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SUMMARY

Previous modelling studies have estimated that between 1% and 10% of human salmonella

infections are attributable to pig meat consumption. In response to this food safety threat the

British pig industry have initiated a salmonella monitoring programme. It is anticipated that this

programme will contribute to achieving a UK Food Standards Agency target for reducing

salmonella levels in pigs at slaughter by 50% within 5 years. In order to better inform the

monitoring programme, we have developed a stochastic transmission model for salmonella in a

specialist grower-finisher pig herd, where data from a Danish longitudinal study have been used

to estimate some of the key model parameters. The model estimates that about 17% of

slaughter-age pigs will be infected with salmonella, and that of these infected pigs about 4% will

be excreting the organism. In addition, the model shows that the most effective control strategies

will be those that reduce between-pen transmission.

INTRODUCTION

There were 16 343 laboratory-confirmed cases of sal-

monellosis reported in the United Kingdom in 2003

[1]. It is estimated that only one in three cases in the

community are reported, suggesting an annual public

health burden of around 50000 cases per year [2]. The

most frequent serovar (65%) to be isolated from

human cases is Salmonella Enteritidis, which is

commonly associated with poultry. The second most

commonly isolated human serovar, Salmonella

Typhimurium (y14% of cases), is found in all farmed

livestock and is the most commonly isolated serovar

from pigs [3], in which species it seldom provokes

clinical disease. In a recent abattoir survey,

Salmonella spp. were isolated from 122 of 520 (23%)

randomly selected samples of caecal contents and 67

of these isolates were identified as S. Typhimurium

(55%) [4]. If these organisms persist and contaminate

the end meat product they may then cause illness in

the human population. In response to the results of

the abattoir survey, the UK Food Standards Agency

(FSA) have now set a target of reducing the preva-

lence of salmonella in caecal contents taken from pigs

at slaughter by 50% by 2010 [5], in order to reduce the

risk of human salmonellosis through consuming

British pig meat.

Previous to the FSA target, the British Pig

Executive (BPEx) introduced the Zoonoses Action

Plan (ZAP) Salmonella Monitoring Programme in

June 2002 for pigs supplied to quality-assured abat-

toirs in Great Britain, and in January 2003 ZAP was

extended to all producers in Northern Ireland [6].

ZAP Salmonella uses an indirect lipopolysaccharide
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mix-salmonella meat-juice enzyme-linked immuno-

sorbent assay (MJE) which detects antibodies against

groups B and C1 salmonella. Results from individual

samples and positive and negative controls are con-

verted to a sample-to-positive ratio (S/P ratio) and the

result is interpreted as negative if it is f0.25 and

positive if it is >0.25 (this is roughly equivalent to

an optical density percentage of 40%, i.e. OD 40%).

From July 2003 all herds where at least 15 samples

had been tested in the preceding 3 months were as-

signed a ZAP level (either 1, 2 or 3). Farms where the

incidence of MJE-positive tests is greater than 65%

(ZAP level 2 or 3) are required to act within a re-

stricted time-frame to reduce the prevalence of MJE-

positive tests, or else be suspended from Quality

Assurance schemes, thus losing access to quality-

assured abattoirs and potentially having to accept

lower prices for their produce.

Two significant questions that cannot be answered

by the introduction of a MJE-based monitoring pro-

gramme at slaughter are (i) whether reductions in

overall MJE prevalence in British pigs at slaughter

translates into a reduction in the prevalence of sal-

monella-infected or salmonella-contaminated pigs at

slaughter and (ii) what effect reductions in the preva-

lence of salmonella infection/contamination in pigs at

slaughter has on the risk of human salmonella infec-

tion from consuming pig meat (and consequently the

number of human salmonella cases per year). Any

field study attempting to answer these two questions

would be technically and logistically difficult and

prohibitively expensive. However, the recent progress

in the field of quantitative microbiological risk as-

sessment allows these two questions to be investigated

within a reasonable time-frame and budget. Models

based on data from the Dutch, Danish and British pig

industries have estimated that 1–10% of human sal-

monella cases may be attributable to pig meat con-

sumption [7–9]. A previous farm-to-consumption

microbiological risk assessment (MRA) for S. Typhi-

murium in British pig meat [9] estimated that a re-

duction of 50% in the prevalence of S. Typhimurium

infection in slaughter-age pigs (but before they are

transported to the abattoir) would reduce the number

of human S. Typhimurium cases attributable to pig

meat by a similar percentage.

In this paper we report updates to the farm trans-

mission module from the MRA for S. Typhimurium

in British pig meat [9], which has increased confidence

in the model’s estimation of the prevalence of sal-

monella infection in slaughter-age pigs immediately

prior to transport. We have also investigated what

reductions in MJE prevalence per farm are estimated

by the model given a range of percentage reductions

in the prevalence of salmonella infection per farm in

slaughter-age pigs. The model considers grower-

finisher production, where pigs are introduced at

about 30 kg and raised to slaughter weight (y95 kg).

