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An accurate estimate of the prevalence of scrapie infection in the Great Britain (GB) sheep flock is essential
when assessing any potential risk to human health through exposure to sheep transmissible spongiform
encephalopathies (TSEs). One method for assessing the prevalence is to sample sheep intended for human
consumption using a diagnostic test capable of detecting infected animals prior to the onset of clinical
signs. An abattoir survey conducted in Great Britain in 1997-1998 tested brain samples from 2809 appar-
ently healthy sheep of which none was found to be positive for scrapie by histopathology or immunohisto-
chemistry (IHC) although 10 were positive for scrapie-associated fibrils (SAF). Subsequently, the tonsils
from a subset of the animals sampled were examined using IHC, one of which tested positive. To interpret
these results we use a likelihood-based approach, which accounts for the variation in the prevalence of
infection with age and test sensitivity and specificity with stage of infection. Combining the results for all
of the diagnostic tests yields an estimate of the prevalence of scrapie infection in the GB sheep flock of
0.22% (95% confidence interval: 0.01-0.97%). Moreover, our analysis suggests that all of the diagnostic
tests used are very specific (greater than 99%). Indeed, only SAF detection yields a specificity estimate
of less than 100%, which helps to account for the high number of samples found to be positive for SAF.
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1. INTRODUCTION

The experimental transmission of bovine spongiform
encephalopathy (BSE) to sheep (Foster er al. 1993, 2001)
raised the possibility that sheep in Great Britain may have
been infected following exposure to contaminated feed
during the 1980s (Ferguson ez al. 2002; Kao ez al. 2002)
and, consequently, could act as a source of infection for
the human population (Butler 1998; Ferguson er al
2002). To assess the potential risk to human health it is
necessary to have an estimate of the possible prevalence
of BSE in sheep, though this is difficult to obtain directly
because of the large number of animals that it would be
necessary to screen. However, it is possible to estimate
the proportion of scrapie cases that may, in fact, be BSE
(Gravenor et al. 2003) which, combined with an estimate
for the prevalence of scrapie infection in the national flock,
would yield an estimate for the prevalence of BSE in
sheep.

Several methods can be used to estimate the prevalence
of scrapie, all of which have drawbacks. Statutory notifi-
cation data provide one source for estimating the inci-
dence of clinical cases, but suffer from under-reporting
(Hoinville er al. 2000). An anonymous postal survey con-
ducted in 1998 helped to overcome the reluctance of far-
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mers to report suspect cases, but the accuracy of the
results depends on farmers’ ability correctly to diagnose
scrapie in their animals (McLean ez al. 1999; Hoinville ez
al. 2000). Alternatively, an abattoir survey can be used to
estimate the prevalence of scrapie infection, but this relies
on the detection of infected animals prior to the onset of
clinical signs.

A survey conducted in Great Britain in 1997-1998
tested brain samples from 2809 apparently healthy sheep,
of which none was unequivocally positive for scrapie
(Simmons ez al. 2000). Analysis of these results suggested
that the absence of any positive results was consistent with
a prevalence of infection in the national flock of up to 12%
(Webb ez al. 2001). We extend these earlier analyses using
a likelihood-based approach to provide point estimates for
the prevalence of infection based on the results of the
1997-1998 abattoir survey, but also including some newly
available data. Two features are of particular importance
when assessing the prevalence of scrapie: (i) the variation
in the distribution of infection within a population with
age; and (ii) the effects of diagnostic test sensitivity and
specificity on the number of positive results. Conse-
quently, we develop a model that incorporates these fac-
tors and, moreover, which provides a method to relate the
prevalence of infection in the abattoir population to that
in the population as a whole.
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Table 1. Results for the 1997-98 abattoir survey.

