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Abstract

In this paper, we deal with the strategies of surveys to substantiate freedom from disease for a

certain territory. Infection might not be distributed homogeneously. So, a relatively high within-herd

prevalence might be observed while the herd-level prevalence is lower. For this situation, we

compare various two-stage sample strategies.

The calculation of appropriate sample sizes becomes quite complicated. The theoretical

generalization of the hypergeometric distribution by Cameron and Baldock [Prev. Vet. Med. 24

(1998) 1] introduces a simple way to evaluate multi-stage sample sizes while regarding real-test

properties. We demonstrate the theoretical foundations of these calculations. These principles open

up the possibility of optimizing costs or other relevant variables, by choosing the appropriate

sample strategy (each of which ensures the same a-level for the first stage). In addition, we evaluate

the statistical power of the complete strategies under consideration.

Furthermore, we apply our theoretical results to a data example of Brucella melitensis. We used

the herd-size situation in Germany, characterized by many small sheep holdings and only a few

large ones. The consequences of real-test properties on sample sizes and on the applicability of

several strategies are discussed. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, regulations have been introduced to determine whether an area or a certain

holding can be declared as being free from a specific disease. Several different situations

have to be distinguished from each other. The ‘‘disease-free’’ status can be granted initially

as a result of control measures, reinitiated after rehabilitation or continue after a period of
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observation. In some instances, ‘‘disease-free’’ requires that not a single infected animal be

present. In still other instances, a certain percentage-based sampling survey is prescribed.

Also, clear goals have been formulated (sometimes in the form of prevalence-thresholds).

The typical aim of sampling surveys should be the possible detection of a certain

prevalence level at a definite time, depending on the disease and the specific situation.

Infection might not be distributed homogeneously. So, when infection occurs, a

relatively high within-herd prevalence of infected animals might be observed while the

herd-level prevalence remains lower. An example is in Fig. 1: infected holdings can be

clustered but only a low herd prevalence exists. However, a much higher prevalence might

be expected instead within an infected holding. For this situation, Cameron and Baldock

(1998b) recommended two-stage sampling. Such strategies are flexible enough to permit

monitoring and observation programs with very different parameters (prevalence levels

and error levels).

To prove that a territory was free from disease a certain time ago, it is usually sufficient to

show that no consequences of the supposed infection now occur. For contagious diseases,

maintaining different low-level prevalence-thresholds (amongst herds as well as within

herds) is sufficient to indicate freedom during a certain time. If animals were already

infected, the prevalence would soon exceed those thresholds. In general, the threshold for

testing within herds should be greater than that for testing at the herd-level.

The calculation of sample sizes of multi-stage sampling strategies is more complicated.

The classical standards (e.g. collected in the tables of Cannon and Roe (1982)) were

developed for easy, one-stage samples and perfect tests. As an application of the theorem of

total probability (Ash, 1999), Cameron and Baldock (1998a) published a formula suitable

for sample-size calculations for single-stage samples, considering sensitivity and speci-

ficity. Furthermore, this theoretical generalization of the hypergeometric distribution

introduces a simple way to evaluate multi-stage sample sizes with real-test properties.

Fig. 1. Scheme of an infected territory. Area of the circles: herd sizes; black segments: infected percentages.
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(Generally applying the hypergeometric distribution, however, was problematic until

more-powerful computers were available.) In this paper, we demonstrate the theoretical

foundations of these calculations. In this, each stage has to be regarded separately. The

‘‘interface’’ between both stages is characterized by the test-error probabilities of the

following step (Ziller et al., 1999).

We use a data example of Brucella melitensis. We take special note of the herd-size

situation in Germany, characterized by many small sheep holdings and only a few large

ones (a distribution typical for different animals in various countries). Whilst Cameron and

Baldock (1998b) investigated the case of homogeneous herd-size distribution, the simula-

tion study of Selhorst et al. (1999) was applied to the more-general situation.

