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Bovine Tuberculosis: Statistical Modelling 
of Single Animal Breakdowns 

M.C. O'Sullivan and J.J. O'Keeffe 

Introduction 
The screening test which is used in the 
Bovine Tuberculosis Eradication Scheme in 
Ireland is the Single Intradermal 
Comparative Tuberculin Test (SICTT). It is 
estimated that, of the 10 million animal 
tests carried out each year, 5,000 to 10,000 
give a "false-positive" result. This is due to 
the ability of the test to correctly identify 
negative animals (the specificity) being less 
than 100%. It is considered that, in 
particular, herd breakdowns arising from a 
single animal being deemed a test reactor 
should be examined with a view to 
determining whether there is in fact 
tuberculosis in the herd. In this regard, the 
Department of Agriculture and Food 
(DAF), in line with amended EU rules, 
initiated a policy m 1996 for these 
"singleton herds". These are herds in 
respect of which certain risk criteria 
indicate that there is no underlying 
infection; such herds are subjected to a 
modified testing and restriction regime. 

The criteria for inclusion in the programme 
are: 

a) the lymph nodes of the reactor animal 
show no visible lesions on post-mortem 
inspection, and must be culture-negative 
in the laboratory; 

b) the difference in skin thickness between 
the bovine and avian sites does not 
exceed 12 millimetres; 

c) there is no oedema at the site of injection 
of the bovine tuberculin; 

d) the herd has had no recent history of 
confirmed tuberculosis, i.e. it must be 
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classified as a Category C or D herd 1 at 
the time of the test; and 

e) the area in which the herd is located 
must have a good tuberculosis status, i.e. 
there must not be concurrent confirmed 
tuberculosis breakdowns in neighbouring 
herds; 

A study of single animal breakdowns was 
carried out with two main objectives: 

• to identify risk factors which are 
associated with the bovine tuberculosis 
status of singleton herds, as measured by 
the number of further test reactors 
disclosed during the subsequent five 
years; 

1 When a herd undergoes a tuberculosis breakdown 
it is categorised according to the nature of the 
breakdown: 
• Category A: a herd which has had a major 

breakdown where infection has been confirmed 
and there has been evidence of transmission; 

• Category B: a herd which has undergone a less 
serious breakdown but infection has been 
confirmed and there was evidence of 
transmission; 

• Category C: a herd which has had a breakdown 
involving one or more reactors where infection 
has not been confirmed and there was no 
evidence of transmission, or a single animal 
breakdown where the reactor showed visible 
evidence of infection on post-mortem but there 
were no subsequent reactors in the herd; 

• Category D: a herd which has never been 
restricted for tuberculosis, or which has been 
clear for a defined period (based on the nature of 
the previous breakdown). 
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• to develop a predictive logistic statistical 
model for use in classifying single 
animal breakdown herds for the purpose 
of deciding on appropriate control 
measures. 

Materials and Methods 
The data for this study related to 5,465 
bovine herds which were restricted in 1989 
as a result of the disclosure of a single 
tuberculin test reactor at an index test, that 
is, either a Round Test, Special Check Test, 
Six Month Check Test or Contiguous 
Check Test. The data represent over 85% 
of the 1989 cohort of single animal 
breakdowns, and almost 40% of the total 
new outbreaks of all types in that year. 

The data consisted of: 
• tuberculin test results for each of the 

study herds , both for the 3 years 
preceding the year in question (1986 to 
1988) and for the years 1989 to 1994; 

• details on individual herd characteristics 
including herd identification number 
(which indicates the geographical 
location of the herd) and herd category; 
herd size was computed from the testing 
results; 

• individual animal characteristics of the 
initial single reactor responsible for the 
restriction, including animal class, breed, 
result of post-mortem examination, 
difference in skin thickness between 
avian and bovine reactions, and whether 
the animal was previously inconclusive; 

• details on the index test including date of 
test and test type; 

• information on tuberculin reactor APT 
rates for each county and District 
Electoral Division in the country for 
1988 and 1989. The APT rate is 
calculated as the number of animals 
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which are deemed reactors per thousand 
animal tests. 

