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ABSTRACT 

Martin, S.W., Shoukri, M. and Thorburn, M.A., 1992. Evaluating the health status of herds based on 
tests applied to individuals. Prey. Vet. Med., 14: 33-43. 

The effects of test sensitivity and specificity, and the impact of true prevalence of disease, on test 
results at the individual level are well known. When individuals are tested to ascertain if an aggregate 
of animals (e.g. a herd) is affected by a condition of interest, the number of animals tested and the 
critical number of reactors used to decide the health status of the herd become very important in 
influencing the herd-level sensitivity and specificity. 

If the test specificity is less than 100%, as the number of animals tested increases, the probability of 
at least one false-positive animal increases--thus the herd specificity decreases. The herd sensitivity, 
herd negative predictive value and herd apparent prevalence increase directly with the number of 
animals tested, but the herd positive predictive value decreases. Herd sensitivity can be increased by 
using a test that is less than 100% specific. These features should be borne in mind when interpreting 
the natural history of disease, as well as when conducting disease surveys or disease-control campaigns 
based on surrogate tests. 

I N T R O D U C T I O N  

In recent years, the concepts and applications of the sensitivity (SENS) 
and specificity (SPEC) of tests - -  as they apply to individuals - -  have be- 
come more widespread. This paper extends these concepts to the herd level. 
In doing so, it builds on an earlier paper by Adler and Wiggins ( 1973 ), and a 
more recent paper by Aalund (1984). The principal objective of this paper is 
to explain the factors that influence herd-level sensitivity (HSENS) and spec- 
ificity (HSPEC) so that surveys and understanding of disease occurrence can 
be pursued in a logical and optimal manner. More specifically, the major goals 
are to assess what percentage of herds may be affected with the condition 
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(disease) of interest, and to assess the likelihood that a herd is actually dis- 
eased based on the reaction of individual animals to the test procedure. 

If the herd is suspected to be positive because some animals reacted to the 
initial test, all animals at risk would be tested in a control program. Con- 
versely, if the herd is apparently disease free (because there are no or few 
reactors to the initial test),  then no further testing would be conducted. In 
most surveys (or control programs),  either a census or a fixed percentage of 
the animals in the herd are tested. Both situations lead to more animals being 
tested in large than in small herds and the implications of this will be discussed. 

A diseased herd could be detected because some of the diseased animals 
reacted to the initial test (reflecting the test's sensitivity) or because some of 
the non-diseased animals reacted to the initial test (reflecting the test's lack 
of specificity). Hence, false-positive reactors could signal, correctly, that a 
herd has a specified disease even though no actually diseased animals tested 
positively. Conversely, a non-diseased herd could be declared to be disease 
free only if most or all of  the tested animals reacted negatively. 

DETECTING DISEASED HERDS BY CORRECTLY DETECTING DISEASED ANIMALS 

Richards ( 1983 ) discussed the detection of diseases of low prevalence with 
a test of 100% specificity, but less than 100% sensitivity. Richards' approach 
was similar to that of  Adler and Wiggins ( 1973 ), who took into account the 
lack of sensitivity of a test, while assuming that the test was 100% specific. If 
the test is 100% sensitive and specific, a formula for the sample size 'm'  that 
will give a specified level of confidence (e.g. 95% ) that the prevalence within 
the group does not exceed a specified true prevalence (TP) if all m animals 
test negatively may be derived from 

1 - C ~  ( 1 - T P )  m (1) 

where C is the desired level of confidence (e.g. 90 or 95%) and rn is the num- 
ber of animals tested. Hence 

log ( 1 - C)  
rn>~ . . . . .  ( 2 )  

l o g (  1 - TP) 

Given strong a priori evidence that the prevalence of disease (if present) will 
exceed the specified TP,  then if no animals react positively the inference can 
be made that the herd is disease free. We obviously wish to invoke the caveat 
that strong evidence about the natural history of the disease is needed to make 
this leap in judgement.  

The reader will note that we have chosen to ignore corrections for the sam- 
piing fraction because we believe they unduly complicate the formulae and 
ideas presented. Also, all ratios/probabilities should be expressed, in calcu- 
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TABLE 1 

The effect of lack of sensitivity on the sample size required to detect disease, at a given prevalence, 
with 95% confidence 

Required TP 3% 
sample size 
(m)  1.001 

TP 30% 

0.90 1.00 0.90 

20 19 19 7 8 
40 37 37 8 8 
60 48 50 8 8 

100 63 66 8 9 
200 78 84 8 9 

Infinite 98 1 I0 9 10 

Sensitivity. 

lations, as proportions (0~<P~< 1 ); nonetheless, results will be given as per- 
centages for ease of presentation and interpretation. 

