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SUMMARY

Determination of the proportion of bovine tuberculosis (bTB) breakdowns attributed to a herd
purchasing infected animals has not been previously quantified using data from the Animal and
Public Health Information System (APHIS) database in Northern Ireland. We used a case–
control study design to account for the infection process occurring in the disclosing bTB
breakdown herds. Cases (N= 6926) were cattle moving to a future confirmed bTB breakdown
where they would disclose as a confirmed bTB reactor or a Lesion at Routine Slaughter (LRS).
Controls (N= 303 499) were cattle moving to a future confirmed bTB breakdown where they did
not become a bTB reactor or LRS. Our study showed that the cattle leaving herds which
disclosed bTB within 450 days had an increased odds of becoming a confirmed bTB reactor or
LRS compared with the cattle which left herds that remained free for 450 days (odds ratio (OR)
= 2·09: 95% CI 1·96–2·22). Of the 12 060 confirmed bTB breakdowns included in our study
(2007–2015 inclusive), 31% (95% CI 29·8–31·5) contained a confirmed bTB reactor(s) or LRS(s)
at the disclosing test which entered the herd within the previous 450 days. After controlling for
the infection process occurring in the disclosing bTB breakdown herd, our study showed that
6·4% (95% CI 5·9–6·8) of bTB breakdowns in Northern Ireland were directly attributable to the
movement of infected animals.
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INTRODUCTION

Tuberculosis is an infectious disease that affects prac-
tically all vertebrates and is caused by acid-fast bacilli
of the genus Mycobacterium. Classically it is defined

as a chronic debilitating disease; however, it occasion-
ally assumes an acute and rapidly progressive course.
Three main types of tubercle bacilli are recognised:
human, bovine and avian with Mycobacterium bovis
being the common cause of tuberculosis in cattle [1].

In Northern Ireland, first attempts at control of
bovine tuberculosis (bTB) began in 1935 (compulsory
since 1959) and despite the current programme of
regular testing and abattoir surveillance, tuberculosis
has remained endemic in the Northern Ireland cattle
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population (1·6 million animals). Within this popula-
tion, there are approximately 285 000 dairy cows
and 279 000 beef cows residing in approximately 23
000 herds with average size of 64 animals [2].
During 2015, the annual herd incidence was 7·15%
(equating to 2095 herds with bTB reactors) with an
annual animal incidence of 0·66% (equating to 11
002 bTB reactor animals). Abernethy et al. [3] pro-
vided a comprehensive review of the Northern
Ireland bTB eradication programme and more
detailed statistics on bTB can be found on the
DAERA (Department of Agriculture, Environment
and Rural Affairs) web site [4].

Movement of infected cattle between herds is con-
sidered an important route of dissemination of bTB.
The proportion of bTB herd breakdowns attributed
to the purchase of infected cattle has been estimated
in Ireland (6–7%) and Great Britain (16%) [5, 6]. In
Northern Ireland, although purchase of beef/store ani-
mals from herds that had a bTB breakdown in the last
3 years was shown to be a risk factor for a bTB break-
down, no quantification of the effect at a national
level was calculated [7]. Other studies that have inves-
tigated cattle movement as a risk factor for bTB
breakdowns have looked at different aspects of this
complicated issue [5, 6, 8–12]. Risk factors that have
been demonstrated include cattle movements from
markets and farm sales [8, 12], cattle purchased
from herds with a higher risk of having bTB [10]
and the severity of the original bTB breakdown [11].

Purchased cattle can either be infected with bTB
prior to joining the recipient herd or become infected
during their residency [13]. Previous studies have not
taken the latter post-movement exposure into account
within their study design [5, 6, 8–13]. The case–control
study presented in this paper was designed to over-
come this issue by ensuring that the cases and controls
were exposed to the same temporal and environmental
conditions and hence negating against effects while
resident in the recipient herd.

This study used the Northern Ireland bTB surveil-
lance programme to investigate the contribution of
cattle movement to overall bTB infection levels.

