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Background: Studies of diagnostic accuracy are subject to dif-
ferent sources of bias and variation than studies that evaluate the
effectiveness of an intervention. Little is known about the effects
of these sources of bias and variation.

Purpose: To summarize the evidence on factors that can lead to
bias or variation in the results of diagnostic accuracy studies.

Data Sources: MEDLINE, EMBASE, and BIOSIS, and the meth-
odologic databases of the Centre for Reviews and Dissemination
and the Cochrane Collaboration. Methodologic experts in diag-
nostic tests were contacted.

Study Selection: Studies that investigated the effects of bias
and variation on measures of test performance were eligible for
inclusion, which was assessed by one reviewer and checked by a
second reviewer. Discrepancies were resolved through discussion.

Data Extraction: Data extraction was conducted by one re-
viewer and checked by a second reviewer.

Data Synthesis: The best-documented effects of bias and vari-
ation were found for demographic features, disease prevalence
and severity, partial verification bias, clinical review bias, and
observer and instrument variation. For other sources, such as
distorted selection of participants, absent or inappropriate refer-
ence standard, differential verification bias, and review bias, the
amount of evidence was limited. Evidence was lacking for other
features, including incorporation bias, treatment paradox, arbitrary
choice of threshold value, and dropouts.

Conclusions: Many issues in the design and conduct of diag-
nostic accuracy studies can lead to bias or variation; however, the
empirical evidence about the size and effect of these issues is
limited.
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iagnostic tests are of crucial importance in health care.

They are performed to reduce uncertainty concerning
whether a patient has a condition of interest. A thorough
evaluation of diagnostic tests is necessary to ensure that
only accurate tests are used in practice. Diagnostic accuracy
studies are a vital step in this evaluation process.

Diagnostic accuracy studies aim to investigate how
well the results from a test being evaluated (index test)
agree with the results of the reference standard. The refer-
ence standard is considered the best available method to
establish the presence or absence of a condition (target
condition). In a classic diagnostic accuracy study, a consec-
utive series of patients who are suspected of having the
target condition undergo the index test; then, all patients
are verified by the same reference standard. The index test
and reference standard are then read by persons blinded to
the results of each, and various measures of agreement are
calculated (for example, sensitivity, specificity, likelihood
ratios, and diagnostic odds ratios).

This classic design has many variations, including dif-
ferences in the way patients are selected for the study, in
test protocol, in the verification of patients, and in the way
the index test and reference standard are read. Some of
these differences may bias the results of a study, whereas
others may limit the applicability of results. Bias is said to
be present in a study if distortion is introduced as a con-
sequence of defects in the design or conduct of a study.
Therefore, a biased diagnostic accuracy study will produce
estimates of test performance that differ from the true per-
formance of the test. In contrast, variability arises from
differences among studies, for example, in terms of popu-

lation, setting, test protocol, or definition of the target
disorder (1). Although variability does not lead to biased
estimates of test performance, it may limit the applicability
of results and thus is an important consideration when
evaluating studies of diagnostic accuracy.

The distinction between bias and variation is not al-
ways straightforward, and the use of different definitions in
the literature further complicates this issue. For example,
when a diagnostic study starts by including patients who
have already received a diagnosis of the target condition
and uses a group of healthy volunteers as the control
group, it is likely that both sensitivity and specificity will be
higher than they would be in a study made up of patients
only suspected of having the target condition. This feature
has been described as spectrum bias. However, strictly
speaking, one could argue that it is a form of variability;
sensitivity and specificity have been measured correctly
within the study and thus there is no bias; however, the
results cannot be applied to the clinical setting. In other
words, they lack generalizability (2). Others have argued
that when the goal of a study is to measure the accuracy of
a test in the clinical setting, an error in the method of
patient selection is made that will lead to biased estimates
of test performance. They use a broader definition of bias
and take into account the underlying research question
when deciding whether results are biased. In this paper, we
use a more restricted definition of bias.

Our goal is to classify the various sources of variation
and bias, describe their effects on test results, and provide a
summary of the available evidence that supports each
source of bias and variation (Table 1). For this purpose, we
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Table 1. Description of Sources of Bias and Variation

Tests may perform differently in various samples. Therefore, demographic features may lead to
variations in estimates of test performance.
Differences in disease severity among studies may lead to differences in estimates of test

The prevalence of the target condition varies according to setting and may affect estimates of test
performance. Context bias, the tendency of interpreters to consider test results to be positive
more frequently in settings with higher disease prevalence, may also affect estimates of test

The selection process determines the composition of the study sample. If the selection process
does not aim to include a patient spectrum similar to the population in which the test will be
used in practice, the results of the study may have limited applicability.

A sufficient description of the execution of index and reference standards is important because
variation in measures of diagnostic accuracy can be the result of differences in test execution.

When the characteristics of a diagnostic test change over time as a result of technological
improvement or the experience of the operator of the test, estimates of test performance may

Disease progression bias occurs when the index test is performed an unusually long time before
the reference standard, so the disease is at a more advanced stage when the reference standard
is performed. Treatment paradox occurs when treatment is started on the basis of the
knowledge of the results of the index test, and the reference standard is applied after treatment

Errors of imperfect reference standard or standards bias the measurement of diagnostic accuracy of

Part of the index test results is verified by a different reference standard.
Only a selected sample of patients who underwent the index test is verified by the reference

Interpretation of the index test or reference standard is influenced by knowledge of the results of
the other test. Diagnostic review bias occurs when the results of the index test are known when
the reference standard is interpreted. Test review bias occurs when results of the reference
standard are known while the index test is interpreted.

The availability of information on clinical data, such as age, sex, and symptoms, during
interpretation of test results may affect estimates of test performance.

The result of the index test is used to establish the final diagnosis.

The reproducibility of test results is one of the determinants of diagnostic accuracy of an index
test. Because of variation in laboratory procedures or observers, a test may not consistently yield
the same result when repeated. In 2 or more observations of the same diagnostic study,
intraobserver variability occurs when the same person obtains different results, and interobserver
variability occurs when 2 or more people disagree.

