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As the COVID-19 pandemic unfolds, health departments rely upon
accurate surveillance systems to characterize local, regional, and na-
tional cases of thedisease.With heterogenous symptomology, including
asymptomatic transmission, individuals may or may not receive diag-
nostic laboratory testing. The case definition offered by the World
Health Organization, and adopted by many health departments in the
U.S., only confirms a case based on a positive diagnostic test; an incon-
clusive test or unavailable test may be labeled a probable case [1]. A
false negative test result may not be identified as a case altogether.

Early on in the pandemic when the capacity for testing was limited,
the Centers for Disease Control and Prevention advised a priority-based
approach to testing for the SARS-CoV-2 virus, the etiologic agent of
COVID-19 disease, based on age, occupation, and morbidity [2].
Among those tested, the accuracy of the laboratory assay for SARS-
CoV-2 can make the difference between a false positive based on the
clinicalfindings that are attributable to another cause, or a false negative
based on lack of clinical findings that are attributable to SARS-CoV-2. As
such, testing has crucial implications on surveillance so that we can for-
mulate a more informed response to the pandemic. Indeed, prior work
has demonstrated the potential for profound bias in epidemic curves
constructed from inaccurate COVID-19 surveillance data [3,4].

Despite the rapid development and deployment of various labora-
tory testing platforms bymultiple parties, including nucleic acid/molec-
ular and serological assays, limited data exist on the accuracy of these
platforms for identifying current or prior viral infection [5]. A question
naturally arises: are imperfect diagnostic tests useful to understand
true magnitude of the pandemic especially when the prevalence is
low? This question is not only relevant to the current COVID-19 pan-
demic but is also germane tomanyhealth states inwhich there is poten-
tial for imperfect case ascertainment. The uncertainty surrounding the
answer to this question may have contributed to a reluctance to test
for the virus early in the epidemic (e.g., delays in scaling up testing in
the U.S. [6]), because molecular testing was known to be of imperfect
accuracy for identifying SARS-CoV-2 infection. Fortunately, one can
use relatively straightforwardmathematical approaches to demonstrate
the potential implications of imperfect laboratory testing on our surveil-
lance programs. To this end, we conducted a simulation depicting how
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bias in identified cases of SARS-CoV-2 infections will vary in the face
of unknown data surrounding test sensitivity and specificity.

We focused on polymerase chain reaction (PCR) testing in theU.S. as
the gold-standard platform of choice to identify active infection, as op-
posed to serological-based antibody assays that indicate past and pres-
ent infection [7]. PCR-based assays detect genetic signatures of the
SARS-CoV-2 virus, however it is important to note that a positive PCR
test does not necessarily mean infectiousness: one may harbor virus
that is not viable [8]. Early on in the pandemic, others reported PCR sen-
sitivity as low as 60–70% [9,10]. Reasons for this lower sensitivity in-
cluded timing of the test relative to infection, anatomic site of the
obtained specimen (nasopharyngeal or oropharyngeal), and early test
production and quality issues; more recent reports suggest higher sen-
sitivity values with some commercial tests reporting perfect sensitivity
of 100% in their validation studies [5]. If we assume a range of test sen-
sitivity values between 60% and 100%while holding specificity high be-
tween 90% and 100%, as would be expected in a molecular assay with
specific gene targets, we can reasonably posit that the true values lie
therein. The true prevalence of COVID-19will vary in the tested popula-
tion (e.g., whether a drive-thru public event, clinical referral, group
home, etc.), therefore we allowed for a hypothetical range from 0% to
50%. For clarification, we are specifically modeling point prevalence at
the time of testing. One could also consider period prevalence of test re-
sults since the pandemic's inception. In this case period prevalence is
numerically equivalent to cumulative incidence, as it is a new disease.
Computational code is available at https://doi.org/10.5281/zenodo.
3962295.

