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1. Introduction 

Diagnostic tests play a crucial role in the management
of the COVID-19 pandemic, helping to contain the spread
of SARS-CoV-2 by detecting and isolating cases, enabling
contact tracing, and guiding public health decisions about
the initiation of lockdowns, thereby protecting people at in-
creased risk of severe disease and our healthcare systems.
Likewise, treatment decisions and enrollment in therapeu-
tic trials require diagnostic confirmation. Because testing
for SARS-CoV-2 is currently being done on a massive
scale worldwide, false-positive and false-negative results
may have considerable adverse downstream consequences
[1] . Despite progress made in the last decades in our un-
derstanding of the complexity of medical test evaluation,
assessing the value of diagnostic tests for COVID-19 still
poses considerable challenges [1-6] . 

One major challenge is that multiple target conditions
can be defined. For example, the target condition may
be (past or present) SARS-CoV-2 infection, infectious-
ness, or COVID-19 (i.e., the acute disease caused by
SARS-CoV-2). Additionally, COVID-19 has a broad clin-
ical spectrum, which may vary from asymptomatic and
mildly symptomatic cases of SARS-CoV-2 infection, to
cases of severe pneumonia with or without acute respira-
tory distress syndrome (ARDS) and multiorgan failure [7] .
Furthermore, SARS-CoV-2 may also trigger severe post-
infectious processes such as myocarditis, multiorgan fail-
ure, and Kawasaki-like illness, notably in children (referred
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to as ‘Paediatric inflammatory multisystem syndrome tem-
porally associated with COVID-19 

′ (PIMS-TS)) [8] . 
It is important that researchers carefully define the tar-

get condition before initiating a test accuracy study of a
test for COVID-19 [ 2 , 9 ]. However, errors in such stud-
ies may still occur if the final diagnosis entirely relies on
detecting SARS-CoV-2. For example, patients with respira-
tory symptoms due to pulmonary embolism or community-
acquired pneumonia due to Streptococcus pneumoniae may
be misclassified as COVID-19 if they are concomitant car-
riers of SARS-CoV-2. Yet, carriage is still highly relevant
to detect as part of contact tracing strategies because it may
warrant isolation to contain the spread of SARS-CoV-2. 

What makes test accuracy studies of COVID-19 tests
particularly challenging is the absence of a reliable clinical
reference standard. Because of this, the results of most test
accuracy studies of COVID-19 tests are of limited value to
clinicians and policymakers and may represent a consider-
able waste of research resources [10] . In this commentary
article, we will discuss our views on the extent of this
problem and provide potential solutions, based on our ex-
perience as clinicians and researchers, and with examples
from published literature. 

2. A reliable reference standard for diagnosing 

COVID-19 is currently not available 

Tests for diagnosing COVID-19 include clinical signs
and symptoms, laboratory tests such as molecular and anti-
gen detection assays, sometimes done at the point of care,
imaging tests such as chest CT, electronic noses, and multi-
variable clinical prediction models ( Box 1 ). The most usual
approach to inform clinicians and policymakers about test
performance is by conducting test accuracy studies. In such
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Box 1. Examples of index tests and reference standards for COVID-19 

1/ Index tests 

Signs and symptoms 

- Fever 

- Respiratory complaints (cough, dyspnea) 

- Anosmia 

- Recent contact with a patient with SARS-CoV-2 infection 

Laboratory tests 

- Rapid nucleic acid amplification tests 

- Rapid antigen detection tests 

- Antibody tests 

- Inflammatory markers: C-reactive protein, procalcitonin 

- Electronic nose 

Imaging tests 

- Chest X-ray 

- Chest CT 

- Chest ultrasound 

Multivariable prediction models that combine several features to estimate the risk of COVID-19 

- ‘COVID-19 early warning score’ 

- ‘Corona-Score’ 

2/ Reference standards 

- Single RT-PCR 

- Repeat RT-PCR 

- Viral culture 

- Combination of RT-PCR and other criteria (clinical, epidemiological, imaging, laboratory data) 

Box 2. Main limitations of RT-PCR testing for SARS-CoV-2 

1/ Pre-analytical and analytical considerations 

- Diagnostic yield depends on the quality and type of the clinical sample 

- Diagnostic yield depends on when the sample is taken in the course of the disease 

- Variability in molecular targets across commercial kits 

- No consensual cycle threshold (Ct) value to define test positivity 

2/ Clinical interpretation 

- RT-PCR may detect nonviable viral particles and low viral loads of unclear clinical significance 

- RT-PCR may not distinguish between carriage and SARS-CoV-2 infection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

studies, the results of a test under evaluation (the ‘index
test’) are compared to those of another test that is sup-
posed to distinguish between patients with and without the
clinical target condition with a high level of certainty (the
‘reference standard’). Typical outcomes in test accuracy
studies are estimates of clinical sensitivity and specificity.
Hundreds of test accuracy studies on COVID-19 tests have
already been conducted, as well as systematic reviews to
summarize them [11-16] . 

