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Partial verification bias and incorporation bias affected accuracy
estimates of diagnostic studies for biomarkers that were part of an

existing composite gold standard
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Abstract

Objective: To investigate how choice of gold standard biases estimates of sensitivity and specificity in studies reassessing the diag-
nostic accuracy of biomarkers that are already part of a lifetime composite gold standard (CGS).

Study Design and Setting: We performed a simulation study based on the real-life example of the biomarker ‘‘protein 14-3-3’’ used for
diagnosing CreutzfeldteJakob disease. Three different types of gold standard were compared: perfect gold standard ‘‘autopsy’’ (available in
a small fraction only; prone to partial verification bias), lifetime CGS (including the biomarker under investigation; prone to incorporation
bias), and ‘‘best available’’ gold standard (autopsy if available, otherwise CGS).

Results: Sensitivity was unbiased when comparing 14-3-3 with autopsy but overestimated when using CGS or ‘‘best available’’ gold
standard. Specificity of 14-3-3 was underestimated in scenarios comparing 14-3-3 with autopsy (up to 24%). In contrast, overestimation (up
to 20%) was observed for specificity compared with CGS; this could be reduced to 0e10% when using the ‘‘best available’’ gold standard.

Conclusion: Choice of gold standard affects considerably estimates of diagnostic accuracy. Using the ‘‘best available’’ gold standard
(autopsy where available, otherwise CGS) leads to valid estimates of specificity, whereas sensitivity is estimated best when tested against
autopsy alone. � 2016 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Bias in diagnostic studies

Diagnostic studies are prone to various types of bias,
which can affect accuracy estimates if not taken into ac-
count during the design and analysis stage [1]. The choice
of gold standard is therefore of particular importance, as
perfect gold standards often do not exist or at least are
not available for the entire study population. If only a sub-
set of the patients’ diagnoses can be verified by the gold
standard and only these patients are included in the

analysis, so-called partial verification bias might occur
whenever verification is dependent on the result of the diag-
nostic test under evaluation [1,2]. In this case, specificity of
the test is underestimated as people with a negative test and
a negative gold standard (true negatives) are less likely to
be verified than those with a positive test and a negative
gold standard (false positives) [1e3]. Partial verification
bias typically occurs when the gold standard is invasive
(e.g., biopsy or autopsy) or harmful (e.g., computed tomog-
raphy scans), and the test under evaluation has already been
implemented in clinical practice. As a potential solution,
alternative diagnostic gold standards, which are less valid
than the ‘‘perfect’’ gold standard but available for all pa-
tients, can be used. These gold standards are often
composed of several individual tests. Use of composite gold
standards can, however, also lead to biased estimates of test
accuracy if, contrary to the recommendation of the guide-
line on the clinical evaluation of diagnostic agents [4],
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What is new?

Key findings
� We showed that, in studies reassessing the diag-

nostic accuracy of already established biomarkers,
use of the ‘‘best available’’ gold standard (autopsy
where available, otherwise CGS) leads to valid es-
timates of specificity, whereas sensitivity is esti-
mated best when tested against autopsy alone.

What this adds to what was known?
� We assessed for the first time how choice of gold

standard biases estimates of diagnostic accuracy
in the reassessment of biomarkers that are already
part of a lifetime composite gold standard (CGS)
and identified a new type of partial verification bias
(which we call ‘‘discordant partial verification
bias’’).

What is the implication and what should change
now?
� Future studies need to take our results into account

and should follow our recommendations for study
design to prevent overestimation as well as under-
estimation of diagnostic accuracy.

the test under evaluation is already incorporated in the gold
standard (so-called incorporation bias); the true sensitivity
and specificity of the diagnostic test will then be overesti-
mated [5,6].

1.2. Diagnostic studies on neurodegenerative diseases

Diagnostic studies for neurodegenerative diseases are a
typical example of a situation in which choice of gold stan-
dard matters. Neuropathological examination by autopsy is
the perfect gold standard for many neurodegenerative dis-
eases (e.g., Alzheimer’s disease or CreutzfeldteJakob dis-
ease [CJD]) but is only available postmortem and even
then just in a small proportion of suspected patients. Thus,
composite gold standards (CGSs), which are based on
several different criteria, have been developed and estab-
lished in recent decades, allowing a diagnosis during life-
time without acquisition of brain material. With new
diagnostic tests available and changes in the spectrum of
differential diagnoses over time, CGSs are permanently
re-evaluated and the diagnostic accuracy of many individ-
ual tests is reanalyzed.

1.3. Biases in diagnostic studies on 14-3-3 and
CreutzfeldteJakob disease

One example of this is the cerebrospinal fluid (CSF)
biomarker 14-3-3, which has been part of the CGS for

sporadic CJD since 1998 [7,8]. The CGS for CJD consists
of three conditions and classifies a patient as CJD positive
if the patient fulfills the combination of (1) rapidly progres-
sive dementia; (2) at least two of four clinical symptoms;
(3) at least one of three diagnostic tests [9]. One of these
three diagnostic tests is 14-3-3 (Fig. 1). When introduced
in the CGS, diagnostic studies had indicated a very good
test accuracy for 14-3-3 (sensitivity 5 95%;
specificity 5 90e100%) [8,10].

However, new CSF biomarkers such as total tau or
RT-QuIC have been proposed in the meantime as better diag-
nostic tests than 14-3-3 [11e13]. Moreover, differential diag-
noses of CJD have changed in the last 15 years as the number
of CSF test referrals has increased considerably (e.g., from
200 to 6,000 per year in the German National Reference Cen-
ter for Prion diseases) [14]. Concerns have arisen that this
might have led to a decrease in 14-3-3 accuracy [11]. Diag-
nostic studies reassessing the accuracy showed heterogeneous
results [15], especially for the specificity of 14-3-3, which var-
ied from 40% to 95% [8,11,16e18]. However, these studies
differed from each other with respect to the gold standard
used. The lowest specificity (40%) was reported in a US study
from 2012, in which 14-3-3 was directly compared with a
competitor, total tau [11]. This study was suspected to suffer
from partial verification bias, as only autopsy-proven patients
were included in the analyses although all patients with a clin-
ical suspicion were tested for 14-3-3 and total tau [19]. As on-
ly 14-3-3 but not tau results were reported to the patients’
physicians and families, decision on autopsy was directly
dependent on 14-3-3, but not on tau. The exclusion of 14-3-
3-negative patients who were correctly classified as nondi-
seased biased specificity down [1,3,5]. The example of
14-3-3 and CJD is, however, not classical for partial verifica-
tion bias and differs from cases reported in the literature, as
14-3-3 is embedded in a battery of clinical and diagnostic
criteria. As 14-3-3 is the best single diagnostic test and part

Fig. 1. Available gold standards for sporadic CreutzfeldteJakob dis-
ease: Definition of perfect autopsy gold standard (dark gray) and
imperfect lifetime gold standard (light gray), which is a composite
of three factors (white) [7,9]. CSF, cerebrospinal fluid; EEG, electro-
encephalography; MRI, magnetic resonance imaging.
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