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Clinical trials designed to estimate the sensitivity and specificity of periodontal
diagnostic tests often use multiple sites per patient as experimental units of
analyses. Since site-specific test results within a patient are dependent obser-
vations, a correlated binomial model should be employed to estimate the sensi-
tivity and specificity of these diagnostic tests. Ignoring the within-patient corre-

lation can result in an over- or underestimation of the true standard errors.
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Introduction

The value of medical diagnostic tests is often as-
sessed according to estimates of their sensitivity
and specificity. Sensitivity is the probability that a
person with a certain condition will be classified by
the test as having that condition, and specificity is
the probability that a person without the condition
will be classified by the test as being without the
condition. Since both sensitivity and specificity are
probabilities, they need to be estimated using cer-
tain assumptions. A reasonable assumption for ex-
periments where persons are the experimental units
of analyses is that responses are independently dis-
tributed. Consequently, a probability model which
i1s based on the assumption of independence of
observations will be appropriate. However, for site-
specific observations the experimental unit of
analysis is the site, and the definitions of sensitivity
and specificity change; sensitivity (specificity) is the
probability that a site within a patient with(out)
the condition will be classified by the test as being
with(out) the condition.

Under this definition the assumption of indepen-
dence becomes questionable since multiple sites
within each mouth are the dependent experimental
units of analyses (1). Observations on sites within
a patient may be correlated and, depending on the
magnitude of the correlation and the number of
sites per patient sampled, significant under- or
overestimation of the true standard errors of sensi-
tivity and specificity can occur. To avoid these
pitfalls, site-specific data should be analyzed with
a statistical methodology that accounts for the de-
pendence of within-patient observations. We pres-
ent procedures for estimating sensitivity and speci-

ficity under the assumptions: 1) that there are only
two outcomes of the diagnostic test: one which is
called positive and indicative of the condition; the
other called negative and interpreted as not indica-
tive of the condition, and, (b) that site-specific
responses within a patient may be correlated. To
meet these objectives a modification of the bi-
nomial model will be suggested. Methods for esti-
mating sensitivity, specificity, and within-patient
correlation coefficients are discussed in general
terms and a numerical example is given.

Theory

In clinical experiments designed to investigate the
sensitivity and the specificity of diagnostic tests,
the response of interest is often binary in nature,
namely, the indicated presence or absence of a
characteristic. Most commonly these data will be
presented in the familiar four-fold table of frequen-
cies resulting from the cross-classification of the
test results and the disease status of the patients.
The statistical analysis of these types of data re-
quires that the variations in the responses be de-
scribed by some underlying probability model.

When the observations are independent, the ap-
propriate model for estimating sensitivity and
specificity is the one-parameter binomial prob-
ability model:

P(X=x)=C(nx) p’q"” (1)

where C(n,x) represents the number of possible
combinations of » persons taken x at a time, x
denotes the number of patients with true positive
(or true negative) test results, n is the number of
diseased (or non-diseased) patients, p is the sensi-
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tivity (specificity) parameter, and g=1—p. A sim-
ple estimator of p can be obtained by dividing the
number of true positive (or negative) test results x
by the number of diseased (or non-diseased) sites
n. The variance of the estimated sensitivity (or
specificity) is pq/n. For instance, if 85 out of 100
independent tests on diseased persons are true posi-
tive results, the sensitivity of the diagnostic test is
estimated as 85/100 or 0.85. The estimated variance
of the sensitivity is (0.85)x(0.15)/100=0.001275.

These calculations need to be adapted when sev-
eral sites are sampled within a patient. In this sam-
pling scheme, it can no longer be assumed that
the true negative or true positive test results are
independent observations. Responses on sites
within a patient may be correlated and this as-
sumption needs to be incorporated in the statistical
probability model. One model that could be se-
lected is the correlated binomial model presented
by Bahadur (2). For the i person of the sample
the correlated binomial model (CBM) is written
as:

P(X=x)=C(n,x)pHq"~ )
{1+[p/Cp(1 —p)l(x;—np) +x2p—1)— nipzl}

where x; denotes the number of true positive (or
true negative) test results in patient i, n, is the
total number of diseased (or non-diseased) sites in
patient 1, and p is the correlation of the responses
within a patient. This model consists of two parts:
the first part is the binomial probability model as
presented in (1), the second part is a correction
factor which adjusts for the dependence of sites
within a patient. The result is a two-parameter
model: one parameter, p, is the sensitivity or the
specificity of the model; the other parameter, p, is
the within-patient correlation coefficient of sites.
For a sample of N persons, the likelihood will be
written as L= ITP(x,) (3). Estimates of p and p are
obtained by maximizing the likelihood function.
This maximization procedure is not as straightfor-
ward as for the binomial probability model, where
a maximum 1is obtained when p=x/n. Function
maximization computer routines need to be em-
ployed for simultaneous estimation of p and p. (A
copy of a program written in SAS code (3) can be
obtained from the authors). For a more in-depth
discussion of this probability model the reader is
referred to Bahadur (2) and Kupper and Haseman
(4).