1.1. Two-stage sample strategies

In the first stage, a random sample of holdings is selected. In the second stage, each of

these holdings must be determined to be infected or not. What is done in this second stage

characterizes the strategy. We compare three strategies for the second stage: cluster

samples (Teuffert and Lorenz, 1995), individual samples (Ziller et al., 1999), and limited

samples (Cameron and Baldock, 1998b; Selhorst et al., 1999; Ziller et al., 1999) (Fig. 2).

Fig. 2. Scheme of sample strategies. Total bars: herd sizes of sampled herds; black areas: sample sizes within

sampled herds.
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1.1.1. Cluster sample

Cluster sampling involves all animals within the herd (i.e. within the selected clusters).

By assuming a perfect test, we can be sure of deciding the herd’s status correctly.

1.1.2. Individual sample

Individual sampling involves samples of the selected herds relative to a pre-defined

prevalence-threshold and thus depends on the herd size. If the herd is infected, test-positive

animals should be found in an appropriate sample. This sample size has to be calculated

based on the size of the herd so as to ensure a chosen error level (e.g. a2 ¼ 0:05) for each

tested herd.

1.1.3. Limited sample

Limited sampling involves a pre-fixed number of animals per each selected herd

irrespective of the herd size (if a holding has fewer animals, all of them have to be

tested). In the case of limited sampling, knowledge of the herd-size distribution is essential

so that the necessary number of herds can be calculated to ensure the corresponding

a1-level for the first stage. Depending on the chosen sample size within the holdings and

the particular herd-size distribution, the total number of tested animals can differ from

situation to situation in this strategy. Therefore, this strategy can be chosen to optimize a

given external criterion.

1.2. Real-test properties

All diagnostic tests actually have sensitivities and specificities <1 (methodical errors

cannot be excluded completely). Therefore, in practice, it is usual to verify positive test

results when performing large surveys. For sample-size calculations, we summarize all

information from the whole process of testing in series into one sensitivity and one

specificity (and, we assumed independence between tests).

2. Materials and methods

2.1. Sample sizes

In general, the sample size (n) depends on the error probability (a), the prevalence-

threshold (p) to be recognized, the population size (N), and the sensitivity (Se) and

specificity (Sp). n is the minimum sample size, for which the probability of having no test-

positive result within the sample is �a. M denotes the assumed number of true-positives

(corresponding to p) within the population. The summation index (m) represents the

possible number of true-positives within the sample.

PðTþ ¼ 0Þ ¼
Xminðn;MÞ

m¼maxð0;n�NþMÞ

M

m

� �
N � M

n � m

� �

N

n

� � ð1 � SeÞm
Spn�m � a: (1)
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For control programs, a test-positive result has to be treated as if true-positive. To

calculate sample sizes, one has to set Sp ¼ 1 in Eq. (1). For these reasons, a sample survey

of this kind only makes sense if p @ 1 � Sp. (Otherwise, there is a great chance of having

false-positive results within the sample, and of unnecessary control measures being

invoked.)

Now, we describe the theoretical basis for exactly calculating the sample sizes for two-

stage sampling plans. Let an area be regarded as free from disease when the prevalence of

infected herds is <p1. We now consider the procedure of checking a holding for infection as

being a ‘‘whole’’, and call it ‘‘herd-test’’. We estimate the sensitivity Se1 of this herd-test,

depending on the specific sample sizes (n2) within the herds assumed to be infected, and the

known herd-size distribution. Let the summation index (i) denotes the possible herd sizes.

Se1 ¼ 1 �
X1
i¼1

PðTþ ¼ 0jn2 ¼ iÞ 	 Pðn2 ¼ iÞ: (2)

The estimation of the herd-test sensitivity is the key to evaluating the complete sampling

plan.

