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SUMMARY

Mathematical models are constructed to investigate the population dynamics of Verocytotoxin-

producing Escherichia coli (VTEC) serogroups O26 and O103 in two different calf cohorts. We

compare the epidemiological characteristics of these two serogroups within the same calf cohort

as well as the same serogroups between the two calf cohorts. The sources of infection are

quantified for both calf cohort studies. VTEC serogroups O26 and O103 mainly differ in the rate

at which calves acquire infection from sources other than infected calves, while infected calves

typically remain infectious for less than 1 week regardless of the serogroups. Fewer than 20% of

VTEC-positive samples are the result of calf-to-calf transmission. PFGE typing data are available

for VTEC-positive samples to further subdivide the serogroup data in one of the two calf cohort

studies. For serogroup O26 but not O103, there is evidence for unequal environmental exposure

to infection with different PFGE types.

INTRODUCTION

Verocytotoxin-producing Escherichia coli (VTEC)

are regarded as emerging pathogens that cause several

gastrointestinal illnesses in humans and animals,

ranging from mild diarrhoea to much more severe

diseases such as haemorrhagic colitis (HC) or hae-

molytic uraemic syndrome (HUS) [1–5]. Cases of hu-

man VTEC infection are increasingly common with

serogroupO157 being the dominant type in theUnited

Kingdom and Northern America [2, 6, 7], while other

serogroups such as O26, O103, O111 and O145 have

also been isolated [8]. Most human VTEC infections

are thought to arise from contacts with contaminated

sources such as farm animals, pets, food and water

[2, 9–12]. This finding, together with the high VTEC

prevalence within cattle herds [13, 14] and the associ-

ation between human cases and farm densities [15],

suggest that cattle are potential reservoirs for human

VTEC infections. However, the sources and the epi-

demiological dynamics of different VTEC within

cattle populations are mostly unclear and therefore

require further investigation.

Given the importance of VTEC in causing human

and animal diseases, several methodologies have been
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developed for their recovery from contaminated

sources including PCR–DNA probe hybridization

[2, 16], immunomagnetic separation (IMS) [17, 18]

and monoclonal ELISA [19]. The sensitivity of VTEC

detection, which can be defined as the probability of

an infected sample testing positive, varies between

different approaches from as low as 55% to a much

higher level of 94% [20]. Thus, it is important to in-

vestigate whether the issue of test sensitivity affects

our assessment of the epidemiological characteristics

of VTEC.

Motivated by the above, longitudinal studies were

carried out on two Scottish beef farms to monitor

the spread of VTEC serogroups O26 and O103 in

different calf cohorts. In order to investigate the sen-

sitivity issue two methods were used for isolating

serogroup O26 in one of the farm studies. A subset of

VTEC-positive samples from one of the calf cohort

studies also had their PFGE types determined. The

objectives of this paper are thus: (1) to fit mathemat-

ical models to the observed data and then estimate

epidemiological parameters relating to the duration

and transmissibility of VTEC O26 and O103

infections; (2) to quantify the sources of individual

infections; (3) to compare the epidemiological

characteristics of VTEC O26 and O103 within the

same calf cohort studies, and the same VTEC sero-

groups in two different calf cohorts ; (4) to fit math-

ematical models to different datasets obtained from

different detection methods for serogroup O26 in the

same cohort, and see how our conclusions regarding

the epidemiological characteristics of serogroup O26

can be affected by test sensitivity ; and (5) to determine

whether the heterogeneity in the PFGE types of iso-

lates reflects that in the environment, or is generated

via the calf-to-calf transmission processes.

METHODS

Data description

Two calf cohort studies, CC1 and CC2 (representing

the first and second calf cohort studies respectively),

were carried out on two Scottish beef farms in

autumn 2001 and spring 2004 respectively. In CC1,

faecal samples were taken from 49 calves once a week

from birth for 17 weeks. A slide agglutination test

with TBX agar was used to detect VTEC serogroups

O26 (hereafter CC1 TBX O26) and O103 (CC1

TBX O103) in all faecal samples. Of a total of 570

faecal samples collected, 100 were positive for

serogroup O26 and 27 were positive for serogroup

O103 (Fig. 1).

