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Abstract

In this paper, we apply one-list capture–recapture models to estimate the number of scrapie-affected

holdings in Great Britain. We applied this technique to the Compulsory Scrapie Flocks Scheme dataset

where cases from all the surveillance sources monitoring the presence of scrapie in Great Britain, the

abattoir survey, the fallen stock survey and the statutory reporting of clinical cases, are gathered.

Consequently, the estimates of prevalence obtained from this scheme should be comprehensive and cover

all the different presentations of the disease captured individually by the surveillance sources. Two

estimators were applied under the one-list approach: the Zelterman estimator and Chao’s lower bound

estimator. Our results could only inform with confidence the scrapie-affected holding population with

clinical disease; this moved around the figure of 350 holdings in Great Britain for the period under study,

April 2005–April 2006. Our models allowed the stratification by surveillance source and the input of

covariate information, holding size and country of origin. None of the covariates appear to inform the model

significantly.
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1. Introduction

There is an abundance of disease surveillance networks that suffer from under-reporting

(Hook and Regal, 1995). For eradication purposes and, more specifically, for the application of

control measures, it is important to know, as accurately as possible, the magnitude of the
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problem. This would help in the administration of resources and, more precisely, in the

establishment of realistic working objectives towards the goal of eradication. Great Britain’s

Department for Environment, Food and Rural Affairs (Defra) aims to eradicate scrapie.

Scrapie, a fatal neuro-degenerative disease of small ruminants, became notifiable in January

1993 across the European Union (EU). In Great Britain, data on the clinical cases reported to the

veterinary authorities are held in the Scrapie Notifications Database (SND). The routine reporting

of scrapie cases appears incomplete and seriously undercounts the true number of scrapie-

affected holdings in Great Britain (Hoinville et al., 2000; Sivam et al., 2003; Del Rio Vilas et al.,

2005a; Tongue et al., 2006).

In 2002, two forms of active surveillance, the abattoir survey (AS) (Elliott et al., 2005) and the

fallen stock survey (FS) (Del Rio Vilas et al., 2005b), were implemented with the aim of

improving the estimation of the occurrence of scrapie in the national sheep flock. Ideally, we

would like to extend our estimates to inform the prevalence at the holding level. This was done in

the past, correcting for the under-reporting problem, by means of multiple-list capture–recapture

methods (CRC) (Del Rio Vilas et al., 2005a). The lack of a perfect identification of the individual

sheep that limited the tracking of the samples from the abattoir to their holdings of origin and the

small numbers due to the low disease occurrence limited the application of the traditional

multiple-list CRC models (Del Rio Vilas et al., 2005a).

We need alternative methods that, circumventing the above restrictions associated with the use

of the multiple lists and insufficient overlapping between them, can inform the number of

scrapie-affected holdings. This is more so after the implementation, in 2004, of the Compulsory

Scrapie Flocks Scheme (CSFS) in Great Britain responding to EU regulations (Anon, 2003). The

CSFS dictates the application of tight control measures on the scrapie-affected holding once the

first case of scrapie is confirmed by any of the three surveillance sources in place: the SND, the

AS and the FS. This has stopped the overlapping between the surveillance sources required for

the application of the traditional CRC approaches: cases from scrapie-affected holdings can no

longer be detected by more than one surveillance source.

Alternative methods, still under the CRC paradigm, relying on repeated entries in one

single list have been suggested in these circumstances (Böhning et al., 2004; Böhning and

Kuhnert, 2006). More recently, Del Rio Vilas and Böhning (2007) applied the one-list

approach to the SND data to estimate the hidden number of scrapie-affected holdings in Great

Britain in 2002, 2003 and 2004, before the implementation of the CSFS. Counts of cases arose

from the repeated reporting and confirmation, within the holding, of suspect sheep with

clinical signs resembling those of scrapie. The nature of the data, clinical cases, limited the

scope and application of our results. Gubbins (2003) and Hagenaars et al. (2006) have reported

the relatively small proportion of infected sheep that develop clinical disease. Capture–

recapture models informing only on this group of scrapie-affected holdings, those with clinical

disease, would still portray a partial image of the real presence of scrapie in the population. To

increase the scope of our models, to infection and disease as in the case of multiple-lists

methods, we would need data informing on these events. This data can be obtained from the

CSFS where a count distribution of cases may arise after the TSE-testing performed on each

holding entering in the scheme. The three surveillance sources, the SND, the AS and the FS,

report into the CSFS and each of them inform different stages in the course of the disease. For

this reason, our results would comprehensively, in theory, inform the whole burden of scrapie

in the national flock.