We further assume that the system is continuously

stocked, with pigs entering and leaving the farm every

week, so that pigs of varying ages are always present.

Within the model, we relate salmonella infection (in

slaughter-age pigs immediately prior to their trans-

port to the abattoir) with MJE test results at slaugh-

ter. This serological response model also allows the

use of the large dataset generated by the ZAP pro-

gramme to estimate transmission parameters.

METHODS

Farm characteristics

There is significant variation between British pig

farms in management practices and housing, which

may impact the dynamics of salmonella transmission

within a herd. Factors which could affect salmonella

transmission include, among others, inside/outside

production, the number of houses on-farm, the num-

ber of weaner sources used, and whether the pigs are

all of the same age or not (that is all-in-all-out vs.

continuous production) [10].

To reduce the complexity of modelling this signifi-

cant between-farm variability, a ‘typical ’ method of

grower-finisher production in British was developed

with the aid of informal expert opinion. This assumed

‘typical ’ farm has the following attributes: inside

production; exclusive grower-finisher farm (that is

weaners are sourced from other farms); and a con-

tinuous system of production. We further consider

only one building within this typical farm, which we

assume is divided into two rows of pens separated by

a feeding passage. Within the model, the population

consists of N pigs and these are divided into sub-

populations of n pigs per pen. The number of pens, n,

is equal to N/n. The probability distribution describ-

ing the herd size, N, is described from data collected

by the UK Meat and Livestock Commission [11] ; n is

estimated using informal expert opinion (see Table).

Initial conditions of model

We have modelled continuous production, where pigs

of varying age are reared at the same time; therefore,
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because the farm is never empty, there is no natural

starting point for the model. We have assumed that

the model starts (time t=0, t0) when a new batch of

weaners is placed within a randomly selected pen on

the typical farm, denoted as pen [iw]. Infected weaners

within the new batch placed within pen [iw] may infect

a previously salmonella-negative herd, or increase the

burden of salmonella within a positive herd. The sal-

monella status of the weaners entering the farm at t0
and placed in pen [iw] is determined by the status of

the breeder herd supplying the weaners, which can

either be positive or negative. This status (VBF) is

randomly assigned according to the proportion of

British breeder farms that are salmonella-positive,

PBF (see Table for example of random assignation).

The farm may already be infected at t0 by those pigs

present on the farm before the new weaners arrive;

therefore, the status of the grower-finisher herd before

t0 (VGF) is randomly assigned, similar to VBF,

according to the percentage of grower-finisher farms

that are salmonella-positive, PGF. PBF and PGF are

described using the same British observational study

[12] (see Table).

Given a salmonella-positive herd, pigs are defined

by one of four states: susceptible ; infected and ex-

creting salmonella (an excretor) ; infected and non-

excreting (a carrier) ; or immune. Importantly, carrier

or immune pigs will not contribute to infection of

other pigs, and are not themselves susceptible.

However, carriers may contribute to the infection of

susceptibles during transport from farm to abattoir,

where stress may cause these carrier pigs to re-excrete

Table. Estimates for model variables and parameters used to initialize the settings of each model farm (i.e. each

iteration of the simulation model), except for the last two rows, which are used to describe the duration of

shedding and the duration of carriage respectively

Parameter Notation

Equation in model,

or @Risk formula

Estimate

SourceMean

5th

%ile

95th

%ile

Herd size N RiskGeneral(MLC data) 1382.8 226.0 4209.0 [11]
Length of grower-finisher stage T RiskIntUniform(84, 116) 100.0 85.0 115.0 [12]
Number of pigs in pen n RiskIntUniform(10, 100) 55.0 14.0 96.0 —

Proportion of breeder-farms that
are salmonella-positive

PBF — 0.539 — — [12]

Status of breeder herd

(1, positive ; 0, negative)

VBF RiskBinomial(1, PBF) — — — —

Within-herd prevalence of
salmonella infected weaners

on a breeder farm

PWE [62+RiskNegBin
(62, .4)]/359]

0.43 0.37 0.50 [13]

Proportion of grower-finisher farms
that are salmonella-positive

PGF — 0.549

Status of grower-finisher herd

(1, positive ; 0, negative)

VGF RiskBinomial(1, PGF) — — [12]

Within-herd prevalence of
salmonella-infected growers

on a grower-finisher farm

PGROW — 0.025 — — [12]

Within-herd prevalence of
salmonella- infected finishers

on a grower-finisher farm

PFIN — 0.25 — — [12]

Within-herd prevalence on
salmonella-positive

grower-finisher farm

PGE RiskUniform
(PGROW, PFIN)

0.138 0.036 0.239 —

Within-herd prevalence of
salmonella carriers

PGC RiskUniform
(0, 4.15)*PGE

0.295 0.021 0.769 [14]

Duration of shedding c ex(tsur=b)
a

24.6 7.9 44.3 —
Duration of the carrier stage w RiskLogNorm

(134, 90)xc
111.56 13.38 253.34 [13]
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salmonella in their faeces. Due to a current lack of

data, intermittent shedding has not been included in

this version of the model.

