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SUMMARY

A simulation model of a herd of grazing cattle, which has been developed to provide insight

into the infection dynamics of E. coli O157 is described. The spatially explicit model enables the

modelling of the infection transmission processes to be realistically addressed under field

management conditions. The model is used to explore the efficacy of various potential control

strategies in reducing the levels of within-herd infection. These measures include restricting the

size of herds, niche engineering, improving housing hygiene and vaccination. While a vaccination

strategy remains a hypothetical option, it has the potential to be particularly effective. It is likely

that the most successful strategy will involve the implementation of a combination of measures.

INTRODUCTION

E. coli O157:H7 is a foodborne pathogen that can

cause serious infection in humans. Scotland, in par-

ticular, has exhibited some of the highest rates of

infection in the world [1]. Following a major food-

borne outbreak in Wishaw, Central Scotland, in 1996,

in which 21 people died after consuming meat

products from a butcher’s shop, research was com-

missioned into the prevalence of E. coli O157 in

Scottish beef cattle. In particular, the Scottish

Prevalence Study focused on the sampling of finishing

cattle since these animals represented the group most

likely to enter the human food chain in the immediate

future. The survey found that 8% of cattle were

shedding the organism and that 23% of ‘close to

slaughter’ groups of cattle contained at least one

shedding animal [2]. A greater understanding of the

infection dynamics within a herd is required in order

to reduce these unacceptably high prevalences in

cattle.

There has been little modelling work in this area,

with the exception of the detailed model of Turner

et al. [3], which focuses on a deterministic represen-

tation of infection transmission within a dairy herd.

We instead propose a stochastic simulation model

which is able to take account of both the hetero-

geneities that exist in the main routes of infection

transmission and the low levels of infection that can

occur. This model has been developed not just to

gain further insight into the infection dynamics of

E. coliO157, but also to be used to determine methods

of control which would be efficient in reducing the

level of infection currently observed in cattle herds.

The advantage of using such a model is that it can

be relatively straightforward to investigate the effi-

cacy of a wide range of control measures, including

those that are currently undergoing research and de-

velopment.

The development of the model is described in the

Methods section below. Potential control strategies

are then assessed using the model. These methods,
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which are aimed at reducing levels of infection within

a herd, include altering the size of herds, niche engin-

eering, improving housing hygiene and vaccination.

METHODS

Simulation model

The aim is to develop a parsimonious model that

incorporates the key biological processes underlying

the infection dynamics. These include two plausible

routes of infection transmission: contact with bacteria

in the environment and direct contact with infected

animals. The incorporation of these transmission

routes in a biologically realistic fashion has impli-

cations for the design of the model. For instance,

bacteria are not shed randomly over a field, as faecal

pats generally have a clustered distribution. There-

fore, given the movement of a particular animal over

a field while grazing and the aversion animals show

to faeces produced by their own species, it is possible

for an animal to fail to come into contact with any

infection. In addition, given the relatively low herd

size involved, any social behaviour which affects

the interaction of animals with each other is likely to

result in a heterogeneous infection process. Conse-

quently, results emanating from a model which

assumes homogeneous environmental contamination

and homogeneous cattle behaviour are likely to be

misleading. Therefore, it seems appropriate to con-

struct a model which is not simply based on the

evolution of the infection process in a fixed popu-

lation of animals, but also considers the properties of

the spatial environment.

Ideally, a realistic herd model would involve keep-

ing track of the location of each member of a herd in

a field with respect to other animals and to areas of

contaminated pasture. However, a spatial model

of this type has the potential to become extremely

complex, and so, where possible, attempts are made

to reduce the spatial complexity. Space is discretized

by splitting the field to be modelled into a grid. This

is appropriate since a herd size is relatively small and

the movement of individuals occurs on a large spatial

scale. There are also two different spatially dependent

processes which promote the spread of infection,

namely the movement of individuals and the inter-

actions amongst individuals (and between individuals

and the environment).

For many spatio-temporal population models, the

complex nature of the process may mean that neither

exact nor approximate analytical results can be ob-

tained. Complex models can be simplified by making

assumptions such as large population size and long

process duration, although in the case of the herd

model, neither simplification is biologically plausible.

In addition, the failure of the system to be described

adequately by a percolation or standard contact

process [4], in which the infection hosts remain

spatially immobile, means that it is difficult to see

how analytical results could be obtained. Therefore,

in order to proceed further, it is necessary to employ

computer simulations. However, this approach facili-

tates the incorporation of further realism into the

model.

Model description

The within-herd simulation model was developed

using the C++ programming language to simulate

a herd of cows at pasture. The program keeps track

of not only the location and infection status of each

cow within the herd, but also the location of E. coli

O157 contamination within the field. This is achieved

by splitting the field up into a grid, a conceptual

version of which is shown in Figure 1. A herd size of

20 was chosen as this was found to be the average

group size of finishing cattle sampled in the 1998–2000

Scottish E. coli O157 Prevalence Study [2]. Each grid-

square is assumed to be large enough to contain two

cows in very close contact to each other. Therefore,

based on the recommended population density for

Food/
Water

b
c

a

Fig. 1. Conceptual representation of herd model
(circles represent cows, triangles indicate E. coli O157-
contaminated squares).
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cattle, a grid of 150r150 squares was used to rep-

resent the grazing area for the herd [5].

Movement process

The simulation model randomly allocates initial

grid-square locations for each cow using the ran1

random number generator [6]. However, it is not

appropriate to model herd behaviour using random

movement, as the spatial distribution of large rumi-

nants is influenced by factors such as food supply,

topography and climate, in addition to social forces,

all of which can cause animals to form groups. Given

that the two methods of infection transmission in

this model involve contact either with other animals

or grazing where other animals have been present, it

is important to incorporate some form of between-

animal correlated movement into the model as other-

wise the results of the simulation could be severely

biased.

