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Abstract
Since late 2021, the variant landscape of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been 
dominated by the variant of concern (VoC) Omicron and its sublineages. We and others have shown that the detection of 
Omicron-BA.1 and -BA.2-positive respiratory specimens by rapid antigen tests (RATs) is impaired compared to Delta 
VoC-containing samples. Here, in a single-center retrospective laboratory study, we evaluated the performance of ten most 
commonly used RATs for the detection of Omicron-BA.4 and -BA.5 infections. We used 171 respiratory swab specimens 
from SARS-CoV-2 RNA-positive patients, of which 71 were classified as BA.4 and 100 as BA.5. All swabs were collected 
between July and September 2022. 50 SARS-CoV-2 PCR-negative samples from healthy individuals, collected in October 
2022, showed high specificity in 9 out of 10 RATs. When assessing analytical sensitivity using clinical specimens, the 
50% limit of detection (LoD50) ranged from 7.6 × 104 to 3.3 × 106 RNA copies subjected to the RATs for BA.4 compared 
to 6.8 × 104 to 3.0 × 106 for BA.5. Overall, intra-assay differences for the detection of these two Omicron subvariants were 
not significant for both respiratory swabs and tissue culture-expanded virus isolates. In contrast, marked heterogeneity was 
observed among the ten RATs: to be positive in these point-of-care tests, up to 443-fold (BA.4) and up to 56-fold (BA.5) 
higher viral loads were required for the worst performing RAT compared to the best performing RAT. True-positive rates 
for Omicron-BA.4- or -BA.5-containing specimens in the highest viral load category (Ct values < 25) ranged from 94.3 to 
34.3%, dropping to 25.6 to 0% for samples with intermediate Ct values (25–30). We conclude that the high heterogeneity in 
the performance of commonly used RATs remains a challenge for the general public to obtain reliable results in the evolving 
Omicron subvariant-driven pandemic.

Keywords  SARS-CoV-2 rapid antigen test · Nucleocapsid protein · Diagnostic test · Sensitivity · Specificity · VoC · Lateral 
flow · Omicron

Introduction

Since the start of the SARS-CoV-2 pandemic in early 2020, 
several VoCs have emerged, which differ in their biological 
characteristics such as transmissibility or virulence from the 
original Wuhan strain [1]. The Omicron VoC has now been 
circulating since the end of 2021 with different sublineages 
evolving over time. Globally, Omicron subvariants BA.5, 

XBB.1.5, BF.7, BQ.1., and BQ.1.1 are currently responsible 
for the majority of SARS-CoV-2 infections [2, 3].

To diagnose SARS-CoV-2 infections, rapid antigen tests 
(RATs) were implemented next to the gold-standard nucleic 
acid amplification tests (NAATs). At the beginning of the 
pandemic, NAATs, such as quantitative reverse transcription 
polymerase chain reactions (qRT-PCRs), quickly reached 
their capacity limits due to supply shortage [4]. However, 
the performance of individual RATs may in part depend on 
their ability to detect mutations in the nucleocapsid protein 
of emerging VoCs [5]. Moreover, increasing vaccine- and 
infection-mediated immunity or clinical characteristics of 
novel VoCs or sublineages may affect the performance of 
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RATs. Of note, criteria for effective health care interven-
tions such as RATs set by the World Health Organization 
(WHO), especially those for layman ‘s use, encompass a 
minimal sensitivity of 80% and minimal specificity of 97% 
[6]. The council of the European Union has recently even 
increased the minimal sensitivity to 90% [7]. It is thus of 
utmost importance that RATs are constantly re-evaluated 
by independent laboratories during the evolving pandemic.

The performance of various RATs has been evaluated 
by us and others revealing a high variability for detection 
of SARS-CoV-2-positive swabs and, in particular, the fail-
ure of a number of tests to detected certain VoCs [8–43]. 
In 2022, the Paul Ehrlich Institute in Germany re-assessed 
the efficacy of RATs for layman’s use using a small panel 
of pooled respiratory specimen containing Omicron-BA.1 
as well as a predictive epitope-based “bridging evaluation” 
[44]. These findings were also included in an updated “com-
mon list” of RATs published by the European Union [45]. 
It has to be taken into account though that this information 
does not necessarily translate into reliable information on 
the performance of these tests for currently circulating Omi-
cron sublineages. Differences in the performance of RATs in 
recognizing individuals infected with Omicron sublineages, 
which have emerged and rapidly diversified in 2022, have 
thus far only been addressed by a small number of studies 
[14, 30, 33, 42, 46–48], and not yet for Omicron-BA.4 and 
-BA.5. The aim of the current study was to compare the 
performance of ten commercially available RATs to detect 
respiratory samples from COVID-19 patients infected with 
either BA.4 or BA.5.

Materials and methods

Respiratory swabs

The sample collection was performed in analogy to our pre-
vious studies [42] where detailed descriptions can be found. 
In brief, the study center of the Max von Pettenkofer Institute 
was provided with anonymized SARS-CoV-2 PCR-positive 
swab samples from Becker MVZ GbR laboratory, a regional 
diagnostic laboratory in which the respiratory swabs were 
also characterized as BA.4- or BA.5-positive samples by 
variant-specific PCR (see below). Respiratory swabs were 
obtained from various medical facilities (hospitals, fam-
ily practices, nursing homes, etc.). No further information, 
such as sampling site or disease status, was available. After 
receiving the swabs, qRT-PCR was conducted within 24 h to 
determine the viral load (see below). Subsequently, depend-
ing on the detected viral load, a random selection of suitable 
samples was performed as recommended by the Technical 
working group on COVID-19 diagnostic tests of the Euro-
pean Commission (EC): The composition of the reference 

panel covers SARS-CoV-2 viral loads ranging from approxi-
mately 4.2 × 102 to 1.1 × 109 genome copies per mL of speci-
mens and Ct values between 36 and 17, respectively. These 
frame values were applied to a viral load-based conversion 
of the Ct values obtained in our laboratory (Suppl. Table 1). 
Following recommendations by the PEI and European Com-
mission [49, 50], three subgroups were defined within Ct 
value ranges of "very high" (viral load 1.1 × 109–2.1 × 106), 
"high" (viral load 2.1 × 106–4.4 × 104), and "medium" (viral 
load 4.4 × 104–4.1 × 102) [51].

