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Clinical  outbreaks  due  to  Actinobacillus  pleuropneumoniae  occur  recurrently,  despite  the
wide-scale  use  of antimicrobials  or vaccination.  Therefore,  new  approaches  for the  pre-
vention  and  control  of these  outbreaks  are necessary.  For  the  development  of  alternative
measures,  more  insight  into  the transmission  of the  bacterium  on  farms  is  necessary.  The
aim of  this  cohort  study  was to quantify  transmission  of  A.  pleuropneumoniae  amongst
weaned  piglets  on  farms.  We  investigated  three  possible  transmission  routes:  (i)  indirect
transmission  by  infected  piglets  within  the  same  compartment,  (ii)  transmission  by  infected
pigs in  adjacent  pens  and  (iii)  transmission  by direct contact  within  pens.  Additionally,  we
evaluated the  effect  of independent  litter  characteristics  on the  probability  of  infection.
Two farms  participated  in  our  study.  Serum  and  tonsil  brush  samples  were  collected  from
sows  pre-farrowing.  Serum  was  analysed  for antibodies  against  Apx toxins  and  Omp.  Sub-
sequently, tonsil  brush  samples  were  collected  from  all piglets  from  these  dams  (N =  542)
in three  cohorts,  3 days  before  weaning  and  6 weeks  later.  Tonsil  samples  were  analysed
by qPCR  for  the presence  of  the  apxIVA  gene  of  A. pleuropneumoniae. Before  weaning,  25%
of the  piglets  tested  positive;  6  weeks  later  47% tested  positive.  Regression  and  stochastic
transmission  models  were  used  to assess  the  contribution  of  each  of the three  transmis-
sion routes  and  to estimate  transmission  rates.  Transmission  between  piglets  in  adjacent
pens  did  not  differ  significantly  from  that between  non-adjacent  pens.  The  transmission
rate  across  pens  was  estimated  to be  0.0058  day−1 (95%  CI:  0.0030–0.010),  whereas  the
transmission  rate  within  pens  was  ten  times  higher  0.059  day−1 (95%  CI: 0.048–0.072).
Subsequently,  the  effects  of  parity  and serological  response  of  the  dam  and litter  age  at
weaning  on  the  probability  of infection  of  pigs  were evaluated  by including  these  into  the
regression  model.  A  higher  dam  ApxII  antibody  level  was  associated  with  a lower proba-
bility  of infection  of  the  pig  after  weaning;  age  at weaning  was  associated  with  a  higher
probability  of  infection  of the pig after  weaning.  Finally,  transmission  rate  estimates  were
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used in  a scenario  study  in  which  the litters  within  a compartment  were  mixed  across  pens
at weaning  instead  of  raising  litter  mates  together  in a pen.  The  results  showed  that  the
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lets  increased  to  69% if litters  were  mixed  at weaning,  indicating

easures  may  affect  spread  of  A.  pleuropneumoniae.
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1. Introduction

One of the most common pathogenic bacteria in the pig
industry is Actinobacillus pleuropneumoniae. A. pleuropneu-
moniae can infect pigs of all ages and can cause pneumonia,
pleuritis, growth retardation and mortality (Gottschalk
and Taylor, 2006). Up to now, most control measures
have focused on prevention of clinical signs by improving
hygiene and housing conditions, the application of antimi-
crobials or vaccination. An alternative approach for control,
which focuses on preventing colonisation and reduction of
bacterial transmission instead of reduction of clinical signs,
might result in more sustainable pig farming without the
abundant use of antimicrobials. Vaccination seems to have
been unable to curb transmission (Velthuis et al., 2003)
and attempts for elimination of A. pleuropneumoniae from
farms by application of antimicrobials have often shown
to be unsuccessful (Lariviere et al., 1990; Hunneman and
Oving, 1991; Christiansen and Szancer, 2006; Gjestvang
et al., 2008). It is therefore not clear whether and how
an appropriate control strategy, resulting in preven-
tion of transmission, may  be achieved in current pig
husbandry.