Initially, foraging models were considered. How-

ever, the decision-making processes described by

these models tend to be very complex, as illustrated

by Hutchings & Gordon [7]. Given that in this model

it is grazing distribution patterns that are of interest,

not the reasoning behind each cattle movement, it

is appropriate to adopt a more simplistic method

which nevertheless captures the essence of the ob-

served spatial distribution. Thus, the social dynamics

of a group of grazing cattle were considered more

closely. The existence of a social hierarchy amongst

cattle has been known for many years ; it is docu-

mented that cattle can be classified as either leaders,

followers or independent movers in the social group

[8]. Animals ranked highly in social dominance tend

to be leaders, while the animals which move inde-

pendently are mostly low ranking [8–10]. It has

been suggested that the movement of the group, as

a whole, evolves from a combination of high-ranking

‘ leader ’ movements and independent movers, with

younger, less experienced grazers tending to dis-

tribute themselves more evenly across the group,

essentially providing the cohesive force [8]. This

notion forms the basis of the movement process in

the herd model.

The movement process allows three types of

movement. Animals can be classified as independent

movers with the destination being determined by a

random selection of any grid-square. Alternatively,

the animal can be treated as a ‘follower’, moving

towards the average location of the herd, and hence

tending to create a cluster of animals. The average

location of the cows is determined by summing each

of the x- and y-coordinates of grid-squares containing

cattle and dividing by the herd size. However, rather

than just moving to the average grid-square location,

some variability is added, both for the practical

reasons of reducing the chance of too many cows

inhabiting one square, and also because a determi-

nistic movement does not describe realistic behaviour.

The new position was generated by sampling from

a normal distribution around the average location

and so the cow moves approximately towards the

centre of the herd. The third type of movement is

known as a ‘drink’ move, where animals move

directly to the grid-square containing the source of

drinking water. The frequency of drinking moves was

ascertained from reported drinking behaviour [11].

Figure 2 illustrates the spatial distribution of the

herd obtained by this movement process for four

different realizations, with the location of each animal

being identified by a shaded grid-square. The results

are based on a herd size of 20 and grid-size of 30r30

to aid clarity. Multiply occupied squares are identified

by darker levels of shading. It is clear from these

‘aerial ’ views that the movement method is successful

in producing large-scale clustering behaviour. In

each example, a few independent animals can also be

observed.

This novel approach is not meant to provide a

definitive model for grazing distributions, since, as

stated previously, this would be too large a task in

the context of a within-herd infection model. For

instance, the model fails to take account of the spatial

Fig. 2. Four realizations of the locations of cows within a
field at 18:00 hours, modelling movement with the described
movement process.

Within-herd model of E. coli O157 751



memory seen in animals. Studies have shown that

cattle will frequently return to areas of high-quality

forage and avoid recently depleted patches [9, 12].

The average movement method has no memory and

places no constraints on the overall group movement.

Rather, the aim of the model was to formulate a

simple process which incorporated those aspects of

the within-herd system most pertinent to the infection

process. These plausible movement patterns give

rise to considerably more contacts than would have

occurred under the unrealistic assumption of purely

random movement.

Each movement event involves the random deter-

mination of which cow is to be moved and the type of

movement to be carried out. The movement to a new

grid-square is assumed to occur instantaneously since

this behaviour does not account for a large portion

of the daily activities of the cow [10]. Time intervals

between movement events are exponentially dis-

tributed using an overall transition parameter which

is based on the speed of the animals multiplied by

the herd size. Since cattle are crepuscular [13], peak

grazing times are correlated with sunrise and sunset,

and hence two speed parameters were employed in

order that more movement was generated in the

periods 04:00–11:00 and 14:00–17:00 hours than in

the remaining hours. The estimates for these par-

ameters were determined by adjusting their values

until the average daily simulated distance travelled by

the cattle approximated that of real animals at around

3.14 km per day [10].

Infection process

It is necessary to model the environmental con-

tamination which is assumed to arise from infected

animals defecating onto the pasture. This is done

by assuming that once infected with E. coli O157,

there is an 18-h lag phase to allow the bacteria to

pass through the digestive system of the animal

[14], following which the cattle shed bacteria in

each faecal pat they produce until cleared of the

infection. When an infected animal sheds faeces, at

approximately 2-hourly intervals [15], the grid-square

in which it is located becomes contaminated for a

fixed length of time of 30 days, which is typical of

the duration that infected faeces from an indi-

vidual animal remain culture-positive [16]. After

this time has elapsed the grid-square is deemed to

be uncontaminated. If a contaminated square is

recontaminated, the length of time remaining until

that square becomes uncontaminated is reset to

30 days.

Since E. coli O157 is transmitted via the faecal–oral

route only, the model assumes that the two ways in

which a non-infected, susceptible cow can become

infected are by grazing on contaminated land or by

contact with an infected cow. Generally, cattle will

avoid grazing on forage contaminated with faeces,

although animals may come to prefer the mature

forage that grows around faecal deposits, with the

corresponding risk of inadvertent contact with

infected faeces [10]. Hence, in the model, if a cow

moves to a contaminated grid-square (for example,

cow a in Fig. 1) there is a specified probability that it

will become infected. This event is randomly deter-

mined using the ran1 random number generator [6],

which returns a uniformly distributed number be-

tween 0 and 1. Infection occurs if the random number

is less than or equal to the transmission probability.