To model the subsequent tuberculosis status 
of the study herds, an outcome variable 
(FAIL3) was defined. This indicates the 
herds in which 3 or more further reactors 
were disclosed during the restriction or 
during the following 5 years. Table 1 
shows the coding and description of this 
variable. 

Data Analysis 
The analysis of the data was carried out in 
three stages: 

1. a univariate analysis of each 
independent variable, to test the degree 
of association with the outcome variable 
and to identify possible variables for the 
multivariate analysis; 

2. fitting the multiple logistic regression 
model, including selection of 
independent variables to enter the 
model-building process; 

3. model checking and validation, 
including in particular an assessment of 
the predictive abilities of the model. 

The full dataset of 5,465 observations was 
used to conduct the initial analysis and the 
univariate analysis. The development and 
estimation of the multivariate logistic 
model was carried out using a randomly 
selected training set of 4373 observations. 
The remammg 1092 observations 
(representing almost 20% of the full cohort) 
were used as a validation set. 

The data were also used to investigate: 

1. the relationship between two risk 
factors which are particularly relevant to 
the criteria for control measures in 
Single Animal Breakdown herds, viz. 
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lesion status and skin thickness 
difference; 

2. the relationship between the result of 
the first reactor retest following the 
index test and the subsequent testing 
status of the herds. 

The SPSS statistical software (SPSS 
Release 6.1: SPSS Inc., 1989-1994) was 
used for the logistic regression analyses. 

Table 1. Coding of outcome variable, F AIL3. 

Outcome Description Count 

FAIL3 1 = 3 or more further reactors 
during restriction or 
subsequent 5 years 

1413 (25.9%) 

0 = 0 to 2 further reactors 

Univariate Analysis 
To select variables for the multiple logistic 
regression model a univariate analysis of 
each independent variable was carried out 
using the logistic regression procedure in 
SPSS. Variables identified at this stage 
with a p-value of less than 0.25 were 
considered for inclusion. To examine the 
relationship between the lesion status of the 
initial reactor animal and the difference in 
skin reactions (increase in mm. at bovine 
site minus increase at avian site), a 
univariate logistic model was fitted with 
lesion status (positive or negative) as the 
dependent variable and skin difference as 
the predictor variable. 

Multivariate Analysis 
Forward stepwise selection was used with 
entry of independent variables based on the 
significance of the score statistic and 
removal testing based on the probability of 
a likelihood ratio statistic based on the 
maximum partial likelihood estimates. The 
significance level for entry PE was set at 
0.10 and the significance for removal PR 
was 0.15. SPSS was used to define 
indicator variables for the categorical risk 
factors. The training set of 4373 
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4052 (74.1 %) 

observations was used for the model 
estimation. The continuous variables 
representing the county APT rates in 1988 
and 1989, and herd size were tested for 
linearity in the legit using the Box-Tidwell 
transformation (Hosmer and Lemeshow, 
1989). In the case of the two APT variables 
there was no evidence of non-linearity. 
However, in the case of herd size there was 
strong evidence of non-linearity. The 
Levene Test also indicated that the variance 
was non-homogenous. Log, power and 
square root transformations of this variable 
did not adequately improve the linearity or 
the variance; herd size was therefore coded 
as a categorical variable based on the 
quartiles. 

When the significant variables in the final 
model were identified, all pairwise 
interactions involving the significant factors 
were introduced into the analysis using 
Forward Stepwise Selection and tested for 
significance at the 0.05 level. No 
significant interactions were identified. 
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Results 
The final logistic regression model is shown 
in Table 2. Herd category, herd size, test 
quarter, test type, the county reactor APT 
rates for 1988 and 1989 and the DED 

reactor APT rate for 1989 were found to 
contribute significantly to the model. The 
adjusted odds ratios for the risk factors are 
calculated from the model coefficients. 

Table 2. Results of multiple logistic regression. 