Individual pig status in a salmonella-positive fin-

ishing herd is randomly assigned in a similar manner

as for herd status: for excretor status, weaners within

pen [iw] are assigned according to the within-herd

prevalence of salmonella infection amongst weaners,

PWE. Likewise, for pigs within any other pen, excretor

status is assigned according to the within-herd preva-

lence of salmonella excretion for grower-finisher pigs,

PGE. PWE and PGE are estimated using the same

British observational study mentioned above [12].

The rectal swab used within this study was considered

to have a low sensitivity (y40%) and as such we have

estimated PWE and PGE in a similar fashion to a pre-

vious study (i.e. using a negative binomial distribution

to estimate the number of false negatives, see Table)

[13]. The observational study gives the within-

herd prevalence for growers (PGROW) and finishers

(PFIN) separately: PGROW and PFIN are estimated

in a similar fashion to PWE, and the within-herd

prevalence of salmonella for grower/finishers (after

adjustment for the poor sensitivity of the test used in

the observational study), PGE, is assumed to be be-

tween these two values (see Table). For pigs on the

farm before t0, carrier status may also be assigned (to

those not already assigned excretor status) by apply-

ing a probability of carriage, PGC. A Danish expert

opinion workshop [14] was used to estimate the ratio

of shedding to carrier pigs, PGC, assuming that this

Danish study is also applicable to British finisher

farms.

Continuous production

Given a continuous system of production in this

model, we assume that pigs in pens other than [iw] will

be taken to slaughter before the batch of new weaners

reach slaughter age, at time T. For simplicity, it is

assumed that each batch of market-weight pigs taken

off the farm can be represented by the removal of one

entire pen. Consequently, if it is assumed there is a

constant period tR between the removal of each batch

of market-weight pigs, then tR =T/ux1, where T is

the time (in days) between t0 and slaughter age of the

weaners introduced to the farm at time t0. During the

finishing period pigs in each newly occupied pen are

assigned a salmonella status in exactly the same

manner as for weaners introduced into pen [iw] at t0.

Therefore, the prevalence of infection may be reduced

or increased due to the continual removal and

addition of pigs to the farm.

Transmission of salmonella, and change in infection

status, during finishing period

The number of susceptibles, excretors, immune and

carriers pigs in pen i at time t, are defined as Si(t),

Ei(t), Ii(t) and Ci(t), respectively.

Salmonella is thought to be transmitted between

pigs primarily by the faecal–oral route. We assume

this route may transmit infection both within and

between pens. Airborne transmission may also occur,

although this route will be less important [15]. A

schematic diagram of salmonella transmission and the

resulting phases of infection is shown in Figure 1. The

following sections describe how the model was con-

structed to describe the transition between infection

states for individual pigs.

SusceptiblepExcreting

The probability of infection, during one time-step, of

a susceptible animal within a population containing

one or more infected individuals, was derived by Reed

& Frost [16, 17]. This probability of infection is gov-

erned by the probability of an ‘effective contact ’ be-

tween a susceptible and infected animal. An effective

contact is defined as ‘contact such that, if it occurs

between an infectious case and a susceptible, it will

produce a new case ’ [17]. We assume each susceptible

pig has ‘contact ’ with every salmonella-excreting pig

on the farm either by direct physical contact, contact

with contaminated faeces or airborne transmission of

salmonella. We assume that the probability of an ef-

fective contact depends on the distance between indi-

vidual pigs, which can be adequately represented by

the spatial location of the pens containing the sus-

ceptible and excreting pigs in question. Therefore, the

probability of a susceptible pig in pen i becoming in-

fected because of Ej(t) excreting pigs in pen j during

the period [t, t+1], Pij(t), is given by:

Pij(t)=1x(1xpij)
Ej(t), (1)

where pij is the pen-dependent probability of effective

contact. The probability of effective contact is as-

sumed to be highest between susceptible and excreting

pigs within the same pen, denoted as pw; the prob-

ability of effective contact for pigs between neigh-

bouring pens is denoted as pb. We assume the

probability of transmission between pigs decreases
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with increasing distance from pen i (i.e. the pen con-

taining the susceptible pig). Moreover, if the row in

which the excreting pigs reside, kj, is different to the

row in which the susceptible resides (ki), we assume the

likelihood of transmitting infection is significantly

decreased. Therefore, using provided informal expert

opinion on how pij varies according to distance

between pens i and j, pij is determined in the follow-

ing way:

The time-step [t, t+1] must be approximately equal

to the incubation period; for salmonella infection

in pigs, the incubation period is around 24–48 h

[18] ; therefore the time-step has been set as one day.