A total of 171 SARS-CoV-2 PCR-positive respiratory 
swabs (Omicron-BA.4: 71, Omicron-BA.5: 100) were exam-
ined between 07/27/2022 and 09/23/2022 in a retrospective 
in vitro study. Following EC recommendations, Omicron-
BA.5-positive swabs were selected such that 35% fell into 
viral load category "very high,” 45% into category "high," 
and 20% into category "medium." Of note, since the study 
period coincided with the transition from Omicron-BA.4 
dominating to -BA.5 in Bavaria, there were not sufficient 
numbers of BA.4-positive swab samples available to achieve 
a comparable representation. Respiratory samples were 
stored at 2–8 °C prior to testing for up to 48 h.

SARS‑CoV‑2 rapid antigen tests

In order to evaluate the sensitivity of the respective assays, a 
defined volume (50 µl) of the virus-containing sample mate-
rial (liquid transport medium) was transferred to the RATs 
by trained staff. This volume was completely absorbed by 
the swabs enclosed within each RAT. Based on this estab-
lished protocol, the presented results refer to "RNA copies 
subjected to the test." According to the manufacturer infor-
mation, the inoculated swabs were transferred to the lysis 
buffers and the specified amount of material was added to 
the appropriate test cassette. This procedure is in accordance 
with an internationally accepted method for transferring 
virus transport medium (VTM) applied to the inoculation 
swab solution into the test cassette [50]. After 15 min, the 
reading of the results was performed with blinded informa-
tion about the viral load present in the sample under con-
stant light conditions. Any visible test line—regardless of 
its intensity—was considered positive. Invalid tests were 
excluded.

The following 10 tests were examined in our study: Wan-
tai SARS-CoV-2 Ag Rapid Test (colloidal gold) (Beijing 
WANTAI Biological Pharmacy Enterprise Co.) (“Wantai”), 
Clinitest Rapid COVID-19 Antigen Test (Siemens Health-
ineers/Healgen Scientific Limited Liability Company) (“Sie-
mens”), Coronavirus (2019-nCoV) Antigen Test (Beijing 
Hotgen Biotech Co.) (“Hotgen”), SARS-CoV-2 Antigen 
Test Kit (Colloidal Gold) (Genrui Biotech Inc.) (“Gen-
rui”), COVID-19 Antigen Rapid Test (Colloidal Gold) Cas-
sette (Joinstar Biomedical Technology Co.) (“Joinstar”), 
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COVID-19 Antigen Detection Kit (New Gene (Hangzhou) 
Bioengineering Co.) (“New Gene”), COVID-19 Antigen 
Rapid test Kit (Colloidal Gold) (Xiamen AmonMed Biotech-
nology Co.) (“AmonMed”), COVID-19 Antigen Rapid Test 
Kit (Hangzhou Clongene Biotech Co., Ltd.) (“Clongene”), 
iHealth COVID-19 Antigen Rapid Test (iHealth Labs, Inc.) 
(“iHealth”), and NADAL COVID-19 Ag Rapid Test (nal von 
Minden GmbH) (“nal von Minden”).

Except for iHealth, all tests are included in the EU Com-
mon list of COVID-19 antigen tests. Wantai and Siemens 
correspond to category A.1 (eligible COVID-19 RATs for 
which their performance has been evaluated through pro-
spective clinical field studies), the others to category B.1 
(eligible COVID-19 RATs for which their performance 
has been evaluated through retrospective in vitro studies) 
according to the EU common list of COVID-19 antigen tests 
[45]. At the time of this study, nal von Minden had been 
evaluated by the Paul Ehrlich Institute (PEI) but was not yet 
included in the EU Common list. It is now included in the 
category A.1. iHealth is among the FDA-authorized over-
the-counter tests [52].

Due to frequent changes in national and international 
testing strategies, political decisions on the use, and reim-
bursement of RATs or special sales in discounter retail 
chains, the popularity of individual RATs varied consider-
ably. Therefore, we based the test selection for the current 
study on the following evidence to investigate tests relevant 
for the general population: two tests with high sensitivities 
were selected from the previous study [42]—Clongene and 
nal von Minden. Based on data provided by the Quarterly 
analysis 01/22 by APO Fusion Plus 2021 (INSIGHT Health 
GmbH & Co. KG) as well as sales statistics of two leading 
pharmaceutical major distributors (pharmaceutical whole-
salers Sanacorp pharmaceutical trade GmbH (Sanacorp 
Pharmahandel GmbH) and Noweda pharmacy cooperative 
eG (Noweda Apothekergenossenschaft eG)), we included 
Hotgen, Joinstar, AmonMed, Wantai, and Genrui. Ranked 
as bestsellers at the time of study initiation by the online 
retailer amazon.com (bestsellers from amazon.de are already 
included above) were iHealth and Siemens. According to the 
Austrian Ministry of Health, a free RAT available in Aus-
trian pharmacies for self-application ("living room tests") 
was New Gene [53].

PCR screening and SARS‑CoV‑2 variant‑specific PCR

Using the method of the previously published “Munich 
Extraction Protocol” [54], SARS-CoV-2 PCR-positive sam-
ples were identified by the Becker MVZ BgR laboratory. A 
variant-specific PCR (modified version of the COVID-19 
direct RT-PCR kit (FRIZ Biochem GmbH, Neuried, Ger-
many)) was used to determine the SARS-CoV-2 variant. 
Samples corresponding to the Omicron-BA.4 and -BA.5 

sublineages were sent to the Max von Pettenkofer Institute 
for further analyses. In order to keep the time between sam-
ple collection and test performance as short as possible, 
variant-specific PCR was the method of choice as the results 
correlate well with those from whole genome sequencing 
[55]. At the time of the study, epidemiological surveillance 
showed that > 60% of the Omicron-BA.5-positive samples 
detected belonged to the Omicron-BA.5.1 and -BA.5.2 sub-
lineages [56].