Our objective for the present study is to extend the application of our previous models (Del Rio

Vilas and Böhning, 2007) to the new surveillance and data architecture after the implementation
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of the CSFS in 2004. This would return an estimate of the total number of holdings affected with

classical scrapie in Great Britain.

2. Materials and methods

2.1. Materials

The CSFS dataset is the final repository of scrapie-affected holdings from all the surveillance

sources monitoring the presence of scrapie in Great Britain. Scrapie affected holdings reported to

the SND or detected by the AS or FS surveys are subject to restrictions under the CSFS scheme

since its implementation in July 2004 in England and Scotland and in November 2004 in Wales.

Holdings in the scheme can opt for either the whole cull of the affected flock or the genotyping

and selective culling of those animals bearing susceptible genotypes to classical scrapie (Dawson

et al., 1998). A representative sample of the culled animals and all the fallen stock are TSE-tested

using the BioRad Platelia ELISA. Samples positive to the rapid test are confirmed by

inmunohistochemical (IHC) examination. Our data, counts of confirmed cases within holding

from the onset of the CSFS, arises from the TSE-testing. Despite the official launch of the scheme

in July 2004, the TSE-testing did not start until April 2005 when logistic arrangements for the

collection and sampling of the animals were finally in place. Restrictions however were placed on

the affected holdings soon after the start of the scheme potentially preventing the detection of

cases from the same holding by more than one surveillance source and, hence, the application of

traditional multiple-list models. Our data for this analysis will cover the first year of testing, from

April 2005–April 2006.

To date, only holdings with confirmed cases of classical scrapie enter the CSFS. Holdings

where atypical scrapie (Everest et al., 2006; Saunders et al., 2006) is detected are not subject to

any control measures and, therefore, are not part of the scheme. Consequently our models will

only inform classical scrapie. It is important to note that as a result of the TSE-testing upon the

holdings, a number of cases of atypical scrapie were found during the period of study. To

maintain the consistency of our case definition and to produce a sound and unequivocal inference

upon the standing population, those holdings with secondary atypical cases were discarded from

our data.

2.2. Methods

The TSE-testing of animals, either cull sheep or dead-on-farm animals, within every holding

in the CSFS scheme may lead to a count distribution of cases of classical scrapie, after dismissing

those diagnosed as atypical, f1, f2, etc. where f j denotes the frequency of holdings with exactly j

confirmed cases. The frequency f0, the unobserved scrapie-affected holdings, is missing and

constitutes the target of the inference. Therefore, the data are zero-truncated. With these

frequencies there are associated probabilities p1, p2, . . ., pm informing the probability of

identifying a holding with exactly 1, 2, . . ., m cases of scrapie. If n is the observed number of

scrapie-affected holdings then the overall population is N = n + f0. The probability that a scrapie-

affected holding is not detected by the surveillance network is denoted by p0 and, for known p0,

the overall scrapie-affected population can easily be estimated by means of the Horvitz–

Thompson estimator N̂ ¼ n=ð1� p0Þ. If p0 is unknown a conventional approach assumes that the

frequencies arise from a Poisson distribution where p0 = e�u, p1 = e�uu/1!, p2 = e�uu2/2!, etc. The

involved parameter u is then estimated by maximizing the likelihood function for the truncated

V.J. Del Rio Vilas, D. Böhning / Preventive Veterinary Medicine 85 (2008) 253–266 255



data. Under the simple Poisson p0 = e�u so that the Horvitz–Thompson estimator becomes

N̂ ¼ n=ð1� expð�ûÞÞ.
Frequently count data experience heterogeneity. In this case, a conventional homogeneous

Poisson is not appropriate. To detect heterogeneity in our count data, we applied the recently

developed diagnostic device (Del Rio Vilas and Böhning, 2007) derived from the work of Chao

(1987) where the author suggested an estimator of the population based on a compound Poisson

model. This device relies on the fact that in the presence of heterogeneity the ratios of

neighbouring mixed Poisson probabilities multiplied by their count (i + 1)pi+1/pi would show a

monotone-increasing pattern with increasing i. By replacing pi by f i we can plot the ratio

(i + 1)f i+1/f i against i to study the occurrence of heterogeneity in our data.