An approximate formula for deriving sample size in finite populations is 
given by Cannon and Roe ( 1982 ) 

m>_- 1 -  (1--C)~/D× [M-- ( O -  1) /2]  (3) 

Here, Mis  the total number of animals at risk in the herd and D is the number 
of animals in the herd that are diseased (D = T P ×  M ) .  

According to Richards ( 1983 ), if the test is less than 100% sensitive, a for- 
mula for deriving sample size when sampling from infinite populations is 

1 - C<~ ( 1 - T P ×  SENS)m (4) 

Hence 

log( l - C) (5) 
m >~ log ( 1 - T P ×  SENS ) 

By analogy, the Cannon and Roe ( 1982 ) approximation would be modified 
as shown below 

m>~ 1 - ( 1 - -C)  I/(DxSENS) X [ M -  ( D -  1 ) /2]  (6) 

From these formulae, it is clear that the required sample size 'm' is increased 
by the lack of sensitivity. Example calculations (comparing sample sizes for 
sensitivities of 100 and 90% at T P s  of 3 and 30% ) are shown in Table 1. 

D E T E C T I N G  DISEASED HERDS:  THE I M P A C T  O F  FALSE-POSITIVE ERRORS 

The probability of an individual giving a positive test result [p( T+  ) or 
apparent prevalence ( A P )  ] is related directly to the true prevalence of disease 
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within a herd and to the SENS of the test, and is related inversely to the SPEC 
of the test. This is shown explicitly as 

p( T+ ) = T P x S E N S +  ( 1 - TP) × ( 1 - SPEC) (7) 

If there is no disease in the herd (i.e. T P = 0 ) ,  this probability is equal to 
1 - SPEC. 

At the herd level, in addit ion to the effects of TP and the test SENS and 
SPEC, the herd sensitivity (HSENS) and specificity (HSPEC) are functions 
of the number  of animals tested ( m individuals tested out of all M individuals 
in the herd),  and of the cutpoint  number  of  reactors (x) chosen to indicate 
the presence of infection or disease. In this context, HSENS is the proportion 
of diseased herds in which the number  of  positive reactors meets or exceeds 
the specified cutpoint number  of  reactors, while HSPEC is the proportion of 
'non-diseased' herds in which the number  of positive reactors is below the 
specified cutpoint number  of reactors. Table 2 contains example results for a 
test with SENS equal to 95% and SPEC equal to 99%, and two levels of within- 
herd TP. The results indicate that herd sensitivity increases with the number  
tested, whereas herd specificity decreases. Herd sensitivity decreases as the 
cutpoint number  of  reactors for declaring the herd to be diseased increases, 
whereas herd specificity increases directly with the cutpoint value. Herd sen- 
sitivity increases directly with TP, whereas herd specificity does not change. 

In order to understand the basis for these results, initially assume that one 
or more reactors (x>~ 1 ) from amongst the m animals tested will lead to the 
herd being denoted as diseased. We will denote the probability of an animal 
being a reactor ( p ( T + )  ) in a herd containing at least one diseased animal 
( H E R D + )  as p~, and in a herd containing no diseased animals ( H E R D - )  
as Pc. The complements  of these will be ql and q2, respectively. The probabil- 
ity of there being one or more reactors in a diseased herd when m animals are 
tested is as follows 

( m )  o q , ~ _ o  p [ ( x > ~ I ) I H E R D + ] = I - -  0 × p l x  = l - q ~ '  (8) 

This is the herd-level sensitivity (confidence of detecting the diseased herd).  
For example, using a test with SENS of 95% and SPEC of 95% in a herd with 
30% of the animals diseased gives a p~ of  32% (see eqn. (7) ), from which the 
HSENS would be 98% if ten animals were selected for testing and the herd 
declared diseased if any of  the ten animals reacted positively. If the SPEC 
were 99% (as in Table 2), then p~=29.2% and the HSENS is lower at 97%. 
The expected results of  different SPEC values on HSENS are shown in Table 
3. On a relative basis, the effects of lack of SPEC are greater at lower levels of 
TP. (The effects of changing the cutpoint number  of animals used to declare 
the herd diseased will be discussed later. ) 
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TABLE 2 

