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Abstract

Background: Rapid antigen diagnostic tests (Ag-RDTs) are the most widely used point-of-care tests for detecting
SARS-CoV-2 infection. Since the accuracy may have altered by changes in SARS-CoV-2 epidemiology, indications for
testing, sampling and testing procedures, and roll-out of COVID-19 vaccination, we evaluated the performance of
three prevailing SARS-CoV-2 Ag-RDTs.

Methods: In this cross-sectional study, we consecutively enrolled individuals aged >16 years presenting for SARS-
CoV-2 testing at three Dutch public health service COVID-19 test sites. In the first phase, participants underwent either
BD-Veritor System (Becton Dickinson), PanBio (Abbott), or SD-Biosensor (Roche Diagnostics) testing with routine sampling
procedures. In a subsequent phase, participants underwent SD-Biosensor testing with a less invasive sampling method
(combined oropharyngeal-nasal [OP-N] swab). Diagnostic accuracies were assessed against molecular testing.

Results: Six thousand nine hundred fifty-five of 7005 participants (99%) with results from both an Ag-RDT and a
molecular reference test were analysed. SARS-CoV-2 prevalence and overall sensitivities were 13% (188/1441) and
69% (129/188, 95% C| 62-75) for BD-Veritor, 8% (173/2056) and 69% (119/173, 61-76) for PanBio, and 12% (215/1769)
and 74% (160/215, 68-80) for SD-Biosensor with routine sampling and 10% (164/1689) and 75% (123/164, 68-81) for
SD-Biosensor with OP-N sampling. In those symptomatic or asymptomatic at sampling, sensitivities were 72-83% and
54-56%, respectively. Above a viral load cut-off (>5.2 log,, SARS-CoV-2 E-gene copies/mL), sensitivities were 86%
(125/146, 79-91) for BD-Veritor, 839% (108/121, 82-94) for PanBio, and 88% (160/182, 82-92) for SD-Biosensor with
routine sampling and 84% (118/141, 77-89) with OP-N sampling. Specificities were >99% for all tests in most analyses.
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Sixty-one per cent of false-negative Ag-RDT participants returned for testing within 14 days (median: 3 days, inter-

quartile range 3) of whom 90% tested positive.

Conclusions: Overall sensitivities of three SARS-CoV-2 Ag-RDTs were 69-75%, increasing to >86% above a viral load
cut-off. The decreased sensitivity among asymptomatic participants and high positivity rate during follow-up in false-
negative Ag-RDT participants emphasise the need for education of the public about the importance of re-testing
after an initial negative Ag-RDT should symptoms develop. For SD-Biosensor, the diagnostic accuracy with OP-N and
deep nasopharyngeal sampling was similar; adopting the more convenient sampling method might reduce the

threshold for professional testing.

Keywords: SARS-CoV-2, COVID-19, Rapid antigen tests, Diagnostic accuracy

Background

In the first phase of the pandemic, all testing at Dutch
public health service COVID-19 test sites was done
with molecular tests. Molecular tests, mainly real-time
reverse-transcriptase polymerase chain reaction (RT-
PCR), are currently still considered reference tests for
SARS-CoV-2 [1]. However, molecular testing platforms
are typically only available in centralised laboratories
and most of them require sample batching, thereby caus-
ing delays in delivering test results. Persons with symp-
toms were — and still are — strongly advised to isolate
themselves until a negative test result has been obtained.
Reducing test-to-result delays is therefore considered
important. Point-of-care antigen tests have that potential
and were introduced for testing of symptomatic persons
at Dutch public health service test sites in November
2020. Later, these were also introduced for testing of
asymptomatic close contacts, to gain entry to places and
events where physical distancing is difficult to achieve or
enforce, for travel, and for self-testing at home. Rapid lat-
eral flow antigen diagnostic tests (Ag-RDTs) are the most
promising and widely used point-of-care tests [2]. They
require no or minimal equipment, provide a result within
15 min, and can be performed in a range of settings. In
the current phase of the pandemic (i.e. the winter season
of 2021-2022), with a new surge of SARS-CoV-2 infec-
tions occurring even in countries with high COVID-
19 vaccination coverage, Ag-RDTs play a pivotal role as
countries are reopening and physical distancing meas-
ures are increasingly relaxed.

Thus far, multiple studies investigated the diagnostic
accuracy of SARS-CoV-2 point-of-care tests [3—5]. How-
ever, most of these studies had a limited sample size, used
specimens that were left-over after molecular testing, or
included symptomatic individuals only. We conducted a
large diagnostic accuracy study in late 2020/early 2021 in
which two SARS-CoV-2 Ag-RDTs (BD Veritor™ System
by Becton Dickinson (‘BD-Veritor’) and Roche/SD Bio-
sensor by Roche Diagnostics (‘SD-Biosensor’)) were com-
pared to RT-PCR [6]. However, we limited that evaluation
to asymptomatic and presymptomatic close contacts of

individuals with confirmed SARS-CoV-2 infection, and
the commonly used PanBio by Abbott (‘PanBio’) Ag-RDT
was not included in that study. Furthermore, the diag-
nostic accuracy of Ag-RDTs may have altered over time
due to changes in SARS-CoV-2 epidemiology, indications
for testing, and roll-out of COVID-19 vaccination. Diag-
nostic accuracy may also be impacted by sampling tech-
nique. Many Ag-RDTs require deep nasopharyngeal (NP)
sampling, which is often considered to be unpleasant,
whereas oropharyngeal combined with superficial nasal
(OP-N) sampling might suffice.