To develop a strategy that results in reduced transmis-
sion it is essential to know at which moment infection
occurs and what the route of transmission is. The first likely
moment of contracting the bacterium is during the suck-
ling period as piglets can acquire A. pleuropneumoniae from
the dam (Vigre et al., 2002). In a previous study, we showed
that the proportion of A. pleuropneumoniae infected pigs at
time of weaning was approximately 30% and clustered at
litter level (Tobias et al., 2014). For piglets free from A. pleu-
ropneumoniae at the time of weaning, it is not clear when
they become infected, but at time of slaughter the preva-
lence may  nearly be 100% (Maes et al., 2001; Chiers et al.,
2002; Tobias et al., 2012).

Experimentally, it has been shown that transmission
of A. pleuropneumoniae from subclinically infected pigs by
direct contact occurs with a rate  ̌ of about 0.1 day−1,
meaning that every infectious pigs can infect on aver-
age 0.1 susceptible piglets per day (Velthuis et al., 2002,
2003). Transmission by indirect contact, e.g. by air, has
been observed experimentally as well (Torremorell et al.,
1997; Jobert et al., 2000; Kristensen et al., 2004), but the
quantitative importance of both routes on farms is unclear.

The aim of this study was to identify and quantify
transmission routes for A. pleuropneumoniae in weaned
pigs on endemically infected farms. Comparison was  made
between the rates to become infected with A. pleuropneu-
moniae due to (i) indirect contact with infected pigs in the
same compartment (between-pen transmission), due to (ii)
direct and indirect contact with infected pigs in adjacent
pens (adjacent pen transmission) or due to (iii) direct con-
tact with infected pen mates (within-pen transmission).
We further assessed whether dam characteristics (parity
and antibody titres) and litter age at weaning affected the
risk of infection after weaning. Finally, transmission rates

were estimated for the relevant transmission routes. These
estimates were subsequently used in simulation models to
evaluate the effect of mixing litters after weaning on the
transmission of A. pleuropneumoniae.
 Medicine 117 (2014) 207–214

2. Materials and methods

2.1. Study design

A cohort study was  performed on two  A. pleuropneumo-
niae serovar 2 endemically infected farrow-to-finish farms
(A (1700 sows) and B (760 sows)) in The Netherlands. On
farm A (1700 sows) all pigs were finished on site, whereas
on farm B (760 sows) 70% of the pigs was sold around
10 weeks of age around 24 kg live weight and the rest was
finished on site. Farms were selected based on the abil-
ity to comply with the research protocol, raising their own
breeding stock, the confirmed presence of A. pleuropneumo-
niae infection, absence of preventive group treatments with
antimicrobials after weaning and no vaccination of sows or
pigs against A. pleuropneumoniae in the last year. See for
further details Tobias et al. (2014). Four cohorts were com-
posed of randomly selected sows, stratified by parity, from
four farrowing groups of sows. Within each cohort, sows
were assigned randomly to a farrowing crate.

For follow-up after weaning, litters in which pigs were
cross-fostered (three litters per cohort) were excluded. In
Farm A we  selected the twelve litters with the lowest
prevalence for each cohort, to maximise on the popula-
tion at risk. For logistical reasons, this was  not possible on
farm B, and therefore sixteen litters per cohort from farm B
were randomly selected. All selected litters were randomly
assigned to a pen in the nursery using computer aided
lottery method. Litters were moved to the nursery com-
partment litter by litter to prevent contact between litters
during transport. If litter size at weaning exceeded the max-
imum number of pigs that was  allowed in the nursery pen,
the farmer moved some piglets to another nursery com-
partment and these were excluded for follow-up. In cohort
1 of farm A, piglets were housed in a different compart-
ment than was agreed upon. This resulted in the inclusion
of four additional pens which contained piglets of multiple
litters from the same cohort. For evaluation of the transmis-
sion routes a covariate for these mixed pens was included
and for evaluation of associated dam characteristics these
litters were excluded.

During the study, cohort 2 of farm A had been treated
orally with antimicrobials until 13 days before sampling,
because of clinical signs presumably caused by Streptococ-
cus suis. The inclusion criteria were not met  anymore and
this cohort was excluded for follow-up.

During the suckling period a minimal animal movement
protocol was  applied and during sampling a strict hygiene
protocol was applied to prevent transmission caused by
personnel. At all sampling moments disposable gloves and
boot covers were changed before entering a new pen.
Farm workers were instructed to clean their boots before
entering a pen when performing health checks or chores.
Farmers were blinded for sampling results.