An applied aspect of this model is that it offers
an additional parameter, p, which may provide a
quantitative measure of the patient-factor effect
on the outcome of the diagnostic test. A positive
correlation coefficient indicates that if one site
tested as a true positive (negative) test result in a
patient, the probability that other sites in the same

patient will also test as true positives (negatives)
will be increased. A zero within-patient correlation
coeficient indicates that one site testing positive
(negative) does not affect the probabilities of other
sites testing true positives (negatives).

The dependence of site-specific test readings
within a patient can result from host-factor effects
(intrinsic or extrinsic) or can be due to processing
characteristics of the diagnostic test itself. For in-
stance, it may indicate the presence of a patient-
specific factor (e.g. colonization with bacteria
which interact with the test) which makes it more
likely for sites within patients to respond as true
positives (negatives), as opposed to false negatives
(positives). Or it may also result from a property
of the diagnostic test itself. Multiple sites per pa-
tient are often tested and processed simultaneously.
If the reagents of the test are inactive or improperly
handled in some patients, the false negative (posi-
tive) results will tend to be correlated resulting in
a significant within-patient correlation coefficient.

Example

Consider the following set of data where an enzy-
matic diagnostic test (5) was employed to deter-
mine whether a site was infected by 2 specific or-
ganisms. The reference test used to evaluate the
enzymatic diagnostic test was an antibody assay
against 2 organisms: Treponema denticola and Bac-
teroides gingivalis. For the purpose of this paper it
will be assumed that the reference test is a gold
standard. The number of true positive test results
divided by the number of infected sites in a sample
of 29 patients is:

3/6, 2/6, 2/4, 5/6, 4/5, 5/5, 4/6, 3/4, 2/4,
3/4, 5/5, 4/4, 6/6, 3/3, 5/6, 1/2, 4/6, 0/4,
5/6., 4/5, 4/6, 0/6, 4/5, 3/5, 0/2, 2/6, 2/4.

The number of true negative test results divided by
the number of non-infected sites in a sample of 21
patients is:

0/1, 3/3, 1/2, 3/3, 1/1, 2/3, 3/3, 1/1, 0/1, 2/3, 2/3,
1/1, 0/1, 1/3, 1/1, 2/2, 4/4, 3/3, 5/5, 1/1, 3/3.

The sample sizes in both groups will rarely co-
incide, since in some patients all sites may be in-
fected or non-infected sites.

If responses on sites within a patient were as-
sumed to be independent observations, these data
could be summarized in a 2 x 2 table such as shown
in Table 1. The binomial probability distribution
would be selected as the underlying probability
model, and the sensitivity and specificity of the
diagnostic test would be respectively determined
by p=94/142=0.662 and p=39/48 =0.813. The es-
timated variances of these estimates would be pg/n.



Table 1. Summary table of the diagnostic test results: 94 out of
142 sites are true positive results and 39 out of 48 are true
negative results. Note that with the information of this table
alone, the sample size of patients cannot be determined

Test result

Sites positive  negative
: present 94 48 142
L absent 9 39 48

Thus the standard error of the sensitivity estimate
would be 0.040 and the standard error of the speci-
ficity would be 0.056.

However, since sites within a patient cannot be
assumed to be independent, a different underlying
probability model should be selected and the within-
patient correlation coefficient should be esti-
mated. With the use of the correlated binomial
model one can estimate these parameters. A pre-
liminary likelithood ratio test to investigate if the
within-patient correlation of the test responses is
significantly different from zero yields a y°=0.57
for the specificity and y*=4.73 for the sensitivity.
The presence of a significant subject-effect (p=
0.03) in the infected sites precludes the use of the
ordinary binomial distribution model for these
data. In general, a test of significance of the within-
patient correlation coefficients should not be used
to decide on the choice of the probability model.
If several sites within a patient are sampled, the
observations on those sites are by definition de-
pendent observations and a correlated binomial
model or other statistical model which accounts for
this dependence should be employed. The within-
patient correlation coefficients of dependent obser-
vations can be zero and/or insignificant due to
small sample sizes.

By maximizing the likelihood function of the
correlated binomial model (3) we obtain the
maximum likelithood estimate (MLE) of the sensi-
tivity to be 0.645. The MLE of the within-patient
correlation coefficient is 0.121. The standard error
of the sensitivity is 0.052. The MLE of specificity
0.798 is with a standard error of 0.067 and a within-
patient correlation coefficient of 0.148. Table 2
shows a comparison of the estimates obtained by
the binomial model and the correlated binomial
model. Note that there are only small differences
in the sensitivity and specificity estimates between
the two models. Standard errors of these estimates,
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however, are rather different, with the binomial
model giving smaller standard errors than the cor-
related binomial model. In the presence of positive
correlation, the incorrect binomial model indicates
that the sample contains more information, and
hence less variance, than is warranted.