Factor Coefficient p-value Odds Ratio 95% 
Confidence 
Interval for OR 

Herd category 0.0019 
D 1.00 
A 0.1844 0.2870 1.20 0.86 - 1.70 
B 0.1376 0.2645 1.15 0.90 - 1.46 
c -0.1997 0.0611 0.82 0.66 - 1.01 

Herd size 0.0000 
0- 25 1.00 

26-40 0.5698 0.0000 1.77 1.39 - 2.25 
41 - 70 1.1984 0.0000 3.32 2.67 - 4.12 

> 70 1.7343 0.0000 5.67 4.60 - 6.98 

Test quarter 0.0079 
Q4 1.00 
Ql 0.3371 0.0113 1.40 1.08 - 1.82 
Q2 0.2768 0.0200 1.32 1.04 - 1.67 
Q3 0.0148 0.8922 1.02 0.82 - 1.26 

Test type 0.0000 
1 1.00 
5 0.0640 0.4811 1.07 0.89 - 1.28 
7 0.5624 0.0001 1.76 1.33 - 2.32 
8 0.5151 0.0000 1.67 1.31 - 2.14 

County APT 
1988 -0.1575 0.0038 0.85 0.77 - 0.95 

County APT 
1989 0.2227 0.0000 1.25 1.15 - 1.36 

DED APT 
1989 0.0640 0.0000 1.07 1.05 - 1.08 

Constant -2.9507 0.0000 

ERAD!fEAGASC 46 Tuberculosis Investigation Unit, UCD 



The model suggests that significant 
predictors of the test status of herds 
subsequent to the breakdown and over the 
following 5 years were: 

• test quarter: when the single breakdown 
occurs during the first or second quarter 
of the year, long term problems are more 
likely; 

• herd size: herds with 40 - 70 cattle are 
around three times more likely than 
smaller herds to have further problems, 
and five times more likely when the herd 
size is over 70 animals; 

• test type: in herds where the single 
reactor animal is identified at a 
Contiguous Test, there is a greater 
likelihood of further reactors than in 
herds where other test types disclosed 
the initial reactor; 

• herd category: overall this factor 
contributes significantly (p = 0.002) to 
the model; there is some evidence that 
Category C herds are less likely to 
disclose further reactors; 

• county APT rates were found to be 
significant in predicting future testing 
performance, in particular the APT rate 
for 1989 (p < 0.0001); (singleton herds 
in counties which had a higher APT rate 
in 1988 were somewhat less likely to 
have further reactors). 

• DED APT rate for 1989 is also a highly 
significant factor (p < 0.0001): for each 
unit increase in APT, there is a 5% to 
8% increase in the risk of more reactors. 

Model Checking and Validation 
The Hosmer and Lemeshow Test was used 
to assess the goodness-of -fit of the model. 
The value of the test statistic was 6.82, and 
the corresponding p-value from the chi
square distribution with 8 degrees of 
freedom was 0.56 which indicates a good fit 
for the data. 
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One of the aims of this study was to 
determine to what extent the future 
tuberculosis status of herds which had a 
single reactor breakdown could be predicted 
using logistic regression modelling. To 
assess the predictive abilities of the fitted 
models, the observed event outcomes in the 
validation set were compared to the 
outcomes predicted by the model. This was 
done m two ways viz. (i) using 
classification tables and (ii) using the 
Receiver Operating Characteristic (ROC) 
curve. 

The predicted probability from a logistic 
model is the estimated probability that an 
observed outcome is an event. The 
predicted probability p can be computed 
from the formula: 

p = [1 + exp(-Po - P'x)r
1 

where p represents the model coefficients. 

To classify an observation, a probability 
cut-point must be chosen. For example, if a 
cut-point of 0.50 is used, when the 
estimated probability is greater than or 
equal to 0.50, the observation is classified 
as a predicted event. If the estimated 
probability is less than 0.50 the observation 
is classified as a predicted non-event. 

The ROC curve is a plot of the sensitivity 
against one minus the specificity over the 
range of probability cut-points in 
descending order. The area under the curve 
(AUC) gives a good overall summary of the 
predictive power of the model. For this 
model the AUC was calculated as 0.71 , 
indicating moderately good predictive 
ability. 

To examine the relationship between the 
lesion status of the initial reactor animal 
and the skin difference (bovine - avian), a 
univariate logistic model was fitted with 
lesion status (positive or negative) as the 
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dependent variable and skin difference as 
the predictor variable. The estimated odds 
ratios are shown in Table 3. 

Likewise, the relationship between failure 
at the first Reactor Retest following the 
index test and the subsequent tuberculosis 
status of the herd was tested. The odds ratio 
was estimated as 5.01, with the 95% 
confidence interval (4.86, 5.16). 