In both farms, compartments for weaning pigs consisted
of two rows of pens with a corridor in between. For trans-
mission analyses an adjacent pen was considered a pen that

is adjacent to the other within the same row. Some pens had
only one adjacent pen, most had two. In farm A two  adja-
cent pens shared a feeding trough on one side; pens were
separated by half closed and half wired fences above the
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eeding trough, and by wired fences at the opposite site. In
arm B pen partition consisted of completely closed fences
f ±50 cm high. Piglets were fed liquid feed in farm A and
reep feed in farm B. The ventilation system in farm A was
eiling ventilation, farm B had ground channel ventilation.

.2. Ethics

The samples were obtained in compliance with Dutch
aw on Animal Experimentation and the Act on the Practice
f Veterinary Medicine. Informed consent was obtained
rom the participating farmers.

.3. Sampling and processing of results

Serum samples of sows were obtained 3 weeks before
arrowing and analysed by ELISA for antibodies against
pxI, ApxII, ApxIII (Nielsen et al., 2000) and Omp  (Kobisch
nd van den Bosch, 1992). Formal test characteristics for
se of samples from sows are not available for these
ests. ApxI–III ELISA tests, using recombinant produced
oxin antigen rather than purified toxins obtained from A.
leuropneumoniae,  were reported to have diagnostic sensi-
ivities of 1.0, 0.95 and 0.93 respectively, and a diagnostic
pecificity of 0.96 (Shin et al., 2011). Antibody titres were
btained on a log2 scale, with a maximum of 14; for associa-
ion analyses with the probability of infection results were
oded to “high” or “low”, based on the observed median
or the sows in this study. For detailed results of the serum
nalyses we refer to Tobias et al. (2014). For association
nalyses dam parity was coded into “low” (parity 1–3) and
high” (parity 4–9), based on the observed median in this
tudy.

All pigs were sampled 3 days before weaning and
2 days later by tonsil brush. Tonsils were brushed with

 soft sterile toothbrush for 10 seconds and subsequently
amples were processed for analysis by qPCR for the apxIVA
ene (Tobias et al., 2012) (reported test sensitivity = 0.98
95% CI: 0.92; 1.0) and specificity of 1.0 (95% CI: 0.96; 1.0).
PCR was carried out as described previously (Tobias et al.,
014); results were denoted as positive or negative.

In the end piglets were identified according to one of
ix status: N0 or P0, if the piglet tested negative or positive,
espectively, at 3.5 weeks, and the piglet was not present at
.5 weeks; NN or PN, if tested negative or positive, respec-
ively, at 3.5 weeks, and negative at 9.5 weeks; NP or PP, if
ested negative or positive, respectively, at 3.5 weeks, and
ositive at 9.5 weeks. For litters the same classification sys-
em was used (LNN, LPN, LNP and LPP), with a negative litter
efined as all piglets tested negative and a positive litter as
ontaining any positively tested piglet.

.4. Transmission analyses

In Supplementary Files 1 and 2, the data and the code
or the transmission analyses are provided, respectively. In

he analysis, three transmission routes were considered:

i. Transmission within the compartment irrespective of
distance between pigs, e.g. airborne transmission.
Medicine 117 (2014) 207–214 209

ii. Transmission in the same or adjacent pens, e.g. indi-
rectly by large droplets.

iii. Transmission within the pen, e.g. by direct contacts.

For the transmission analyses, pigs identified as N0 or
P0 were not included, as most had been removed within
2 weeks after weaning. For each pen i, data consisted of the
following variables:

- Si: the number of initially susceptible pigs (pigs identified
as NN or NP).

- Ci: the number of new cases during the observation
period (pigs identified as NP).

- Ii: the number of initially infectious pigs (pigs identified
as PP) in the same pen. Thirteen PN pigs were not consid-
ered infectious, an assumption which we  addressed in a
sensitivity analysis (see below).

- Ji: the total number of infectious pigs (PP) in adjacent pens
as well as the same pen.

- Ki: the total number of infectious pigs (PP) in the entire
compartment, including those in the same and adjacent
pens.

- LNPi: an variable indicating new cases in initially
infection-free pen (1 if Ii = 0 and Ci > 0, otherwise 0).

- A binary variable indicating if the litter was mixed (4 pens
in cohort 1 of farm A).

- Binary variables indicating dam characteristics: dam par-
ity, ApxI titre, ApxII titre, ApxIII titre, Omp  titre.

- Litter age at weaning (between 15 and 30 days).