Study objective

The objective of this case–control study was to quan-
tify the likelihood that the movement of bTB-infected
animals were responsible for future bTB-confirmed
herd breakdowns and to determine their impact at a
population level.

MATERIALS AND METHODS

Study population and study design

The study population consisted of cattle moving to
recipient herds, which would become confirmed bTB
breakdowns, with explanatory variables based on
their previous donor herds. A confirmed bTB break-
down was defined as a herd with at least one
confirmed bTB reactor or a herd with an animal at
routine slaughter that was confirmed as having bTB
through histological or bacteriological examination
(Lesion at Routine Slaughter, LRS). A confirmed
bTB reactor was defined as an animal that had been
interpreted as having a positive result to the single
intradermal comparative tuberculin test (SICTT) and
was also found to have bTB-type lesions at post-
mortem examination and/or was diagnosed as bTB
through histological or bacteriological examination.
The disclosure date of a confirmed bTB breakdown
was the date of a SICTT at which a confirmed bTB
reactor was found or the SICTT herd test date after
disclosure of the LRS.

The cattle traced to confirmed bTB breakdowns
formed the cases and controls for the study. Cases
(N= 6926) were traced cattle that had entered a herd
that would become a confirmed bTB breakdown
where they would disclose as a confirmed bTB reactor
or LRS. Controls (N= 303 499) were cattle that had
entered a herd that would become a confirmed bTB
breakdown but did not disclose as a confirmed bTB
reactor or LRS.

The cattle movements eligible for inclusion in the
study occurred in the period 1 January 2007 to 1
August 2014. This time period allowed for a minimum
of 450 days follow-up of the donor herds after the
departure of the case/control animals (e.g. from 1
August 2014 to 1 January 2016).

In this study, the risk window for each bTB herd
breakdown was initiated on the date of receipt of
the first case animal and finished on the date the
herd became a confirmed bTB breakdown. This risk
window was used to identify cases and controls that
joined the recipient herd. The risk window was limited
to a maximum duration of 450 days (15 months). The
value of 450 days was used as it is an absolute limit
placed on inter-herd test intervals within the
Northern Ireland bTB eradication programme.

For each of the cases and controls, all herds in
which they had been resident during the 450 days
prior to their associated risk window disclosure date
were identified. Any herd supplying both case and
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control animals was excluded from the analysis.
Explanatory variables for this study were based on
the herds in which study animals were resident in
prior to moving to their respective risk windows.

The design compared the number of bTB break-
downs in herds through which case animals had
resided to the number of bTB breakdowns in herds
through which control animals had resided (Fig. 1).
Thus, whether the herds supplying animals into risk
windows have a bTB breakdown within a certain
time period provides information on the previous
environment of the case or control animals. Cases
were resident in one or more herds, before arrival in
the bTB breakdown herd and either entered into the
risk window already infected or became infected in
the bTB breakdown herd. If a higher proportion of
animals became infected within the trace herds com-
pared with the controls, then the rate of bTB break-
down in herds supplying cases will be greater than
those supplying controls. Such a finding would indi-
cate the possible need to enhance the bTB eradication
programme measures in mitigation against this risk to
recipient herds.

Data collection and variable definitions

The identification, movement and test history of all
individual animals were extracted from the Animal
and Public Health Information System (APHIS),
which is managed by DAERA [14].