Zelterman (1988) suggested a family of estimators for the relative frequency of the zero class

( f0) when only positive values of the variable of interest were observed in a truncated Poisson

distribution. In more detail, Zelterman (1988) replaces maximum likelihood estimation by a

moment estimator. His observation was that u = ipi/pi�1 so that a natural estimator of the form

û ¼ i f i= f i�1 arises naturally. Typically, i will be two or three. Zelterman robust estimator of the

population size is immediate

N̂Z ¼
n

1� expð�2 f 2= f 1Þ
(1)

Zelterman (1988) stated that (1) produces reasonable estimates of the population size even if the

homogenous Poisson model is violated.

The Zelterman estimator is well known for producing estimates robust to biases (Wilson and

Collins, 1992). However, a major criticism of the Zelterman estimator is the large associated

variance. As a form of fail-safe method Chao’s lower bound estimator (Chao, 1987)

N̂C ¼ nþ f 2
1

2 f 2

(2)

on the other hand, provides a lower bound for the population size but with reduced variance

whilst still allowing for population heterogeneity. The derivation of a formula for the variance of

(1) and (2) is described elsewhere (Böhning, 2008). We just provide here their resulting variance

estimate formulae. For (1)

VarðN_ZÞ ¼ nGðu_Þ
�

1þ nGðu_Þu_2
�

1

f i

þ 1

f iþ1

��

where

Gðu_Þ ¼ expð�u
_Þ

ð1� expð�u
_ÞÞ2

For (2)

VarðN_CÞ ¼
1

2

f 2
1

f 2

�
1� f 2

1

2 f 2nþ f 2
1

�
þ f 3

1

f 2
2

�
1þ 1

4

f 1

f 2

�
1� f 2

n

��

We ran our models to inform N̂Z and N̂C for the three combinations of the surveillance

sources described below: SND–AS–FS, SND–FS and SND only. We also calculated the

sensitivity of these three combinations of sources by dividing the observed number of
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holdings detected by the source/s by the estimated number of scrapie-affected holdings

estimated by our models.

2.3. Covariate information

Two pieces of information are readily available from the CSFS dataset: (i) the country of

origin (England, Scotland and Wales) and (ii) the surveillance source where the first case was

detected. A stratified analysis of our data can inform a specific stratum or combinations of strata.

For example, we could be interested in estimating the hidden number of scrapie-affected holdings

in one country or the number of scrapie-affected holdings with clinical disease recognizable by

the farmers (SND). The latter should produce similar results to those shown by Del Rio Vilas and

Böhning (2007) if the CSFS was a fair representation of the SND. Inevitably, stratification needs

to be considered carefully in the face of the amount of data available, larger uncertainty around

our estimates with smaller datasets and, most importantly, the epidemiological interpretation of

the combination of sources analysed. In this study we present results for the three strata with

enough data and meaningful interpretation in terms of either their coverage of the biological

stages of the disease at the holding level or the mechanisms by which the sources recruit their

numbers:

� SND–AS–FS: This combination informs several stages of the disease (infection in mature

animals (AS) and clinical disease (FS and SND)) and all forms of case detection (voluntary (FS

and SND) and random (AS)) and it is equivalent to a multiple-list CRC approach.

� SND–FS: This combination informs, assuming that scrapie was the cause of death of the dead-

on-farm animals detected by the FS, clinical disease and voluntary reporting only.

� SND: Informing clinical disease identifiable by the farmers only.