Discussion 
The objective of this project was to study a 
large cohort of single animal tuberculosis 
breakdown herds with a view to identifying 
risk factors which were associated with the 
subsequent disease status of the herds over 
a number of years. The aim was to develop 
a predictive model that could be related to 
the control procedures that were introduced 
in 1996 for single animal breakdowns. A 
particular challenge was to extract risk 
factors from the available data that would 
match the risk assessment criteria used to 
classify the breakdowns under the DAF 
singleton reactor policy. 

The critical criterion for participation in the 
programme is that the single reactor animal 
must show no evidence of Mycobacterium 
bovis infection. In this regard the study did 
not identify a direct association between the 
lesion status of the reactor and the 
subsequent test results of the herd. 
However, a strong association was found 
between the lesion status of the reactor and 
another of the risk criteria, i.e. the 
difference in skin increase (bovine - avian) 
between the bovine and avian injection 
sites. This confirmed, in respect of single 
reactors, the previous findings of O'Keeffe 
and Crowley (1996). The size of the skin 
difference may, therefore, be used to predict 
the presence of visible evidence of 
infection. Where the skin difference 
exceeds the risk threshold of 12 mm, the 
animal is at least four times more likely to 
have a visible lesion than an animal with a 
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difference of less than 4mm. As the skin 
difference increases so does the likelihood 
of a visible lesion. Other study variables 
such as herd size did not appear to exert a 
confounding effect on this relationship. 

Participation in the programme is further 
dependent on the area where the herd is 
located having a good tuberculosis status, 
with none of the surrounding herds 
undergoing tuberculosis breakdowns. The 
logistic model provided two pieces of 
evidence to support this approach. Firstly, 
there was a significant association between 
disclosure of the single reactor at a 
Contiguous Check Test and the subsequent 
testing outcome. This indicated that where 
a neighbouring herd was undergoing a 
breakdown there was a greater risk that the 
single reactor breakdown will lead to 
further problems. Secondly, there was an 
association between the background county 
and DED APT rates for the year in question 
and the future tuberculosis status of the 
singleton herd. Thus the higher the APT 
rate in the county where the breakdown 
occurred, the more likely the herd would 
have further problems. 

In previous studies of risk factors for 
bovine tuberculosis in Ireland two factors 
consistently emerge, viz. contiguity to 
tuberculous herds and herd size (Griffin et 
al., 1996 and O'Connor et al., 1993). The 
present study also found that herd size was 
a significant risk factor and confounder. 

The importance of the first Reactor Retest 
in predicting the future status of the herd 
was underlined by the strong relation 
between the result of this test and the study 
outcome variable. A singleton herd which 
fails the first Reactor Retest is five times 
more likely to have further reactors over the 
subsequent years than a herd which passes 
that test. 

An important aspect of the study was an 
assessment of how useful the logistic model 
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might be for predicting the subsequent 
outcome following the breakdown test. A 
commonly used unitless measure of 
predictive models is the area under the 
ROC curve, known as the AUC. The 
present model gives a value of 0.71 which 
indicates a moderately good predictive 

ability. Examination of the ROC curves 
and of the classification tables, therefore, 
would allow programme policymakers to 
consider false positive versus false negative 
trade-offs. These may become more 
relevant in the later stages of this disease 
eradication programme. 

Table 3. Estimated odds ratios for lesion status by skin difference. 

Skin Difference* (mm.) 

Less than 4 
5 to 8 
9 to 12 
13 to 20 
21 to 40 
Over 40 

p 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

Odds Ratio 95% C.I for 
Odds Ratio 

1.00 
1.61 1.43 - 1.79 
2.87 2.67 - 3.07 
4.09 3.90 - 4.28 
6.54 6.32 - 6.76 
9.29 8.88 - 9.70 

*Skin difference refers to the excess in the skin increase measured at 72 hours at the bovine site over that measured at the avian 
site. The increase at the bovine site is the difference between the 72 hour and initial skin measurements at the commencement 
of the test. Likewise the increase at the avian site is the difference between the 72 hour and initial skin measurements at the 
commencement of the test. 
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