Explanatory variables defined for the dataset and
linked to the herds supplying study animals where dis-
closure of a bTB breakdown <450 days after the study
animal had left the herd and number of days to the
closest bTB herd test after the animal movement.
Other explanatory variables include local area bTB
incidence in the year of the animal movement, herd
size, movement intensity into the herd in the 90 days
prior to the animal movement, herd type, bTB herd
history and divisional veterinary office (DVO; n = 10).
Disclosure of a bTB breakdown <450 days after the
animal had left a herd was included as a binary vari-
able. Number of days to the closest bTB herd test after
the animal movement was allocated a unit of per 30
days, thus representing a monthly effect. This variable
was included to account for the fact that within the
Northern Ireland bTB testing programme herds mov-
ing case animals will be more likely to have a tracing
test imposed compared with the herds moving control
animals. Local area bTB incidence in the year of ani-
mal movement from a herd was calculated based on a

geographical area called a patch, which is a sub-
division of a DVO that comes under the administra-
tion of a Veterinary Officer (VO). The local area
bTB incidence was calculated as the number of new
bTB breakdowns (breakdowns could be initiated by
bTB reactor disclosure at or confirmed LRS) to total
herds bTB tested in the patch in each of the study
years and expressed as a percentage. Thus for each
patch, the bTB incidence in the year of study animal
movement from a herd was used in the analysis.
Herd size was determined as the number of cattle
tested in the trace herd at the first bTB herd test
after movement of the study animal. Movement inten-
sity was defined as the number of cattle purchased into
a herd in the 90 days before the study animal left the
trace herd and was measured in units of animals per
year. Movement intensity was categorised to five
levels so as to create a zero category for closed herds
and four other levels containing approximately equal
numbers of observations. The zero-level category
selected situations into which no cattle movement
occurred in the 90 days prior to the study animal leav-
ing a herd and represented closed herd management
systems. Herd type was either dairy or non-dairy
with the former defined as having a milk licence and
this was included in the study as a binary variable.
BTB herd history was defined as the presence of a
bTB breakdown (presence of bTB reactor(s) or LRS
(s)) during the 2-year period prior to the movement
of a study animal from the herd and was included in
the study as a binary variable. DVO was a naturally
categorised variable representing the 10 local veterin-
ary administrative areas.

Data analysis

Microsoft Access™ (Microsoft Corporation,
Redmond, WA, USA) and R Version 2.15.0 (The R
Foundation for Statistical Computing) were used for
all data manipulations and StataIC 121 was used for
data analysis. Summary statistics were calculated for
each variable and an initial descriptive analysis of
the dataset completed to provide background infor-
mation. The model framework used in this study
was binary logistic regression using clustered robust
standard errors. The response variable was animals
disclosing with bTB (cases) or not disclosing (controls)
after moving from donor herds to the risk window of

1 StataCorp. 2011. Stata Statistical Software: Release 12. College
Station, TX: StataCorp LP.
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their recipient herd. Explanatory variables for the
analysis were as previously described. The cluster
term used in the analysis was the identifier (official
tag number) for each study animal. Use of this iden-
tifier grouped the herds through which a study animal
moved on their way to a recipient herd. For example,
if an animal moved through two herds prior to it
entering the recipient herd, its identifier linked these
two herds into the cluster term.

The variables number of days to the closest bTB
herd test, local area bTB incidence and herd size
were assessed for their inclusion in the analysis as con-
tinuous, without categorisation. This was initially car-
ried out visually by inspecting their lowess (locally
weighted scatter plot smoothing) curves with a super-
imposed linear predictor. Any of the linear predictors
which showed departures from the lowess curves were
modelled in more detail by spline regression to deter-
mine if piecewise representations provided better out-
come predictors. If a piecewise representation could be
shown to provide a better model than the full linear
predictor for any of the continuous variables, then
the variable was categorised at the cut-off points [15].

An initial univariable analysis was applied to each
variable to determine if they were statistically signifi-
cant, at the P = 0·2 level. As all variables initially cho-
sen for the study were considered important potential

risk factors, they were not immediately removed on
the basis of the univariable analysis result. Instead a
full multivariable model with all study variables was
fitted, so that any variable non-significant in the uni-
variable analysis at the P= 0·2 level and non-
significant at the P = 0·05 level in the multivariable
model would be removed. The variables selected by
this process formed the new full model. In the new
full model, each of the explanatory variables was in
turn individually removed to produce a series of
reduced models; each containing one explanatory
variable less than the full model. Each reduced
model was compared for fit to the full model using
Bayesian information criterion (BIC) comparisons. If
a reduced model provided a better fit than the full
model (i.e. if the reduced model had a lower BIC
value), then the specified explanatory variable was
removed from the analysis [16].

