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SENSITIVITY ANALYSIS OF THE
DIAGNOSTIC VALUE OF
ENDOSCOPIES IN
CROSS-SECTIONAL STUDIES
IN THE ABSENCE OF A GOLD
STANDARD

Sebastian Schneeweiss
Harvard Medical School and Harvard University School of Public Health

Abstract

Objectives: The evaluation of the diagnostic value of endoscapic procedures usually lacks a gold
standard when performed in cross-sectional studies. The objective is to demonstrate an easily applicable
method to assess the possible range of sensitivity, specificity, and predictive values of endoscopic
procedures in the absence of a gold standard method. ) »
Methods: Data from a study of 328 endoscopies comparing two different methods to diagnose superficial
bladder cancer were used as a numerical example. Both endoscopic procedures were performed in the
same patients in one session. Under the assumption of a systematic misclassification process, a model
to correct sensitivity estimates is developed. )
Results: The lowest possible sensitivity estimate for a new fluorescence endoscopy technique (FE)
was 78%, the maximum 97.5%. Depending on realistic assumptions made upon the misclassification,
a reasonable estimate for sensitivity was 93.4% (95% confidence interval [Cl]: 90%—87.3%) for the FE
technique. The sensitivity of the traditional white-light endoscopy method ranged from 47.2% to 53%,
with a reasonable estimate of 46.7% (95% CI: 39.4%—54.3%). )
Conclusions: This method to determine the theoretically possible range of sensitivity estimates in
endoscopic procedures is helptul in cross-sectional studies with a missing gold standard method. it is
easily applicable for a variety of endoscopic procedures, including upper and lower gastro-intestinal
tract, urogenital tract, or diagnostic laparoscopic surgery.

Keywords: Endoscopy, Diagnostic test, Sensitivity analysis, Missing gold standard, Methods

The development of endoscopic procedures with high sensitivity is critical for early and
effective medical treatment of many diseases. The knowledge and comparison of the di-
agnostic value of existing and new endoscopic procedures are important prerequisites for
high-quality health care. The sensitivity of a diagnostic test is the proportion of detected

This paper was made possible by support from grant no. Schn527/3-1 and Schn527/4 by the Deuische Forsch ungs-
gemeinschaft. Further support came from the Pharmacoepidemiology Research and Training Grant, Harvard U_m-
versity School of Public Health, and MEDAC GmbH. The author is grateful (o Dr. M. Kriegmair for contributing
the example data.
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Sensitivity analysis of the diagnostic value of endoscopies

lesions that could have been detected had a perfect gold standard method been applied.
However, for many diagnostic procedures in medical practice no gold standard method ex-
ists. A theoretical gold standard test for colon cancer would mean to remove the total colon
and get a detailed pathologic and/or histochemical examination of the complete tissue. Such
a procedure is not justifiable because of ethical reasons. Therefore, only biopsy tissue from
endoscopies undergoes a pathologic work-up. In longitudinal studies, subjects can remain
under diagnostic scrutiny and can be retrospectively classified as having had celon cancer
at the point the original test was done, if the cancer becomes clinically apparent after a lag
time period (3,161;5). The lead time must be defined often by using untestable biological
assumptions and complicated models of the specific tumor growth.

Many recent studies evaluating urological or gastrointestinal endoscopic methods are
cross-sectional studies, since they are less complex, less expensive, and less time-consuming
than longitudinal studies (6;10;11;12;15;16;17). However, in cross-sectional studies it is
even more difficult to identify a gold standard procedure. Investigators usually use the
results of the most sensitive existing procedure as the standard of comparison, which might
or might not be a good proxy of a gold standard, leading to biased results.

The objective is to provide an easily applicable approach to define an interval of sen-
sitivity, specificity, and predictive value estimates in cross-sectional studies comparing
endoscopic procedures that include the value had a true gold standard been available. The
method will be illustrated with a comparison of a new aminolevulinic acid-induced fluores-
cence endoscopy (FE) versus a traditional white-light endoscopy (WLE) to detect superficial
bladder cancer (8).

METHODS

Subjects

All consecutive patients with a total of 704 endoscopies admitted to the Department of
Urology at the University of Munich Hospital Center in GroShadern between January 1995
and August 1996 were eligible; 337 endoscopies were excluded either due to patient refusal

- or improper documentation. An additional 39 endoscopies were excluded according to

protocol criteria. A total of 208 patients with 328 endoscopies participated in the study,
72 were inspected for primary bladder cancer, and 136 were under surveillance because of
prior transitional cell carcinoma of the urinary bladder.