(Diagnostic tests used are: histopathology (H); SAF detection (S); brain IHC (B); and tonsil IHC (7).)

sample group

1 (tests used: H, S, B, T)

2 (tests used: H, S, B)

3 (tests used: H, S, T) 4 (tests used: H, S)

age age range

class  (months) positive sampled  positive sampled positive sampled positive sampled
1 0-15 H,B, T:0; S: 4 224 0 5 H 0,83 T:1 459 0 778

2 15-21 0 1 — 0 0 10 0 46

3 21-27 — 0 — 0 0 3 0 58

4 27-32 — 0 — 0 0 1 0 99

5 32-36 0 1 — 0 0 7 0 293

6 36-132 H,B, T:0;S:2 224 0 31 H, T:0;S:1 9 0 450

2. SURVEY DESIGN AND RESULTS

A full description of the survey is presented elsewhere
(Simmons ez al. 2000; see also Webb ez al. 2001) and here
we provide only a summary of the design and results.
Between August 1997 and August 1998 brain samples
from 2809 apparently healthy sheep were collected from
125 abattoirs throughout Great Britain. No more than five
samples were taken from each abattoir on the same day
to prevent any bias from clustering as a result of sampling
animals from the same flock. Suitable samples were exam-
ined for histopathological changes and for scrapie-
associated fibrils (SAF). Several samples taken early in the
study or that were inconclusive by histopathology were
also examined using immunohistochemistry (IHC). No
samples were positive by histopathology or IHC (table 1).
Twenty-five samples were inconclusive by histopathology,
but these were all negative by brain IHC and SAF
detection. Ten samples were positive by SAF detection
(table 1). There is no inconclusive category for SAF
detection.

In a continuation of this survey, tonsils from two groups
of animals were examined using IHC: (i) animals that
were positive or inconclusive by histopathology or SAF
detection and for a selection of those animals for which
brain samples were examined by IHC; and (ii) 500 ran-
domly selected animals under 15 months of age (table 1).
One of those tonsils tested was positive by IHC (table 1),
though this was not taken from an animal that tested posi-
tive for SAF detection.

The age of each sheep (table 1) was estimated from den-
tition records and whether or not the animal was broken-
mouthed (Webb ez al. 2001). These data were missing for
72 animals (so it was not possible to estimate age), so
their results, which were all negative, are excluded from
the analyses.

3. ESTIMATING THE PREVALENCE OF INFECTION

To estimate the prevalence of scrapie infection in the
GB sheep population we use simple models to describe
changes in the prevalence of infection with age and the
sensitivity and specificity of the diagnostic tests and their
dependence on the stage of infection. These models are
combined to produce a likelihood function that, essen-
tially, describes the probability that the abattoir survey
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results arise for given values of the prevalence of infection
and the sensitivity and specificity of the diagnostic test.

(a) Prevalence of infection

Given that the risk of infection is greatest during the
perinatal period (Foster & Dickinson 1989; Hunter &
Cairns 1998) and there is evidence for age dependence in
susceptibility (Matthews ez al. 2001), we assume that all
animals are infected at or close to birth. Moreover, we
assume that animals infected with scrapie are not prefer-
entially selected for slaughter prior to the onset of clinical
signs. Consequently, the change in the prevalence of infec-
tion with age a reflects the rate at which infected animals
develop clinical disease and is described by the following
differential equation

d

= ~h(a) p(1—p), G.1)
where

ha) = Q)

1 —/af(e)de

is the hazard function and f(a) is the probability density
function for the log-normal incubation period with para-
meters u and o (table 2; figure 1a). The incubation period
parameters are estimated from data on the age at death,
from scrapie for 396 animals from 14 scrapie-affected
flocks (Hoek et al. 2003) using maximum-likelihood
methods.

The prevalence of infection in the national flock, ppop,
is given by
provr=21P;, (3.2)

J
where f; is the proportion of the national flock between j
and j + 1 years of age (table 2; taken from Webb ez al.
2001; cf. Ferguson et al. 2002). The prevalence of infec-
tion in each age class, P, is calculated as

1 @max
p=—— ,
’ Qmax — amin/ p(a)da

9min

(3.3)

where a.,;, and a,,,, are the minimum and maximum ages
in the class, respectively. The prevalence of infection in
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Table 2. Model parameters.
(Abbreviation: CI, confidence interval.)
value

parameter description estimate 95% CI
I incubation period parameter 1.052 (1.015, 1.090)
o incubation period parameter 0.365 (0.339, 0.391)
B parameter for the sensitivity of tonsil IHC 6.710 yr! (2.940, 12.690)
o parameter for the sensitivity of tonsil IHC 0.856 years (0.670, 1.051)
T, preclinical detection period histopathology 0.083 years —