A diagnostic test can produce an uninterpretable result with varying frequency depending on the
test. These problems are often not reported in test efficacy studies; the uninterpretable results
are simply removed from the analysis. This may lead to biased assessment of the test

Source Bias or Variation Description
Population
Demographic features Variation
Disease severity Variation
performance.
Disease prevalence Variation
performance.
Distorted selection of participants Variation
Test protocol: materials and
methods
Test execution Variation
Test technology Variation
be affected.
Treatment paradox and disease Bias
progression bias
has started.
Reference standard and verification
procedure
Inappropriate reference standard Bias
the index test.
Differential verification bias Bias
Partial verification bias Bias
standard.
Interpretation (reading process)
Review bias Bias
Clinical review bias Bias
Incorporation bias Bias
Observer variability Variation
Analysis
Handling of indeterminate results Bias
characteristics.
Arbitrary choice of threshold value Variation

The selection of the threshold value for the index test that maximizes the sensitivity and specificity
of the test may lead to overoptimistic measures of test performance. The performance of this
cutoff in an independent set of patients may not be the same as in the original study.

conducted a systematic review of all studies in which the
main focus was examine the effects of one or more sources
of bias or variation on estimates of test performance.

METHODS
Literature Searches

We searched MEDLINE, EMBASE, BIOSIS and the
methodologic databases of the Centre for Reviews and Dis-
semination and the Cochrane Collaboration from database
inception to 2001. Search terms included sensitivit™, mass-
screening, diagnostic-test, laboratory-diagnosis, false positive™,
[Jalse negative, specificit®, screening, accuracy, predictive val-
ue*, reference value*, likelihood ratio’, sroc, and receiver op-
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erat® characteristic®. We also identified papers that had
cited the key papers. Complete details of the search strategy
are provided elsewhere (3). We contacted methodologic
experts and groups conducting work in this field. Refer-
ence lists of retrieved articles were screened for additional
studies.

Inclusion Criteria

All studies with the main objective of addressing bias
or variation in the results of diagnostic accuracy studies
were eligible for inclusion. Studies of any design, including
reviews, and any topic area were eligible. Studies had to
investigate the effects of bias or variation on measures of
test performance, such as sensitivity, speciﬁcity, predictive
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values, likelihood ratios, and diagnostic odds ratios, and
indicate how a particular feature may distort these mea-
sures. Inclusion was assessed by one reviewer and checked
by a second reviewer; discrepancies were resolved through
discussion.

Data Extraction

One reviewer extracted data and a second reviewer
checked data on the following parameters: study design,
objective, sources of bias or variation investigated, and the
results for each source. Discrepancies were resolved by con-
sensus or consultation with a third reviewer.

Data Synthesis

We divided the different sources of bias and variation
into groups (Table 1). Table 1 provides a brief description
of each source of bias and variation; more detailed descrip-
tions are available elsewhere (3). Results were stratified ac-
cording to the source of bias or variation. Studies were
grouped according to study design. We classified studies
that used actual data from one or more clinical studies to
demonstrate the effect of a particular study feature as ex-
perimental studies, diagnostic accuracy studies, or system-
atic reviews. Experimental studies were defined as studies
specifically designed to test a hypothesis about the effect of
a certain feature, for example, rereading sets of radiographs
while controlling (manipulating) the overall prevalence of
abnormalities. Studies that used models to simulate how
certain types of biases may affect estimates of diagnostic
test performance were classified as modeling studies. These
studies were considered to provide theoretical evidence of
bias or variation.

Role of the Funding Source

The funding source was not involved in the design,
conduct, or reporting of the study or in the decision to
submit the manuscript for publication.

DATA SYNTHESIS

The literature searches identified a total of 8663 refer-
ences. Of these, 569 studies were considered potentially
relevant and were assessed for inclusion; 55, published
from 1963 to 2000, met inclusion criteria. Nine studies
were systematic reviews, 16 studies used an experimental
design, 22 studies were diagnostic accuracy studies, and 8
studies used modeling to investigate the theoretical effects
of bias or variation.

Population
Demographic Features

Ten studies assessed the effects of demographic fea-
tures on test performance (Table 2) (4, 5, 7,9, 11, 14, 15,
20, 22, 24). Eight studies were diagnostic accuracy studies,
and 2 were systematic reviews. All but one study (22)
found an association between the features investigated and
overall accuracy. The study that did not find an association
investigated whether estimates of exercise testing perfor-
mance differed between men and women; after correction
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for the effects of verification bias, no significant differences
were found (22).

In general, the studies found associations between the
demographic factors investigated and sensitivity; the re-
ported effect on specificity was less strong. Four studies
found that various factors, including sex, were associated
with sensitivity but showed no association with specificity
(4, 5, 11, 20). The index tests investigated in these studies
were exercise testing (5, 11, 20) to diagnose heart disease
and body mass index to test for obesity (4). Two additional
studies of exercise testing also reported an association with
sensitivity, but the effects on specificity differed. One
found that factors that lead to increased sensitivity also lead
to a decrease in specificity (14); the second reported higher
sensitivity and specificity in men than in women (16). A
study of the diagnostic accuracy of an alcohol screening
questionnaire found that overall accuracy was increased in
certain ethnic groups (24). Sex was the most commonly
investigated variable. Three studies found no association
between test performance and sex, 9 found significant ef-
fects on sensitivity, and 4 found significant effects on spec-
ificity. Other variables shown to have significant effects on
test performance were age, race, and smoking status.

Disease Severity

Six studies looked at the effects of disease severity on
test performance (Table 2) (5, 11, 14, 19, 23, 25). Three
studies were diagnostic accuracy studies, 2 were reviews,
and one used modeling to investigate the effects of differ-
ences in disease severity. The modeling study also included
an example from a diagnostic accuracy study of tests for the
diagnosis of ovarian cancer (25). Three studies investigated
tests for heart disease (5, 11, 14), one examined ventila-
tion—perfusion lung scans for diagnosing pulmonary em-
bolism (23), and one investigated 2 different laboratory
tests (one for cancer and the other for bacterial infections)
(19). All 6 studies found increased sensitivity with more
severe disease; 5 found no effect on specificity (5, 11, 14,
19, 23), and one did not comment on the effects on spec-
ificity (25).