More than one endoscopy session may be performed within a single patient. The unit
of observation is an endoscopy. Although 38.5% of subjects had two or more endoscopies,
the possibility of a correlation between these observations was disregarded to illustrate the
method. Violations of this assumption would lead to falsely narrow confidence intervals,
but would not affect sensitivity estimates.

Design

Methodologic details of the endoscopic procedures are described elsewhere (7). In this
cross-sectional evaluation, a conventional WLE immediately preceded a S-aminolevulic
acid-induced FE in the same session. FE succeeded WLE because it was assumed to be
more sensitive from the experience of prior case series (7;9). Since FE and WLE were
performed in the same session, all patients that gave informed consent and thus enrolled in
the study underwent both types of endoscopy.

Statistical Methods

For the following analysis we apply the standard terminology used in the evaluation of
diagnostic tests (Figure 1). Sensitivity is a proportion of the true positive patients over the
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True outcome

Test outcome Positive Néydtive

Positive | True positives False positives Test positives

Negative | False negatives | True negatives Test negatives

n x p* n x (1-p) n

Figure 1. Standard notation for diagnostic tests. *p is the true prevalence of cancerous
lesions in the endoscopied urinary bladders, and n is the total number of endoscopies (328).

sum of true positives plus false negatives. This proportion follows a binomial distribution.
The 95% confidence intervals are calculated using the normal approximation (1,121). The
sum of true positives and false negatives equals the true prevalence of bladder cancer (p)
times the total number of study subjects (n).

A gold standard was not available as a reference for both endoscopic procedures. Only
biopsy tissue underwent a pathologic work-up. The pathologic work-up is known to have a
very high sensitivity and specificity, and is considered a gold standard for tissue specimens.
However, since it is impractical and unethical to remove or biopsy the whole urinary bladder,
there is an unknown likelihood of missing cancerous lesions because they were not biopsied.
This likelihood can vary and may depend on the test’s outcome, in case the test outcome
guides the number and locations of biopsies (13). More assumptions and more complicated
methods are necessary to account for such a bias (2).

Effects of Having No Gold Standard. In the reported study, a gold standard test
is only available for regions or lesions that are actually biopsied. This can lead to mis-
classification among the four cells in Figure 1 and cause over- or underestimation within
each cell.

Lesions counted in the true-positive cell did show positive in the test and were confirmed
through a biopsy. It is very unlikely that any observation in the cell should apply to another
cell, because a pathological work-up is generally assumed to be a gold standard method.
The observed number is the most conservative estimate, since some cancerous areas might
have been missed by the biopsy and thus appeared in the false-positive cell (see arrow A in
Figure 2). The magnitude of this misclassification is assumed to be small but is unknown.

True outcome

Test outcome Pasitive Negative

Positive] True positives ‘f\... Faise positives

Negative] False negativesB*True negatives

nxp n x (1-p)
Figure 2. Possible misclassifications because of an insufficient gold standard measurement
method. A: Some true positives will be falsely classified as false positives. B: Some false
negatives will be falsely classified as true negatives.
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Table 1. Final Results of 328 5-Aminolevulinic Acid-induced FE and WLE

Number of biopsied
Number of areas per endoscopy,

Type endoscopies (%) range (mean) Result of FE

a 77 (23%) 1-10(2.6) All neoplastic lesions detected were
fluorescence-positive and also visible
under white light.

Neoplastic lesions were detected additionally
only because of fluorescence signal but not
under white light.

All fluorescing lesions that were biopsied
were benign.

The complete urothelium of the bladder was
fluorescence-negative. All biopsies taken
had been benign.

The complete urothelium of the bladder was
fiuorescence-negative. No biopsies were taken.

The complete urothelium of the bladder was
fluorescence-negative. Additionally,
Ruorescence-negative small papillary tumors
were found.

328 (100%) 0-11(2.2) Total

b 82 (25%) 1-11 (4.1)

[ 97 (30%) 1-7(2.2)

d 20 (6%) 1-10(1.5)

e 48 (15%) 0(0)

f 4(1%) 1-5(1.9)

Source: Kriegmair et al.

As indicated above, some lesions could be missed because not enough biopsies were
performed. These additional observations, classified as false positives, would in fact belong
in the true-positive cell (arrow A in Figure 2).