In these test accuracy studies, laboratory-based real-time
reverse-transcription polymerase chain reaction (RT-PCR)
is widely used as the reference standard for diagnosing
COVID-19. However, this test has important shortcomings
( Box 2 ), which threaten the validity of these studies. An
imperfect reference standard will, by definition, lead to
index test results that are wrongly classified as ‘false pos-
itives’ or ‘false negatives’, or wrongly classified as ‘true
positives’ or ‘true negatives’, a problem referred to as ‘ref-
erence standard error bias’ [17] . This will result in either
over- or under-estimation of the sensitivity or specificity
of the index test under investigation. First, as for other
respiratory viruses, the detection of SARS-CoV-2 by RT-
PCR is strongly influenced by the quality, site, and tim-
ing of sampling [4] . For example, analytical sensitivity of
RT-PCR is different for bronchoalveolar lavage fluid, na-
sopharyngeal swabs, and throat swabs [18] . In addition,
in most cases, the probability that SARS-CoV-2 becomes
detectable by RT-PCR in nasopharyngeal samples peaks
around the onset of symptoms of COVID-19 and then grad-
ually declines within 2 to 3 weeks [ 1 , 4 , 19 ]. Hence, most



184 D.A. Korevaar et al. / Journal of Clinical Epidemiology 138 (2021) 182–188 

Table 1. Risk of bias assessment for the reference standard in Cochrane reviews of diagnostic tests for COVID-19 

Author [Reference] Test(s) No. of studies No. of 
participants ∗

No. (%) of studies at 
high risk of bias 

No. (%) of studies at 
unclear risk of bias 

No. (%) of studies at 
low risk of bias 

Struyf et al. [11] Signs and symptoms 44 26,884 3 (7) 8 (18) 33 (75) 

Stegeman et al. [12] Routine laboratory tests 21 70,711 14 (67) 5 (24) 2 (10) 

Dinnes et al. [13] Rapid, point-of-care 
antigen and 
molecular-based tests 

78 24,087 66 (85) 6 (8) 6 (8) 

Deeks et al. [14] Antibody tests 54 15,976 17 (31) 24 (24) 13 (24) 

Islam et al. [15] Thoracic imaging tests 51 19,775 20 (39) 20 (39) 11 (22) 

TOTAL - 248 157,433 120 (48) 63 (25) 65 (26) 

∗ or samples 
Table updated on May 20th, 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

experts recommend repeating RT-PCR testing in patients
with a sustained intermediate or high clinical suspicion of
COVID-19 when the initial result is negative, especially in
hospital settings [20] . Second, there is technical variability
among the (more than) 150 RT-PCR kits for SARS-CoV-2
that have been approved and provided with FDA’s emer-
gency use authorization (EUA) label [ 5 , 21 ]. Notably, these
kits rely on various molecular targets encoding structural
(e.g., envelope ( E ), nucleocapsid ( N1, N2, N3 ), and spike
( S ) genes) and nonstructural proteins (e.g., RNA-dependent
RNA polymerase ( RdRp ) and open reading frame 1 seg-
ments 1a and 1b ( Orf1 ) genes). RT-PCR analytical sen-
sitivity is higher for certain combinations of nucleic acid
targets than others. For example, in a recent study compar-
ing 6 molecular kits approved for detecting SARS-CoV-2,
the limit of detection after 40 thermal cycles ranged from a
viral RNA concentration of 484 to 7744 copies/mL, a 16-
fold difference [22] . Third, RT-PCR is not a binary test:
most tests provide a quantitative result reflecting the num-
ber of amplification cycles after which a signal becomes
detectable (‘cycle threshold’, Ct), but the Ct value that has
the highest clinical relevance is still a matter of debate and
may vary across commercial kits and between laboratories
using the same kits [23-25] . Low viral loads may reflect
noninfectious states (e.g., nonviable viral RNA fragments)
and low-risk viral shedding of unclear clinical significance,
which may lead to overdiagnosis. Yet, decreasing the pos-
itivity threshold for the Ct value may result in missing in-
fectious cases with low viral loads. Fourth, SARS-CoV-2
is mutating over time, resulting in genetic variations across
circulating viral strains. If such mutations occur in the ge-
netic sequences targeted by a given RT-PCR kit, this may
potentially have a negative effect on test accuracy [26] . 