If the animal was previously uninfected, it is re-

classified as being infected. Since it is known that

the length of shedding is highly variable between

animals [17], the duration of shedding is determined

randomly for each animal based on information from

an experimental study which identified three different

shedding patterns in inoculated cattle [18]. Table 1

details the pertinent results from this study. Within

each of these broad shedding classes there was further

variability. For example, cattle classified as shedding

for just one week actually shed for between 3–10 days.

As there are at least 12 days separating each of

the three ranges, it was concluded that the shedding

classes are distinct [18].

Hence, when an animal becomes infected, a

Uniform(0,1) random number is generated to deter-

mine into which shedding pattern it falls. To define

the exact length of shedding, in the absence of further

information, it is assumed that, within each range,

shedding periods of each length are equally likely.

For example, if the random number was <0.33, the

animal would fall into the 1-week category and the

duration would be modelled by sampling a random

integer from a Uniform(3,10) distribution.

Table 1. Details of the three shedding classes

observed by Grauke et al. [18]

Shedding class 1 week 1 month >2 months
Category range 3–10 days 22–38 days 56–69 days

Proportion of
animals

0.33 0.54 0.13
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It has been found experimentally that re-inoculated

animals shed for a shorter period than that seen

following initial inoculation. Hence, if an infected

animal becomes re-infected, the remaining infection

duration is only increased by a week [17].

The alternative mode of transmission occurs

when a susceptible animal moves into a grid-square

containing an infected animal (for example, cows

b and c in Fig. 1). Cattle will maintain not only their

own haircoat but also those of their herd mates

by licking, rubbing and grooming. However, this

behaviour may cause ingestion of bacteria if the

haircoat is contaminated with infected faeces, adher-

ing, for example, when an animal has lain down to

rest. A probability of ingestion is defined for use

when randomly determining whether such an event

occurs.

It is assumed that the probability of infection via

direct contact is greater than the probability of infec-

tion resulting from inadvertent ingestion of bacteria

from the environment, since cattle exhibit faecal-

avoidance behaviour and relatively efficient calf-

to-calf transmission has been demonstrated [19].

However, the true probabilities of ingesting E. coli

O157 either whilst grazing or grooming are unknown.

Although it seems reasonable to assume that they

are very low, estimates had to be inferred from a

comparison of the prevalences arising from simu-

lation runs and the reported prevalences of E. coli

O157 shedding within herds.

The values for these two transmission parameters

were obtained by running the simulation model

using different combinations of options generated by

systematically sampling from a plausible discrete

parameter space, with the combination that generated

typical prevalences within the range of 7.3–10%

found in the Scottish Prevalence Study [2] being

selected. This method resulted in values of 0.0008

and 0.0001 being selected for the animal-to-animal

and environmental infection transmission parameters

respectively. This particular pair of values was chosen

because they produced a within-herd prevalence at

the higher end of the range identified by the Scottish

Prevalence Study, since due to the use of a diagnostic

test with a sensitivity of <100%, survey results gen-

erally underestimate the true herd prevalence [20].

Adaptability of model

The design of the model ensures that it is relatively

straightforward to apply the model to more complex

scenarios than that of simply a herd of adult cattle

grazing in a regular field. For instance, in order to

run the within-herd simulation model with a mixed-

age herd, it is necessary to obtain a set of parameters

for calf shedding behaviour, based on those already

established for adult cattle. This can be achieved

by identifying the major differences in infection be-

haviour between adults and calves (for instance,

calves tend to shed bacteria for a longer period of

time), and then adjusting the adult parameters

accordingly.

In addition, as most herds in the United Kingdom

are housed for at least part of the year, being able

to adapt the model to describe these living conditions

is desirable. While the model does not translate well

for certain types, such as cubicle housing, in which

stalls restrict the movement of the animals, it is

possible to modify the model to describe animals kept

in loose housing. Such housing allows animals to

move freely within the confines of, for example, a

shed. The change to the model is essentially one of

population density and is implemented by reducing

the grid-size to a size consistent with animals having

enough space to comply with minimum comfort

guidelines [21].

The proposed model is based only on the presence

or absence of infection in the grid-square occupied

by a particular animal. It is theoretically possible

to convert the model to one that classifies bacterial

concentrations present in the environment on a semi-

quantitative scale. However, this approach requires

the program to keep track of the infection status of

not just every animal and grid-square, but also every

single infected faecal pat and the resulting increase

in CPU time proved to be prohibitive.

Statistical considerations

The assessment of differences arising from different

simulation runs is problematic. Subject to sufficient

computing power, a sufficient number of realizations

can always be generated to ensure that estimated

means are statistically significantly different at some

arbitrary level of significance. The results presented in

this paper are derived from simulated sample sizes

of 50, a number which should guarantee a high

power to detect differences with potential relevance

to farm management. Results are evaluated in the

context of a hypothesis test : where there is no

statistically significant difference, results should be

interpreted as potentially spurious.
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RESULTS

Baseline scenario

In order to evaluate the efficacy of potential on-farm

control strategies, it is necessary to simulate a stan-

dard grazing scenario against which the control

strategies can be assessed. This baseline scenario

consists of a simulated herd of 20 animals grazing

on pasture. The source of the infection is an infected

animal being introduced into the herd at the start

of the simulation. This choice of mechanism seems

reasonable given the findings of Rahn et al. [22],

who noted that isolates that test positive for E. coli

O157 are more frequently obtained from cattle than

from the farm environment. This section details the

modifications that were required to simulate each of

the evaluated control measures in turn, along with

the results obtained from the model. In order to

establish whether the results obtained are statistically

significant, mean numbers from the baseline scenario

are compared against those obtained from control

measure scenarios at each individual time-point using

a t test. Over a suitable set of temporally congruent

time-points, the P values derived from this exercise

are evaluated using a procedure [23] to control the

expected false discovery rate, which is set to the stan-

dard 5% level. This approach adjusts the significance

of each individual test to allow for the multiple testing

which is taking place.

