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Abstract 21 

Livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) is widely distributed in the pig 22 

population in many countries, where its presence is undesirable, because as an opportunistic human 23 

pathogen, it poses a threat to human health. 24 

At present, there is a lack of knowledge regarding successful methods for eradication of LA-MRSA on a pig 25 

farm, which does not involve emptying the farm and culling all pigs. Some studies have reported an 26 

association between levels of LA-MRSA in the barn air and LA-MRSA carriage among humans entering or 27 

working in the pig barns. Therefore, interventions that are able to reduce the amount of LA-MRSA carried 28 

by the pigs and/or the concentration of LA-MRSA in the barn air, might be highly relevant if aiming for 29 

reducing the spread of LA-MRSA into the general human population. 30 

In the present study, an existing agent-based simulation model for spread of LA-MRSA within a pig herd 31 

was extended to also include LA-MRSA load and spread through air. This makes it possible to use the model 32 

for studying the air exposure to LA-MRSA for humans entering the pig barns. The model was used for 33 

simulating various types of interventions in contaminated herds.  34 

At present quantitative data for nasal carriage of LA-MRSA in pigs are sparse, and many knowledge gaps 35 

regarding spread of LA-MRSA remain. Thus, our goal of building this model was not to provide exact values 36 

for risk reduction, but to avail a model that can be used for studying the effect of various types of 37 

interventions mechanistically, once more relevant data become available. Collection of more data on the 38 

influence of load is crucial for getting a better understanding of which possible interventions strategies, 39 

that might still have some potential in countries, where LA-MRSA has already spread to the majority of the 40 

pig population. 41 
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1. Introduction 42 

Occurrence of livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) in pig herds has 43 

been reported in most European countries (Crombé et al., 2013) in addition to Canada, USA, Australia and 44 

several countries in Asia (Chuang and Huang, 2015; Harper et al., 2010; Khanna et al., 2008; Sahibzada et 45 

al., 2017). LA-MRSA has rarely been identified as a source of disease in pigs, but presence of this bacterium 46 

is undesirable due to the risk of transmission into the human population. LA-MRSA is able to act as an 47 

opportunistic human pathogen and can cause a wide range of different conditions, including skin and soft 48 

tissue infections, pneumonia, joint infections and bacteraemia (Becker et al., 2015; Cuny et al., 2015).  49 

On farms housing LA-MRSA positive animals, LA-MRSA has been isolated from various surfaces in the barn 50 

environment, as well as dust and air (Espinosa-Gongora et al., 2015; Feld et al., 2018; Friese et al., 2012; 51 

Madsen et al., 2018). The results of several studies have indicated that concentrations of LA-MRSA in the 52 

air within the barn units play an important role for transmission to humans working on the farm (Angen et 53 

al., 2017; Bos et al., 2016), as well as in relation to transmission between pigs (Rosen et al., 2018).  54 

Currently, there is a lack of knowledge regarding successful methods for complete eradication of LA-MRSA 55 

on a farm, which does not involve culling of all animals. However, since an association between exposure 56 

levels in barn air and carriage in farmers and visitors have been demonstrated (Angen et al., 2017; Bos et 57 

al., 2016), it could be speculated that reducing the concentration of LA-MRSA in the barn air might be 58 

enough to actually decrease the risk of transmission to humans. This could either be a reduction in the load 59 

carried by each pig, or a reduction in the concentration of LA-MRSA in the barn air, e.g. through air washing 60 

and UV-irradiation (Schulz et al., 2013) or a general reduction in the presence of LA-MRSA in the 61 

surrounding environment, e.g. through use of a disinfectant (Espinosa-Gongora et al., 2013).   62 

Results of simulations of spread of LA-MRSA between farms, have indicated that the within-herd 63 

prevalence influences spread of LA-MRSA between farms (Schulz et al., 2018), and thus one could speculate 64 

that reducing the load on infected farms might also be able to limit the spread of LA-MRSA between herds. 65 
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In a previous study, various interventions against LA-MRSA was modelled mechanistically (Sørensen et al., 66 

2018) using a previously published agent-based model for spread of LA-MRSA within a farrow-to-finish pig 67 

herd (Sørensen et al., 2017). However, this model did not take into account the potential influence of the 68 

amount of LA-MRSA carried by each pig on the pigs’ ability to pass on LA-MRSA to other pigs. Further, the 69 

LA-MRSA concentration in the air was not modelled.  70 

The objectives of the present study were to: 1) Extend an existing agent-based simulation model for spread 71 

of LA-MRSA within a pig herd to also include load and spread through air and thereby be able to assess 72 

exposure to LA-MRSA for humans entering the pig barns;  2) Use this model for simulating interventions in 73 

highly contaminated herds, and assess the effect of interventions on exposure through air.  This can be 74 

interventions which: a) Reduces the prevalence of  LA-MRSA shedding pigs, b) Are able to reduce the load 75 

of LA-MRSA carried by the pigs without necessarily reducing the prevalence of animals shedding LA-MRSA. 76 