Disease Prevalence

Six studies looked at the effects of increased disease
prevalence on test performance (Table 2) (8, 10, 13, 17,
21, 26). One study used an experimental design (8); the
other studies were all diagnostic accuracy studies. The tests
investigated in these studies covered a wide range of topics:
dipstick for diagnosing urinary tract infection (10), mag-
netic resonance imaging and evoked potentials for diagnos-
ing multiple sclerosis (17), exercise testing for diagnosing
coronary artery disease (21), lung scans for diagnosing pul-
monary embolism (8), clinical indications for diagnosing
pneumonia (13), and ultrasonography for diagnosing epi-
didymitis (26). Only 5 of the studies reported on the ef-

fects of disease prevalence on sensitivity; all found an in-
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Table 2. Population*

Study, Year (Reference)

Curtin et al., 1997 (4)
Detrano et al., 1988 (5)
Detrano et al., 1988 (6)

Detrano et al., 1989 (7)

Egglin and Feinstein, 1996 (8)

Hlatky et al., 1984 (9)

Lachs et al., 1992 (10)
Levy et al., 1990 (11)

Lijmer et al., 1999 (12)

Melbye and Straume, 1993 (13)

Moons et al., 1997 (14)

Morise and Diamond, 1994 and
1995 (15, 16)

O'Connor et al., 1996 (17)

Philbrick et al., 1982 (18)

Ransohoff and Feinstein, 1978 (19)

Roger et al., 1997 (20)

Rozanski et al., 1983 (21)

Santana-Boado et al., 1998 (22)

Stein et al., 1993 (23)
Steinbauer et al., 1998 (24)

Taube and Tholander, 1990 (25)

van der Schouw et al., 1995 (26)

Van Rijkom et al., 1995 (27)

Design

Diagnostic accuracy
Review

Review

Experimental

Diagnostic accuracy

Diagnostic accuracy
Diagnostic accuracy

Review

Diagnostic accuracy

Diagnostic accuracy

Diagnostic accuracy
Diagnostic accuracy
Diagnostic accuracy
Review

Diagnostic accuracy
Diagnostic accuracy
Diagnostic accuracy

Diagnostic accuracy
Diagnostic accuracy

Modeling and
diagnostic
accuracy

Diagnostic accuracy

Review

Index Test

Body mass index
Exercise thallium scintigraphy

Exercise electrocardiography

Pulmonary arteriography

Exercise electrocardiography

Dipsticks
Electrocardiography

Various tests

Clinical cues

Exercise test

Exercise electrocardiography

Magnetic resonance imaging
and evoked potentials
Graded exercise test

Carcinoembryonic antigen
and nitroblue tetrazolium
tests

Exercise echocardiography

Exercise radionuclide
ventriculography

Single-photon emission
computed tomography

Ventilation/perfusion scan

Screening tests for alcohol
abuse

Tests for epithelial ovarian
cancer

Ultrasonography

Tests for approximal caries

Study Sample

226 white persons
56 primary studies

60 primary studies

24 arteriograms

2269 patients

366 consecutive patients
4684 patients with suspected left
ventricular hypotrophy

184 primary studies of 218 tests

581 patients with suspected
pneumonia

295 consecutive patients with heart
pain

4467 patients with suspected
coronary disease

303 patients with suspected multiple
sclerosis

208 consecutive patients evaluated
for coronary arterial disease

17 studies of carcinoembryonic
antigen and 16 of nitroblue
tetrazolium

3679 consecutive patients

77 angiographically normal patients

702 consecutive patients evaluated
for coronary disease

1050 patients

1333 adult family practice patients

168 patients with ovarian carcinoma

483 consecutive patients; 372
included

39 sets of sensitivity and specificity
data

* NA = not applicable; 1 = increased; | = decreased.

crease in sensitivity with increased disease prevalence (8,
10, 13, 17, 26). These studies also investigated the effects of
increased disease prevalence on specificity and found mixed
results; 2 found that specificity decreased (10, 13), 2 found no
effect (8, 17), and one reported increased specificity (26). The
remaining study looked only at the effects of disease preva-
lence on specificity, which was found to decrease (21).

Distorted Selection of Participants
Four studies examined the effects of distorted selection
of participants on test performance (Table 2) (5, 12, 18,
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27). A diagnostic accuracy study of exercise testing for
heart disease found that overall accuracy was overestimated
if reasons for exclusion commonly used by researchers were
applied (18). The other 3 studies were reviews. The first, a
review of the clinical and radiologic diagnosis of caries,
found that in vivo studies gave higher estimates of test
performance than in vitro studies (27). A review of exercise
testing for heart disease found that avoiding a limited chal-
lenge group (that is, including patients with other con-
founding diseases or patients taking medications thought
to produce false-positive results) did not have significant
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Source of Bias or Variation

Demographic features
Demographic features

Distorted selection of participants
Disease severity

Demographic features

Disease prevalence

Demographic features

Disease prevalence

Demographic features

Disease severity

Distorted selection of participants

Disease prevalence

Demographic features

Disease severity

Demographic features

Disease prevalence

Distorted selection of participants
Disease severity

Demographic features

Disease prevalence

Demographic features

Disease severity
Demographic features

Disease severity

Disease prevalence

Distorted selection of participants

Factors Investigated

Increased weight; sex (female)

Sex, age, and medication use

Avoidance of limited challenge group

Inclusion of patients with previous
myocardial infarction

Various patient-related characteristics
(all are not associated)