We estimate N̂Z for the three combinations above with and without covariates: country of

origin, with England as baseline, and holding size (more specifically the log of the number of

adult sheep held in the holding). Holding size has been related to the presence of scrapie in

the flock (McLean et al., 1999; Del Rio Vilas et al., 2006). Holding size data could be

obtained after cross-referencing the County-Parish-holding (CPH) unique identifier of

the CSFS holdings with those in the June Agricultural Census (Anon, 2004). It is important

to note that for each holding, one or more flocks could be subject to the CSFS restrictions. We

have not recorded this level of detail in our analyses. Consequently, the holding size will

refer to the holding even when a precise flock within the holding could be singly

affected.

We extended (1) to incorporate the above covariates. We present the formula for the

generalized Zelterman estimator here and provide details in Appendix A

N̂Z ¼
Xn

i¼1

1

1� expð�2e h
_
i Þ

(3)

where the linear predictor ĥi ¼ b̂
T
xi and b̂ are the maximum likelihood estimates of b obtained

by means of logistic regression and xi our covariates in vector form. Table 1 illustrates the

structure of our data as inputted in our model with covariates. It also shows that our binary

outcome, di, takes values 0 and 1 if yi = 1 and yi = 2, respectively.
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The calculation of the variance and confidence intervals for (3) were done following the

formula derived in Böhning (2008)

VarðN̂ZÞ ¼
Xn

i¼1

1� wi

w2
i

þ
�X

i

rwiðb̂Þ
T
�

Cov ðb̂Þ
�X

i

rwiðb̂Þ
�

where

rwiðb̂Þ ¼
ð1� wiÞvi

w2
i

xi and vi ¼ �2eĥi ; wi ¼ 1� expðviÞ:

3. Results

One hundred and twenty-five holdings entered the CSFS during the period of study. As a result

of the TSE-testing seven atypical cases were found in seven holdings. These holdings were

removed from the dataset.

Of the 118 remaining holdings, 95 (80.5%) had their first case detected by the SND, 18

(15.2%) by the FS and 5 (4.2%) by the AS (Table 2). The country distribution of the holdings of

origin is also shown in Table 2. This shows the reduced number of cases detected by the AS and
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Table 1

Structure of the data, the seven first observations (holdings) in the dataset, for the logistic regression model

id delta_i Source_i Country_i Size_i Wales Scotland

1 0 1 1 2025 0 0

2 0 1 1 1515 0 0

3 0 3 2 4099 1 0

4 1 1 2 3131 1 0

5 0 2 3 1330 0 1

6 0 1 3 793 0 1

7 – 2 1 300 0 0

‘‘delta_i’’ (di) is the binary outcome (0 if confirmed number of cases for the ith holding (yi) is one, 1 if yi = 2 and missing

for yi � 3), ‘‘source_i’’ indicates the surveillance source where the first case was detected (1 = Scrapie Notifications

Database, 2 = Fallen Stock and 3 = Abattoir Survey), ‘‘country_i’’ the country of origin of the holding (England (1),

Wales (2) and Scotland (3)) and ‘‘size_i’’ is the number of adult sheep in each holding. Columns ‘‘Wales’’ and ‘‘Scotland’’

take value 1 if the holding is in either country. Only sheep scrapie in Great Britain. Period: April 2005–April 2006.

Table 2

Scrapie affected holdings in the Compulsory Scrapie Flocks Scheme by the surveillance source (Scrapie Notifications

Database, abattoir survey and fallen stock survey) where the first case was detected and country of origin (England,

Scotland and Wales) of the holding

Country Surveillance source Total

SND AS FS

England 29 (69.05) 2 (4.76) 11 (26.19) 42

Wales 42 (82.35) 2 (3.92) 7 (13.73) 51

Scotland 24 (96) 1 (4) 0 (0) 25

Total 95 (80.51) 5 (4.24) 18 (15.25) 118

Numbers in parenthesis show the proportion of scrapie-affected holdings recorded in the CSFS by source for each country.

Only sheep scrapie in Great Britain. Period: April 2005–April 2006.



the FS from Scotland. These small numbers, compared to those reported to the SND, might

indicate either a reduced coverage of Scotland by the two surveillance sources or a form of

systematic error affecting the recording process of holdings from Scotland into the CSFS. We

have checked the number of classical scrapie cases confirmed by the three sources by country

(data not shown) to assess any potential biases or artefacts and the level at which they may affect

our data. We found no evidence that the number of scrapie-affected holdings detected by each of

the three sources and entered into the CSFS was inconsistent with their relative individual

contribution to the overall number of classical scrapie cases detected at any time since the onset

of the active surveillance. This is important in considering whether the CSFS is fully

representative with regard to the individual surveillance sources.