2.1.1. Cluster-sample A

All of the N2 animals within the herd are tested. The herd is regarded as infected if 
1

animal is test-positive (this is the usual, more-stringent version of understanding cluster

samples). Thus, the herd-test sensitivity at least equals the sensitivity (Se2) of testing a

single animal. Indeed, Se1 might be even greater than Se2 if more than one animal is

infected—but for sample-size calculations, we have to assume the worst case:

n2 ¼ N2; Se1 ¼ Se2: (3)

2.1.2. Cluster-sample B

All of the N2 animals within the herd are tested. The herd is regarded as infected if the

prevalence of infected (true-positive) animals
p2. Denoting the smallest integer
x by dxe
yields:

n2 ¼ N2; Se1 ¼ 1 �
X1
i¼1

ð1 � Se2Þdp1	N1e 	 PðN2 ¼ iÞ: (4)

2.1.3. Individual sample

The sample size at the level of animals (within herd) has to be determined individually

from the parameters of the herd. The herd-test sensitivity is complementary to the error level

of the individual within-herd test. We assume a sampling procedure within the holding to

ensure a prevalence <p2 at an error level a2. For the case of Se2 
 1 � a2, this yields:

Se1 ¼ 1 � a2: (5)

Indeed, Se1 might be even greater than 1 � a2 because the sample sizes within the herds

have to be rounded up, but again the worst case is assumed. In the case of Se2 < 1 � a2, it is

impossible to guarantee an error probability of a2 (especially for small herds). So the
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assumptions of individual samples are violated; the actual a2 has to be calculated for the

specific situation.

2.1.4. Limited sample

This case is more complicated. The probability of a false-negative determination on a

holding can be calculated only by using the formula of total probability. The herd-size

distribution is needed. Supposing the same prevalence-threshold (p2) as for the individual

sample, let k be the fixed sample size (equal for each tested holding). If a holding has fewer

animals, all of them have to be tested.

The error of the first kind ð1 � Se1Þ of the herd-test is the sum over all possible

population sizes (i) of the conditional probabilities of choosing a sample of n2 test-negative

animals, given a population size i, multiplied by the probability of a holding having a total

of i animals (from the herd-size distribution).

Se1 ¼ 1 �
Xk�1

i¼1

PðTþ ¼ 0jN2 ¼ n2 ¼ iÞ 	 PðN2 ¼ iÞ

� PðTþ ¼ 0jN2 
 k ^ n2 ¼ kÞ 	 PðN2 
 kÞ: (6)

For each choice of k, we will get a new sampling plan. These will differ from one another by

the total number of animals to be tested and therefore by the total costs or other criteria.

Thus, an optimal sample strategy can be found by choosing an appropriate limit k.

2.2. Power calculations

Sample-size calculations that only consider the a-error level are not sufficient for the

evaluation of sample strategies (Ziller et al., 2000). The statistical power of the sampling

procedure (regarded like a statistical test) is also an important aspect. Thus, we must

estimate the probability of recognizing a truly disease-free territory as being free. In all

power calculations, we have to assume that no animal within the territory is infected. Given

the actual specificity (Sp1) of the herd test and the number (n1) of herds to be tested, the

statistical power of the whole sampling procedure results in:

Sp ¼ Sp1
n1 : (7)

The estimated specificity of the herd test depends on the chosen strategy. Given the

specificity (Sp2) of the diagnostic procedure, the power of the sampling investigation

depends only on the total number of animals to be investigated. Simply spoken, the

statistical power is lower when the total sample size is larger.

Cluster sample : Sp1 ¼
X1
i¼1

Sp2
N2 	 PðN2 ¼ iÞ; (8)

Individual sample : Sp1 ¼
X1
i¼1

Sp2
n2 	 PðN2 ¼ iÞ; (9)

Limited sample : Sp1 ¼
Xk�1

i¼1

Sp2
i 	 PðN2 ¼ iÞ þ Sp2

k 	 PðN2 
 kÞ: (10)
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Table 1

Calculated parameters for strategies with perfect specificity, and various animal-level sensitivities (Se2)

Sampling

strategy

Sample size

(size limit, respectively,

within a holding)