Transmission was analysed in three steps. In the first
step, a grouped regression model was used to assess the
contribution of the three transmission routes. Based on the
conclusion that only the indirect and within-pen transmis-
sion routes were significant, in the second step, a dynamic
S-I type transmission model was  used to estimate per day
within-pen and between-pen transmission rates. In step 3,
the regression model of step 1 was extended to include dam
factors.

Step 1: regression models details.
For pen i, the mean probability for a pig to become

infected was  expressed as

pi = 1 −
(

1 − ppen
(

Xi, �pen
))Ii ×

(
1 − pnb

(
Xi, �nb

))Ji

×
(

1 − pcomp
(

Xi, �comp
))Ki

with ppen, pnb, and pcomp being the probabilities to
become infected by the three transmission routes, Ii, Ji, and
Ki being the numbers of infected pigs as defined above,
Xi denoting pen-specific covariates, and � denoting the
parameters. In step 1 of the analysis, the pen-specific
covariates are cohort and mixed pen for the within-pen
transmission (ppen) and the cohort only for pnb, and pcomp.
To link pi with the data, we  assumed that the number of
new cases Ci was  beta binomially distributed, with sample
size Si, mean probability pi and shape parameter �. The pens

that started negative but became positive (LNPi = 1) were
treated separately. In these pens Ii = 0, which means that
the model above would attribute all cases to introduction
from outside the pen which will result in overestimation of
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neighbourhood or compartmental transmission if within-
pen transmission route was much more important than the
other two routes. Therefore, for these pens the probabil-
ity pLNP

i
of having at least one case was included into the

likelihood:

pLNP
i = 1 − (1 − pnb)JiSi (1 − pcomp)KiSi

Thus, the log-likelihood equation reads

l  =
∑

(1 − LNPi) log
[
ı
(

Ci

∣∣pi, �
)]

+ LNPi log pLNP
i ,

in which ı(.) is the density of the beta binomial distribu-
tion. This equation was maximised to obtain the parameter
estimates.

Step 2: transmission models details.
In step 2, we estimated the transmission rates for

within-pen and compartmental transmission. For within-
pen transmission, pigs were assumed to become infected
by rate ˇI/N, where I/N is the prevalence within the pen,
and  ̌ the transmission rate parameter, defined as the
number of new infections caused by one infectious pig
per day in a susceptible pen. Compartmental transmission
was assumed to be only relevant for introduction into an
infection-free pen: pigs were assumed to become infected
by rate �K/Ncomp, where K/Ncomp is the initial prevalence in
the compartment, and � is the between-pen transmission
rate parameter, defined as ˇ, but on compartment level. As
described in more detail by van Bunnik et al. (2012), it is
possible to formulate the above model in terms of differ-
ential equations for the probabilities q[Si,Ii,Ii+Ci](t) to have
Ii + Ci infected pigs at time t, given that the pen started with
Si susceptible and Ii infected pigs. These state probabili-
ties (or “Master Equations”) can be solved analytically (van
Bunnik et al., 2012), to obtain explicit expressions for the
probabilities q[Si,Ii,Ii+Ci](t = 42) of observing Ci cases at day
42, as in the data. These are combined in the log-likelihood
function

l2
(

ˇ, �
)

=
∑

log q[Si,Ii,Ii+Ci](t = 42)

By this method, the whole transmission chain is
accounted for, i.e. new cases are not only attributed to
infectious pigs at 3.5 weeks of age as in step 1.

Four different models were compared, with equal or dif-
ferent values for  ̌ and � in the three compartments, by
means of AIC. Step 2 was  performed first on the same data
as in step 1, i.e. for pens with LNPi = 1 the probability to
observe more than one case was included, to enable com-
parison with the regression model by AIC; and second on
complete data, i.e. for pens with LNPi = 1 the probability to
observe exactly Ci cases was included, so as to obtain more
precise estimates of ˇ·

Step 3: dam factors.
In step 3, the pen-specific covariates Xi in the equation

for pi (step 1) included the various dam factors, by having
the probabilities ppen, pnb, and pcomp depend linearly on
the dam factors through a logit transform. Data of six pens

with mixed litters or inconclusive dam ApxII ELISA results
were excluded. Because susceptibility will affect ppen, pnb,
and pcomp in the same way, all factors were given a sin-
gle parameter for all transmission routes. As in step 1, all
 Medicine 117 (2014) 207–214

possible parameter combinations were compared by AIC.
For the final model we checked for collinearity between
explanatory litter characteristics by assessing their mutual
correlation (by Wilcoxon rank sum test) and their effects on
parameter estimates by leaving out explanatory variables
one by one.