Table 3 shows the frequency distribution of the classical scrapie cases detected within holding

for the three combinations of the surveillance sources. Index cases, those that triggered the

inclusion of the holding in the CSFS, are inputted and constitute f1. For example, in the case of

the three sources, 84 holdings had one case of scrapie (the index case), 15 had two cases of

scrapie (the index case plus a second case found through the TSE-testing once in the CSFS) and

so on.

Fig. 1 shows a monotone increasing pattern indicative of the presence of heterogeneity in the

Poisson model. As a result of the inadequacy of a homogeneous approach, we applied first the

Zelterman estimator without adjustment for covariates (1) followed by our modified Zelterman
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Table 3

Distribution of the number of cases within holding for the three combinations of surveillance sources (Scrapie

Notifications Database, abattoir survey and fallen stock survey) with complete data

Sources f1 f2 f3 f4 f5 f6 f7 f8+ Total(n)

SND + FS + AS 84 15 7 5 2 1 2 2 118

SND + FS 80 15 7 5 2 0 2 2 113

SND 70 12 6 3 2 0 1 1 95

f1, f2, etc. are the frequencies of holdings with exactly j confirmed cases of scrapie. Only sheep scrapie in Great Britain.

Period: April 2005–April 2006.

Fig. 1. Heterogeneity plot of (i + 1)fi+1/fi vs. i for the three combinations of scrapie surveillance sources: SND–FS–AS,

SND–FS and SND alone (Scrapie Notifications Database (SND), abattoir survey (AS) and fallen stock survey (FS)). Only

sheep scrapie in Great Britain. Period: April 2005–April 2006.
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Table 4

Number of scrapie-affected holdings from the application of the crude Zelterman estimator (Nz), the covariate-adjusted Zelterman estimator (Nz) and Chao’s lower bound estimator

(Nc) by source or combinations of sources

Sources n Crude

Zelterman

Chao’s lower

bound

Sensitivity n Zelterman estimator adjusted for covariates

Nz 95% CI Nc 95% CI Nz (%) Nz 95% CI Variables Coefficient S.E. (coefficient) z p-Value

SND–AS–FS 118 393 213–573 353 162–545 30.0 108 337 162–512 Size 0.21 0.27 0.78 0.44

Wales �0.25 0.69 �0.36 0.72

Scotland 0.11 0.75 0.15 0.88

Intercept �2.91 1.69 �1.66 0.09

SND–FS 113 361 196–526 326 152–501 31.3 103 305 152–457 Size 0.17 0.27 0.64 0.52

Wales �0.19 0.68 �0.28 0.78

Scotland 0.11 0.76 0.15 0.88

Intercept �2.54 1.68 �1.51 0.13

SND 95 327 158–496 299 119–479 29.1 85 295 81–510 Size 0.35 0.32 1.09 0.27

Wales �0.09 0.82 �0.11 0.91

Scotland 0.46 0.87 0.53 0.59

Intercept �3.87 2.09 �1.85 0.06

‘‘n’’ shows the number of observations used in the analyses. The column ‘‘Sensitivity’’ shows the completeness of the source or combinations of sources from the estimation of the

number of scrapie-affected holdings via the crude Zelterman estimator. Only sheep scrapie in Great Britain. Period: April 2005–April 2006.



estimator allowing for covariates (3) (holding size and country of origin) to our data stratified by

the three combinations of sources (Table 4). Table 4 shows the final datasets upon which we

applied (3) after the removal of 10 observations where holding size data were not available.

