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T'he quest;
COMPARING NEW AND OLD SCREENING TESTS WHEN A '
REFERENCE PROCEDURE CANNOT BE PERFORMED
ON ALL SCREENEES

EXAMPLE OF AUTOMATED CYTOMETRY FOR EARLY DETECTION OF
CERVICAL CANCER
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B. Bunnag. Comparing new and old screening tests when a reference procedure
cannot be performed on all screenees: example of automated cytometry for early
detection of cervical cancer. Am J Epidemiol 1987;125:672-8.

Direct determination of the sensitivity and specificity of a screening test
requires use of a reference procedure (such as biopsy with histopathologic
analysis) that provides an estimate of true disease status. The authors present
a method for comparing the accuracy of a new screening test to an oid one in
situations when itis not feasible to apply the reference procedure to all screenees.
This method requires that only those persons who test positive on old or new
screening tests be further evaluated with the reference procedure. Ratios of
sensitivities and specificities are derived for rapid comparison of the two screen-
ing tests. It is shown that McNemar’s test can be used for significance tesfing of
the differences in sensitivities and specificities between two screening tests.
The required sample size for a study that compares the two tests is determined.

cervix neopiasms; cytological technics; flow cytometry; mass screening

How does one determine whether a proposed new screening test is superior to an
established test? In this paper, we examine a common practical form of this general
problem. We will focus, for purposes of example, on a proposed new procedure for early
detection of cervical cancer. ,

Screening for early detection of cervical cancer has become an accepted part of medical
practice. To our knowledge, a controlled clinical trial of Papanicolaou (Pap) smear
screening has never been conducted. However, several studies in different countries have
suggested that Pap smear programs contributed substantially to reductions in morbidity
and mortality associated with cervical cancer (1, 2). Automated cytometry systems have
recently been proposed to replace manual reading by cytotechnologists of the standard
Pap smear (3). The potential advantages of the automated approach include reduction of
false readings that result from fatigue and other human error, compensation for the
recent decline in the number of newly-certified cytotechnologists (personal communica-
tion, Ann H. Clark, Medical U. of South Carolina, 1986), and an increase in the uniformity:
and quality of cervical cancer screening in those laboratories with relatively poor qualit
control. The basic issue is whether or not to replace the old test with the new.
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THE PROBLEM

The question immediately arises whether the accuracy of the new technique (in this
ase, automated reading) is comparable to that of the old technique (manual reading).
This question is potentially relevant to any screening situation in which a new technique
s being compared to an older, established one. One would like to know how the sensitivity
and specificity of the new, automated procedure compare with those of the manual
yrocedure. Each of these parameters is important from both clinical and economic
tandpoints. If the automated procedure were to have a markedly lower specificity than
‘he manual procedure, then the greater proportion of resulting false positives would
ncrease the number of diagnostic work-ups that would occur. A reduced sensitivity on
he part of the new procedure would increase the proportion of false-negatives (missed
ases); this is particularly serious for conditions in which early treatment is effective and
delays in treatment are potentially dangerous. In comparing the two procedures, one
must evaluate both sensitivity and specificity to assure that an increase in one of these
parameters is not outweighed by a reduction in the other.

The sensitivity and specificity of the test are determined by a comparison between the
est results and a reference procedure (or “gold standard”) that ascertains the true disease
tate. Disease in this case can refer to the presence of either cervical cancer or cellular
atypia. One valid reference procedure for cervical disease is cone biopsy or hysterectomy
with histopathologic review of serial sections of the biopsy specimen. Another less drastic
procedure is multiple random punch biopsies of the cervix under culposcopic control with
urettage of the endocervical canal. Each of these procedures would present clinical and
ethical difficulties if it were proposed for use on a series of apparently disease-free women.

DESCRIPTION OF THE METHOD

Our approach for evaluation of the new automated screening procedure is based on
performing both tests on each woman in a series. The results of such an experiment, if
he true disease status for all the women were known, are represented in the contingency
ables shown in table 1. (Self-matching, whereby each woman receives both tests, is
gnored for the moment.) Here the sensitivities of the tests, Il and II,, would be
estimated by a’/n; and a”/n,, the specificities, O, and ©,, by d’/n, and d”/n,. But
because we do not know the true disease state of all women, these estimates cannot be
calculated. Recall that in this setting only women who test positively on either test are

TABLE 1
Generalized contingency tables for two screening tests™®
a b
Manual test Automated test
Disease status Disease status
D D D D
+ a 4 b ’ + a ” b ”
Test Test
result result
- [c’] [d’] - [c"] [d”]
[} (2] N [m] [n.) N

* Brackets indicate unknown value.
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further evaluated with a procedure that indicates true disease status. Women who test
negatively are not evaluated further.