Quantitative viral load determination

For the quantification of viral load, the Roche Cobas SARS-
CoV-2 E gene reaction of a Cobas 6800 system (Roche Diag-
nostics GmbH, Mannheim, Deutschland) of the accredited 
routine diagnostics laboratory of the Max von Pettenkofer 
Institute was exclusively used. A detailed description of the 
formula used for the calculation can be found in previous 
studies [42]. Variations in values between different qRT-
PCR runs were not taken into account. However, as this 
affects all results, it does not influence their interpretation.

Expansion of SARS‑CoV‑2 from primary patient 
material

Omicron isolates from primary patient material were propa-
gated on Vero-E6 cells (CRL-1586, (American Type Culture 
Collection, ATCC, Virginia, USA). Otherwise, the protocol 
of cell culture derived samples is consistent with the previ-
ously described method [33]. Expanded stocks of Omicron-
BA.4 and -BA.5 were classified by next generation sequenc-
ing (NGS) (B.1.1.529.4: GISAID EPI ISL: hCoV-19/
Germany/BY-MVP-000015293/2022; B.1.1.529.5: GISAID 
EPI ISL: hCoV-19/Germany/BY-MVP-000015294/2022) 
and RNA copies per mL were determined as the mean from 
three independent biological experiments with technical uni-
cates or duplicates. For Omicron-BA.4, two defining muta-
tions of the nucleocapsid protein N:P151S and N:S413R 
were detected by NGS analysis; for Omicron-BA.5, the 
N:S413R mutation was detected. Neither the Omicron-BA.4 
nor -BA.5 isolate carried the N:E136D mutation.

RAT specificity

To determine RAT’s specificity, healthy volunteers per-
formed naso- or oropharyngeal PCR swabs (Copan 
eSwabTM, COPAN ITALIA Brescia, Italy). From these 
individual samples, pooled samples were created: Depend-
ing on the number of samples in the pool, 100 µl (for pools 
of 4 to max. 8 subjects) or 200 µl (for pools of 2–3 subjects) 
of the VTM was combined to form a respective pool sample. 
These combined samples were analyzed for the presence of 
SARS-CoV-2 RNA using the Xpert Xpress SARS-CoV-2 
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plus GeneXpert system (Cepheid Inc.; Sunnyvale, Califor-
nia, USA). Individual samples from participants of pool 
samples with positive results were retested as individual 
samples; participants were subsequently informed about 
the SARS-CoV-2-positive result, reported to the responsible 
local health authorities according to the current laws, and 
excluded from this study. Volunteers with negative individ-
ual samples as well as negative pool samples subsequently 
performed 5–10 RATs within 1–6 h after PCR swab collec-
tion and results were anonymized. RATs were performed 
according to the manufacturers’ instructions under the super-
vision of trained personnel. Reading and interpretation of 
the results were performed according to criteria described 
above.

Statistical analyses

Statistical analyses were performed in R version 4.1.2. Bino-
mial confidence intervals for sensitivities and specificities 
were computed using the Wilson score interval. To further 
analyze analytical sensitivities, we used logistic regression, 
with viral loads and RNA copy numbers subjected to the test 
as independent and test outcomes as the dependent variable, 
yielding detection probabilities for each viral load level.

Results

Evaluation of RAT specificity

Extending our previous work for Omicron-BA.1 and -BA.2 
[33, 42], the current study evaluated the performance of ten 
RATs for detecting Omicron-BA.4 and -BA.5 in respiratory 
swabs. We chose RATs based either on their performance 
in our previous study [42], bestseller lists of pharmacies, 
pharmaceutical wholesalers or an online retailer. Except 
for iHealth, all RATs were freely available on the European 
market. First, we determined the specificity of the ten RATs 
using respiratory swabs of healthy, SARS-CoV-2 PCR-neg-
ative volunteers (Table 1). The specificity ranged from 84 
to 100%, with AmonMed being the only RAT not fulfilling 
WHO’s specificity criteria with > 97% [6].

Analytical sensitivity of RATs for detecting 
Omicron‑BA.4 and ‑BA.5 in clinical specimens

Next, we used 171 nasal/nasopharyngeal swabs from SARS-
CoV-2 RNA-positive patients, of which 71 were classified by 
variant-specific PCR and whole genome sequencing as BA.4 
and 100 as BA.5, in principle as reported [57], to evaluate 
the analytical sensitivity of these RATs. Viral loads ranged 
between 5,949 and 582,434,112 Geq/ml for BA.4 (median: 

1,257,020 Geq/ml) and 297 and 1,030,950,803 Geq/ml for 
BA.5 (median: 638,453 Geq/ml), respectively (Fig. 1).

We then determined the individual RAT’s sensitivity by 
scoring the frequency of true-positive respiratory samples. 
The overall assay sensitivities ranged between 17 and 49% 
(Tables 2 and 3). Among the ten RATs evaluated, iHealth 
performed best: This test was slightly superior in detecting 
BA.4-positive samples (49%) compared to BA.5-positive 
swabs (44%). nal von Minden detected 39% of all BA.4 
samples and 36% of all BA.5 samples. For AmonMed, the 
sensitivity for BA.5 (43%) was slightly higher than for BA.4 
(37%). A similar trend was found for Clongene (34% BA.4 
vs. 40% BA.5). New Gene had similar sensitivities for both 
Omicron subvariants with around 36%. The analytical sen-
sitivities for Siemens (BA.4 (31%), BA.5 (30%)), Joinstar 
(BA.4 (30%), BA.5 (32%)), and Hotgene (BA.4 (27%), BA.5 
(30%)) were comparable. Genrui performed poorly with sen-
sitivities of 21% (BA.4) and 22% (BA.5), respectively. Wan-
tai performed worst among the ten RATs examined scoring 
only 17% (BA.4) and 18% (BA.5) of PCR-positive samples 
truly positive.