For the false-negative and true-negative cells, the mechanism is analogous. If an in-
sufficient number of biopsies were performed, test-negative lesions become classified as
negative, but in truth they were positive. The magnitude of this misclassification (see arrow
B in Figure 2) is also assumed to be small, but larger than the misclassification in the test
positives (arrow A), because fewer biopsies per endoscopy were taken when the endoscopy
is fluorescence-negative and suggest an unaffected bladder (Table 1). This misclassification
pattern is the same for both technigues.

Correction for Misclassification. From the misclassification model explained
above, a method to correct the counts in a 2 by 2 table, and subsequently the sensitiv-
ity estimate, can be developed according to the matrix correction method (4). Let p(A) be
the probability of false positives being falsely classified as such, and p(B) be the probability
of true negatives being falsely classified as such. Then true positives = “true positives”
+ p(A) x “false positives™; false positives = “false positives” — p(A) x “false positives™;
true negatives = “true negatives” — p(B) x “true negatives”; and false negatives = “false
negatives” + p(B) x “true negatives” Terms in quotation marks are “classified as.”

We can now derive a more general formula for estimating test sensitivity: Sensitivity
= (“true pos.” + p(A) x “false pos.”)/(“true pos.” + p(A) x “false pos.” + “false neg.” +
p(B) x “true neg.”). The magnitude of the misclassification, which can be differential with
respect to the test result, is unknown. In the case of our example, experienced urologists
claim that, in the case of bladder cancer, both p(A) and p(B) are arguably small, and p(A)
is smaller than p(B).

Specificity, positive predictive values and negative predictive values can be estimated
only for FE. The reason lies in 4 typical characteristic of this parsimonious study design: the
WLE exam was always followed by the FE exam. All decisions of whether, where, and how
many biopsies to take in macroscopically unaffected areas were exclusively made using FE
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(compare type c to f in Table 1), which was @ priori assumed to be more sensitive. Biopsies
of areas that were not suggestive of cancerous lesions under WLE were not performed, and
data are absent. This would have required a two-step apprg'gl;au with a complete work-up
under WLE before starting FE, probably not in one session. There would be an additional
source of bias, since any random biopsies taken under WLE might lead physicians away
from those spots under the subsequent FE, if performed in one session. In our framework
of misclassification, this means that there is another set of misclassification probabilities,
p(A’) and p(B"), which describe what would happen if we would assume WLE as our
observed gold standard. Since those data are not observed in our example, no specificity
and predictive value estimates can be given for WLE.

There is no need to correct standard errors, because this approach works with structural
assumptions of the misclassification with not-quantifiable errors attached. If more empirical
information about the misclassification probabilities would be available from internal or
external validation studies and used for the correction, the additional variation from those
results must be considered.!

RESULTS

Table 1 summarizes the results of 328 endoscopic procedures in the 208 study subjects.
The mean number of biopsies varies from 0 to 4.1, depending on the macroscopic presen-
tation of the bladder. Figure 3 represents data from Table 1 in a 2 by 2 table comparing
test outcome with “true outcome.” Test outcome is determined for FE or WLE; the clas-
sification of true outcome depends on the results of FE-guided biopsies. Results classified
as type e (no biopsies performed) are also classified as “true negative,” such as patients of
type d.

According to our model, the number of 97 false positives might be too high, and some
of the observations in this cell should be shifted to the 77 + 82 observations in the cell of
the true positives. Conversely, some of the 48 4+ 20 true negatives should be added to the
four false negatives. Further note that the additional 82 observations in the true-positive cell
are only detected due to the FE procedure and would fall in the false-negative cell for the
WLE procedure (type b in Table 1).

To determine the maximum range of sensitivity estimates, misclassification probabili-
ties will be set to 0 and 1 each. A probability of O means that there is no misclassification;
1 assumes that all subjects in whom endoscopy did not suggest cancer actually had cancer.
Table 2 presents sensitivity, specificity, and positive and negative predictive values for those
scenarios.