All biologically plausible two-way interactions were
assessed to determine if their addition improved over-
all model fit. Any interaction which improved the
model fit by lowering the BIC value was selected for
inclusion in the final model [16]. A final multivariable
model including selected interactions was compared
with the original full model, without interactions to
determine if their inclusion improved overall fit. A
correlation matrix of all pair wise combinations of

Fig. 1. Pictorial representation of study design.
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variables assessed using Pearson product-moment cor-
relation coefficients implemented in STATA™ was
carried out to assess collinearity. The finalised model
was subjected to a Hosmer–Lemeshow goodness-of-fit
test (decile sub-grouped) to determine how well it
fitted the data.

We calculated the attributable fraction (AFe)
(adjusted for interaction terms) of bTB infection in
individuals exposed to the risk factor of leaving
herds which disclosed bTB reactors or LRSs within
450 days [17]. The population attributable fraction
(PAF) was also calculated for diseased animals (cattle
disclosing as bTB reactors or LRSs in confirmed bTB
breakdowns) attributable to the risk factor of them
leaving herds which had a breakdown within 450
days which in turn allowed calculation of the number
of cases attributed to it [17]. As these cases were either
cattle disclosing as bTB reactors or LRSs in confirmed
bTB breakdowns, if each animal went individually to
a different recipient herd, they would have the poten-
tial to generate the same number of breakdowns.
However, any group of purchased cattle will disperse
to recipient herds as singles, doubles, triples, etc.
meaning they will move to fewer herds than the total
number of animals. To account for this effect, we
applied the movement distribution for all cases to
the sub-group selected as the PAF to determine the
number of bTB breakdowns during the study period
which received diseased animals.

RESULTS

In this case–control study, there were 6926 cases and
303 499 controls drawn from all the Northern
Ireland bTB testing and movement data in the study
2007–2015 inclusive. During this period, there were
12 060 bTB confirmed breakdowns, of which 3695
(31%) had risk windows with case animals. Removal
of risk windows that included herds which supplied
both case and control animals left 2958 (24%) eligible
risk windows. Of the remaining breakdowns, 6773
(56%) had only control animals purchased during
the 450-day period prior to breakdown initiation,
while 1592 (13%) had not purchased any animals dur-
ing the risk window.

Of the three continuous variables assessed for cat-
egorisation (number of days to the closest bTB herd
test, local area bTB incidence and herd size), only
herd size was categorised. Herd size was categorised
at the levels 0–50, 51–100, 101–150, 151–300
and >300 as piecewise representation using spline

regression at these cut-off points provided a better fit
of the data than the continuous representation of the
variable.

In the univariable analysis, statistically significant
variables (P < 0·2) were bTB herd disclosure within
450 days after the animal left the herd, number of
days to closest bTB herd test, local area bTB inci-
dence, herd size, movement intensity into the herd
and local DVO of the case or control animal prior
to move out. The variables herd type and bTB herd
histories were not statistically significant (Table 1).

In the multivariable analysis, all eight explanatory
variables were statistically significant (P< 0·05); thus
satisfying the selection criteria to be included in the
full model. As a result of model fitting, the variables
retained in the final model were bTB herd disclosure
within 450 days after the animal left the herd, number
of days to closest bTB herd test, local area bTB inci-
dence, herd size, movement intensity, bTB herd his-
tory and DVO of the donor herd. Herd type was not
included in the final model as its presence in the full
model did not improve the fit over a reduced model.
BTB herd history was not statistically significant in
the univariable analysis but statistically significant in
the multivariable analysis and its addition to the
model was shown to increase overall model fit. As
bTB herd history fulfilled the selection criteria, it
was retained as part of the final model.