In CC2, faecal samples were taken from 41 calves

once a week from birth for 19 weeks. A slide aggluti-

nation test with TBX agar was used to identify VTEC

serogroups O26 (CC2 TBX O26) and O103 (CC2

TBX O103). Of a total of 686 samples collected, 31

were positive for serogroup O103 and 154 for sero-

group O26 (Fig. 1). Another slide agglutination test

with rhamnose agar, which is known to have good

sensitivity and specificity for isolating VTEC sero-

group O26 [21], was also used to detect serogroup O26

(CC2 Rh O26). It was found that 281 out of 686

samples collected were positive (Fig. 1). Furthermore,

134 out of 281 O26-positive samples isolated with

rhamnose agar failed to be detected with TBX agar

and seven out of 154 O26-positive samples isolated

with TBX agar failed to be detected with rhamnose

agar.

In CC2, all isolates of VTEC serogroups O103 had

their PFGE patterns determined by using methods

described previously (see [22]). For serogroup

O26, PFGE patterns were also obtained for a sub-

collection of samples testing positive for serogroup

O26 using both TBX and rhamnose agars. For VTEC

serogroup O103, three different PFGE patterns were

characterized and there was a single dominant type

(Table 1). For VTEC serogroup O26, 12 different

PFGE patterns were characterized and there were two

dominant types (Table 1).

Basic model and parameter estimation

We adopt the same methodology used previously [23]

to construct mathematical models and estimate par-

ameter values. We briefly describe the methodology

here. First, we construct a stochastic susceptible–

infected–susceptible (SIS) model for a VTEC sero-

group with cohort structure. A susceptible calf (S) can

acquire infection via two routes. The first is from

another infected calf (I) (including direct and indirect

contacts) at a rate bI, where b is the within-cohort

transmission coefficient. The within-cohort infection

term is considered to be a function of the absolute

number of infectious calves in the limited area occu-

pied by the cohort and we therefore have modelled the

infection process in a density-dependent manner.

Second, a susceptible calf can acquire infection from

sources other than infected calves at a rate h. Such

environmental sources include other infected cattle,

animals and other contaminated objects. An infected
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calf can recover at a rate c to become susceptible. The

basic outline of the SIS process is summarized in

Figure 2 and can be described by the following set of

differential equations:

dS

dt
=xbSIxhS+cI; (1)

dI

dt
=bSI+hSxcI: (2)

Simulations of the model are used to generate samples

from the population at intervals according to the

actual sampling frame employed in CC1 and CC2.

Maximum-likelihood methods are used to estimate

the parameter values and associated confidence in-

tervals [24, 25] : this involves systematically changing

parameter values ; and with every parameter set

1 000 000 model simulations are generated; we then

count how frequently the model reproduces the

observed data. The probability of observing the data,

given the model and parameter values, is then calcu-

lated. The best set of parameter values is the one with

the highest probability of reproducing the data.

Following our previous approach [23], we are re-

quired to define some properties of the data to allow

comparison between model output and the observed

data. These are: (1) the number of positive infections,

which is the number of samples that tested positive for

a particular VTEC serogroup using a particular de-

tection method; (2) the infection week, which is the

number of weeks during which at least one sample
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Fig. 1. VTEC serogroups O26 and O103 isolated from calves plotted by sampling week during the course of both calf cohort
studies. In the figure, CC1 and CC2 represent the first and the second calf cohort studies respectively ; TBX and Rh are the
agglutination tests with TBX agar and rhamnose agar respectively. Each box represents a sample taken from a particular calf

(identified by the labels on the vertical axis) on a particular week (identified by the week number on the horizontal axis).
Empty boxes represent samples with no VTEC serogroups detected. Black boxes represent samples with VTEC serogroups
detected using the agglutination test with TBX agar. In the figure CC2 TBX O26, boxes representing samples testing positive

for VTEC O26 using the rhamnose agar, are shaded in grey ; and samples testing positive for VTEC O26 by using TBX and
rhamnose agars are coloured in black with grey shaded background.
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tested positive; and (3) the number of animals that

ever tested positive for a particular serogroup. Table 2

summarizes the three properties for the data in both

calf cohort studies.

Modelling the sensitivity of agglutination test with

TBX agar in detecting serogroup O26

In CC2, we observed that the agglutination test with

TBX agar failed to detect almost half of O26-positive

samples detected with rhamnose agar. If we ignore

those seven TBX-positive rhamose-negative O26

samples from CC2, we then can estimate the relative

sensitivity when using the TBX agar. Here, we

define such a relative sensitivity as the probability of a

sample testing positive when using TBX agar if it has

already tested positive using rhamnose agar. Among

the 281 samples which tested positive for serogroup

O26 using rhamnose agar, 147 tested positive using

TBX agar, giving a relative sensitivity for aggluti-

nation test with TBX agar of 0.53 (147/281). A new

model (CC2 TBX O26S) can be constructed by in-

corporating this sensitivity into the basic model. We

then fit this model to the dataset CC2 TBX O26 and

determine its epidemiological parameters by using

the same methodology as before. We can then com-

pare the parameters estimated from our basic and

sensitivity models for the dataset CC2 TBX O26 and

investigate the effect of test sensitivity on parameter

estimations.