Discussion

Several individuals have recommended the use of
diagnostic tests in periodontal disease (6, 7). This
search for effective diagnostic tests emphasizes the
need for objective procedures to evaluate and com-
pare these tests. Ignoring the correlation between
sites can significantly affect the variance estimates
and thereby distort differences between diagnostic
tests. It can be shown that the variance of the
ordinary binomial estimator of sensitivity and
specificity, p=x/n, is not equal to pg/n but to:

Var(p)=pg/n+2Zn(n,—1)/n’p.qp (4

where n is the total number of infected (or non-
infected) sites and n; is the number of sites within
patient x;. This formula illustrates the effect of the
within-patient correlation coefficient on the vari-
ance estimates. If the within-patient correlation co-
efficient is zero, all results will be identical to results
obtained by the ordinary binomial probability
model. However, the larger the correlation coef-
ficient and/or the more sites sampled per patient,
the greater the effect on the variance. A positive
correlation coefficient will inflate the variance, a
negative correlation coefficient will reduce the vari-
ance. It is apparent from this formula that even a
very small within-patient correlation coefficient
can have a sizeable effect on the variance estimate
if the number of sites sampled per patient is large.
For instance, studies of periodontal disease activity
may measure well over 100 sites per patient and
therefore produce significant under-estimation of
the standard errors of their estimates if the ordi-
nary binomial probability model is used.

Use of the correlated binomial model offers sev-
eral advantages: 1) it allows for a correct esti-
mation of the sensitivity and specificity and their
variances, 2) the significance of the within-patient
correlation coefficient may provide a criterion for
assessing the effect of patient-related factors on the
performance of the diagnostic tests, and, 3) the

Table 2. Comparison of sensitivity and specificity estimates obtained with the binomial model and the correlated binomial model.
Observe that the standard errors are underestimated by using the binomial model

Model Sensitivity  S.E.(a) p Specificity S.E. p
Binomial model 0.662 0.040 g 0.813 0.056 "
Correlated binomial model 0.645 0.052 0.121 0.798 0.067 0.148

(a) Standard error
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model is flexible and can easily be expanded to
provide likelihood ratio tests to compare different
diagnostic tests. The model has the disadvantage
that, for some problems, boundary conditions may
be met and that, under these conditions, asymp-
totic theory of MLE breaks down. For these situ-
ations we recommend the use of jackknifing meth-
odology (8).

In some dental studies, the number of sites
sampled does not vary greatly across patient, and
differences between the point estimates of the ordi-
nary binomial model and the correlated binomial
model will be slight. Greater differences will arise
with larger variations in the number of sites exam-
ined in each patient and small patient sample size,
since the contribution of each patient is effectively
weighted differently by the methods according to
the binomial denominators. More importantly, and
the primary motivation for using a correlated bi-
nomial model, is that the variances of these esti-
mates can differ considerably. Ignoring the patient-
effect on the outcome of the diagnostic tests can
considerably reduce the variance of the estimates
when the within-patient correlation coefficient is
positive and, as a result, can greatly inflate the type
I error rate when diagnostic tests are evaluated
or compared. For example, suppose that the true
standard error of the sensitivity estimate in Table
215 0.054 (as estimated by the correlated binomial
model), then calculation of a nominal 95% level
confidence interval using the ordinary binomial
estimate of 0.04 would yield an interval with only
87% actual coverage. (Note: 1.96 x (0.040/0.052) =
1.51, the z score corresponding to an 87% confi-
dence interval).

The error rates of the reference tests used for
evaluating the diagnostic test are of considerable
importance for the estimation of sensitivity and
specificity. Three different possibilities exist: (1) the
reference test is a gold standard (no misclassifica-
tions), (2) the reference test has known error rates,
and, (3) the reference test has unknown error rates.
If a reference test with known or unknown error
rates 1s used, more complicated estimation pro-
cedures are necessary if one wants to obtain un-
biased estimates of sensitivity and specificity (9,
10). Some of these estimation methods have been
subject to criticism (11). The methods described in
this paper provide an unbiased estimate when the
reference test is a gold standard. When the methods
are used for situations were the reference test has
error rates, the obtained estimates of sensitivity
and specificity will be biased and dependent on the
prevalence of the condition under investigation.

Since the search for site-specific diagnostic tests
has been given a high priority by the National
Institute of Dental Research (12), it is important

that the obtained estimates of sensitivity and speci-
ficity be accurate. The clinical value of a diagnostic
test may be misjudged and/or comparisons be-
tween different diagnostic tests may yield mislead-
ing conclusions when large within-patient corre-
lation coefficients are present. We conclude that the
correlated binomial probability model represents
a realistic and useful model for investigating the
sensitivity and the specificity of site-specific diag-
nostic tests.
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