Context of interpretation: effect of
increased disease prevalence

Exercise heart rate, number of
diseased arteries, type of angina,
age, and sex

High pretest probability of disease

Sex (male), increased age, decreased
body mass index, not smoking

Increased severity of left ventricular
hypertrophy

Diagnostic case—control studies

Nonconsecutive patient enrollment

Retrospective study design

Failure to describe patient spectrum

Increased prevalence

Sex, workload, diabetes, smoking,
cholesterol level (all are not
associated)

Number of diseased vessels

Men

Increased prevalence
Exclusion of patients with other

clinical conditions
Extensive disease

Sex (male)
Increased prevalence
Sex

Previous pulmonary disease
Race and sex

Clear cases of malignant disease

Increased prevalence (inclusion
criteria widened)

In vivo studies compared with in
vitro studies

Effect on Effect on Effect on Overall
Sensitivity Specificity Accuracy
1 None NA
Associated None NA
None None

1 None NA
Associated Associated NA

T None NA
Associated Associated NA

1 | NA

1 None NA

1 None NA
NA NA 1
NA NA None
NA NA None
NA NA 1

1 U NA

1 ! NA

T None NA

1 1 NA

1 None NA
NA NA i

1 None NA

1 None NA
Not reported ! NA
None None NA

1 None NA
NA NA Associated
1 Not reported NA

1 1 NA
NA NA 1

effects on overall accuracy (5). The final study, which re-
viewed many different tests, found that case—control stud-
ies overestimate overall accuracy; it also found that non-
consecutive patient enrollment and a retrospective study
design did not affect the diagnostic odds ratio (12). This
review also looked at the effects of failure to provide an
appropriate description of the patient sample and found
that this was associated with increased overall accuracy.
Test Protocol: Materials and Methods
Test Execution

We found only 2 studies, both reviews, that specifi-
cally looked at the effects of differences in test execution
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(Table 3) (6, 12). The first, a review of several different
tests, found that failure to describe the index test and ref-
erence standard execution leads to an overestimation of
overall accuracy (12). The other found no effect of differ-
ences in protocol on overall accuracy in exercise testing (6).

Test Technology

Two studies looked at the effects of a change in the
technology of the index test on test performance (Table 3)
(6, 28). A systematic review of exercise scintigraphy studies
found that automation of the test procedure improved sen-
sitivity but decreased specificity (6). The other study, a
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Table 3. Test Protocol: Materials and Methods*

Study Details Design Index Test Study Sample Source of Bias Factors Investigated Effect on Effect on Effect on
or Variation Sensitivity ~ Specificity ~ Overall
Accuracy
Detrano et al., Review Exercise electrocar- 60 primary Test execution Exercise protocol None None NA
1988 (6) diography studies Test technology Automation of test 1 | NA
Disease progression ~ Maximum interval None None NA
bias between scintigraphy
and angiography
Froelicher et al.,  Diagnostic  Electrocardiography ~ 814 consecutive  Test technology Computerized readings None None NA
1998 (28) accuracy and angiographic patients with
calipers angina
pectoris
Lijmer et al., Review Various tests 184 primary Test execution Failure to describe index ~ NA NA 1
1999 (12) studies of test execution; failure ~ NA NA l
218 tests to describe reference
standard execution
* NA = not applicable; 1 = increased; | = decreased.

diagnostic accuracy study of the electrocardiographic exer-
cise test, found no effect on test performance (28).

Treatment Paradox and Disease Progression Bias

No studies that provided evidence of the effect of
treatment paradox were identified. Only one study that
looked at the effects of disease progression bias on test
performance was found. This study, a review of exercise
scintigraphy for the diagnosis of heart disease, found no
evidence of bias (6).

Reference Standard and Verification Procedure
Inappropriate Reference Standard

Eight studies looked at reference standard error bias
(Table 4) (6, 7, 27, 29, 31, 34, 41, 43). Four were system-
atic reviews, and the other 4 used modeling to investigate
the theoretical effects of an imperfect reference standard.
The reviews looked at reference standard error bias from
slightly different perspectives, but all found evidence of
bias. A review of patients who received a diagnosis of caries
found that weaker validation methods may overestimate
overall accuracy (27). A review of a hormone test for the
diagnosis of depression found that different reference stan-
dards can provide very different estimates of sensitivity
(29). A review of exercise scintigraphy for the diagnosis of
heart disease found that studies that used a specific refer-
ence standard (tomographic imaging) overestimated sensi-
tivity and specificity compared with other studies (6). The
last review, which dealt with exercise electrocardiography
for heart disease, found that comparison with a more ac-
curate test leads to increased sensitivity but did not report
on the effect on specificity (7).

The studies that used modeling to investigate the ef-
fects of an imperfect reference standard also found evi-
dence of bias. One study suggested that with imperfect
reference standards, specificity is most accurately estimated
at low disease prevalence and sensitivity at high disease
prevalence; it also suggested that considerable errors in es-
timates exist, even when the reference standard has close to
perfect performance (31). Two studies found that inaccu-
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rate reference standards lead to underestimation of index
test accuracy when the index test errors are statistically
independent of the reference standard and overestimation
when the index test errors are statistically dependent on the
reference standard (41, 43). The final study found that
overall accuracy is underestimated when the test being eval-
uated is more accurate than the reference standard (34, 43).

Differential Verification Bias

Only 2 studies looked at differential verification bias
(Table 4) (12, 30). One was a review of several different
tests (12), and the other was a diagnostic accuracy study of
the clinical diagnosis of Alzheimer disease (30). Both found
that differential verification bias leads to higher (inflated)
measures of overall accuracy.

Partial Verification Bias

Twenty studies investigated the effects of partial veri-
fication bias (Table 4) (5, 7, 12, 16, 18-22, 28, 30, 32,
35-40, 42, 44). Two studies used models to investigate the
theoretical effects of verification bias and found that partial
verification bias increased sensitivity and decreased speci-
ficity (35, 36). A third study also used modeling to inves-
tigate the effects of verification bias; in addition, it pro-
vided an example from a diagnostic accuracy study. This
study reported an association between overall accuracy and
the presence of partial verification bias (44).