PFGE type distribution

We extend the basic model to incorporate different

PFGE types in order to explain the observed dis-

tribution of PFGE types in CC2 data. Models for

PFGE types adopt the same basic model of trans-

mission dynamics, cohort structure and sampling

process as before. Whenever a calf is infected via the

environmental transmission route, it then acquires a

PFGE type randomly with equal probability from a

total of M possible types in the environment. Here, we

make a conservative assumption that the number of

different PFGE types observed in the data reflects

those present in the environment. Therefore, the

number of different PFGE types in the environ-

ment, M, is 3 and 12 for serogroups O103 and O26

Table 1. A summary of frequencies of different

PFGE types found in VTEC-positive samples in the

second calf cohort study

PFGE
types CC2 TBX O103 CC2 TBX O26 CC2 Rh O26

A 1

C 1
E 29
I 1 1
K 22 20

L 13 14
M 1
N 2 2

O 1
P 1
Q 1 1

R 2 3
S 1
T 1 1
U 1

The labelling of PFGE types is for the ease of identification
and has no biological meaning. The identities of individual
datasets and their abbreviations are as explained in the main
text.
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Fig. 2. A simple SIS process : a susceptible calf (S) acquires
infection either by the within-cohort transmission route (b)
or the environmental transmission route (h). An infected
calf (I) can regain susceptible status again after recovery (c).

Table 2. A summary of three properties that

describe the datasets for both calf cohort studies

Total

number of
infections

Infection
weeks

Number of

animals ever
infected

CC1 TBX O103 27 12 20
CC1 TBX O26 100 16 44

CC2 TBX O103 31 8 19
CC2 TBX O26 154 17 39
CC2 Rh O26 281 18 41

The identities of individual datasets and their abbreviations

are as explained in the main text.
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respectively. When the acquired infection is from the

within-cohort route (i.e. from an infected calf ), then

the calf acquires the same PFGE type as the source.

Finally, the assigned PFGE type is then lost when a

recovery process occurs.

RESULTS

Best-fit parameter values

The best-fit parameter values for serogroups O26 and

O103 in the two different calf cohort studies are

summarized in Table 3. We illustrate our interpret-

ation of these results for VTEC serogroup O103 in

CC1, and the others can be interpreted in a similar

manner. For serogroup O103 in CC1, the best par-

ameter value for the within-cohort transmission co-

efficient (b) is 0.001/day per calf [95% confidence

interval (CI) 0–0.008] : this implies that a susceptible

calf acquires infection from a given infected calf on

average every 1000 days (1/0.001). For the environ-

mental transmission parameter (h), the best value is

0.017/day (95% CI 0.009–0.035), i.e. a susceptible

calf acquires infection from sources other than in-

fected calves once on average every 59 days (1/0.017).

The best-fit value for the recovery parameter (c) is

0.38/day (95% CI 0.2–0.8), i.e. an infected calf re-

mains infectious for an average of 2.6 days (1/0.38).

The basic reproductive number, R0

With our parameter estimates, we can also calculate

the basic reproductive number R0, which is defined as

the number of secondary infections produced from

one primary infection:

R0=
bN

c
, (3)

whereN is the population size, which equals 49 and 41

for CC1 and CC2 respectively. Table 3 summarizes

values of R0 for different models. Only the model

fitted to the dataset CC2 TBX O103 has a value of

R0>1, others are all <1.

Sources of infection

Simulations of the models with best-fit parameters are

run in order to determine the sources of individual

infections. All of our models but one suggest that

fewer than 20% of O26- or O103-positive samples are

from the within-cohort transmission route (i.e. calf–

calf transmission) whereas this percentage is 82% for

VTEC O103 in CC2 (Table 3). Furthermore, it is also

possible that none of the positive samples in the

datasets CC1 TBX O103 and CC2 TBX O26 are

from the within-cohort transmission route (95% CIs

include zero). For each calf, we also keep a record of

identities of two consecutive positive samples.

