Figure 1. Antimicrobial use by type of farm during the 4 periods
(=6 months) before each sampling time in a study of the dose-
response relationship between antimicrobial drug use and
livestock-associated methicillin-resistant Staphylococcus aureus
on pig farms, the Netherlands, 2011-2013. GM and 95% CI from
log, DDDAY/Y. Farms were defined as open when they received
external supplies of gilts 21 time per year from at least 1 supplier
and as closed when they received no external supply of gilts.
Closed triangles indicate closed farrow-to-finish farms; closed
squares indicate closed farrowing farms; open triangles indicate
open farrow-to-finish farms; open squares indicate open farrowing
farms. DDDAVY, defined daily dosages animal per year; GM,
geometric mean. Error bars indicate 95% Cls.

tested positive for MRSA at all sampling times (25%) or at
least at 1 sampling time (48%), compared with those work-
ing <20 hours (2% and 24%, respectively). MRSA carriage
dynamics did not significantly differ by level of antimicro-
bial use (data not shown) or by farm type (see overlap of
95% Cls in Figure 3, panel A).

Antimicrobial Use and MRSA Carriage in

Pigs and Humans

Farms with higher antimicrobial use were more likely to
have MRSA-positive pigs (Figure 4). The odds that a pool
would be MRSA positive was 16% higher for a 2-fold in-
crease in DDDA/Y (Table 3). MRSA in pigs from open and
from farrowing farms (high users of antimicrobial drugs)
showed a positive trend and a significant association, re-
spectively, with antimicrobial use (Table 3). The odds for
testing LA-MRSA positive was higher when the propor-
tion of group treatments with antimicrobial drugs was >0.5
(odds ratio [OR] 1.79, 95% CI 1.12-2.88; p = 0.02). This
association was also found on open and on farrow-to-finish
farms but was stronger in farrowing farms (OR 2.9, 95%
CI10.98-8.60; p=0.05). Changes in MRSA carriage in pigs
over time were significantly associated with changes in
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Figure 2. Prevalence of LA-MRSA-positive pooled samples
from pigs during a study of the dose-response relationship
between antimicrobial drug use and LA-MRSA on pig farms, the
Netherlands, 2011-2013. Farms were defined as open when they
received external supplies of gilts 21 time per year from at least
1 supplier and as closed when they received no external supply
of gilts. Closed triangles indicate closed farrow-to-finish farms;
closed squares indicate closed farrowing farms; open triangles
indicate open farrow-to-finish farms; open squares indicate open
farrowing farms. LA-MRSA, livestock-associated methicillin-
resistant Staphylococcus aureus. Error bars indicate 95% Cls.

antimicrobial use; the odds for a 2-fold increase in anti-
microbial use per sampling time (antimicrobial use—time
interaction) decreased from the second to the last sampling
(ORs 0.94, 1.27, 1.26, and 1.14 in the 4 consecutive sam-
plings; p = 0.01). The same was found in an analysis re-
stricted to open farms (ORs 0.86, 1.33, 1.18, and 1.06; p
= 0.01). In farrowing farms (with little reduction in anti-
microbial use), the antimicrobial use-time interaction was
also significant, but ORs increased over time (ORs 1.04,
1.38,1.62, 1.62; p = 0.03).

We also observed a positive trend between antimi-
crobial use in animals and human MRSA carriage (Figure
4); the unadjusted OR for a 2-fold increase in DDDA/Y
was 1.17 (95% CI 0.98-1.39; p = 0.09). The antimicrobial
use-MRSA association did not significantly change af-
ter adjustment for hours worked (OR, i) (Table 3). When
stratified by working hours, antimicrobial use remained
especially associated with MRSA for persons working
>20 hours per week (OR 1.25, 95% CI 1.01-1.54; p =
0.04), compared with those workmg <20 hours (OR,; 1.21,

