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ARTICLE INFO ABSTRACT

Keywords: In the beginning of 2020, the outbreak of the COVID-19 pandemic led to a crisis in which diagnostic methods for
COVID-19 pandemic the genome detection of SARS-CoV-2 were urgently needed. Based on the very early publication of the basic
SARS-CoV-2

principles for a diagnostic test for the genome detection of SARS-CoV-2, the first noncommercial laboratory-
developed tests (LDTs) and commercial tests were introduced. As there was considerable uncertainty about
the reliability and performance of different tests and different laboratories, INSTAND established external quality
assessment (EQA) schemes for the detection of SARS-CoV-2 starting in April 2020. In close partnership in a
scientific network, the EQA schemes were enhanced, especially the April, June and November 2020 terms. The
enhancement included: (i) immediate provision of suitable virus including variants of concern at the beginning of
the pandemic outbreak, (ii) short frequency of EQA schemes, (iii) concentration dependency of the testing and

virus genome detection tests
reference materials

external quality assessment
laboratory medicine

Abbreviations: dPCR, digital polymerase chain reaction; DVV, German Association for the Control of Virus Diseases / Deutsche Vereinigung zur Bekampfung der
Viruskrankheiten e.V.; EQA, External quality assessment; GfV, Society of Virology / Gesellschaft fiir Virologie e.V.; LDT, Laboratory developed test system; MERS
CoV, Middle East Respiratory Syndrome Coronavirus; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; NAT, Nucleic acid testing; NMI, National
metrology institute; PFU, Plaque forming unit; RM, Reference material; RT-dPCR, Reverse transcription dPCR; VOC, Variant of concern; WHO, World Health
Organization.

* This article is dedicated to Prof. Dr. Martin Mielke, Head of Department 1 — Infectious Diseases at Robert Koch-Institut, Berlin, on the occasion of his retirement
with sincere thanks for the many years of trustful cooperation.
* Correspondence to: GBD Gesellschaft fiir Biotechnologische Diagnostik mbH, Potsdamer Chaussee 80, Berlin 14129, Germany.
** Correspondence to: Institut fiir Qualitétssicherung in der Virusdiagnostik - IQVD GmbH, Potsdamer Chaussee 80, Berlin 14129, Germany.
E-mail addresses: Martin.Kammel@gbd-biotechdia.de (M. Kammel), Heinz.Zeichhardt@iqvd.de (H. Zeichhardt).

https://doi.org/10.1016/j.ijmm.2025.151656

Received 11 December 2024; Received in revised form 12 May 2025; Accepted 21 May 2025

Available online 24 May 2025

1438-4221/© 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Martin.Kammel@gbd-biotechdia.de
mailto:Heinz.Zeichhardt@iqvd.de
www.sciencedirect.com/science/journal/14384221
https://www.elsevier.com/locate/ijmm
https://doi.org/10.1016/j.ijmm.2025.151656
https://doi.org/10.1016/j.ijmm.2025.151656
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmm.2025.151656&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Kammel et al.

International Journal of Medical Microbiology 319 (2025) 151656

sensitivity check, achieved by using SARS-CoV-2-positive samples from a 10-fold dilution series of the same
starting material, (iv) specificity check of the testing, achieved by using SARS-CoV-2-negative samples containing
human coronaviruses or MERS CoV, (v) revealed samples for orientation on test performance during an ongoing
or at the start of an EQA scheme using a pre-quantified SARS-CoV-2-positive EQA sample with a low viral RNA
load of only 1570 copies/mL assigned by digital PCR (dPCR) in June 2020 and (vi) quantified reference ma-
terials based on the experiences of the first two EQA schemes with dPCR-assigned values in copies/mL beginning
in November 2020 for self-evaluation of the applied test system. This manuscript summarizes the results of a total
of 13 EQA schemes for the detection of SARS-CoV-2 between April 2020 and June 2023 in which a total of 1413
laboratories from 49 countries participated. The qualitative results for the detection of SARS-CoV-2-positive
samples were between 95.8% and 99.7 % correct positive, excluding extremely low concentration samples.
For all SARS-CoV-2-negative EQA samples, the qualitative success rates ranged from 95.1 % to 99.4 % correct
negative results. The widely varying values for the cycle threshold (Ct)/crossing point (Cq) reported for the
different target genes and test systems were striking. A few laboratories reported quantitative results in copies/
mL for several VOCs with an acceptable rate of over 93 % correct positive results in the majority of cases. The
description of the enhanced EQA schemes for SARS-CoV-2 detection in terms of timing and scope can serve as a

blueprint for the rapid development of a quality assessment of diagnostics for an emerging pathogen.

1. Introduction

After the first cases of a novel severe respiratory infectious disease
emerged from Wuhan, China in December 2019, SARS-CoV-2 (Severe
Acute Respiratory Syndrome Coronavirus 2) was determined to be the
causative agent of COVID-19. SARS-CoV-2 belongs to the beta
coronaviruses, which also include SARS-CoV-1, Middle East Respiratory
Syndrome (MERS) coronavirus and other human coronaviruses (Huang
et al., 2020; Coronaviridae study group of the International Committee
on Taxonomy of Viruses, 2020; Bhadoria et al., 2021).

SARS-CoV-2, which is mainly transmitted by droplets and aerosols,
spread rapidly worldwide, leading WHO to declare the SARS-CoV-2
outbreak a pandemic on March 11, 2020 (Cucinotta and Vanelli,
2020). As of March 4, 2024, for COVID-19 the following cumulative
numbers of confirmed cases and confirmed deaths were registered with
the WHO since start of the pandemic: (i) worldwide: 774 699 366
confirmed cases; 7 033 430 confirmed deaths and (ii) out of these for
Germany: about 38400000 confirmed cases and about 175000
confirmed deaths (World Health Organization, 2024). Although it can be
assumed that due to inadequacies in the testing and reporting systems of
individual countries, the actual numbers are higher.

National health systems around the world faced the dilemma of
building the infrastructure for preventive and clinical interventions in
an extremely short period of time. In Germany, a National Pandemic
Plan existed to prepare for an influenza pandemic, but the requirements
had to be adapted to COVID-19 (Robert Koch-Institut, 2020a).

Since SARS-CoV-2 was an emerging virus, molecular diagnostics for
genome detection of SARS-CoV-2 had to be launched immediately. This
was indispensable for confirming positive patients and the detection of
chains of infection.

While most diagnostic laboratories had established PCR systems for
the detection of other respiratory pathogens, there was a lack of specific
primers and probes for both commercial tests and laboratory-developed
tests (LDTs) as well as the specific test conditions to detect the new virus
at the beginning of the pandemic. By mid-January 2020 the first diag-
nostic tests for SARS-CoV-2 detection by PCR had already been estab-
lished (Corman et al., 2020a). The first description of this test was made
worldwide freely available by an international author consortium on the
WHO homepage even before scientific publication (Corman et al.,
2020b).

Once the capabilities for diagnostic detection of SARS-CoV-2 were
established, it was necessary to introduce quality control measures to
understand (i) the quality of measurements in the laboratories and (ii)
the reliability of the commercial tests and noncommercial LDTs applied
in the laboratory.

Shortly after the beginning of the pandemic, the first external quality
assessment (EQA) schemes or proficiency testing programs for quality
assurance of diagnostic methods for genome detection of SARS-CoV-2

were established by different organizations in different countries
around the world, amongst others by American Proficiency Institute
(API) (Edson et al., 2020); Austrian Association for Quality Assurance
and Standardization of Medical and Diagnostic Tests (OQUASTA)
(Goerzer et al., 2020, Buchta et al., 2021a); INSTAND - Society for
Promoting Quality Assurance in Medical Laboratories (Zeichhardt and
Kammel, 2020a); Korean Association of External Quality Assessment
Service (KEQAS) (Sung et al., 2020); Quality Control for Molecular Di-
agnostics (QCMD) (Matheeussen et al., 2020); National Center for
Clinical Laboratories in China (Wang et al., 2021); Department of Health
Research and Indian Council of Medical Research (DHR-ICMR) (Kaur
et al.,, 2022); Royal College of Pathologists of Australasia Quality
Assurance Programs (RCPAQAP) (Lau et al., 2022).

In April 2020, INSTAND conducted one of the first global EQA
schemes for the detection of the SARS-CoV-2 viral genome that included
463 participating laboratories from 36 countries. INSTAND is accredited
according to DIN EN ISO/IEC 17043:2010 and serves as a reference
institution of the German Medical Association and as a scientific society.
INSTAND has run approximately 80 virological EQA schemes for many
years in coordination with the Joint Diagnostic Commission of the
German Association for the Control of Virus Diseases (DVV) and the
Society of Virology (GfV). All virological EQA schemes are performed
according to the Guideline of the German Medical Association on
Quality Assurance of Laboratory Medical Examinations in Medical
Laboratory Testing (Bundesarztekammer, 2023; Ahmad-Nejad et al.,
2024) in an international scientific network.

This manuscript describes how, at the beginning of the COVID-19
pandemic, the quality control network quickly responded to initial
challenges and adapted and improved. Beyond the typical approach in
EQA programs, where the results are published after the completion of
an EQA round, the EQA programs of April and June 2020 provided
unblinded results for a subset of samples while the EQA programs were
still running. This enabled participating laboratories to gain an imme-
diate understanding of their capabilities and the performance of their
test systems. Additionally, the frequency of the EQA schemes was
significantly increased. In multiple schemes, a 10-fold dilution series of
cultured inactivated SARS-CoV-2 was repeated, in parallel with indi-
vidual samples revealed in the first EQA schemes. The combination of
the "enhanced EQA schemes", which included independent reference
materials, with quantitative values of the SARS-CoV-2 RNA load
assigned using reverse transcription digital PCR (RT-dPCR), was
extremely important, since the WHO International Standard and other
well-characterized reference materials were not yet available. This
enabled laboratories to monitor their tests for reliable routine di-
agnostics and, under certain conditions, even assisted clinical decisions
for patient management. This evolving model of enhanced EQA schemes
can serve as a model for future pandemics.

The results of a total of 13 EQA schemes for the detection of SARS-
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CoV-2 are presented; these schemes were conducted between April 2020
and June 2023 with a total of 1 413 laboratories from 49 participating
countries.

2. Materials and methods
2.1. Viruses and cells

For each of the EQA schemes, the currently circulating virus strains
and variants of SARS-CoV-2, based on the epidemiological situation in
Germany, were used for the preparation of the respective EQA samples
(see Supplementary Table 1).

For the INSTAND EQA schemes, all SARS-CoV-2 virus strains and
variants as well as the other coronaviruses were propagated in cell lines
by the Coronavirus Consultant Laboratory at Charité - University Med-
icine Berlin, Germany, in a BSL 3 laboratory.

Cell monolayers of the following cell lines were used for growing of
the different viruses at 37 °C using Dulbecco’s Modified Eagle’s Medium
(D-MEM) supplemented with 10 % fetal bovine serum (FBS) at 5% CO
for a different number of days depending on the virus isolate: Vero E6
cells (ATCC CRL-1586) for SARS-CoV-2 beta coronaviruses and variants
(Vierbaum et al., 2022, 2023), Vero B4 cells (DZMZ ACC-33) for
MERS-CoV beta coronavirus (Corman et al., 2021), Huh-7 cells
(CVCL_0336) for the propagation of beta coronavirus hCoV 0C43
(Corman et al., 2021) and alpha coronavirus hCoV 229E (Corman et al.,
2021) and LLC-MK2 cells (ATCC CCL-7) for the propagation of alpha
coronavirus hCoV NL63 (Vierbaum et al., 2023). See also Supplemen-
tary Table 1.

Inactivation of the propagated betacoronaviruses (SARS-CoV-2 and
MERS-CoV) was performed either by heat inactivation (4h, 60 °C)
(Vierbaum et al., 2022) or chemically by 0.05% beta-propiolactone
(BPL) for 14h at 4 °C followed by consecutive hydrolysis of BPL for
2h at 37 °C (Vierbaum et al., 2023) (see Supplementary Table 1). This
procedure reduced the plaque-forming units (PFU) of the
virus-containing cell culture supernatants to 0 PFU. The results of
inactivation were checked in double-blind passages on the respective
cell monolayers before release of the virus suspensions for preparation of
the EQA samples. The virus suspensions containing alpha coronaviruses
were not inactivated.