Fig. 1 depicts the result of the simulation based upon 1000 hypothet-
ical tests. When the true prevalence of COVID-19 infection is low, as at
the start of a pandemic, therewill be a greater number of false positives,
even under excellent specificity. For example, at 5% prevalence of dis-
ease in the tested population, we could realistically anticipate between
0 and 95 false positive results, and between 0 and 20 false negative re-
sults per 1000 tests. This can be contrasted with the expectation under
ideal case ascertainment there should be 50 true positive results at 5%
prevalence. In other words, when the prevalence is low, there may be
more incorrect results than correct results. False negatives begin to
eclipse false positives at about 20% COVID-19 prevalence among those
tested. If we assume 25% prevalence of disease in the tested population,
we could realistically anticipate between 0 and 75 false positive results,
and between 0 and 100 false negative results per 1000 tests. Again,
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Fig. 1. Expected variation in SARS-CoV-2 PCR-based test results as a function of true
COVID-19 prevalence (Panel A: 0%–15% prevalence; Panel B: 0%–50% prevalence). Dark
gray corresponds to false negative test results assuming sensitivity between 60 and
100%, light gray corresponds to false positive test results assuming specificity between
90 and 100%, and the line is the true count of cases. Results depict 1000 hypothetical
PCR-based tests.
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under ideal case ascertainment at 25% prevalence, there should be 250
true positive results. As prevalence increases, inaccurate testing be-
comes more problematic because it tends to miss an ever-increasing
number of true cases.

There are two main implications of inaccurate testing as it relates to
the pandemic. First, even reasonably accurate tests can lead to biased
surveillance estimates early on in a pandemic. Specifically, the counts
of COVID-19 in the tested population were likely inflated when the
prevalence was low. This would certainly be true when the signs and
symptoms of a disease are non-specific, as in the case of COVID-19
that often presents with fever and cough. Clinical disease attributable
to other sources of infection such as influenza, or other respiratory vi-
ruses, is a plausible explanation. Second, as prevalence increases, we
need to be concerned with underestimating the true burden of
COVID-19 in the population. Given the progression of the pandemic,
current epidemic curves may be underestimated because of both lack
of universal testing (equivalently: imperfect ascertainment of poten-
tially infected) and inaccurate test results among those tested [3,4].
Further, with both untested and inconclusive test results labeled as po-
tential cases per the World Health Organization, it may not be possible
to separate out those without lab testing versus those with inaccurate
lab testing. To return to our original question on the utility of imperfect
test data for understanding the scope of the pandemic,wemaintain that
imperfect testing is superior to no testing (so long as testing produces a
classification that is better than pure guesswork), and that understand-
ing the limitations in observed data – aswe have demonstrated herein –
is absolutely necessary before drawing conclusions about the trajectory
of the pandemic.

We note that the current PCR-based tests in the U.S. are positive
among approximately 9% tested of July 27, 2020 [11]. General
population serosurveys to identify past or present infection
(i.e., period prevalence) have estimated only single digit prevalence
proportions in most U.S. locales [12]. Higher positivity rates are only
likely among risk-enriched segments of the populations (e.g. highly ex-
posed healthcare workers or congregant settings [13,14]). In other
words, there is likely a selection for testing that is related to chance of
positive test: methods are emerging to account for this in surveillance
data [15,16]. One such study explored spatial heterogeneity in observed
surveillance data from Philadelphia, Pennsylvania, and demonstrated
potential for casemisclassificationwhen not taking into account this se-
lection process [17].

There are, of course, other SARS-CoV-2 testing modalities currently
available and being developed. Serological-based assays that detect
presence of antibody are useful for indicating the history of infection, al-
beit also imperfectly [7]. These tests can be expected to have high sensi-
tivity in excess of 90% as well as near perfect specificity, with the caveat
that the sensitivity will vary as a function of time and immune response
[5]. Serosurveys employing antibody assays can thereby inform public
health surveillance regarding the extent of the population who have
been infected at any point with SARS-CoV-2, and track herd immunity
thresholds. This does not need to be done on the population as a
whole; properly randomized community-based samples will elucidate
the true prevalence. Antigen-based assays based on protein markers of
the SARS-CoV-2 virus hold promise for rapid point-of-care diagnostics,
although as of this writing, these assays are still undergoing clinical tri-
als and are not yet approved for clinical use [5]. Yet again, there appears
to be value in testing even if the test is imperfect, so long as the limita-
tions of the tests are estimated and openly articulated.

Regardless of the testing platform, without further understanding its
accuracy, it will be difficult to fully ascertain the true scope of this pan-
demic and to optimally respond to it. However, imperfect testing is still
be useful in identifying vast majority of infected among those who seek
care, especially early in the pandemic, and the anticipated imperfections
in the test should not be a cause of reluctance in its use.
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