Herd-test sensitivity (%) Number of herds to be tested Expected number of animals

to be tested � 103

Se2 Se2 Se2

1.00 0.95 0.90 1.00 0.95 0.90 1.00 0.95 0.90

Cluster A N2 100 95 90 1476 1553 1640 50 52 55

Cluster B N2 100 95 90 1476 1549 1631 50 52 55

Individual n2 99 95 90 1488 1553 1635 30 32 35

Limited 15 87 82 78 1706 1796 1895 14 14 15

14 86 81 77 1725 1816 1917 13 14 15

13 85 80 76 1747 1839 1941 13 14 14

12 83 79 75 1772 1865 1969 13 13 14

11 82 78 74 1802 1897 2003 12 13 14

10 80 76 72 1839 1935 2043 12 12 13

9 78 74 71 1884 1983 2093 11 12 13

8 76 72 69 1937 2039 2152 11 12 12

7 74 70 66 2004 2110 2227 10 11 12

6 71 67 64 2093 2203 2325 10 10 11

5 66 63 60 2222 2339 2469 9 10 10

4 61 58 55 2434 2562 2705 9 9 10

3 52 50 47 2831 2981 3146 8 8 9

2 39 37 35 3772 3971 4191 7 8 8

1 21 20 19 6893 7256 7659 7 7 8
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2.3. Data example

To demonstrate our results, we have chosen an imaginary survey to substantiate freedom

from B. melitensis for Germany. According to the EC-directive 91/68/EEC (1991), for

maintaining the status ‘‘free of infection’’ for a Member State it is sufficient to prove at the

a1 ¼ 0:05 level that the prevalence of infected herds is <0.002. Infection-free herds means

free of clinical signs and free of antibodies.

According to the Federal Office Statistics, 68,767 holdings existed in Germany at the end

of 1996 (2,314,870 sheep). About 64% of them contained 10 animals at the most, and only

246 holdings with more than 1000 animals could be found. Therefore, a cluster-sample proce-

dure is not only very expensive—but also inefficient and unfair to the holders of large herds.

2.4. Computing

All three sample strategies under consideration were evaluated using the example

B. melitensis for Germany. Therefore, the error level ða1 ¼ 0:05Þ and the prevalence-

threshold ðp1 ¼ 0:002Þ at the herd-level were given. The following parameters for the

second stage within the holdings were fixed: prevalence-threshold p2 ¼ 0:01, maximum

error probability a2 ¼ 0:05. We calculated herd-test sensitivities, and numbers of herds

and animals to be tested for all three testing strategies, with animal-level sensitivity

Se2 ¼ 1:00, 0.95, 0.90 (each with Sp2 ¼ 1:00), and in addition with animal-level specificity

Sp2 ¼ 0:9999, 0.99999 (each with Se2 ¼ 0:95).

Table 2

Calculated power values for strategies with Se2 ¼ 0:95

Sampling strategy Sample size

(size limit, respectively,

within a holding)

Power of the whole sampling survey

Sp2

1 0.99999 0.9999

Cluster A N2 1.000 0.5936 0.0061

Cluster B N2 1.000 0.5944 0.0061

Individual n2 1.000 0.7255 0.0409

Limited 15 1.000 0.8656 0.2362

14 1.000 0.8686 0.2445

13 1.000 0.8718 0.2536

12 1.000 0.8752 0.2636

11 1.000 0.8787 0.2746

10 1.000 0.8826 0.2868

9 1.000 0.8867 0.3004

8 1.000 0.8911 0.3157

7 1.000 0.8958 0.3329

6 1.000 0.9010 0.3526

5 1.000 0.9066 0.3752

4 1.000 0.9127 0.4011

3 1.000 0.9191 0.4299

2 1.000 0.9250 0.4586

1 1.000 0.9300 0.4840
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All the calculations were performed with S-PLUS 2000 (#1999 Mathsoft, Seattle,

USA). The corresponding script will be made available on request.

