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SUMMARY

This study estimated the effect of discontinued use of antimicrobial growth promoters (duAGPs)
on the risk of antibiotic treatment for diarrhoea, arthritis, pneumonia, unthriving and
miscellaneous disorders in Danish pig farms. The estimation was done in a case-crossover study
comparing: (1) the proportion of days per farm where treatment was performed (PDT) and (2)
the proportion of pigs treated per day per farm at days where treatment was performed (PPT)
before and after duAGPs at 68 farrow-to-finish farms. The farms were selected using a two-stage
(veterinarian/farm) convenience sampling. On average, during the first year after duAGPs there
was a significant increase in the risk of antibiotic treatment for diarrhoea (PDT: OR 25, 95%
CI 1-7-3-8; PPT: OR 16, 95% CI 1-1-2-2). However, the effect varied among farms — some
farms experienced substantial problems, while others experienced few problems after duAGPs.
No effect was identified for the risk of treatment for other diseases.

INTRODUCTION

The potential consequences of the European Union
ban of antimicrobial growth promoters (AGPs) [1] on
both animal and human health have recently been
reviewed [2, 3]. One negative consequence of the ban
may be increased disease in pigs, leading to an in-
creased use of therapeutic antibiotics of importance in
human medicine [2].

Since the 1970s, antimicrobials have been used as
growth promoters for pigs in Denmark. However, in
early 1998, the Danish Bacon and Meat Council,
representing over 95% of Danish pig producers,
agreed to phase out the use of AGPs because of
the public concern. The concern was that the use of
antimicrobials for growth promotion could lead to
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selection of resistant bacteria that were pathogenic to
humans. A detailed description of the chronology of
the phasing out of AGPs in Danish pig production is
available in a WHO report on the Danish experiences
of discontinued use of AGPs (duAGPs) in animal
production [4].

Prior to the withdrawal of AGPs, nearly all pigs in
Denmark reared for consumption were continuously
exposed to antimicrobials until a few weeks before
slaughter. From the time of weaning until an age of
4 months, pigs were given one of the following AGPs
in feed : tylosin, 10—40 ppm ; olaquinodox, 15-50 ppm;
carbadox, 20-50 ppm; or avilamycin, 20—40 ppm.
From 4 months of age until 4 weeks prior to slaughter
(at approximately 6 months of age), the most fre-
quently given AGP was tylosin, but at a lower con-
centration (5-20 ppm).

Since 1 January 2000, all use of AGPs has been dis-
continued in Danish pig production. The withdrawal
of AGPs from pig production was performed in two
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steps. At the end of 1998, the use of AGPs was dis-
continued for pigs >35kg, and in 1999, the pig
producers also agreed on terminating the use of AGPs
for pigs <35 kg by the end of that year. Therefore, in
this study we define pigs after weaning until a weight
of 35kg (age of ~14 weeks) as weaners and pigs
> 35 kg are defined as finishers.

A nationwide withdrawal of AGPs from pig
production has previously only been performed in
Sweden in 1986 and in Switzerland in 1999. At
national level the duAGPs in Sweden did not create
obvious clinical problems for finishers, whereas
significant problems emerged temporarily among
weaners (increased mortality and disease incidence)
[S]. In the Swiss study no increase in the amount of
prescribed antibiotics after duAGPs could be detected
in an evaluation of more than 6000 prescriptions
made over 6 years (1996-2001) [6]. In a study of 29 pig
farms in Finland, only four farms had an increased
use of antibiotics after duAGPs [7].

The overall goal of this study was to evaluate the
effect of duAGPs on the frequency of disease in Danish
pig farms. This was done by comparing the frequency
of antibiotic treatment before and after withdrawal of
AGPs in 68 conveniently sampled farrow-to-finish pig
farms. However, it must be emphasized that recording
treatment is an indirect method of recording occur-
rence of disease. The effect of duAGPs was measured
on (1) proportion of days per farm where treatment
was performed, and (2) proportion of pigs treated per
day per farm at days where treatment was performed.

The use of AGPs to finishers had already ceased
before the start of the study. Therefore, it must be
underlined that in this study we assess the effect of
duAGPs to weaners (that is no AGPs were used from
weaning to slaughter) on the risk of therapeutic anti-
biotic treatment of pigs from weaning to slaughter. It
was not possible to estimate the effect only in weaners,
because the study farms did not have the same move-
ment patterns between weaning and finishing units
and therefore the age of pigs within these units was
not directly comparable between farms. If nothing
else is stated, duAGPs refers to the discontinued use
of AGPs for pigs <35 kg.

MATERIAL AND METHODS
Study design and study population

The effect of duAGPs in weaners on the risk of anti-
biotic treatment of pigs from weaning to slaughter
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was estimated in a non-randomized case-crossover
study. In the study farms, treatments were recorded as
treatments given either in the weaning unit or finishing
unit. However, as mentioned in the Introduction, be-
cause the farms did not have the same movement
patterns between weaning and finishing units the age
of pigs within these units was not directly comparable
between farms. Therefore, the estimated effect of
duAGPs in weaners is an overall effect on pigs from
weaning to slaughter. Each farm passed through both
the non-exposed time period (use of AGPs to weaners)
and the exposed time period (no use of AGPs to
weaners), and therefore each farm served as its
own control. No estimates of the effect of duAGPs
existed a priori for calculation of sample size.
However, as we expected that the effect of duAGPs
would vary between farms, 150 farms were chosen as
a presumably sufficient number for estimation of an
average effect and a between-farm variation in the
effect.