This means, in the 2 X 2 tables, that for the most part ¢’ and ¢” as well as d’ and d”
are unknown. (A few of the ¢’ cases may be included in a”, and a few of the ¢” cases may
likewise be included in a’. Thus, a subset of ¢’ and ¢” will have the biopsy procedure and
be classifiable.) Given that the same women undergo both procedures, the proportion
with disease (in this case, cervical abnormalities), n;/N, is the same for each table,
However, the value of n; is unknown since ¢’ and ¢” are unknown. Thus, the sensitivities
of the two tests cannot be estimated. However, we can easily estimate the ratio of
sensitivities, IT,/II,:

all/nl = a,/a”' (1)
a’/m
This ratio allows us to make a rapid comparison of the two tests.
The situation for specificity is somewhat similar to that for sensitivity. Because n, is
unknown, we cannot estimate the specificities of the two tests, and here we also cannot
estimate their ratio, ©,/0,, which is given by

(ne = b’)/n2 , "

(n2 - b”)/nz - (n2 b )/(nZ b ) (2)
However, we can use equation 2 to estimate the relative specificities for the two tests
since the values for & and b” are known. If, for example, b” were less than b’, then the
estimated ratio of specificities would be greater than 1, and this would suggest that the
specificity of the new test is greater than that of the old.

Even though we cannot estimate the sensitivities (specificities) of the two tests, we
will show that we can test for a difference in sensitivities (specificities) between the two
tests. Others (4-8) have considered the problem of comparing diagnostic or screening
procedures. None of these authors, however, has dealt with the case where each of two
screening tests is administered to every individual and only “positives” on either test (or
both) receive a complete diagnostic work-up to establish the true presence or absence of
disease. These two factors (each subject receives both tests and a biopsy is performed if
either test is positive) allow us to test for a difference in the two sensitivities (or
specificities) using McNemar’s test (9), the appropriate statistical test for testing the
difference between two proportions in the matched or paired data situation.

To see how we use McNemar’s test in this context, consider tables 2a and b. If we
knew the true disease status for all persons, each frequency in table 2a would represent
the number of diseased persons, Np, with one of the four possible pairs of results from
the two screening tests. Similarly, in table 2b, each frequency would represent the number
of nondiseased persons, N5, with one of the four possible pairs of screening test results.
Tables 2a and b reflect a rearrangement of the data from table 1. For example, a’ (table
1) is equal to (a; + b;) (table 2a). Because those with one or more positive tests receive
diagnostic work-ups, we know the quantities a;, b, ¢; and a,, b, c;. Since we do not
evaluate those with negative tests, we do not know d, and d., and hence we do not know
Np and Np. But, as we see below, this information is not necessary to test the difference
in sensitivities (or specificities) between the two tests.

From table 2a, the sensitivities for the two tests, II; and Il, would be estimated by

f; = (a, + b1)/Np for test 1,
and

.= (& + ¢1)/Np for test IL.
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TABLE 2
Generalized contingency tables for comparing two screening tests—by disease status™
a b
Diseased Nondiseased
Test 11 Test 11
+ - + -
+ a, b] + as bg
I Test I
- €1 [d1] - €y [d:]
[Np] [Np}

Brackets indicate unknown value.

ote that these estimates differ only if the observed number of discordant results b, and
“are unequal. This is reflected in the McNemar test statistic, which, with the usual
orrection for continuity, is:

L R Vi

‘ b1 + ¢ )

*his is a single degree of freedom chi-square (9).

To test the null hypothesis that there is no difference between the specificities of the
wo screening tests, McNemar’s test can again be used. The chi-square statistic (one
egree of freedom), with the continuity correction, is:

2___(|b2—C2| -1y
¢ b2+Cz )

z

\gain, only discordant pairs are involved in the statistical test.

Note that if the new test is believed to be superior to the old one, so that both its
ensitivity and specificity are greater, the individual tests for sensitivity and specificity
an be combined into one global test. The resulting test statistic is a chi-square with one
egree of freedom and is given by:

2=[|(b1+02) — (b + )| — 1P
b1+C2+b2+C1 )

[4

AN EXAMPLE

- Because a study comparing automated to manual screening for cervical cancer has not,
o our knowledge, been performed, we will apply our approach to data from the Health
urance Plan Study (10). It should be recognized that these dath are presented for
llustrative purposes only, and should not be taken as a substantive commentary on
reast cancer screening procedures (particularly in light of technical advances that have
cen made in the last two decades).

' Table 3 presents mammography and physical examination findings for 307 women who
eceived biopsies as reported in the Health Insurance Plan Study (10). There were 55
-ases detected on biopsy, with 252 women having biopsies negative for breast cancer.
The brackets in the lower right cells of tables 3a and b indicate that we do not have
hiopsy data on persons with negative results on both screening tests.
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TABLE 3

Data from the Health Insurance Plan Study (10) used in discussion of McNemar’s test for comparison of two
screening tests

a b
Diseased Nondiseased

Mammography Mammography
+ - + -
+ 10 24 34 + 13 144 157
Physical Physical
exam exam
- 21 7] - 95 {?]
31 Np 108 Np

The sensitivities of the two tests can be compared by applying the McNemar test
statistic applied to table 3a:

,_ (124 —21]-1)
Xe 45
The sensitivities of the two tests do not differ significantly (p = 0.76).
For specificities, the McNemar test applied to table 3b yields:
. (1144 -95] = 1)
Xe 239

The difference in specificities is statistically significant (p = 0.002). We would conclude
from these data that mammography is more specific than physical examination.

