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Real-time reverse transcription-polymerase chain reaction (RT-PCR) on upper respiratory tract (URT) sam-
ples is the primary method to diagnose SARS-CoV-2 infections and guide public health measures, with a sup-
portive role for serology. We reinforce previous findings on limited sensitivity of PCR testing, and solidify this
fact by statistically utilizing a firm basis of multiple tests per individual. We integrate stratifications with
respect to several patient characteristics such as severity of disease and time since onset of symptoms. Bayes-
ian statistical modelling was used to retrospectively determine the sensitivity of RT-PCR using SARS-CoV-2

g(;}l;‘gf)ég;_z serology in 644 COVID-19-suspected patients with varying degrees of disease severity and duration. The sen-
RT-PCR sitivity of RT-PCR ranged between 80% — 95%; increasing with disease severity, it decreased rapidly over
serology time in mild COVID-19 cases. Negative URT RT-PCR results should be interpreted in the context of clinical
sensitivity characteristics, especially with regard to containment of viral transmission based on ‘test, trace and isolate’.
public health Keywords: SARS-CoV-2, RT-PCR, serology, sensitivity, public health

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

COVID-19 is diagnosed primarily by testing upper respiratory
tract (URT) samples with real-time reverse transcription-polymerase
chain reaction (RT-PCR) (Bhimraj et al., 2020). Experience with
nucleic acid amplification tests for other respiratory viruses, such as
influenza virus, granted a high level of confidence in the clinical sen-
sitivity of these types of assays (Eigner et al., 2019). In the SARS-CoV-
2 pandemic, however, frequent false-negatives were reported by
physicians worldwide (Krumholz, 2020, Woloshin et al., 2020) and
were indicated to significantly complicate healthcare organization,
hospital admission and isolation capacity (Murk et al, 2020,
Reusken et al., 2020).

In several systematic reviews, the false-negative rate of RT-PCR
was calculated to range between 22% to 66%, depending on symptom
duration (Arevalo-Rodriguez et al.,, 2020, Kucirka et al.,, 2020). It is
not known whether false-negatives were due to methodological
problems, such as sampling error, suboptimal handling of samples or

* Corresponding author. Tel.: +31 (0)88-6895603; fax: +31 (0)6 54904782.
E-mail address: arno.swart@rivm.nl (A. Swart).

https://doi.org/10.1016/j.diagmicrobio.2021.115392

suboptimal assay design, or if they reflect a biological feature of
SARS-CoV-2 infections. Clinical samples of lower respiratory tract
material such as sputum or broncho-alveolar lavage fluid (BALF)
appeared to yield significantly lower false negative rates than
URT samples in patients with COVID-19 pneumonia (Liu et al.,
2020, Wang et al., 2020, Yang et al., 2020). However, only 13%
to 30% of patients produce sputum (Murk et al., 2020) and
obtaining BALF is often impractical. URT samples are therefore
preferred. Estimates of sensitivity are further complicated by the
lack of a reliable gold standard. Although imaging techniques
may aid in the diagnosis of COVID-19 (Ai et al., 2020, Pan et al,,
2020), their sensitivity and specificity are insufficient to be used
as such.

As compared to previous studies on the sensitivity of PCR and
serological tests, our approach integrates some features that are not
always properly accounted for. Firstly, we do not employ a gold stan-
dard, but rather draw information from the results of multiple tests
on a single individual. Secondly, severity and duration of symptoms
are modelled, as well as sex, age, and immunocompetence. Finally,
our use of Bayesian statistics enabled us to retrospectively determine
the clinical sensitivity of RT-PCR in URT-samples from a large cohort

0732-8893/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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of COVID-19-suspected patients including a full characterization of
uncertainty in the outcomes.

Although complex, it is crucial to reliably assess the sensitivity of
RT-PCR in different clinical cohorts as RT-PCR is the foundation for
test, trace and isolation policies that are the cornerstone of world-
wide pandemic control efforts. Highly sensitive and specific antibody
assays are important tools to support patient diagnostics at a later
stage of the disease.