Estimating pw and pb

No data were available to directly estimate the within-

and between-pen probabilities of transmission given

an effective contact, pw and pb. Therefore, we used

maximum-likelihood methods to estimate these two

parameters. Using the model developed to relate

serological response to infection (see below) we were

able to estimate MJE prevalence per farm as a model

output, thereby allowing us to use the large dataset

provided by the ZAP Salmonella programme, which

gives the distribution of MJE prevalence by farm, as

the ‘observed data’ from which we can derive the

likelihood function for [pw, pb].

Analysis of the ZAP Salmonella programme test

results, by those farms which matched our ‘typical ’

model farm, produced the distribution of MJE preva-

lence by farm in Figure 2. The dataset was binned into

16 categories by multiples of five percentage points

each, such that there were at least five farms within

each category Dq (where q=1, 2, …, 16) (see Fig. 2).

For discrete distributions (the ZAP dataset) and

discrete parameter space [pw, pb] the log-likelihood

Susceptible Excretor Carrier Immune

Airborne
transmission

(if k � k)

ImmuneCarrierExcretorSusceptible

Environment
(Faecal–oral route)

(if k = k)

j

i

Fig. 1. Structure of the transmission model used to analyse the within- and between-pen transmission of salmonella for pens i
and j ; method (and likelihood) of salmonella transmission from one pen depends on whether the pen is in the same row as the

pen from which the infection is being transmitted (i.e. row ki=kj), or a different row (i.e. kilkj).

pij=

pw if i=j (pigs in same pen)
pb if j jxij=1 and ki=kj (pens adjacent to each other)
pb=3 if 1<j jxij<�=2 and ki=kj (pens in same row, but not adjacent)
pb=100 if kilkj (pens in separate rows)

8>><
>>:
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function is :

l(pw, pb)=
X16
q=1

nq log jp̂pqj,

where nq is the number of farms where the observed

MJE prevalence falls within Dq and p̂pq is the likeli-

hood of a MJE prevalence result within Dq, given

[pw, pb]. Simulating over 3000 iterations, the likeli-

hood p̂pq is given by nq/3000. p̂pq is calculated for each

combination of values of [pw, pb] considered. The

maximum-likelihood estimate (MLE) for [pw, pb] was

then obtained from the resulting log-likelihood com-

putations for each combination of [pw, pb].

In order to ensure there was only one unique MLE,

a grid search over the possible range of [pw, pb] was

carried out. Only one maxima was found, with both

pw and pb in the order of magnitude 10x3. By reducing

the range of [pw, pb] and the step between each com-

bination of [pw, pb] in subsequent grid searches, the

precision of the MLE [pw, pb] was iteratively in-

creased. The MLE is thus described as [1.4r10x3,

9.0r10x4] (95% confidence region shown in Fig. 3).

ExcretingpCarrier

The duration of shedding salmonella, c, between pigs

is highly variable [19] ; as such, the probability of

transition between excreting and carrier states per

day, Pc(ts), is assumed dependent on the time since

infection, ts.

The distribution for c was generated from individ-

ual pig data using a Danish longitudinal study, which

took monthly faecal and blood samples from three

herds, for a total of 180 finisher pigs. Assumptions

made when analysing the data in the original study

[19] were made again; we also assumed this dataset

was applicable to British pig herds. Due to data

censoring (e.g. pigs still excreting salmonella on the

last sampling date of the study) standard survival

analysis methods were employed. We assume that the

duration of shedding is Weibull-distributed [20],

where the survival function is given by ex(tsur=b)
a

, a

and b are shape parameters, and tsur is the survival

time. The probability of transfer between excretor and

carrier status ts days after infection, Pc(ts), can be

given by ex(tsx1=b)axex(ts=b)
a

. The MLE of a and b, âa

and b̂b, equal 2.36 and 27.80, respectively. As such, the

average duration of shedding salmonella is estimated

to be 24.6 days. We appreciate that excretion occurs

intermittently during this assumed period.

Carrierp(Immune)pSusceptible

Due to a lack of data quantifying the immune phase,

we assume the length of immunity is 10 days beyond

the end of the carrier period, similar to the length of
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Fig. 2. Farm-level distribution of MJE prevalence at slaughter for farms matching model farm: observed data from ZAP
programme (&), simulated using transmission model and MLE value for [pw, pb] (%).
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passive immunity conferred to a newborn piglet from

a sow’s antibodies [21]. This assumption has been in-

vestigated through sensitivity analysis.