All of the remaining studies used actual data to inves-
tigate the effects of partial verification bias and were either
diagnostic accuracy studies or reviews. Most of these stud-
ies examined some form of exercise testing for the diagnosis
of heart disease (5, 6, 16, 18, 20, 21, 28, 32, 38). Other
tests that were investigated included noninvasive tests for
arterial disease (37), clinical diagnosis for Alzheimer disease
(30), clinical findings for diagnosing hemorrhage in pa-
tients who had strokes (40), nuchal translucency for diag-
nosing Down syndrome (39), the carcinoembryonic anti-
gen and nitro-blue tests (19), and serum ferritin levels for
diagnosing hereditary hemochromatosis (42). Seven studies
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found that sensitivity was increased and specificity de-
creased in the presence of partial verification bias (16, 18,
20, 28, 32, 38, 40); one study found that both sensitivity
and specificity were increased (39), and 2 studies found
that sensitivity was increased but did not report the effects
on specificity (19, 42). One study found that specificity
was increased in the presence of verification bias (5) and
another study reported that verification bias decreased
specificity (21). Neither of these studies reported on the
effects on sensitivity. Two studies did not report on the
effects of partial verification bias on sensitivity and speci-
ficity. One of these found that partial verification bias in-
creased overall accuracy (37), and the second reported that
there was “scope for verification bias” but provided no
additional information (30).

Two more studies found no evidence of bias. One was
a systematic review of studies of the diagnostic accuracy of
exercise electrocardiography (45), and the other was a re-
view of systematic reviews of several different tests (12).
The latter study used the relative diagnostic odds ratio as
the summary statistic. If partial verification bias tends to
increase sensitivity and decrease specificity, as is suggested
by some of the studies, then no effect on the diagnostic
odds ratio would be expected. This may explain why this
review did not find any evidence of partial verification bias.

Interpretation (Reading Process)
Review Bias

Four studies investigated review bias (6, 12, 19, 45), 3
(6, 19, 45) examined diagnostic and test review bias, and
one looked only at diagnostic review bias (Table 5) (12). A
review of exercise testing found no effect of either diagnos-
tic or test review bias on sensitivity and specificity (7). A
separate review of exercise testing reported that both diag-
nostic and test review bias led to an increase in sensitivity
but had no effect on specificity (5). A study of carcinoem-
bryonic antigen and nitro-blue tests found that failure to
avoid review bias may overestimate sensitivity and specific-
ity (19). A review of several different tests looked only at
diagnostic review bias and found that it increased overall ac-

curacy (12).

Clinical Review Bias

Nine studies looked at the effects of clinical review
bias (Table 5) (28, 46, 52, 53, 55-57, 59, 61). Most of
these studies examined radiography (46, 52, 56, 57, 61),
mammography (55), and myelography and spinal com-
puter tomography (53). Eight studies used an experimental
design, and one was a diagnostic accuracy study (28). One
found no difference in overall accuracy between tests inter-
preted with and without clinical history (56). The other
studies all found evidence of bias; however, the direction of
bias differed among studies. In general, studies found that
providing clinical information improved overall accuracy.
Six studies reported that sensitivity was increased when
clinical information was available (28, 46, 52, 53, 57, 61).
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The effects of providing clinical information on specificity
varied among these studies: Two reported that specificity
decreased (52, 53), 2 found no effect on specificity (46,
61), and the other 2 did not report on the effects on spec-
ificity (28, 57). The remaining 2 studies did not report on
the effects of providing clinical history on sensitivity and
specificity, but both found that overall accuracy was im-
proved when clinical information was provided (55, 59).

Incorporation Bias
No studies that looked at the effects of incorporation
bias were identified.

Observer Variability

Eight studies looked at observer variation; no studies
addressed instrument variation (Table 5) (47-51, 54, 58,
60). All studies used an experimental design. Most studies
were evaluations of imaging techniques: radiologic detec-
tion of fractures (47), mammography (48, 54), and myo-
cardial imaging (51). Other techniques that were evaluated
were fine-needle aspiration biopsy (49), histologic exami-
nation (50), cytologic examination (60), and bronchial
brush specimens (58). All 8 studies found evidence of in-
terobserver variability, and 2 found evidence of intra-ob-
server variabilitcy (48, 50); one of these studies reported
that interobserver variability was greater than intraobserver
variability (48). Two studies found that more experienced
reviewers, or experts, provided greater sensitivity (49, 60),
whereas another found that experience was not related to
interobserver variability (58).

Analysis
Handling of Indeterminate Results

Two studies looked at the effects of uninterpretable
test results (Table 6) (7, 18). One of these studies stated
that a large proportion of results would be excluded if
unsatisfactory test results were excluded but provided no
evidence on how this may lead to biased estimates of test
performance (18). The other study found that the treat-
ment of equivocal or nondiagnostic test results was not
associated with overall accuracy (7).

Arbitrary Choice of Threshold Value
No studies that provided evidence of the effect of the
choice of threshold value were identified.

Discussion

The searches identified a relatively small number of
studies that looked specifically at the effects of bias and
variation on estimates of diagnostic test performance.
These studies were concentrated in 7 areas of bias and
variation: demographic features (10 studies), disease prev-
alence (6 studies), disease severity (6 studies), inappropriate
reference standard (8 studies), partial verification bias (20
studies), clinical review bias (9 studies), and observer vari-
ation (8 studies). Other sources of bias commonly believed
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Table 4. Reference Standard and Verification Procedure*

Study Details

Arana et al., 1990 (29)
Bowler et al., 1998 (30)
Boyko et al., 1988 (31)

Cecil et al., 1996 (32)

De Neef, 1987 (34)

Detrano et al., 1988 (5, 6)

Detrano et al., 1989 (7)

Diamond, 1991 (35)

Diamond, 1992 (36)
Froelicher et al., 1998 (28)
Lijmer et al., 1999 (12)
Lijmer et al., 1996 (37)
Miller et al., 1998 (38)
Mol et al., 1999 (39)