2. Methods
2.1. Patient cohort, setting and data collection

The study was performed in the Elisabeth-TweeSteden Hospital,
Tilburg, The Netherlands, a 996-bed Dutch teaching hospital and ter-
tiary referral center located in the central part of the Noord-Brabant
province. Adults tested for SARS-CoV-2 real-time reverse transcrip-
tase polymerase chain reaction (RT-PCR) on at least one combined
naso- and oropharyngeal upper respiratory tract swab (URT-swab)
between March 15th - April 15th 2020, were eligible for enrolment.
These weeks represent the peak of the coronavirus epidemic in the
Noord-Brabant province. Inclusion criteria were a minimum age of
18 years and either respiratory tract or gastrointestinal symptoms
compatible with COVID-19 (coughing, sneezing, dyspnea, rhinitis,
fever or diarrhea) at the time of URT-swab collection. Some patients
had one or multiple follow-up RT-PCR on different clinical samples
(either repeated URT-swab, sputum, broncho-alveolar lavage fluid
(BALF) or feces) if the first URT-swab was negative and clinical suspi-
cion remained.

Serum samples were collected after a minimum of 12 days post
disease onset whenever possible, to determine if specific antibodies
to SARS-CoV-2 had developed. For this purpose, two independent
tests were used; an in-house developed protein micro-array based
on SARS-CoV-2 S1 and N proteins (PMA (Koopmans et al., 2012,
Reusken et al., 2013)) and the Wantai total antibody ELISA based on
the RBD-domain of S1 (Beijing Wantai Biological Pharmacy Enter-
prise, Beijing, China; Cat # WS1096). A patient was considered immu-
nocompromised if, at the time of the URT-swab collection, at least
one of the following criteria was met: solid malignancy with active
chemotherapy (not including hormone-based therapy); hematologic
malignancy irrespective of chemotherapy status; auto-immune dis-
ease treated systemically with immunosuppressants; HIV-infection
with high viral load and CD4 below 450 cells/uL; transplant recipient

Table 1

using systemic immunosuppressants; primary immunodeficiency.
Further details on sample collection may be found in the supplemen-
tary materials.

2.2. Molecular diagnostics

A duplex PCR for Sars-Cov-2 E-gene was performed as described
in the supplementary materials. RT-PCR results were considered pos-
itive if the cycle threshold (Ct-) value was <50.

2.3. Serology

SARS-CoV-2 antibodies (Beijing Wantai Biological Pharmacy
Enterprise, Beijing, China; Cat # WS1096) were detected according to
the instructions of the manufacturer. The presence of SARS-CoV-2
antibodies is expressed as a sample/cut-off ratio. Additionally, an in-
house protein microarray was performed for the detection of anti-
body responses to SARS-CoV-2-S1 and SARS-CoV-2-N antigens. Fur-
ther details on the serological assays may be found in the
supplementary materials. In the microarray, the threshold value for
the detection of specific antibodies against N or S1 has been set at a
titer of >1:20.

2.4. Statistical analysis

Towards the goal of determining clinical sensitivity of the test
assays used, we set up a Bayesian statistical framework which
allowed us to estimate sensitivities of each test without resorting to a
‘gold standard’. Our definition of clinical sensitivity is: the ability to
detect (possibly asymptomatic) infection in a patient. We assumed
perfect specificity for both RT-PCR (Chu et al., 2020, Corman et al.,
2020, Nalla et al.,, 2020, van Kasteren et al., 2020), and serology
(Lassauniere et al., 2020). This is further justified by noting that all
individuals enrolled in the cohort were clinically diagnosed for
COVID-19. It is feasible to determine sensitivities without a perfect
benchmark to compare with, which can be understood by realizing
that each individual must be positive when at least one test scores
positive (assuming the 100% specificity as outlined above). In such a
case all negative tests for this person must be false negatives; this
gives evidence against the sensitivity of those tests. We included
time since onset of symptoms, severity, sex and immunocompro-
mised status as covariates. For a detailed description of the Bayesian
statistical model that was used, see the Supplementary Text.

Cohort baseline characteristics. Ct-value, cycle threshold value; ICU, intensive care unit; SD, standard deviation; URT, upper respiratory tract; RT-PCR, reverse-transcriptase poly-

merase chain reaction.