Therefore the probability of one sample being positive

as a result of persistence of the positive sample the

week before can be calculated. Table 3 summarize

those probabilities for all models. This probability is

on average about 0.63, but it varies from as low as

0.39 to a much higher level of 0.85 among different

datasets (Table 3).

Table 3. A summary of model results: best-fit values of epidemiological parameters, the basic reproductive

number, percentage of positive samples from within-cohort transmission route and the probability of

consecutive infections due to persistence

Within-cohort

transmission
coefficient b
(per day per calf )

Environmental

transmission
parameter h
(per day)

Recovery
parameter
c (per day)

Basic
reproductive
number R0

Percentage
of positive
samples from

within-cohort
transmission
route

Probability of

consecutive
infection due
to persistence

CC1 TBX O103 0.001 (0–0.008) 0.017 (0.009–0.035) 0.38 (0.2–0.8) 0.13 10% (0–22) 0.75 (0.2–1)

CC1 TBX O26 0.002 (0–0.006) 0.076 (0.055–0.11) 0.4 (0.25–0.6) 0.25 15% (8–23) 0.39 (0.17–0.6)
CC2 TBX O103 0.005 (0.002–0.009) 0.002 (0.0001–0.009) 0.2 (0.07–0.4) 1.03 82% (68–97) 0.85 (0.57–1)
CC2 TBX O26 0.0002 (0–0.003) 0.061 (0.043–0.1) 0.2 (0.13–0.27) 0.04 3% (0–7) 0.68 (0.56–0.8)

CC2 Rh O26 0.002 (0–0.005) 0.125 (0.085–0.2) 0.21 (0.15–0.27) 0.39 20% (15–26) 0.49 (0.4–0.58)
CC2 TBX O26S 0.002 (0–0.006) 0.12 (0.07–0 .2) 0.18 (0.12–0.26) 0.45

Values in parentheses are the 95% confidence intervals for the appropriate model results. The identities of individual datasets
and their abbreviations are as explained in the main text.
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Modelling the sensitivity of agglutination test with

TBX agar in detecting serogroup O26

By using a test sensitivity value of 0.53, we fitted the

sensitivity model (CC2 TBX O26S) to the dataset CC2

TBX O26 and estimated the three epidemiological

parameters. The best-fit values for the within-cohort

transmission coefficient (b), environmental trans-

mission parameter (h) and the recovery parameter (c)

are given in Table 3. These parameter estimates show

reassuring consistency with those for CC2 Rh O26

(Table 3).

PFGE modelling

With equal probability of occurrence for all PFGE

types in the environment, we simulated the PFGE

models 10 000 times. For each realization, we calcu-

lated the variance of numbers of positive samples with

particular PFGE types, and then ask where the vari-

ance calculated from the data is placed within the

simulation distribution. For VTEC serogroup O103

detected with TBX agar, the data variance is 261.3,

which is placed well within the 95% CI of the model

variance (17.3–320.3). For VTEC serogroup O26 de-

tected with TBX agar, the data variance is 56.4 and

falls outside the 95% CI of the model variance

(1.6–13.5). Similarly for VTEC serogroup O26 de-

tected with rhamnose agar, the data variance (45.8) is

not within the 95%CI of the data variance (1.7–12.0).

DISCUSSION

In this paper, we have investigated the epidemiology

of VTEC serogroups O26 and O103 in two different

calf cohorts on different farms. Both calf cohort stud-

ies have shown the environmental transmission par-

ameter to be greater for serogroup O26 than for O103.

This suggests that there may be a higher amount of

VTEC O26 in the calves’ environment than VTEC

O103 on both farms. With the exception of serogroup

O103 detected in CC2, the 95% CIs for the within-

cohort transmission coefficient (b) do include zero,

therefore evidence for transmission of VTEC between

calves is not conclusive. Our results also suggest that,

with the exception of VTEC O103 in CC2, fewer than

20% of O26- or O103-positive samples arise from the

within-cohort transmission route. It has been recently

suggested that VTEC can persist outside their hosts

for an extended period of time in the order of weeks

[26], and VTEC are often found on farm surfaces [27].

Therefore, our findings on the majority of infections

are from the environmental routes are probably

of biologically relevance. Evidence for calf-to-calf

transmission of VTEC O103 in the second calf cohort

is stronger and by visual inspection of the data

(Fig. 1) one can see that positive samples are clustered

in the earlier stage of the study (in weeks 3 and 4). As

for the recovery parameter (c), our results suggest

that VTEC O26- or O103-infected calves remain

infectious for an average of 2.5 days during the first

study, whereas this duration is approximately 5 days

for CC2.