Herd size

It is plausible that the size of groups in which animals

are managed could influence the infection dynamics

and hence be used as a control measure. Results from

theoretical epidemiology support this view. Taking

one of the simplest stochastic models of endemic

infection, the closed SIS (Susceptible–Infected–

Susceptible) model as an example, since it approxi-

mates the transient nature of E. coli O157 infection

dynamics, it has been demonstrated that the thresh-

olds above which infection invasion and persistence

occur depend on the population size of susceptible

individuals [24, 25].

To test these theoretical results, the model was run

several times, based on the standard grazing scenario,

but using a different herd size each time. The results

can be seen in Figure 3. The mean number of infected

animals in each herd, averaged over 50 runs, are

plotted over a period of just over 4 months. A clearer

picture of the behaviour of the infection process for

a particular herd size could have been obtained by

plotting results generated over a longer time period,

but since a herd is unlikely to be kept in the same field
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Fig. 3. Comparison of the mean number of animals in a herd that are infected, over time, using herds of different sizes,

averaged over 50 realizations.
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for lengthy periods of time, this long-term component

of the evolution of the infection process was dis-

regarded for infection control purposes. In addition, a

purely short-term consideration of control strategies

permits the seasonality often observed in the distri-

bution of shedding levels to be ignored. The initial

drop-off that is observable for all herd sizes occurs

when the initial infected animal, used in every run

to introduce infection, becomes clear of infection.

Following that event, the only contribution to the

mean infection level at each herd size are the non-

primary infections caused by that initial animal.

The mean level of infection in a herd of size 20 was

found to increase to, and persist at, a level of y10%

for the first 3 months following infection, after which

a gradual decline in prevalence is apparent. As the

quasi-equilibrium level is around 1–2 infected ani-

mals, it is inevitable that over time the infection will

die out in an increasing number of realizations, which

explains why a decline in the mean herd prevalence

should occur. Given the results which follow and

the theoretical certainty of infection extinction in a

stochastic model, had the plot been further extended

over time, it is likely to have shown that the ob-

served decrease indicates a genuine downward trend.

Nevertheless, assuming that an infected animal

entered such a herd as soon as the cattle were put out

to grass in the spring, it is unlikely, given the rate

of decline discussed above, that the herd would be

free of infection by the time the animals were due to

be housed indoors again in late autumn. Achieving

infection-free herd status before the animals are

turned in should be an aim, given the large increase in

infection prevalence reported for housed animals [2].

Thus, the simulation model was run using herds

with fewer than 20 animals to investigate the effect of

herd size as a control measure since larger groupings

are likely to result in an increased herd prevalence, as

demonstrated by the realizations obtained for a herd

of size 25. Figure 3 shows that reducing the herd size

to 19 animals has little overall effect on the mean herd

prevalence by the end of the time period considered,

despite the infection persisting at a slightly lower level

for the majority of time. However, a reduction to

18-animal herds results in a large decrease in the level

at which the infection persists over time. Nevertheless,

despite being very low, the mean infection level does

not clearly tend towards zero during the simulated

time-period of interest. It is necessary to consider

herds consisting of fewer than 18 animals before

extinction can reasonably be expected to occur within

4 months of initial infection. At the upper extreme,

it is found that comparing the mean number of

shedding animals for the scenarios with group sizes

20 and 25, over the 66 days from day 60 to the end

of the study, controlling the false discovery rate to

equal 5%, the mean numbers in the two groups are

statistically significantly different on 21 days, in each

case the group of size 25 having the higher mean

prevalence. At the lower extreme, it is found that

comparing group sizes 20 and 12, over the 66 days

from day 60 to the end of the study and again con-

trolling the false discovery rate to equal 5%, the

mean numbers in the two groups are statistically

significantly different on every day, in each case the

group of size 12 having the lower mean prevalence.

Hence, consistent with related theoretical results

[24, 25], a dependency has been demonstrated be-

tween herd size and infection level, in that the lower

the herd size, the lower the expected infection level at

any particular time-point and therefore, a shorter

time to extinction ensues.

Niche engineering

Another potential method for controlling infection

is to improve the quality of on-farm hygiene. This

modification of environmental factors found to be

important in controlling susceptibility to coloniz-

ation, level of exposure, or maintenance of the reser-

voir of infection in a herd is referred to as niche

engineering [26]. Given the nature of the farming

industry, it would be virtually impossible to maintain

a completely hygienic farm. Fortunately, the spatio-

temporal clustering of shedding cattle suggests there

could be point sources of infection, which might be

environmental [27]. This suggests that concentrating

efforts on the regular cleaning of a certain few key

areas could be beneficial in controlling the infection.

Of all the sites in the farm environment, feed

mangers and water troughs have been found to gen-

erate the highest rates of samples that test positive

for E. coli O157 [22]. In fact, up to 10% of water

troughs have been found to be contaminated [28].

Focusing on water troughs in particular, it is likely

that cattle are responsible for the frequent contami-

nation of these items, as infected faecal matter

and saliva can find their way into the water when the

animals drink. It has been found that the detection

of E. coli O157 in animal drinking water is often

preceded by, or occurs at the same time as, detection

of at least one positive animal within a herd [29].
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Indeed, in addition to the large numbers of positive

samples, there is much other evidence which suggests

that water troughs may play a significant role in

animal-to-animal transmission. For instance, positive

animals tend to have shared the same water supply

[30], herds containing infected animals tend to have

been supplied drinking water in larger tanks, and

when animals have been found to shed multiple

strains of E. coli O157 only the strains detected in the

drinking water have persisted on the farm [29].