 77 

2. Materials and methods 78 

2.1 Model construction 79 

The model is based on a previously published model (Sørensen et al., 2017), which has been expanded by 80 

the incorporation of bacterial load levels and concentration of LA-MRSA in the air, as explained beneath. It 81 

is an agent-based stochastic mechanistic model with discrete time steps of one day each. The updated 82 

model was built in R version 3.5.2 – “Eggshell Igloo” (R Core team, 2015), and consists of a herd model and 83 

an epidemic model. 84 

2.1.1 Herd model 85 

The herd model describes a medium-sized Danish farrow-to-finish herd, which comprises approximately 86 

500 sows and produces around 15,400 slaughter pigs annually.  It was assumed that the production in the 87 

herd is running according to a batch production scheme (i.e all-in/all-out on section level) based on 21 sow 88 



5 
 

batches with one week between each batch. In the model we assume that the cleaning and disinfection 89 

between each batch is perfect, i.e. there is no carry-over of LA-MRSA. The simulated farm consisted of five 90 

different barn units; the mating, gestation, farrowing, weaner and finisher unit, and each unit was 91 

separated into several sections housing one batch each (except the gestation unit, where loose housing 92 

was applied). Each section were housing a number of pens, where the number of pigs per pen depended on 93 

the type of unit (e.g. there were more pigs per pen in the weaner unit compared to in the finisher unit). It 94 

was assumed that gilts were bought from other herds and housed in the mating section upon arrival. Two-95 

step nurse sows (foster dams) were used for excess piglets from big litters. The herd model also included 96 

insemination failure/re-insemination and death or removal of pigs. For further details on assumptions and 97 

parameters in the herd model, please see Sørensen et al., 2017. 98 

2.1.2 Epidemic model 99 

In the epidemic model used for spread of LA-MRSA, each pig can be in one of three different disease stages: 100 

1) Susceptible (S), 2) Intermittent shedder (IS), or 3) Persistent shedder (PS).  The model included different 101 

routes of transmission with individual transmission parameters for each route: 1) Transmission between 102 

pigs within the same pen, 2) Transmission between pigs in different pens within the same section, 3) 103 

Transmission between sections within the same barn unit, and 4) Transmission between barn units. In 104 

addition, there was a special parameter for transmission between sows and offspring on the day of 105 

farrowing, which was supposed to also represent perinatal transmission. It was assumed that whether or 106 

not a pig became a persistent shedder, depended on host-related factors as well as on the level of exposure 107 

(the prevalence of positive animals within the room). For intermittent shedders the duration of carriage 108 

used in the model ranged from 1 to 26 days and was based on the results obtained in a Dutch transmission 109 

study (Broens et al., 2012b).  An overview of values and sources for transmission parameters is given in 110 

Appendix A. In the present model, load classes were implemented in the original model structure, in 111 
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addition to an air reservoir for LA-MRSA. These modifications, as well as the data basis and assumptions 112 

behind these, are described in further details in section 2.1.3-2.1.4. 113 

 114 

2.1.3 Inclusion of bacterial load 115 

Due to the uncertainty related to the influence of load on infectiousness, the model were ran with three 116 

different parameterisations (A, B and C) and compared to the original framework and existing knowledge in 117 

order to assess, which parameterisation it made most sense to use. Load was included in the model as five 118 

or six different load classes (the number of classes depended on the parameterisation), where going one 119 

load class up was assumed to represent one 10-logarithmic unit increase in load, except for the lowest load 120 

class, L1 (table 1). This load class (L1) was introduced in order to be able to handle data that contained 121 

samples, which only tested positive, when using enrichment, and hence reflected very low levels of 122 

colonisation or contamination. The load in these samples were set to 0.5*the assumed limit of detection 123 

for the method otherwise used for quantification, i.e. 5 CFU/swab.  124 

For calculation purposes, each pig was also assigned an exact load within the relevant interval (table 1). 125 

However, this was only used for modelling the concentration of LA-MRSA in the air, and did not influence 126 

transmission.  127 

In a previous version of the model, which did not include load, all scenarios were simulated in triplicate 128 

using three different sets of transmission rates, in order to take the uncertainty associated with these into 129 

account. In the present study, one of these three sets of rates (based on Broens et al., 2012a), where batch 130 

treatment with beta-lactams and/or tetracyclines had been used, was chosen as the basis to be weighted 131 

depending on load in order to create the three new parameterisations.  132 

To our best knowledge, there is currently no available evidence for how much or how little the LA-MRSA 133 

loads of pigs are influencing transmission of LA-MRSA between pigs. Therefore, the weightings of the 134 

different load classes in the three parameterisations of the model (table 1) were calibrated to make the 135 



7 
 

output as similar as possible to the output from the previously published model (Sørensen et al., 2017), 136 

where load had not been included. Equations for the transmission framework including the implementation 137 

of the weightings are listed in Appendix B, section B1. 138 

Load class Interval for exact load 
(CFU/swab) 