In a previous study Liu et al. [23] fitted similar

mathematical models to data from the first calf cohort

for 12 VTEC serogroups. In contrast to our approach

here, where a model is fitted to an individual VTEC

serogroup, Liu et al. [23] looked at all 12 VTEC sero-

groups collectively. All 12 serogroups were assumed

to be governed by the same epidemiological process

and a best-fit parameter set was estimated. The best-fit

model incorporated heterogeneity in the recovery

parameter, but all VTEC infections were estimated to

be lost in less than 1 week, similar to the results re-

ported here for O26 and O103 alone. Also confirmed

by this study, the previous work suggested there were

some calf-to-calf transmission of VTEC in the cohort

but the majority of VTEC infections were from en-

vironmental sources.

From our estimates of epidemiological parameters,

we can also determine the basic reproductive number

(R0) for VTEC serogroups O26 and O103 for the two

different calf cohorts. Apart from serogroup O103

in CC2, all models have R0 values of <1. This implies

that VTEC are not able to successfully spread in

the calf cohort without the reintroduction of VTEC

from sources other than infected calves. However,

one assumption in all of our models is that the en-

vironmental transmission parameter (h) is constant

throughout our studies. It is possible that the level of

VTEC in the surrounding environment of a calf co-

hort might have spatial-temporal patterns resulting in

clusters of VTEC outbreaks, in which case we would

have over-estimated the within-cohort transmission

coefficient (b) and the basic reproductive number

(R0).

In addition to TBX agar, rhamnose agar was also

used to isolate VTEC serogroup O26 in CC2. Since

rhamnose agar is known to have a good sensitivity

and specificity in detecting VTEC O26 [21], this thus

provides us an opportunity to check on what happens

if we know that the isolation method with TBX agar is

Modelling VTEC 1321

https://doi.org/10.1017/S0950268806007722 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268806007722


missing some O26-positive samples. Both TBX and

rhamnose models produce consistent parameter esti-

mate for the duration of infection. The major differ-

ences are in both transmission parameters with those

for the rhamnose model being much higher than that

for the TBX model. Furthermore, the basic repro-

ductive number (R0) for the rhamnose model is nearly

ten times higher than that for the TBX model

(although still<1). We have also constructed a model

for serogroup O26-positive samples which allows for

imperfect detection with TBX agar. This model gives

excellent agreement with the fit to the rhamnose data

for all three epidemiological parameters. Therefore,

like other host–pathogen systems [28], our results

suggest that test sensitivity is potentially a problem in

characterizing the epidemiology of VTEC.

In CC2, all O103-positive samples and a subset of

O26-positive samples had their PFGE patterns deter-

mined. Among O103 isolates, there was a single

dominant PFGE type, while there were several abun-

dant types among the O26 isolates. We were also

interested in whether there were differences between

different PFGE types in terms of their abundances in

the environment surrounding the calf population. Our

models suggest that a uniform distribution of different

PFGE patterns in the environment can reproduce

the observed heterogeneity in those O103 isolates.

Assuming our finding of a higher calf-to-calf trans-

mission rate for VTEC O103 is correct, then the ob-

served heterogeneity in the PFGE patterns in CC2

could result from chance effects where one PFGE type

was picked up by one calf followed by mini-outbreaks

of this particular PFGE type. However, a uniform

distribution of different PFGE types in the environ-

ment cannot explain the heterogeneity among O26

isolates. Assuming that our finding of little calf-to-calf

transmission of VTEC O26 is correct, then the ob-

served heterogeneity in PFGE distribution among

O26 isolates might be a reflection of that in the en-

vironment.

This analysis is based on just two datasets and we

suggest more longitudinal studies of the same kind are

needed to test the robustness of our conclusions. Even

so, a consistent picture is beginning to emerge from

fitting simple mathematical models to longitudinal

studies of VTEC infection in cohorts of calves. These

infections are short-lived, typically lasting less than

1 week. Despite some variation between serotypes and

between cohorts, VTEC are not usually sufficiently

transmissible to persist in these cohorts without re-

peated introduction from some other source on the

farm. These findings imply that levels of VTEC in-

fection in young cattle can, in principle, be controlled

by reducing contamination of their immediate en-

vironment.
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