Included in the final multivariable model (Table 2)
was a two-way interaction term acting between the
variables bTB herd disclosure within 450 days after
the animal left the herd and the time period to the
closest bTB herd test after the animal move. This
was the only interaction which improved model fit.
Inclusion of the interaction term meant that the
assessment of the odds ratio (OR) for the variable
bTB herd disclosure within 450 days after animal
movement required interpretation based on the time
period to the closest bTB herd test (Fig. 2).

For a time period to the closest bTB test of 111 days
(median of the variable; IQR 56–189), cattle leaving
herds which disclosed bTB within 450 days compared
with the cattle that left herds that did not disclose bTB
were associated with an odds of becoming a bTB
reactor or LRS of 2·09 (95% CI 1·96–2·22) and this
odds decreased with increasing time since closest
bTB test. For every 1% increase in local area bTB inci-
dence, the odds of an animal becoming a bTB reactor
or LRS in the recipient herd also increased (OR =
1·02: 95% CI 1·01–1·03). Regarding herd size, the
odds of an animal becoming a bTB reactor or LRS
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Table 1. Results from the univariable animal movement case–control study with each of the explanatory variables used as a single fixed level term

Variable Exposure level Odds ratio 95% CI

Categorised variables:
number of case/controls
per level

Non-categorised variables: median
(range 5–95%)

P-valueCases Controls Cases Controls

bTB disclosure <450 days after animal
movement

No 1·00 – 5231 264 569 – – P<0·001
Yes 2·20 2·08–2·33 1695 38 930 – –

Number of days to the closest bTB herd test
after animal movement

Per 30 days 0·92 0·91–0·93 6926 303 499 111 (14–320) 142 (16–347) P< 0·001

Local area incidence: year of animal
movement (%)

Per extra 1% 1·05 1·05–1·06 6926 303 499 7·13 (3·71–16·17) 6·71 (3·21–14·74) P< 0·001

Herd size 0–50 1·00 – 2949 124 840 – – P= 0·001
51–100 0·93 0·87–0·99 1582 72 050 – –

101–150 0·91 0·84–0·98 822 38 306 – –

151–300 1·01 0·94–1·08 1145 48 013 – –

>300 0·89 0·81–0·99 428 20 290 – –

Herd purchase intensity in the 3 months
prior to study animal movement (animals/
year)

0 1·00 – 2548 124 303 – – P< 0·001
1–5 1·17 1·10–1·25 1764 73 325 – –

6–30 1·11 1·04–1·19 1339 58 806 – –

31–100 1·10 1·01–1·21 557 24 594 – –

>100 1·56 1·44–1·69 718 22 471 – –

Herd type Non-dairy 1·00 – 5240 231 052 – – P= 0·368
Dairy 1·03 0·97–1·09 1686 72 447 – –

Presence of a bTB breakdown in the 2 years
prior to study animal movement

No 1·00 – 5847 256 056 – – P= 0·910
Yes 1·00 0·93–1·06 1097 47 434 – –

DVO of herd of study animal 1 1·00 – 548 24 519 – – P< 0·001
2 0·64 0·55–0·74 318 22 342 – –

3 0·93 0·82–1·05 704 34 013 – –

4 0·83 0·74–0·94 671 35 977 – –

5 1·35 1·21–1·51 1312 43 395 – –

6 0·82 0·72–0·93 471 25 757 – –

7 0·63 0·52–0·77 158 11 133 – –

8 1·40 1·25–1·56 1100 35 152 – –

9 1·49 1·32–1·68 716 21 546 – –

10 0·84 0·75–0·94 928 49 665 – –

DVO, divisional veterinary office.
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was lower in all the larger herd size categories com-
pared with the base-level category of 0–50 cattle
(Table 2). Increased purchasing (movement) intensity
showed increased odds of an animal leaving the herd
becoming a bTB reactor or LRS. At a purchase inten-
sity of >100 animals per year in the 3 months prior to
an animal leaving the herd, the odds of it becoming a
bTB reactor or LRS increased compared with animals
leaving herds which did not purchase animals (OR =
1·46: 95% CI 1·37–1·59). With herds that had a bTB
breakdown in the 2 years prior to an animal move-
ment, there was a decreased odds of becoming a
bTB reactor or LRS compared with the cattle leaving
herds with no bTB (OR= 0·85: 95% CI 0·80–0·92).
Animals moving from herds in DVO Enniskillen,
DVO Newry and DVO Newtownards (DVO5,
DVO8 and DVO9) relative to DVO Armagh
(DVO1) had the greatest increase in odds of becoming