None of the two variables (holding size and country of origin) appeared to have any significant

effect on our results. The inclusion of covariates, expectedly, increased the variance in all our

estimates; this is particular so for the model using only the SND data. Note that the left 95%

confidence interval (81) for this model is even lower than the number of scrapie-affected holdings

(85) detected by the source. The combination of a small dataset and the adjustment for covariates

produced this aberrant result. For these reasons, together with the reduced datasets of the models

adjusted for covariates due to missing holding-size values, we prefer to report the crude size

estimates for the scrapie-affected population. Furthermore, the unadjusted estimate allows direct

comparisons with Chao’s lower bound estimator also shown in Table 4. In all cases, we observed

N
_

C <N
_

Z as expected. The source/s’ sensitivities to detect the scrapie-affected population, as

estimated by our crude model (1), are also reported in the sixth column of Table 4. The

sensitivities appear low in all cases.

4. Discussion

Our results show that the number of scrapie-affected holdings in Great Britain was close to

400 in the period under study when modelling the three sources. This compares with 361

holdings when modelling the combination SND–FS and 327 from the modelling of SND alone.

The difference between the first two figures, 39 holdings, would represent the overall number of

holdings with infection in the flock but not clinical disease yet. We are reluctant to accept that

only 39 holdings are affected, at the infection stage, with scrapie. Several scenarios could provide

some explanation for these reduced figures:

1. The AS is not well represented in the CSFS. This seems not to be the case, at least for classical

scrapie (see point 2). We have checked the confirmed case distribution by source since the

onset of the active surveillance in 2002. The AS, on average, only accounted for 6.9% of the

classical scrapie cases detected by all the surveillance sources. This figure is consistent with

the 5% contribution of the AS in our dataset, the CSFS. Furthermore, although there may be

some form of reporting delay affecting those holdings detected by the AS, whilst the State

Veterinary Service traces the samples collected at the abattoir to their holdings of origin, it is

unlikely that this affects the number of holdings detected by this source in any given year as

cases are carried over time.

2. Informing only on classical scrapie biases our analyses. The AS detects most of the atypical

cases of scrapie in any given year: on average, 77.7% of all the atypical scrapie cases detected

by the surveillance network in the period 2002–2006. In other words, and contrary to the

previous point, the CSFS does not represent the AS adequately. To do so, the CSFS would need

to include those holdings with atypical cases detected through the surveillance network. This

is not the present situation.

3. The clear cut that we adopted in our study, with the FS and SND informing clinical disease in

the holding and the AS informing infection only, is not plausible. It seems logical to support

the occurrence of more than one stage of the disease within the holding. This is the core of the

multiple-list CRC models (Del Rio Vilas et al., 2005a). However, as pointed out by the Del Rio

Vilas and colleagues, the limited overlapping between the sources might well be explained by

the different populations, in terms of the stage of the disease, sampled by the surveillance
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sources. The authors also mentioned the effect of the depletion of cases from a holding once

they were removed after their detection by any source as another potential reason for the small

number of matches between the sources.

4. More importantly, the number of holdings detected by the active sources will depend

ultimately on the number of samples collected and the distribution of those samples within

holding. Whereas we can modify the former, and we do so every year to satisfy the EU

requirements, there is little we can do to alter the latter due to logistic reasons. In the case of the

FS, the sample size was less of an issue in the first and last 2 years of the survey where,

although for different reasons, we sampled the majority of the dead-on-farm animals reported

by the farmers (Del Rio Vilas, personal observation). This leads us to report with confidence

our estimates from the modelling of the combination SND–FS. For similar reasons, we can

also report confidently the number of holdings affected with classical scrapie recognizable by

the farmers (327), as informed by the SND alone. In the case of the AS, however, the reduced

number of scrapie-affected holdings recorded in the CSFS is a consequence of the small

number of holdings sampled by the AS in 2005 (over 4000 holdings after the application of the

technique described by Birch et al. (2006) for the identification of the holdings of origin). This

is a consequence of the reduced number of samples collected that year in comparison, for

example, with 2002 and 2003 (Defra, 2007). Although we have found that, for classical

scrapie, there appears not to be any negative bias altering the recording process into the CSFS,

we hold concerns about the overall representativeness of our results with regard to the AS for

the reasons described above: no representation of atypical scrapie and reduced sample in 2005.