Virus-negative cell culture lysates of MRC-5 cells and SARS-CoV-2-
negative suspensions of different human coronaviruses, as well as
MERS coronavirus, were used to test the specificity of the assay per-
formance in the laboratories that participated in the EQA schemes.

The reference materials RM 1 and RM 2 were prepared from cell
culture supernatants of Vero E6 cells (ATCC CRL-1586) that had been
infected at a multiplicity of infection of 0.05 PFU/cell with SARS-CoV-2
(strain: BetaCoV/Munich/ChVir984,/2020, GSAID: EPI_ISL._406862) and
were subsequently heat inactivated (Vierbaum et al., 2022).

2.2. Preparation of EQA samples

The virus suspensions from cell culture supernatants and virus-
negative cell culture lysates were diluted using a cell culture medium
(Minimal Essential Medium, PAN-Biotech, Aidenbach, Germany), sup-
plemented with non-essential amino acids (PanBioTech), HEPES buffer
(PAN-Biotech) and fetal bovine serum (PAN-Biotech, gamma irradiated;
10-15 % v/v). Finally, 1.1 mL of the materials were aliquoted in screw
cap micro tubes (2.0 mL; Sarstedt, Niimbrecht, Germany). Lyophiliza-
tion was performed as described in Vierbaum et al., 2022. The sample
vials were stored at < -20 °C until they were shipped to the laboratories
at ambient temperature. Randomly selected vials of the EQA sample
preparations were analyzed for the amount of virus, for homogeneity
according to DIN EN ISO/IEC 17043:2010, and for stability during the
period of the EQA survey in order to confirm the suitability of the control
materials (Vierbaum et al., 2022, 2023).
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2.3. Pre-study for EQA samples

Before distributing the EQA samples for any of the EQA schemes,
randomly selected EQA sample sets were tested by up to ten INSTAND
Expert Laboratories (see Acknowledgement), applying different genome
detection methods to confirm the expected sample properties.

2.4. Determination of SARS-CoV-2 RNA loads by RT-dPCR

Reverse transcription digital PCR (RT-dPCR) assays were developed
and applied to selected samples to confirm the expected values of SARS-
CoV-2 RNA load. The methodological details for the characterization of
EQA samples by RT-dPCR are described in detail for genome detection of
SARS-CoV-2 (Vierbaum et al., 2022) as well as cytomegalovirus and
HIV-1 (Milavec et al., 2022; Falak et al., 2022). The principles and
application of dPCR in diagnostics are summarized by Huggett et al.
(2015).

2.5. Performance of EQA schemes

The first SARS-CoV-2-positive samples were integrated into the pre-
existing INSTAND EQA scheme for differentiation of human coronavi-
ruses and MERS-CoV (program 340) in April 2020. This scheme was
established in June 2015, and was set up in close cooperation with the
National Consultant Laboratory for Coronaviruses at Charité — Univer-
sity Medicine Berlin, Institute of Virology, and the members of the ad
hoc commission of DVV and GfV, University Hospital Frankfurt, Medi-
zinisches Infektiologiezentrum Berlin (MIB), University Clinics of Co-
logne. Starting in March 2021, a separate EQA program for SARS-CoV-2
genome detection only was established (Program 409) to address the
increasing number of emerging variants in the sample set.

From April 2020 until June 2023 INSTAND conducted 13 EQA
schemes for SARS-CoV-2 virus genome detection. Participating labora-
tories received five to nine samples per EQA, depending on circulating
SARS-CoV-2 variants at the time. Participants were instructed to
reconstitute samples with 1.1 mL double-distilled water (sterile,
pyrogen-free, PCR-grade) for 20 min at room temperature. Laboratories
were instructed to apply their routine test method for genome detection
of coronaviruses and were asked to report results INSTAND via the RV-
Online platform (https://rv-online.instandev.de).

In the EQA schemes, all genome detection results for SAR-CoV-2
were recorded in the ‘PCR/NAT’ category, including isothermal
methods or transcription-mediated amplification (TMA). Multiple re-
sults for each sample, obtained by different test methods, could be
entered. Furthermore, the laboratories were asked to provide detailed
information on the test method(s) used for each analysis, including the
test kit manufacturer(s) and test kit(s) (Vierbaum et al., 2022).

2.6. Data evaluation

In total, 82 702 qualitative and 2 719 quantitative results from the 13
EQA schemes between April 2020 and June 2023, reported by 1413
laboratories from 49 countries were included in the evaluation. (The
corresponding EQA scheme reports are available upon request at instan
d@instand-ev.de). The evaluation was carried out in a test- and sample-
dependent way according to the following definitions as described
(Zeichhardt and Kammel, 2020a):

Correctresult: A correct result is a result reported by a laboratory for a
specific sample that is consistent with the qualitative target value or the
quantitative target value interval (acceptance range).

Qualitative target value: The qualitative target value for a given
sample is derived from the consensus value of all qualitative results re-
ported by the participants, including the results reported by the
INSTAND Expert Laboratories during the EQA scheme.

Quantitative target value: The quantitative target value for a given
sample is derived from the consensus value of all quantitative results
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reported by the participants. The consensus value is calculated as the
robust average according to algorithm A/DIN ISO 13528/Annex C (DIN
ISO 13528, 2020).

Quantitative target value interval: The target value interval for each
SARS-CoV-2-positive sample is based on an interval of —1.0log;q to
+ 1.0 logi of the target value (determined by the EQA scheme adviser
based on all evaluated methods) according to the Guideline of the
German Medical Association on Quality Assurance of Laboratory Med-
ical Examinations in Medical Laboratory Testing (Bundesarztekammer,
2023; Ahmad-Nejad et al., 2024). When evaluating quantitative data, it
is ensured that the coefficient of variation determined from all submitted
results is substantially smaller than the specified target value interval.

Success rate: A success rate is depicted for each of the samples
reflecting the portion of "correct" results (expressed as "percent" correct
results and/or as "number of correct results per number of total results
reported").

Data were analyzed using the INSTAND standard evaluation soft-
ware (RV-ISI, Diisseldorf, Germany), Excel (Microsoft, Redmond, WA,
USA). Basic statistical analyses were performed using JMP 16 from SAS

Table 1
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Institute (Cary, North Carolina, USA).
3. Results

3.1. April 2020 - first EQA scheme with an interim report with three
samples revealed before the submission deadline

The test samples for the first EQA scheme for genome detection of
SARS-CoV-2, which was designated as an extra EQA scheme, were sent
by INSTAND on 03 April 2020 to 488 laboratories from 36 countries. A
total of 463 laboratories reported their test results.

This EQA sample set included a total of seven different samples with
two vials per sample. Four samples (no. 340059, 304061, 340063, and
340064) were positive for inactivated SARS-CoV-2 (Table 1). These
positive samples were part of a 10-fold dilution series from a supernatant
of cells infected with SARS-CoV-2 to identify the proficiency of labora-
tories in detecting defined virus RNA load gradations.

In addition, a total of three samples that were negative for SARS-
CoV-2 were used to provide information on specificity for SARS-CoV-2

First INSTAND EQA Scheme (340) for Virus Genome Detection of SARS-CoV-2 in April 2020 - qualitative results.

A B C D

D-1 E

Success rates of correct qualitative
results (%)

Success rates of correct

qualitative results (%)

reduced by the number of incorrect

€« 7 99
result assignments (mix-ups) for Overall Ct/Cq medians

Dilutions of SARS-CoV-2- (for all target gene regions and samples (for all target gene regions
Sample no SARS-CoV- ositive samples / negative all test systems) no. 340064 and and all test systems)
P . 2 status P P 8 v no. 340065 ¥
samples
[number of correct results per (for all target gene regions and all test according to category 1 for
total number of reported Ct/Cq value consideration
systems)
results]
[number of correct results per total
number of reported results]
340059
0
fevea-led in the ) positive 1: 1000 ?998'(7) //90 83] — 22.8
interim evaluation
. . 98.8%
340063 positive 1: 10000 [971/983] — 26.0
340064
. -, . 93.2% 98.9 %
.revez?led in the ) positive 1: 100 000 [916/983] [915/925] 29.5
interim evaluation
93.0 %
1 iti 1:1 — 2.
34006 positive 000 000 [914/983] 32.4
340060 ) ) HCoV 0C43 97.8%
revealed in the negative 1: 2500 — n.a
- . e [961/983]
interim evaluation specificity control
340065 negative 11-1'C20¥0%ngE 924 % 98.1% n.a
8 R [908/983] [907/925] :
specificity control
. non-infected MRC—5 cells 98.6 %
340062 negative specificity control [969/983] - n-a.

Table 1: For each of the seven EQA samples from the first EQA scheme in April 2020, the sample numbers (column A), the status for SARS-CoV-2 (positive or negative)
(column B), the dilutions of the SARS-CoV-2-positive and negative samples (column C), the success rates of correct qualitative results (number of correct qualitative
results per reported results) (column D) as well as the "overall Ct/Cq medians" (generated by including the results for all target gene regions and all test systems;
according to category 1 for Ct/Cq value consideration; see Section 3.1.2) (column E) are shown. The "Overall Ct/Cq medians" were considered only for the SARS-CoV-2
RNA-positive samples. The positive samples no. 340059, 340061, 340063 and 340064 represent consecutive dilution steps of a dilution series of the same supernatant
of cells which were infected with SARS-CoV-2 virus. See also Report for EQA scheme April 2020 virus genome detection of SARS-CoV-2 (Zeichhardt and Kammel,

2020a).

Column D-1: For sample no. 340064 (SARS-CoV-2-positive, diluted 1: 100 000), the reduced success rate of only 93.2 % was essentially due to incorrect assignments of
results ("mix-ups") for sample no. 340064 and sample no. 340065 (negative for SARS-CoV-2 and positive for HCoV 229E). The "mix-ups" for samples no. 340064 and
340065 concerned 24 laboratories with a total of 58 results per sample. For sample no. 340065 (SARS-CoV-2-negative, HCoV 229E RNA-positive, diluted 1: 2 500), the
reduced success rate of only 92.4 % was essentially due to incorrect assignments of results ("mix-ups") for samples n0.340065 and 340064 (positive for SARS-CoV-2).
The "mix-ups" for samples no. 340065 and 340064 concerned 24 laboratories with a total of 58 results per sample.

n.a. = not applicable
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testing (Table 1). The specificity controls were either positive for het-
erologous human coronaviruses, such as the beta coronavirus OC43
(sample no. 340060) or the alphacoronavirus 229E (sample no. 340065)
or contained cell lysates from uninfected control cells (sample no.
340062).

This extra EQA program was unique in that most of the participating
laboratories had no prior knowledge of the reliability of the commercial
test systems or LDTs used in terms of sensitivity and specificity imme-
diately after the pandemic outbreak.

During the performance of this EQA scheme, i.e. before the extended
submission deadline for the results on April 28, 2020, INSTAND received
urgent requests from participating laboratories to reveal the character-
istics of at least some of the samples to be tested. The laboratories asked
for help to improve their test procedure on short notice in case of
possible incorrect measurements. In agreement with the Joint Diag-
nostic Committee of DVV and GfV, INSTAND therefore decided to reveal
the sample properties of three of the seven samples during the ongoing
EQA scheme.

Overall, the characteristics were revealed for the following sample
set members (Table 1): two samples positive for SARS-CoV-2, sample no.
340059 (diluted 1: 1 000) and sample no. 340064 (diluted 1: 100 000)
and one of the three control samples (sample no. 340060, negative for
SARS-CoV-2 and positive for HCoV OC43). An interim evaluation report
based on the results of 112 laboratories as of April 14, 2020, had been
published at INSTAND, Diisseldorf (Zeichhardt and Kammel, 2020b).

3.1.1. Qualitative results

The interim evaluation of results yielded very satisfactory results for
the qualitative results for the two SARS-CoV-2-positive samples:
Regardless of the gene region tested, the SARS-CoV-2 genomic detection
tests yielded 100 % correct results in each gene region for both positive
samples.