a bTB reactor or LRS (OR= 1·35: 95% CI 1·21–1·51,
OR = 1·27: 95% CI 1·14–1·43 and OR= 1·35: 95% CI
1·18–1·53, respectively).

Collinearity assessment between variables showed
there to be no linear correlations between variables
with a correlation coefficient in excess of 0·47, which
was recorded between the variables herd type and
herd size. The Hosmer–Lemeshow goodness-of-fit
test indicated a reasonable fit for the full multivariable
model (P= 0·42).

The AFe in individuals exposed to the risk factor of
leaving herds which disclosed bTB reactors or LRSs
within 450 days was determined using the OR
returned in the multivariable model adjusted for the
interaction term (OR= 2·09: 95% CI 1·96–2·22; AFe

= 0·52: 95% CI 0·49–0·55). Thus, 52% of the bTB
infection in individuals leaving herds which disclosed
bTB reactors or LRSs within 450 days was accounted

Table 2. Results from the final multivariable animal movement case–control study

Variable
Exposure
level

Odds
ratio 95% Confidence

interval

bTB disclosure <450 days after animal movement No 1·00 –

Yes 2·85 2·60–3·12
Number of days to the closest bTB herd test after animal movement Per 30 days 0·95 0·94–0·96
[bTB disclosure<450 days]×[number of days to the closest bTB herd test after
study animal movement]

Per 30 days 0·92 0·90–0·94

Local area incidence: year of study animal movement (%) Per extra 1% 1·02 1·01–1·03
Herd size 0–50 1·00 –

51–100 0·86 0·81–0·92
101–150 0·79 0·73–0·85
151–300 0·84 0·78–0·90
>300 0·70 0·63–0·78

Herd purchase intensity in the 3 months prior to study animal movement
(animals/year)

0 1·00
1 to 5 1·19 1·12–1·27
6 to 30 1·13 1·05–1·21
31 to 100 1·11 1·01–1·22
>100 1·46 1·37–1·59

Presence of a bTB breakdown in the 2 years prior to study animal movement No 1·00 –

Yes 0·85 0·80–0·92
DVO of herd of study animal 1 1·00 –

2 0·68 0·58–0·78
3 0·95 0·84–1·08
4 0·87 0·77–0·98
5 1·35 1·21–1·51
6 0·93 0·81–1·06
7 0·72 0·59–0·87
8 1·27 1·14–1·43
9 1·35 1·18–1·53
10 0·85 0·76–0·95

DVO, divisional veterinary office.
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for by this exposure. Given that there were 6926 cases
and 1695 of them had left herds which had a bTB
breakdown within 450 days, the PAF was calculated
as 0·13 (95% CI 0·12–0·14), or in terms of diseased
cattle which leave donor herds and enter the risk win-
dow of recipients where they will disclose as bTB skin
reactors or LRSs, this has a value (6926×0·13) 900
animals. If the 900 cattle had moved out to the same
distribution of bTB breakdowns as all other case ani-
mals, then 767 breakdowns could be attributed to this
source, or 6·4% (767 of 12 060 confirmed bTB break-
downs; 95% CI 5·9–6·8) of the confirmed bTB break-
downs during the 9-year period of the study. Of the 12
060 confirmed bTB breakdowns, 3695 had an asso-
ciated risk window, meaning that 31% (95% CI
29·8–31·5) of the bTB breakdowns at disclosure con-
tain an LRS(s) or bTB reactor(s) which had joined
the herd within the previous 450 days. Given that
6·4% (95% CI 5·9–6·8) of the confirmed bTB break-
downs receive infected animal(s) in the 450 days
prior to the herd disclosure, the calculated percentage
range of total bTB reactors/LRSs attributable to
them was 1·1% (95% CI 1·0–1·1) to 28·8% (95% CI
28·5–29·1).