Similar for the transition between excreting and

carrier pigs, there is a natural distribution for the

duration of carriage, w. The probability density

function for w is defined as previously described by

ref. [13] (see Table). The corresponding descending

cumulative density function (DCDF) for [w+10] can

be used to estimate the probability of transition be-

tween carrier status back to susceptible status, Pw(tc),

where Pw(tc) is equal to the difference between the

value of the DCDF at [tc] and [tcx1].

Modelling serological response

Distributions for the time taken from infection for a

pig to show a MJE-positive response, and the length

of time that serological response remains above the

MJE test cut-off, were estimated using data from the

same study from which the duration of shedding was

estimated [19]. The Danish study quoted MJE results

in terms of optical densities, and as stated above, we

have assumed that a serological result of >OD 40%

from the Danish study would test MJE positive in the

British ZAP programme (i.e. S/P >0.25). Similar to

the above methods for estimating Pc(ts), we assumed

that the time it takes from infection to MJE positivity

is Weibull-distributed, as is the time that a pig’s

serological response will remain above the MJE test

cut-off. Hence the probabilities of an infected pig

testing MJE positive ts days after infection, Ps(tsero),

and the probability of that serological response falling

below the MJE cut-off td days after seroconversion,

Pd(td), were estimated using the same methods as that

for duration of shedding. For the time to MJE posi-

tivity, the MLE for âa=3.28 and b̂b=64.75, and for the

duration of MJE positivity, âa=3.30 and b̂b=79.82,

respectively. Therefore, the average time to a sero-

logical response that will test as MJE positive is 58.0
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days, and the average time a serological response to

infection remains above the MJE cut-off is 69.7 days.

At any time t, the number of MJE-positive pigs in pen

[iw] is denoted as Oiw(t). The estimated model preva-

lence of MJE-positive pigs per batch at T, pp(T ), is

given by:

pr(T )=
Oiw(T )

n
, (2)

Construction and simulation of model

The simulation model was constructed using

Microsoft Excel (Microsoft Corporation, Redmond,

WA, USA), Visual Basic Editor for Applications

(VBA) and the risk analysis software @Risk 4.5

(Palisade Corporation, Ithaca, NY, USA). The simu-

lation model was run using Latin Hypercube sam-

pling methods until the mean and standard deviation

of the model output had converged (<1.5% change

from the previous 100 iterations). Values for N, n,

VBF and VGF were randomly selected from the cor-

responding @Risk probability distributions inputted

into the model spreadsheet to describe between-farm

variability. The stochastic transmission model, which

was developed within VBA, then describes the within-

farm variability. Sensitivity analysis was carried out

on parameters with uncertain estimates.

The model is run in 1-day steps, from the time

weaners are introduced to pen [iw] at t0 until the time

they reach slaughter age (T ), but before they are taken

from their pen, weighed and transported to the abat-

toir. At each time-step, for each susceptible pig on the

farm at time t, the probability of becoming infected

with salmonella from excreting pigs in its own pen

(i=j) is calculated using equation (1) ; whether or not

the pig becomes infected is determined by using the

VBA random number generator (i.e. if the random

number generated is less than the probability of in-

fection at t, pij(t), the pig is infected). If the pig re-

mains susceptible, the model then calculates the

probability of salmonella infection due to excreting

pigs within another pen (ilj), and hence determines

whether or not the pig becomes infected using similar

methods as those described above. The model loops

through each pen until either the pig becomes infected

or all pigs in all pens have been considered for that pig

and time-step; the next susceptible pig is then con-

sidered. Similarly, for excreting, carrier states and

seroconversion, random number generators are used

to determine whether transition between states occurs

for each pig in that infection state.

Model output

At each time-step, the model updates the number of

excretors, carriers and susceptibles in pen [iw], Eiw(t),

Ciw(t) and Siw(t), respectively, by summing the num-

ber of excretors, carriers and susceptibles within pen

[iw] at the end of the period [t, t+1]. The prevalence of

susceptible pigs, ps(t), the prevalence of excreting pigs

at time t, pe(t), and the prevalence of carrier pigs at

time t, pc(t), in pen [iw] are given by equation 3(a–c)

respectively.

ps(t)=
Siw(t)

n
, (3a)

pe(t)=
Eiw(t)

n
, (3b)

pc(t)=
Ciw(t)

n
, (3c)

The average prevalence of infection at time t, pi(t), is

given in equation (4).

pi(t)=pe(t)+pc(t), (4)

From this information, we can describe the epidemic

curve within this pen over the course of the finishing

period. Further, the model updates the number

of pigs within each infection status for every other

pen, hence we can also provide the prevalence of sus-

ceptible, excreting and carrier pigs for the whole herd

if necessary.