Serum collected No serum collected P Total

(N =250) (N=394) (N =644)
Age, mean (SD), years 64.5(14.38) 67.9(16.33) 0.007 66.6 (15.7)
Female, N (%) 116 (46.4%) 148 (37.6%) 0.026 264 (41%)
Immunocompromised, N (%) 37 (14.8%) 36(9.12%) 0.027 73 (11.3%)
Interval symptom onset and URT-swab collection, mean (SD), days 8.25(6.68) 7.49 (7.54) 0.192 7,78 (7.2)
Disease severity categories
1, outpatients, N (%) 58 (23.2%) 67 (17.0%) 0.148 125 (19.4%)
2, hospitalized, non-ICU, N (%) 162 (64.8%) 273 (69.3%) 435 (67.5%)
3,ICU, N (%) 30(12.0%) 54 (13.7%) 84 (13%)
Deceased, N (%) 16 (6.4%) 120 (30.5%) <0.001 136 (21.1%)
First URT-swab positive (N/N total) 109 (43.6%) 195 (49.5%) 0.144 304 (47.2%)
Ct-value (first URT-swab) 28.7 (6.59) 28.5(5.63) 0.795 28.5(5.99)
RT-PCR positive (any sample, total), N (%) 123 (49.2%) 216 (54.8%) 0.164 339 (52.6%)
Additional samples in first URT-swab negative patients
Second URT-swab positive (N/N total) 1/38 (2.6%) 9/51 (17.6%) 10/89 (11.2%)
Sputum positive (N/N total) 2[9(22.2%) 4/19 (21.1%) 6/28 (21.4%)
Faeces positive (N/N total) 11/29(37.8%) 12/29 (41.4%) 23/58 (39.6%)
Interval symptom onset and serum collection, mean (SD), days 26.7(10.1) NA 26.7(10.1)
Wantai ab index value (out of N = 250) 10.38(10.1) NA 10.38(10.1)
Wantai ab positive (out of N = 250) 155 (62.0%) NA 155 (62.0%)
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3. Results

In the study period, 644 patients that presented at our
hospital with clinically suspected COVID-19 were tested for SARS-
CoV-2 by RT-PCR on URT samples. In total, sera from 250 patients
were obtained and analyzed for the presence of SARS-CoV-2 spe-
cific antibodies (Table 1, Fig. 1). The manufacturers of the
Wantai assay recommend index values of 1.1 and higher as evi-
dence for the presence of specific antibodies. However, we
observed that at this cut-off value, several RT-PCR confirmed
patients scored negative and a cut-off of 0.25 was calculated to
be more appropriate in our cohort (Fig. 2, Supplementary Text).
The rightmost panel of this figure gives quantitative evidence.
Clearly, using the manufacturer’s cut-off, many positives would

be to the left of the cut-off and would score false-negative in the
Wantai test.

URT-RT-PCR sensitivity varied according to disease severity: for
outpatients, 80% (57% —100% Bayesian credible interval (CI)), for
patients admitted to a non-ICU hospital ward 86% (77 — 95 CI), and
for patients admitted to ICU 95% (84 —100 CI) (Fig. 3, Table S1). URT-
RT-PCR sensitivity was higher in males than in females (91% vs 81%),
higher in deceased than in non-deceased patients (95% vs 83%) and
higher in immunocompromised than in immunocompetent patients
(93% vs 86%) (Fig. S1, Table S1).

For each disease severity category, URT RT-PCR cycle threshold
(Ct)-values displayed an increasing trend by number of days since
symptom onset, reflecting a decreasing viral load in time, albeit with
considerable inter-individual variation (Fig. 4, Table S2). Ct-values of

Patients who, between March and
April 2020, underwent COVID-19

URT-PCR at the hospital

Screened for enrolment
N=697

Data registered:
Age, sex, day of symptom onset,
admission status
outpatient, normal ward or ICU), date of PCR
collection, PCR result, ct-value,
data on immunodeficiencies

Patients included
N=644

Evaluated for
serum collection

Excluded:
N=15 <18 years old
N=38 lack of gastrointestinal or respiratory
tract symptoms compatible with COVID-19

|

Participants died
before serum could
be collected
N=70

Participants transferred to
different hospital before
serum could be collected
N=147

Participants Left-over serum
discharged home stored
N=318 N=109

Participants asked to donate serum

No serum
collected
N=177

Serum collected
N=141

\4 A Y

Data registered:
Serum collection date,
Wantai ELISA index value,
in-house protein
microarray titres