DISCUSSION

All confirmed bTB breakdowns in Northern Ireland
currently receive an epidemiological investigation

from their local VO as part of which a judgement is
made as to the most likely infection source. Current
figures indicate that approximately 14% of the
confirmed bTB breakdowns had purchased
bTB-infected animals as their infection source [18].
It must also be noted that the infection source could
not be established in 31% of these confirmed bTB
breakdowns [18]. Our result (6·4% (95% CI 5·9–6·8))
suggested that this might be an overestimation for
purchased infection as a bTB source. The fact that
31% of disclosing bTB breakdowns purchased bTB
reactor(s) or LRS(s) within the previous 450 days
may have biased this as a choice of infection source.

Results of our study indicate that 6·4% (95% CI 5·9–
6·8) of the confirmed breakdowns can be directly attrib-
uted to the movement of infected animals. A similar
value (determined using bTB herd restrictions) was
found in Republic of Ireland (ROI) where 6–7% of the
current herd restrictions were attributed to the recent
introduction of an infected animal [5]. Given the com-
mon environmental conditions and farm demographics
between the ROI and Northern Ireland, agreement on
this figure must provide some validation of the signifi-
cance of this particular disease spread mechanism on
the island of Ireland. The unique feature of our study
design is the ability to control for the infection process
that occurs after the animal leaves a donor/source herd.
This design also allows quantification of infection levels
in cattle as they move from donor to recipient herds.

Fig. 2. The odds ratios for study variable bTB disclosure < 450 days in the presence of an interaction with the number of
days to the closest bTB herd test after animal movement.

3512 L. P. Doyle and others

https://doi.org/10.1017/S0950268817002424 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268817002424


When a herd purchases an infected animal, it has
the potential to spread infection onwards to other cat-
tle within that herd. Respiratory excretion and inhal-
ation of M. bovis is considered to be the main route
by which cattle-to-cattle transmission occurs in
bovines [19]. Other routes of infection for bTB include
ingestion of M. bovis, which is considered a less com-
mon route, while udder infections which can lead to
pseudo-vertical and congenital transmission are con-
sidered relatively rare [19, 20]. Excretion of the infec-
tious agent M. bovis is an intermittent process with
periods ranging from 6 to 25 weeks [19]. Single time
point sampling of nasal and tracheal mucus taken
from reactors with grossly visible tuberculous lesions
also indicated that at least 19% were shedding
M. bovis [21]. Our study investigated movement of
pre-infected animals; however, of equal interest was
the potential consequence of onward cattle to cattle
transmission. The ability of an infected animal to dis-
seminate infection is not a continuous process with
some animals being more effective disseminators
than others [19]. This suggests variability at a herd
level in potential outcomes from receipt of infected
animals. However, given the nature of our data, we
can say that the range of proportion of bTB reac-
tors/LRSs attributable to purchased infected animals
was between 1·1% (95% CI 1·0–1·1) and 28·8% (95%
CI 28·5–29·1).

Movement of infected cattle is only one source of
bTB for a herd. Within the UK, wildlife mainly in
the form of badgers plays a widely debated role in
the transmission and maintenance of bTB. The direct
contribution of badgers to confirmed bTB cattle herd
breakdowns in high incidence areas in England has
been estimated to be 5·7% (bootstrap 95% CI 0·9–
25%) with an overall contribution of badgers, taking
into account onward cattle-to-cattle transmission, of
54% (overdispersion adjusted 95% CI 38–66%) [22].
This work suggests that even though the level of trans-
mission from badgers in these high incidence areas
(5·7%), which is similar to the level of transmission
to herds from purchased animals in our study
(6·4%), the onward cattle-to-cattle transmission from
a badger source appears to be greater. This partly
could be a reflection of management practices
where purchased animals such as beef fattening cat-
tle are batched in such a way that they have less
access to other herd members reducing within-herd
contact. Alternatively, farm biosecurity procedures
may also limit within-herd spread from purchased
animals.