Weighting factors for transmission rates 

A B C 

1 5; 9 - 0.25 0.50 

2 10; 99 0.25 0.50 0.75 

3 100; 999 0.50 1.00 1.00 

4 1000; 9999 1.00 2.00 1.50 

5 10,000; 99,999 2.00 5.00 2.25 

6 100,000; 999,999 5.00 10.00 3.00 

 Table 1: Load classes and weighting used in the model     139 

2.1.3.1 Load upon “infection” 140 

The initial load level upon “infection” was assumed to exhibit individual variation between pigs, but also to 141 

somehow be related to the overall LA-MRSA load in the room, i.e. the shedder prevalence and load of the 142 

other pigs present in the room. When using parameterisation A, the starting levels upon infection were 143 

sampled from four different distributions (S1 table), which all were based on data from the same study. In 144 

that study, LA-MRSA loads on nasal swabs from 26 pigs in each of nine consecutive batches of weaners on 145 

one farm had been determined (234 animals in total) (Bækbo et al., 2018) (S1 fig.). On the day of birth, 146 

piglets were assigned an initial load level that was sampled from a distribution, which depended on the 147 

load carried by the dam (for details, please see table B1 in Appendix B). 148 

Intermittent shedders (IS) were assumed to carry LA-MRSA in lower levels than persistent shedders (PS), 149 

analogous to what has been reported in humans (Verhoeven et al., 2012). Thus, the load class for persistent 150 
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shedders were always increased by one load class level, compared to the level initially sampled from the 151 

distribution. 152 

When using parameterisation B and C, exact loads were sampled from pert-distributions (S2 table) and 153 

then afterwards load classes were assigned accordingly. 154 

 155 
2.1.3.2 Development in the load during the shedding period 156 

It was assumed that during the shedding period, the nasal load carried by each pig fluctuates over time. 157 

This is consistent with the results of longitudinal studies, where pigs changes status and/or level several 158 

times during the study period (Bangerter et al., 2016; Espinosa-Gongora et al., 2015), albeit there is a 159 

shortage of studies which involve actual quantification of LA-MRSA. However, the magnitude of change 160 

from day-to-day (if any) were sampled from a distribution, which was based on data from an observational 161 

study, where the same pigs had been tested on two successive days (Hansen et al., unpublished data). This 162 

was repeated twice with different pigs (number of animals tested per visit = 60). The data was used on class 163 

level, and the day-to-day change in terms of classes (e.g. 0, +2, -1) was used directly for creating a 164 

distribution to sample from in the model (S2 fig.).  165 

 166 

2.1.4 Transmission through air 167 

Research has indicated, that exposure to MRSA in the air might play an important role in spread of LA-168 

MRSA between pigs (Rosen et al., 2018) as well as in spread from pigs to humans (Angen et al., 2017; Bos et 169 

al., 2016). The association between the amount of LA-MRSA carried by the pigs and the concentration 170 

found in the air within pig barns is not well-described, since quantitative data for nasal load of LA-MRSA in 171 

pigs are sparse. In the present study, we utilised data, where a correlation between the mean 172 

concentration of MRSA in air within each barn room (two measurements) and mean nasal loads in the pigs 173 

within the same barn room was identified (combined data from Hansen, 2018 and Bækbo et al., 2018). This 174 

was based on air concentrations measured approximately 1.5 m above ground level using air filtration with 175 
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a Sartorius sampler (for further method description, please see Hansen, 2018).  In the model, we used the 176 

correlation between air concentrations and pig load directly for estimating the amount of bacteria that 177 

diffused from the pigs and into barn air.  In parameterisation A, the association between nasal load in the 178 

pigs and load in the air was modelled based on load classes, whereas in B and C, it was estimated directly 179 

based on the assigned nasal load and the correlation with the air concentration (for further detail, please 180 

see Appendix B, section B.2). Transmission back and forth from air and to the pigs was in principle already 181 

included in the transmission rates used and to our best knowledge, at present no data that enables us to 182 

separate this type of contact from direct contact or contact by other means is available. In the present 183 

study, this route of transmission was therefore only indirectly included in the model, in the way that the 184 

concentration of LA-MRSA in the air was modelled separately, but the output was not used for anything 185 

other than assessing human exposure to LA-MRSA through air for those entering the pig barns.  186 

 187 

2.2 Model run 188 

All scenarios were run for a simulated time period of 6 years, consisting of a four-year burn-in period 189 

before introduction of LA-MRSA, followed by a two-year period to observe spread and consequences of 190 

simulated interventions. In most cases, only results from the first year after introduction were presented, 191 

since no further development of interest was observed. In all scenarios, it was assumed that LA-MRSA was 192 

introduced in the herd through purchase of one LA-MRSA shedding gilt. The effect of different 193 

introductions had already been assessed in a previous study (Sørensen et al., 2017). 194 

Convergence of the new model was assessed by plotting the variance of the prevalence of LA-MRSA 195 

shedding pigs against the number of iterations (S3 fig.). Based on these results, it was decided that 250 196 

iterations provided sufficient stability, and thus this number of iterations was used for all other simulation 197 

scenarios presented in this paper.  198 
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 199 