In line with previous reports [9, 33, 42], we calculated 
the 50% (dotted line in pink vertical area) and 95% (dotted 
line in yellow vertical area) limit of detection (LoD) using 
a logistic regression model (Fig. 2A,C: BA.4; Fig. 2B,D: 
BA.5). Similar to BA.1 and BA.2 [42], no statistically sig-
nificant differences for the detection of BA.4- and BA.5-con-
taining respiratory samples were noted for individual RATs 
despite slight differences in LoD50/LoD95 values. iHealth 
had LoD50 and LoD95 values corresponding to 75,500 and 
297,107 RNA copies for BA.4 (Fig. 2A), respectively, and 
67,995 (LoD50) and 2,876,315 (LoD95) RNA copies for 
BA.5 (Fig. 2B), respectively. Remarkably, LoD95 values 
for iHealth differed between BA.4 and BA.5 by about ten-
fold. nal von Minden was quite comparable to iHealth in 

Table 1   Determination of assay specificity for ten qualitative SARS-
CoV-2 rapid antigen tests using SARS-CoV-2 PCR-negative respira-
tory swabs from adults

Assay Specificity (%) 95% CI True 
negative/
total

iHealth 100.00 92.87–100.00 50/50
Clongene 100.00 92.87–100.00 50/50
nal von Minden 100.00 92.87–100.00 50/50
Hotgene 100.00 92.87–100.00 50/50
Joinstar 100.00 92.87–100.00 50/50
Siemens 100.00 92.87–100.00 50/50
New Gene 100.00 92.87–100.00 50/50
Wantai 100.00 92.87–100.00 50/50
Genrui 97.92 89.10–99.89 47/48
AmonMed 84.00 71.49–91.66 42/50
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Fig. 1   SARS-CoV-2 viral load 
distribution of respiratory 
samples included in this study. 
A, C Shown is the log10 viral 
load (Geq/ml) of 71 SARS-
CoV-2-positive Omicron-BA.4 
(A, blue) and 100 SARS-CoV-
2-positive Omicron-BA.5 (C, 
red) patient samples, sorted 
by ascending magnitude of 
the viral load from left to 
right. Each dot indicates one 
patient and the sample’s ID 
is indicated. B, D Depicted is 
the histogram of the viral load 
distribution for Omicron-BA.4 
(B, blue) and for Omicron-BA.5 
(D, red) by categorization of 
samples into defined log10 viral 
load ranges. Each histogram bar 
indicates the number of samples 
in the respective viral load 
range. E Depicted is the com-
parison of the samples shown in 
A and C. The horizontal line in 
the box plots shows the median 
of the samples, bound between 
upper and lower quartiles, and 
whiskers between minimum and 
maximum are indicated

A

lo
g 10

 v
ira

l l
oa

d 
(G

eq
/m

l)
Number of samples

2

10

8

0 70

100

6

BA.4

BA.5

log10 viral load (Geq/ml)

C

Fr
eq

ue
nc

y

B

0

10

20

5

15

Fr
eq

ue
nc

y

log10 viral load (Geq/ml)
6 104 82

6 104 82

0

10

20

5

15

25

4

D

lo
g 10

 v
ira

l l
oa

d 
(G

eq
/m

l)

BA.4 BA.5

9

6

3

lo
g 10

 v
ira

l l
oa

d 
(G

eq
/m

l)

2

10

8

6

4

Number of samples
0

E

Table 2   Determination of assay sensitivity for ten SARS-CoV-2 rapid 
antigen tests in SARS-CoV-2 PCR-positive respiratory swabs classi-
fied as Omicron-BA.4

Assay Sensitivity (%) 95% CI True 
positive/
total

iHealth 49.30 38.01–60.66 35/71
nal von Minden 39.44 28.89–51.06 28/71
AmonMed 36.62 26.37–48.24 26/71
New Gene 36.62 26.37–48.24 26/71
Clongene 33.80 23.88–45.38 24/71
Siemens 30.99 21.44–42.48 22/71
Joinstar 29.58 20.23–41.02 21/71
Hotgene 26.76 17.84–38.05 19/71
Genrui 21.13 13.24–31.97 15/71
Wantai 16.90 9.94–27.26 12/71

Table 3   Determination of assay sensitivity for ten SARS-CoV-2 rapid 
antigen tests in SARS-CoV-2 PCR-positive respiratory swabs classi-
fied as Omicron-BA.5

Assay Sensitivity (%) 95% CI True positive/total

iHealth 44.00 34.67–53.77 44/100
AmonMed 43.00 33.73–52.78 43/100
Clongene 40.00 30.94–49.80 40/100
nal von Minden 36.00 27.27–45.76 36/100
New Gene 36.00 27.27–45.76 36/100
Joinstar 32.00 23.67–41.66 32/100
Hotgene 30.30 22.13–39.95 30/99
Siemens 30.00 21.89–39.58 30/100
Genrui 22.00 15.00–31.07 22/100
Wantai 18.00 11.70–26.67 18/100
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terms of LoD50/LoD95 values for both BA.4 and BA.5. The 
LoD50 and LoD95 values equaled 184,181 and 1,063,640 
SARS-CoV-2 RNA copies for BA.4 (Fig. 2A) and 135,578 
(LoD50) and 778,616 (LoD95) RNA copies for BA.5 
(Fig. 2B), respectively. In contrast, New Gene was inferior 
to iHealth and showed up to fivefold higher LoD values. The 
LoD50 and LoD95 values for New Gene were 245,795 and 
1,603,684 RNA copies for BA.4, respectively (Fig. 2A). The 
LoD50 and LoD95 values for BA.5 equaled 154,671 and 
2,070,678 RNA copies (Fig. 2B), respectively, and were in 
a similar range compared to BA.4. AmonMed had an up to 
fourfold difference in detecting BA.4 and BA.5. The LoD50 
and LoD95 values for BA.4 using AmonMed corresponded 
to 271,387 and 4,057,302 RNA copies (Fig. 2A), respec-
tively, whereas they were 71,011 (LoD50) and 1,431,929 
(LoD95) RNA copies for BA.5 (Fig. 2B). The LoD50 and 
LoD95 values for Clongene were comparable to AmonMed 
with 346,916 and 3,778,936 RNA copies for BA.4 (Fig. 2A), 
respectively, and for BA.5 90,362 (LoD50) and 801,777 
(LoD95) RNA copies (Fig. 2B) Interestingly, Clongene was 
inferior to iHealth for BA.4 detection (up to 13-fold), but 