Serum available
N=250

Data included in analysis

N=644

Fig. 1. Patient cohort flow-diagram
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Fig 2. (A) Histogram of Wantai total antibody index values on a logarithmic scale. The red vertical line indicates the manufacturer’s cut-off value, the green vertical line our adapted
cut-off value. (B) Percentage of PCR-positivity within Wantai total antibody index values. Since each bar represents a number of patients, the percentage of PCR positive test can be
calculated within each bar. The histogram is scaled to 100% height per bar, and colored according to percentage of PCR positive (purple) and negative (yellow) status of the patients.
When no patients existed in a certain range of Wantai index values, the bar is left blank. The red vertical line indicates the manufacturer’s cut-off value, the green vertical line our

adapted cut-off value.

outpatients increased rapidly compared to Ct-values of hospitalized
patients. This translates in a rapid loss of sensitivity (Fig. 5). In con-
trast, RT-PCR on IC and in-hospital patients retains its initial sensitiv-
ity for a prolonged period of time (approximately 15 and 20 days
respectively, Fig. 5). However, the point of decline is highly uncertain,
due to the absence of patient material longer after onset of symp-
toms. Therefore, conclusions on the time of decline of sensitivity
should not be drawn for IC and in-hospital patients. In contrast, out-
patients do show a marked decrease of sensitivity over time, with
lower uncertainty: sensitivity could be halved already within 3
weeks.

COVID-19-suspected patients with a negative URT RT-PCR and
without alternative diagnosis were frequently retested for SARS-
CoV-2 after resampling. This increased the total number of RT-PCR-
confirmed patients with 35 (Table 1).

Serum samples were analyzed for SARS-CoV-2 antibodies by
ELISA and PMA. Bayesian modelling revealed an overall sensitivity of
>94% for both ELISA and PMA, which did not change significantly
according to disease severity category, sex or mortality (Fig. 3, Fig S1,
Table S1). The sensitivity of antibody assays was lower in immuno-
compromised patients (82% —92%, Table S1) and this was the only
group in which antibody assays had a lower sensitivity compared to
UTR RT-PCR. The ELISA and PMA results were discrepant in only four
of 250 sera (Table S3). All four patients tested RT-PCR positive in
URT-swab, and 3 out of 4 were immunocompromised.

4. Discussion

An accurate assessment of the clinical sensitivity of diagnostic tools,
in particular of RT-PCR on URT samples on which global test, trace and
isolate strategies are based (Critical preparedness, readiness and
response actions for COVID-19: WHO/2019-nCoV/Community_Actions/
2020.3, 2020), is an absolute requisite for good patient care and ade-
quate infection risk management. We observed a decrease in sensitivity
with decreasing disease severity, an increase in sensitivity in immuno-
compromised patients and a rapid decline of sensitivity in time post
onset of symptoms, but only in outpatients. In our study, 5% to 14% of
hospitalized COVID-19 cases and 21% of outpatients tested negative in
URT-PCR. This finding is in contrast with local practice and guidelines,
which are often based on the assumption of near-perfect sensitivity
(Grassly et al., 2020).