95% CI10.92-1.59; p=0.18). A similar trend was observed
across farrow-to-finish, farrowing, and closed farms (Table
3). The probability of LA-MRSA carriage was higher when
the proportion of antimicrobial group treatments was >0.5
(OR 1.76, 95% CI 0.79-3.90; p = 0.17). Reduction in
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Figure 3. Prevalence of LA-MRSA in humans (n = 158) during a study of the dose-response relationship between antimicrobial drug

use and LA-MRSA on pig farms, the Netherlands, 2011-2013. Results are stratified by type of farm (A) and number of hours worked on
the farm (B). Farms were defined as open when they received external supplies of gilts 21 time per year from at least 1 supplier and as
closed when they received no external supply of gilts. Closed triangles indicate closed farrow-to-finish farms; closed squares indicate
closed farrowing farms; open triangles indicate open farrow-to-finish farms; open squares indicate open farrowing farms; open diamonds
indicate persons working <20 hours per week; closed diamonds indicate persons working >20 hours per week. LA-MRSA, livestock-
associated methicillin-resistant Staphylococcus aureus. Error bars indicate 95% Cls.

antimicrobial use over time was not associated with any
change in MRSA carriage in humans.

Specific levels of DDDA/Y for tetracyclines and peni-
cillins were positively associated (p values from 0.06 to
0.23) with MRSA in pigs and humans (data not shown).
The use of cephalosporins (on 7 farms, 6 of them open)
during the first sampling time, was strongly associated with
MRSA carriage in pigs (OR 2.94, 95% CI 1.45-5.87; p =
0.002). This association was not found for humans. Asso-
ciations with other antimicrobial classes were weaker and
often not statistically significant.

Other Factors Determining MRSA in Humans and Pigs
Number of hours worked on the farm per week was strong-
ly associated with MRSA in the human study population
(univariate OR 1.82/10 hours worked increase, 95% CI
1.58-2.06; p<0.0001). Except for antimicrobial use, tasks
related to animal contact and touching pigs from other
farms were identified as risk factors for MRSA carriage in
humans (Table 4). All variables in Table 4 were moder-
ately or highly correlated (Spearman/Pearson r>0.5), and
no multivariable model was built. We found no correlation
between farm size, antimicrobial use, and hours worked.
More biosecurity items reducing MRSA carriage in
pigs were found on closed farms (e.g., different compart-
ments per production phase, boarding platform for sows,
washing overalls) (Table 5, http://wwwnc.cdc.gov/EID/
article/21/6/14-0706-T5.htm). Some variables had a simi-
lar effect on open and closed farms, increasing risk for
MRSA (e.g., injection of antimicrobial drugs, clipping of
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teeth, and vaccination of piglets) or decreasing MRSA car-
riage (e.g., presence of a medication pipe separated from
the water pipe, delivery room for materials, and keeping the
sows in stable groups [i.e., not mixing]) (Table 5). How-
ever, other effects showed conflicting directions between
strata (e.g., farm treatment plan, cleaning and disinfecting
the carcass barrels, source of water supply) (Table 5). Low-
level correlation existed between some variables (pairwise
Spearman r<0.5) and with antimicrobial use or cephalospo-
rin use (Table 5). A full multivariable model (online Tech-
nical Appendix Table 3) was fitted by using the significant
determinants from Table 5 together with the use of anti-
microbials and cephalosporins; results from the backward
elimination of non-significant terms are presented in Table
6. The presence of external supply of animals, overall an-
timicrobial use, and use of cephalosporins were significant
risk factors retained through all elimination steps.

Discussion

We found a quantitative association between antimicrobial
use and MRSA in pigs and humans living and/or working
on pig farms. Our findings indicate that a reduction in an-
timicrobial use is likely to be effective in reducing MRSA
carriage in pigs. Risk for MRSA is higher for increased use
of tetracyclines and penicillins but more so for use of ceph-
alosporins. Except for the change in antimicrobial use over
time, overall changes in farm management were modest
and not sufficient to contribute to decreasing MRSA levels.
Nevertheless, several factors were identified as possible
candidates for future intervention studies.
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The extent of representativeness of a convenient sam-
ple is difficult to evaluate. Nonetheless, descriptive results
show the heterogeneity of farms included; the decreasing
trend in use of antimicrobial drugs and the proportions by
antimicrobial classes and by group and individual treat-
ments mirror national data (16,17).