In addition, a study by LeJeune et al. [27] has

found that E. coli O157 can persist in the water of a

drinking trough for over 6 months and still have

the ability to colonize cattle. Hence, water troughs

can act as long-term reservoirs of the infection with

the potential to infect cattle over a long period of

time. Fortunately, the wide variability in contami-

nation levels of water troughs across farms suggests

that these levels could be reduced if subjected to

appropriate management controls [31].

LeJeune et al. [27] found that chlorination of

the water resulted in a significant reduction in the

concentration of bacteria, although this strategy did

not reduce the levels of bacteria contained in the

sediments of these troughs. Therefore, to ensure an

almost complete elimination of all bacteria present

in the drinking water, it appears that it may be necess-

ary for farmers to thoroughly clean and disinfect

each trough, not replenishing, but replacing existing

water with clean drinking water. This could prove to

be a time-consuming task depending on the number

of water troughs present on a particular farm and the

frequency of these actions.

To determine whether this extra work would

indeed help to control the on-farm level of infection,

it was decided to compare scenarios in which the

water troughs were cleaned out at different fre-

quencies against the standard grazing scenario in

which no control measures were employed. The time

intervals between cleaning events for the two control

scenarios investigated were selected to be 1 month

and 1 week. In the standard grazing scenario, water is

freely available from a single site, and so in order to

model a cleaning event, it was assumed that any

contamination present in the grid-square in which the

drinking water was located would be removed by

the cleaning action. Therefore, the environmental

contamination status of the relevant grid-square was

set to zero (i.e. non-contaminated) at each cleaning

event. Thus, this occurred every 7 simulated days

in the cleaning scenario which involved thorough

cleaning of the water trough once a week, and every

30 days for the monthly cleaning scenario. The results

obtained from running these simulations can be seen

in Figure 4, where the mean prevalence in each of the

herds, averaged over 50 runs, is plotted over time.
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An inspection of the plot reveals that the prevalence

of infection for the monthly cleaning scenario in-

creases at approximately the same rate as the standard

scenario, except that just after each 30-day period the

prevalence can be seen to level off for a short period

of time, before increasing again as the effect of the

cleaning event wears off. Therefore, under this clean-

ing scenario, the proportion of infected animals in a

herd reaches the same maximum observed under the

standard scenario, although the overall time taken

to reach this maximum is roughly doubled (120 days

compared to 60 days). Comparing the standard

prevalences with the monthly cleaning prevalences, at

no single time-point is there any evidence of any

statistically significant differences between the groups.

Thus, the only effect of this level of cleaning is to

reduce the probability of further animals becoming

infected for a short period each month. However,

under the more intensive weekly cleaning scenario,

the herd prevalence peaked earlier, and more im-

portantly, at a lower maximum level (approximately

7.5% after 80 days), before declining towards extinc-

tion. However, comparing the standard prevalences

with the weekly cleaning prevalences, at no single

time-point is there ever any evidence of any statisti-

cally significant differences between the groups. The

result should therefore be interpreted in a qualitative

sense : the pattern of behaviour is consistent over time,

and a greater number of simulations would be likely

to give rise to statistically significant results.

Improved housing hygiene

Having found, in the previous section, that niche

engineering can provide a means for reducing the

within-herd prevalence of infection, it was decided to

investigate the efficacy of the method for the several

months of the year for which many cattle are housed

indoors.

Two different approaches to cleaning were con-

sidered. The first approach, identical to the method

described in the previous section, involved the

thorough cleaning of potential environmental reser-

voirs at prescribed intervals. Therefore, assuming that

the water trough was again the key site of interest, and

there was only one water trough in a typical housed

area, a cleaning event could be modelled in a similar

fashion to before. Hence, any contamination present

in the grid-square in which the water trough was

situated was deemed to have been removed by the

cleaning event and so, at the relevant time-points,

the environmental contamination status of this

particular grid-square was set to zero (i.e. non-

contaminated).

In practice, farmers often pack extra layers of

bedding over existing layers, instead of the more

hygienic option of first removing the existing bedding,

before cleaning and replacing with fresh material.

Obviously, the second option is preferable, when

considering the potential to reduce infection, since

because the herd is housed in a constrained area

indoors, this option allows virtually all environmental

contamination to be removed. Such a management

practice would involve a considerable amount of extra

work, and in addition, the cattle would have to be

held in a clean holding area while the cleaning took

place. Nevertheless, the method has the potential to

significantly reduce the effect of environmental con-

tamination on the within-herd prevalence. Assuming

that any water troughs or other foci of infection

would be cleaned at the same time, a cleaning event

in this scenario was modelled by assuming that all

contamination present anywhere within the entire

grid would be removed. Thus, at the appropriate

time-points, the environmental contamination status

of every grid-square was set to zero.

The effects of each cleaning approach (either

cleaning just the key environmental reservoirs or

cleaning the entire housed area) implemented at

both weekly and monthly intervals were investigated,

and therefore, four different control scenarios were

considered in all.

The simulation model was modified to run under an

indoor scenario as outlined in the Methods section.

This resulted in a two orders of magnitude reduction

in the amount of space available to each animal

compared with the standard grazing scenario, and

therefore an increased prevalence of infection, as

a result of increased contact and greater volume of

environmental bacterial ingestion, might be expected,

all other things being equal.