Finding an effective method to prevent infected ani-
mals being traded from one herd to another would
assist in disease control. It would prevent bTB break-
downs directly instigated by movement of infected
animals and prevent onward cattle-to-cattle transmis-
sion in these receiving herds. One such method to
reduce the movement of bTB-infected animals is a
risk-based trading scheme where cattle herds are iden-
tified and ranked according to their risk of being or
becoming infected [23, 24]. One such study, Adkin
et al. identified herd history of bTB, local bTB inci-
dence, herd size and movements of animals onto
farms in batches from high-risk areas as being signifi-
cantly associated with increased probability of bTB
infection on a farm [24]. The risk factors were then
used to award each farm trading cattle in England
and Wales a risk score (rating 1–5) with the aim of
providing information allowing avoidance of risky
purchases. These data are also readily available for
Northern Ireland and a similar methodology could
help reduce the number of bTB-infected animals
traded in Northern Ireland. Indeed, use of informed
purchasing is a tool recommended within the recent
bTB eradication strategy for Northern Ireland [25].

A limitation placed on this study is its dependence
on information from the SICTT and abattoir surveil-
lance. In Irish conditions, it was estimated that the
sensitivity of the SICTT ranged between 68% and
95%, while specificity ranged between 96% and 99%,
although more recent analyses would suggest that
the sensitivity is lower than this [5, 26]. With abattoir
surveillance, it has been reported that the standard
post-mortem examination has a low sensitivity (47%)
for detection of tuberculous lesions [27]. The less
than perfect sensitivity of both the SICTT and abat-
toir surveillance will lead to the misclassification of
infected animals as not infected, leading to an under-
estimate of the movement effect in this study. It is also
important to note that this study investigated cattle
moving from source to receiving herds in officially
recorded moves. Officially recorded movements were
those notified by herd owners to DAERA, with the
vast majority being sales of cattle directly to other
farmers or through markets. Unofficial movements
which could include practices such as unrecorded bor-
rowing or lending of bulls are not factored into the
design of this study. Unrecorded movements would
lead to an underestimation of the movement effect
in this study as they would initiate infections which
would have then been attributed to other sources.
Green et al. used a model to estimate movement-based
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transmission of bTB in British cattle. In their work,
they stated that 9% of herd transmissions were unex-
plained; this group included infections where source
was spread from unrecorded movements [6].

CONCLUSIONS

Farms in Northern Ireland tend to be geographically
fragmented and frequently have a business model
dependent on trading of live animals with obvious epi-
demiological disease consequences [3]. Veterinary
investigations into the source of confirmed bTB break-
downs in Northern Ireland (2002–2015) indicated that
no source was established in 31% of cases, 29% were
due to local spread, 15% were due to badgers, 14%
were due to purchased animals, 7% were due to recru-
descence and 4% from other sources [18]. Although
this study reported a lower percentage of breakdowns
directly attributed to the purchase of bTB-infected
animals (6·4%), they still equated to almost one in
15 bTB breakdowns, making this a significant source
of infection. It is also important to acknowledge that
the purchase of infected animals will not always lead
to the same outcome in different herds, and at an indi-
vidual herd level, there could be great variability in the
breakdowns initiated from this source. For this rea-
son, it is important that policy makers take cognisance
of this source of infection and apply rational options
to combat it. Employment of mitigating measures
such as risk-based trading options is an especially use-
ful tool as they engender an empowered culture where
decisions can be implemented based on fact.

SUPPLEMENTARY MATERIAL
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