej: Vaskemure: 

Fuldsektionering: 
Hvis Ja: 133. Hvor mange slagtesvin er der pr. sektion? Typisk:             Min:       Max:

134. Hvor mange slagtesvin er der pr. sti? Typisk:          Min:       Max:

135. Har slagtesvinene mulighed for trynekontakt mellem stierne?
136. Bruger du konsekvent holddrift i slagtesvinestalden (rengøring
til gødnings-frit niveau mellem alle hold)?

Hvis Ja: 137. Betyder dette at dyr aldrig flyttes ml. holdene? Altid : For det meste: 
Typisk et par flytninger pr. hold:   

138. Bruger du desinfektionsmiddel i forbindelse med rengøring?

Hvis Ja: 139. Hvordan gør du? (her tænkes på form
(gas/væske/pulver) og procedure)

140. Tørrer du slagtesvinestalden ud inden indsætning af nye dyr
(hvidtør)?

Hvis Ja: 141. Hvor lang tomperiode/tid til udtørring har du ml.
holdene (i dg.)? Typisk:          Min:       Max:

142. Har du syge-/aflastningsstier inde i selve slagtesvinestalden?

143. Størrelsessorteres slagtesvinene i tidsrummet ml. placering i sti
ved ankomst til slagtesvinestalden og afsendelse til slagtning?
Hvis Ja: 144. Hvor mange gange? Typisk:          Min:             Max:

14x. Passerer slagtesvinene igennem afsnit med yngre svin, når de 
afsendes til slagtning?

Ja: Nej: Af og til: 

145. Hvad gør du med
restgrise? (ca. andele)

Bruger bufferstald: %        Sendes til slagtning uanset størrelse: %

Flyttes til efterfølgende hold: % Andet:  %, specificér:

Fodring af ungsvin og slagtesvin 
Ja Nej Usikker Kommentar

146. Får ungsvin og slagtesvin det samme
foder?

Hvis Ja: gå til spørgsmål G3, side 11, Hvis Nej: fortsæt med spørgsmål G2
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G2. Fodring – Ungsvin (30-45 kg) 

Ja Andel
af svin Nej Usikker Kommentar

147. Bruger du pelleteret færdigfoder til
ungsvinene? %

148. Bruger du hjemmeblandet foder til
ungsvinene? %

Hvis Ja: 149. Bruger du færdigt tilskudsfoder? %
150. Bruger du tør- eller vådfodring til
ungsvinene?

Tørfodring:           Vådfodring:  

151. Deles der krybbe med nabostien?

Ja Andel
af grise

Nej Usikker Kommentar

152. Har ungsvin adgang til halm andet end som
stibunds- eller rodemateriale? %

Fodring af slagtesvin 

G3. Alm. Fodring – Slagtesvin (over 45 kg) 

Ja Andel
af svin Nej Usikker Kommentar

153. Bruger du pelleteret færdigfoder til
slagtesvinene? %

154. Bruger du hjemmeblandet foder til
slagtesvinene? %

Hvis Ja: 155. Bruger du færdigt tilskudsfoder? %
156. Bruger du tør- eller vådfodring til
slagtesvinene?

Tørfodring:           Vådfodring:  

157. Deles der krybbe med nabostien?  %

Ja Andel
af grise

Nej Usikker Kommentar

158. Har slagtesvin adgang til halm andet end
som stibunds- eller rodemateriale? %
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H. Fælles arealer og udstyr
Ja Nej Ej relevant Kommentar

159. Har du en karantænestald til nye grise?

Hvis Ja: 160. Hvor længe opholder de
nyindkøbte grise sig der (i uger)? Typisk:          Min:           Max:

161. Har du dedikeret udstyr til hver stald ?
(fodtøj, skovl etc)

Hvis Ja: 162. Er tilhørsforhold tydeligt
markeret?

163. Rengøres gangene efter flytning af svin?
Hvis Ja: 164. Hvordan fortages dette? Der… fejes støvsuges vaskes af andet 
165. Genbruges kanyler/medicinsk udstyr etc?

Hvis Ja:
166. Til alle i samme kuld/boks?
167. Til alle i samme sektion?
168. Til alle i samme aldersgruppe?

169. Er bad påkrævet før adgang til
besætningen?
170. Er bad påkrævet når besætningen
forlades?

Ja Nej Nogle gange Kommentar
171. Køres svinene til slagtning i egen vogn?
Hvis Nej: 172. Har chaufføren af vognen

adgang til stalden?
173. Står der typisk svin i vognen i
forvejen, når den ankommer?
174. Hvilke krav stiller du til bilen? Tom: Vasket og desinficeret: Andet: 

175. Har i udleveringsrum?
Hvis Ja: 176. Holdes udleveringsrummet helt

lukket til ind mod stalden indtil det er
rengjort?
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I. Ventilation
Ja Nej Ej relevant Kommentar

177. Har du samme type ventilation i alle stalde?
Hvis Nej: 178. De følgende spørgsmål besvares

for den stald, hvor MRSA prøverne
blev udtaget. Angiv om dette var i:

Slagtesvinestalden Smågrisestalden 
Andet , specificér: 

179. Er alle ventilations ind- og udtag lukket tæt
til under eventuelle tomperioder efter at
rengøring er afsluttet?

180. Hvilke(n) type(r ) luftindtag er der i
stalden?

Undertryksanlæg  med diffust luftindtag
Undertryksanlæg med ventiler         
Ligetryksanlæg               Overtryksanlæg
Naturlig                Andet

Hvis andet, specificer:
181. Hvilke(n) type(r ) luftudtag er der i
stalden?