2.3 Sensitivity analysis 200 

Due to the uncertainty associated with the transmission parameters in the model, a process sensitivity 201 

analysis was conducted in the form of the inclusion of three different parameterisations in the simulated 202 

scenarios. A traditional sensitivity analysis including changes of some of the most central parameters had 203 

already been conducted for the original model before the implementation of load (Sørensen et al., 2017). In 204 

this analysis, duration of shedding and the assumed existence of persistent shedders were the most 205 

influential factors, and therefore a sensitivity analysis including these two factors were repeated for the 206 

present model. This means that the duration of shedding was sampled from an alternative random PERT 207 

distribution (Most likely value: 18 days, range: 6-29 days), where the values were based on results obtained 208 

by Broens et al., 2012b. Regarding persistent shedders, it was assumed that these did not exist, and that all 209 

pigs just became intermittent shedders upon infection. 210 

 211 

2.4 Validation 212 

The model was mainly validated using the rationalism method, i.e. assessing whether the output changed 213 

as expected as a consequence of changes in the input parameters. Since quantitative data for the 214 

occurrence of LA-MRSA are sparse, most of the available data had already been used for parameterisation 215 

of the model, and thus could not be used for external validation.  The load model was therefore mainly 216 

validated by comparing prevalence outputs to semi-quantitative data for pig load from a study that had not 217 

been used for parameterisation of the load-part of the model (Espinosa-Gongora et al., 2015). Additionally, 218 

it was checked if the simulated air levels were within the same range as those reported in observational 219 

studies (Angen et al., 2019; Hansen, 2018). 220 

 221 
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2.5 Interventions 222 

2.5.1 Types of intervention scenarios 223 

In order to simulate the effect of different interventions on LA-MRSA exposure, two different types of 224 

interventions were simulated: 1) A direct reduction in transmission rates, e.g. to represent changes in 225 

antimicrobial consumption patterns, 2) A reduction in the load carried by each pig, which e.g. could 226 

represent use of a disinfectant powder. When simulating reductions in transmission rates, we investigated 227 

reductions to 10%-70% of the original transmission rates (10, 20, 30, 40, 50, 60 and 70%, but since the 228 

outputs changed gradually, in order to save space only results of the min., max. and median of these are 229 

presented). The 40% scenario was of particular interest, since the transmission rates in this scenario 230 

became almost equal to the rates estimated in an observational study (Broens et al., 2012) for when no 231 

beta-lactams or tetracyclines were used for treatment of the pigs.  232 

 233 

2.5.2 Implementation of interventions  234 

When the effect of different interventions were simulated, it was assumed that they were implemented 235 

either in: 1) A specific fraction of all pigs consisting of randomly selected pigs (e.g. 20%), 2). All the pigs in 236 

one specific barn unit (e.g. the weaner unit).   237 

Additionally, it varied, whether we assumed that interventions were: 1) Only initiated once as a single day 238 

initiative, or 2) Continuously applied every day until end of simulation.  239 

It was assumed that all interventions were only implemented once that LA-MRSA had become fully 240 

established within the farm. In the simulations, the time needed to make sure that this had happened was 241 

set to 180 days after introduction of LA-MRSA on the farm, based on the results obtained in the scenarios 242 

without interventions.  243 
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An overview table of the simulated interventions are available in Appendix C.  244 

3. Results 245 

3.1 Comparison of the three different parameterisations 246 

The weightings of load in the three different parameterisations of the model were calibrated to yield 247 

similar developments in the prevalence of shedders in the different barn units over time.  Overall the 248 

different calibrations showed fairly similar results (fig. 1), albeit some minor variations did occur.  249 

 250 

                           251 

Fig. 1. The simulated development in the median prevalence of LA-MRSA shedders in the five different stable units following 252 
introduction by one intermittently shedding gilt, when using three different parameterisations of the model: A) The original model 253 
without load, B) Association between pig and air load modelled class wise (Parameterisation A), C) Continuous level used 254 
(Parameterisation B),   D) Continuous level used (Parameterisation C).  Mat = mating unit, Gest = gestation unit, Farr = farrowing 255 
unit, Wean = weaning unit, Fini = finisher unit. 256 

 257 
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When comparing the development in the distribution of the different load classes among the pigs shedding 258 

LA-MRSA over time (fig. 2), it is important to note, that parameterisation A does not contain the lowest 259 

load class (L1), and generally yields much higher loads and a more even distribution among the load classes, 260 

compared to the other two parameterisations. For parameterisation B and C, it was seen that the vast 261 

majority of the LA-MRSA shedding pigs carried loads falling into the load classes L2-L4, which corresponded 262 

to loads within the range of 10-9,999 CFU/nasal swab. In the median scenario, simulated load levels falling 263 

within the lowest load class (L1) were only observed in the gestation, weaner and finisher unit, when 264 

parameterisation B or C were applied (fig. 2E-F, K-L, & N-O). Observations of loads above > 10,000 265 

CFU/swab were very rare in the median scenario, when using parameterisation B and C, and mainly 266 

occurred in the farrowing unit (fig.2H-I; barely visible on the figure due to the very low number of 267 

observations). Amounts >100,000 CFU/swab (L6) were only observed, when using parameterisation A. An 268 

overview of the variance in the load distributions is provided in Appendix D, where percentiles for the 269 

iterations are listed for each of the three parameterisations. 270 

  271 
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 272 

Fig. 2. Comparison of the distribution of load classes in the different barn units in the median scenario, when using 273 
parameterisation A, B and C respectively. L1 = 5-9 CFU, L2=10-99 CFU, L3=100-999 CFU, L4=1,000-9,999 CFU, L5=10,000-99,999 274 
CFU, L6=100,000-999,999 CFU. 275 

 276 
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The level of air within the rooms on the farm varied considerably between the different types of rooms, 277 

being markedly higher in the farrowing unit sections compared to sections in other units (fig. 3).  278 