In the first phase of the current study, we therefore
evaluated the diagnostic accuracies of three Ag-RDTs
(BD-Veritor, SD-Biosensor, and PanBio) that are com-
monly applied in Dutch test sites, using the sampling
techniques that are routinely used by those test sites in
individuals aged 16 or older irrespective of their indica-
tion for testing, symptomatology, and COVID-19 vacci-
nation status. In the second phase of the study, we aimed
to evaluate the diagnostic accuracies of two of the Ag-
RDTs (SD-Biosensor and PanBio) when using a less inva-
sive OP-N sampling technique.

Methods

The study is reported according to the STARD 2015
guidelines: an updated list of essential items for reporting
diagnostic accuracy studies [7].

Study design and population

This large cross-sectional diagnostic test accuracy study
was embedded within the Dutch public testing infra-
structure. Public testing in the Netherlands is free-of-
charge but only available for government-approved test
indications. At the time of the study (12 April to 14 June
2021), these indications included having symptoms of
suspected SARS-CoV-2 infection or having been identi-
fied as a close contact of a SARS-CoV-2 index case via
traditional contact-tracing or the contact-tracing app
regardless of symptomatology at the time of notifica-
tion. Participants were recruited consecutively at three
Dutch public health service COVID-19 test sites across
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the country, located in the West-Brabant region (Breda,
using the BD-Veritor Ag-RDT), in the Rotterdam-Rijn-
mond region (Rotterdam The Hague Airport and Ahoy,
using the SD-Biosensor Ag-RDT), and in the IJsselland
region (Zwolle, using the PanBio Ag-RDT). Individu-
als were considered eligible if they were aged 16 years or
older and willing and able to sign an informed consent in
Dutch.

The Dutch COVID-19 vaccination programme started
on 6 January 2021. At the time of the study, an estimated
20% (12 April) to 62% (14 June) of Dutch inhabitants aged
18 or older had received at least one vaccination, ranging
over time from 4—13% for 18—25-year-olds to 85-91% for
81-90-year-olds [8]. The study was conducted before the
SARS-CoV-2 Delta variant became the dominant variant
in the Netherlands in June 2021 (the prevalence of the
Delta variant was around 8.6% in the last week of inclu-
sions) [9, 10].

Inclusion procedure

Participants arrived at the test sites by car or bicycle
(Breda) or on foot (Rotterdam and Zwolle). Test site staff
verbally verified study eligibility. Eligible individuals were
given a study flyer and a participant information letter to
read, after which they could indicate to site staft if they
wanted to participate. After signing the informed consent
form, participants completed a short questionnaire on indi-
cation for testing, presence, type, and onset of symptoms;
previous SARS-CoV-2 infections; and COVID-19 vaccina-
tion status (Additional file 1: Suppl. Material 1 [6, 11-18])
while waiting for sampling.

Specimen collection and testing

A trained test site staff member took two swabs from each
study participant: one for molecular reference testing and
the other for the Ag-RDT. The molecular reference test
was performed in a centralised laboratory in each region,
whereas the Ag-RDT was performed at the test sites. In
the first phase of the study, the Ag-RDT swabs were col-
lected using the sampling method that was routinely used
at the test site, i.e. deep NP for SD-Biosensor and PanBio,
and superficial OP-N (about 2.5 cm deep) for BD-Veritor.
In the second phase of the study, we evaluated the SD-Bio-
sensor and PanBio tests using superficial OP-N sampling.
Ag-RDTs were conducted and interpreted in accordance
with the manufacturer’s instructions; results of the BD-
Veritor Ag-RDT were determined visually instead of using
a Veritor Plus Analyzer [11].

While molecular testing was used as the reference stand-
ard in all three centralised laboratories, the sampling and
molecular testing details varied slightly (Additional file 1:
Suppl. Material 2). In Breda and Zwolle, OP-N sampling
was combined with RT-PCR or transcription-mediated
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amplification (TMA) testing, respectively. Samples that
tested positive by TMA in Zwolle were subsequently
tested by RT-PCR to generate a Ct value. The Rotterdam
site used combined oropharyngeal and nasopharyngeal
(OP-NP) sampling combined with RT-PCR. The platforms
used were Roche cobas 6800/8800 (Rotterdam and Breda,
respectively) and ABI-7500 (Zwolle) for RT-PCR and the
Hologic Panther system (Aptima SARS-CoV2 assay) for
TMA (Additional file 1: Suppl. Material 2).

All staff assessing test results were blinded to the
results of the other test. In the first phase of the study, the
Ag-RDTs were conducted in accordance with routine test
site procedures; participants were therefore informed
about the Ag-RDT result but not the subsequent molecu-
lar test result. In the second phase of the study, the Ag-
RDTs were not conducted according to routine practice
and participants were therefore informed about the
molecular test result.

In discordant cases (Ag-RDT-negative and RT-PCR-
positive cases), whole genome sequencing (WGS) of the
primary clinical sample was performed when the viral
load was above a cut-off of >5.2 logl0 SARS-CoV-2
E-gene copies/mL. This is the viral load above which 95%
of people with a positive molecular test had a positive
virus culture in a recent study by our group [6] (Addi-
tional file 1: Suppl. Material 2).

Outcomes and statistical analyses

The primary outcomes were the diagnostic accuracies
(sensitivity, specificity, positive and negative predictive
values with corresponding 95% confidence intervals [CI])
of all three Ag-RDTs and sampling technique combina-
tions, with molecular testing as the reference standard.
As the number of individuals without molecular test or
Ag-RDT results was very low (n=55 (0.7%); Fig. 1), we
performed a complete case analysis.