Statistical analyses were performed with R, version
2.15.1 (R Development Core Team, 2012) and additional
packages bbmle, Matrix and VGAM. In all analyses statis-
tical models were compared based on model fit by AIC
(Burnham and Anderson, 2002). Confidence intervals for
the final models were obtained by profile-likelihood.

2.5. Sensitivity analysis

The assumption that PN tested piglets did not contribute
to infectivity, was challenged by repeating step 1 assuming
that PN tested piglets were infectious.

2.6. Simulation of the effect of mixing litters after
weaning

To facilitate extrapolation of the results to the field, we
evaluated the proportion of positive piglets per cohort if
piglets had been randomly allocated to pens after wean-
ing. The total number of infected pigs after 42 days was
simulated stochastically using the transmission model as
described in step 2 above, with initial conditions, the num-
ber of susceptible (NN + NP), infected but not infectious
(PN) piglets and infectious (PP) pigs as in the data and
the obtained transmission rates in step 2 (see above). This
procedure was  repeated 1000 times and the mean propor-
tion of positive piglets and range between 2.5th and 97.5th

percentiles was returned and compared with the observed
cumulative incidence in this study with separately raised
litters.

In a second scenario the effect of mixing on the number
of infected pigs 42 days later was  studied for a virtual cohort
of 176 pigs with 10 infectious pigs in 2 pens at weaning
which were considered to be either raised separately per
litter or being randomly mixed across pens.

3. Results

3.1. Sampling results

555 piglets in three cohorts (48 litters in three cohorts)
were examined after weaning. Thirteen piglets died (P0) of
which eleven within 2 weeks after weaning. Twenty-four
of 48 litters were free from A. pleuropneumoniae infection
before weaning (LNP + LNN). In total, 408 of 542 surviving
piglets tested negative before weaning and were consid-
ered susceptible in the transmission analyses. In total 121
piglets tested positive twice and were considered infec-
tious (PP) (Table 1) with on average 5.0 (range 1 – 13)
infectious pigs per pen. Thirteen infected piglets tested
positive at first sampling round and negative 6 weeks

later (PN). In the subsequent 6 weeks, 11/24 pens became
infected (LNP) with an average of 2.0 (range: 1–6) posi-
tive piglets per pen. 120 Newly infected cases were found,
resulting in a total of 254/542 (47%) infected piglets at
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Table  1
Counts of individual piglet and pen infection status per cohort.

Status of piglets (and pens) Farm A Farm B Farm B Total
Cohort 1 Cohort 1 Cohort 2

Pigs initially moved to weaning unit 175 188 192 555
(number of pens) (16) (16) (16) (48)
Pigs  died between sampling moments (P0 + N0) 1 6 6 13
Pigs  susceptible (3.5 weeks; NP + NN) 126 133 149 408

Escaped infection (9.5 weeks; NN) 74 89 125 288
New  case (9.5 weeks; NP) 52 44 24 120
(LNP)  (4) (3) (4) (11)

Pigs  infectious (3.5 and 9.5 weeks; PP) 43 47 31 134
(LPP)  (10) (9) (5) (24)
Tested  negative (9.5 weeks; PN) 5 2 6 13
(number of pens containing PN pigs) (4) (2) (3) (9)
Pigs  infected (9.5 weeks; PP + PN + NP) 100 93 61 254
(LPP  + LNP) (14) (12) (9) (35)
Proportion infectious pigs (3.5 weeks; PP) 0.25 0.26 0.17 0.22
Proportion positive pigs (3.5 weeks; PP + PN) 0.28 0.27 0.20 0.25
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Proportion positive pigs (9.5 weeks; PP + PN + NP) 0.

.5 weeks of age (Table 1 and Supplementary Fig. 1). Pens
ith all pigs free from A. pleuropneumoniae at 9.5 weeks
ere not spatially clustered as they were often found next

o high prevalence pens (Supplementary Fig. 1).