Herd-level specificity (HSPEC %) and sensitivity (HSENS%) (by true prevalence of disease, cut- 
point number of animals that signifies a positive herd result and number of animals tested per herd), 
given an individual-animal sensitivity of  95% and a specificity of  99% 

Number 
tested 
(m) 

HSPEC% HSENS% 

TPO% TP10% TP30% 
~ 1 '  ~2  ~3  ~1 ~2  ~3  ~1 ~2  ~3  

1 99 NA NA 10 NA NA 28 NA NA 
2 98 100 NA 20 1 NA 48 8 NA 
5 95 100 100 42 9 1 81 43 14 

10 90 100 100 66 28 8 96 82 56 
30 74 96 100 96 83 61 100 100 100 
60 55 88 98 100 99 96 100 100 100 

100 37 74 92 100 100 100 100 100 100 

NA, not available. 
iCutpoint number. 

TABLE 3 

Herd-level sensitivity I (HSENS%) at different SPEC values (by true prevalence of disease and num- 
ber of animals tested per herd), given an individual-animal sensitivity of 90% 

Number 
tested 
(m) 

TP 5% TP 10% TP 30% 

9 0 %  2 95% 98% 90% 95% 98% 90% 95% 98% 

1 14 9 6 18 14 11 34 31 28 
2 26 18 12 33 25 20 56 52 49 
5 53 38 28 63 52 44 87 84 81 

10 78 62 48 86 77 68 98 97 96 
30 99 95 86 100 99 97 100 100 100 
60 100 100 98 100 100 100 100 100 100 

100 100 100 100 100 100 100 100 100 100 

~HSENS assumes that one or more positive test results signify a positive herd. 
2SPEC value. 

FAILURE TO D E T E C T  DISEASE: THE IMPACT OF FALSE-NEGATIVE ERRORS 

Marchevsky and Held (1989) discussed the probability of not detecting 
one or more diseased individuals when a specified number of individuals were 
tested (again, this was essentially the same approach as used earlier by Adler 
and Wiggins (1973 )).  Although their argument is correct if individuals are 
individually and randomly selected, Marchevsky and Held ignored the fact 
that, in veterinary medicine, animals are often grouped in herds (sampled 
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and tested in a cluster) and that it is the group response (as well as the indi- 
vidual response) which dictates the future of individuals. For example, if one 
or more individuals in a herd tested positively to certain diseases, then none 
of  the animals from that herd would be moved into disease-free areas (Thor- 
burn et al., 1991 ). 

DETECTING NON-DISEASED HERDS 

Providing that sufficient numbers of  animals are tested, the herd would be 
considered negative if all tested animals had negative test results. The proba- 
bility of  no reactors in a disease-free herd with m animals tested is 

o m o p [ ( x = 0 ) I H E R D - ] =  0 × P 2 × q 2  = q ~  (9) 

This is the HPSEC. For example, using a test with SENS of 90% and SPEC of 
98.5% when ten animals are selected for testing and the herd is to be declared 
disease free if all animals reacted negatively, p2=1.5°/0 (eqn. (7 ) )  and 
HSPEC = 90%. 

THE EFFECT OF NUMBER TESTED 

From the above formulae (and the results in Table 2 ), it is obvious that as 
the number of individuals tested increases, HSENS also increases and HSPEC 
decreases. For example, HSENS of  a test with SENS of 90% and SPEC of 
98.5% in a herd with 30% of  the animals actually diseased would be 82% if 
five animals were selected for testing and 100% if 30 animals were tested and 
the herd was declared diseased if any animals reacted positively. Conversely, 
using a test with the same SENS and SPEC, the HSPEC would decrease from 
95% to 74%, respectively. 

THE EFFECT OF CHANGING THE CRITICAL (CUTPOINT) NUMBER OF REACTORS 

TO INDICATE THE HERD'S HEALTH STATUS 

If the cutpoint  number  of reactors required to declare a herd as diseased is 
increased from one or more to two or more reactors (x>~ 2 ), the HSENS is 

p[  (x~>2) I H E R D +  ] = 1 - { p [  ( x = 0 )  I H E R D +  ] (10) 
+ p [  ( x =  1 ) I H E R D +  ]} 