Secondary outcomes were diagnostic accuracies above
the viral load cut-off of >5.2 logl0 SARS-CoV-2 E-gene
copies/mL [6]. Additional secondary outcomes were
diagnostic accuracies stratified by the presence of symp-
toms at time of sampling (yes or no), COVID-19 vaccina-
tion status (vaccinated with at least one dose yes or no),
having had a prior SARS-CoV-2 infection (yes or no), sex
(female or male), age (>16 to <40 or >40 to <65 or >65),
and testing indication (symptoms and/or close contact
without symptoms). In an exploratory analysis, we per-
formed WGS to assess whether false-negative Ag-RDT
results could be linked to SARS-CoV-2 variants or spe-
cific mutations in the SARS-CoV-2 N-gene (Additional
file 1: Suppl. material 2).

Finally, we used the SARS-CoV-2 test result database of
the public health service test sites to identify any missed
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Fig. 1 Flow of study participants. BD-Veritor BD VeritorTM System by Becton Dickinson, SD-Biosensor Roche/SD Biosensor by Roche Diagnostics,

infections using pseudonymised linkage. Specifically, we
determined whether participants who received a negative
test result had tested positive in the subsequent 14 days
by either molecular test or Ag-RDT, and analysed the
interval between the initial and follow-up test. Follow-up
results of participants were stratified by the results of the
initial Ag-RDT and molecular reference tests and by the
presence of symptoms at the time of sampling.

Sample size calculation

Previous diagnostic accuracy studies of Ag-RDTs in peo-
ple with COVID-19-like symptoms found sensitivities of
around 80-85% [3-5, 11, 19]. We based our sample size
calculation on an expected sensitivity of 80% for each
Ag-RDT, with a margin of error of 7%, type I error of 5%,
and power of 90%. We required approximately 145 posi-
tive reference tests for each Ag-RDT-molecular reference
test comparison and per Ag-RDT sampling technique
(routinely used versus less invasive). We expected a neg-
ligible non-response rate based on previous studies. We
anticipated a SARS-CoV-2 prevalence (based on molecu-
lar testing) of 10% and closely monitored molecular test
positivity rates over time in order to prolong recruitment
as needed.

Results

Between 12 April and 14 June 2021, 7980 individuals par-
ticipated in the study (Fig. 1). Results for both a molecu-
lar reference test and an Ag-RDT were available for 1441
participants (99.4%) in the BD-Veritor/OP-N sampling
group, 1769 participants (99.3%) in the SD-Biosensor/NP
sampling group, 1689 participants (100%) in the SD-Bio-
sensor/OP-N sampling group, 2056 participants (98.7%)
in the PanBio/NP sampling group, and 970 participants
(99.5%) in the PanBio/OP-N sampling group.

The SARS-CoV-2 prevalence in the Netherlands started
to decline on 15 May 2021. The required number of posi-
tive reference tests had (almost) been reached in Breda
and Rotterdam by then. In Zwolle, however, the second
phase of the study (PanBio test using less invasive OP-N
sampling) was initiated on 1 June 2021 and was ter-
minated early on 14 June 2021 due to the low PCR test
positivity percentage (only 3.4%; 33 positive molecular
reference tests in 970 participants). Results of this incom-
plete evaluation are presented in Additional file 1: Suppl.
Tables S1 and S2 and are not described any further in this
manuscript.

The demographic characteristics of the study groups
were similar: the mean ages ranged from 37.5 (SD 14.8)
to 41.1 years (SD 16.3) and the percentages of female par-
ticipants were between 50.7 and 55.6% (Table 1).

Table 2 shows the results of the primary analysis, the
secondary analyses restricted to samples with a viral load
above the cut-off, and the secondary analyses stratified by
the presence or absence of symptoms at the time of sam-
pling. Secondary analyses stratified by COVID-19 vac-
cination status, sex, and age are presented in Additional
file 1: Suppl. Table S3. Sensitivities of all primary and sec-
ondary analyses are visualised in Fig. 2. Additional file 1:
Suppl. Tables S4 to S8 show 2x2 tables for each Ag-RDT-
sampling technique combination.

Routinely used Ag-RDT sampling method

SARS-CoV-2 prevalence (by molecular reference
test) was 13.0% (188/1441) in the BD-Veritor group,
12.2% (215/1769) in the SD-Biosensor group, and 8.4%
(173/2056) in the PanBio group. Overall sensitivities were
68.6% [61.5-75.2%] for BD-Veritor, 74.4% [68.0—80.1%)
for SD-Biosensor, and 68.8% [61.3-75.6%] for PanBio
(Table 2, Fig. 2).
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Table 1 Baseline characteristics of the study population, stratified by type of rapid antigen test and sampling method