The fact that holdings where atypical cases were detected are not included in the CSFS

extends to all three sources and biases any inference from the CSFS. This is especially so in the

case of the FS and the AS where atypical scrapie accounted for 24% of all cases and exceeded

those of classical by 15%, respectively. This is much less of a problem in the case of the SND

where atypical scrapie only accounted for 2.4% of all scrapie cases in the period 2005–2006,

when we started to detect clinical atypical scrapie in Great Britain. This reinforces our confidence

in our estimate from the modelling of SND only. The inclusion of the atypical cases would not

only produce a more comprehensive, and hence more informative, estimate of the presence of

scrapie in Great Britain; it would also alleviate the bias towards the FS and the SND seen in the

present analyses by increasing the weight of the AS in the CSFS as this is the source where more

atypical scrapie is found.

In principle, with the reservations explained above, our models could be applied to atypical

scrapie or any other situation when a count distribution of cases arises from within-holding

testing schemes. One hundred and sixty-two cases of atypical scrapie have been found to date

(Del Rio Vilas, personal observation), since the start of the active surveillance in 2002. In order to

keep a consistent case definition of our problem, we could not use the seven atypical cases

detected through the TSE-testing. Because the holdings enter in the scheme after the detection of

classical scrapie only, and consequently the first case is always a classical one, atypical cases

would never inform f1. To circumvent this event, we would need to monitor scrapie-affected

holdings with atypical scrapie specifically and apply the same testing scheme to build up our

frequency distribution of cases within the holdings. Only in this case, we could inform either type

of scrapie separately or both together by loosening up the specificity of our case definition and

referring to all scrapie-affected holdings.

Validation of the outputs from any statistical model is important. Del Rio Vilas and Böhning

(2007) reported the number of scrapie-like-affected holdings to allow comparisons with the
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estimates of completeness reported by Sivam et al. (2003) in their anonymous postal survey. This

validation relied on the occurrence of similar clinical misclassification between the two

approaches. This comparison cannot be extended for the present study: the scope of the two

approaches, the postal survey and the models presented in this paper, are different. The former is

restricted to non-confirmed clinical disease. Furthermore, our models inform a different time

frame: after the field implementation of the CSFS in April 2005, 3 years after the postal survey

was conducted.

We can compare the number of scrapie-affected holdings estimated in our previous works

(Del Rio Vilas and Böhning, 2007) with those in the present study. This is restricted, obviously, to

the SND. In our previous works we reported 300 (95% CI: 206–394) scrapie-affected holdings

from the application of the one-list model to the SND data for the year 2004. We cannot describe

any trend in the incidence of scrapie based solely on the crude comparison between the number of

scrapie-affected holdings from the present study (327) and those reported in our previous work. If

any, there appears not to be any changes as our estimate (327) is well within the confidence

intervals of our previous results. The main consideration to compare the results from the two

studies is the different ascertainment of the secondary cases within-holding. The fact that our

within-holding frequencies originate from the TSE-testing programme appears to bring a new

benefit from a conceptual point of view. In our particular setting, as it might have happened in

McKendrick’s seminal study (1926), we aim to estimate the sensitivity or completeness of the

network to detect the event of interest: scrapie-affected holdings. We do so assuming that the

within-holding sensitivity is perfect, that we detect all the cases present in the holding. This is

only possible by means of testing all the animals in the holding with a perfect test. In the current

study, although we are confident that the number of scrapie cases detected by the TSE-testing

represents the within-holding prevalence in the flock adequately, there could be more scrapie-

affected animals within the holding. We would miss them by restricting the TSE-testing to a

sample. Extending the TSE-testing to all animals could lead to an increase of f2, f3, etc. For our

estimators, only f2 is of interest. Increasing its frequency, whilst keeping n constant, would

reduce our estimates of N. A similar result would be expected from our previous works where the

holdings were not TSE-tested and the number of reported scrapie-affected sheep within the

holding relied entirely on the farmers’ sensitivity. The frequency distributions originating from

this process might not be a fair representation of the true within-holding prevalence in the flock.

In fact, they might well be affected by under-ascertainment themselves. This, undoubtedly,

would bias our estimates. The exercise of gaining in depth knowledge of the characteristics of the

tests within the holding cannot be underestimated.