The study population was obtained using a two-
stage sampling scheme [(1) veterinarian; (2) farms
within veterinarian]. Contact with 16 veterinarians,
specializing in pig diseases and distributed throughout
Denmark, was established. Each veterinarian was
asked to nominate farm operations to which their
practice routinely provided medical care. The veter-
inarian was required, as first priority, to nominate
farrow-to-finish operations, and as a second priority
to nominate operations where one sow-farm traded
pigs to one single-finish-farm, that only received
pigs from the sow-farm, and both farms should be
willing to participate in the study. For simplicity,
an operation will be referred to as a ‘farm’ through-
out this paper, even though the finishers were located
on a finish-farm, apart from the sows and weaners.
All farms included in the study represented semi-
closed pig populations, as only breeding stock entered
the farms.

Since each farm served as its own control, a
reliable measure of frequency of treatment both
before and after duAGPs in each farm was necess-
ary. Therefore, farms where treatments had been
recorded for <8 weeks, either before or after
duAGPs, were excluded from the analysis. The 8
weeks’ cut-off was subjectively selected. Of the 150
farms selected for the study, 134 were enrolled and
68 had complete and reliable data, so they could be
included in the analyses (Fig. 1). Fourteen different
veterinarians managed the farms included in the
analysis.
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Fig. 1. Diagram illustrating the reduction of number of farms
included in the data analysis estimating the effect of dis-
continued use of antimicrobial growth promoters (duAGPs)
on the risk of antibiotic treatment in Danish pig production.

Data collection
Date of duAGPs

Initially, for each farm a questionnaire was applied to
obtain the date of duAGPs to weaners. Thereafter,
the date of discontinued use was confirmed by the
feed mill that delivered the feedstuff or the premix
containing AGPs (to add to the homemade feed).

Data on management factors

The same questionnaire was applied to collect farm-
specific data on management factors that may interact
with the effect of duAGPs on risk of treatment. The
questionnaire was designed to collect data about each
production unit (farrowing unit, weaning unit, second
weaning unit if present, growing unit if present, fin-
ishing unit). The pig producer and the veterinarian
completed the questionnaire together. The question-
naire encompassed questions about the production
facilities and the management of pigs (Tables 1 and 2).
In addition, the veterinarians were asked to report,
at monthly intervals, important changes in the man-
agement of the farms (e.g. expansion, rebuilding, in-
terventions against diseases).
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Data about antibiotic treatment and disease

The pig producers (owner and stable staffs) recorded
data about antibiotic treatment on a specially de-
signed form (available in Danish on request). In the
study farms, the dates for the first recorded antibiotic
treatment ranged from 10 December 1998 to 3 July
1999 and the dates for the last recorded antibiotic
treatment ranged from 15 December 1999 to 1
February 2002. For each event of antibiotic treatment,
date, clinical signs treated, production unit and num-
ber of animals treated were recorded. We defined five
diseases [diarrhoea, arthritis, pneumonia, unthriving
and miscellaneous disorders (e.g. tail biting, menin-
gitis, otitis media and dermatitis)] by the clinical signs
observed by the pig producers.

Statistical analysis

The aim of the statistical analysis was to estimate the
effect of duAGPs on the risk of antibiotic treatment of
pigs from weaning to slaughter specifically: (1) were
pigs treated on more days after duAGPs than before?
(2) On days when pigs were treated, were more pigs
treated than before? By pairing each farm with itself
in the case-crossover design management factors were
eliminated as confounders [8]. Therefore, the effects of
management factors were considered as interaction
factors only. Data included in the statistical analysis
to define treatment level within the farms before and
after duAGPs were restricted to the data recorded
within the last year before discontinuation and first
year after discontinuation, respectively. Therefore,
the estimated effect of duAGPs is the average effect
during the first year after duAGPs. According to the
aim of the analysis, the effect of duAGPs was esti-
mated in two separate analyses using two different
response variables; ‘effect on proportion of days
per farm where treatment was performed’ (analysis
no. 1), and ‘effect on proportion of pigs treated per
day per farm at days where treatment was performed’
(analysis no. 2), respectively.

In all analyses, the effect of duAGPs was evaluated
for diarrhoea, arthritis, pneumonia, unthriving and
miscellaneous disorders, separately. The effect was
measured as the odds ratio (OR), defined as the ratio
between the odds for treatment after discontinuation
and the odds for treatment before discontinuation.

We expected a high within-farm correlation of
the management factors, and attempts were made
to identify latent farm characteristics in the data
using factor analysis. The collected information was
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Table 1. Description and distribution of 20 categorical management factors.
Data collected from 68 Danish farrow-to-finish pig farms (1998-2002)

Group of management No. of
factors and variables Level farms
Demographics
Farm category Breeding 4
Production 64
Number of geographic locations 1 58
2 10
Health status
Documented free of swine dysentery Yes 51
No 17
High health status (specific pathogen-free) Yes 38
No 30
Housing systems
No. of stables during the weaning period 1 43
2 25
Separated growing and finishing stables Yes 22
No 46
Complete pen partition in weaning units Yes 34
No 34
Complete pen partition in finishing units Yes 13
No 55
Slatted floors in weaning units Fully 18
Partly 43
No 7
Slatted floors in finishing units Fully 18
Partly 43
No 7
Internal biosecurity
No. of farrowing batches 1 15
within each weaning section 2-3 30
>3 23
No. of farrowing batches 1 5
within each finishing section 23 16
>3 47
Feed strategy
Ad lib./restricted feed of weaners Ad lib. 34
Restricted 34
Ad lib./restricted feed of finishers Ad lib. 51
Restricted 17
Home-mixed/purchased feed to weaners Home-mixed 10
Purchased 48
Both 10
Home-mixed/purchased feed to finishers Home-mixed 36
Purchased 27
Both 5
Dry/liquid feed to weaners Dry 66
Both 1
Liquid 1
Dry/liquid feed to finishers Dry 53
Both 2
Liquid 13
Use of zinc oxide to weaners* Yes 43
No 25
Latest used AGP to pigs <35kg Quinoxalinest 47
Tylosin 12
Avilamycin 9

* 250 ppm zinc in pig diets.
+ Carbadox, olaquinodox.
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Table 2. Description and distribution of five continuous management factors. Data collected from