Test BD-Veritor SD-Biosensor PanBio
Method of sampling Routinely used: OP-N Routinely used: NP Less invasive: OP-N Routinely used: NP
Inclusion period 12-30 Apr 2021 14-20 Apr 2021 3-17 May 2021 12-22 Apr 2021
Sample size N=1441 N=1769 N =1689 N = 2056
Age [years], mean (SD)* 41.1(16.3) 39.5(15.5) 375(14.8) 37.6(14.8)
Sex, fernale n (%)° 798 (55.6) 894 (50.7) 856 (50.8) 1075 (52.4)
Testing indication, n (%)°
Symptomatic 501 (34.8) 952 (53.8) 759 (44.9) 1273 (61.9)
Pre-/asymptomatic close contact of confirmed SARS- 800 (55.6) 688 (38.9) 752 (43.9) 594 (28.9)
CoV-2-infected individual
Others 73(5.1) 92(5.2) 93(5.5) 91 (44)
Unknown 67 (4.6) 37(2.1) 85 (5.0) 98 (4.8)
Vaccinated with at least one dose, n (%)° 152 (10.5) 96 (5.4) 224 (133) 167 (8.1)
Type of vaccine, n (%)°
Astra Zeneca 77 (50.7) 48 (50.0) 67 (29.9) 113 (67.7)
Janssen 7(3.1)
Moderna 7 (4.6) 5(.2) 19 (8.5) 9(54)
Pfizer 63 (414) 36 (37.5) 121 (54.0) 43(25.7)
Unknown 5(3.3) 7(7.3) 10 (4.5) 2(1.2)
Number of vaccinations received, n (%)°
1 107 (70.4) 75(78.1) 169 (75.4) 136 (81.4)
2 31(204) 11(11.5) 33(14.7) 20(12.0)
Unknown 14(9.2) 10(10.4) 22(9.8) 11(6.6)
At least one prior SARS-CoV-2 infection, n (%) 102 (7.1) 187 (10.6) 196 (11.6) 134 (6.5)
Symptoms at time of sampling, n (%) 662 (47.2) 1091 (62.4) 900 (55.0) 1470 (74.2)
Symptom onset, n (%)?
At day of sampling 19 (2.9) 91(83) 70(7.8) 240 (16.3)
A day before sampling 189 (28.5) 482 (44.2) 374 (41.6) 610 (41.5)
Two days before sampling 218 (32.9) 282 (25.8) 209 (23.2) 332(226)
Three or more days before sampling 252 (38.1) 250 (22.9) 247 (27.4) 286 (19.5)
Unknown 15(2.3) 15(1.4) 19 (2.1) 20(014)
Type of symptoms (self-reported), n (%)9"
Common cold 570 (86.1) 948 (86.9) 768 (85.3) 1349 (91.8)
Shortness of breath 113(17.1) 137(12.6) 121(134) 197 (13.4)
Fever 72(10.9) 146 (13.4) 126 (14.0) 157 (10.7)
Coughing 308 (46.5) 450 (41.2) 342 (38.0) 584 (39.7)
Loss of taste or smell 24 (3.6) 43(3.9) 41(4.6) 55(3.7)
Muscle ache 88(13.3) 137(12.6) 100 (11.1) 143 (9.7)
Other symptoms 37 (5.6) 18(1.6) 54 (6.0) 74 (5.0)

In the Netherlands, individuals are notified of a close contact by the Dutch public health service test-and-trace programme and/or the Dutch contact-tracing mobile
phone application (the CoronaMelder app) and/or an individual with a confirmed SARS-CoV-2 infection (index case)

NP deep nasopharyngeal, OP-N combined oropharyngeal and nasal sampling, SD standard deviation
@ Age was not available from 3, 4, 4, and 2 participants in the BD-Veritor group, SD-Biosensor NP group, SD-Biosensor OP-N group, and PanBio NP group, respectively
b Sex was not available from 6, 4, 3, and 4 participants in the BD-Veritor group, SD-Biosensor NP group, SD-Biosensor OP-N group, and PanBio NP group, respectively

¢ Indication for testing was referral for other reasons for 73, 92, 93, and 91 participants and unknown for 67, 37, 85, and 98 participants in the BD-Veritor group,
SD-Biosensor NP group, SD-Biosensor OP-N group, and PanBio NP group, respectively

4 COVID-19 vaccination status was not available from 34, 14, 53, and 72 participants, including 7, 0, 4, and 7 with a positive molecular test result, in the BD-Veritor
group, SD-Biosensor NP group, SD-Biosensor OP-N group, and PanBio NP group, respectively

€ Percentage calculated as the proportion of those vaccinated

fPrevious SARS-CoV-2 infection information was not available from 48, 14, 56, and 72 participants in the BD-Veritor group, SD-Biosensor NP group, SD-Biosensor OP-N
group, and PanBio NP group, respectively

9 Percentage calculated as the proportion of those with symptoms at the time of sampling
P Totals add up to a number higher than the number of individuals with symptoms at the time of sampling because individuals could report more than one symptom
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Table 2 Diagnostic accuracy variables of three rapid antigen tests, with different sampling methods. Values are percentages (95%

confidence interval) unless stated otherwise

Analysis Sampling No.

method

Prevalence® (%) Sensitivity

Specificity PPV NPV

BD-Veritor System (Beckton Dickinson)