The plot of the mean prevalence in the herd

averaged over 50 runs, obtained from the baseline

scenario in which no controls are applied, can be seen

in Figure 5. The maximum prevalence reached,

over the time period for which results are plotted,

is y50%, which far exceeds the standard grazing

scenario maximum of roughly 11%. In addition, the

prevalence rate appears to be still increasing at the

end of the simulated time, although over 4 months

have passed since the infection was first introduced

into the herd. It is clear that effective control measures
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are particularly important in reducing the level of

infection in housed animals.

The effects of the four proposed control measures

are also plotted in Figure 5. Targeting of key potential

reservoirs of infection at monthly intervals appears to

have little effect when the associated mean prevalence

is compared to the standard prevalence rate. Towards

the end of the plotted time, this mean prevalence

under control is actually slightly greater than the

standard prevalence, although this is probably due

to stochastic variability within the runs. Comparing

the mean number of shedding animals for the

scenarios with no cleaning and a monthly water

cleaning, at no single time-point is there any evidence

of any statistically significant differences between the

groups. However, cleaning out the water trough at

weekly intervals results in a dramatic reduction in the

proportion of animals within the herd that become

infected; the prevalence is almost half that observed

under the standard scenario, at all points in time.

Comparing the mean number of shedding animals

for the scenarios with no cleaning and a weekly water

cleaning, over the 96 days from day 30 to the end of

the study, and controlling the false discovery rate to

equal 5%, the mean numbers in the two groups are

statistically significantly different on each of the 96

days, in each case the group subject to weekly water

cleaning having the lower mean prevalence. These

results are encouraging because they show that even

when a large proportion of a herd is infected, and thus

are potentially shedding large amounts of bacteria

into the environment, the relatively simple action

of cleaning out the drinking water receptacle and

refilling with fresh water could be highly effective

in reducing the prevalence if carried out sufficiently

frequently.

The second cleaning approach involves the clean-

ing of the entire floor area, in addition to other

potential environmental reservoirs such as the water

troughs. However, when this approach was per-

formed monthly, it could be seen that this control

measure is again not effective in reducing the standard

prevalence. Therefore, given the amount of work

required to carry out this cleaning approach and the

corresponding lack of success in prevalence reduction,

this control measure could not be recommended

if implemented at monthly intervals. Implementing

this second cleaning approach on a weekly basis re-

sults in a marked reduction in the herd prevalence.

Comparing the mean number of shedding animals

for the scenarios with no cleaning and a weekly

clearout, over the 96 days from day 30 to the end of

the study, and controlling the false discovery rate to

equal 5%, the mean numbers in the two groups are
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Fig. 5. Comparison of the mean proportion of a herd of size 20 that is infected, over time, housed indoors using several
cleaning scenarios.
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statistically significantly different on each of the 96

days, in each case the group subject to a weekly clear-

out having the lower mean prevalence. The decrease,

as expected, is even greater than that associated with

weekly cleaning of water troughs, with the mean

control prevalence being cut to less than half the level

of the standard prevalence, at all points in time.

However, comparing the mean number of shedding

animals for the scenarios with a weekly water cleaning

and a weekly clearout, at no single time-point is there

any evidence of any statistically significant differences

between the groups.

The similarity of the results obtained from the

two different cleaning approaches suggests that

the important factor, with regard to controlling the

infection, is the frequency at which these potential

control measures are implemented. This seems

sensible since even if a particular cleaning event is

successful in removing every single bacterium existing

within the environment of a herd, if infected animals

are present within the herd, there remains a significant

potential for bacteria to be shed by these animals,

resulting in a rapid recontamination of the environ-

ment.

Nevertheless, the stringency of the cleaning

approach also influences the size of the effect on the

prevalence, but while the optimal hygiene-based con-

trol strategy involves the thorough cleaning of the

entire environment of the herd, the results are similar

to those from the alternative strategy. A strategy

which concentrates effort on removing contamination

from key environmental reservoirs, on a more fre-

quent basis may present the optimal balance of costs

and benefits.

Vaccination

The simulation model can also be used to consider the

potential effects of hypothetical control measures

currently in development. One such control measure

is vaccination. Although several groups are known to

be working on E. coli O157 vaccines for cattle, the

most recent developments in this area involve the

identification of viable candidate strains [32], and

hence, an effective cattle vaccine is not yet available.

Nevertheless, the within-herd simulation model can

be used to quantify the likely effect of vaccination in

reducing the level of infection within a herd.

To model this hypothetical scenario, it is necessary

to determine the control mechanism operating for

a typical vaccine. Ideally, vaccines are being sought

which completely inhibit the growth of E. coli

O157 in vivo. However, if such a vaccine was

developed, this would result in the mathematically

trivial situation in which any infection introduced

into a herd would rapidly become extinct due to the

effective removal of any bacteria which inadvertently

entered the animals. A more realistic and interesting

situation is the case where a vaccine is not entirely

effective in inhibiting the colonization of E. coli

O157. It is assumed that the ‘stifling’ effect of a

vaccine would result in a reduced level of shedding,

and therefore the model is used to investigate whether

even a modest reduction in shedding could have

an impact on the within-herd dynamics of the infec-

tion, as has been previously suggested by other

authors [31].

Since vaccination is currently a purely hypothetical

control measure, there is only limited information

about the likely biological effects. Given that pre-

liminary results from developmental vaccines indicate

that a 60% reduction in shedding can be achieved

[33], it is decided to adopt the assumption of Jordan

and colleagues [34] that the concentration of bacteria

in the faeces of vaccinated animals is likely to be

half that of unvaccinated animals, in order to re-

parameterize the model.