similar or even slightly better than iHealth to score BA.5 
samples as positive. This was also reflected by the 4- to five-
fold difference in LoD50 and LoD95 values for Clongene 
between BA.4 and BA.5 samples, despite not reaching statis-
tical significance. Values obtained for Siemens and Joinstar 
were quite similar for both BA.4 and BA.5. For Siemens, 
the LoD50 and LoD95 values for BA.4 were 493,158 and 
8,386,261 RNA copies (Fig. 2C) and for BA.5 385,879 
(LoD50) and 9,980,728 (LoD95) RNA copies (Fig. 2D), 
respectively. Joinstar had LoD50 and LoD95 values for BA.4 
of 558,024 and 7,627,405 RNA copies (Fig. 2C), and for 
BA.5 294,868 (LoD50) and 8,384,834 (LoD95) RNA copies 
(Fig. 2D), respectively. Compared to iHealth, Hotgene was 
up to 22-fold inferior to detect BA.4, but only up to fivefold 
inferior for detecting BA.5-positive samples. The LoD50 
and LoD95 values for BA.4 corresponded to 725,768 and 
6,419,779 RNA copies (Fig. 2C) and for BA.5 347,660 and 
4,465,459 RNA copies, respectively (Fig. 2D). Among the 
ten RATs, Genrui performed second worst. The LoD50 and 
LoD95 values for BA.4 were up to 74-fold and for BA.5 
up to 20-fold higher compared to iHealth. For BA.4, the 
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Fig. 2   Limit of detection analyses of RT-qPCR-positive respiratory 
samples positive for either Omicron-BA.4 (A, C, blue) or Omicron-
BA.5 (B, D, red) using ten SARS-CoV-2 RATs. The log10 RNA cop-
ies subjected to the test of quantified samples on the x axis were plot-
ted against a positive (+ 1) or negative (0) test outcome on the y axis. 

For readability of the figure, slight normal jitter was added to the y 
values. Blue/red curves show logistic regressions of the viral load 
on the test outcome; vertical dashed lines indicate log viral loads at 
which 50% (LoD50) and 95% (LoD95), respectively, of the samples 
are expected positive based on the regression results
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LoD50 and LoD95 values corresponded to 1,497,510 and 
21,927,942 RNA copies (Fig. 2C), respectively. For BA.5, 
those values equaled 1,356,891 (LoD50) and 37,276,411 
(LoD95) RNA copies (Fig. 2D), respectively. Looking at 
the LoD analyses, Wantai performed worst. For this RAT, 
the LoD50 and LoD95 values were up to 443-fold higher for 
BA.4 and up to 56-fold for BA.5 when compared to iHealth. 
The LoD50 and LoD95 for BA.4 equaled 3,267,974 and 
131,653,605 RNA copies (Fig. 2C), respectively, and for 
BA.5 3,049,324 (LoD50) and 162,296,370 (LoD95) RNA 
copies (Fig. 2D).

Analytical RAT sensitivity in cell culture‑expanded 
virus stocks

Similar to our previous reports [33], we used cell culture-
expanded virus stocks of Omicron-BA.4 and -BA.5. Whole 
genome sequencing confirmed the sublineage-specific point 
mutations N:P151S and N:S413R for BA.4 and N:S413R for 
BA.5, respectively. None of the expanded patient isolates 
showed the N:E136D mutation.

The variability among the ten RATs to score these cell 
culture-expanded isolates positive was high (Fig. 3). We 
noted a slight overall trend toward a better detection of BA.5 
over BA.4. Mirroring the results obtained for detection of 
PCR-positive swabs, Wantai performed worst also in rec-
ognizing tissue culture-expanded virus isolates. This RAT 
was only able to score positive using an input equivalent of 
4 × 107 RNA copies for BA.4 and 2 × 107 RNA copies for 
BA.5. The majority of RATs was able to detect both BA.4 
and BA.5 between 2.5 × 106 and 1 × 107 RNA copies. iHealth 

performed best requiring 16-fold (BA.5) to 32-fold (BA.4) 
lower viral RNA concentrations in the input virus stock to 
score positive compared to Wantai.

Comparative, Ct value‑stratified evaluation 
of analytical RAT sensitivity

In order to compare our data to “non-Omicron” samples [49, 
50], we stratified our respiratory samples and corresponding 
results according to three established Ct/Cp value categories, 
i.e., < 25, 25–30, and > 30, similar to our previous reports 
[33, 42]. Compared to “non-Omicron” samples with over-
all sensitivities ranging between 50 and 95%, these values 
dropped down to 17 to 49% for BA.4 and BA.5 samples, 
except for nal von Minden and Clongene (Table 5). Their 
sensitivities were more comparable to the “non-Omicron” 
samples.

Interestingly, the ten RATs showed already marked dif-
ferences in the highest viral load category with Ct/Cp val-
ues < 25: The sensitivities of BA.4/BA.5 ranged between 
34 and 90% compared to “non-Omicron” samples with 83 
to 100%, with nal von Minden posing the only exception. 
In contrast, the efficacy of Wantai and Genrui to detect 
BA.4 and BA.5 in the highest viral load category was only 
between 34 and 53% compared to “non-Omicron” samples 
reported with sensitivities of 94 and 100%. The differences 
between “non-Omicron” samples were even more obvious 
in the intermediate viral load category with Ct/Cp values 
between 25 and 30. Here, the ten RATs clustered into three 
different groups: in the first group, Clongene and nal von 
Minden reached 3 to 10% compared to “non-Omicron” sam-
ples with 13 to 35%. The second category included New 
Gene, Siemens, and AmonMed scoring 3 to 15% positive 
compared to “non-Omicron” samples reported with 87%. 
Hotgene, Wantai, and Genrui belonged to the third group 
where BA.4 and BA.5 were partly or not at all detected, 
while “non-Omicron” samples had apparently scored posi-
tive in 25 and 57% of cases. The low viral load category with 
Ct/Cp > 30 was generally not recognized; only iHealth was 
able to recognize BA.5 in 5% of samples.