.2. Transmission analyses

Step 1: transmission routes.
In step 1 the model with lowest AIC was a beta bino-

ial regression model with ppen = 0.32 (95% CI: 0.22; 0.42)
nd pcomp = 0.0015 (95% CI: 0.0008; 0.0026) for all cohorts
Table 2). The probability ppen was not significantly affected
y the four mixed pens. Including pnb in the model resulted

n an estimate of pnb = 0.00 (95% CI: 0–0.044).
Step 2: transmission rates.
In step 2 a SI transmission model was fitted. This

as done first with exactly the same data as in step 1,

howing both the regression model and the SI models
t equally well. Second, more detailed data were used
o obtain final estimates for the within-pen transmission
ate  ̌ = 0.059 day−1 (95% CI: 0.048; 0.072) and the rate for

able 2
odel evaluation for assessing the importance of transmission routes (steps 1 and

nd  2 for the simplest, most complicated and best fitting models ranked on AIC of m
bserved is printed in bold. k = total number of parameters; in beta binomial mode
ncluded, X = included, (X) = two additional cohort specific covariates included, (
ue  to compartmental between-pen transmission, pnb = probability of infection d
o  within-pen transmission, n.e. = not evaluated.

Model pcomp

(cohort
specific)

pnb

(cohort
specific)

ppen

(cohort
specific)

Model 1 (best fit) X (–) – X (–) 

Model  2 X (–) – X (X) 

Model  3 X (–) – X (–) 

Model  4 X (–) X (–) X (–) 

Model  5 X (X) – X (–) 

Model  6 X (X) – X (X) 

Full  model X (X) X (X) X (X) 

Model  7 – X (–) X (–) 

Empty  model X (–) – – 
0.51 0.33 0.47

indirect between-pen transmission rate � = 0.0058 day−1

(95% CI: 0.0030; 0.0010). Direct transmission was 10.3 (95%
CI: 5.6–20.1) times as efficient as indirect transmission
across pens.

Step 3: litter characteristics.
In step 3 dam factors and age at weaning were included

in the regression model as used in step 1, but on a subset
of the data. The model that fitted the data best (simplest
and low AIC) was a model with a binomial distribution,
one estimate for pcomp as well as for ppen and additionally
age at weaning and dam ApxII titre as model parameters
(Table 3). A high ApxII antibody titre of the dam before far-
rowing was  associated with a lower probability of infection
for the piglets (OR = 0.34 (95% CI: 0.21; 0.47) after weaning.
Pigs weaned at a later age had a higher risk of becoming
infected (OR 1.37 day−1 (95% CI: 1.33; 1.42) (Supplemen-
tary Table 1). There was  no correlation between age at

weaning and dam ApxII (P = 0.56), and parameter estimates
changed less than 34% when litter characteristics were left
out one by one, without affecting the directions of the
effects.

 2). Model parameters and model fit (AIC) are shown for models of steps 1
odels with a beta binomial distribution. The best fitting model for the data

ls rho (� of the beta distribution) is an additional model parameter. – = not
–) no cohort specific covariates included, pcomp = probability of infection
ue to transmission from adjacent pens, ppen = probability of infection due

Mixing of
litters

rho k AIC

Beta binomial model Transmission
model

– X 3 111.0 111.6
– X 5 112.6 113.1
X X 4 113.0 n.e.
– X 4 113.0 n.e.
– X 5 114.0 114.6
– X 7 115.4 116.2
X X 11 123.3 n.e.
– X 3 166.0 n.e.
– X 2 181.3 n.e.
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Table  3
Model evaluation for assessing the importance of transmission routes with inclusion of litter characteristics (step 3). Model parameters and model fit (AIC)
are  shown for the simplest, most complicated, best fitting model and all models within 2 points of AIC for analyses in step 3. Models which included pnb

had an AIC > 2 points higher than the best model and were not included in this table. The best fitting model for the data observed is printed in bold. k = total
number of explanatory variables, rho (� of the beta binomial distribution) is an additional explanatory variables. – = not included, X = included, (–) no cohort
specific covariates included, (X) = two additional cohort specific covariates included.