SAF detection 0.5 years —

brain IHC 0.25 years —
f age structure of the national flock
age class j 1 2 3 4 5 6 7 8 9 10 11
age (years) 0-1 1-2 2-3 3-4 4-5 5-6 67 7-8 89 9-10 > 10
percentage 56.5 11.1 9.6 7.2 5.5 4.5 3.6 1.2 0.5 0.2 0.1

each survey age class (table 1) is also computed using equ-
ation (3.3), which assumes that the ages of the animals
sampled are uniformly distributed within the age class.
This is reasonable because animals were sampled through-
out the year (Simmons ez al. 2000; cf. Webb ez al. 2001).
Different values for the population prevalence (equation
(3.2)) are obtained by varying the prevalence of infection
at birth, p(0) = pp.

(b) Sensitivity and specificity of diagnostic tests

Data on sensitivity for tests involving central nervous
system (CNS) tissues (histopathology, SAF detection and
brain IHC) are reported in terms of the stage of incu-
bation at which preclinically infected animals are detected
by the test (Webb er al. 2001). Consequently, the prob-
ability of detecting an infected animal of age a is given by
the probability that the animal is in the appropriate stage
of incubation,

F(a+ T, — F(a)
1- F(a)

(@) = > (3.4)
where F(a) is the cumulative distribution function for the
log-normal incubation period with parameters w and o
(table 2) and T, is the preclinical detection period. The
preclinical detection period for histopathological examin-
ation is estimated to be approximately one month, for SAF
detection it is approximately six months and for brain IHC
it is approximately three months (table 2; obtained from
expert opinion by Webb ez al. 2001).

Sensitivity data for the examination of tonsils by IHC
are reported as the proportion of animals for which tonsil
samples were positive for disease-associated prion protein
(PrPS°) at a given age and show a sigmoidal rise to an
asymptote at 100% sensitivity (Jeffrey er al. 2001; figure
156). Hence, the probability of detecting an infected animal
of age a is described by the function

1
1 + exp(—B(a — 8))

The parameters 8 and § are estimated by fitting equation
(3.5) to the data for test sensitivity (Jeffrey ez al. 2001)

d(a) = (3.5)
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using maximum-likelihood estimation assuming binomial
errors (table 2; figure 1b).

The probability that an infected animal in age class j is
detected is given by

1 Imax
b= ¢(a)da,

a i
‘max ‘min, -
a 9min

(3.6)

where ¢(a) is given by equation (3.4) or (3.5) and a.,,
and a,,,, are the minimum and maximum ages in the class
(table 1; cf. equation (3.3)).

Little information is available on the specificity of each
diagnostic test and its dependence on the age of the animal
sampled. Consequently, we assume there is a constant
probability, ¢, that a sample from an uninfected animal in
any age class does not generate a positive result (i.e. { is
the specificity of the diagnostic test).

(¢) Maximum-likelihood methods

Animals sampled as part of the abattoir survey are div-
ided into groups according to which combination of tests
was used on them and, within each group, according to
the age of the animals (table 1). Results for the survey are
given as the number of positive results, Dﬂ), from a sample
of N animals in age class j and sample group k for each
diagnostic test 7 used in the sample group (table 1). The
probability of obtaining these results given that there are
1 infected animals in the sample is

(™

Djk i
OIS ADEDY [( )@}ﬂ"(l - ey
a=0 d
Niw =1\ oot :
x ( Do d) =@ — YR d}, 3.7
jk

where d is the number of true positive results in the sam-
ple, &{” is the probability of detecting an infected animal
in age class j with diagnostic test 7 (defined by equation
(3.6)) and ¢, is the specificity of diagnostic test 7. Conse-
quently, the probability of observing the results for age
class j and sample group k is given by
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Figure 1. (a) The prevalence of infection as a function of age given by equation (3.1). The prevalence of infection at birth is
10% and the remaining parameters are given in table 2. (b) The probability of detecting an infected animal and its
dependence on age when testing tonsils using IHC. The circles show the proportion of animals (out of eight that subsequently
developed clinical disease) for which PrPS¢ was detected by tonsil biopsy (Jeffrey et al. 2001). The curve is given by equation
(3.5), with parameters estimated using maximum-likelihood methods assuming binomial errors (table 2). (¢,d) Profile
likelihood for: (¢) the prevalence of infection (%) in the GB sheep population based on the combined results for all diagnostic
tests (solid line), SAF detection results only (dashed line) and tonsil IHC results only (dotted line); and (d) diagnostic test
specificity (%) for histopathology (solid line), SAF detection (dashed line), brain IHC (dot-dash line) and tonsil IHC (dotted
line). In each figure, the profile likelihood has been normalized so that the maximum value is zero. Parameters are given in

table 2.