There are alternatives to RT-PCR testing. Researchers
evaluating COVID-19 tests have used other reference stan-
dards, ranging from viral culture to various combinations
of epidemiological data, clinical information, and testing
results ( Box 1 ). Unfortunately, each of these alternatives
has its shortcomings as well, and may further amplify the
problem by making evidence syntheses more challenging
to conduct and interpret. For example, in a recent Cochrane
systematic review of the accuracy of imaging tests for
COVID-19, which included 51 studies, 47 used only RT-
PCR as the reference standard (single RT-PCR, 2 studies;
repeat RT-PCR in all patients with an initial negative test,
11 studies; repeat RT-PCR in at least some patients with
an initial negative test, 17 studies; number of RT-PCR tests
not reported, 17 studies) and 4 studies used a combination
of RT-PCR and other criteria (i.e., clinical symptoms, in-
formation about infected household contacts, imaging tests,
and laboratory tests) [15] . 

The series of systematic reviews from the Cochrane
COVID-19 Diagnostic Test Accuracy Group currently en-
compasses a total of 248 test accuracy studies and 157,433
participants ( Table 1 ) [11-15] . Details about the reference
standard were poorly reported, and risk of bias about the
reference standard was deemed high in 48% and unclear
in 25%; the reference standard was judged at low risk of
bias in only 26% of the included studies. 

3. Potential solutions in the absence of reliable 
reference standard for COVID-19 

The challenge of evaluating the diagnostic accuracy of
a test in the absence of a reliable reference standard is
not new, and there is an array of possible solutions that
can be applied to COVID-19, although each has its advan-
tages and limitations ( Table 2 ). Below, we discuss several
possible solutions, but others exist as well [27-29] . 

3.1. Panel-based reference standard 

A first option is to define disease status based on the
opinion of a panel of experts that use evidence from a com-
bination of signs, symptoms, tests, and sometimes follow-
up in an unstructured way to classify each patient as hav-
ing COVID-19 or not. An example of such an adjudication
committee is reported in a study where five board-certified
specialists in respiratory and internal medicine were retro-
spectively invited to make a final diagnosis for each pa-
tient suspected of COVID-19 [30] . In a similar study, all
patients with a positive chest CT, but a negative RT-PCR,
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Table 2. Potential solutions in the absence of a reliable reference standard for COVID-19. 

Method Explanation Advantages Limitations 

Panel-based diagnosis Final diagnosis is made by a panel of experts. May reflect clinical practice. • No clear definition of the 
target condition. 

• Poor reproducibility. 

Rule-based diagnosis Final diagnosis is made through the formal 
combination of various pieces of information. 

Easy to apply and reproducible. May not reflect clinical 
practice. 

Model-based diagnosis Accuracy estimates are computed by a model, 
assuming that no single test is able to define 
disease status. 

Provides estimates of sensitivity 
and specificity for multiple tests, 
which allows comparisons. 

• No clinical definition of the 
target condition. 

• Complex modeling. 

Studies of agreement 
between test results 

None of the two tests is accepted as a reference 
standard and agreement is measured in a 
cross-tabulation of test results. 

Reference standard not needed. Not possible to say if 
discrepancies are due to errors 
from one test or the other. 

Studies of clinical 
effectiveness 

The focus is not on sensitivity and specificity 
but on other outcomes such as infection, 
hospitalization, and mortality rates, or test 
uptake and diagnostic yield. 

• Reference standard not 
needed. 

• Outcomes matter to users. 

• Time and 
resource-consuming. 