“True outcome” according to FE-

guided biopsy

Test outcome Positive Negative
Positive 77+82=159 97
Negative 4 48+20=68
328 x p* 328 x (1-p)

Figure 3. Observed results for 5-aminolevulinic acid FE. *The true prevalence is unknown;
328 endoscopies were performed.
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Table 2. Estimates of Sensitivity, Specificity, Positive and Negative Predictive Value, and
95% Cli Depending on Different Structural Assumption of the Misclassification

Parameter Estimate 95% C1

P(A) =0; p(B) =0 (most optimistic assumption)

FE: Sensitivity 0.98 0.95-1.0
WLE: Seasitivity 0.47 0.40-0.55
FE: Specificity 0.41 0.34-0.49
FE: Positive predictive value 0.62 0.56-0.68
FE: Negative predictive value 0.94 0.89-1.0
p(A)=1; p(B)=1 (most pessimistic assumption)
FE: Sensitivity 0.78 0.74-0.83
WLE: Sensitivity .53 0.48-0.58
FE: Specificity —* —
FE: Positive predictive value 1 -1
FE: Negative predictive value 4] 0-0
p(A)=0.05; p(B)=0.11
FE: Sensitivity 093 0.90-0.97
WLE: Sensitivity 0.47 0.39-0.54
FE: Specificity 0.40 0.32-0.47
FE: Positive predictive value 0.64 0.58-0.70
FE: Negative predictive value 0.84 0.76-0.93
p(A)=0.10; p(B)=0.22
FE: Sensitivity 098 095-1.0
WLE: Sensitivity 047 0.40-0.55
FE: Specificity 0.41 0.34-0.49
FE: Positive predictive value 0.62 0.56-0.68
FE: Negative predictive value 0.94 0.89-1.0

® Not meaningful because only zero cells for “true” negative outcomes.

It is reasonable to assume that the magnitude of misclassification is inversely related to
the average number of biopsies taken. Of the 97 observations classified as false positives,
on average 2.2 biopsies per endoscopy were taken (compare type c¢ in Table 1). Of the
48 classified as true negatives, on average 1.5 biopsies were performed, whereas from the
remaining 20 in the same cell none was taken. Grouping both types together, on average one
biopsy was performed. Therefore, the misclassification in the test negatives, p(B), will be
assumed to be 2.2-fold larger than in the test positives, p(A). According to expert opinion, it
is sufficiently conservative to assume that 5% of the observation could be falsely classified
as false posilives (=p[Al). Then the estimate of p(B) would be 0.11. Table 2 also presents
a less optimistic view with p(A)}=0.1 and p(B) =0.22.

DISCUSSION

In clinical research endoscopic procedures are frequently compared in cross-sectional stud-
ies, performing two procedures sequentially within one session. We demonstrated a simply
applicable and intuitive method to correct sensitivity estimates of diagnostic tests for mis-
classification under a variable set of structural assumptions when a gold standard method
is absent. The method is presented for a frequently applied cross-sectionat design that
compares two endoscopic procedures sequentially in one session.

In our example, data show the superior sensitivity of FE to detect cancerous lesions
compared with WLE. Even in a worst case scenario—assuming that in all endoscopies
that did not suggest cancer, patients do have cancerous lesions—the sensitivity of FE ap-
pears superior by 25% points. The method can be analogously used to interpret the value
of diagnostic endoscopies in the upper and lower gastrointestinal tract, or of diagnostic
laparoscopy.
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K should be noted that, with increasing misclassification from the most optimistic
scenawrio o the most pessimistic, the difference between sensitivity estimates between FE and
WLLE is diminishing. This is analogous to effect attenuation duc to random misclassification
in Tourfold tables (14, 127-131). Because of the particularly parsimonious onc-session
sequential design, specificity and positive and negative predictive values can be estimated
only for the second, usually more sensitive endoscopic method, which guides biopsies in
macroscopically unatfected areas.

The presented results assume that no other sources of bias might have led to systematic
distortions of the sensitivity estimates. Many more problems can bias results of studies
evaluating diagnostic tests that rely partially on the examiner’s subjectivity (e.g., no blinding
of examiner to prior clinical information or no blinding with respect to the method used)
(13). However, it is not the objective of this paper to discuss the overall validity of the
particular results.

In conclusion, the paper illustrates an easily applicable method for correction of a spe-
cific misclassiication problem trequently found in the diagnostic evaluation of endoscopic
procedures, which will support 4 more realistic interpretation of their diagnostic value for
researchers and pructitioners.

NOTE
'A self-explainatory spreadsheet (MS Excel) for the calculations of this method can be obtained
by sending an e-mail 10 the author: schneeweiss@ post.harvard.cdu.
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