Modelling of control strategies

For farms with a high percentage of MJE-positive

tests, and which therefore face possible withdrawal of

their Quality Assured status, assistance is available

from their veterinarian, and if required vets and

microbiologists from the Veterinary Laboratories

Agency. Control programmes will be designed by

their veterinarian; however, while these programmes

will be tailored for each individual farm, most will

include strategies such as those given in government

advice [22] and include all-in-all-out production, in-

creased biosecurity and dietary changes.

The value of the probability of an effective contact

(either within- or between-pen) encompasses all of

the factors which contribute to the likelihood of in-

fection given a positive farm, which include the num-

ber of salmonella present in contaminated faeces, the

immunity of the pig to infection, and the level of

biosecurity on the farm. Therefore, within the model
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any method that may be used to reduce (or indeed

increase) the prevalence of salmonella infection

may be represented by a change in the values for the

probabilities of an effective contact, pw and pb. As

such, we investigated the effects of control strategies

on the prevalence of salmonella infection and the

prevalence of MJE-positive pigs by reducing the

values of pw and pb.

RESULTS

Epidemic curve

The mean epidemic curves for excretion and carriage

are shown in Figure 4. On average, there is a brief

increase in the prevalence of excretion after the

weaners enter the farm at t0, followed by a gradual

decrease over time until slaughter age (T ). The

prevalence of carriage increases sharply until about 50

days after the pigs arrive on the farm; after this time

the prevalence of carrier pigs decreases rapidly,

although it remains higher than excretion until be-

yond typical slaughter age. The average prevalence

of salmonella excretion for pigs of slaughter age, im-

mediately prior to transport to the abattoir [given by

equation (3b)] is 4.1% (5th and 95th percentiles of

0.0% and 18.2%, respectively). The mean prevalence

of carrier pigs at slaughter age, given by equation

(3c), is 11.6% (0.0%, 35.7%). The MJE prevalence

[given by equation (2)] is 33.6% (0.0%, 59.2%). It

is worth noting that within the model the prevalence

of salmonella infection for pigs sent to slaughter

is widely variable, ranging from 0% (even if the

pigs come from a salmonella-positive farm) to over

50%.

Validation

During a recent British survey of 93 abattoirs [4]

Salmonella spp. were isolated from 124 (23.4%) of

529 intestinal samples (5th and 95th uncertainty per-

centiles : 20.6%, 26.6%). However, these samples

may have contained salmonella which were simply

passing through the digestive tract of the pig, rather

than salmonella that had truly colonized the animal.

Therefore, the true prevalence of salmonella infection

may be significantly lower. The predicted average

prevalence of salmonella infection at slaughter age

[from equation (4)], pi(T ), is 15.7%. This result is

lower than that from the abattoir survey and this

discrepancy may be explained because of the possi-

bility of environmental salmonella simply passing

through the gut and also because the prevalence of

salmonella infection is thought to significantly in-

crease during the stressful period of transport from

farm to abattoir [10]. Therefore the model result is

considered reasonable.

Sensitivity analysis : effect of immunity duration on

prevalence of infection at slaughter age

We could not find any relevant data to estimate

the length of a pig’s immunity to salmonella infection

once recovered (or indeed whether immunity was

complete or partial). However, within the baseline

model we assume a pig will remain completely im-

mune to infection for 10 days after full recovery (i.e.

there is no chance of re-infection during this period).

The effect of this assumption on the prevalence of in-

fection at slaughter age, pi(T ), has been investigated

through sensitivity analysis by varying the period of

immunity from 0 to 50 days. This analysis showed

that above a value of 2 days for the length of im-

munity, there is no significant change in the estimate

of pi(T ). This result occurs because beyond 2 days

only very small numbers of pigs in the model will go

through the whole infection cycle and become re-

infected before T. Assuming no period of immunity

the average prevalence of salmonella infection at

slaughter age (i.e. before transport and lairage) would

be over 22%.
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tween T=84 and 116 days (between dashed lines).
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Scenario analysis : effect of reducing pw and pb

An important aspect of this model is to predict the

response to control strategies. Currently, the two

transmission parameters encapsulate all known risk

factors for salmonella transmission on a pig farm

that may be used to develop control strategies (e.g.

feed, vermin, and building types). That is, the trans-

mission parameters are estimated bearing in mind

the frequency of exposure to all reported risk factors

for salmonella infection in pigs and the strength

of association between these risk factors and sal-

monella infection. As such, the effects of theoretical

reductions in the values of pw and pb on the mean

prevalence of infection (excretion and carriage) at

slaughter age were investigated to establish the re-

lationship between the model outputs and the trans-

mission parameters pw and pb (see Fig. 5). The best fit

to the 3D plot in Figure 5 is the linear equation

pi(T )=0�005+64�4pw+111�8pb (R2=0.968). An im-

portant result is that pi(T ) is more dependent on pb
than pw, i.e. controlling between-pen transmission has

a greater effect on infection levels in slaughter-age

pigs than controlling within-pen transmission of sal-

monella. For example, reducing pw by 50% results in

a 14% lowering in the average prevalence of infec-

tion; but reducing pb by 50% lowers the average

prevalence of infection by almost 23%.