Discussion

The Omicron VoC subvariants BA.4 and BA.5, first detected 
beginning of 2022 and derivatives of BA.2, spread rapidly 
worldwide and became the predominant SARS-CoV-2 vari-
ants within a few weeks [58, 59]. In particular, the BA.5 
subvariant has dominated the epidemic in Germany since 
the middle of 2022 [60].

From June 2022 onwards, “citizen PCR” or RAT testing 
free of cost in Germany has been available only to selected 
groups of individuals [61], and therefore, the importance 
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of over-the-counter RATs for non-professionals to diagnose 
SARS-CoV-2 infections has further increased. In the current 
study, ten of the most commonly sold RATs for layman’s 
use were evaluated for their specificity and sensitivity as 
a function of the viral load in specimens. To this end, two 

approaches were pursued: first, 171 SARS-CoV-2 RNA 
PCR-positive respiratory samples (100 BA.5, 71 BA.4) and, 
second, cell culture-expanded clinical isolates of both sub-
variants were studied.

Table 5   Comparative evaluation 
of the analytical sensitivity 
of ten SARS-CoV-2 rapid 
antigen tests stratified for Ct/Cp 
value ranges based on studies 
by the PEI (“non-Delta/non-
Omicron”*) and the current 
study for respiratory samples 
containing Omicron-BA.4 and 
-BA.5

n.a. not available
*[49, 50]

N Ct < 25 (%) Ct 25–30 (%) Ct > 30 (%) Overall 
sensitivity 
(%)

iHealth
 Non-Delta/non-Omicron* n.a. n.a. n.a. n.a. 95.0
 Omicron-BA.4 71 94.3 6.7 0.0 49.3
 Omicron-BA.5 100 80.5 25.6 5.0 44.0

nal von Minden
 Non-Delta/non-Omicron* n.a. 83.3 13.0 0.0 36.0
 Omicron-BA.4 71 77.1 3.3 0.0 39.4
 Omicron-BA.5 100 82.9 5.1 0.0 36.0

AmonMed
 Non-Delta/non-Omicron* n.a. 100.0 87.0 30.0 80.0
 Omicron-BA.4 71 71.4 3.3 0.0 36.6
 Omicron-BA.5 100 90.2 15.4 0.0 43.0

New Gene
 Non-Delta/non-Omicron* n.a. 100.0 87.0 20.0 78.0
 Omicron-BA.4 71 71.4 3.3 0.0 36.6
 Omicron-BA.5 100 80.5 7.7 0.0 36.0

Clongene
 Non-Delta/non-Omicron* n.a. 94.4 34.8 0.0 50.0
 Omicron-BA.4 71 65.7 3.3 0.0 33.8
 Omicron-BA.5 100 87.8 10.3 0.0 40.0

Siemens
 Non-Delta/non-Omicron* n.a. 100.0 87.0 0.0 76.0
 Omicron-BA.4 71 60.0 3.3 0.0 31.0
 Omicron-BA.5 100 70.7 2.6 0.0 30.0

Hotgen
 Non-Delta/non-Omicron* n.a. 100.0 47.8 0.0 56.0
 Omicron-BA.4 71 54.3 0.0 0.0 26.8
 Omicron-BA.5 10 70.7 2.6 0.0 30.3

Joinstar
 Non-Delta/non-Omicron* n.a. 100.0 60.9 0.0 64.0
 Omicron-BA.4 71 57.1 3.3 0.0 29.6
 Omicron-BA.5 100 73.2 5.1 0.0 32.0

Genrui
 Non-Delta/non-Omicron* n.a. 94.1 56.5 0.0 58.0
 Omicron-BA.4 71 42.9 0.0 0.0 21.1
 Omicron-BA.5 100 53.7 0.0 0.0 22.0

Wantai
 Non-Delta/non-Omicron* n.a. 100.0 25.0 0.0 50.0
 Omicron-BA.4 71 34.3 0.0 0.0 16.9
 Omicron-BA.5 100 43.9 0.0 0.0 18.0
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While conducting this study, we encountered several 
methodological shortcomings in the EU common list of 
COVID-19 antigen tests: The guidelines consider the selec-
tion of samples in retrospective laboratory studies (category 
B) [45]. However, these appear to be rather imprecise and 
possibly error prone: First, it is recommended that samples 
from certain RNA concentration or Ct value ranges should 
be used. However, it was not further specified which vol-
ume of a clinical sample should be applied to the assay. In 
established and internationally accepted protocols, 50 µl of 
one sample per test is usually used [50], which was also 
applied for the current study. Yet, this lack of "RNA copies 
subjected to test" specification in EU guidelines may result 
in substantial inter-study deviations and thus errors evaluat-
ing the clinical sensitivity. Second, the recommended ranges 
of the naturally occurring viral loads and corresponding Ct 
values (“approximately 1.1 × 109 to 4.2 × 102 genome cop-
ies per mL of specimen and Ct values between 17 and 36”) 
mentioned in the guidelines of the EU common list are also 
specified in a publication of the Paul Ehrlich Institute (PEI) 
[50]. However, in this manuscript, the data of RNA concen-
tration and Ct values (referred to by the EC) are mentioned 
independently of each other (in one instance as maximum 
and minimum concentrations of the investigated pool sam-
ples, in the other instance in the basic panel description) and 
are not directly related to each other. Therefore, uncertainty 
remains regarding the correct conversion of a Ct value meas-
ured in the laboratory into a viral load. Here, precise infor-
mation and efforts to harmonize this procedure are desirable.