• Large sample sizes 
required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by readers without a statistical background. 
were discussed in a multidisciplinary meeting to arrive at
a final diagnosis [31] . Panel-based diagnosis has the ad-
vantage of reflecting clinical settings, where it is common
practice that difficult cases are examined during multidis-
ciplinary meetings. The disadvantage is that panel-based
studies do not provide clear criteria for ruling-in or ruling-
out the target condition, which may hamper reproducibility.
Also, the level of expertise of the panel members is cru-
cial in such approaches and may vary across settings and
over time, as the evidence base increases. The panel may
even be worse than the reference standard it is seeking to
replace if members of the panel have insufficient expertise
in diagnosing the target condition. 

3.2. Rule-based reference standard 

A second possibility is to classify patients using a clear
and structured classification rule in the form of a list of cri-
teria or score that may include the results of several tests.
This procedure is sometimes referred to as a ‘composite’
reference standard. An example is the case definition of
the US Centers for Disease Control and Prevention, which
combines clinical, laboratory, and epidemiological infor-
mation into a classification rule with three levels of likeli-
hood of COVID-19 (e.g., suspect, probable, or confirmed);
Box 3 . These case definitions of COVID-19 are easy to
apply and reproducible. However, they were designed for
epidemiological surveillance purposes but may not be well
suited for clinical management and test accuracy studies of
COVID-19 tests. Another challenge for test evaluations is
that many case definitions for COVID-19 have multiple di-
agnostic categories according to the likelihood of disease,
while calculating sensitivity and specificity usually requires
a binary reference standard. Also, rule-based studies may
be impacted by ‘incorporation bias’: if the test under eval-
uation is incorporated as part of the composite reference
standard, then sensitivity and specificity may both be over-
estimated [17] . 

3.3. Model-based reference standard 

A third option are latent class models [32] . In such mod-
els, none of the tests is considered a reference standard:
the sensitivity and specificity of each test are estimated
from the analysis of the cross-classified results of the tests
for which results are available. For COVID-19, latent class
models may include, for example, clinical signs and symp-
toms, RT-PCR, serology, and chest CT. The model pro-
vides estimates of COVID-19 prevalence and estimates of
the sensitivity and specificity of each test. Hartnack and
colleagues recently reported an example of bayesian latent
class modeling applied to COVID-19 diagnostic data [33] .
Latent class models were also implemented in a diagnos-
tic meta-analysis of salivary tests for SARS-CoV-2, which
allowed to account for the imperfectness of the reference
standard and the potential non-independence between re-
sults obtained with salivary and nasopharyngeal nucleic
acid amplification tests [34] . A benefit of latent class mod-
els is that they take advantage of all the available informa-
tion and provide sensitivity and specificity estimates for all
tests included in the model, allowing comparisons between
tests. Limitations are that they are complex methods that
may require expert statistical knowledge, that erroneous as-
sumptions regarding dependence between tests in patients
with and without the target condition may lead to biased
estimates of test accuracy, and that they do not rely on a
clinical definition of the target condition, but only a statis-
tical one. Due to these limitations, results of studies apply-
ing latent class models may be more difficult to interpret
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Box 3. COVID-19 case definition form the US Centers for Disease Control and prevention ∗

Clinical criteria 

In the absence of a more likely diagnosis: 

- At least two of the following symptoms: fever (measured or subjective), chills, rigors, myalgia, headache, sore throat, nausea or vomiting, 
diarrhea, fatigue, congestion or runny nose 

OR 

- Any one of the following symptoms: cough, shortness of breath, difficulty breathing, new olfactory disorder, new taste disorder 

OR 

- Severe respiratory illness with at least one of the following: clinical or radiographic evidence of pneumonia, acute respiratory distress 
syndrome. 

Laboratory criteria 

Confirmatory laboratory evidence: 

- Detection of severe acute respiratory syndrome coronavirus 2 ribonucleic acid (SARS-CoV-2 RNA) in a clinical or autopsy specimen using a 
molecular amplification test 

Presumptive laboratory evidence: 

- Detection of SARS-CoV-2 by antigen test in a respiratory specimen 

Supportive laboratory evidence: 

- Detection of specific antibody in serum, plasma, or whole blood 

- Detection of specific antigen by immunocytochemistry in an autopsy specimen 

Epidemiologic linkage 

One or more of the following exposures in the prior 14 days: 

- Close contact with a confirmed or probable case of COVID-19 disease; 

- Member of a risk cohort as defined by public health authorities during an outbreak. 

Case classification 

Suspect 

- Meets supportive laboratory evidence with no prior history of being a confirmed or probable case. 