Ny, N
W= 2{[ I1 §T<D§2,Njk|z'>} ><< .fk)P;<1 - P]-)kai},
1

i=0 TE Tk
(3.8)
where &, is defined in equation (3.7), T} is the set of diag-

nostic tests used on sample group k (see table 1) and P;

is the prevalence of infection in the age class (defined by
equation (3.3)). The likelihood is the product of the prob-
abilities (equation (3.8)), for all sample groups and age
classes. However, it is more convenient to work with the
logarithm of the likelihood (the log-likelihood or support),
which is given by

L(prors{) = E 2 In(¥;,),

j=1k=1

(3.9)

where ppop is the prevalence of infection in the population
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(defined in equation (3.2)) and {= {{mp{s,{s{r} are the
specificities for each diagnostic test considered.

For comparison with the combined results, we also con-
sider the results for each diagnostic test individually.
When doing this, the number of animals sampled and
number of positive samples are obtained by aggregating
the appropriate data from table 1 across sample groups.
In the analysis, we use the likelihood defined by equations
(3.7)—(3.9) with a single test group and diagnostic test
within the group.

Estimates for the prevalence of infection in the popu-
lation and the test specificities are obtained by determin-
ing the values that maximize the likelihood. However, it
is often more convenient to consider the prevalence or test
specificities individually, which can be done using the pro-
file likelihood (Pawitan 2001). For the prevalence of infec-
tion in the population, ppop, this is given by
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Table 3. Maximum-likelihood estimates (MLE) and approximate 95% confidence intervals (CI) for the prevalence of scrapie
infection in the GB sheep population and for the specificity of diagnostic tests used.

prevalence (%)

specificity (%)

results used MLE 95% CI MLE 95% CI

all diagnostic tests 0.22 (0.01, 0.97) — —
histopathology only 0.0 (0.0, 6.90) 100.0 (99.93, 100.0)
SAF detection only 0.0 (0.0, 1.75) 99.63 (99.35, 99.81)
brain IHC only 0.0 (0.0, 25.70) 100.0 (99.61, 100.0)
tonsil IHC only 0.30 (0.02, 1.33) 100.0 (99.66, 100.0)

L,(prop) = L(pPOP>Z)3

where L is the likelihood (equation (3.9)), and ¢ is the
vector containing the maximume-likelihood estimates for
the test specificities. An approximate confidence interval
can be computed from the profile likelihood using the
result that, asymptotically,

2(Lp(ﬁ1’op) — L, (ptop)) ~ X

where ppop and piop are the maximum-likelihood esti-
mate and the °‘true’ prevalence, respectively (Pawitan
2001). Corresponding definitions can be given for the pro-
file likelihood for each test specificity.

4. RESULTS

Analysis of the combined results for all diagnostic tests
used in the 1997-1998 abattoir survey (table 1) produces
a prevalence estimate of 0.22% (95% confidence interval:
(0.01, 0.97); table 3; figure 1¢). Estimates and confidence
intervals for the specificities indicate that all tests used are
highly specific and only that for SAF detection was less
than 100% (table 3; figure 1d).

Considering each test individually yields estimates and
confidence intervals for test specificity that are the same
as those for the combined results (table 3). However, the
prevalence estimates do differ (table 3; figure 1¢). Analyses
of the results for histopathology, SAF detection and brain
THC yield prevalence estimates of zero (table 3), although
confidence intervals suggest the results are consistent with
a prevalence of up to 6.9%, 1.75% or 25.7%, respectively
(table 3). By contrast, analysis of the results for tonsil IHC
provides a prevalence estimate of 0.3%, comparable with
that for the combined results (table 3; figure 1¢) although
the confidence interval is somewhat larger (table 3; fig-
ure l¢).