The investigation of RAT specificity is often omitted in 
current studies and only sensitivity is included in the EU 
common list, which has been exclusively evaluated by the 
PEI [45]. Yet, specificity should be determined according to 
the MDCG 2021–21 Rev.1 Guidance on performance evalu-
ation of SARS-CoV-2 in vitro diagnostic medical devices 
using 300 samples from uninfected individuals [62]. How-
ever, manufacturer data are also accepted as an alternative, 
which poses an obvious conflict of interest, and results for 
both sensitivity and specificity provided by manufacturers 
have frequently not been confirmed by independent labora-
tories [10, 11, 33, 42, 63–67]. The EU common list does not 
include RATs that exclusively allow saliva as input mate-
rial [45] since this can go along with reduced sensitivity 
[68]. Interestingly, the instructions for use enclosed with 
the purchased AmonMed (Ref. No. CG01AG) recommends 
the use of saliva, whereas the test appearing in the EU com-
mon list with the same Ref. No., but with a different device 
ID, was apparently evaluated for use with nasal specimen 
material only [45, 69]. For the nasal test, the manufacturer's 
data indicates a specificity of 99.55% [45]. In our specificity 
study, all tests were performed according to the manufac-
turer's instructions; thus, the specificity was measured in 
saliva and, with 84%, did not meet the minimum criteria 

of the EU common list and the WHO. Although we were 
only able to examine 50 instead of the recommended 300 
samples, with a 95% CI of 71.49—91.66%, this is still con-
siderably below the required minimum of 97%. However, 
sensitivity testing for AmonMed did not show higher detec-
tion rates at intermediate or low viral loads (0% at Ct > 30) in 
our study. For the sensitivity test, no directly collected swabs 
were applied to the extraction buffer, but virus-containing 
VTM was used instead, possibly diluting potentially inter-
fering contaminants. Nevertheless, our observation suggests 
that substances contained in saliva may lead to false-positive 
results here.

The investigation of various VoCs for their performance 
in RATs was central to our work. The European Commission 
explicitly emphasizes to pay special attention to the perfor-
mance of RATs in the context of emerging SARS-CoV-2 
variants. However, many studies—especially the extensive 
evaluations of the PEI, which are often used as reference in 
the EU common list—date back to times of the pandemic 
before the emergence of Omicron VoC and its subvariants 
and before the establishment of widespread immunity in the 
population with the occurrence of breakthrough infections or 
multiple vaccinations [45, 50]. Several previous studies have 
shown divergent performance data of RATs with emerging 
variants [27, 33, 70, 71].

In this study, we did not detect significant differences in 
individual RAT’s sensitivity to detect samples containing 
BA.4 and BA.5. Reasons for not detecting differences in 
sensitivity for these recent Omicron subvariants in contrast 
to our previous study using samples containing either BA.1 
or Delta [33] may include the following: although studies 
have shown that in most assays RAT extraction buffers are 
not able to completely inactivate SARS-CoV-2 [72, 73], the 
rationale suggesting that the capacity of the extraction buffer 
to make the nucleocapsid protein in the samples accessible 
to test antibodies may have an impact on the sensitivity of 
RATs is not evident in the current study. Comparing the 
lower limit of detection of, on one hand, cell culture sam-
ples, inactivated and highly denatured using Triton X-100, 
with, on the other hand, clinical swab samples extracted 
by the individual test extraction buffer, the current study 
showed a good correlation of these results (data not shown), 
i.e., the ranking of RATs’ performance. One can speculate 
that the influence of pre-existing immunity, which has been 
discussed repeatedly [32, 43], may be a key contributing 
factor to changing RAT performance in the course of the 
pandemic. Interestingly, antibody prevalence (including anti-
spike antibodies) was in the range of approximately 90% 
in the German general population at the time of the previ-
ous study for both the sampling period of the Delta VoC 
study (October 30, 2021 to January 17, 2022) as well as 
the “Omicron VoC sampling period” (November 26, 2021 
to January 19, 2022) [74, 75]. However, the prevalence 
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of anti-nucleocapsid antibodies as an indicator of conva-
lescence was only about 10% in Munich at that time (data 
from the fifth round of blood sampling of the KoCo19 study 
(October 2021 to January 2022)) [76, 77]. Vaccination rates 
in Germany during the “Delta VoC sampling period” were 
2–48% for triple-vaccinated individuals and 12–50% dur-
ing the Omicron VoC period [78]. Thus, the study period 
overlapped with the main booster vaccination period in Ger-
many. A dramatic increase in infections (> 100,000 reported 
new infections per day) [79], however, only occurred later 
and thus after the end of the second study. A change in 
immunity due to a third vaccination, if any, may have had 
a small impact on the difference of overall vaccination rate 
between these two cohorts (“Delta” vs “Omicron”). Some 
studies suggest that the impact of the third vaccination on 
the induction of mucosal immunity may limited [80, 81]. 
Broader immunity due to higher infection rates probably 
played a minor role in the previous study, assuming no 
frequent reinfections in exposed populations. Despite this 
uncertainty, we consider it more likely that altered replica-
tion characteristics of the Omicron VoC and its subvariants, 
compared to preceding VoCs, may be a critical factor in 
reducing the sensitivity of RATs since late 2021. An altered 
ratio of excreted RNA to nucleocapsid protein may lead to 
increased false-negative RAT results.

The observational study presented here clearly under-
lines that the RATs on the market significantly differ in 
their sensitivity for recent Omicron subvariants, which is 
due to intrinsic properties of the respective test produced. 
Therefore, it remains the task of the supervising and regula-
tory authorities to manage and supervise the large market of 
SARS-CoV-2 RATs by appropriate and precise measures.

Another aspect that requires attention for the interpre-
tation of these types of retrospective laboratory studies is 
the frequent lack of clinical information about the patients 
from whom respiratory samples were obtained. During the 
course of an infection, the amount of antigen and RNA pre-
sent on the respiratory mucosa changes and therefore the 
time of onset of symptoms will likely affect the test results 
[82]. This may affect sensitivity, particularly in samples with 
intermediate and low viral loads. In addition to anamnestic 
information, no knowledge about the anatomical sampling 
sites was available, which is why clinical performance based 
on different specimen types could not be examined in the 
context of sensitivity testing. However, this limitation is gen-
erally accepted. Thus, RATs should constantly be evaluated 
by independent laboratories for their performance when new 
SARS-CoV-2 VoCs or sublineages are rising.