The qualitative results of the interim evaluation for the specificity
control no. 340060 (positive for HCoV OC43) gave correct negative
results between 90.5 % and 100 % for the individual gene regions tested
(Zeichhardt and Kammel, 2020b). It was not possible to assess whether
the positive results were due to a specificity problem of the applied tests
or to carryover of SARS-CoV-2 from one of the positive samples during
sample handling in the laboratories.

The final report included the results for all seven samples of the
sample set, including the results of the three samples "revealed" in the
interim report (Zeichhardt and Kammel, 2020a). However, only the four
samples that had not yet been uncovered were taken into account when
issuing a certificate of successful participation.

Considering the final qualitative results, the analyses for the four
SARS-CoV-2-positive EQA samples from the 10-fold dilution series
showed correct positive results between 99.7 % for sample no. 340059
(diluted 1: 1000) and 93.0% for sample no. 340061 (diluted
1: 1 000 000), regardless of the gene region investigated (Table 1, col-
umns D and D-1).

It should be noted that for the SARS-CoV-2-positive sample no.
340064 two different success rates of correct positive results (%) are
stated (Table 1). The lower success rate of only 93.2 % (column D) was
due to incorrect assignments of results ("mix-ups") for sample no.
340064 (positive for SARS-CoV-2) and sample no. 340065 (negative for
SARS-CoV-2 and positive for HCoV 229E) (Table 1). The "mix-ups" of
samples no. 340064 and 340065 concerned a group of 24 laboratories
with a total of 58 results per sample.

If the mix-up results were excluded from the results for the SARS-
CoV-2-positive sample no. 340064, the corrected success rate for this
sample was 98.9 % correct positive results (915/925) (column D-1).

This correction also changed the success rate for correct negative
results for sample no. 340065 (Table 1, column D-1).

When differentiating the success rates for the qualitative genome
detection for the four positive samples described above from the 10-fold
dilution series according to the target gene regions tested, some
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differences for the rates of correct positive results were apparent for the
different gene regions targeted by the different test systems (Fig. 1a).
Overall, the success rates for correct positive results were between
85.4 % and 100 % for the specified target gene regions. Even with the
highest diluted sample no. 340061 (robust average 25978 copies/mL;
see Supplementary Table 1), the success rates for the gene regions E, N,
ORF1la and S were over 90 % correct positive results (Fig. 1a).

At the time of the first EQA scheme, most laboratories were already
using commercial test systems. Of the 3 927 results for the four SARS-
CoV-2-positive samples (related to all test systems and gene regions
examined), 14 % (549/3 927 results) were performed using LDTs.

As Fig. 2a shows, these LDTs, which were produced out of necessity
in the laboratories themselves at the beginning of the pandemic, yielded
almost as good success rates for the qualitative results as the commercial
tests when testing the four positive samples from the 10-fold dilution
series (virus RNA loads between 17 071 604 copies/mL and 25 978
copies/mL (robust average values from all reported quantitative results
for each of the samples); see Supplementary Table 1).

As shown in Table 1, the specificity of the qualitative genome tests in
the laboratories was checked both with samples containing non-infected
cell lysates and with samples containing supernatants of cells infected
with human coronaviruses. Taking into account the previously
described observation that a group of 24 laboratories had mixed-up the
results for samples no. 340064 and 364065 (see legend to Table 1), the
genome detection tests for SARS-CoV-2 for the three SARS-CoV-2-
negative samples no. 340060 (HCoV OC43), no. 340065 (HCoV 229E),
and no. 340062 (uninfected MRC-5 cells) gave predominantly correct
negative results (97.8-98.6 % correct qualitative results) regardless of
the gene region tested.

3.1.2. Results in Ct/Cq values

In the following considerations, the reported Ct/Cq values for a
defined sample are considered at three different levels as:

Ct/Cq median - category 1: "Overall Ct/Cq median" - For a specific
sample, an overall Ct/Cq median is generated by including the results for
all target gene regions and all test systems;

Ct/Cq median - category 2: “Target gene-specific Ct/Cq median” - For a
specific target gene region of a specific sample, a Ct/Cq median is
generated from the reported results of all applied test systems;

Ct/Cq median - category 3: "Assay-specific Ct/Cq median" - For a
defined test system, a Ct/Cq median is generated from the reported re-
sults for a specific target gene region of a specific sample.

When considering differences between distinct Ct/Cq values, it is
important to remember that, in theory, a polymerase chain reaction
(assuming 100 % reaction efficiency) shows a 3.32 amplification cycle
difference of the Ct/Cq values for a 10-fold difference in concentration
of the nucleic acid in the starting material. It can be concluded that a
difference of 9.96 amplification cycles in Ct/Cq values for two individ-
ual results of the same test in the same run corresponds to a theoretical
concentration difference of three orders of magnitude or a factor of
1000.

For each of the four SARS-CoV-2-positive samples of the EQA scheme
in April 2020, the "overall Ct/Cq median" is shown in Table 1, column E.
Considering this "overall Ct/Cq median" allowed only generalized con-
clusions, so it should be noted that the respective difference(s) between
the "overall Ct/Cq medians" for the four samples, which were derived
from a 10-fold dilution series, was remarkably close to the theoretically
expected value of 3.32 for a 10-fold difference in concentration (or a
multiple thereof) between the individual samples.

For example, the difference between the "overall Ct/Cq medians" for
sample pair no. 340059 and no. 340063 (10-fold concentration differ-
ence) was 3.2 and for sample pair no. 340059 and no. 340064 (100-fold
concentration difference) was 6.7. For sample pair no. 340059 and no.
340061 (1 000-fold concentration difference), the difference of the
"overall Ct/Cq medians" was 9.6 (9.96 expected).

However, a more detailed examination of the Ct/Cq values for the
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Fig. 1. Differentiation of correct positive results according to target gene regions for the qualitative SARS-CoV-2 detection in the EQA schemes April 2020
and June 2020. The success rates in percent for the results for the specified target gene regions are shown for all SARS-CoV-2-positive samples from the EQA schemes
in April 2020 (Fig. 1a) and June 2020 (Fig. 1b). The non-VOC virus BetaCoV/Munich/ChVir984,/2020 was used for all samples. Sample no. 340064 (April 2020) and
sample no. 340069 (June 2020) contained virus RNA loads in the same order of magnitude. Samples no. 340061 (April 2020) and no. 340073 (June 2020) were also
in the same order of magnitude. In order to better assess the reliability of the rates of correct results (left Y-axis), the total number of reported results is shown in the
diagram on the right Y-axis (see squares in the respective column). Columns in different colors: The rates of correct positive results (%) for each sample are
differentiated according to target gene regions: E gene, N gene, ORFla, ORFlab, RdRP gene, S gene and not specified genes. Squares in the respective column: The
total number of reported results for each sample are differentiated according to the above target gene regions. EQA scheme April 2020 (Fig. 1a) - Blue columns:
sample no. 340059; robust average 17 071 604 copies/mL; diluted 1: 1 000. Orange columns: sample no. 340063; robust average 2 198 982 copies/mL; diluted
1: 10 000. Grey columns: sample no. 340064; robust average 220 046 copies/mL; diluted 1: 100 000. Yellow columns: sample no. 340061; robust average 25 978
copies/mL; diluted 1: 1 000 000. The quantitative values for each of the samples derive from the robust average values calculated from all reported quantitative
results (Zeichhardt and Kammel, 2020a). EQA scheme June 2020 (Fig. 1b) - Grey columns with grid: sample no. 340069; robust average 268 471 copies/mL;
diluted 1: 50 000. Yellow columns with stripes: sample no. 340073; robust average 25 002 copies/mL; diluted 1: 500 000. Green columns: sample no. 340066;
robust average 2 943 copies/mL; 1: 5 000 000 diluted. Purple columns: sample no. 340071; robust average 452 copies/mL; diluted 1: 50 000 000. The quantitative

values for each of the samples derive from the robust average values calculated from all reported quantitative results (Zeichhardt and Kammel, 2020c).

individual SARS-CoV-2-positive samples showed a high degree of vari-
ation. As an example, Fig. 3a shows the Ct/Cq values for sample no.
340061 (SARS-CoV-2 diluted 1: 1 000 000) for each manufacturer and
test name applied for the detection of the N gene region.

A total of 132 results were reported for the measured Ct/Cq values
for the N gene region. The "target gene-specific Ct/Cq median” was 33.3
(Table 2, Fig. 3a).

Strikingly for the N gene region, the “assay-specific Ct/Cq medians”
between the different test systems applied differed by more than 10
cycles (see Table 2, column E and columns C to D). A similar strong
variation of the “assay-specific Ct/Cq medians” between the different test
systems - as observed for the analyses of the N gene of sample no.
340061 - was also noted for the other target gene regions of SARS-CoV-2
(Table 2).

Even within a single group of participants who performed analyses
with a single test system from one manufacturer specific for the N gene
region, there were strong variations for the reported Ct/Cq values of up
to 10 cycles, in the extreme 16 cycles (see red arrow in Fig. 3a).

Similarly, as for the SARS-CoV-2-positive sample no. 340061 in
Table 2, column E, the difference values, i.e. the differences between the
minimum and maximum “assay-specific Ct/Cq medians” for the respec-
tive target gene regions tested, were also very high for the other positive
samples (no. 340059, no. 340063, and no. 340064). Consistent with the
pattern for difference values for sample no. 340061 shown in Table 2,
column E, the other three SARS-CoV-2-positive samples also showed

that the difference values for the “assay-specific Ct/Cq medians” for the N
gene, E gene, S gene, RARP gene, ORF 1ab and not specified target gene
regions ranged from 6.4 to 16.5. For all four positive samples, it was
apparent that the difference values for the “assay-specific Ct/Cq medians”
for the different test systems for ORF 1a only varied between 1.9 and 2.8.
For details see Zeichhardt and Kammel, 2020a.

Further review of the Ct/Cq values reported by a single group of
participants who performed analyses with a single test system from one
manufacturer for the respective gene regions for samples no. 340059,
no. 340063, and no. 340064, revealed that as with sample no. 340061,
large variations in the reported Ct/Cq values of up to 10 cycles or more
occurred already within one defined test system. For details see Zeich-
hardt and Kammel, 2020a.

3.1.3. Quantitative results

At the time of this extra EQA scheme in April 2020, different par-
ticipants reported quantitative values in copies/mL for the four differ-
ently concentrated SARS-CoV-2-positive EQA samples (Zeichhardt and
Kammel, 2020a). Obviously, some laboratories already had the possi-
bility of quantification with their own internal standard preparations.

Table 3 shows the robust average values in copies/mL calculated
from the quantitative values reported by the laboratories for each of the
four SARS-CoV-2-positive samples (independent of the SARS-CoV-2
gene regions addressed by the respective test).

Looking at the quantitative result reports of the 21 laboratories
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Fig. 2. Differentiation of correct positive results according to laboratory developed test systems (LDTs) and commercial test systems for the qualitative
SARS-CoV-2 detection in the EQA schemes April 2020 and June 2020. The success rates in percent for the results differentiated according to LDTs (green
columns) and commercial tests systems (blue columns) are shown for all SARS-CoV-2-positive samples from the EQA schemes in April 2020 (Fig. 2a) and June 2020
(Fig. 2b). The non-VOC virus BetaCoV/Munich/ChVir984,/2020 was used for all samples. In order to better assess the reliability of the rates of correct results (left Y-
axis), the total number of reported results is shown in the diagram on the right Y-axis (see dashes in the respective column). Left Y-axis for the columns in green
and blue: Rates of correct positive results (%) for each sample analyzed. Right Y-axis for the dashes in the respective columns: The total number of reported
results for each sample analyzed. EQA scheme April 2020 (Fig. 2a) - success rates for qualitative genome detection of the SARS-CoV-2-positive sample no. 340059
(robust average 17 071 604 copies/mL, diluted 1: 1 000); sample no. 340063 (robust average 2 198 982 copies/mL, diluted 1: 10 000); sample no. 340064 (robust
average 220 046 copies/mL, diluted 1: 100 000); sample no. 340061 (robust average 25 978 copies/mL, diluted 1: 1 000 000) (Zeichhardt and Kammel, 2020a). EQA
scheme June 2020 (Fig. 2b) - success rates for qualitative genome detection of the SARS-CoV-2-positive sample no. 340069 (robust average 268 471 copies/mL,
diluted 1: 50 000); sample no. 340073 (robust average 25 002 copies/mL, diluted 1: 500 000); sample no. 340066 (robust average 2 943 copies/mL, diluted
1: 5000 000); sample no. 340071 (robust average 452 copies/mL, diluted 1: 50 000 000) (Zeichhardt and Kammel, 2020c).