The key modification that is required is an adjust-

ment of the proportion of shedding animals that

are likely to fall into each of the shedding categories

illustrated in Table 1. Since the shedding duration

typically decreases as the challenge level is reduced

[19], the proportions were selected on the basis that a

60% reduction in shedding levels would ensure that

no animals would shed for more than 1 month, as

detailed in Table 2. When an animal becomes in-

fected, the exact length of time for which it remains

infected and thus sheds infected faecal pats is simu-

lated using the algorithm outlined above in the

Methods section, but using the parameters listed in

Table 2.

The lower concentrations of bacteria likely to be

found in faeces following vaccination is likely to also

have an effect on two other parameters. First, the

Table 2. Details of the proportions of animals that

fall into each shedding pattern following vaccination

Shedding class 1 week 1 month >2 months
Category range 3–10 days 22–38 days 56–69 days

Proportion of
animals

0.5 0.5 0
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additional length of time for which an infected animal

remained infected following a re-infection event is

reduced from 1 week to 100 h to reflect the lower

challenge likely to be posed at the re-infection event.

Second, the length of time for which an infected faecal

pat remains viable in the environment is also reduced

from 720 h to 360 h, since pats containing lower con-

centrations of bacteria have shorter ‘survival ’ times

[35]. These reparameterizations involve an implicit

assumption that the decay in infectivity is broadly

linear with respect to time. This is a strong assump-

tion, but no data are available to justify any more

realistic but complex model relating shedding levels

to ‘survival ’ times.

Prophylactic use

The simulation model is used to assess the effects of

vaccination under two different scenarios. The first

scenario, labelled ‘A’, involves an infection entering

a herd of vaccinated animals. It is assumed that the

source of the infection was a bought-in infected cow,

which is vaccinated on arrival. Hence, this scenario

considers the effect of a vaccine when used as a

prophylactic.

The results from this scenario can be seen in

Figure 6, where the mean prevalence in the herd,

averaged over 50 runs, is plotted against time and can

be compared against the equivalent mean for the

standard grazing model, in which no control measures

are imposed. Clearly, vaccination has a dramatic

effect in controlling the spread and eradicating the

infection, as the maximum mean level of infection

within the herd, following the initial drop-off, never

exceeds 3%. Comparing the mean number of shed-

ding animals for the scenarios with no vaccination

and vaccination scenario ‘A’, over 96 days from

day 30 to the end of the study, controlling the false

discovery rate to equal 5%, the mean numbers in

the two groups are statistically significantly different

on 91 of the days, in each case the group subject to

vaccination having the lower mean prevalence. The

failure of the proportion of secondary infections in

a herd of size 20 to exceed 0.05 indicates that, in

this scenario, vaccination will allow the farmer to

maintain an R0 that lies <1, where R0 can be defined

as the average number of secondary cases that are

produced in a completely susceptible population by

one infected individual [36]. It can also be inferred

that infection was eradicated from the herd in every

realization which contributes to the mean within

3 months of the infection having been introduced. In

the majority of the realizations, the length of time

to extinction was considerably shorter.
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Fig. 6. Comparison of the mean proportion of a herd of size 20 that is infected, over time, under two different vaccination

scenarios.
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Post-outbreak control use

The second vaccination scenario, labelled as ‘B’,

considers the situation where infection enters a herd

and is able to spread between the animals until it is

detected, at which point the entire herd is vaccinated.

In order to investigate such a scenario, it was necess-

ary to run the simulation model using the standard

grazing model parameters initially, and then switch

to the vaccination parameters at the time-point at

which vaccination of the herd was assumed to occur.

It was decided to assess the effect of administering

vaccination 60 days following initial infection, since

at this point the herd prevalence in the standard

model has reached its maximum, and therefore is

within the typical range in which vaccination, if used

as a control measure, would be implemented. Besides

which, given that in this scenario vaccination is used

as a control measure, the higher the prevalence the

more likely the infection is to be detected. This is

therefore also the time-point associated with the

highest probability of detection.

The results obtained from this simulation exercise

can again be seen in Figure 6, where the mean infected

proportion of the herd, averaged over 50 runs, has

been plotted over time. The first half of this plot is

very similar to that of the standard grazing scenario,

since they represent mean proportions obtained from

exactly the same process, as identical parameters were

used. It is interesting to note that the stochastic effects

cause the mean values to vary by up to 4% at any

particular time-point. This difference could be re-

duced by increasing the number of runs contributing

to each mean, although the number of runs was

restricted to 50 for each scenario due to the consider-

able amount of CPU time involved in running such

a complex program. Nevertheless, the mean generated

from the vaccination ‘B’ scenario generally lies within

1 standard error of the mean derived from the stan-

dard, no-controls, scenario over the relevant initial

60-day period. Indeed, comparing the scenarios with

no vaccination and vaccination scenario ‘B’, at no

single time-point is there ever any evidence of any

statistically significant differences between the groups.

Looking at the latter half of the plot, the effects

of vaccination can be clearly observed; in the stan-

dard grazing scenario, the maximum decrease in

prevalence over the second 60-day period is 3%,

while the maximum decrease in the vaccination ‘B’

scenario, over the same time-period, is 11%. This is

reflected in the P values, which are latterly dropping

rapidly and could be taken as evidence of an increas-

ing divergence between the two sets of scenarios.

Indeed, if the decline of the mean herd prevalence

continued at the same rate in the vaccination realiz-

ations, it is possible that extinction of the infection

could be achieved within one further month. By con-

trast, there is no evidence to suggest that infection

extinction will occur in the immediate future in the

unvaccinated realizations.

DISCUSSION

A simulation model of a herd of cattle that takes

into account the location of the animals and environ-

mental contamination has been developed in order

to investigate the infection dynamics of E. coli

O157. The model is flexible and can be applied to a

wide range of management scenarios or even adapted

for other pathogens. However, the key interest in

developing this model has been to assess the efficacy

of potential control measures.