5. DISCUSSION

Although an abattoir survey is a natural method to
assess the prevalence of infection in animals slaughtered
for human consumption, we have demonstrated that it is
also possible to extrapolate from such a survey and esti-
mate the prevalence of infection in the national flock. This
paper has focused on the analysis of a historical survey
conducted in 1997-98. However, the methodology used
is appropriate for interpreting the results of other scrapie
abattoir surveys, for example, the statutory survey
required by the European Union (Anonymous 2002).
Moreover, our approach is similar to those used to analyse
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surveillance data for BSE in cattle (Donnelly ez al. 2002)
and vC]D in humans (Ghani ez al. 2000).

The results for the 1997-98 abattoir survey yield an
estimate for the prevalence of infection in the GB sheep
flock of 0.22% (table 3; figure 1¢). Comparing this result
with those obtained for the individual tests highlights the
impact of test sensitivity and specificity and sample size
on the prevalence estimates obtained from a survey. The
estimates and confidence intervals obtained for histopa-
thology, SAF detection and brain IHC (table 3) reflect the
relative insensitivity of the test (histopathology and brain
IHC), the small sample size (brain IHC) and the speci-
ficity of the test (SAF detection). Similarly, the somewhat
larger confidence interval obtained using the results for
tonsil IHC reflects the smaller sample size used (table 3;
figure 1¢; cf. table 1).

Previous analysis of results of the 1997-1998 abattoir
survey suggested that they were consistent with a preva-
lence of infection in the national flock of up to 12% (Webb
et al. 2001; cf. table 3). Although this does not contradict
the results presented here, we have been able to determine
point estimates for the prevalence with narrower confi-
dence intervals. This has been achieved by using a
likelihood-based approach, by combining the results for
all the diagnostic tests used (i.e. making maximum use of
the information provided by the survey) and, in particular,
by including the newly available results for tonsil IHC.

An anonymous postal survey conducted in 1998 pro-
vides an alternative source of data with which to estimate
the prevalence of infection (Hoinville er al. 2000).
Assuming a prevalence of affected flocks of 6.1%
(percentage of respondents reporting clinical cases in the
past 5 years), a within-flock incidence of 0.5% (modal
incidence of clinical cases within flocks) and, based on
modelling analysis of within-flock scrapie epidemics, that
there are three infected animals per clinical case
(Woolhouse et al. 1998; Matthews ez al. 2001), this yields
an estimate for the prevalence of 0.09%. This is lower
than the point estimate obtained from the abattoir survey
results but does lie within the confidence intervals
obtained (table 3) and, hence, is consistent.

Incorporating the effect of test specificity into the model
produces consistent prevalence estimates across all diag-
nostic tests, something that is not achieved if it is neg-
lected (cf. Webb ez al. 2001). Our analysis indicates that
all of the diagnostic tests used are very specific ({ > 99%)
and, indeed, only SAF detection yielded a specificity esti-
mate of less than 100% (table 3). This result suggests that
SAF detection does produce false positives (probably as a
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result of operator error; see Simmons ez al. 2000), which
helps to account for the unexpectedly high number of
positive results obtained in animals under 15 months of
age (table 1; Simmons er al. 2000; Webb er al. 2001). A
fuller discussion of the possible methodologically based
reasons for the variation in the results among the tests is
given in Simmons ez al. (2000).

We have focused on obtaining an estimate of the preva-
lence of scrapie infection in the GB sheep population at a
particular point in time. However, to investigate changes
in the prevalence of infection over time (for example, to
ascertain the effects of the National Scrapie Plan, which
aims to eradicate scrapie by breeding a resistant national
flock), surveillance must be undertaken with sufficient
care to ensure that any differences observed between years
can be ascribed to changes in prevalence rather than varia-
bility in the results of the survey. Consequently, any future
survey must be designed carefully to ensure that it pro-
vides reliable results.

This work was funded by the UK Department for Environ-
ment, Food and Rural Affairs (Defra). We are grateful to all
of the staff at the Veterinary Laboratories Agency and Meat
Hygiene Service who were involved in the survey.
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