 279 

 280 

Fig. 3. Weekly boxplots for the simulated air levels in rooms in different barn unit in the basic scenario without any interventions 281 
Parameterization B. Panels: A = first room in the mating unit, B = first room in the gestation unit, C = first room in the farrowing 282 
unit, D = first room in the weaning unit, E = first room in the finisher unit. 283 

 284 

Within each type of unit similar patterns were observed within all rooms, except for the mating unit room 285 

in which LA-MRSA was first introduced on the farm, where the spread of LA-MRSA among the pigs was 286 

considerably faster than in the other mating unit rooms. The variations over time occurring at regular 287 

intervals, corresponded to: empty periods (the mating unit, fig. 3A), insertion of new sows and farrowings 288 

(the farrowing unit, fig. 3C), and insertion of new batches of weaners (the weaner unit, fig. 3D). It was also 289 

observed that the simulated air levels varied markedly between iterations, since there are many outliers on 290 

all the boxplots in fig. 3, and in particular for air levels within the farrowing unit (fig. 3C). 291 

3.2 Sensitivity analysis 292 
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The results of sensitivity analysis indicated, that for all three parameterisation, the assumptions regarding 293 

duration of shedding had a moderate influence. Using data from a different study, and thereby increasing 294 

the duration, resulted in higher prevalence of LA-MRSA shedders in all barn units (Fig. 4B, E, H) and less 295 

iterations, where LA-MRSA did not get established within the barn units (Fig. 5B, E, H). The assumptions 296 

about the existence of persistent shedders seem to have a considerable influence, especially when using 297 

parameterisation B and C, since when persistent shedding was not included in the model, the prevalence of 298 

MRSA shedders was markedly lower, except in the farrowing unit, where only a limited decrease is 299 

observed (fig. 4C, F, I).  Furthermore, including no persistent shedders in the model resulted in more 300 

iterations, where LA-MRSA did not spread within the herd (fig. 5C, F, I) 301 
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 302 

Fig 4. Results of sensitivity analysis. Alt. dur = alternative distribution for duration of carriage used. No pers. = It was assumed that 303 
there was no persistent shedders and all pigs only became transient carriers. 304 
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305 
Fig. 5. Violinplots illustrating the distribution of the prevalence obtained in the sensitivity analysis scenarios using 250 306 
iterations one year after introduction of LA-MRSA in the herd. Alt. dur = Alternative distribution for duration of 307 
shedding. No pers = no persistent shedders in these scenarios, all pigs were just assume to become intermittent 308 
shedders if ‘infected’. Ma = Mating unit, Ge = Gestation unit, Fa = Farrowing unit, We = Weaner unit, Fi = Finisher unit. 309 

 310 

3.3. Validation 311 
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In general, any unexpected output was followed-up upon in order to identify the cause. In order to validate 312 

the simulated load distribution among the pigs, simulation outputs was compared to the load distributions 313 

found in a study, where the load of LA-MRSA was determined semi-quantitatively in pigs on twenty farms 314 

(S4 fig, Espinosa-Gongora et al., 2015). For parameterisation B and C, the model predictions and real-life 315 

data for load carried by the pigs in the study conducted by Espinosa-Gongora et al., 2015, generally fell 316 

within the same range, since the majority of pigs were carrying load in the intervals 100-10,000 CFU/swab 317 

(Appendix D and S4 fig). Occurrence of pigs carrying  high loads (>10,000 CFU/swab) occurred to varying 318 

degrees in the real-life observations on the 20 farms tested by Espinosa-Gongora et al., 2015 (0-20% of the 319 

positive pigs on the farms, expect on one farm, where prevalence was low and one sample still had >10,000 320 

CFU/swab). In the simulations, loads exceeding 10,000 CFU/swab were a rare event, when using 321 

parameterisation B (0-5.7% of the positive pigs one year after introduction, median: 2.0%) and 322 

parameterisation C (0-3.8% of positive pigs one year after introduction, median: 1.9%), whereas this was 323 

more common when using parameterisation A (14.0-22.9% of the positive pigs one year after introduction, 324 

median: 18.1%). This means, that all the predicted proportions of pigs shedding high levels of LA-MRSA are 325 

within the range observed on real-life farms, albeit the proportions predicted when using parameterisation 326 

B and C are in the lower end of the scale. 327 

An overview of the occurrence of the load levels in different barn units and the variance between iterations 328 

are given in Appendix D.  329 

Among the predicted levels of LA-MRSA in the air, values up to approximately 12,500 CFU/m3 was observed 330 

in the simulations, with the majority of predictions falling within the interval 0-103 CFU/m3. In observational 331 

studies on farms, levels in the range of 21-517 CFU/m3 (Angen et al., 2019) and  2-8,656 CFU/m3 (Hansen, 332 

2018) have been reported, however it must be expected that air levels can be influenced by age of the pigs, 333 

measurement methods, as well as a multitude of local factors, such as farm design, ventilation system and 334 

amount of dust in the stable. 335 
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3.4 Interventions 336 