Model pcomp

(cohort specific)
ppen

(cohort specific)
ApxI ApxII ApxIII Omp  Parity Age rho AIC k

Model 1 X (–) X (X) X X X X – X – 73.6 9
Model  2 (best fit) X (–) X (–) – X – – – X – 74.0 4
Model  3 X (–) X (X) X X – X – X – 74.1 8
Model  4 X (–) X (X) X X – – – X – 74.4 7
Model  5 X (–) X (X) X X – – X X – 74.8 8
Model  6 X (–) X (–) – X – X – X – 74.9 5
Model  7 X (–) X (X) X X X X X X – 75.1 10
Model  8 X (–) X (–) X X – – – X – 75.4 5
Model  9 X (–) X (–) – X – – – X X 75.4 5
Model  10 X (–) X (X) X X X X – X X 75.6 10
Full  binomial X (X) X (X) X X X X X X – 77.3 12
Full  beta binomial X (X) X (X) X X X X X X X 79.3 13

– 

– 
Empty  beta binomial X (–) X (–) 

Empty  binomial X (–) X (–) 

3.3. Sensitivity analysis

Inclusion of the pigs with status PN as infectious (step
1) had a major impact on ppen (resulting in three cohort
specific estimates for ppen), but with a final model AIC of
14.7 points higher, indicating a poorer model fit.

3.4. Simulation of the effect of mixing litters after
weaning

When piglets had been randomly allocated across pens
after weaning instead of being kept together with their lit-

ter mates, the results of the simulation showed that the
prevalence at compartment level would be approximately
69% instead of 47%, the observed average percentage in this
study (Table 4 and Fig. 1).

Fig. 1. Cumulative proportion of infected pigs. As observed at 3.5 and
9.5 weeks (PP + NP + PN) and obtained by simulation of randomly allocat-
ing  piglets to pens after weaning.
– – – – – – 83.9 2
– – – – – X 89.5 3

The effect of mixing was also evaluated for a virtual
cohort of 176 pigs in 16 pens in which two pens contained
five infectious pigs. The simulated percentage of infected
piglets 6 weeks later was  14% (95% percentiles: 10%; 21%)
when litters were not mixed, but 26% (95% percentiles: 18%;
37%) when litters were mixed.

4. Discussion

In this study we  aimed to quantify the contribution of
direct and indirect transmission of A. pleuropneumoniae
in weaned piglets. Transmission of A. pleuropneumoniae
between weaned piglets across pens did not differ signif-
icantly between adjacent and non-adjacent pens, but the
direct transmission rate (within a pen) was ten times higher
than across pens. The transmission rate within pens was
0.059 day−1 (95% CI: 0.048–0.072), which corresponded
with earlier results found for A. pleuropneumoniae serovar
9 (  ̌ = 0.15 day−1 (95% CI: 0.00; 0.61) (Velthuis et al., 2002)
and  ̌ = 0.10 day−1 (95% CI: 0.033; 0.32) (Velthuis et al.,
2003)). It was also found that the dam ApxII antibody level
and litter age at weaning were significantly associated with
the probability of infection after weaning.

No additional risk of infection from adjacent pens was
found, although the upper value of the confidence inter-
val showed that increased transmission between adjacent
pens could not be ruled out completely. Other studies
showed that airborne transmission of A. pleuropneumoniae
between neighbouring pens occurred over short distances
(1–2.5 m)  (Jobert et al., 2000; Kristensen et al., 2004). In
these studies, an artificial flow was  created between the
two  pens located at a fixed distance, whereas we stud-
ied indirect transmission between pigs in adjacent and
non-adjacent pens under field conditions, independent of
distance. So, the airborne transmission in these studies may
have been due to the same (airborne) mechanism as in our

study.

The direct transmission rate was  approximately ten
times higher than the indirect transmission rate. This order
of magnitude has also been found for Streptococcus suis
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Table  4
Proportion of infected pigs 42 days after weaning is determined by management strategy. For the three observed cohorts in this study, as well as a virtual
cohort  of 176 pigs the observed or simulated proportion of infected pigs is presented. The proportions are calculated as follows ((PP + PN + NP)/N). For the
virtual cohort it was  assumed that 176 pigs were housed in 16 pens of which two pens contained 5 infectious pigs at weaning (I/N = 0.06). The proportion
of  infected pigs at 6 weeks later is presented while raising the litters separated or randomly mixed after weaning (with 95% percentiles).