Comparing our results to other studies that model the sensitivity
of SARS-CoV-2 test sensitivity, we find an overall concordance. In a
study involving patients from the emergency room, comparable to
our ICU group, a sensitivity of 89% is found using a latent class model,
which compares well to 95% found in our study (Bisoffi et al., 2020).
In another study, a Bayesian spline model yields a PCR sensitivity of
76% at day of onset of symptoms, increasing to 89% after 4 days
(Zhang et al., 2020). Furthermore, no difference between sensitivity
up to, and after day 7 post symptoms was found, which we also
observe in ICU patients (up to at least 2 weeks post symptom start).
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Another study reports on a group of patients from an outbreak clus-
ter, where the sensitivity of the PCR test was established at 86%. This
result relied on a composite ‘golden standard’ by comparing the PCR
result with several follow-up tests (Holborow et al., 2020). Such a
reliance on direct comparison with additional tests is commonplace.
For example, the sensitivity of the PCR assay has been estimated at
79.2% (until day 4 post-symptoms: 100%, after day 4, 50%) using PCR
combined with rapid antibody testing (Mlcochova et al., 2020). Other
practitioners have relied on clinical diagnosis (Williams et al., 2020),
reporting a sensitivity of 82.2% is found. This is a low estimate, which
may be explained by the aspecific symptoms of Covid-19 infection.
The analytical sensitivity of PCRs generally approaches 100%,
which means tests are able to detect a single viral genome copy in
the reaction volume (Chu et al., 2020, Corman et al., 2020, Nalla et al.,
2020, van Kasteren et al., 2020), the clinical sensitivity may be sub-
stantially lower, due to low quality of samples, presence of inhibiting
factors, suboptimal pre-analytic processing or specific biologic fea-
tures of the viral infection. If one assumes infection of the URT always
occurs in SARS-CoV-2 infected persons, a negative URT RT-PCR could
be the result of localized early clearance of the virus or low levels of
local viral replication. The localized clearance would then have differ-
ent kinetics than the rate of viral load decline we measured in this
study. Alternatively, the possibility should be considered that the
URT of these patients was not infected and infection can remain
more localized (e.g. to the trachea | lower respiratory tract)
(Hou et al., 2020). As can be expected, RT-PCR sensitivity of URT cor-
relates with the SARS-CoV-2 RNA load in these samples. The increase
of mean Ct-value over time was significantly slower in hospitalized
patients compared to outpatients, which explains why the sensitivity
of RT-PCR on URT samples decreased more rapidly in cases with mild

infections than in hospitalized patients and suggests hospitalized
patients have difficulties clearing the virus. In our cohort, immuno-
compromised patients were the only category in which the sensitiv-
ity of serology was lower (PMA), or comparable (Wantai) to URT-RT-
PCR. According to the definition we used, 73 of 644 patients were
immunocompromised (Table S4), and most were treated by systemic
immunosuppressants that inhibit antibody production. This relative
lack of antibody response may explain the lower sensitivity of serol-
ogy in this patient group, and it may clarify why relatively many
immunocompromised patients’ Wantai results fell below the manu-
facturer’s cut-off value. Although antibody assays were shown to
have high sensitivity in the rest of our cohort, their use in tracing and
isolating strategies is non-existent, due to the fact that antibodies
take a while to be produced and may be detectable for several
months after initial infection. Therefore, in order to timely diagnose
and quarantine COVID-19 patients, URT-PCR will continue to be used
as the assay on which initial decisions are based.

Our estimated URT-PCR sensitivity has important consequen-
ces for screening, treatment and isolation measures in hospitals.
Though a positive PCR does not necessarily signify the presence
of viable virus (Wolfel et al., 2020), sensitivities of 86-94% are not
sufficient to lift isolation measures in the event of a negative ini-
tial URT-PCR. In the early stages of hospital admission, clinical
suspicion and local COVID-19 prevalence should guide isolation
and treatment decisions. Additionally, timely sputum or feces
sampling should take place in an effort to confirm COVID-19
diagnosis. Several studies found that 30% to 50% of COVID-19
patients have detectable SARS-CoV-2 RNA in feces (Chen et al,
2020, Wang et al., 2020). In our study, feces yielded 3.5 times
more RT-PCR-confirmed positives than repeated URT-swab: 40%
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of additionally sampled feces tested positive, as opposed to only
11% of repeated URT-swabs (Table 1).

Our findings also have ramifications for broad molecular testing in
the general population, as currently established across the world, based

on URT-swabbing in high-throughput testing lanes (Netherlands, 2020).
The evidently often absent thorough epidemiological and clinical inter-
pretation of negative results in these settings, in combination with the
observed low clinical sensitivity of RT-PCR in the population with mild
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complaints that typically visit those testing sites, will lead to missed
cases. The effect of imperfect test sensitivity and incomplete testing was
previously assessed by Bayesian methods (Wu et al., 2020), where it
was estimated that the actual number of cases could be 3 to 20 times
higher than the number of confirmed cases, and 14% could be attributed
to imperfect sensitivity.

In conclusion, our results show that for an accurate diagnosis
based on RT-PCR test results and subsequent appropriate clinical
management and infection control measures, a thorough under-
standing of the clinical sensitivity of RT-PCR in URT samples is neces-
sary. The apparent lack of a high clinical sensitivity of this standard
diagnostic method in specific situations warrants vigilance for missed
cases especially in settings of high-throughput testing lanes where
epidemiological and clinical context are often disconnected from
negative test results for final interpretation.
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