68 Danish farrow-to-finish pig farms (1998—2002)

Risk factor groups and variables Minimum Ql Median Q3 Maximum
Demographics

No. of sows (females, gilts, sows) 34 127 185 326 599

No. of weaners (no. of pigs in weaning units) 75 450 700 1225 2500

No. of finishers (no. of pigs in finishing units) 45 400 625 955 2500
Housing systems

Average no. of animals within weaning pens 9 21 28 40 100

Average no. of animals within finishing pens 10 14 16 20 198

Q1, First quartile; Q3, third quartile.

organized and transformed (optimal scaling) in a
way that made factor analysis possible. In the factor
analysis, the overall value of Keiser’s measure of
sampling adequacy (measuring how much smaller the
partial correlations are in the factor solution com-
pared to the original correlations) was 0-46, indicating
that the collected data was not appropriate for factor
analysis (< 0-5 is unacceptable [9]). Thus, the original
variables of management factors were used in the
statistical analysis.

Effect on proportion of days per farm where
treatment was performed (analysis no. 1)

The epidemiological unit of interest in analysis no. 1
was the farm. The dependent variable — proportion
of days per farm where treatment was performed
(PDT) — was a binomial proportion, with the number
of days where antibiotic treatment was performed in
the numerator and the number of days in study in the
denominator:

no. days where pigs were treatedg,

PDTeim = -
fa no. days in study,,

The number of days in study was defined by the
number of days between the first and last recorded
treatment at each farm. Two proportions per farm
were created to reflect the study periods ‘before’ and
‘after’ duAGPs.

Effect on proportion of pigs treated per day per farm at
days where treatment was performed (analysis no. 2)

The epidemiological unit of interest in analysis no. 2
was day were treatment was performed within each
farm. The dependent variable — proportion of pigs
treated per day per farm at days where treatment was
performed (PPT)—was a binomial proportion, with
the number of pigs treated with antibiotics per day per
farm at days where treatment was performed in the
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numerator and the sum of the number of weaners and
finishers (given in the questionnaires) at the farm in
the denominator.

no. pigs treated at days where

treatment was performedg,y fam
PPTyay, farm =

(no. weaners +no. finishers)y,y fym

A proportion for each day where antibiotic treatment
was performed per farm was created.

Modelling

The data had a hierarchical structure (Table 3). Both
PDT and PPT were clustered in two dimensions —
within time and within space (days and animals, re-
spectively, within farm and farm within veterinarian).
Procedures for estimating parameters in a multilevel
model including repeated measurements with bi-
nomially distributed dependent variable are not well
established. Therefore, first multilevel logistic re-
gression models, with random intercepts, were set up
in order to estimate the effect of duAGPs on the PDT
[three levels: veterinarian, farm, day (Table 3)] and
on PPT [four levels: veterinarian, farm, day, pig
(Table 3)]. The initially specified logistic models in-
cluded no covariance between the measures at lowest
level (days and pigs, respectively), assuming indepen-
dence between measures. In the models, the effects
of duAGPs on PDT and PPT were estimated as a
fixed effect and a between-farm Gaussian-distributed
random effect (random slope).

In general, the following procedure was used to fit
the models. First, the unconditional association
between duAGPs and the dependent variable was
estimated using logistic regression where no
extra-binomial variation was permitted. By uncon-
ditional association between duAGPs and the depen-
dent variables we understand the association (fixed
and random effects) between the duAGPs and the
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Table 3. Four-level hierarchical structure of data used to estimate the effect of duAGPs on the risk of
therapeutic antibiotic treatment in Danish farrow-to-finish farms

Average number
per unit at

Level Number next-higher level Range Variables measured at level

Veterinarian 14 — —

Farm 68 5 1-13 Management factors

Day 33133 487 189-646 Sum of no. farm days at risk for treatment
Pig 55317862 1670 275-5000 Sum of no. weaner days and finisher days

at risk for treatment

dependent variable when no other explanatory vari-
ables were included in the model.

Second, in the unconditional models presence of
extra-binomial variation was examined by estimating
an additional dispersion parameter monitoring the
variability of the binary outcome relative to a bi-
nomial distribution in the models. Concerning PDT,
for all diseases the estimate of day-level variance re-
mained very close to 1 (>09), indicating that the as-
sumption about binomial distribution was fulfilled.
However, in models for PPT, only for diarrhoea
did the estimated extra-binomial variation remain
close to 1. For the other diseases, the data were under-
dispersed (0-0-0-6). A potential cause of under-
dispersion in this study is the presence of dependency
between adjacent measures of PPT within farms
(autocorrelation). Therefore, the assumption of inde-
pendent residuals was replaced by the assumption
of first-order autocorrelation, which represents a type
of dependence between adjacent observations, which
dies out between observations that are further apart.
This was done in a linear multilevel regression, with
PPT treated as a continuous variable, taking into ac-
count both the within-veterinarian and within-farm
clustering and within-time clustering. The within-vet-
erinarian and within-farm clustering were adjusted by
including an intercept with random effects at veterin-
arian level and farm level (similar to the case in the
logistic model), and the clustering in time was adjusted
for by using a spatial-power covariance structure.
Since the distribution of PPT was skewed, PPT was
transformed using logarithmic transformation.

Third, presence of interaction between the effect
of duAGPs and management factors was evaluated
by adding each management factor separately to the
unconditional models as a fixed main effect and a fixed
first-order interaction term with the fixed effect of
duAGPs. The significance of the main effect and the
interaction was evaluated by Wald’s test (P <0-05).
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Potential interaction factors with more than two
categories were evaluated using dummy variables and
Bonferroni correction for multiple testing (P <0-05/k,
where k is the total number of dummy variables).