3.4.1. Interventions directly leading to reduced transmission 337 

When reducing all the transmission rates to 70%, 40% and 10% of the original level, we saw that albeit this 338 

led to reductions in the simulated median prevalences within the different barn units, in the median 339 

scenario LA-MRSA would not be eradicated from the herd (fig. 6).  Reducing transmission to 40% of the 340 

initial level corresponded to the transmission observed, when there was no use of risk antimicrobials (beta-341 

lactams and tetracyclines) in a previous transmission experiment (Broens et al., 2012a), and thus obtaining 342 

this level should not be completely unrealistic. The prevalence outputs for the three different 343 

parameterisations seem to be very similar, meaning that the simulated prevalence results of this type of 344 

interventions are not very sensitive to the weighting of the different load classes (fig. 6).  345 
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 346 

                                                     347 

Fig. 6.Development in the median prevalence of LA-MRSA shedders in the 5 different barn units over time, following a reduction in 348 
the transmission rates 180 days after introduction of LA-MRSA to 70% (panel A-C), 40% (panel D-F) or 10% (panel G-I) of the original 349 
level. Outputs are shown for when all three different parameterisation of the model (Parameterisation A – panel A, D and G, 350 
Parameterisation B – panel B, E and H, and Parameterisation C – panel C, F and I). 351 

 352 

When taking into account the variation between iterations and looking at the development in the total 353 

prevalence of LA-MRSA shedders on the farm (fig. 7), it was seen that for some of the iterations the results 354 

of the different proportions of reduction were overlapping.  355 

 356 
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 357 

Fig. 7. Development in the median prevalence of LA-MRSA shedders over time, following a reduction in the transmission rates 180 358 
days after introduction of LA-MRSA to 70%, 40% or 10% of the original level. The bands around each line indicates the interval 359 
between the 2.5% and 97.5% percentiles. Outputs are presented in a separate panel for each parameterisation (Par. A, Par. B and 360 
Par. C) 361 

 362 

Examples of the effect of reduced transmission on the LA-MRSA air levels people entering the pig barns are 363 

exposed to are shown in fig. 8 for a room in the farrowing unit, i.e. a room with high concentration and high 364 

turnover of pigs and in S5 fig for a room in the gestation unit, i.e. a room with low concentration and low 365 

turnover of pigs. In both cases, the effect on air concentrations seem to differ considerably between 366 

parameterisation A and the two other parameterisations, as a result of the much higher LA-MRSA loads 367 

obtained when using parameterisation A (fig. 8). 368 
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 369 

Fig. 8. Simulated air levels of LA-MRSA within room no. 1 in the farrowing unit, following a reduction in the transmission rates 180 370 
days after introduction of LA-MRSA to 70% (panel A-C), 40% (panel D-F) or 10% (panel G-I) of the original level. Outputs are shown 371 
for when all three different parameterisation of the model (Parameterisation A – panel A, D and G, Parameterisation B – panel B, E 372 
and H, and Parameterisation C – panel C, F and I). 373 

  374 
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3.4.2. Interventions leading to reduced load 375 

As a consequence of the way the model was constructed, reducing the load will also lead to reduced 376 

transmission, but it might affect simulated air levels differently from interventions only targeting 377 

transmission rates directly. 378 

3.4.2.1. Single interventions 379 

No matter which parameterisation was used, the tested single interventions led to a marked drop in the 380 

median prevalence (fig. 9), that however quickly was followed by a fast increase until the prevalence had 381 

returned to the level prior to intervention. Similar tendencies were observed in all iterations (results not 382 

shown). 383 

 384 

                                                       385 

Fig. 9. Effect on the prevalence of LA-MRSA shedding animals of reducing the load in all pigs by two load classes at a single occasion 386 
using parameterisation A, B and C. Mat = mating unit, gest = gestation unit, far = farrowing unit, wean = weaning unit, fini = finisher 387 
unit. 388 

  389 

When looking at the effect of the same single point intervention on air levels (fig. 10), the observed 390 

development was similar to that observed for the prevalence, i.e. there was no long-lasting effect of single 391 

day interventions. 392 
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 393 

Fig. 10. The development in air levels following a single 2-load class reduction in pig load in week 26 using parameterisation A, B 394 
and C (example results, shown for a room in the farrowing unit). 395 

 396 

3.4.2.1. Continuous interventions 397 

It was seen that when interventions only were applied in a smaller fraction of the animals, the decline in 398 

prevalence in the units with fastest spread (the farrowing and weaner units) would be slower than in the 399 

other units (fig. 11A-C). When the intervention was applied to a larger fraction of the pigs, there would be a 400 

decline in all units almost immediately (fig. 11D-F).  401 

 402 

                                                         403 
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Fig. 11.  The effect on the prevalence within the five different barn units of conducting a load reduction of one load class in a 404 
certain fraction of randomly selected animals every day. This has been exemplified by the use of parameterisation B. Mat = mating 405 
unit, Gest = gestation unit, Farr = farrowing unit, Wean = weaning unit, Fini = finisher unit 406 

When comparing the median overall prevalence of LA-MRSA shedding pigs on the farm following daily 407 

reductions in various fractions of the pigs (2.5% - 60%), it was observed that a reduction in approximately 408 

50% of the pigs, was needed in order to get the median prevalence to decline to zero (fig. 12A). However, 409 

when taking into account the variation between iterations, it became clear that in some cases, the 410 

predicted prevalence would also decline to zero, when the reduction was only applied to 30% of the pigs 411 