Further investigation of the model shows that the

highest infection levels of pigs at slaughter results

from those farms where infection occurred after

t0 – which is biologically plausible as pigs have less

time to clear infection before slaughter if the epidemic

starts nearer slaughter age. Therefore, reducing the

number of pens which are infected during the

growing-finishing stage has a major role in reducing

the prevalence of infection in slaughter-age pigs.

There is a linear relationship between pw and pi(T ),

and between pb and pi(T). The effect of these linear

relationships on the average epidemic curve is shown

in Figure 6.

A recognized problem for schemes such as the ZAP

programme is that testing for MJE-positive pigs,

rather than for salmonella infection, provides an

indication of the situation on the farm during the

entire rearing period of the tested pigs : it is a relatively

insensitive indicator of the true prevalence of infec-

tion at slaughter, which is the important factor in

terms of reducing human salmonellosis. A generally

poor correlation between herd serology and carcass

contamination has been observed in the United

Kingdom [23], although a positive, linear correlation

between herd serology and the prevalence of

salmonella-positive caecal contents and carcass swabs

was found in Denmark [24]. If there is a linear corre-

lation between herd serology and salmonella-positive

caecal contents it would suggest that reducing the

average MJE prevalence would also reduce the

prevalence of salmonella infection in pigs at slaughter.
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We investigated the relationship between the average

prevalence of salmonella-infected, slaughter-age pigs

per farm and the average MJE prevalence per farm, as

described by the model results, to establish the re-

lationship between these two key parameters in

British production.

Assuming any change in the prevalence of salmon-

ella infection during transport and lairage is pro-

portional to the prevalence of infection in pigs

immediately prior to transport, then we estimate that

a 46% reduction in the average MJE prevalence at

slaughter per farm observed by the ZAP programme

will achieve the FSA target of a 50% reduction in the

incidence of salmonella-contaminated caecal con-

tents. However, beyond this percentage reduction

(y46%) in MJE prevalence, the relationship between

pi(T ) and ps(T ) becomes increasingly sensitive to the

value of pw and even more so to pb (see Fig. 7). As a

result, a reduction in the prevalence of salmonella

infection in slaughter-age pigs, because of control

strategies targeting within-pen transmission, but es-

pecially those targeting between-pen transmission,

will not translate into a similar reduction in MJE

prevalence. For example, reducing both pb and pw by

70% reduces the average prevalence of infection at

slaughter by around 70%, but reduces MJE preva-

lence by only 57%.

DISCUSSION

We have developed an individual-based, stochastic

transmission model for the dynamics of salmonella

infection within a typical British specialist grower-

finisher herd, using inside housing and continuous

production methods. There are several examples of

previous work in a similar field of study to our own,

which have all estimated the prevalence of salmonella

infection in slaughter-age pigs. Our model was orig-

inally based on a deterministic transmission model

for a large British finisher herd [9], and is now similar

to a recent stochastic SIR model used within a larger

Dutch model that estimates the number of salmon-

ella-contaminated pig carcasses immediately after

slaughter [25]. Where our model differs from the

Dutch SIR model is that the latter is largely based

on expert opinion, and assumes that the likelihood

of transfer between states (e.g. excretor to carrier) is

exponentially distributed. We have assumed that

the transfer between states are Weibull-distributed

(a much more flexible distribution that can be fitted

to the survival curve better than an exponential), and

by using a recent longitudinal study to describe the

likelihood of transfer between the infection states ex-

cretor, carrier and susceptible, and using maximum

likelihood to estimate the two transmission prob-

abilities pw and pb, we have removed most of the need

for expert opinion.

We have described the epidemic curve for salmon-

ella infection under the specified farm conditions of

the model. The prevalence of infection for pigs (of

slaughter age) per farm is widely variable, ranging

from 0% (even if the pigs come from a salmonella-

positive farm) to over 50%, with an average of about

17%. The prevalence of infection may be further cat-

egorized by those pigs that are excreting salmonella,

and those which are carriers. The ratio of excretion to

carrier state also varies widely; however, on average,

prevalence of carriage is roughly double that of ex-

cretion for slaughter-age pigs.