Probable 

- Meets clinical criteria AND epidemiologic linkage with no confirmatory laboratory testing performed for SARS-CoV-2. 

- Meets presumptive laboratory evidence. 

- Meets vital records criteria with no confirmatory laboratory evidence for SARS-CoV-2. 

Confirmed 

- Meets confirmatory laboratory evidence. 
∗2020 Interim case definition, approved August 5, 2020 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Agreement between tests instead of test accuracy 

A fourth option is to compare a new test to an exist-
ing one by evaluating the level of agreement between the
two tests, rather than reporting accuracy estimates that are
unreliable due to the absence of a satisfactory reference
standard. This has been done in several studies assessing
RT-PCR tests based on salivary samples compared to the
same tests using nasopharyngeal samples. One study, for
example, found an overall agreement of 98% between RT-
PCR done on salivary and nasopharyngeal samples. The
authors concluded that « saliva is an acceptable alternative
source for detecting SARS-CoV-2 nucleic acids » [35] . An
advantage of this approach is that classification outcomes
do not rely on a (potentially imperfect) reference standard.
A downside is that raw agreement does not tell if dis-
crepancies are due to errors from one test or the other.
Therefore, this option is often only useful if a new test is
meant to replace an existing test, for example because it is
cheaper or less invasive, and researchers want to illustrate
that the tests produce similar results in the majority of pa-
tients. Alternatively, such studies could compare detection
rates between two tests, which may be a useful statistic
if both tests are considered to have a specificity close to
100% (i.e., almost no false-positive results). 

3.5. Clinical effectiveness 

Finally, we may consider moving from diagnostic ac-
curacy to clinical effectiveness [36] . In this framework,
we would not be interested in classification outcomes such
as sensitivity and specificity but would focus on patient-
centered or population-centered outcomes such as infec-
tion, hospitalization, quality of life, and mortality rates.
Here the goal is to develop and implement testing strate-
gies that would prove beneficial for health and society. For
example, several authors have argued that rapid point-of-
care tests for SARS-CoV-2 might be effective in reducing
viral community transmission despite having higher ana-
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lytical limits of detection than conventional RT-PCR tests
based on nasopharyngeal swabs, because of better uptake
and shorter turnaround time that allow for repeat testing
and timely isolation [37] . In a screening setting, individ-
uals or groups could even be randomized to receive con-
ventional or rapid tests for SARS-CoV-2. Here, we could
assess outcomes such as participation, usability, positivity
rate, and diagnostic yield, as done, for example, in colorec-
tal cancer screening trials [38-40] . A drawback is that clin-
ical effectiveness studies (including randomized trials) of
medical tests are generally much more time- and resource-
consuming than cross-sectional test accuracy studies, al-
though this may be less of a problem in a pandemic set-
ting due to the large number of potential study subjects
and available funds. 

4. Conclusions 

COVID-19 tests play a central position in managing
the disease worldwide and are being done at an unprece-
dented scale. However, evaluating the diagnostic accuracy
of these tests is challenging. Although there are several
reasons for this [2] , one major issue is the lack of a high-
quality reference standard. In this commentary article, we
have argued that, because of this, the evidence provided
by many test accuracy studies is difficult to interpret and
may not suffice to decide with confidence which test is
optimal in which setting. To avoid this waste of resources,
research is urgently needed to help clarify which refer-
ence standard(s) for COVID-19 we should use in future
test accuracy studies. It has become clear that relying on a
single RT-PCR test is problematic to detect SARS-CoV-2
infection in symptomatic individuals as this reference stan-
dard may miss too many cases. A minimal requirement to
minimize bias could be to ask for at least two negative
RT-PCR results to define COVID-19-negatives. Depending
on the target condition (e.g., COVID-19, infectiousness,
carriage, immunological responses), and guided by the in-
tended use population (e.g., diagnosis in symptomatic pa-
tients, targeted screening in contact tracing programs, mass
screening in the general population), different reference
standards may be needed. In the absence of an appropriate
clinical reference standard, researchers could consider al-
ternative techniques such as panel-, rule- and model-based
methods, or measures of agreement. We need test accu-
racy studies that provide a more informative description
of essential study features and test methods by following,
for example, the STARD reporting guideline [ 41 , 42 ]. We
also need studies that, beyond accuracy, evaluate the effec-
tiveness of COVID-19 tests through outcomes that directly
matter to patients, policymakers, and society. 
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