(fig. 12B, red band). 412 

 413 

 414 

Fig. 12. The effect on the overall prevalence of LA-MRSA shedding pigs on the farm following a load reduction of one load class in a 415 
certain fraction of randomly selected animals every day. Panel A illustrates the median development following daily reductions in 416 
2.5%, 5%, 10%, 20%, 30, 40%, 50% and 60% of the animals, whereas panel B, shows the median prevalence for selected scenarios 417 
from panel A, including bands covering the 2.5%-97.5% percentiles  for the variation. Parameterisation B was used for all 418 
simulations  presented on this figure. 419 

 420 

However, when looking at the effect of the same reduction on the amount of LA-MRSA in the air within the 421 

farrowing unit (fig. 13), a considerable decline was also seen, even when the load reduction was only 422 

applied to 10% of the pigs every day (fig. 13A).  423 

 424 

 425 
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426 
Fig. 13. The effect on air levels in room number one in the farrowing unit of conducting a load reduction of one load class in a 427 
certain fraction of randomly selected animals every day. This has been exemplified by the use of parameterisation B. 428 

 429 

The predicted effect on the load carried by the animals across barn units, when the load was reduced by 430 

one load class in 20% of the pigs every day was very much as one would expect (fig. 14). However, there 431 

was a very clear difference between the different types of barn units; the higher initial level, the slower 432 

decline (fig. 14C). A similar development was observed in air (results not shown).  433 
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 434 

Fig. 14. The effect on load levels carried by the pigs across different types of barn unit, when conducting a load reduction of one 435 
load class in 20% of randomly selected animals every day. This has been exemplified by the use of parameterisation B. 436 

 437 

When introducing a reduction of the load carried by all pigs in a given type of barn unit of the size of one 438 

load class, it was observed that for most barn units, the reduction also had an impact in the next barn unit, 439 

the pigs would be moved into according to the production cycle (fig. 15). This means, that a reduction in 440 

the mating unit (fig. 15A), also had an impact in the gestation unit, and a reduction in the farrowing unit 441 

(fig. 15C) also had an impact in the weaner and finisher unit, as well as a reduction in the weaner unit also 442 

led to reduced occurrence in the finisher unit (fig. 15D). Reductions in the gestation unit, where the sows 443 

remain for a relatively long time (fig. 15B), did not have any clear effect on the prevalence of LA-MRSA 444 

shedders in the other units. 445 
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 446 

                                                 447 

Fig. 15. The effect on the prevalence of LA-MRSA shedders in the different barn units, when a load reduction of one load class is 448 
conducted in a given barn unit every day. This has been exemplified by the use of parameterisation B. Mat = mating unit, Gest = 449 
gestation unit, Farr = farrowing unit, Wean = weaning unit, Fini = finisher unit. 450 

 451 

The effect on air concentrations in the barn units other than the unit of intervention was similar to what 452 

had been observed regarding prevalence (S6 fig. A & B) 453 

 454 

4. Discussion 455 

Not many models for spread of LA-MRSA exist, neither for spread between pigs nor for spread to humans. 456 

To our best knowledge, currently only one simulation model for LA-MRSA attempting at bridging the gap 457 

between pigs and humans has been published (Porphyre et al., 2012). This model is a meta-population 458 

model, which focuses on spread of LA-MRSA between different population groups, and therefore have a 459 

completely different focus than the present model. Thus, it does not include spread within farm and 460 

thereby the possibility of assessing the effect of within-farm interventions on human exposure to LA-MRSA 461 

for those entering the pig barns.  462 
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Building this model has aided in highlighting some of the most important knowledge gaps regarding 463 

transmission of LA-MRSA. The association between the nasal load carried by an individual pig, and its ability 464 

to pass on LA-MRSA to other pigs has not been determined. However, intuitively one would assume that 465 

the more LA-MRSA a pig carries, the more it will shed to barn air, surroundings and during contact to pen 466 

mates. There are some indications of an association between higher nasal load and shedder/carrier-type in 467 

both pigs and humans, since persistent carriers tend to carry higher MRSA loads (Espinosa-Gongora et al., 468 

2015; Verhoeven et al., 2012). Not much is known about the kinetics, growth and survival of LA-MRSA in 469 

the nasal cavity of the pigs, or any other possible environmental niches in the barn environment, since most 470 

longitudinal studies of the occurrence of LA-MRSA in pigs, only report aggregated qualitative data on group 471 

level rather than quantitative data on the individual level.  472 

The use of load classes causes an artificial subdivision of something that by nature is continuous, but for 473 

simplicity and due to the uncertainty related to the actual influence of load, this approach was selected. A 474 

similar approach has been used in other disease spread models that both takes different types of shedders 475 

and different quantities of bacteria shed by each animals into account, e.g. the Q-fever model by Courcoul 476 

et al., 2011. 477 

In terms of simulating interventions, one major limitation of the model is that it was not possible to model 478 

the impact of reductions in air concentrations on the load carried by the pigs, since it is unknown if such 479 

reductions will actually cause a decline in the load carried by the pigs. Additionally, the kinetics and 480 

magnitude of such decline are also unknown. 481 

The three different parameterisations generally gave relatively similar predictions of the development in 482 

the prevalence of LA-MRSA shedders. However, for the load levels in pigs and concentrations of LA-MRSA in 483 

the barn air, parameterisation B and C gave similar predictions, which were lower than the predictions 484 

obtained when using parameterisation A. It can be discussed, whether the high amount of pigs carrying 485 

loads exceeding >10,000 CFU/swab, when using parameterisation method A is realistic, given that in the 486 
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available observational data, these animals only constituted a  limited fraction of the MRSA shedders 487 