(Fig. 4a), it was noticeable that - with two exceptions - the laboratories scheme for the genome detection of SARS-CoV-2 was already carried out
were able to satisfactorily determine the concentration gradation for the in June 2020 with nine samples in total (four samples positive for SARS
four SARS-CoV-2-positive samples diluted in 10-fold steps (each of the CoV-2 in different dilutions and five samples negative for SARS CoV-2)
parallel shifted lines represents an individual laboratory with its re- (HZeichhardt and Kammel, 2020c). The June 2020 sample set included
ported quantitative values for the four samples, related to a single gene four SARS-CoV-2-positive samples from a 10-fold dilution series of the
region). However, it was found that the respective quantitative values in same B.1 non-VOC applied in April 2020 and five samples negative for
copies/mL for a given sample varied from laboratory to laboratory, so SARS-CoV-2 (see Supplementary Table 1).

that up to 30 % of the reported quantitative values were outside the In this second EQA scheme, 636 laboratories from 40 countries re-
assessment range (target value interval of +/- 1 log; of the target value) ported their results to INSTAND, compared to 463 laboratories in the
(Fig. 4a, Table 3/column D). first EQA scheme in April 2020. This shows the increased need for

Separate consideration should be given to results obtained by digital quality assurance for molecular SARS-CoV-2 diagnostics.

PCR (dPCR). The dPCR is a calibration-independent genome detection Compared to the April 2020 EQA scheme (Tables 1 and 3), SARS-
method that provides quantitative results for viral nucleic acid load in CoV-2 was provided in June 2020 in higher dilutions to check the per-
copies/mL (Huggett et al., 2015; Whale et al., 2018; Falak et al., 2022, formance of the laboratories with the used assays, also for low concen-

2025; Milavec et al., 2022). Fig. 4a shows that almost all quantitative tration samples. This mainly concerned sample no. 340071 with a

dPCR results (highlighted with green lines) were in agreement. This was dilution of the SARS-CoV-2-positive material of 1: 50 000 000 (“chal-

true for the detections of the N, E and ORF1 gene regions. Only for the lenge sample”, without evaluation for the certificate of participation)

detection of RARP as a target region, was under-quantification observed (see Supplementary Table 2 and Table 5).

(lower green line in Fig. 4a). A special feature of this EQA scheme was that one of the four SARS-
CoV-2-positive samples, sample no. 340066 (diluted 1: 5 000 000), was

) . provided as a “revealed sample” to the participants for orientation
3.2. June 2020 — second EQA scheme with a revealed sample with a (without evaluation for the certificate of participation).

predetermined SARS-CoV-2 RNA load with one sample revealed before For this sample no. 340066, three National Metrology Institutes
EQA scheme (NMI) from the UK, USA and Germany determined the virus RNA load in
copies/mL by dPCR for the N gene region of SARS-CoV-2. The evaluation

In order to provide EQA scheme participants with further assistance o the five analyses resulted in a combined value of 1 570 + 360 copies/
in assessing their testing performance with the test systems used at a mL (Table 4).

short distance from the extra EQA scheme in April 2020, the second EQA
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Fig. 3. Reported Ct/Cq values for the detection of the N gene of SARS-CoV-2 in the EQA schemes April 2020 and June 2020. The Ct/Cq values for sample no.
340061, EQA scheme April 2020 (Fig. 3a), and sample no. 340073, EQA scheme June 2020 (Fig. 3b), are presented for the detection of N gene of SARS-CoV-2. Box
plots with black dots: The box plots with the black dots summarize all Ct/Cq values reported by the EQA participants with their test systems used for the respective
sample for the detection of the N gene. The median indicated in each of the box plots with the black dots represents the corresponding “target gene-specific Ct/Cq
median for N gene” (generated for the specific target gene region from the reported results of all applied test systems; category 2 for Ct/Cq value consideration; see
Section 3.1.2). Box plots with blue dots: The results are differentiated by test manufacturer and test name. Displayed are the reported Ct/Cq values of the individual
test systems for N gene detection (represented by blue dots). In addition, for each manufacturer’s test system, the corresponding “assay-specific Ct/Cq median”
(generated for a defined test system from the reported results for a specific target gene region; category 3 for Ct/Cq value consideration) is given. The box for each
specified test system includes its interquartile range of 50 % of the data points bounded by the 75 % quartile and 25 % quartile. In addition, the median is plotted for
all data points. The whiskers delimit 75 % of the data points. EQA scheme April 2020, sample no. 340061 (Fig. 3a): The “target gene-specific Ct/Cq median for N
gene" (according to category 2; see Section 3.1.2) was 33.3 (robust average calculated of all reported quantitative results for this sample — 25 978 copies/mL;
Supplementary Table 1) (Zeichhardt and Kammel, 2020a). An example of the range of variation in submitted assay-specific Ct/Cq values within a single group of
participants who performed analyses using a single manufacturer’s N-gene-specific test system is shown with a variation of up to 16 Ct/Cq values marked with a red
arrow. It must be taken into account that the extreme results of the submitted Ct/Cq values may be influenced by strongly deviating incorrect analyses and/or
reporting errors. EQA scheme June 2020, sample no. 340073 (Fig. 3b): The “target gene-specific Ct/Cq median for N gene" (according to category 2) was 32.5 (robust
average calculated of all quantitative results for this sample — 25 002 copies/mL; Supplementary Table 1) (Zeichhardt and Kammel, 2020c). Abbreviations for test
manufacturers: 1DR: 1Drop Diagnostics; 3DM: 3DMed Corporation; AB: Abbott; ALF: Alifax; ANA: Analtolia Geneworks; ANIL: Anicon; AP: Applied Biosystems; AST:
Astra Biotech; BGI: BGI Genomics; BIR: Bioron GmhH; BMX: Biomaxima; BN: Becton Dickinson; BR: BioRad; CH: Certest Biotec; CI: Cepheid; CLO: Clonit; ELIL:
Elisabeth Pharmacon; ER: Euro Immun; ET: ELITech; FRI: Friz Biochem; GEM: Genematrix; GEN: Genesig; GES: Genetic Signatures; GP: Geneproof; HA: Hain
Lifescience; IBT: Intron Biotechnology; IDT: Integrated DNA Technologies; IG: Ingenetix; IVE: IDvet Innovative Diagnostics; LAB: Labsystems Diagnostics; LGE:
Labgenomics; LIF: Liferiver; LU: Luminex; MAC: Maccura Biotechnology; MBS: Mole Bioscience; MOB: Mobidiag; NE: Neumodx; NO: Novatec; PE: Perkin Elmer; PEN:
Pentabase; PIM: Priv. Inst. f. Immunol. u. Mol.genetik; PT: Pathofinder; QG: Qiagen; RO: Roche Diagnostics; SAN: Sansure Biotech; SE: Seegene; SG: Sacace Bio-
technologies; SGT: Solgent; SO: Adaltis; TFS: Thermo Fisher Scientific; TM: TIB Molbiol; VIT: Vitaassay; VS: Vela Diagnostics; ZX: Laboratory developed tests/LDT;
Zy: Other manufacturer; ZYB: Zybio.

Table 2
Ct/Cq medians calculated from the reported Ct/Cq values for sample no. 340061 (April 2020) differentiated by target gene regions.

A B C D E F

Maximum value for the
"assay-specific Ct/Cq median"

Minimum value for the
"assay-specific Ct/Cq median"

“Target gene-specific Ct/Cq

median" Difference value

between D and C
. Total number of
Target gene region (for all test systems)

(for the specific gene region) (for the specific gene region)

(for the specific target reported Ct/Cq values
according to category 2 for Ct/  according to category 3 for Ct/ according to category 3 for Ct/ gene region)
Cq value consideration Cq value consideration Cq value consideration
N gene 33.3 27.9 38.2 10.3 132
E gene 32.1 29.4 35.5 6.1 336
S gene 31.5 26.1 36.3 10.2 91
RARP gene 33.5 20.5 36.1 15.6 146
ORF 1la 31.7 31.7 34.5 2.8 40
ORF lab 31.5 29.2 35.2 6.0 38
not specified target o) o 21.6 346 13.0 50

gene regions

Overview for the different Ct/Cq medians for sample no. 340061 (SARS-CoV-2 RNA-positive, diluted 1: 1 000 000) of the EQA scheme of April 2020 differentiated by
the reported results for each target gene region. For this sample the “overall Ct/Cq median” was 32.4 (generated by including the results for all target gene regions and
all test systems; category 1 for Ct/Cq value consideration; see Section 3.1.2) (see Table 1). Shown are the different target gene regions (column A), the “target gene-
specific Ct/Cq medians” (generated for the specific target gene region from the reported results of all applied test systems; category 2 for Ct/Cq value consideration)
(column B), the corresponding minimum and maximum "assay-specific Ct/Cq medians” (generated for a defined test system from the reported results for a specific
target gene region; category 3 for Ct/Cq value consideration) (columns C and D), the difference values between the minimum and maximum "assay-specific Ct/Cq
medians" described in columns C and D (column E) and the number of analyses for each of the target gene regions (column F) (Zeichhardt and Kammel, 2020a).

It must be taken into account that the extreme results of the submitted Ct/Cq values may be influenced by strongly deviating incorrect analyses and/or reporting errors.

Particularly in the early phase of the pandemic, the “revealed sam-
ple” no. 340066 with the dPCR assigned quantitative value of 1 570
copies/mL allowed laboratories to mirror the Ct/Cq values measured
with their tests on a sample with an assigned virus RNA load in copies/
mL. This sample was not considered for certification. Nevertheless, the
participants were asked to report their results for this revealed sample.

3.2.1. Qualitative results
Two of the four SARS-CoV-2-positive samples were considered for
granting certificates. Sample no. 340069 (diluted 1: 50 000) yielded
98.3 % (1460/1486 correct positive qualitative analyses) in the EQA
scheme. Sample no. 340073 (diluted 1: 500 000) showed 96.5 % (1434/
1486) correct positive qualitative analyses (Supplementary Table 2).
For the “revealed sample” no. 340066 with 1 570 copies/mL (not

considered for the certificate) the detection rate was only 90.2 % (1341/
1486) correct results which might be due to the reduced SARS-CoV-2
RNA load.

The sample with the lowest viral load, “challenge sample” no.
340071 (diluted 1: 50 000 000), expectedly achieved only 59.9 % (890/
1486) correct positive qualitative analyses.

Differentiation of the reported qualitative results for all four SARS-
CoV-2-positive samples of the 10-fold dilution series according to the
targeted gene regions gave more insight into the concentration depen-
dence of the results (Fig. 1b). It is noticeable for samples with SARS-CoV-
2 RNA loads of approx. 25 000 copies/mL and lower that test systems
that used RARP as the target gene region showed lower success rates for
correct positive results than the test systems for the other target gene
regions. For the "challenge" sample no. 340071 with a robust average of
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Table 3
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First INSTAND EQA Scheme (340) for Virus Genome Detection of SARS-CoV-2 - April 2020 — quantitative results for the SARS-CoV-2 RNA-positive samples.