= 1-- [ (1--qT')+ (1--mp~qt m-~)) ] = 1--q~'-I [q~ +mPx] (1 1) 

and the HSPEC is 

p [ ( x < Z ) I H E R D - ] = p [ ( x = O ) I H E R D - I + P [ ( X = I ) I H E R D - ]  (12) 
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=qT +mp2q~ m-l) =q']'-~ (q2 +mp2)  (13) 

This process can be continued for any critical number  of  reactors. As shown 
in Table 2, increasing the critical number  to declare the herd diseased de- 
creases the HSENS and increases the HSPEC values. For example, the HSENS 
of  a test with SENS of  90% and SPEC of  98.5% in a herd with 10% of  the 
animals actually diseased would decrease from 44 to 2%, and the HSPEC 
would increase from 90 to 100%, as the cutpoint  increased from one or more 
to three or more, when ten animals are selected for testing. 

E X P E C T E D  N U M B E R  O F  REACTORS IN DISEASED VERSUS DISEASE-FREE HERDS 

From the example in Table 2, it is clear that, for a given TP within a herd, 
a balance of  x, m, SENS and SPEC is needed to test optimally for a given 
disease (both the seriousness of  the disease and its TP in infected herds will 
influence the choice). However, for many circumstances, the HSENS and 
HSPEC are too superficial as summaries or predictors of  the likely results. In 
these circumstances, the probability distributions of the number  of  reactors 

TABLE 4 

The probability distribution (expressed as percentages) of the number  of reactors (by prevalence of 
disease within infected herds and number  of  animals tested), assuming an individual-level sensitivity 
of 90% and specificity of 98.5% 

Number  of TP within herd 
reactors 

0% 5% 30% 

10 ~ 20 40 10 20 40 10 20 40 

0 90 81 67 56 31 9 3 
1 9 17 27 34 38 22 13 1 
2 1 2 5 9 21 27 24 3 
3 1 1 8 21 27 8 
4 2 13 19 14 
5 6 10 19 
6 2 3 19 
7 1 16 
8 11 
9 6 

10 3 
11 1 
12 
13 

> 13 

1 
2 
4 
6 
9 

12 
14 
14 
12 
26 

~Number of  animals tested. 
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may be informative. Examples of  some selected probability distributions are 
shown in Table 4. 

Although one can take a formal hypothesis-testing approach to the discrim- 
ination of affected and unaffected herds (based on the expected number  of 
reactors), the sample sizes required for reasonable power are frequently much 
larger than the number  of animals available (even when all animals are tested). 
Hence, a decision (albeit less certain) about the health status of the herd is 
often made using a qualitative assessment based on the observed number  of 
reactors. Although this procedure gives a 'feeling' for the likely health status 
of the herd, when the differences in Pl and P2 are small there is considerable 
overlap in the probability distributions (and, therefore, considerable uncer- 
tainty about the actual health status of  the herd).  

PREDICTIVE VALUES OF HERD TESTS 

Once the HSENS and HSPEC are determined, then given a true prevalence 
of  infected herds (i.e. the proport ion of herds that are diseased, (HTP)  ), the 
predictive value(s)  of  the procedure at the herd level ( H P V +  and H P V -  
for diseased and non-diseased herds, respectively) can be established by in- 
serting the values for the herd-level variables into the standard formulae for 
predictive values as follows 

HTP × HSENS 
HPV-~ - (14) 

HTP × HSENS + ( 1 - HTP ) X ( 1 - HSPEC ) 

and 

TABLE 5 

Herd-level positive and negative predictive values (HPV+%, HPV-%)  (by true prevalence of in- 
fected herds, cutpoint number of animals that signifies a positive herd result and number of animals 
tested per herd), given a test with individual-level sensitivity of 90% and specificity of 98.5%, and a 
true prevalence within infected herds of 10% 

Number Herd TP5% Herd TP30% 
tested 

>111 >12 />3 />1 >/2 >/3 

1 27, 95 NA, NA NA, NA 75, 72 NA, NA NA, NA 
2 26, 96 71, 95 NA, NA 74, 74 95, 70 NA, NA 
5 23, 97 68, 95 94, 95 71, 79 94, 72 99, 70 

10 20, 98 61, 96 91, 95 67, 86 93, 76 99, 72 
30 12,100 37, 99 76, 98 53, 98 83, 93 96, 86 
60 8,100 19,100 45,100 42,100 65, 99 87, 98 

100 6,100 11,100 22,100 35,100 49,100 69,100 

Cutpoint number of animals. 
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H P V -  - ( 1 - HTP  ) × HSPEC ( 15 ) 
( 1 - HTP  ) × HSPEC + HTP × ( 1 - HSENS ) 

Note that the predictive values are influenced by the HTP, as well as by 
HSENS and HSPEC, in a manner  similar to predictive values at the individ- 
ual level being influenced by TP, SENS and SPEC. The HPV + is related di- 
rectly to the HTP, whereas the H P V -  is related inversely to HTP (see Table 
5). 