= 0.089.

9.6.

SAMPLE SIZE ESTIMATION

Having shown how the McNemar test is used to test the sensitivity (or specificity) of
two screening tests when only “positives” are evaluated, we now consider the issue of
overall sample size for such a study. That is, how many asymptomatic people should be
entered into the study and screened by the two procedures. Our discussion is limited to
testing the sensitivities, because in all practical cases the overall sample size required for
comparing specificities will be less than that required for comparing sensitivities (11).
Moreover, the argument for determining overall sample size for testing specificities is
identical to that used for testing sensitivities.

We assume the following conditions: 1) the two screening tests will be performed on
all those in the sample but only those with positive tests will be further evaluated; 2) the
difference in sensitivities will be tested using the McNemar test with significance level
a; 3) the sensitivity of the first test, Il;, is known; 4) the difference, , between the
sensitivity of the second test, Il., and II,, that we wish to detect is specified in advance;
5) the test is to have a power of 1 — 8 of detecting the difference, §; and 6) the prevalence,
P, of disease in the population being studied is known.

Under these conditions, the overall sample size is calculated in two steps. In the first
step, the number of cases Np required to meet conditions 1-5 above is determined.
Miettinen (12) derived an approximate sample size formula for the McNemar test for a
specified difference between the proportions when the probability of discordant results

known. When it ig
.determine sample siz
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b known. When it is unknown, as is the case here, he gave a bound that can be used to
stermine sample size. This result is conservatively approximated by the independent
iple result (9). Thus, we have:

(Zopz + Zp)?[11,(1 — 11;) + To(1 — )]
(I, — II,)? ’

ere Z,; and Z; are the standard normal deviates corresponding to the one-tailed
srobabilities, «/2 and 8, respectively.
The second step involves the calculation of the overall sample size that gives us a
rtain preselected probability, ¢, of obtaining the number of cases, Np, determined in
uf first step. This is conservative. A less conservative approach would be to let the
werall sample size be Np/P, where P is the true prevalence. However, this ignores the
ampling variation associated with the selection of a study population. That is, it is
jossible that the observed prevalence, P,, would be less than P, so that (N X P;) < Np,.
‘his were the case, then the number of cases observed would be fewer than the number
uired to give the desired power. The effort and expense of including the additional
1ibjects under this conservative approach should be small.

- Recall that the number of successes in a binomial can be approximated by the standard
ormal distribution. Therefore, to take the sampling variation into account, we solve

Np = (3)

Np — N*P
—L - - -7z, (4)
JP(1 — P)N*

or N*, where P is the population prevalence and Z, is a standard normal deviate

orrespondlng to the upper-tail probability ¢. This yields a sample size, N*, that is

ficiently large to give us a probability ¢ of generating enough cases to be able to detect
previously specified difference, 8, with-a power of at least 1 — §.

To illustrate the two-step sample size calculation, suppose that « = 0.05, 1 — 8 = 0.90,

=01,1,=090,6=0; -~ H,=0.09, II, =11, — 6 = 0.81, and ¢ = 0.975.

For a two-tailed test, we substitute in formula 3 and obtain

(1.96 + 1.282)%(0.252)

Np = (0.09)% = 327.
We now solve for N* in formula 4:
327 — 0.1N*
nd
N* = 3,624.
DiscussioN

'The key to our approach is performing a reference procedure {biopsy) on persons
estmg positive on a new screening test even if they test negative on the old test. If
iopsies were performed only on persons testing positive on the old test, the amount of
nformation available for comparing the two tests would be severely limited. Not only
vould ¢’, ¢”, and d’, d” be unknown (table 1), but a” and b” would be unknown as well.
'here would be no way of determining if the new test actually detected a greater
roportion of those with true disease (reduced missed cases), and there would be
nsufficient information available to quantitatively estimate the ratio of sensitivities of
he two tests.
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(A minor point is that, to test the difference of sensitivities (or specificities), we need
the true disease status only for those with discordant test results. Of course, ethical
considerations would mandate further evaluation for those with positive results on both
tests.)

The approach presented here is applicable to the valuation of a variety of new screening
techniques, for example, HemoQuant versus Hemoccult for the early detection of colon
cancer (13). We emphasize that our method for comparing screening parameters for two
tests does not provide any direct information on the impact of screening using either test
on mortality from the disease in question. However, if the old test has been shown
through independent studies of screening to be effective in reducing mortality, and the
new test has been shown to have greater sensitivity and specificity by our method, then
it is likely that the new test will have at least as favorable an impact on mortality as the
old test.

In summary, it is possible to make a meaningful comparison between a new screening
test and an established one, even in the absence of data from a reference procedure (“gold
standard”) on all screening participants, as long as persons testing positive on either of
the two tests are given the more definitive procedure to determine actual disease status.
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