To obtain a final estimate of the effect of duAGPs
(average effect during the first year after duAGPs),
management factors identified as being associated
with the dependent variable were added to the un-
conditional model simultaneously. Non-significant
(Wald’s test, P>0-05) interaction terms and thus
main effects were removed sequentially. Finally, sig-
nificance of the random effect of duAGPs was tested
using likelihood ratio tests. Throughout the modelling
we retained the random effects of the intercept at all
levels in the in the models, even if the estimates were
very close to zero.

In addition, the effect of the interaction between
time elapsed after discontinuation and effect of
duAGPs (time-dependency of the effect of duAGPs)
was estimated. The time-period after discontinuation
(1 year) was divided into monthly (30 days) inter-
vals (12 dummy variables). The interaction term
(duAGPs x time-period after discontinuation) added
to the final model estimated the average effect during
the first year after duAGPs.

Estimation methods

Second-order penalized quasi-likelihood (PQL-2) es-
timates were used to build the logistic models in
MLwiN [10]. Revised estimates for logistic multilevel
models of PDT were obtained using Markov-chain
Monte Carlo (MCMC) and maximum-likelihood
(ML) estimation. The MCMC estimation was done
using Metropolis—Hastings sampling with diffuse
priors implemented in MLwiN, with a burn-in period
of 5000 iterations and a run of 50000 iterations. The
ML estimates were derived using Gaussian adaptive
quadrature integration using the Stata program
gllamm [11]. The linear multilevel models of PPT were
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fitted to the data using the method of restricted
maximum likelilhood (REML) implemented in the
MIXED procedure in SAS [9].

In ML-estimated logistic multilevel models the ad-
equacy of the assumptions of Gaussian-distributed
random effects were evaluated by the Normality prob-
ability plots of empirical Bayes estimates of the ran-
dom effects (plots not shown). In the ML-estimated
linear multilevel models the adequacy of the assump-
tions of Gaussian-distributed random effects and re-
siduals were evaluated by the Normality probability
plots of empirical best-linear unbiased predictors of
the random effects (plots not shown).

For diseases on which the withdrawal of AGPs had
an effect on PDT, the within-farm correlation of the
frequency of antibiotic treatment before duAGPs and
the effect of duAGPs was calculated as:

covariance/(vVariance;, e cep; X varianceqy aGps)’?,

where covariance is the covariance between intercept
and duAGPs, varianceipercept 1S the between-farm
variance of the intercept and varianceguagps 1S the
between-farm variance of the effect of duAGPs.

For diseases on which the withdrawal of AGPs had
an effect on both PDT and PPT, the association be-
tween the farm-specific effects of duAGPs on PDT
and PPT was evaluated by the Spearman rank-order
correlation. The farm-specific effect (OR) on PDT
was predicted using empirical Bayes estimation,
which for each farm combined the data obtained in
that farm and the population information estimated
in the statistical model [12]. Farm-specific values of
PPT before and after discontinuation were predicted
from the final linear model, using the estimate of the
fixed effect and empirical best-linear unbiased pre-
dictors of the random effects. The farm-specific effect
(OR) on PPT was estimated by the ratio between PPT
after and before duAGPs.

RESULTS
Descriptive statistics

Management factors

The distributions of the 25 management factors on the
68 farms included in the analyses are presented in
Tables I and 2.

Study variable

In the study farms, the date for duAGPs for weaners
ranged from 1 April 1999 to 25 February 2000
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(1st quartile=1 August 1999; median=31 August
1999; 3rd quartile=14 September 1999). The maxi-
mum number of days a farm was included in the
study before duAGPs was 12 months (Ist quartile,
69 months; median, 5-5 months; 3rd quartile, 4-2
months, minimum 2-2 months). The maximum the 1st
quartile and the median number of days a farm was
included in the study after duAGPs was 12 months;
the 3rd quartile was 10-1 months maximum and 3-5
months minimum.

Response variable

In Figure 2 the mean of farm-specific daily proportion
of pigs treated (no. treated animalsgyy,rarm/N0. Weaners
and finishersg, ) for diarrhoea, arthritis, pneumonia,
unthriving and miscellaneous disorders, respectively
is plotted against time which is centred around the
date of duAGPs. The incidence density of antibiotic
treatment of weaners and finishers, respectively, be-
fore and after duAGPs stratified by disease is pres-
ented in Table 4. The shape of the graphs (Fig. 2) and
the calculated incidence densities (Table 4) indicate
that the most obvious effect of duAGPs was on the
treatments for diarrhoea — both among weaners and
finishers.

The distribution of PDT diarrhoea after duAGPs
indicated a large variation between farms (minimum =
0% ; 1st quartile =5 %, median=17 % ; 3rd quartile =
30%, maximum=93%), e.g. some farms never or
rarely treated for diarrhoea, whereas some farms
treated for diarrhoea more than one third of the days.
The distribution of PPT diarrhoea after duAGPs
(minimum=0-1%; 1Ist quartile=0-5%, median=
2:6%; 3rd quartile=13%, maximum=100%) in-
dicated that sometimes diarrhoea was treated using
individual medication (very low percentage of pigs
treated) whereas in other cases diarrhoea was treated
using batch medication (moderate and high percent-
age of pigs treated).