Primary analysis OP-N 1441 130 68.6 (61.5t075.2) 99.8(99.41t0 100.0) 985 (94.6 t0 99.8) 95.5 (94.2 t0 96.6)
Secondary (stratified)
analysis
Viral load above the OP-N 1441 10.1 85.6(7891090.9) 99.5(99.0 to 99.8) 95.4(90.3 t0 98.3) 984 (97.6 10 99.0)
cut-off
Symptoms present at
sampling®
Yes OP-N 662 18.1 758 (67.2t083.2) 99.8(99.0to 100.0) 989 (94.1to 100.0) 94.9 (92.8 t0 96.6)
No OP-N 742 80 559 (4241t0688) 99.9(99.2t0100.0) 97.1(84.7t099.9)  96.3(94.7 t0 97.6)
SD-Biosensor (Roche Diagnostics)
Primary analysis NP 1769 122 744 (68010 80.1) 99.8(994t0100.0) 982(94.7t099.6)  96.6 (95610 97.4)
OP-N 1689 9.7 75.0 (67.7t081.4) 99.8(99.4t0100.0) 97.6(93.2t099.5) 97.4(96.5t098.1)
Secondary (stratified)
analysis
Viral load above the NP 1769 103 87.9(823t092.3) 99.8(99.4t0 100.0) 982 (94.7 t0 99.6) 98.6 (97.9t0 99.1)
cut-off OP-N 1689 83 83.7 (7651t089.4) 99.5(99.0t099.8)  93.7(879t097.2) 985 (97.81099.1)
Symptoms present at
sampling®
Yes NP 1091 138 834 (76.5t089.0) 99.8(99.2t0 100.0) 984 (94.5 t0 99.8) 97.4(96.2 10 98.3)
OP-N 900 12.7 789(7031086.0) 99.7 (99.1t0100.0) 97.8(924t099.7)  97.0(95.61t0 98.1)
No NP 658 96 54.0 (40910 66.6) 99.8(99.1t0 100.0)  97.1(85.1 t0 99.9) 95.3(93.4t096.9)
OP-N 735 63 63.0 (47.5t0 76.8) 100.0 (99.5 to 100.0) 100.0 (88.1 to 100.0) 97.6 (96.2 t0 98.6)
PanBio (Abbott)
Primary analysis NP 2056 84 68.8 (61.3t075.6) 99.9(99.7t0 100.0) 99.2 (954 t0 100.0) 97.2(96.4t0 97.9)
Secondary (stratified)
analysis:
Viral load above the NP 2039 59 89.3(8231t094.2) 99.9(99.6t0 100.0) 98.2(93.6 t0 99.8) 99.3 (98.9 10 99.6)
cut-offd
Symptoms present at
sampling®
Yes NP 1470 9.0 722 (63.7t079.6) 99.9(99.6t0 100.0) 99.0 (944to0 100.0) 97.3(96.3t098.1)
No NP 511 6.7 55.9(3791t072.8) 100.0(99.2t0 100.0) 100.0 (824 to 100.0) 97.0(95.0 to 98.3)

NC not calculated because all Ag-RDT results were negative, NP deep nasopharyngeal, OP-N combined oropharyngeal and nasal sampling, PPV positive predictive

value, NPV negative predictive value
2 SARS-CoV-2 infection based on the molecular test result

b Symptoms not available for 37, 20, 53, and 75 participants, including 9, 1, 4, and 7 with a positive molecular test result, in the BD-Veritor group, SD-Biosensor NP

group, SD-Biosensor OP-N group, and PanBio NP group, respectively

“The viral load cut-off was 5.2 log10 SARS-CoV-2 E-gene copies/mL. This was the viral load above which 95% of people with a positive RT-PCR test result had a positive

viral culture in a recent study by our group [6]

dViral load unavailable for 17 participants in the PanBio NP group

Among those with a positive molecular test result, the per-
centage of participants with a viral load above the cut-off was
77.7% (146/188) in the BD-Veritor group, 85.1% (183/215)
in the SD-Biosensor group, and 70.0% (121/173) in the Pan-
Bio group. Using this viral load cut-off, the sensitivities were
85.6% [78.9-90.9%] for BD-Veritor, 87.9% [82.3-92.3%] for
SD-Biosensor, and 89.3% [82.3—94.2%] for PanBio.

Sensitivities ranged from 72.2 to 83.4% in individu-
als who were symptomatic at the time of sampling and

from 54.0 to 55.9% in those who were asymptomatic
(Table 2, Fig. 2). We found no evidence of a differen-
tial impact on diagnostic accuracy by COVID-19 vac-
cination status, sex, and age (Fig. 2, Additional file 1:
Suppl. Table S3).

Specificities were >99%, and positive and negative
predictive values were >95%, for all three Ag-RDT in
most analyses (Table 2 and Additional file 1: Suppl.
Table S3).
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BD-Veritor - routinely used

overall, n = 1441 - =1
infectiousness viral load cut-off, n = 1441 - ——
symptoms, n = 662- ——
no symptoms, n = 742- T
vacinated, n = 152- —_—
not vaccinated, n = 1255~ ——
male, n = 637- ._._.
female, n = 798- ——
aged 16 to 40 years, n = 747- ——
aged 40 to 65 years, n = 563- o

aged 65 years or older, n = 128-

SD-Biosensor - routinely used

overall, n = 1769- T
infectiousness viral load cut-off, n = 1769- —
symptoms, n = 1091 - D——
no symptoms, n = 658- T
vacinated, n = 96- e

not vaccinated, n = 1659- ——
male, n = 871- —_—

female, n = 894- ——e—n
aged 16 to 40 years, n = 1029- ——
aged 40 to 65 years, n = 612- o e

aged 65 years or older, n = 124- T

SD-Biosensor — less invasive

overall, n = 1689- —
infectiousness viral load cut-off, n = 1689 - ._._.
symptoms, n = 900- ———
no symptoms, n = 735- —_—
vacinated, n = 224- —_— .
not vaccinated, n = 1412- —
male, n = 830- ——
female, n = 856- S IR
aged 16 to 40 years, n = 1073~ ._._.
aged 40 to 65 years, n = 521- ———
aged 65 years or older, n = 91- —