One such measure is a restriction in the size of

herds. In particular, the model is used to investigate

the existence of a threshold for infection persistence

and demonstrates that the level of infection and

the overall duration for which a herd is infected can

be reduced by decreasing the number of animals that

are grouped together. However, for practical reasons,

farmers are unlikely to split their animals up into

groups of say, 10 or fewer animals. Indeed, while the

average group size in a recent survey, which sampled

groups containing animals about to enter the human

food chain, was found to be approximately 20 animals

[2], herds on dairy farms can easily exceed 100 animals

[37]. Since infection with E. coli O157 does not appear

to affect the health and productivity of cattle, the

considerable extra work imposed on farmers in

having to manage several smaller groups instead of

one large one would not be rewarded by significant

economic benefits. Furthermore, there is some evi-

dence in the literature of studies where the results

appear to contradict those obtained in this section.

For example, Wilson et al. [38] and Hancock et al.

[39] both found that herds which contained at least

one infected animal tended to be smaller than non-

infected herds.

The full explanation for these contradictory results

is unknown, although there are a variety of possible

reasons. Leaving aside the possibility that the model

does not fully describe the infection dynamics, there

may be aspects of farm management practice which
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could explain the discrepancy in results and which are

confounded with group size. For instance, on larger,

more commercial farms, it is possible that a greater

emphasis is put on hygiene, and the cleaner conditions

allow infection to be controlled. There may also

exist other possible explanations, but it is clear that

restriction of herd size alone is probably not a serious

candidate for use as the main control measure on

farms.

Another control strategy that could currently be

implemented is niche engineering, where the environ-

ment is managed to minimize the presence of bacteria

by, for instance, maintaining strict control over

feeding and bedding, chlorinating water supplies and

cleaning water troughs. Such measures are evaluated

for both grazing and housed scenarios, with particular

emphasis being placed on the cleaning of water

troughs.

The simulation model demonstrates that frequent

cleaning of certain key areas could control the level

of infection due to the resulting slow rate of infection

spread through the herd, and the correspondingly

reduced number of animals infected overall. Given

that many grid-squares probably become re-infected

prior to the next cleaning event, the key to success

is in minimizing the length of time for which more

‘attractive ’ grid-squares, such as those which contain

water and feed supplies, remain infected. Therefore, it

is anticipated that the shorter the interval between

cleaning events, the higher the level of control that

can be achieved. Obviously, diminishing returns will

exist, and it is likely that an optimal strategy would

involve cleaning ‘attractive’ grid-squares at a fre-

quency such that the consequent risk of infection that

they pose to animals is reduced to a level which is

equivalent to that posed by ‘ordinary’ grid-squares.

One possible improvement that could be made to

the simulation model, with a particular impact on

assessing the efficacy of the cleaning strategies defined

above, would be to attempt to separate the risk of

infection transmission from the grid-square in which a

particular water trough is located from that of the

water trough itself, i.e. model the water trough as a

separate entity from the immediate vicinity. This has

not been done in this model because, although the

mechanisms of transmission both to and from the

water trough are believed to have been established,

there is a dearth of information available quantifying

how often such transmission events might occur, and

crucially, the concentrations of bacteria involved. The

results of LeJeune et al. [27], discussed above, suggest

that E. coli O157 bacteria have an ability to survive

in water for longer than if the organisms were con-

tained in faecal pats or in soil. Therefore, the presence

of a longer-term bacterial reservoir in an area

inhabited by cattle would be expected to increase

the prevalence of infection within the standard, no-

controls, grazing scenario. Thus, implementing any

measure, such as the cleaning strategy outlined in

the Niche engineering section above, which, even

temporarily, eliminates the risk from such reservoirs

is likely to result in an even greater beneficial effect

on infection levels than has been demonstrated with

the existing model.

An advantage of mathematical modelling is that,

despite the fact that a suitable vaccine remains to be

fully developed, the potential efficacy can be assessed

by making plausible assumptions regarding the likely

biological effect. While the results indicate that the

use of vaccination as a prophylactic would be very

successful in restricting the spread of the infection,

given the costs involved in mass vaccination, this

control measure is unlikely to be introduced volun-

tarily. Hence, a scenario in which vaccination is used

as a treatment to reducing the prevalence in highly

infected herds is also considered. Again, the results

suggest that vaccination could be a very effective

means of reducing even high prevalences. These

results were generated assuming that the vaccine

involved had the ability to reduce the proportion of

long-term shedders to zero, and (through reducing

bacterial shedding levels by 60%) approximately

reduce by 50% the time for which faecal pats are

infective. However, it is possible that vaccines could

be developed with even greater capacities to inhibit

the growth of E. coli O157, in which case the effects

would be even stronger. Nevertheless, on the basis

of these results, it can be concluded that the use of

a vaccination programme shows great potential as a

control measure. Further research in this area should

be strongly encouraged. However, it is worth noting

that the implementation of a vaccination scheme,

even if restricted in use only to herds with high

prevalences, is likely to be exceedingly costly, given

that the farmer will receive no economic benefit from

the exercise.

CONCLUSIONS

We have found that vaccination and targeted cleaning

of the local environment are particularly effective

strategies in reducing levels of infection within a
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group of cattle. However, the list of control measures

evaluated by the simulation model is not exhaustive.

There are many other possible measures including

the control of contact between calves and cows,

the choice of communal housing used and manure

management [22]. In fact, it is likely that the most

successful strategy will involve the implementation

of a combination of several measures. The model

described in this paper could potentially have an

impact on the decision-making process involved in

the selection of an appropriate control strategy,

and may be of particular use in evaluating the effect

of combinations of different strategies within an

integrated control policy.
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