Results of the statistical analyses

For MCMC estimation in analysis no. 1, the sampling
traces for the parameters looked healthy in all models,
and convergence of the Markov chain to the posterior
distribution was observed. In the ML estimation, the
criteria for convergence were achieved, and the
correlations between parameter estimates were low.
The assumption about Gaussian-distributed random
effects was satisfied in all models. The revised par-
ameter estimates obtained using MCMC estimation
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Table 4. Frequency (n) and incidence density (ID) of antibiotic treatments of weaners and finishers before and
after the duAG Ps*, respectively. Stratified by disease. Data collected before and after duAG Ps in 68 Danish
farrow-to-finish pig farms (1998—2002)
Weaners Finishers
Before duAGPs After duAGPs Before duAGPs After duAGPs
n ID+ n ID n ID n ID
No. pig days at risk 11100939 — 19266546  — 9458516  — 15491861 —
Treatment for
Diarrhoea 69716  (0-63) 897280  (4-66) 55810 (0-59) 341570 (2-20)
Arthritis 4927  (0-04) 9579  (0-05) 5864 (0-06) 10175 (0:07)
Pneumonia 23096 (0-21) 42008 (0-22) 32813 (0-35) 62953 (0-41)
Unthriving 1124 (0:01) 37487 (0-19) 3937 (0-04) 25183 (0-16)
Miscellaneous disorders 7012 (0-06) 15501 (0-08) 9244 (0-10) 7983  (0-05)
* Discontinued use of antimicrobial growth promoters.
1 Incidence density (no. antibiotic treatments per 100 pig days).
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Fig. 2. Mean of farm-specific daily proportion of pigs (weaners and finishers) treated for diarrhoea, arthritis, pneumonia,
unthriving and miscellaneous disorders, respectively, plotted against time before and after discontinued use of antimicrobial
growth promoters (duAGPs). Based on data collected before and after duAGPs in 68 Danish farrow-to-finish pig farms
(1998-2002). Due to the small number of farms contributing data in the period several months before duAGPs, the horizontal
axis was truncated at — 6 months (the median of days in study per farm before duAGPs).
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(posterior mean and 95% credibility intervals) and
ML estimation (point estimate and 95% Wald-type
confidence intervals) where very similar in all models.

In analysis no. 2 the linear multilevel model allow-
ing for autocorrelation between adjacent measures
gave a better fit when compared to the model as-
suming independency between adjacent measures.
The assumption about Gaussian-distributed random
effects was satisfied in all models.

If nothing else is stated, the estimates obtained
using ML estimation (PDT) and REML estimation
(PPT) are presented.

For none of the response variables did the effect
of duAGPs show significant interaction with any of
the management factors. Therefore, the uncon-
ditional estimated effect of duAGPs on PDT (logistic
regression) and on PPT (linear regression), respect-
ively, were the final estimates (Tables 5 and 6). A sig-
nificant effect was identified on diarrhoea, both for
PDT (OR 2-5,95% CI 1-7-3-8) and PPT, whereas the
risk of antibiotic treatment for other diseases was
unaffected by withdrawal. The MCMC estimated OR
of the effect of duAGPs on PPT diarrhoea obtained
in the four-level logistic regression was 1:6 (95%
credibility interval of OR 1:4-2-2). Concerning PDT
diarrhoea there was a small negative within-farm
correlation [correlation coefficient = —0-35 (Table 5)]
between the frequency of antibiotic treatment for
diarrhoea before duAGPs and the effect of duAGPs.

In all models, except the PDT model of miscel-
laneous disorders, the farm random effect of duAGPs
(the random slope) was found statistically significant
(Tables 5 and 6), irrespective of the significance of the
fixed effect of duAGPs.

According to the predicted farm-specific effect of
duAGPs, ~10% of the study farms (7/68) experi-
enced neither an increase in PDT diarrhoea nor PPT
diarrhoea after discontinued use, whereas ~50%
(36/68) of the farms experienced an increase in both
PDT diarrhoea and PPT diarrhoea. The predicted
farm-specific effect on PDT diarrhoea was plotted
against the predicted farm-specific effect on PPT di-
arrhoea (Fig. 3). There was no significant correlation
within farms between the effect of duAGPs on PDT
and PPT regarding diarrhoea (correlation coef-
ficient=0-14, P=0-27).

The estimated time-dependent effect of duAGPs
on PDT diarrhoea indicated an effect of time elapsed
after discontinuation. Compared to the period before
duAGPs, increase in PDT diarrhoea was not signifi-
cant within the first 3 months after discontinued use
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[1st month: OR 1-3 (99-5% CI 0-7-2-4); 2nd month:
OR 16 (0-8-3-0); 3rd month: OR 19 (0-9-3-6)],
whereas from the 4th month, the increase in PDT
diarrhoea was statistically significant compared to
the period before discontinuation [4th month: OR
2:4 (99:5% CI 1-:3-4-5); 5th month: OR 29 (1-:6-5-6);
6th month: OR 34 (1:8-6-5); 7th month: OR 3-2
(1:7-6-1); 8th month: OR 3-5 (1:8-6-5); 9th month:
OR 2-8 (1-5-5-4); 10th month: OR 2:6 (1-4-5-1); 11th
month: OR 34 (1-8-6'4); 12th month: OR 3-8
(2:0-7-2)].

DISCUSSION

To our knowledge, this is the first time the frequency
of therapeutic antibiotic treatment of pigs before and
after duAGPs has been recorded and analysed in an
attempt to estimate the effect of duAGPs on the risk
of treatment. The aim of this study was not to esti-
mate the effect of other management procedures on
the risk of antibiotic treatment.

Study design

By pairing each farm to itself using a case-crossover
design, the risk that the estimated effect of duAGPs
was confounded by constant farm-level management
factors was eliminated [8]. None of the farms reported
that they directly implemented disease-preventing
interventions as a reaction to duAGPs. However,
it is likely that interventions were implemented in
response to emerging disease problems, which may
invalidate the assumption of constant exposure to
farm-level management factors over time. Therefore,
data of treatment after duAGPs included in the stat-
istical analysis were restricted to the data recorded
within the first year after discontinuation. The use of
data recorded within the first year after duAGPs was
a subjective decision, being a compromise between the
amount of data available for estimation of the effect
and the validity of the assumption about constant
exposure to management factors.