PanBio - routinely used

overall, n = 2056 - —
infectiousness viral load cut-off, n = 2039- —
symptoms, n = 1470~ o=
no symptoms, n =511- TP
vacinated, n = 167- >
not vaccinated, n = 1817- e
male, n =977~ ——
female, n = 1075~ T
aged 16 to 40 years, n = 1307 - —_—
aged 40 to 65 years, n = 635- 2

aged 65 years or older,n =112~ :
0 10 20 30 40 50 60 70 80 90 100

Sensitivity [%]
Fig. 2 Sensitivities with 95% confidence intervals of the various antigen rapid test-molecular reference standard test comparisons, stratified
according to symptomatology, COVID-19 vaccination status, sex, and age. BD-Veritor BD Veritor™ System by Becton Dickinson, SD-Biosensor Roche/
SD Biosensor by Roche Diagnostics, PanBio PanBio by Abbot
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Less invasive OP-N sampling method combined

with SD-Biosensor

The SARS-CoV-2 prevalence (by molecular reference
test) was 9.7% (164/1689) and the sensitivity was 75.0%
[67.7-81.4%] (Table 2, Fig. 2).

Among those with a positive molecular test result, the
percentage of participants with a viral load above the cut-
off was 86.0% (141/164). Using this viral load cut-off, the
sensitivity was 83.7% [76.5—-89.4%].

Sensitivities were 78.9% in symptomatic individuals
and 63.0% in those who were asymptomatic at the time
of sampling (Table 2, Fig. 2). We found no evidence of a
differential impact on diagnostic accuracy by COVID-19
vaccination status, sex, and age (Additional file 1: Suppl.
Table S3).

Specificities were >99%, and positive and negative pre-
dictive values were >95%, in most analyses (Table 2 and
Additional file 1: Suppl. Table S3).

Follow-up to identify missed infections

All but six of all study participants could be linked with
the national test results database of the public health ser-
vices for the follow-up analyses.

In the first phase of the study, participants received
the result of the Ag-RDT test and not the result of the
molecular reference test. This Ag-RDT result was false-
negative in 3.5% of participants (Table 3). Of the partic-
ipants who tested Ag-RDT-negative in the study, 18.3%
had another SARS-CoV-2 test done at a public health
service testing site within 14 days, and 4.4% tested posi-
tive on that repeat test (Table 3). These percentages
were much higher for those with a false-negative than
a true-negative Ag-RDT result during the study: 61.3%
versus 16.8% (y* =215, p<.001) for having a repeat
test and 55.4% versus 2.6% (y* =1076, p<.001) for that
repeat test being positive (Table 3). Furthermore, the
interval between the Ag-RDT-negative result dur-
ing the study and the subsequent positive test results
within the 14-day follow-up period was shorter for par-
ticipants with false-negative results during the study
(median 3 days, interquartile range (IQR) 3 days) than
for those with true-negative results (median 5 days,
IQR 3 days; UU=2810, p<.001). Finally, being asympto-
matic at the time of initial testing was associated with
a higher likelihood of testing positive during the 14-day
follow-up period for both false-negative and true-nega-
tive individuals (Table 3).

In the second phase of the study, participants received
the molecular reference test result and not the Ag-RDT
test result. Of the participants who tested reference test
negative in the study, 11.5% had another SARS-CoV-2
test done at a public health service testing site within
14 days, and 1.1% tested positive on that repeat test
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(Table 3). The median interval between the initial nega-
tive reference test and a positive follow-up test was 6 days
(IQR 5 days). Participants who were asymptomatic at the
time of initial testing were more likely to test positive
during the 14 day follow-up period than those who were
symptomatic, but the difference was not statistically sig-
nificant (Table 3).

Discussion

The BD-Veritor, SD-Biosensor, and PanBio lateral flow
Ag-RDTs are the three most used SARS-CoV-2 point-
of-care tests in the Netherlands. They underwent limited
diagnostic accuracy evaluations prior to their approval
for use in the public testing programme but were never
evaluated in a large community-based study with nation-
wide reach. In addition, the public’s desire to move away
from deep NP sampling increased over time, but the
diagnostic accuracies of the SD-Biosensor and PanBio
tests using OP-N sampling were not yet known.

Our study found that the three Ag-RDTs combined
with their routine sampling techniques had sensitivities
of 68.6 to 74.4%, increasing to at least 85.6% after a viral
load cut-off was applied. Sensitivities ranged from 72.2 to
83.4% in individuals who were symptomatic at the time
of sampling and from 54.0 to 55.9% in those who were
asymptomatic. We found no evidence of a differential
impact on the diagnostic accuracy of COVID-19 vac-
cination status, sex, and age. For SD-Biosensor, the less
invasive OP-N sampling technique yielded similar sensi-
tivities in the primary and secondary stratified analyses
as the deep NP approach. Specificities and positive and
negative predictive values were high for all Ag-RDT sam-
pling technique combinations.

Follow-up analyses of persons with false-negative Ag-
RDT results show that more than 55% (symptomatic vs
asymptomatic at time of initial sampling: 46% vs 63%) tested
positive in the 14 days after the initial test, whereas positive
test results within 14 days after initial testing occurred in
1.1% of people with a negative initial molecular test.