3. Results

If Se2 < 1 then Se1 becomes smaller, too, and the number of investigated herds must be

larger to ensure the same error probability for the whole sampling plan (Table 1).

In fact, no diagnostic procedure can reach a perfect specificity. What would happen

when the specificity of the test procedure within the herds actually is below 1 ðSp2 < 1Þ?
Effort and expense remain the same, but the statistical power (ability to recognize freedom

from disease) of the whole sampling survey instead becomes less when the chance of false-

positive test results increases. Table 2 demonstrates this effect for Sp2 ¼ 0:99999 and

0.9999, respectively (for the example Se2 ¼ 0:95 was used).

The considered specificities seem to be rather high. But even for these values, the

statistical power of the whole sampling procedure is seriously affected. In practice,

specificity values may be even smaller.

4. Discussion

For sample-size calculations for a multi-stage sampling strategy, all the stages have to be

regarded separately. Sensitivity and specificity for the appropriate stages have to be

estimated. Only after that sample sizes can be calculated.

4.1. Cluster sample

A cluster-sample strategy results in the statement of highest certainty, but also in highest

costs (much larger numbers of tests than with the other strategies). So this strategy can be

recommended only when political requirements make it indispensable.

4.2. Individual sample

The individual sample is much more efficient than cluster samples and allows a result at

an acceptable confidence level for each investigated holding. This advantage could make

the holders of large herds more willing to collaborate in an extensive survey.

The strategy can be recommended when Se2 
 1 � a2 holds true and when statements

for each investigated holding are desired. Nevertheless, the logistic effort is higher than that

for cluster sampling and it cannot be a primary aim of most large surveys to yield specific

information for each holding.

4.3. Limited sample

The strategy of limited samples is the least expensive. Compared to the other strategies,

the limited samples strategy requires more holdings to be tested, but the total number of
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animals necessary to be tested is much lower. For this reason, the statistical power of the

whole survey becomes higher too. On the other hand, although the a1-level for the first

stage is guaranteed, the herd-level sensitivity is lower, and a generally reliable statement

for single holdings is impossible here. The strategy of limited samples is strongly

recommended for large surveys when statements for each investigated holding are not

required.

The limited-sample strategy permits the arbitrary choice of the sample limit of animals

to be tested within one holding. Therefore, it can be adjusted to allow optimizing a

secondary cost function. This represents another advantage of limited samples.

4.4. Surveys

We considered several strategies of surveys to ensure a given herd-level prevalence-

threshold in a certain territory. Animal-level sensitivity and specificity of the diagnostic

tests influence the sample size necessary to guarantee the pre-fixed a-level, and the

statistical power of the survey as well. Two simple consequences are obvious. A decrease

of the sensitivity requires a slightly larger sample size to compensate for possible false-

negative results, and therefore causes a little lower statistical power. A decrease of the

specificity, instead, does not affect the sample size itself—but it leads to a serious reduction

of the statistical power because of the risk of false-positive results.

In our presented example, even a specificity of Sp2 ¼ 0:9999 is much inadequate. In this

case, the probability of a false-positive decision after the whole survey is greater than that

of accurately detecting a free territory as being free. So enhancing the specificity of the

diagnostic procedure is essential for effectively performing large surveys. Though resulting

in a relatively low herd-test sensitivity, introducing the strategy of limited samples will

reduce the general effort.

A survey of the kind considered is not model based; it is closely related to legal

regulations for a territory to maintain the status ‘‘free from disease’’. It should discover a

potential infection early to prevent a further spread. So frequency and intensity of the

investigations must depend on the specific disease and the situation. Certainly, other

questions must also be considered. When regulations or political restraints require large

surveys, a cost-optimized strategy ensuring all predefined parameters would be the best

solution. Last but not the least, ethical questions may be dominant. When animals have to

be slaughtered for testing, a strategy should be chosen which minimizes the total sample

size.
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