A B C

D

Robust average values (target values) for all reported

quantitative results

Dilutions of SARS-CoV-2-

Success rates of results in the target value interval of
+/- 1.0 log; of the target value

Sample no. ositive samples (copies/mL)
P P [number of correct results per total number of reported
[target value interval of +/- 1.0 log;, of the target value results]
for consideration as correct results]
StZSeS:led in the interim 1: 1 000 17 071 604 76.5 %
X : [1 707 160 — 170 716 040] [26/34]
evaluation
2198 982 73.5%
340063 1:10 000 [219 898 — 21 989 820] [25/34]
Stzggzled in the interim  1: 100 000 220 046 70.6 %
. ! [22 005 - 2 200 460] [24/34]
evaluation
25 978 73.5%
340061 1: 1 000 000 [2 598 — 259 780] [25/34]

The table summarizes the quantitative results reported by 21 laboratories for the four SARS-CoV-2 RNA-positive samples of the first INSTAND EQA scheme for virus
genome detection of SARS-CoV-2 in April 2020 (34 quantitative results per sample). Shown are the sample numbers (column A), the dilutions of the SARS-CoV-2 RNA-
positive materials (column B), the robust average values (target values) for all reported quantitative results in copies/mL and the target value interval of +/- 1.0 log1o
of the target value for consideration as correct results (column C) and the success rates of results in the target value interval of +/- 1.0 log;o of the target value
including the number of correct results per total number of reported results (column D) (Zeichhardt and Kammel, 2020a).

452 copies/mL, the rates for correct positive results for the different
target gene regions were only between 34.9 % (RARP target gene region)
and 78.9 % (ORF1a target gene region). While satisfactory success rates
between 90 % and 100 % for all different target gene regions were
achieved for the higher concentrated samples, sample no. 340069
(diluted 1: 50 000, 268 471 copies/mL) and sample no. 340073 (diluted
1: 500 000, 25 002 copies/mL). For comparison, see also Fig. 1a with the
results from the EQA scheme in April 2020.

In this second EQA scheme, of the 5 888 reported results for the four
SARS-CoV-2-positive samples (related to all test systems and gene re-
gions examined), 10,2 % (598/5 888 results) were performed using
LDTs (Fig. 2b). This means that the number of reported results for LDTs
remained almost the same in the first two EQA schemes, while the
number of reported results for the commercial test systems increased
significantly from 3 378-5 290 (Figs. 2a and 2b). Looking at the three
samples in the 10-fold dilution series with SARS-CoV-2 RNA loads be-
tween 268 471 copies/mL and 2 943 copies/mL for the EQA scheme
June 2020, the LDTs showed good success rates of 91.9-98.7 %, as did
the commercial test systems with 90.9-99.2 % for the correct positive
results (Fig. 2b). For the "challenge" sample no. 340071 with the lowest
SARS-CoV-2 RNA load of 452 copies/mL, the success rates were very
low, i.e. 45.6 % correct positive results for LDTs and 62.1 % correct
positive results for the commercial test systems.

In order to get insight into the performance of the laboratories in
regard to the specificity of the applied test systems, the EQA scheme in
June 2020 contained five samples negative for SARS-CoV-2. These
samples consisted of either MERS CoV (inactivated), hCoV 229E, hCoV
NL63, hCoV OC43 or uninfected cells (see Supplementary Table 1). In
addition, the samples could also be used for virus differentiation. The
success rates for all five control samples ranged satisfactorily between
97.1% and 98.1 % of correct negative results for SARS-CoV-2
(Zeichhardt and Kammel, 2020c), as already described for the speci-
ficity controls in the EQA scheme April 2020 (see Table 1).

3.2.2. Results in Ct/Cq values

In the second EQA scheme in June 2020, up to 1 486 qualitative
results with up to 1 306 results in Ct/Cq values were reported for each of
the four SARS-2-positive samples from the 10-fold dilution series for the
individual gene regions (e.g. 326 results in Ct/Cq values for the N gene
region of sample no. 340073; see Fig. 3b).
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As shown in Supplementary Table 2 and Fig. 3b, the second EQA
scheme in June 2020 confirmed the observation of the first EQA scheme
when looking at Ct/Cq values (for comparison, see Table 1 and Fig. 3a):

(i) For the four SARS-CoV-2-positive samples from the 10-fold dilu-
tion series, the "overall Ct/Cq medians" showed that the expected Ct/Cq
differences of the dilution series (theoretically expected value 3.32 for a
10-fold gradation) were well reproduced. The difference in the respec-
tive "overall Ct/Cq medians" for the sample pair no. 340069 and no.
340073 (concentration difference of 1: 10) was 3.3 and for the sample
pair no. 340069 and no. 340066 (concentration difference of 1: 100) was
6.2. For the sample pair no. 340069 and no. 340071 (concentration
difference of 1: 1 000), the difference of the "overall Ct/Cq medians" was
only 8.6 (9.9 expected), which could be due to the high dilution of
sample no. 340071 (1: 50 000 000).

(ii) The wide assay and target gene-specific variation of Ct/Cq values
was confirmed for the SARS-CoV-2-positive samples in this second EQA
scheme (Fig. 3b). Again, the results for SARS-CoV-2 detection in the N
gene serve as an example when looking at the “assay-specific Ct/Cq
medians”. As with the results for sample no. 340061 in the EQA scheme
April 2020 with differences between the “assay-specific Ct/Cq medians”
by ten (up to 16) (see Fig. 3a), these differences were similar (up to 17.0)
for sample no. 340073 in the EQA scheme June 2020 (Fig. 3b). It could
not be decided whether this remaining high difference compared to the
EQA scheme April 2020 could be explained by the respective larger
number of participants and the introduction of new test system applied
in the EQA scheme June 2020.

Fig. 3b shows for the N gene region of sample no. 340073 a "target
gene-specific Ct/Cq median for N gene" of 32.5.

3.2.3. Quantitative results

In total 32 laboratories reported 44 quantitative values determined
by qPCR and dPCR in copies/mL for each of the four positive samples
(Zeichhardt and Kammel, 2020c).

The reported values in copies/mL for each of these samples yielded
robust average values (regardless of the SARS-CoV-2 gene regions
addressed by each assay) with satisfying expected values for 10-fold
gradation (Table 5).

For quantitative consideration, two of the four SARS-CoV-2-positive
samples in June 2020 were of particular interest.

For the revealed sample no. 340066, which had a value of 1 570
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Fig. 4. Quantitative results for the SARS-CoV-2 samples in the EQA schemes. The samples no. 340059, no. 340061, no. 340063 and no. 340064 (Extra EQA
scheme April 2020; Fig. 4a) and the samples no. 340066, no. 340069, no. 340071 and no. 340073 (EQA scheme June 2020; Fig. 4b) derive from two independent ten-
fold dilution series of the same initial SARS-CoV-2 variant BetaCoV/Munich/ChVir984,/2020 (Supplementary Table 1). Each line represents the results for the
respective sample from an individual laboratory. Grey lines and dots represent results from quantitative PCR (qPCR), green lines and dots represent results from
digital PCR (dPCR). The red line marks the robust average values as a "consensus line" from all quantitative results reported by all laboratories. The black lines
indicate the assessment range (target value interval of +/- 1 logyo of the target value). In April 2020, 18 laboratories performed analyses by qPCR and 3 laboratories
analyses by dPCR (Zeichhardt and Kammel, 2020a). In June 2020, 32 laboratories reported quantitative results (Zeichhardt and Kammel, 2020c). Of these, one
laboratory performed studies with both gPCR and dPCR. Furthermore, 22 laboratories performed qPCR alone and 9 laboratories performed dPCR alone.

copies/mL assigned by dPCR, it is noteworthy that the robust average
value of the 32 laboratories having applied different test systems for
quantification was close, namely 2 943 copies/mL. Despite this good
agreement of the robust average value with the assigned dPCR value, it
should be noted that the values for the individual determinations by
qPCR showed a high variation (550 — 100 000 copies/mL) (Fig. 4b). A
total of 36 of 44 reported results were obtained with LDTs (data not
shown).

Sample no. 340071, which contained the highest dilution of SARS-
CoV-2 (diluted 1: 50 000 000) and was declared a "challenge" sample
in the evaluation of qualitative results because of the reduced success
rate (59.9 % correct qualitative results, see Supplementary Table 2),
yielded 452 copies/mL as a robust average value.

For all SARS-CoV-2-positive samples in the EQA scheme June 2020,
as with the EQA scheme April 2020, the quantitative values in copies/
mL for the respective SARS-CoV-2-positive samples varied up to three
orders of magnitude (Fig. 4b).

3.3. Reference materials for self-assessment of the test systems used

For the first two EQA schemes, April 2020 and June 2020, both the
reported results in Ct/Cq values and the quantitative results in copies/
mL showed a high variation of the measured values depending on the
individual laboratory, applied test system and SARS-CoV-2 target gene.
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Especially the results of the second EQA scheme with the revealed
sample no. 340066, which was pre-quantified by dPCR at 1570 copies/
mlL, clearly showed that no consistent Ct/Cq value could be assigned to
this virus RNA load. In order to improve this situation, there was a need
for reference materials against which laboratories could anchor their
individually determined results in order to assess the characteristics of
the tests applied.

In mid-2020, there was no WHO International Standard for SARS-
CoV-2 RNA with a predetermined virus RNA load available, so two in-
dependent reference materials (RM 1 and RM 2) were established in
Germany in collaboration between the Robert Koch-Institut (RKI), the
National Coronavirus Consultant Laboratory at the Institute of Virology
of the Charité — University Medicine Berlin, INSTAND, GBD and mem-
bers of the Joint Diagnostic Commission of DVV and GfV (Vierbaum
et al., 2022).

Standardization of virus RNA load determination or estimation of Ct/
Cq values using reference materials with assigned values in copies/mL
for SARS-CoV-2 RNA was one of the prerequisites to use SARS-CoV-2
RNA load in patient materials as a surrogate for assessing the trans-
mission risk that a patient may pose. This was then associated with
clinical decisions for patients to be discharged from isolation (Vierbaum
et al., 2022). It was recognized from the beginning that pre-analytical
factors during sampling have a great influence on the quality of the
test material (in general nasopharyngeal or nasal swabs) and thus on the
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Table 4
Assignment of a quantitative value in copies/mL for sample no. 340066 by dPCR.

A B C
Consensus value SARS-CoV-2 RNA load determined by dPCR

SARS-CoV-2 RNA load det ined by dPCR tandard taint .
0 oad determined by ( + standard uncertainty) +expanded uncertainty (95 % CI)

NMI and dPCR target gene

regon [copies/mL] [copies/mL]
NMI1 N2 1421 (+175)

NMI2Z  China N 1547 (+ 89)

NMIZ N1 1437 (+92) 1570 (+ 360)
NMIZ N2 1916 ( + 65)

NMI3  China N 1333 (£ 373)

Table 4 summarizes the quantitative results which were independently obtained by the three National Metrology Institutes (NMIs) by application of dPCR for sample
no. 340066 (diluted 1: 5 000 000). Shown are the target gene regions used for the different dPCR assays (column A), the reported SARS-CoV-2 RNA load in copies/mL
(column B) and the consensus value for the SARS-CoV-2 RNA load in copies /mL calculated from the 5 independent dPCR measurements (column C). The dPCR
assigned quantitative value of 1 570 + 360 copies/mL is a consensus value from the analyses of three NMIs: National Metrology Laboratory for Chemical and Biological
Measurements, LGC, Teddington, UK; - Physikalisch-Technische Bundesanstalt, AG 8.32 Cell and Molecular Biological Measurement Methods, Berlin, Germany;
National Institute of Standards and Technology, Applied Genetics Group, Gaithersburg, U.S.A.

The dPCR analyses of the three NMIs were performed on basis of dPCR quantifications with N1/N2 assays (Lu et al., 2020) and China N assay (Chinese Centre for

Disease Control and Prevention, 2020), together with the consensus value estimated using the DerSimonian-Laird approach.

obtained measured values in Ct/Cq values. It was, therefore, recom-
mended that such statements on patient management, based on Ct/Cq
values and anchored to quantified reference material, would only be
appropriate in the case of professionally reliable sampling during
follow-up examinations.