Comparison with other studies

The overall unstratified sensitivities of the Ag-RDTs in
our study were substantially lower than those reported
in Ag-RDT evaluations performed earlier in the pan-
demic in the Netherlands [11, 19]. We hypothesise
that the reason for this is because only symptomatic
individuals could access SARS-CoV-2 testing in the
Netherlands until 1 December 2020. The sensitivities
in our study for individuals who were symptomatic at
the time of sampling were indeed similar to those in
the earlier evaluation studies. The sensitivities in our
study for individuals who were asymptomatic at the
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Table 3 Follow-up of participants who initially received a negative test result
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Phase 1 (Ag-RDT result communicated)

Phase 2 (molecular
test result
communicated)

Initial test result negative, n
Initial test result false negative, n (%)
Initial test result true negative, n (%)
At least one subsequent SARS-CoV-2 test registered within 14 daysb, n (%)
Initial test result false negative, n (%)
Initial test result true negative, n (%)
SARS-CoV-2-positive test within 14 days, n (%)
Initial test result false negative, n (%)
Initial test result true negative, n (%)

Stratified analysis according to symptomology at time of initial testing

Initial test result negative, n
Symptomatic, n (%)
Asymptomatic, n (%)

Initial test result false negative, n
Symptomatic, n (%)
Asymptomatic, n (%)

Initial test result true negative, n
Symptomatic, n (%)
Asymptomatic, n (%)

SARS-CoV-2-positive test within 14 days

Initial test result negative
Symptomatic, n (%)
Asymptomatic, n (%)

Initial test result false negative
Symptomatic, n (%)
Asymptomatic, n (%)

Initial test result true negative
Symptomatic, n (%)
Asymptomatic, n (%)

4847 2461

168 (3.5) n/a®
4697 (96.5) n/a®

887 (183) 284 (11.5)
103 (61.3) n/a®

784 (16.8) n/a®

213 (44) 28(1.1)
93 (55.4) n/a’

120 (2.6) n/a®
4715¢ 23924
2893 (61.4) 1427 (59.7)
1822 (38.6) 965 (40.3)
161 n/a®

91 (56.5) n/a®

70 (43.5) n/a®
4554 n/a®
2802 (61.5) n/a®

1752 (38.5) n/a®
87(3.0) 12(08)"
114(6.3) 16(1.7)"
42 (46.2)** n/a®

44 (62.9)** n/a®
45(1.6)*** n/a®

70 (4.0)%** n/a®

Ag-RDT rapid lateral flow antigen diagnostic tests, n/a not applicable

2 Not applicable since the molecular reference test result was communicated in phase 2

b Based on pseudonymised linkage to SARS-CoV-2 test results database of the public health service test sites

€ Symptom status not available for 132 participants
d Symptom status not available for 69 participants
"x?=3.3,p=.068

" x* =4.4,p=.035

"™ x? =25, p<.001

time of sampling are in line with those that we found in
our recent study in asymptomatic and presymptomatic
close contacts [6]. The positivity percentages during
the 14-day follow-up period of people with a nega-
tive initial molecular test in our study was 1.1%, which
was slightly lower than the 1.7% found in our previous
study among close contacts. This can likely be attrib-
uted to the fact that close contacts are at higher risk
of testing SARS-CoV-2-positive than those testing for
other reasons [6].

To our knowledge, a direct comparison of the diag-

nostic accuracy of any Ag-RDT combined with super-
ficial OP-N versus deep NP sampling has not been
conducted. The superficial OP-N sampling technique is
currently routinely used in the Netherlands for the BD-
Veritor Ag-RDT. The sensitivities that we observed for
this combination were similar to those of the other two
Ag-RDTs combined with deep NP sampling, as well as
the SD-Biosensor Ag-RDT combined with OP-N sam-
pling. The use of more convenient sampling methods
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holds potential for reducing the threshold for SARS-
CoV-2 testing.

Strengths and limitations of this study

Strengths include the protocolised nature of the study,
the large sample size covering multiple test sites nation-
wide, the high data completeness, collection of samples
for the index and reference tests at the same time, the
implementation of index and reference tests by trained
staff who were blinded to the result of the other test, and
the availability of follow-up information for participants
who received negative test results.