Levels of antimicrobial use differed considerably by
farm type. Open and/or farrowing farms were high users of
antimicrobial drugs and showed a strong positive dose—re-
sponse relationship between antimicrobial use and MRSA
in pigs. In particular, the use of cephalosporins was related
to higher carriage rates of MRSA. The literature shows that
selective pressure favors transmission and spread of MRSA
in pigs (/3,27). MRSA ST398 isolates have shown high
diversity of resistance genes, and all of them are resistant
to penicillin and tetracycline (22); the DDDA/Y of these

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 21, No. 6, June 2015

antimicrobial classes was related to MRSA in our results.
Although the use of cephalosporins represented a small pro-
portion of total antimicrobial use, it was strongly associated
with MRSA in pigs. These antimicrobial drugs are known to
be important for generation and propagation of resistance in
S. aureus and other microorganisms (23). The fact that they
were administered before the first sampling time might be
related to the initial increase in MRSA prevalence in pigs.
We refrained from presenting detailed associations by anti-
microbial classes because mostly all classes were used on
all the farms and were correlated; thus, effects of individual
classes of antimicrobial drugs were difficult to disentangle
and require cautious interpretation. The higher risk posed
by administering group treatments confirms previous find-
ings in the literature (4,72). Interaction between antimicro-
bial use and time was significant, suggesting a decrease of
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Table 3. ORs for livestock-associated MRSA in pigs and in humans with increasing use of antimicrobial drugs, the Netherlands,

2011-2013*
ORs for a 2-fold increase in DDDA/Y
Pooled pig samples Farmers and family members

Characteristic No.t ORf (95% CI) p value -2log RSPL§ No.  OR# (95%Cl) p value -2 log RSPL§
All farms 1,421 1.16 (1.02-1.33) 0.03** 6,937.5 626 1.22(1.01-1.48) 0.04 3,196.9
Supply of giltstt

Open 867 1.11 (0.97-1.27) 0.12** 3,828.9 365 1.08 (0.85-1.38) 0.53 1,806.9

Closed 554 0.86 (0.69-1.33) 0.79 3,132.2 261  1.31(0.94-1.81) 0.11 1,424.3
Production type

Farrowing 476 1.38 (1.03-1.86) 0.03** 2,399.2 158 1.28 (0.85-1.94) 0.24 784.3

Farrow-to-finish 954 1.11 (0.95-1.30) 0.18 4,621.4 468 1.19(0.95-1.50) 0.13 2,439.8

*Farm antimicrobial use was defined as 1 unit increase in the log. DDDA/Y. Results from the random intercept generalized linear mixed models
accounting for the repeated measurements design and adjusting for confounders. DDDA/Y indicates the number of days of antimicrobial use per year for
an average animal on the farm. It was determined by dividing the total number of kilograms treatable with a single mass unit of the antimicrobial drug
concerned, according to the package insert information, by the average number of animal kilograms on the farm. The denominator comprised sows and
fatteners. DDDA/Y, defined daily dosages animal per year; MRSA, methicillin-resistant Staphylococcus aureus; OR, odd ratio; RSPL, residual pseudo-

likelihood. Bold type indicates significance (p<0.05).

TNumber of observations at all sampling times together (10 pooled pig samples per farm on 36 farms in 4 sampling times). Values are missing for 19

observations.

tFor analysis in pigs, a farm random intercept was included in the mixed models and adjustment of ORs was made for sampling time and age group of

pigs in the pool.

§RSPL from the generalized linear mixed models. Models per stratum of external supply or type of production are not nested and -2 log RSPL cannot be

used for comparison.

fINumber of observations in all sampling times together (158 persons, 4 sampling times). Values are missing for 6 observations.
#For analysis in humans, a farm and a person random intercept were included in the mixed models, and number of hours worked on the farm and

sampling time were used for adjustment of ORs.

**These models additionally showed significant antimicrobial use—time interaction indicating parallel change in antimicrobial use and livestock-associated

MRSA prevalence over the study period (see extended explanation in text).

ttFarms were defined as open when they received external supplies of gilts 21 time per year from at least 1 supplier and as closed when they received

no external supply of gilts.

MRSA prevalence in pigs over time with decreasing anti-
microbial use. These associations were not found on closed
and farrow-to-finishing farms, indicating that below a cer-
tain level, antimicrobial use contributes less to MRSA prev-
alence. Nevertheless, it is important to consider that other
studies have reported high MRSA transmission in the ab-
sence of antimicrobial agents (24,25). Thus, antimicrobial
use should not be the only target for intervention.