(Espinosa-Gongora et al., 2015). However, these animals might be of high biological importance, which 488 

could be an argument for preferring parameterisation B or C. 489 

There was considerable variation in the predicted air concentrations of LA-MRSA depending on the unit in 490 

question and the selected parameterisation. Meaningful comparison with reported air levels in other 491 

studies are hampered by the fact that only few studies are available and that different methods have been 492 

used, such as use of electrostatic dust collectors (EDC) or direct air sampling using either impingement or 493 

impactor methods. For the last two methods, different sampling times and/or air flow might apply. 494 

Additionally, air levels are naturally expected to vary depending on level of contamination, as well as on 495 

farm type, age and number of pigs housed within the sampling unit. Furthermore, one could speculate that 496 

other local factors such as ventilation and type of bedding might also have an effect. In general reported air 497 

levels seem to fall within the range of 0-104 CFU/m3 with the majority within the range of 0-500 CFU/m3 498 

(Angen et al., 2019, 2017; Bos et al., 2016; Friese et al., 2012; Madsen et al., 2018), meaning that the levels 499 

predicted by the model might not be unrealistic. However, in the predictions of air concentrations within 500 

rooms, there was considerable variation between iterations and many outliers, especially for the sections in 501 

the farrowing unit, where the levels were highest. This also means that there will be considerable 502 

uncertainty regarding how much LA-MRSA humans are exposed to when entering the barn units. In real-503 

life, this will also depend on what activity these persons (and the pigs) engage in. For example, activities 504 

causing movement of the pigs, dust or dirt layers on barn surfaces, such as feeding or in the extreme case, 505 

high pressure cleaning, might lead to increased concentrations of LA-MRSA in the air (Madsen et al., 2018). 506 

Naturally, direct contact to the pigs might also influence whether a person entering the pig barns becomes 507 

contaminated (Angen et al., 2017), as well as the exposure time. In addition, hygiene measures and host-508 

related factors also might have an impact. In a study on a pig farm, the 50% contamination value (for a 1 509 

hour stay) was estimated to 20-90 airborne CFU/m3 by bootstrapping (Angen et al., 2019). This only 510 



32 
 

resulted in short-term contamination among the participants. In the present study, the predicted level in 511 

most rooms were within or above this range.  512 

 Although prediction of prevalence was similar in the different parameterisation methods, the effect of 513 

interventions could be different, which point out the need for longitudinal field studies to avail data to 514 

parameterize the model. 515 

Regardless of the parameterisation used, reducing transmission (e.g. through changed antimicrobial 516 

consumption patterns) would reduce the load of the bacteria in the pigs.  517 

According to the predictions, reducing the load in pigs would also reduce the load in air and thereby the risk 518 

for humans. It is quite interesting that reducing the load with one load class (i.e. one log unit, if greater 519 

than load class L2) in e.g. only 20% of the pigs every day, would reduce the prevalence and air 520 

concentrations quite substantially (fig. 8 and 9). Such a reduction in 30% of the pigs everyday would likely 521 

be able to eradicate LA-MRSA from the herd after a period of time, assuming a constant application of the 522 

measure that reduces the load. Although, it is unknown which measure that would actually be able to do 523 

this, it is an option to investigate strategies/technologies that can reduce the load of LA-MRSA in pigs to 524 

limit its spread to humans. It is important though to note that the predictions of the degree of reduction is 525 

dependent on the selected parameterisation, as well as the validity of the assumptions used in the model, 526 

which again points out the need for data to draw proper conclusions about the effectiveness of strategies 527 

to limit the spread of LA-MRSA to humans.  528 

Our goal of building this model is not to provide exact values for risk reduction, but to avail a model that 529 

can be used for studying the effect of various types of interventions mechanistically, once more relevant 530 

data become available. In addition, we wanted to study whether reducing the load given different ways of 531 

parameterisation can reduce the air concentrations and hence risk of LA-MRSA spread to humans. 532 

Collection of more data on the influence of load is crucial for getting a better understanding of which 533 

interventions that might still have some potential in countries, where LA-MRSA has already spread to the 534 
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majority of the pig population. In these countries, the main goal might now be to prevent transmission into 535 

any remaining clean farms, as well as to reduce the spread of LA-MRSA into the general human population, 536 

rather than aiming for complete eradication of LA-MRSA, as this may be economically unfeasible (Olsen et 537 

al., 2018). 538 

 539 
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Highlights: 660 

 An agent-based simulation model for spread of LA-MRSA within a pig herd was built 661 

 The model takes into account the amount LA-MRSA on the pigs and in the air 662 

 The model enables simulation of the effect of interventions on exposure through air 663 

 Three different parameterization methods was compared 664 
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