Bias and representativeness

The sampling frame (veterinarians and farms) of the
study population was restricted. The reason for this
restriction was to enhance the feasibility of the data
collection procedure, i.e. the veterinarians and pig
producers had to have motivation for participating
and recording treatment. A general drawback of the
restriction is that the study population may not be
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Table 5. Maximum-likelihood estimates of three-level logistic models estimating the effect of duAGPsT on the proportion of days per farm where treatment
was performed (PDT) (analysis no. 1). Based on data collected before and after duAG Ps in 68 Danish farrow-to-finish pig farms (1998—2002)

Disease
Parameter Diarrhoea Arthritis Pneumonia Unthriving Miscellaneous disorders
Random effect
Veterinarian level
Intercept (02) 0-22 (0-19)f 0-08 (0-20) 0-00 (0-06) 2-:32 (0-95) 0-02 (0-04)
Farm-level
Intercept (02) 3:27 (0-71) 3-35(0-70) 9-87 (2:87) 6:11 (1-92) 3-84 (0-73)
duAGPs (02) 2-37 (0-50)* 1-09 (0-25)* 2-78 (0-94)* 3:55 (1-08)* 1-68 (0-36)*
Correlation —0-35 0-05 —0-07 —0-02 —0-38
(intercept, duAGPs)§
Level-1 variance 1 1 1 1 1
Fixed effect
Intercept —2:96 (—347 to —245)|] —2-13(—2:61to —1:66) —560(—683to —477) —591(—714to —4:69) —291 (—3-37 to —2-46)
AGPs 0:93 (0-53 to 1-34)** —0-15(—044 to 0-14) —0-37 (—1-30 to 0-56) —0-06 (—0-93 to 0-82) 0-00 (—0-36 to 0-36)

T The average effect during the first year after discontinued use of antimicrobial growth promoters.

i Standard errors of random effect estimate in parenthesis.

§ Correlation between the effect of duAGPs and proportion of days where treatment was performed before duAGPs.
|| 95% Wald-type confidence interval of fixed effect estimate in parentheses.

* Statistical significant random effect of duAGPs (likelihood ratio test, P <0-05).

** Statistical significant fixed effect of duAGPs (Wald’s test, P <0-05).
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Table 6. Restricted maximum-likelihood estimates of four-level linear models estimating the effect of duAGPst on the proportion of pigs treated per day
per farm where treatment was performed (log PPT) (analysis no. 2). Based on data collected before and after duAGPs in 68 Danish farrow-to-finish pig

farms (1998-2002)

Disecase
Parameter Diarrhoea Arthritis Pneumonia Unthriving Miscellaneous disorders
Random effect
Veterinarian level
Intercept (02) 0-08 (0-17)% 0-07 (0-21) 0-05 (0-28) 0-26 (0-29) 0-05 (0-11)
Farm level
Intercept (02) 2-00 (0-42) 0-32 (0-06) 1-56 (0-49) 1-49 (0-44) 0-77 (0-21)
duAGPs (02) 1-34 (0-33)* 0-12 (0-04)* 0-19 (0-15)* 0-56 (0-26)* 0-08 (0-08)
Level 1 (residual)
(e2) 2-07 (0-06) 0-49 (0-01) 2-08 (0-07) 0-72 (0-03) 0-66 (0-03)
8§ 0-71 (0-01) 0-39 (0-01) 0-33 (0-02) 0-54 (0-03) 0-56 (0-03)
Fixed effect
Intercept —4:52 (—495t0 —4-09)|] —640(—657to —624) —6:07(—6:60to —5-54) —627(—688to —565) —6:66(—7-04to —6-27)
duAGPs 0-44 (0-08 to 0-80)** 0-07 (—0-:04 to 0-18) 0-24 (—0-09 to 0-57) 0-23 (—0-14 to 0-60) 0-02 (—0-20 to 0-24)

T The average effect during the first year after discontinued use of antimicrobial growth promoters.
1 Standard errors of random effect estimate in parentheses.

§ Within farm correlation between PPT in two adjacent days.

|| 95% Wald-type confidence interval of fixed effect estimate in parentheses.

* Statistical significant random effect of duAGPs (likelihood ratio test, P <0-05).

** Statistical significant fixed effect of duAGPs (Wald’s test, P<0-05).
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Fig. 3. The predicted farm-specific effect (log OR) of dis-
continued use of AGPs on PDT diarrhoea plotted against
the predicted farm-specific effect (log OR) of discontinued
use of AGPs on PPT diarrhoea in 65 Danish farrow-to-
finish pig farms.

representative of all Danish pig farms. However, we
assume that the study farms were representative of
well-managed farms having good cooperation with
their veterinarian because both the pig producer and
the veterinarian displayed sufficient motivation in ac-
cepting the extra workload to complete the ques-
tionnaires and record treatments. In this type of
farms, the effect of duAGPs could be less than in less
efficiently managed farms. Therefore, the study may
underestimate the effect of duAGPs in Danish pig
production.

Further, the total number of veterinarians in
Denmark that specialize in pig production is around
120, so at the veterinarian level the study population
included ~10%. However, not all pig farms in
Denmark are serviced by veterinarians specializing in
pig production, and the study population may be
biased towards pig producers advised by veterinarians
specializing in pig production. We assumed the possi-
bility of substantial selection bias at the farm level,
regarding the effect of duAGPs, was low because the
sampling of farms was done prior to discontinuation.

When comparing farrow-to-finish farms (produc-
ing half of all pigs for slaughter in Denmark) and
farms specializing in production of finishers (produc-
ing the other half of pigs for slaughter in Denmark),
the later type of farms seemed to have more

https://doi.org/10.1017/5095026880700814X Published online by Cambridge University Press

Antimicrobial growth promoters in pigs 103

aggravated problems with diarrhoea. One expla-
nation could be that they allow the mingling of pigs
they receive from different sources. We believe that
the effect of duAGPs in farms that deliver pigs to
specialized finishing farms, and within the finishing
farms, must as a minimum have been the same as the
effect observed in farrow-to-finish farms.