Direct contact with positive animals has been widely re-
ported as the major force driving MRSA carriage in persons
living and/or working on farms (26-28). In our study, higher
risk for MRSA in the human study population was strongly
associated with the number of hours worked on the farm and
to the variables related to tasks performed on the farm. How-
ever, antimicrobial use also showed a significant positive
dose-response relationship to MRSA human carriage dur-
ing the study, even after adjustment for hours worked. When
antimicrobial drugs are administered to animals, substantial
quantities of these drugs remain in manure, on surfaces of
barns, and in dust as a potential risk source (29). The selec-
tive pressure exerted by exposure to dust containing antimi-
crobial drugs or directly to antimicrobial powder formula-
tions would explain the higher risk for MRSA carriage in
persons living or working on pig farms. However, this inde-
pendent effect of antimicrobial use on susceptible bacteria in
humans is difficult to disentangle from direct MRSA trans-
mission from animals to humans.

The role of animal trade in introducing and spread-
ing MRSA has been reported (4,/0-13), but information
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about carriage status of animals entering the farm was
not available in this study. Nevertheless, our results cor-
roborate that external supply of animals is significantly
associated with higher MRSA levels. A higher selective
pressure for MRSA might also occur on open farms be-
cause they had higher overall antimicrobial use and 6 of
them used cephalosporins. However, external supply of
animals appeared to be a risk factor, even when evaluated
together with antimicrobial use and cephalosporin use in
the multivariate model.

A previous study in the Netherlands found that the
prevalence of MRSA-positive pig farms steeply increased
from 40% in 2007 to 70% in 2008 (4). Our results show
that this prevalence remains high (>80%) but the slight
increase since 2008 indicates that MRSA carriage in pigs
might have reached a steady state. Herd size was identi-
fied as a risk factor when MRSA was emerging in livestock
(12); however, we found no such association.

Several determinants could be targeted for specific
interventions in the near future. Factors regarding biose-
curity considerably reduced the risk for MRSA, especial-
ly on closed farms. It is remarkable that mostly variables
related to management of piglets were associated with
MRSA. Piglets are more susceptible to infection, and they
receive larger amounts of antimicrobial drugs. Tooth clip-
ping in piglets increased the probability for MRSA car-
riage; MRSA transmission from piglet to piglet might be
higher when the same plier is used or through the worker.
Unexpected risk factors could be the product of reverse
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Table 4. ORs for determinants of livestock-associated MRSA in humans, adjusted for number of hours worked per week on the farm,

the Netherlands, 2011-2013*

Variable No.t ORf% (95% CI) p value§ -2 log RSPLY
Age, per 10 y increase 632 1.14 (0.93-1.41) 0.2 3,204.1
MRSA prevalence in pigs, %, per 10% increase 632 1.08 (0.97-1.21) 0.16 3,190.9
MRSA-negative farm
Yes 114 0.06 (0.01-0.27) <0.01 3,288.1
No 518 Ref
Touching dogs in past 6-12 mo
Yes 446 0.51 (0.27-0.96) 0.04 3,173.7
No 180 Ref
Touching pigs from other farms in past 6—12 mo
Yes 86 2.82 (1.35-5.91) 0.01 3,205.3
No 546 Ref
Sorting of sows in past 7 d
Yes 221 1.91 (0.97-3.77) 0.06 3,144.5
No 392 Ref
Sorting of suckling piglets in past 7 d
Yes 159 2.21(1.16-4.22) 0.02 3,169.5
No 455 Ref
Sorting of weaned piglets in past 7 d
Yes 174 1.63 (0.83-3.20) 0.16 3,162.9
No 439 Ref
Feeding sows in past 7 d
Yes 220 2.03 (0.99-4.17) 0.05 3,126.0
No 390 Ref
Cleaning and disinfecting weaned piglets section in past 7 d
Yes 81 1.70 (0.76-3.80) 0.2 3,157.8
No 538 Ref

*Results from the random intercept generalized linear mixed models accounting for the repeated measurements design and adjusted for number of hours
worked. MRSA, methicillin-associated Staphylococcus aureus; OR, odds ratio; Ref, reference category; RSPL, residual pseudo-likelihood. Bold type

indicates p values <0.05.