A P P A R E N T  PREVALENCE A N D  ITS R E L A T I O N S H I P  TO SAMPLE SIZE 

The apparent  prevalence of  diseased herds (p(HT+) or HAP)  increases 
directly with SENS and HTP, but decreases as SPEC increases (results not 
shown).  HAP increases directly with m and inversely with x, as shown in 
Table 6, and as indicated from the following formula 

p(HT+ ) = HTP × H S E N S +  ( 1 - H T P )  × ( 1 - HSPEC)  (16) 

For example, in a population with 5% of  the herds diseased, using a test 
with a SENS of  90% and a SPEC of  98.5%, when 10% of  the animals in each 
diseased herd were diseased, 30 animals were selected for testing and the herd 
was declared diseased i f2 or more  animals reacted positively, the HAP would 
be expected to be 11%. Forty-seven percent would be declared diseased if 100 
animals per herd were tested under  these conditions. 

This phenomenon - -  that of  the relationship of  the number  of  animals tested 
( m )  to the apparent  prevalence of  diseased herds (and by inference the true 
disease status of  the population ) - -  perhaps deserves a more  detailed discus- 

TABLE 6 

Herd apparent prevalence (by true prevalence of infected herds, cutpoint number  of animals that 
signifies a positive herd result and number  of animals tested per herd ), given a test with individual- 
level sensitivity of 90% and specificity of 98.5%, and true prevalence within infected herds of 10% 

Number Herd TP 5% Herd TP 30% 
tested 

~11 ~ 2  ~ 3  ~1  ~ 2  ~ 3  

1 2 NA NA 4 NA NA 
2 4 0 NA 8 0 NA 
5 9 1 0 18 3 0 

10 17 2 0 30 9 2 
30 39 11 4 54 30 19 
60 62 27 11 72 46 33 

100 79 47 23 85 61 43 

NA, not available. 
Cutpoint  number  of animals. 
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sion. For example, a recent report on the bovine leukaemia eradication pro- 
gram in Denmark  indicated that larger herds were more frequently affected 
than small herds (Gottschau et al., 1990 ). It is also common,  in the literature, 
to find references stating that larger herds are more frequently affected with 
one or more of a variety of  diseases (for example, bovine brucellosis). This 
association is important  because if the relationship of herd size (M) to health 
status is real, explanations for it should be sought. For example, one expla- 
nation might be that importat ion of diseased animals is the reason for the 
pattern. Another explanation could relate to factors influencing herd immu- 
nity (and hence both the persistence and spread of the disease), such as the 
number  of  susceptibles, or the probability of  adequate contact in herds of 
different sizes. 

Unfortunately, just as the herd apparent prevalence increases, the herd pos- 
itive predictive value decreases with increasing values of m. Certainly, if one 
substitutes SPEC values of  less than 100% into the earlier formulae, it is easily 
seen that there would be an association between the number  of animals tested 
and the apparent health status of  the group (Table 6 ). Willeberg et al. ( 1983 ) 
stated that the test procedure for leukaemia (referred to in Gottschau et al. 
(1990) ) was extremely specific (greater than 99.9%), which would lessen the 
impact of  false positives greatly. Nonetheless, if the test procedure is carried 
out on individual animals and is less than 100% specific, the expected rela- 
t ionship between herd size and apparent health status should be recalled be- 
fore looking for other explanations for an observed association between dis- 
ease status and herd size. One suggestion to help identify the true health status 
of a herd is that since most of  the conditions tested for are 'communicable' ,  
one would expect more spread (incidence) and /o r  persistence (prevalence) 
if the herd actually were diseased. Thus, one would expect a relatively high 
proportion of test-positive animals in diseased herds. However, as shown in 
Table 4, unless the frequency of disease (TP) is moderately high (e.g. 30%), 
there may be considerable overlap in the distribution of numbers of  reactors 
between diseased and non-diseased herds. Whether the cutpoint (x) should 
be increased commensurate  with the number  tested (m)  may depend on the 
disease and circumstances of  the investigation. 
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