Farm A Farm B Farm B Virtual cohort
Cohort 1 Cohort 1 Cohort 2 Simulated proportion

; 0.80) 
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2

Non-mixing observed 0.57 

Random mixing at weaning simulated (95% percentiles) 0.70 (0.61

Dekker et al., 2013) and several viral pathogens (e.g.
lassical Swine Fever virus (Klinkenberg et al., 2002), Foot-
nd-Mouth disease virus (Eblé et al., 2006) and Porcine
ircovirus (PCV2) (Andraud et al., 2008)). The absolute
ransmission rates of these pathogens were, however,
–144 times higher than the rates found in our study, sug-
esting that control of A. pleuropneumoniae transmission
y separating uninfected pigs from infected ones may  be an
ption to reduce colonisation prevalence, even under field
onditions. Whether it is effective during clinical outbreaks
ould be highly speculative as the estimated transmission

ates do not reflect a situation with clinically diseased pigs.
At first a beta binomial distribution was used for the

umber of new infections per pen, with � explaining part
f between-pen variation. In step 1 of this study (regression
odel without sow factors), this choice is supported by the

etter fit of models with a beta binomial probability distri-
ution. However, in step 3, where the effect of dam factors
ere considered, regression models with a binomial proba-

ility distribution fitted the data better. This demonstrates
hat a few litter related factors explained most of the vari-
tion on pen level. Dam ApxII titre was negatively and age
t weaning was positively associated with the probability
f infection of pigs after weaning.

In our study, one dam factor and age at weaning
xplained the probability of infection for a pig between 3.5
nd 9.5 weeks of age, whereas in a previous study no dam
actors were found to explain the probability of infection of
iglets between 0 and 3.5 weeks of age despite the apparent
etween-sow variation in infectivity (Tobias et al., 2014). It
ay  be that between 0 and 3.5 weeks, the unexplained vari-

tion in infectivity between sows caused so much variation
etween litters that more subtle differences in susceptibil-

ty could not be observed, whereas in the present study
ith the sows removed, the effects of maternal immunity

nd age at weaning could be discerned.
Cruijsen et al. (1995) showed that piglets are protected

y maternal antibodies against the development of clini-
al signs until approximately 12 weeks of age. In line with
heir results, we also observed that offspring of dams with

 high ApxII antibody titre had a lower probability to
ecome infected after weaning than piglets from dams with

ow titres. However, vaccination studies with Apx toxins
Velthuis et al., 2003) did not induce protection against
nfection. Possibly, the ApxII antibody titre itself is not the
iological explanation for the protective effect, but just
eflects a different protective factor. The level of mater-

al immunity in the pig at a certain time point depends on
a) the level immunity of the dam (Sjölund et al., 2011),
b) the initial amount that was taken up (Vigre et al.,
003) and (c) time, because the half-life of antibodies to
0.51 0.33 0.14 (0.10; 0.21)
0.71 (0.63; 0.80) 0.58 (0.48; 0.68) 0.26 (0.18; 0.37)

A. pleuropneumoniae is approximately 2 weeks (range
1–3 weeks) (Vigre et al., 2003). This may  explain why
despite lack of correlation between ApxII titre and age at
weaning, slight collinearity was observed between final
model parameters (step 3). However, as the direction of
the effects was not altered if one of the parameters was  left
out, we  concluded that both parameters could be retained
in the model.

Results of simulation of mixing litters at weaning
emphasises the effects of farm management practices on
the dispersion of A. pleuropneumoniae. With an initial pro-
portion of 0.25 infected pigs, mixing of litters would result
in a low number of pens with all piglets free from A. pleu-
ropneumoniae. Therefore mixing litters will result in more
piglets exposed to within-pen transmission of A. pleurop-
neumoniae. Consequently, the prevalence 6 weeks later will
be higher than when litters are raised separately (Fig. 1).
The same will apply for farms in which pen sizes are
increased to contain multiple litters, which is considered to
be economically more beneficial. The results of the simula-
tion study in which transmission started with 10 infectious
pigs in two  pens in a virtual cohort of 176 pigs demon-
strated that control of transmission is even more effective
when the infection process in the suckling phase could be
reduced. However, whether and how this could be achieved
in commercial pig farms needs to be determined.

5. Conclusion

On farms the transmission rate of A. pleuropneumoniae
between weaned piglets across pens did not differ signif-
icantly between adjacent and non-adjacent pens, but the
rate within a pen was  ten times higher than across pens.
Dam factors, such as antibody levels ante partum, were
associated with the risk of infection for piglets after wean-
ing.
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