Luftudtag i loft         Luftudtag i gulv  
Naturlig        
Andet, specificer:

182. Har du overbrusningsanlæg?
Hvis Ja: 183. Hvilken type? Højtryksanlæg               Lavtryksanlæg         
184. Er der iværksat støvreducerende tiltag i
stalden?

Hvis Ja: 185. Hvad er der installeret?

Olieudsprøjtningsanlæg Ioniseringsanlæg 
Elektrostatisk filter        
Afskærmning ved foderudløb/fodervogn            
Støv separator påsat halmsnitter       
Andet, beskriv:

J. Gylle og gødning
Ja Nej Ej relevant Kommentar

186. Omrøres der i besætningens gylletank?
187. Behandles gyllen?
Hvis Ja: 188. Hvordan? Syretilsætning Andet , specificer:
189. Hvor stor er besætningens gylletank (m3)? Ca.                 m3
190. Hvor lang tid ligger gyllen i gennemsnit før
udbringning? Typisk:          Min:             Max:
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K.Medarbejdere og besøgende
191. Har du indgået sundhedsrådgivningsaftale? Ja: Nej: 
192. Hvor tit kommer dyrlægen i besætningen? Hver . dag
193. Navn på klinikken og dyrlægen: Klinik:

Veterinær(er):
194. Er det den samme dyrlæge, der kommer hver gang Ja: Nej: 

195. Hvad er det gennemsnitlige antal besøgende pr. md, inkl.
håndværkere?

Antal: _____ Kommentar

196. Hvor mange personer arbejder i besætningen? Antal: _____  

197. Arbejder nogen af disse med andre dyr? Ja: Nej: 

Hvis Ja:
198. Med hvilke dyrearter? Specificér:
199. På dette CHR nr? Ja: Nej:
200. På et tilknyttet CHR nr (multisite/grisering)? Ja: Nej:

201. Benytter du udenlandsk arbejdskraft? Ja: Nej:
202. Arbejder det samme personale med alle aldersgrupper af
svin? Ja: Nej:

203. Benyttes der en fast arbejdsgang i staldene? (de yngste
svin og mest modtagelige håndteres først) Ja: Nej:

204. (Det er OK, hvis de ikke ønsker at svare på dette)
Er nogen af medarbejderne i besætningen testet for MRSA? Ja: Nej:

Hvis Ja:
205. Er nogen af disse testet positive? Ja: Nej:
206. Har nogen af disse haft behandlingskrævende
MRSA relateret sygdom (inkl. hudproblemer etc)? Ja: Nej:

L.Behandlingsstrategi
Besætningsejeren gøres opmærksom på forholdene omkring anonymitet 

Ja Nej Nogle gange Kommentar
207. Bruger du zink og kobber til dine dyr (udover indhold i
færdigfoder)?

Zink Kobber 
Ingen af delene 

Hvis Ja: 208. På hvilken form? Dyrlægeordineret tilskud
Tilsætning til hjemmeblandet foder

209. Hvor ofte benyttes dette? Fast brug til en aldersgruppe            
Ved behov           

Hvis benyttes 
ved behov:

210. Hvornår igangsætter du tilskud? Beskriv:

Når du behandler
med antibiotika:

211. Hvilken aldersgruppe og vægtklasse er det så typisk?

212. Behandles der typisk på sektion,
sti eller individ niveau?

Sektion: Sti: Individ:

213. Ved flokmedicinering, gives
behandlingen typisk via:

Foder: Vand:
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214. Er der anvendt probiotika (gavnlige bakterie-kulturer)
eller andre alternative midler eller ikke-receptpligtig
medicin til behandling/forebyggelse det sidste år?

Ja Nej Usikker Kommentar

Hvis 
Ja:

215. Hvilket middel? 216. Mod hvilken
lidelse?

217. Hos hvilke aldersgrupper
(søer, pattegrise, smågrise, ungsvin, slagtesvin)?

1. 1. 1.

2. 2. 2.

3. 8. 3.

218. Gør du noget for sundhed eller smitteforebyggelse i besætningen, som vi ikke har spurgt om?

M. Afsluttende spørgsmål
219. Må vi evt. kontakte dig igen på et senere

tidspunkt?
Ja: Nej: Kommentar

220. Hvis ja: Hvad er det bedste tidspunkt og tlf.nr.?
Tidspunkt:                                         Tlf:   Evt. Email:

TAK FOR HJÆLPEN! 

205


	Klip_1_150
	Klip_1_119
	Klip_120
	Klip_121_136
	Klip_137_140
	Klip_141
	Klip_142_150

	Klip_151_205