TNumber of observations in all sampling times together (158 persons, 4 sampling times). Some variables have missing observations.
FFor analysis in humans, a farm and a person random intercept were included in the mixed models, and number of hours worked on the farm and

sampling time were used for adjustment of ORs.

§Only variables with p<0.2 in the mixed models are presented in the human analysis.

YIRSPL from the generalized linear mixed models.

causality such as vaccination of piglets, fatteners, or both
and frequent change of needles. These possibilities need
to be explored in other, independent studies. Observations
for cleaning and disinfection were not consistent. It has
been previously reported that disinfection has a short-last-
ing positive effect for MRSA reduction (30). Keeping the
groups of sows stable was an interesting protective factor
that might reduce MRSA spread within the farm. Animals
that drank water from the public supply instead of from a
private source had increased probability for MRSA. Zinc
oxide specifically co-selects for MRSA ST398 (31,32),
and concentrations can be higher in tap water as a result
of leaching from pipes. A higher zinc intake in animals
might have led to higher selection for MRSA, but this as-
sociation needs further research.

Pooling of animal samples leads to less precise preva-
lence estimates (33,34) but is a low-cost alternative for in-
dividual sampling that enabled enlargement of the number
of farms tested. Individual testing, however, would not be
expected to lead to different outcomes.

This study shows the inherent difficulty in evaluating
pragmatic interventions for MRSA control in pig farms
under field conditions over a relatively short period. More
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farms and controlled interventions, together with lon-
ger follow-up periods to capture prevalence changes, are
needed to assess intervention effects over time. Despite the
limitations, we identified factors that can define attainable
future interventions (e.g., avoiding tooth clipping, keep-
ing sows in stable groups). Finally, we demonstrated that
antimicrobial use has a strong and positive dose—response
relationship with MRSA in pigs and humans living and/or
working on pig farms. In particular, use of cephalosporins
resulted in increased MRSA carriage rates in pigs. Animal
and public health authorities should continue to promote
the reduction of antimicrobial use. Different approaches for
MRSA control might be needed in light of the differences
by type of production and external supply of animals.
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Table 6. ORs for the most important determinants of livestock-associated
(multivariable final model), the Netherlands, 2011-2013*

MRSA positivity in 1,054 pooled pig samples from 32 farms

Characteristic No.t OR (95% CI) p value
Sampling time
0 mo 262 0.83 (0.48-1.43) <0.001
6 mo 290 2.05 (1.25-3.37)
12 mo 259 1.96 (1.20-3.20)
18 mo 243 Ref
Age group
Gilts 212 1.08 (0.65-1.80) <0.001
Finishers 140 4.09 (2.30-7.25)
Suckling piglets 212 3.87 (2.34-6.39)
Weaned piglets 280 9.89 (5.96-16.39)
Sows 210 Ref
External supply of giltst
Open 630 5.54 (1.56-19.27) 0.008
Closed 424 Ref
Delivery room for materials
Yes 804 0.29 (0.13-0.62) 0.001
No 250 Ref
Sows housed in stable groups
Yes 594 0.53 (0.29-0.96) 0.038
No 460 Ref
Antimicrobial drug use, per 2-fold increase, log, DDDA/Y 1,054 1.22 (1.03-1.44) 0.024
Use of cephalosporins
Yes 84 3.15 (1.47-6.74) 0.003
No 970 Ref

*Model fit: -2 log RSPL estimation = 5331.7. Multivariable final model after backward elimination of non-significant variables from a full model (online

Technical Appendix Table 3, http://wwwnc.cdc.gov/ElD/article/21/6/14-0706-Techap
Table 5 (http://wwwnc.cdc.gov/ElD/article/21/6/14-0706-T5.htm) for all farms, togeth
and age group of the pool. MRSA, methicillin-resistant Staphylococcus aureus; OR,
reference category; RSPL, residual pseudo-likelihood.

p1.pdf) containing the significant associations (p<0.05) presented in
er with antimicrobial drug use, use of cephalosporins, sampling time,
odds ratio; DDDA/Y, defined daily dosages animal per year; Ref,

TMultiple variables had missing values in the full model reducing the number of observations in the final model.
tFarms were defined as open when they received external supplies of gilts 21 time per year from at least 1 supplier and as closed when they received no

external supply of gilts.
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