We propose that the following aspects and insights over 
the course of the COVID-19 pandemic from the current and 
our previous studies [10, 33, 42] should be considered in the 
context of layman’s RAT use:

(1)	 Test market regulation During the last 3 years of the 
pandemic, to our knowledge, only one generation of 
RATs has been developed. Global markets were rapidly 
supplied with these products, and tests were introduced 
and approved largely without independent evaluation 
of performance. As the information provided to the 
general public was predominantly shaped by manufac-
turers' claims, a misleading perception regarding the 
reliability of RATs was unfortunately established in the 
public domain [83]. This includes the misperception 
of a high value of a negative RAT result. The extent to 
which commercial interests of manufacturers lagged 
behind scientific accuracy, responsibility in patient 
care, and ethical considerations during this seemingly 
weakly supervised period can only be speculated, and 
it cannot be generalized to all vendors and tests distrib-
uted. While policy makers’ commitment to the intro-
duction of RATs was strong, little consequences were 
unfortunately drawn from early scientific studies, which 
put RATs’ performance in doubt. From our perspective, 
this is the biggest shortcoming of the test strategy in 
the COVID-19 pandemic and should be avoided in the 
future.

(2)	 Test development Factors other than independently 
determined performance characteristics have apparently 
been shaping the sales of RATs. Regrettably, neither 
societies for virology or infectious diseases nor politi-
cal decision-makers have exerted sufficient pressure 
on manufacturers to improve RATs for SARS-CoV-2 
during the course of the pandemic. Our current study 
demonstrates that even after more than two years of dis-
tribution, the lower limits of detection (LoD) and sen-
sitivities can drastically differ among different RATs. 
This supports the notion that "poor-performing tests" 
could have—within the general limitations of liquid 
chromatography-based methodology—been markedly 
improved. An exception to this market (mis)regulation 
seems to be the iHealth RAT, which performed best 
in our evaluation and was also a bestseller on Ama-
zon.com in the US, but did, unfortunately, not obtain 
approval for the European market. It is surprising that 
regulatory authorities in Europe were apparently unable 
to identify the best performing RATs, recommend their 
use, and define their performance as a reference for all 
other RATs seeking market access.

(3)	 Test performance evaluation Instead of defining objec-
tive and quantitative RAT evaluation criteria such as 
LoD50/95 values, a set of seemingly arbitrary crite-
ria for diagnostic sensitivity and also specificity were 
implemented by regulatory authorities [84]. Unfor-
tunately, not even official bodies, including the Paul 
Ehrlich Institute, applied these criteria during their 
evaluation of some of the tests being sold in Germany. 
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First, specificity was not evaluated, even though some 
RATs clearly fail in achieving minimal requirements in 
this category (see, for example, Table 1 in this study). 
Second, the number of samples tested to determine sen-
sitivity were too small and their viral loads frequently 
not representative [18, 85]. Instead, manufacturers’ 
information was merely copied into official tables dis-
played in websites of BfArM or EC, which were then 
accessed by the general public under the assumption of 
an independent validation by these official institutions.

	   In the context of PCR diagnostics, the public was 
moderately successful in familiarizing themselves with 
the interpretation of cycle threshold (Ct) values. It 
would have been desirable to regularly characterize and 
adequately communicate the RAT diagnostics accessi-
ble to laypeople using the more precise and independent 
parameter of the lower limit of detection. Instead, the 
unsubstantiated claims of extremely high RAT sensi-
tivities (frequently > 97%) published by manufacturers, 
distributors, and test center operators were adhered to.

(4)	 Assessment of benefit and risk of a negative RAT 
result The ability of the general public in Germany to 
adequately assess the significance and potential conse-
quences of a negative or false-negative SARS-CoV-2 
RAT remained relatively low [83]. The negative predic-
tive value, which depends on the incidence at a given 
time, is a complex parameter that has been shown to be 
somewhat unreliable even among higher-educated pop-
ulation groups [83]. Therefore, we share the position of 
the ALM e.V. (Association of Accredited Laboratories 
in Medicine) that the experiences associated with the 
scandals involving SARS-CoV-2 antigen tests in testing 
centers underscore the demand to maintain the require-
ment of supervision by physicians (Arztvorbehalt) in 
our regulated healthcare system [86]. This pertains to 
the conscientious use of SARS-CoV-2 RATs during 
the pandemic, which includes test selection for RATs 
used in testing centers, as well as the interpretation and 
official monitoring of the generated results.

(5)	 Evolution of the virus Based on our continuous evalu-
ation of both point-of-care RATs and laboratory-based 
automated antigen tests throughout the COVID-19 
pandemic, we conclude multiple factors may impact 
their performance. These include the emergence of new 
variants VoCs, the development of a complex pattern 
of vaccine- and infection-induced immunity, clinical 
manifestation and severity of the disease, or dynamics 
of SARS-CoV-2 RNA and nucleocapsid shedding onto 
the mucosa. The “antibody bridging concept” proposed 
by the PEI has already discussed limitations [49, 50] 
and has failed in its prediction of RAT performance for 
the Omicron variant, which emerged at the end of 2021. 

Several laboratory-based but particularly prospective 
clinical studies, such as those conducted by colleagues 
in Würzburg [43] and Berlin [32], demonstrate that the 
reliability in performance of RATs is apparently multi-
factorial and difficult to predict.

(6)	 Automated SARS-CoV-2 antigen tests In Germany, due to 
the early and strong promotion of PCR diagnostics along-
side the introduction of RATs, there was no significant gap 
in demand between these two diagnostic tools that could 
have been filled by automated antigen tests. Although these 
tests are carried out on platforms in specialized laborato-
ries where performance data can be properly assessed, it is 
surprising that also here no advancement in performance 
was observed during the pandemic, and noticeable test dif-
ferences in sensitivity persisted until the end.

In summary, from a public health perspective, surveil-
lance for SARS-CoV-2 infections using RATs is nowadays 
of limited utility and should not be recommended as a 
means to determine an individual’s infectious status. Les-
sons learned from the use of antigen-based point-of-care 
tests during the COVID-19 pandemic should be applied 
to future pandemics.
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