Even though only half of the initial 134 farms en-
rolled in the study were used in the statistical analysis,
there was no indication that the dropout was non-
random. For none of the response variables, was there
a statistically significant difference between the 68
farms included in the analysis and the 38 farms
excluded owing to a too short study period after
duAGPs. Statistical comparison of the distribution of
management factors in the 68 farms included in the
data analysis and the distribution of management
factors in the farms that returned the questionnaire
(but were not included because of different reasons),
did not reveal any differences in management between
the included and excluded farms.

In all study farms, the use of AGPs to finishers was
discontinued before the study start, and an eventual
long-lasting effect of duAGPs in finishers might cause
confounding in the estimation of the effect of duAGPs
in weaners. However, because the time elapsed from
the date of duAGPs for finishers until the date of
duAGPs for weaners in all farms was at least 1 year in
all study farms (ranging from 1 to almost 3 years, with
a mean of 1-5 years) and because there was no corre-
lation between the date for duAGPs to finishers and
the date for duAGPs to weaners (Spearman corre-
lation coefficient =0-08, P=0-49), we do not consider
a potential long-lasting effect of duAGPs in finishers
to be a strong confounding factor in our study.

Validity of recorded data

All pig producers probably did not record antibiotic
treatment with the same degree of precision. This may
be due to lack of time, capability or care. However,
under the assumption that the within-farm precision
was constant throughout the study period, due to
the case-crossover design the between-farm variation
in precision of recording did not influence the esti-
mates.

Statistic analysis

The effect of duAGPs was evaluated for multiple dis-
eases — in separate analyses — giving a relatively large
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probability (1-0-95%) of declaring a non-true effect of
duAGPs on the risk of disease significance. Never-
theless, we were more worried about not identifying
existing effects than the reverse. Therefore, a confi-
dence level of 95% was used in the analysis of each
disease to preserve the power of the study.

To model the hierarchical structure of collected
data, we specified multilevel models, including both
random intercept and random slope. The REML pro-
cedure that we used for estimating parameters in the
linear multilevel models is well established. However,
procedures for fitting logistic multilevel models are
not well established. We used two alternative esti-
mation methods to obtain revised estimates of the
final models - MCMC and ML. If reasonable con-
cordance among the results is achieved — which was
the case in our study — then one can have confidence
in the results [13].

The correlation of PPT diarrhoea within farms be-
tween two adjacent days where treatment for diar-
rhoea was performed was high (correlation
coefficient=0-71). Within the multilevel logistic
models of the PDT diarrhoea, independence between
observations was assumed. To obtain a crude esti-
mation of the correlation of the risk for treatment
between two adjacent days a model equivalent to the
linear model used for PPT, was fitted to the binary
dependent variable. Regarding the risk for treatment,
the within-farm correlation between two adjacent
days was 0-42. This correlation indicates that PDT
diarrhoea between adjacent days within the same
farm was not totally independent. However, given
the moderate size of the correlation, together
with other aspects of the healthy behaviour of the
model, we are convinced that the significance of the
estimated effect of duAGPs on PDT was related to a
true effect.

Effect of discontinued use of antimicrobial growth
promoters on risk of antibiotic treatment

The discontinuation only had a significant effect on
the risk of treatment for diarrhoea (Tables 5 and 6).
For the risk of treatment for other diseases, neither
the estimated value of the effect nor the statistical
significance indicated even a small effect on the fre-
quency of arthritis, pneumonia, unthriving or miscel-
laneous disorders. On average, the daily risk that
treatment was performed for diarrhoea (PDT diar-
rhoea) increased by a factor 2-5 (OR 25, 95% CI
1-7-3-9), whereas, on average, the risk for a pig
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achieving treatment at days where treatment was
performed (PPT diarrhoea) increased by a factor of
1:6 (OR 1:6, 95% CI 1-1-2-2). The product of the two
average estimates is approximately equal to four,
which can be interpreted as the total effect of the dis-
continuation on the risk of treatment for diarrhoea.
The increased risk of antibiotic treatment for diar-
rhoea in pigs after withdrawal of AGPs from weaners
is also reflected in the total usage of antibiotics in
1998-2002 presented by the DANMAP programme [14].
When comparing the usage of kg active compounds in
1998 (AGPs were used in weaners, but not in fin-
ishers) with that of 2001 (no use of AGPs in any pig
production), the use of tetracycline increased by a
factor of 2-4 and the use of macrolides, lincosamides
and tiamulin increased by a factor of 2-8. This in-
crease was too large to be explained by an increase in
animal production during the same period. In
Denmark, these types of antibiotics are frequently
used for diarrhoea in pig production. In accordance
to statistics of prescribed antibiotics by veterinarians,
which indicate that almost all usage of these anti-
biotics is related to pigs [14], the findings in our study
indicate that the increased nationwide usage of anti-
biotics for treatment in food animals in Denmark in
the period after the use of AGPs was stopped was a
result of an increased frequency of antibiotic treat-
ment for diarrhoea in pigs.

Prior to performing the data analysis, we expected
an effect of the type of AGP used prior to dis-
continued use, because of differences in the anti-
bacterial spectrum of AGPs. This effect could not be
verified in our study.

Several agents have been suggested as possible
causes of diarrhoea in growing pigs. In the Danish pig
production, Lawsonia Brachyspira
hyodysenteriae, Brachyspira pilosicoli [15] and patho-
genic Escherichia coli [15, 16] have been identified as
important intestinal agents causing diarrhoea in
growing pigs.