Our study also has some limitations. First, our study
does not provide a direct comparison of the diagnos-
tic accuracy of the various Ag-RDTs or sampling tech-
niques. However, we did use similar eligibility criteria
and study protocols across the three study sites, and we
included participants at the three study sites during the
same time period. Second, the reference standards that
we used were molecular tests, but platforms and test
kits used differed among the three centralised laborato-
ries (Rotterdam: OP-NP sampling with RT-PCR (Roche
cobas 6800), Breda: OP-N sampling with RT-PCR
(Roche cobas 8800), Zwolle: OP-N sampling with TMA
(Hologic Panther system) with TMA-positive samples
tested by RT-PCR (ABI-7500)). However, the diagnostic
accuracies of all molecular tests used are similarly high
[20, 21], and we therefore believe that this has not influ-
enced our findings significantly. In addition, Ct values
determined by the different platforms were compara-
ble (Additional file 1: Suppl. Material 2). Third, we were
unable to meet the predefined sample size in the PanBio/
OP-N sampling group. These results are therefore not
sufficiently robust and should be interpreted with great
caution. Fourth, while the Omicron variant is the domi-
nant SARS-CoV-2 variant in the Netherlands at time of
writing, this variant was not present during our study
period and the estimated prevalence of Delta was 8.6%
during the last week of inclusions. We checked whether
false-negative Ag-RDT results could be linked to specific
virus lineages by WGS and we did not find a signal con-
firming this hypothesis. Fifth, we applied a viral load cut-
off above which 95% of RT-PCR test positive individuals
in our previous study was virus culture positive [6]. The
previous study population, however, consisted of almost
completely unvaccinated participants, whereas the pro-
portion of vaccinated individuals in the present study
reached 20% at the end of the study. Whether this would
have impacted the applied viral load cut-off is unknown.
Also, the applied viral load cut-off should be interpreted
with some caution. Albeit evidence is accumulating that
both infectivity in culture and viral load, and viral load
and secondary attack rate, are correlated [22-24], the
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exact viral load cut-off below which no transmissions
take place is still unknown. Missed infections below
the applied viral load cut-off can therefore not be dis-
counted as of limited relevance, especially because viral
loads may alter over time during the infection. Sixth, our
sample size calculation was based on the primary analy-
sis and the diagnostic accuracy parameters are therefore
less precise for the secondary stratified analyses. For
example, a differential impact of COVID-19 vaccina-
tion status on the diagnostic accuracy of Ag-RDTs might
be anticipated given that vaccinated individuals have
shorter periods of high viral loads and lower virus viabil-
ity by Ct values than unvaccinated individuals, resulting
in lower transmissibility [24—28]. Further studies on the
potential impact of COVID-19 vaccination on Ag-RDT
diagnostic accuracies are warranted. Finally, we did not
actively follow-up participants who had received a nega-
tive test result but collected follow-up information from
the public health services test result database through
pseudonymised linkage. Active follow-up, includ-
ing repeat testing in all study participants, would have
reduced the uncertainty around false-negative Ag-RDT
results completely, as was also recommended in a recent
guidance paper [29]. Unfortunately, we could not imple-
ment this because of ethical and logistic constraints, as
our study was embedded in busy public health service
test sites. Also, we cannot be certain that all positive
tests within the maximum incubation period after a neg-
ative initial test represent false-negative tests; they could
also have resulted from a new SARS-CoV-2 exposure
after the initial test. However, this is true for individu-
als with a negative Ag-RDT and for those with a negative
molecular test at inclusion, and the difference in positiv-
ity percentages during follow-up was strikingly large.

Policy implications

As the COVID-19 pandemic will gradually move into a
different phase with less emphasis on finding all infec-
tions, public health policies may want to rely more on
Ag-RDTs instead of molecular testing because of simpli-
fied logistics and reduced delays. The more frequent use
of Ag-RDTs instead of molecular testing will inevitably
lead to an increase in the number of missed infections,
especially when used in asymptomatic individuals, e.g.
for travelling and/or access to events. We observed that
about 60% of persons with false-negative Ag-RDT results
returned for testing, and 55% tested positive, within 14
days after the initial negative test with a median delay
of 3 days. About half of them did not have symptoms at
the time of initial sampling, and those participants were
more likely to have a positive follow-up test (sympto-
matic vs asymptomatic at time of initial sampling: 46%
vs 63%). This suggests that a considerable portion of
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individuals adhered to the advice to return for test-
ing if symptoms develop or worsen after a negative test
and also illustrates the importance of emphasizing the
need for re-testing to individuals with a negative Ag-
RDT should such events occur. However, as over half of
all infections are estimated to occur before the onset of
symptoms, these missed early infections do pose a rele-
vant risk for further transmission [30, 31]. Furthermore,
the 45% of individuals with a false-negative Ag-RDT who
are never diagnosed pose an even greater risk of onward
transmission. The extent to which the advantages of Ag-
RDTs outweigh their lower sensitivities depends on sev-
eral aspects, including the potential consequences of
missed infections.

Furthermore, as the prevalence of SARS-CoV-2
declines, the positive predictive value of Ag-RDT results
will decrease, meaning a larger proportion of positive test
results will be false positive [3]. In such circumstances,
the risk of false-positive results with Ag-RDTs could be
mitigated by confirmatory molecular testing.

Conclusions

Compared to molecular testing, the sensitivities of three
widely used SARS-CoV-2 Ag-RDTs when applying the
routinely used sampling techniques were at least 69%
and increased to at least 85% after a viral load cut-off was
applied. Sensitivities ranged between 54 and 56% in those
who were asymptomatic at the time of sampling, mean-
ing that around half of infections might be missed in this
population. Follow-up analyses revealed that over 55%
of asymptomatic persons with a false-negative Ag-RDT
result tested positive within 14 days after the initial test
emphasizing the need for re-testing should symptoms
develop and education of the public about a high poten-
tial of false-negative Ag-RDTs when asymptomatic. In
high-risk situations, such as testing of vulnerable people
in care facilities, severely ill patients, or healthcare work-
ers, molecular testing remains the preferred option. For
SD-Biosensor, the less invasive OP-N sampling technique
yielded similar diagnostic accuracies for Ag-RDT-molec-
ular test comparisons as the deep NP approach. Adopting
this more convenient sampling method might reduce the
threshold for professional SARS-CoV-2 testing.
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System by Becton Dickinson; Cl: Confidence interval; COVID-19: Coronavirus
disease 2019; IQR: Interquartile range; NP: Deep nasopharyngeal; OP-N: Oro-
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and nasopharyngeal; PanBio: PanBio by Abbott; RT-PCR: Real-time reverse-
transcriptase polymerase chain reaction; SARS-CoV-2: Severe acute respiratory
syndrome coronavirus-2; SD-Biosensor: Roche/SD Biosensor by Roche Diagnos-
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TMA: Transcription-mediated amplification; WGS: Whole genome sequencing.
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