(15, 16)
Panzer et al., 1987 (40)
Phelps and Hutson, 1995 (41)
Philbrick et al., 1982 (18)

Ransohoff and Muir, 1982 (42)
Ransohoff et al., 1978 (19)

Roger et al., 1997 (20)
Rozanski et al., 1983 (21)
Santana-Boado et al., 1998 (22)

Thibodeau, 1981 (43)

Zhou, 1994 (44)

Morise and Diamond, 1994 and 1995

van Rijkom and Verdonschot, 1995 (27)

Design

Review
Diagnostic accuracy
Modeling

Diagnostic accuracy

Modeling

Review

Review

Modeling

Modeling
Diagnostic accuracy
Review

Diagnostic accuracy

Diagnostic accuracy
Review

Diagnostic accuracy
Diagnostic accuracy
Modeling

Diagnostic accuracy

Review
Review

Diagnostic accuracy
Diagnostic accuracy
Diagnostic accuracy
Modeling

Review

Modeling and

Index Test

Thyrotropin-releasing hormone
stimulation
Necropsy

NA

Stress single-photon emission
computed tomography
thallium testing

New rapid antigen detection
tests

Exercise thallium scintigraphy

Exercise electrocardiography

NA

NA

Electrocardiography and
angiographic calipers
Various tests

Noninvasive tests

Stress imaging

Nuchal translucency
measurement

Exercise electrocardiography

Clinical findings

NA

Graded exercise test

Serum ferritin levels

Carcinoembryonic antigen and

nitroblue tetrazolium tests

Exercise echocardiography
Exercise ventriculography

Single-photon emission
computed tomography
NA

Tests for approximal caries

NA

Study Sample

10 studies
307 patients

Formulas used to model theoretical
effects

4354 records selected from
computerized database

Models used to vary reference
standard accuracy
56 primary studies

60 primary studies

Series of computer simulations
using the Begg-Greenes
methodt

Series of computer simulations
using Bayes theorem

814 consecutive patients with
angina

184 primary studies of 218 tests

464 consecutive patients with
suspected disease

15 945 low-risk patients

25 studies

4467 patients with suspected
coronary disease

374 patients with stroke and focal
deficits

Monte Carlo studies

208 consecutive patients

2 studies

17 studies of carcinoembryonic
antigen and 16 of nitroblue
tetrazolium

3679 consecutive patients

77 angiographically normal
patients

702 consecutive low-risk patients

Various statistical models
39 sets of sensitivity and specificity

data
429 patients

diagnostic accuracy

* DSM-III = Diagnostic and Statistical Manual of the American Psychological Association, 3rd edition; NA = not applicable; RDC = Research Diagnostic Criteria; T =

increased; |, = decreased.

1 From Begg C and Greenes R (33).

to affect studies of diagnostic test performance, such as incor-
poration bias, treatment paradox, arbitrary choice of threshold
value, and dropouts, were not considered in any studies.

Population

The evidence shows that differences in populations
affect estimates of diagnostic performance. However, the
extent and direction of the effect of variations in a popu-
lation can vary, even among studies of the same index test.

Demographic features have shown strong associations with
test performance and generally showed a greater effect on
estimates of sensitivity than on specificity. Studies that ob-
served effects on specificity generally found that factors
that increased sensitivity also decreased estimates of speci-
ficity. There was also evidence that both disease severity
and prevalence may affect estimates of test performance.
Sensitivity tended to be increased in populations with more
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Table 4—Continued
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Source of Bias or Variation

Inappropriate reference standard
Differential and partial
verification bias

Inappropriate reference standard

Partial verification bias

Inappropriate reference standard
Inappropriate reference standard
Partial verification bias

Inappropriate reference standard

Partial verification bias
Partial verification bias
Partial verification bias
Partial verification bias
Differential verification bias
Partial verification bias
Partial verification bias
Partial verification bias
Partial verification bias
Partial verification bias
Partial verification bias
Inappropriate reference standard
Partial verification bias

Partial verification bias
Partial verification bias

Partial verification bias
Partial verification bias
Partial verification bias
Inappropriate reference standard
Inappropriate reference standard

Partial verification bias

Factors Investigated

DSM-III instead of RDC as the
reference test

Autopsy to confirm the clinical
diagnosis

Effects of reference standard
errors

Effect of partial verification bias
using the Begg methodt

Increased sensitivity of the
reference standard

Tomographic imaging instead of
angiography as reference test

Presence of partial verification bias

Exercise test thought to be
superior in accuracy as
reference standard

Presence of partial verification bias

Presence of partial verification bias

Presence of partial verification bias
Presence of partial verification bias

Studies that used different
reference standards

Presence of partial verification bias

Presence of partial verification bias

Presence of partial verification bias

Presence of partial verification bias

Presence of partial verification bias

Presence of partial verification bias

Use of inaccurate “fuzzy"”
reference standard

Presence of partial verification bias

Presence of partial verification bias
Presence of partial verification bias

Presence of partial verification bias

Presence of partial verification bias

Presence of partial verification bias

Use of inaccurate reference
standard

Use of weak validation methods

Presence of partial verification bias

Effect on Effect on Effect on Overall
Sensitivity Specificity Accuracy
! Not reported NA

NA NA “Scope for bias"
NA NA Associated
1 \ NA

1 Large errors NA

1 1 NA

None 1 NA
Associated Not reported NA

NA NA None

1 ! NA

1 U NA

D ! NA

NA NA i

NA NA None

NA NA 1

1 ¥ NA

1 1 NA

1 b NA

1 \ NA

NA NA Associated
D ! NA

1 Not reported NA

1 Not reported NA

1 I NA

Not reported | NA

None None NA

NA NA Associated
NA NA 7

NA NA Associated

severe disease or increased disease prevalence. Disease se-
verity had little effect on estimates of specificity, and the
effect of disease prevalence on specificity varied. The way
in which participants are selected for inclusion in studies of
diagnostic accuracy has also been shown to affect test per-
formance. However, the studies that investigated this vari-
able looked at very different aspects of patient selection;
thus, it is difficult to draw overall conclusions.