The AGPs used in pigs, are active against several
of the listed pathogens. It has been proved that
avilamycin, at twice the dose used as AGPs in
Denmark, effectively prevents post-weaning diar-
rhoea in pigs [17]. Moreover, the preventive effect of
carbadox on post-weaning diarrhoea is well known.
Regarding the preventive effect against spirochaete-
related diarrhoea in finishers, it is documented that
in-feed administration of carbadox (50 ppm) [18] has
a preventive effect. The diarrhoea-preventing effect of
tylosin is mainly related to the activity of tylosin

intracellularis,
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Table 7. The amount of antibiotics prescribed to pigs annually (VetStat*) divided by the number of pigs
slaughtered in Denmark annually. Amount per pig stratified by disease

No. ADD-kilo} per pig

Miscellaneous

Year No. pigs (head)t Crude Diarrhoea Arthritis§ Pneumonia disorders||
2001 22:84 x 10° 187 142 18 22 5
2002 23-90 x 10° 187 140 20 23 4
2003 24-33 x 10° 191 138 22 28 3
2004 2516 x 108 213 148 26 35 4

* In Denmark, all therapeutic drugs are prescription-only, and from 2001, the Danish register of veterinary medicines,
VetStat, has collected detailed data on medicine consumption in animals [23].

1 Number of pigs produced in Denmark [24].

i No. ADD-kilo (animal defined daily doses) — the no. kg pig that can be treated with the prescribed amount of antibiotics [25].
§ Includes also diseases in skin and central nervous system (i.e. not the same diseases groups as in the present project).
|| Includes unthriving (i.e. not the same diseases groups as in the present project).

against L. intracellularis. In a challenge study, in-feed
administration of 40 ppm tylosin followed by 20 ppm
tylosin effectively prevented proliferative enteropathy
due to L. intracellularis [19]. Furthermore, recent
studies of the actiology of mild diarrhoea in finishers
[20] indicate that mild diarrhoea can be attributed
unknown pathogens, which may be prevented by the
use of AGPs. As evident in the Danish pig pro-
duction, AGPs were administered in doses approxi-
mating the doses proved to prevent various intestinal
infections in pigs.

The significant time-dependent effect of duAGPs
on PDT diarrhoea — with the effect of duAGPs not
being significant during the first 3 months after dis-
continuation — was probably related to a carry-over
effect caused by the previous use of AGPs. In addition,
the potential infectious pressure of intestinal patho-
gens within the farms probably increased slowly.

However, no significant effect of time passing on
PPT diarrhoea was identified, which means that the
proportion of pigs treated with antibiotics at days
when antibiotics were used increased immediately
after the withdrawal. The immediate effect does not fit
the assumption of carry-over effect and a slow in-
crease in the infectious pressure. A possible change in
the pig producers’ and veterinarians’ treatment policy
overnight can explain the immediate effect — hereby
possibly being an effect of a psychological nature.

As indicated by the large between-farm variation
in the effect of duAGPs on PDT diarrhoea and PPT
diarrhoea, an important part of the risk for increased
occurrence of treatments of diseases can be related to
factors that vary between farms. The low degree of
correlation between the PDT diarrhoea before
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duAGPs (intercept) and effect of duAGPs indicated
that both farms that performed treatment for diar-
rhoea frequently as well as not so frequently before
duAGPs experienced problems with diarrhoea after
duAGPs.

In our study we found no significant management
interaction terms. However, because many different
management factors influence the occurrence of diar-
rhoea, it can be assumed that the effect of duAGPs
truly interacts with management factors at the farms.
The lack of significant management interaction terms
in our study is probably due to low power because the
sample size was too small and not because there was
truly no interaction.

Many experiments conducted with young piglets
have shown that a dietary content of 2000-3000 ppm
zinc oxide significantly reduces the incidence of diar-
rhoea. However, legislation until 2004, dictated that
dietary levels above 250 ppm zinc were not allowed in
pig diets. In our study, we could not find an interac-
tion effect between using 250 ppm zinc in the pig diet
and the effect of duAGPs.

With the exception of differences in management
factors, a reasonable explanation for the variation
among farms may be variation in the prevalence of
L. intracellularis, B. hyodysenteriae, B. pilosicoli
and pathogenic E. coli, which has been described in
finisher pigs [21]. The same pattern of between-farm
variation is probably also true for younger pigs. The
observation that some pig producers experienced
substantial problems with diarrhoea after cessation of
AGPs, while others experienced few or no problems,
may also be attributed to a biological range of varia-
bility. Finally, the treatment threshold may vary
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among pig producers, and this will contribute to the
variation in the effect of duAGPs on the risk of anti-
biotic treatments, even if farms experience the same
level of disease problems.

The pattern that some pig producers experienced
substantial increase in the frequency of therapeutic
antibiotic treatment for diarrhoea, while others ex-
perienced none or a small increase after withdrawal of
AGPs can be expected within other countries of the
European Union following the ban of AGPs. The
effect will probably depend on the type of infectious
diseases that are present in the populations and on the
overall production facilities [2].

How AGPs improve growth in pigs is not fully
understood [22]. Our study indicated that all anti-
biotics used as growth promoters had prophylactic
activity against intestinal disorders and that with-
drawal was associated with a general increased risk
of treatment for diarrhoea in pigs. A similar effect was
also observed in Sweden after duAGPs in pigs [5]. The
result of our study showed that within the first year
after the use of AGPs was withdrawn, the pig produ-
cers used antibiotics to control diarrhoea in pigs.

In Table 7, we have summarized the amount of
antibiotics prescribed to weaners and finishers in
Denmark annually during the time period 2001-2004.
According to the VetStat register there has been an
annual increase in the crude amount of prescribed
antibiotics to pigs (weaners and finishers) from 2001
to 2004. When comparing the amount of antibiotics
prescribed annually per pig produced annually in two
adjacent years, there is an annual increase in the
amount of antibiotics prescribed for the disease
groups arthritis and pneumonia — disease groups we
found to be uninfluenced by duAGPs — whereas the
amount prescribed for diarrhoea slightly decreased
from 2001 to 2003. These tendencies, together with
the result of our study, strongly indicate that the in-
crease in treatment for diarrhoea caused by duAGPs
was stabilized within one or a few years after AGPs
were removed from production, and that the crude
increase in amount of antibiotics prescribed to pigs
from 2001 to 2004 in Denmark (the second to fifth
year after duAGPs) is mainly caused by factors other
than duAGPs.
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