Against this background, the question was raised as to which criteria
should be used to decide at which virus RNA load an approximate
statement about the infectivity of a patient can be made. For this pur-
pose, it was deduced from literature data that the probability of virus
cultivation — as biological marker for infectiousness — is low for diag-
nostic samples with a SARS-CoV-2 RNA load below ~10° to ~107
copies/mL (conservatively estimated at about 20 %), which applies in
particular to diagnostic samples taken after the onset of symptoms.
Under these conditions, virus RNA load has been used as a surrogate for
patient management in terms of transmission risk or as a criterion for
discharging patients from isolation. (von Kleist et al., 2020; Arons et al.,
2020; Perera et al., 2020; van Kampen et al., 2021; Woelfel et al., 2020a,

Table 5

2020b).

The above-mentioned cooperation partners decided that a sample set
with two tubes each of reference material RM 1 (with approx. 107
copies/mL) and reference material RM 2 (with approx. 10° copies/mL)
should be produced and provided free of charge for the German
laboratories.

The virus RNA load of sample no. 340066 (1 570 copies/mL), which
had been quantified by dPCR by the three NMIs described above for the
EQA scheme in June 2020 (see above Section 3.2), was the basis for
setting the reference materials RM 1 and RM 2 at 107 copies/mL and 10°
copies/mL, respectively. RM 1 and RM 2 were prepared by GBD. The
virus RNA loads of RM 1 and RM 2 were quantified by (i) qPCR on
synthetic RNA standards by the National Consultant Laboratory for
Coronaviruses, Berlin, and Robert Koch-Institut and (ii) dPCR by the
above mentioned three National Metrology Institutes.

This set of reference materials was offered to German EQA partici-
pants starting in November 2020 and was intended to serve as an anchor

INSTAND EQA Scheme (340) for Virus Genome Detection of SARS-CoV-2 - June 2020 — quantitative results for the SARS-CoV-2 RNA-positive samples.

A B C

D

Robust average values (target values) for all reported

quantitative results

Dilutions of SARS-CoV—2-

Success rates of results in the target value interval of
+ /- 1.0 logyp of the target value

Sample no. ositive samples (copies/mL)
P P [number of correct results per total number of reported
[target value interval of + /- 1.0 logy of the target value for  results]
consideration as correct results]
268 471 90.9 %
340069 1: 50000 [26 847 — 2 684 710] [40/44]
25 002 97.7 %
340073 1: 500000 [2 500 — 250 020] [43/44]
34:;35:1(3 d 1: 5 000 000 Not evaluated 2 943 Not evaluated 95.5 %
: [294 - 29 430] [42/44]
sample
3“:;1(:{11& o 1: 50 000 000 Not evaluated 452 Not evaluated 81.8 %
g : [45 - 4 520] [36/44]
sample

The table summarizes the 44 quantitative results of 32 laboratories for each of the SARS-CoV-2 RNA-positive samples of the INSTAND EQA scheme for virus genome
detection of SARS-CoV-2 in June 2020. Shown are the sample numbers (column A), the dilutions of the SARS-CoV-2 RNA-positive materials (column B), the robust
average values (target values) for all reported quantitative results in copies/mL and the interval +/- 1.0 log of the target value for consideration as correct results
(column C) and the success rates of results in the target value interval of +/- 1.0 log( of the target value including the number of correct results per total number of
reported results (column D) (Zeichhardt and Kammel, 2020c).
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Fig. 5. Results for quantitative reference materials RM 1 and RM 2 differentiated by target gene region from 234 laboratories. Each line represents the
results of one laboratory for the respective selected test for the respective target gene region (as of January 15, 2021) for E gene (a), N gene (b), ORFlab (c), RARP
gene (d), S gene (e), and other gene regions (f) (Zeichhardt and Kammel, 2021).
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Fig. 6. Histogram of the calculated differences of the submitted Ct/Cq values for RM 2 and RM 1 (as of January 15, 2021). The average Ct/Cq value dif-

ference was 3.16 with a prediction interval of 0.93 (95 % probability) (Zeichhardt

sample mix-ups.

for estimating the Ct/Cq values determined with different test systems
targeting different gene regions. The reference materials were sent to
305 German EQA scheme participants in three shipments (03 and 17
November 2020 and 15 January 2021).

The German laboratories that had received the two reference mate-
rials RM 1 and RM 2 were asked to report their measurement results to
INSTAND analogous to EQA survey results. By January 15, 2021, an
interim analysis of the results of the first two shipments was performed
and communicated to participating laboratories in an INSTAND notice
in order to give the laboratories an early orientation (Zeichhardt and
Kammel, 2021). This interim analysis included Ct/Cq results from a total
of 234 laboratories (754 results per reference material for the test sys-
tems used).

The reported Ct/Cq values are shown in Fig. 5a to f for each target
gene (E gene, N gene, ORFlab, RARP gene, S gene, other gene region)
separately for RM 1 and RM 2. Each line represents the reported Ct/Cq
values of an individual laboratory for RM 1 and RM2. The analyses of
nearly all laboratories reflected well the 10-fold concentration differ-
ence between the two reference materials. However, the parallel shifted
lines of the Ct/Cq value measurements of the individual laboratories
showed a strong variation of the Ct/Cq values of the individual test
systems. For example, the parallel lines for the E gene show Ct/Cq dif-
ferences of up to 18.3 Ct/Cq levels.

As already observed in the first two EQA programs, the reported Ct/
Cq values showed a high variation depending on the results of the per-
forming laboratory and the test system used (Fig. 5). This large variation
in Ct/Cq values did not allow differentiation in the reported results by
the target gene regions.

In some cases, the results of individual laboratories for the sample
pair did not follow the expected line progression, which was either due
to sample interchanges and/or mis-entries in the protocol or due to
incorrect measurements.

For each participating laboratory, the difference between the sub-
mitted Ct/Cq values for RM 1 and RM 2 was calculated and shown ac-
cording to their frequency in Fig. 6. For the calculation, all 750 out of
754 results (each for RM 1 and RM 2) were included regardless of the
test system used and the individual target gene regions.

The average value of the calculated Ct/Cq difference values ("Ct/Cq
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and Kammel, 2021). Not shown are Ct/Cq differences from 5 analyses with
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Fig. 7. Rates of correct positive results differentiated by SARS-CoV-2
variants, virus RNA loads and time-dependent use in the EQA schemes.
The data refer to the 13 EQA schemes from April 2020 to June 2023. The
different virus variants are color coded. For a given sample the diagram
shows the rate of correct positive results in percent according to the respective
qualitative target value (see Materials and Methods, Data evaluation). For each
sample the rate of correct positive results is plotted against the corresponding
quantitative target value for the SARS-CoV-2 RNA load derived from the
consensus value from all quantitative results (based on the robust average in
copies/mL). Numbered data points: 1 = sample no. 340071/June 2020/diluted
1: 50000 000; 2 =sample no. 340066/June 2020/diluted 1: 5 000 000;
3 = sample no. 409-230613-04/June 2023/ diluted 1: 2 500 000; 4 = sample
no. 409033/September 2022/ diluted 1: 2 000 000; 5 = sample no. 340061/
April 2020/ diluted 1: 1 000 000.

value RM 2 minus Ct/Cq value RM 1") was 3.16, which is very close to
the theoretically expected Ct/Cq difference value of 3.32. This reflected
well the 10-fold dilution between the different concentrations of RM 1
and RM 2.

A detailed analysis of the results reported for the reference materials
RM 1 and RM 2 has been published by Vierbaum et al., 2022.
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Fig. 8. Rates of correct quantitative results differentiated by SARS-CoV-2 variants, virus RNA loads and time-dependent use in the EQA schemes. The data
refer to the 13 EQA schemes from April 2020 to June 2023 differentiated according to the SARS-CoV-2 RNA loads (copies/mL) (Fig. 8a) and date of EQA scheme
(Fig. 8b). The different virus variants are color coded. The diagrams show the rates of correct quantitative results in percent for each sample according to the
respective quantitative target intervals (see Materials and Methods, Data evaluation). Fig. 8a: For each sample the rate of correct quantitative results (within a target
value interval of +/- 1.0 log;o of the target value) is plotted against the corresponding quantitative target value for the SARS-CoV-2 RNA load derived from the
consensus value from all quantitative results (based on the robust average in copies/mL). Fig. 8b: The individual data points shown in Fig. 8a are assigned to the
respective EQA term. In detail, for each sample the rate of correct quantitative results (within a target value interval of +/- 1.0 log;o of the target value) is plotted
against the time-dependent use in the different EQA schemes. The black arrow represents the start of shipments of the two reference materials (RM) containing
SARS-CoV-2 at two different RNA loads (RM 1 at approximately 107 copies/mL) and RM 2 at approximately 10° copies/mL). Samples were shipped on November 03
and 17, 2020, and January 15, 2021 (see Section 3.3). The red arrows mark two identical EQA samples, each containing the same non-VOC virus (BetaCoV/Baden-
Wiirttemberg/1/ChVir1577/2020 isolateBER; diluted 1: 50 000) from the same preparation with the same virus RNA load but with different coding, and used on two
different EQA dates [sample no. 340079 in November 2020 (204 795 copies/mL robust average) and sample no. 409-230314-02 in March 2023 (351 642 copies/mL
robust average)]. The yellow arrows mark two identical EQA samples, each containing the same VOC Beta B.1.351 (BetaCoV/South Africa/ChVir22131/2020;
diluted 1: 350 000) from the same preparation with the same virus RNA load but with different coding, and used on two different EQA dates [sample no. 409030 in
June 2022 (92 064 copies/mL robust average) and sample no. 409-230314-01 in March 2023 (117 581 copies/mL robust average)].
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3.4. Longitudinal view of EQA scheme results in the period April 2020 to
June 2023 including results with variants adapted to the epidemiological
situation

The number of EQA scheme participants showed a wide range for the
period of April 2020 to June 2023. At the beginning of the pandemic in
April 2020, 463 laboratories reported results. In June 2020, the number
of laboratories having submitted results reached a peak of 636 labora-
tories. From November 2020 to June 2023, reporting laboratories
declined from 571 (November 2020) to 260 (June 2023).

A total of 13 EQA schemes for genome detection of SARS-CoV-2 with
52 SARS-CoV-2-positive samples were performed between April 2020
and June 2023 (see Supplementary Table 1). For the first three EQA
dates (April, June and November 2020), three initial isolates from
Bavaria, Berlin and Baden-Wuerttemberg were used in different con-
centrations. From March 2021, current variants of concern (VOC) were
included to reflect the current epidemiological situation. A total of eight
newly emerged variants of concern (VOC) were analyzed until the EQA
scheme in June 2023.

A total of 21 SARS-CoV-2-negative samples were tested. Of these,
nine samples contained MERS CoV or the human coronaviruses CoV
229E or CoV NL63 or CoV OC43. A total of 12 samples contained lysates
of non-infected control cells, MRC-5 cells.

3.4.1. Qualitative results

For 46 of the 52 SARS-CoV-2-positive EQA samples, the success rates
for qualitative detection of SARS-CoV-2 ranged from 95.8 % to 99.7 %
correct positive results (Fig. 7). Five samples containing highly diluted
SARS-CoV-2 (dilutions between 1: 1 000000 and 1: 50 000 000)
showed reduced success rates between 59.9 % and 94.8 % correct pos-
itive results. Sample no. 340071 with 59.9 % success rate was already
described above as a "challenge" sample in the June 2020 EQA scheme
(robust average 452 copies/mL). The other four high dilution samples
had robust averages only between 2 943 and 25 978 copies/mL, which
may have accounted for the reduced success rates.

The result of one sample in the EQA scheme November 2020 (sample
no. 340081) will be considered separately. This sample with only 82.9 %
correct results was used as another "challenge" sample because it
comprised synthetic SARS-CoV-2 RNA fragments that did not contain all
diagnostically relevant gene targets.

For all 21 SARS-CoV-2-negative EQA samples, success rates for
qualitative detection ranged from 95.1 % to 99.4 % correct negative
results. For three of these SARS-CoV-2-negative samples, success rates
were between 95.1 % and 95.3 % correct negative results. It is unclear
whether the incorrect negative results were due to (i) laboratory
handling errors such as sample mix-up, protocol entry errors, incorrect
measurements or carry-over of SARS-CoV-2 from samples with higher
SARS-CoV-2 RNA loads or (ii) the test systems used not recognizing
certain virus variants.