Test Protocol
Very few studies investigated the effects of biases and
sources of variation associated with test protocol, and those

www.annals.org

that did reported mixed results. Because of the lack of
evidence on the effects of test protocol, it is difficult to
draw conclusions regarding the effect of this variable on
estimates of test performance. The magnitude of the effect
of these biases and sources of variation is probably linked
to the test and condition being investigated. For example,
the effect of differences in test execution is probably much
greater for a test that requires some degree of expertise to
perform than for a test that is very straightforward to per-
form. Similarly, treatment paradox and disease progression
bias are more likely to have significant effects on studies of
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Table 5. Interpretation (Reading Process)*

Study Details

Arana et al., 1990 (29)

Berbaum et al., 1988 (46)

Berbaum et al., 1989 (47)

Ciccone et al., 1992 (48)
Cohen et al., 1987 (49)
Corley et al., 1997 (50)
Cuaron et al., 1980 (51)
Detrano et al., 1988 (5, 6)
Detrano et al., 1989 (7)
Doubilet et al., 1981 (52)

Eldevik et al., 1982 (53)

Elmore et al., 1994 (54)
Elmore et al., 1997 (55)

Froelicher et al., 1998 (28)
Good et al., 1990 (56)
Lijmer et al., 1999 (12)
Potchen et al., 1979 (57)
Raab et al., 1995 (58)
Raab et al., 2000 (59)
Ransohoff et al., 1978 (19)

Ronco et al., 1996 (60)

Schreiber, 1963 (61)

Design

Review

Experimental

Experimental

Experimental
Experimental
Experimental
Experimental
Review

Review

Experimental

Experimental

Experimental
Experimental

Diagnostic accuracy
Experimental
Review
Experimental
Experimental
Experimental
Review

Experimental

Experimental

Index Test

Thyrotropin-releasing hormone
stimulation
Radiography

Radiography

Mammography

Fine-needle aspiration biopsy

Histologic diagnosis of
pneumonia

Tc 99m phosphate myocardial
imaging

Exercise thallium scintigraphy

Exercise electrocardiography

Radiography

Myelography and computed
tomography

Mammography

Mammography

Electrocardiography and
angiographic calipers

Chest radiography

Various tests

Chest radiography

Bronchial brush specimens

Bronchial brush specimens

Carcinoembryonic antigen and
nitroblue tetrazolium tests

Colpohistologic and cytologic

screening

Chest radiography

Study Sample

10 studies

40 radiographs examined with and without
clinical information

40 radiographs examined by a group of
radiologists and a group of orthopedic
surgeons

45 mammograms; 7 radiologists

50 specimens examined by 5 observers

39 lung biopsy samples, 4 pathologists

250 myocardial slides evaluated by 6
observers
56 primary studies

60 primary studies

8 test radiographs; 4 with suggestive and 4
nonsuggestive history

107 patients assessed with and without
clinical history

150 mammograms, 10 radiologists

100 radiographs assessed with and without
clinical history

814 consecutive patients with angina

247 radiographs assessed with and without
clinical history
184 primary studies of 218 tests

3 groups of radiologists; different
combinations of data

100 bronchial brush specimens examined
by different observers

97 specimens, assessed with and without
clinical information

17 studies of carcinoembryonic antigen
and 16 of nitroblue tetrazolium

61 samples examined by cytologists and
experts

100 chest radiographs assessed with and
without clinical information

* DSM-III = Diagnostic and Statistical Manual of the American Psychological Association, 3rd edition; NA = not applicable; RDC = Research Diagnostic Criteria; | =

increased; | = decreased.

tests for acute diseases that may be easily treated (for ex-
ample, infections) and that may change more rapidly than
chronic conditions that do not respond well to treatment
and that may remain in the same stage for longer periods.

Reference Standard

The evidence was strong for the effect of biases asso-
ciated with verification procedure on test performance. All
studies that looked at the effects of using an inappropriate
reference standard found that test performance was affect-
ed; however, the direction of the effect differed among
studies. Theoretically, if the reference standard is not
100% accurate, the index test may correctly classify results
that have been incorrectly classified by the reference stan-
dard. This would be expected to lead to an underestima-
tion of test performance. It is also possible that an imper-
fect reference standard may classify results of the index test

198|3 February 2004 | Annals of Internal Medicine | Volume 140 ® Number 3

as being correct when they are actually incorrect. This
would be expected to lead to overestimation of test perfor-
mance. Thus, an inaccurate reference standard could affect
test performance in either way.

Many studies looked at the effects of verification bias,
especially partial verification bias. Most reported that veri-
fication influenced estimates of test performance. In the-
ory, if all of the patients with negative test results are not
verified by the reference standard and are subsequently
omitted from the 2 X 2 table, estimates of sensitivity
would be inflated because patients with false-negative test
results will go undetected. This is supported by the evi-
dence; all studies that observed a significant effect on sen-
sitivity found that sensitivity was increased in the presence
of verification bias. However, as with many other biases,
the effects on specificity were less clear.
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Source of Bias or
Variation

Inappropriate reference

standard
Clinical review bias

Observer variation

Observer variation

Observer variation
Observer variation
Observer variation
Observer variation

Review bias

Review bias

Factors Investigated

DSM-III instead of RDC as the reference

standard

Availability of clinical information

Difference between radiologists and
orthopedic surgeons

Difference between radiologists and
orthopedic surgeons

Inter- and intraobserver variation
Effect of training and experience
Inter- and intraobserver variation

Interobserver variation
Lack of blinding, that is, presence of

review bias
Lack of blinding, that is, presence of

review bias

Clinical review bias Suggestive clinical history

Clinical review bias Availability of clinical information

Interobserver variation
Availability of clinical information

Observer variation
Clinical review bias

Clinical review bias Availability of clinical information

Clinical review bias Availability of clinical information

Review bias Lack of blinding, that is, presence of
review bias

Clinical review bias Availability of clinical information

Observer variation Interobserver variation

Clinical review bias Availability of clinical information

Review bias Lack of blinding, that is, presence of
review bias
Observer variation Effect of training and experience (being
n “expert”)