Methodologically, as pointed out by an unknown reviewer, the Zelterman estimator will

overestimate, relative to Chao’s estimator, by an amount proportional to the sum of f1 + f2 within

the sample of size n. The smaller the contribution of f1 + f2 within n, the larger the overestimation

relative to Chao’s estimator becomes.

The TSE-testing on the CSFS holdings has also brought further clarification on previous

works. Del Rio Vilas et al. (2005a,b) could only guess the effect of the small within-holding

prevalence as a cause of the reduced overlapping between sources. The count distributions

originated from the TSE-testing upon the CSFS holdings seems to confirm this. On average, for

the three combinations of sources, 72% of the holdings had only one confirmed case and 85%

two. In a similar way as stated by Zelterman (1988), holdings never seen, informing f0, should be

more similar to those rarely seen, informing f1 and f2, than to those captured on many occasions.

If so, the holdings we are missing are those where the disease appears with very low prevalence

within the holding, with 1 or 2 cases. The reduced within-holding prevalence, together with the
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apparent uneven sampling of Great Britain by the surveys (Birch et al., 2006), are likely to

explain the few matches found between the surveillance sources in the past.

Our results are as good as the data we use to inform our models. Two problems, of logistic

nature, contributed to the reduced number of holdings from the AS and the FS in our dataset: (i)

the lack of perfect sheep identification that hampered our efforts to trace back the abattoir

samples to their holdings of origin and (ii) the lack of sampling in the Shetlands Islands by the FS

where most of the SND cases from Scotland originated. This has resulted, most likely, in an

underestimation of the scrapie-affected population.

The application of our models to future data from the CSFS is straightforward. We would be

able to report trends in the sensitivity of the surveillance network in time provided that there is

consistency in the implementation of the scheme. Uses of CRC methods to study trends in time

have been reported elsewhere (Hook and Regal, 2004).
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Appendix A

Let Yi denote the count of cases in the ith holding. Our data include only non-zero counts and

comes from a zero-truncated Poisson model

PðYi ¼ jÞ ¼ expð�uÞui=i!

1� expð�uÞ (4)

Estimation of u can be done by maximizing the likelihood function of the zero-truncated Poisson

distribution

LðuÞ ¼
Ym
i¼1

�
expð�uÞui=i!

1� expð�uÞ

� f i

where m denotes the largest observed count. If we only consider holdings with one or two cases the

associated probabilities become P(Yi = 1) = c0((exp(�u)u)/(1 � exp(�u))) and P(Yi = 2) =

c0((exp(�u)u2/2)/(1 � exp(�u))) where c0 = 1/[((exp(�u)u)/(1 � exp(�u))) + ((exp(�u)u2/2)/

(1 � exp(�u)))], the normalizing constant which guarantees the probabilities to sum to 1. Note

that these probabilities simplify to P(Yi = 1) = 1/(1 + u/2) and P(Yi = 2) = u/2/(1 + u/2). The like-

lihood is then L ¼
Qn0

i¼1 p
ðiÞ1�di

1 p
ðiÞdi

2 where n0 is the number of holdings with only one or two cases

and di a binary indicator that takes value 0 if the ith holding has one confirmed case or 1 if the ith

holding has two confirmed cases. Since p
ðiÞ
1 ¼ 1=ð1þ u=2Þ and p

ðiÞ
2 ¼ ðu=2Þ=ð1þ u=2Þ, the

likelihood, conditional upon f1 and f2 can simply be written as

�
1

1þ u=2

� f 1
�

u=2

1þ u=2

� f 2

¼ ð1� pÞ f 1 p f 2

which is proportional to a binomial likelihood with event parameter p = (u/2)/(1 + u/2).
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If covariates, holding size and country of origin in our case, are given in the form of a vector xi

for the ith holding, we can link the probability of the outcome pi with the linear predictor hi = bTxi

in a generalized linear model with log-link via pi ¼ ehi=ð1þ ehiÞ.
We note that pi and the local Poisson parameter ui are linked via pi = (ui/2)/(1 + ui/2). Then, by

solving ehi=ð1þ ehiÞ ¼ ðui=2Þ=ð1þ ui=2Þ, we see that ui and hi are simply connected via

ui ¼ 2ehi .
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