We could find no evidence in the published litera-

ture for the length of active immunity to salmonella

infection conferred to a recovered pig through sal-

monella antibodies still present in its body (or even

whether immunity is conferred). In order to include

the effect of any immune response within the model

we assumed that the length of immunity is similar to

that of a newborn piglet’s passive immunity to infec-

tion (y10 days). Sensitivity analysis shows that only a

duration of immunity shorter than 2 days would sig-

nificantly alter the estimated prevalence of salmonella

infection at slaughter age. The maximum average
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prevalence of infection would rise to over 22% if

there is no immunity conferred to recovered pigs.

From our model validation, we think that the in-

clusion of a 10-day immunity period is plausible (as-

suming our model is correct), because not including

immunity produces a value for the average prevalence

of infection that is as high as the validation estimate

(which leaves no room for a significant increase in the

prevalence of infection during transport). Better par-

ameter estimation of the duration of infection (par-

ticularly the carriage phase) could mean the model

output (the prevalence of infection at slaughter) be-

comes more sensitive to our assumptions regarding

immunity. If this situation occurs further research

into the duration of any (full or partial) immunity

post-recovery from salmonella infection would be of

use for further refinement of the model, and would

almost certainly be required for an extension of the

model to include sows in breeding herds (which live

longer and have the potential to initiate infection in

weaners).

The parameters pw and pb were considered in a

scenario analysis. It was concluded that the most im-

portant parameter in terms of controlling salmonella

levels within a positive herd, is the probability of an

effective contact between a susceptible pig in one pen

and excreting pigs within another, pb. This parameter

is the most important because it determines how

many pigs are infected within the later stages of the

finisher period, and therefore how rapidly the preva-

lence of infection tails off.

The model suggests that to reduce the levels of sal-

monella infection in pigs of slaughter age efforts

should be made to reduce transmission between pens

as well as within pens. Efforts should also be focused

on reducing the number of pigs that are infected to-

wards the end of the finishing period (e.g. by con-

trolling bird/rodent access to feed, and maintaining a

strict biosecurity barrier between pens). Although the

scenario analysis shows that controlling pb has the

largest effect on the prevalence of salmonella infection

in slaughter-age pigs, it must be remembered that

several assumptions are made which may alter this

conclusion in later versions of the model. One as-

sumption that may influence the conclusions of the

scenario analysis is that once infected a pig will ex-

crete salmonella in its faeces and that the duration of

excretion and the number of salmonella that are ex-

creted will not alter with age, up to the point of

slaughter. No direct evidence has been found to dis-

pute this assumption, but it is biologically plausible

that as a pig grows older it may excrete fewer

salmonella once infected. Without further research it

is not possible to include a possibly age-dependent

probability of excretion given infection: the model

can be easily updated should this research be car-

ried out.

Other assumptions include that pigs will be

finished in one pen only, and that only one pen of

pigs is sent to slaughter at a time. In addition, it

was necessary to use informal expert opinion to

estimate the probability of effective contact for

pigs within distant pens. As with an age-dependent

probability of excretion given infection, this expert

opinion can be replaced with experimental or field

data as it becomes available. The mixing of pigs

during rearing, weighing and in transport will

serve to increase transmission of salmonella [26] ;

because of the importance of between-pen trans-

mission the mixing of pigs also warrants further in-

vestigation although it will increase the complexity of

the model.

At present, the fit between the observed and pre-

dicted model distributions of MJE prevalence per

farm is not statistically significant ; however, we be-

lieve that further development of the model will im-

prove this goodness of fit. In particular, the current

version of the model uses a number of assumptions to

replace scarce data and simplify the initial introduc-

tion of salmonella to the farm. An example is that a

farm may only become infected through the intro-

duction of salmonella-positive pigs : breaches in bio-

security such as contaminated feed or wildlife access

to the pig house have not yet been considered.

Observational and experimental data have recently

become available to be used within the next version

of the model, which will also include salmonella

infection in breeding herds. We believe that these

updates will allow the timing and source of salmonella

infection to be modelled more accurately, and that

modelling the source of infection will be crucial in

improving the current model’s predictions against

observation.

Despite the current model’s limitations, we have

successfully shown that there is a linear relationship

between average MJE prevalence over all farms and

the average prevalence of salmonella infection within

slaughter-age pigs per farm. This result agrees with

previous research [24], and shows the probable re-

duction in infection levels at slaughter, given that the

ZAP programme and proposed control strategies

record a reduction in the average MJE prevalence
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for British farms. Work will now continue in order

to determine (a) what effect these control strategies

will have on reducing both salmonella and MJE

prevalence and (b) what practical control strategies

will be most cost-effective in reducing salmonella

levels in British pigs. Importantly, the results of this

work will feed into an updated MRA in order to

investigate the effects of the ZAP programme (and

associated control strategies) on the risk of human

salmonella illness due to domestic pig meat con-

sumption in Great Britain.
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