Clinical review bias Availability of clinical information

Effect on Effect on Effect on Overall
Sensitivity Specificity Accuracy
! Not reported NA

1 None 1

NA NA Associated
NA NA Associated
NA NA Associated
1 1 NA

NA NA None

NA NA Associated
1 Not reported 1

NA NA None

1 I NA

1 I NA

NA NA Associated
NA NA il

1 Not reported NA

NA NA None

NA NA 1

1 Not reported NA

NA NA Associated
NA NA 7

1 1 NA

1 Not reported NA

1 None NA

Interpretation

Reading processes that involve interpretation of results
affect estimates of test performance. Both diagnostic and
test review biases were found to increase sensitivity; how-
ever, no effect on specificity was noted. An effect on sen-
sitivity would be expected because knowledge of the index
test result when interpreting the reference standard (or vice
versa) probably increases the agreement between tests. This
in turn leads to a greater number of true-positives and
true-negative results and would be expected to increase es-
timates of both sensitivity and specificity. It is unclear why
studies did not find significant effects on specificity. Per-
haps the effects on specificity are smaller and any effect
may therefore not reach statistical significance.

The availability of clinical information to the person
interpreting the results of the index test was found to in-
crease sensitivity. Although the evidence for an effect on

www.annals.org

specificity was minimal, specificity decreased in 2 studies.
The provision of clinical information probably has differ-
ent effects depending on the test being evaluated. Whether
clinical information should be available in a particular di-
agnostic study should be carefully considered in each case.
It seems that the best approach to interpreting the results
of a diagnostic accuracy study would be to determine
whether the clinical information available to those inter-
preting the results of the index test is the same as the
clinical information that would be available when the test
is interpreted in practice.

All studies that looked at the effects of observer varia-
tion found significant differences among observers in their
estimates of test performance. Therefore, the effects of ob-
server variation will inevitably be greater for tests that in-
volve a strong degree of subjective interpretation compared
with a fully automated test.
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Table 6. Analysis*

Study Details Design Index Test Study Sample Source of Bias or Factors Investigated Effect on Effect on Effect on
Variation Sensitivity ~ Specificity ~ Overall
Accuracy
Detrano et al.,  Review Exercise electro- 60 primary Handling of indeterminate ~ Treatment of equivocal ~NA NA None
1989 (7) cardiography studies results or nondiagnostic
tests
Philbrick et al.,  Diagnostic ~ Graded exercise 208 consecutive ~ Handling of indeterminate  Exclusion of unsatisfac- ~ NA NA Unclear
1982 (18) accuracy test patients results tory exercise test

results

* NA = not applicable.

Analysis

Very few studies investigated the effects of biases asso-
ciated with analysis on test performance. The effect of the
exclusion of indeterminate results and the nonarbitrary
choice of threshold value remains unclear from the evi-
dence reviewed.

Limitations

The main limitation of our review is the difficulty in
identifying articles that examined specific features of the
design and conduct of diagnostic studies. Indexing on
MEDLINE and other electronic databases focuses on dis-
eases, therapies, and test technologies and not on elements
of design. There is no specific way of indexing studies that
relate to the diagnostic accuracy of a test (1). In addition,
many different names have been used to label the same
phenomenon in studies of diagnostic accuracy tests. To try
to overcome these difficulties, very broad searches were
performed. However, we may have still missed several rel-
evant papers. The information provided in our paper
should provide useful examples but may not be compre-
hensive.

Ideally, we would have liked to provide a quantitative
synthesis to assess the magnitude of each of the biases and
sources of variation as well as their direction. However,
because the studies included were very heterogeneous, a
quantitative synthesis was not possible. The studies also
measured the effect of the biases and sources of variation in
different ways. In particular, diagnostic accuracy and ex-
perimental studies looked at the effect of biases and sources
of variation within studies, whereas reviews looked at rea-
sons for differences in estimates among studies. It is also
likely that different biases and sources of variation will be
important in different topic areas. For example, observer
variation is likely to be a problem only for studies that
involve some degree of subjective interpretation. Also, ob-
server variation is likely to have a greater effect with more
subjective interpretations.

Another problem is that sources of bias and variation
may act differently depending on the study. For example,
for partial verification bias, the effects may differ when the
reference standard is not used in selected groups. The
group that does not receive verification may, for example,
be a random sample of patients, a selected subgroup of
patients with negative test results, or all patients with pos-
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itive test results. All of these situations are called partial
verification, but the effects of each situation probably dif-
fer. Within a single study, there is only one true effect of a
feature, but this true effect may differ depending on the
study. Chance and the effect of other factors may obscure
the true effect. These factors combine to create difficulty in
determining the overall effect of a source of bias or varia-
tion.

We included studies that provided both real-life exam-
ples of the effects of different biases and sources of varia-
tion as well as studies that used modeling to investigate the
effects of different biases or sources of variation. When the
results of the modeling studies are interpreted, it is impor-
tant to consider that these studies can provide an indica-
tion only of the theoretical effect of a source of bias or
variation. The results from these studies need to be sup-
ported by additional empirical evidence from real-life ex-
amples before more firm conclusions can be drawn (12).

CONCLUSIONS

This paper provides information on the available evi-
dence for the effects of each source of bias and variation in
diagnostic accuracy studies. The sources of bias and varia-
tion for which there is the most evidence are demographic
features, disease prevalence or severity, partial verification
bias, clinical review bias, and observer or instrument vari-
ation. Some evidence was also available for the effects of
distorted selection of participants, absent or inappropriate
reference standard, differential verification bias, and review
bias. The potential effects of these biases and sources of
variation should be considered when interpreting or de-
signing diagnostic accuracy studies. Additional research
should be done to investigate potential sources of bias and
variation.
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