Fig. 7 provides information on the rates of correct positive results
with respect to the different virus variants used, differentiated by SARS-
CoV-2 RNA load. For a given sample the virus RNA load in copies/mL
refers to the individual target value derived from the consensus value
from all quantitative results (based on the robust average). Each data
point represents between 532 and 1486 results considering all target
gene regions.

With regard to the rate of correct positive results, it was found that
for SARS-CoV-2 RNA loads higher than 100 000 copies/mL, the
respective correct positive rates ranged from 95.8 % to 99.7 % irre-
spective of the virus variant tested. For SARS-CoV-2 RNA loads in the
range between 10 000 and 100 000 copies/mL (robust averages), there
was a decrease in the corresponding rates of correct positive results, with
the majority of rates still above 95 %. Again, this was shown to be very
similar for all virus variants examined. Three EQA samples showed rates
of correct positive results between 92 % and 95 % (Fig. 7, data points
labelled with numbers 3, 4 and 5). For the two samples with lower SARS-
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CoV-2 RNA loads, less than 10 000 copies/mL, the rates of correct
positive results decreased notably. As already described above for the
EQA scheme June 2020, the sample with a rate of 90.2 % correct posi-
tive results and a robust average of 2 943 copies/mL was the revealed
sample no. 340066 (data point number 2), which had been assigned a
SARS-CoV-2 RNA load of 1570 copies/mL by dPCR (Section 3.2,
Table 4). The sample with a correct positive rate of only 59.9 % and a
SARS-CoV-2 RNA load of 452 copies/mL (robust average) was used in
the EQA scheme June 2020 as a highly diluted "challenge" sample
(sample no. 340071, diluted 1: 50 000 000; data point number 1) as
described above (Section 3.2.1).

3.4.2. Results in Ct/Cq values

For the longitudinal analysis of the results in Ct/Cq values, sample
no. 409-230613-01 from the June 2023 EQA scheme is selected as a
representative sample (Zeichhardt and Kammel, 2023a). This sample
no. 409-230613-01 contained the VOC Omicron XBB 1.5 (B.1.1.529)
and was diluted by 1: 250 000 resulting in a robust average value of
80 360 copies/mL. For this sample the "overall Ct/Cq median" was 29.9
based on 404 analyses (data not shown).

The Ct/Cq values from the N gene analyses are considered in Sup-
plementary Figure 1. A total of 107 results were reported for the
measured Ct/Cq values for the N gene region. The "target gene-specific Ct/
Cq median for N gene” was 29.9 (see Supplementary Table 3, Supple-
mentary Figure 1). As already done for sample no. 340061 of the EQA
scheme April 2020 (Table 2, Fig. 3a), for sample no. 409-230613-01 the
differentiation of the “assay-specific Ct/Cq median” for N gene analyses
yielded a variation of up to 13 Ct/Cq values between the different test
systems (see Supplementary Table 3, column E and Supplementary
Figure 1).

For the other target gene regions, as observed in the analyses of the N
gene, the differences between the minimum and maximum “assay-spe-
cific Ct/Cq medians” were also variable, ranging from 3.8 to 24.1 cycles
(see Supplementary Table 3, column E). It must be taken into account
that the extreme results of the submitted Ct/Cq values may be influenced
by strongly deviating incorrect analyses and/or reporting errors.

Again, even within a single group of participants who performed
analyses with a test system from one manufacturer specific for the N
gene region, there was a variation in reported Ct/Cq values of up to 6.0
cycles (see Supplementary Figure 1).

3.4.3. Quantitative results

Fig. 8 shows a longitudinal analysis of the quantitative results in
copies/mL reported in EQA schemes from April 2020 to June 2023 for
each of the 51 samples positive for SARS-CoV-2 RNA with the respective
SARS-CoV-2 variants (see Supplementary Table 1). The virus variants
shown in Fig. 8 have the same color coding as in Fig. 7.

In detail, Fig. 8a presents the success rates, i.e. the rates of correct
quantitative results reported (in percent). Shown are the rates of correct
quantitative results for each data point based on the individually re-
ported results in copies/mL (within a target range of +/- 1.0 logy) in the
corresponding EQA sample and expressed as a percentage (Y axis). The
target values on basis of robust average values in copies/mL (with a
target value interval of +/- 1.0 logyo of the target value) obtained for
each EQA sample are depicted (X axis). Even though the individual data
points are based on only 25 to 44 reports of quantitative results each
considering all target gene regions, it is noticeable that those points
representing the various VOCs were in the majority of cases at an
acceptable rate of correct positive results higher than 93 %. In contrast,
the data points for the non-VOC virus (data points coded in red) repre-
sented predominantly lower rates of correct positive results (71 %-
93 %). This also occurred at SARS-CoV-2 RNA loads higher than
1 000 000 copies/mL (robust average).

The success rates of correct quantitative results shown for the indi-
vidual samples in Fig. 8a are assigned to the individual EQA schemes
between April 2020 and June 2023 in ascending chronological order in
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Fig. 8b, whereby the color coding for the virus variants is retained. It was
found that a considerable number of the data points with reduced rates
of correct quantitative results (71 %-93 %) were for the EQA samples
with non-VOC viruses (highlighted in red) tested in the first three EQA
schemes in April, June, and November 2020.

As mentioned above, the reduced rates of correct quantitative results
were not related to particularly low SARS-CoV-2 RNA loads when
considering the 12 samples with the non-VOC viruses during this period.
Three samples are representative of this observation (see also Supple-
mentary Table 1): (i) EQA term April 2020: Sample no. 340059 with a
rate of 70.5 % correct quantitative results and a high virus RNA load of
17 071 604 copies/mL (robust average); (ii) EQA term June 2020:
Sample no. 340066 with a rate of 95.5 % correct quantitative results and
a low virus RNA load of 2 943 copies/mL (robust average); (iii) EQA
term November 2020: Sample no. 340079 with a rate of 80.5 % correct
quantitative results and an intermediate virus RNA load of 204 795
copies/mL (robust average).

From the EQA term in March 2021 to June 2023 term, the 39 sub-
sequently analyzed SARS-CoV-2 positive samples showed significantly
improved rates of correct positive results (Fig. 8b). 25 of the 39 samples
had rates of correct positive results between > 95 %-100 %. It should be
emphasized that these mostly satisfactory results also and primarily
concerned the samples tested with different VOCs/lineages, which were
regularly updated in the EQA schemes from the March 2021 onwards
depending on the epidemiological situation.

Considering the time-dependent observation, sample pairs contain-
ing the same virus variant from the same preparation with the same
virus RNA load but with different coding at different EQA terms allowed
to demonstrate quality improvements in quantitative virus RNA load
determination over time.

One example in Fig. 8b (two red arrows) is the pair of samples with
the same non-VOC variant (BetaCoV/Baden-Wiirttemberg/1/
ChVirl577/2020 isolate BER; diluted 1: 50 000), where the rate of
correct quantitative results improved from 80.5 % [sample no. 340079
in November 2020 (204 795 copies/mL robust average)] to 100 %
[sample no. 409-230314-02 in March 2023 (351 642 copies/mL robust
average)].

A second example in Fig. 8b (two yellow arrows) for improvement in
the rate of correct quantitative results was observed for a pair of samples
containing the Beta VOC B.1.351 (diluted 1: 350 000). While sample no.
409030 in June 2022 (92 064 copies/mL robust average) showed a rate
of correct quantitative results of 93.5%, the twin sample no.
409-230314-01 in March 2023 (117 581 copies/mL robust average)
revealed a rate of 100 %.

In the context of the longitudinal considerations, it is important to
discuss to what extent an improvement in diagnostic results might be
related to the introduction of the reference materials for SARS-CoV-2 in
November 2020 (see Section 3.3), an WHO International Standard or
other standards.

4. Discussion

This report summarizes the results of 13 EQA schemes for SARS-CoV-
2 genome detection in the period from April 2020 to June 2023 and
provides an overview of the proficiency of the participating laboratories,
suitability of test materials and the performance of PCR/NAT based test
systems used over the entire course of the COVID-19 pandemic. The
procedure for establishing and conducting these new molecular EQA
schemes was based on the experience gained from the INSTAND viro-
logical EQA schemes since 1988. SARS-CoV-2 posed enormous chal-
lenges for the newly established diagnostics. At the beginning of the
pandemic, a rapidly increasing number of analyses for the genome
detection of SARS-CoV-2 had to be carried out, with an initially limited
number of commercial test systems and LDTs. The performance and
reliability of these diagnostics was initially poorly understood.

At the beginning of the pandemic, it was necessary to enhance the
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external quality control to provide adequate assistance to the labo-
ratories, so that they would be able to test the performance and reli-
ability of their newly established test systems. In close coordination with
the cooperation partners and experts in the here described national and
international scientific network, the following focal points were
considered for the successful introduction and permanent performance
of enhanced EQA schemes for the genome detection of SARS-CoV-2.

Immediate provision of suitable virus right at the beginning of
the pandemic outbreak: Due to the exceptionally fast provision of
inactivated SARS-CoV-2 by the National Consultant Laboratory for
Coronaviruses at Charité - University Medicine Berlin, it was possible to
conduct a first international EQA scheme for the genome detection of
SARS-CoV-2 on the basis of a pre-existing EQA program for the differ-
entiation of coronaviruses in April 2020.

Short frequency of EQA schemes: A short time interval between
the EQA schemes - every three months at the beginning of the pandemic
— was essential so that the laboratories could monitor their test systems
at the most up-to-date level. This approach, together with increasing the
number of EQA samples (up to nine samples in June 2020), also ensured
that the currently circulating virus variants could be represented in the
EQA schemes and revealed whether newly emerging virus variants were
sufficiently well recognized by the test systems. It should be emphasized
that the frequent EQA schemes with their reports served to provide up-
to-date post-marketing surveillance at all pandemic stages, not only for
laboratories and manufacturers, but also for the public health service
and the scientific community.

Concentration dependency of the testing for sensitivity check:
Based on the experience from earlier EQA schemes, samples with viruses
from 10-fold dilution series were recurrently used to check the sensi-
tivity and linearity of the test systems and critical concentration range
for detection when performing the various test systems for virus genome
detection (see Supplementary Table 1).

Specificity check of the testing: From the outset, the EQA schemes
included samples containing other coronaviruses, such as MERS or
various human coronaviruses, in addition to non-infected cells as
negative samples, to be able to check the specificity of the test procedure
and the test systems (see Supplementary Table 1).

Revealed samples for orientation on test performance: The
properties of EQA scheme samples were revealed during an ongoing or at
the start of an EQA scheme so that laboratories could anchor their results
to the predetermined properties at an early stage. In the first EQA
scheme in April 2020, a total of three out of seven of the EQA samples
were already revealed two weeks before the submission deadline for the
results (see Table 1 and Section 3.1). The second EQA scheme in June
2020 contained one sample that was revealed and had a dPCR assigned
quantitative value from the very beginning (see Section 3.2).

Reference materials for independent verification: Reference
samples with assigned SARS-CoV-2 RNA loads were made available
outside of the EQA scheme starting November 2020 to provide labora-
tories with quantitative guidance in interpreting results that were
necessary for clinical decisions during the height of the pandemic (see
Section 3.3; Vierbaum et al., 2022).

Note: The steps described to enhance the EQA schemes are marked in
bold in the following discussion.

4.1. Reliability of qualitative results

When looking at the results of the first EQA program for qualitative
genome detection of SARS-CoV-2, which was enhanced by immediate
provision of suitable virus provided by the NRZ at the beginning of
the pandemic outbreak in April 2020, it was shown that the success
rates for both the SARS-CoV-2-positive samples from a 10-fold dilution
series (for concentration dependency and sensitivity check) and the
SARS-CoV-2-negative samples (for specificity check) were already
satisfactory and ranged between 93.0 % and 99.7 % correct results
(Table 1). Compared to other respiratory viruses, the respective first



M. Kammel et al.

INSTAND EQA schemes for virus genome detection showed corre-
spondingly satisfactory success rates: for human coronaviruses including
the MERS coronavirus between 96.9 % and 100 % (Zeichhardt and
Donoso Mantke, 2015), for influenza A and B viruses rates between
90.9 % and 100 % (Zeichhardt and Habermehl, 2000) and for respira-
tory syncytial virus (RSV) rates between 97.8 % and 100 % (Zeichhardt
and Donoso Mantke, 2014).

A comparison of the satisfying success rates for the qualitative
genome detection of SARS-CoV-2 of the INSTAND EQA scheme of April
2020 with the success rates in EQA schemes from other EQA scheme
providers showed similar results. In an international EQA study in April/
May 2020, five SARS-CoV-2-positive and three SARS-CoV-2-negative
samples in different concentrations were determined by 365 labora-
tories with success rates of 86.0 %-99.2 % correct qualitative results
(Matheeussen et al., 2020). In the first EQA scheme in Austria in May
2020, 52 laboratories tested sample sets with three SARS-CoV-2-positive
samples in different concentrations and one negative sample each
(Gorzer et al., 2020). In this study the success rate for the correct posi-
tive results was summarized for all three positive samples. Overall, 60 %
of laboratories were able to correctly identify all three
SARS-CoV-2-positive samples, while 100 % of laboratories correctly
identified the negative sample. An overview of the EQA programs
described by various authors for the genome detection of SARS-CoV-2
can be found in Buchta et al., 2023a. In the course of the pandemic, it
has become increasingly clear that EQA is a good tool for monitoring the
performance of testing (Buchta et al., 2022, 2023b; Mercer et al., 2022).

The results were appreciated by medical colleagues, but also
attracted interest from groups far beyond the scientific community.
People unfamiliar with the subject publicly expressed the suspicion that
the 1.4 % false-positive results reported for sample 340062 in Table 1
generally reflect poor specificity of the test systems used and that
genome detection for SARS-CoV-2 is unreliable. It should be clarified
that the results evaluated as “false” for this sample in the sense of an
overall medical evaluation of the results are not generally to be evalu-
ated as “false-positive” and in no way allow a statement to be made
about the specificity and sensitivity of the tests used in the examination
of SARS-CoV-2-negative samples. A detailed examination of the results
for this sample showed that clearly false-positive results were in fact
only reported by 2 of the 284 German laboratories (Spannagl et al.,
2020). The remaining falsely evaluated results were due to borderline
results or incomplete data reporting.

Against this background that the misinterpretation of the EQA test
results by persons outside the field led to incorrect general conclusions
about the performance of the laboratories with the test systems used, the
Robert Koch-Institut, as the German public health authority, showed
great interest in an interpretation of the test specificity and sensitivity
data obtained in the EQA scheme in order to be able to assess the testing
capability of the laboratories in Germany. For details see Robert
Koch-Institut, 2020b.

An ad hoc group of the Joint Diagnostic Commission of DVV and GfV
in collaboration with the Consultant Laboratory for Coronaviruses, the
Robert Koch-Institut and INSTAND drafted a general statement on the
significance of EQA test results (Spannagl et al., 2020).

Based on the knowledge gained from the first EQA scheme in April
2020, it was essential to perform the subsequent EQA schemes in short
frequency, so that the next EQA scheme was already run in June 2020.
In the second INSTAND EQA scheme, SARS-CoV-2 RNA-positive samples
of a 10-fold dilution series were again used for enhancing the EQA
scheme in order to check the concentration dependencies and sen-
sitivities of the applied test systems, however, this time with higher
virus dilutions than in the first EQA scheme (see Supplementary Table 2
and Table 1). Highly diluted samples containing non-VOC virus (see
Supplementary Table 1) were used to find out at which SARS-CoV-2
RNA load the genome detection lead to difficulties in the laboratories
performing the tests. At the two highest virus dilutions of 1: 5 000 000
(sample no. 340066; 2 943 copies/mL) and 1: 50 000 000 (no. 340071,
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452 copies/mL) reduced success rates of 90.2 % and 59.9 %, respec-
tively, of correct positive results occurred (Supplementary Table 2). For
the lowest concentration sample, no. 340071, a differentiated analysis of
the results by manufacturers and test names showed that the reduced
numbers of correct positive results were not primarily attributable to
distinct test systems. Rather, it was found that individual laboratories
using different test systems had increasing difficulties with qualitative
virus detection as the virus RNA load decreased (Zeichhardt and
Kammel, 2020c). This demonstrates that the limits of detection of the
test systems used were essentially within the range of 100 to 1 000
copies/mL as later required by the WHO (World Health Organization,
2021).

The majority of the applied SARS-CoV-2 virus genome detection tests
were multi-target RT-qPCRs, in which the amplicons are generated in
many cases in a one-step RT-dPCR reaction. Among the first published
SARS-CoV-2 multiplex RT-PCR assays were tests using primer/probe
sequences in gene regions such as the E gene and/or N gene for pan-
sarbeco screening and other gene regions such as RARP genes for
SARS-CoV-2 confirmation (Corman et al., 2020a, 2020b; Centers for
Disease Control and Prevention, 2020; FIND, 2020). In addition, se-
quences in the S gene, ORFla and ORFlab were used as target gene
regions. In the EQA schemes of April and June 2020, results for the E
gene region were reported most frequently, followed by RdRP gene, N
gene and, from June 2020, also ORF1ab gene region (Fig. 1a and b). The
number of participants reporting results for the S gene and ORFla was
lower. The rates of reported correct positive results were satisfactory for
all target gene regions. Only highly diluted samples with SARS-CoV-2
RNA loads of 2943 copies/mL or most clearly at 452 copies/mL
showed lower success rates in some cases, indicating that the detection
limit was reached at SARS-CoV-2 RNA load of 452 copies/mL for some of
the test systems or test runs (Fig. 1b).

When the rates for correct positive results were differentiated ac-
cording to LDTs and commercial tests, the LDTs show equally good or
even slightly better success rates than the commercial test systems
(Fig. 2a and b). It was remarkable that in the first EQA scheme in April
2020, 14 % of the reported results came from LDTs and 86 % from
commercial test systems (see Section 3.1.1). In contrast, in June 2023
the proportion of results based on LDT analyses was strongly reduced. Of
the 2 128 results for the four SARS-CoV-2-positive samples (related to all
test systems and gene regions examined), only 2.1 % (44/2 128 results)
were performed using LDTs.

This reflected the importance of LDTs for the development of
detection systems as quickly as possible at the beginning of an epidemic
or pandemic to detect a newly emerging pathogen. Later in the
pandemic, laboratories certainly increasingly replaced LDTs by com-
mercial test systems, as the efforts required for continued performance
monitoring of LDTs were obviously significantly higher for a laboratory
than for the verification of a commercial test system.

Looking in the longitudinal view at the concentration dependency of
testing, the success rates for correct positive results for all 52 SARS-CoV-
2-positive samples plotted against the respective SARS-CoV-2 RNA load
(robust average values in copies/mL) (see Fig. 7, see also Section 3.4.1),
showed a concentration dependency with decreasing success rates for
correct positive results at SARS-CoV-2 RNA loads below 100 000 copies/
mL. The qualitative SARS-CoV-2 genome detection was already suffi-
cient (90 % correct positive results) or better at the beginning of the
pandemic, provided that the virus RNA loads were not below 10 000
copies/mL. In contrast, virus RNA loads above 100 000 copies/mL
consistently showed success rates of over 95 %. It should be emphasized
that this applies to non-VOC viruses as well as to the various VOCs tested
(Fig. 7).

4.2. Assessment of the strongly varying Ct/Cq values

When looking at the Ct/Cq values reported together with the quali-
tative results, an extremely heterogeneous and complex picture emerged
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across all EQA scheme terms. Very large variations in Ct/Cq values of 10
cycle thresholds and more were observed across all levels of analysis.
This was evident for the results for (i) the respective "target gene-specific
Ct/Cq medians as shown in Table 2 and Supplementary Table 3, (ii) the
"assay-specific Ct/Cq medians” as shown in Fig. 3a and b and Supple-
mentary Figure 1 for the N gene region and (iii) the individual Ct/Cq
values reported by a single group of participants who performed ana-
lyses with a single test system from one manufacturer again shown as an
example for the N gene region (marked in Fig. 3a with a red arrow).

This wide variation in Ct/Cq values was actually not really surpris-
ing, as each and every PCR system is known to depend on a large number
of different parameters, such as extraction procedure, selection of target
gene sequences, one-step or two-step reactions, temperature profiles,
number and length of cycles, primers and probes, etc. This is also evident
in other recent INSTAND EQA schemes for qualitative genome detection
of viruses such as hepatitis A virus, measles virus, rubella virus or West
Nile virus (Zeichhardt and Kammel, 2023b, 2023c, 2023d, 2023e),
where the reported Ct/Cq values for the respective virus detection also
showed a wide range of variation depending on the test systems used
and the selected target gene regions in the different laboratories.
Additionally, a strong variation in Ct/Cq values in the genome detection
of SARS-CoV-2 has been described elsewhere (Gorzer et al., 2020,
Buchta et al., 2021b; Evans et al., 2022).

In the context of Ct/Cq value variation, the element of enhancing the
EQA schemes was checking the concentration dependency of testing
by applying EQA samples from defined 10-fold dilution series of the
same source virus was of great importance both for understanding the
variation of the Ct/Cq median values in the 3 different categories (see
Section 3.1.2) and for assessing the reliability of the diagnostics at the
level of the individual laboratory.

Looking at first at the "overall Ct/Cq medians" as median values of the
results of all participants, the 10-fold dilution levels were well reflected
in both EQA schemes of April 2020 (Table 1) and June 2020 (see Sup-
plementary Table 2). For sample pairs with a 10-fold difference in
concentration between each other, a Ct/Cq difference value of 3.32
could theoretically be expected. Satisfactorily, nearly all of the Ct/Cq
differences value for the respective dilution series in the two EQA
schemes April and June 2020 were between 2.9 and 3.5. In the EQA
scheme June 2020, the most highly diluted sample no. 340071 (1:
50 000 000; 452 copies/mL), however, revealed a difference to the 10-
fold higher concentrated sample no. 340066 (1: 5000 000; 2943
copies/mL) of only 2.4 (see Supplementary Table 2). This was not un-
expected, as some test systems were probably already at the edge or
outside their linear measurement range at the low concentration of
sample no. 340071.

A special feature for the laboratories participating in these EQA
schemes was that they were able to check their own Ct/Cq values for the
samples from the described 10-fold dilution series to verify the
concentration-dependent linearity of their own test system in compari-
son to the results of the other EQA scheme participants with the
respective tests applied. If a linearity reflecting the 10-fold dilution was
not given, the implementation of the test system with the individual
parameters should be urgently checked.

An important tool for providing laboratories with orientation on
their test performance early in the pandemic was revealing the
properties of individual samples during an ongoing or at the start of
an EQA scheme. This was particularly important at the beginning of the
pandemic, when laboratories were still very uncertain about the per-
formance of their tests. For this reason, the characteristics of two SARS-
COV-2 RNA-positive samples from a 10-fold dilution series were already
revealed during the ongoing EQA scheme in April 2020. The interim
evaluation as of 14 April 2020 showed a very strong variation of Ct/Cq
values for the two SARS-CoV-2-positive samples 340059 and 340064 up
to 24 for the analyzed target genes (for details see Zeichhardt and
Kammel, 2020b).

In order to gain insights into the SARS-CoV-2 content of samples, one

19

International Journal of Medical Microbiology 319 (2025) 151656

of the samples in the June 2020 EQA scheme was revealed with regard to
its qualitative and quantitative properties at the start of the EQA scheme.
This was a great advantage before reference materials of different virus
RNA loads (see Sections 3.2 and 3.3; Vierbaum et al. 2022), a WHO
International Standard or reference materials certified to DIN EN ISO
15194:2009 or other standard materials were available.

One example for revealing a sample for orientation on test perfor-
mance at the start of an EQA scheme was the prequantified sample no.
340066, which was assigned a value of 1 570 copies/mL by dPCR
(consensus value of five dPCR analyses from three independent NMIs).
This sample was provided to the laboratories to enable them for the first
time in the pandemic to orient their measured Ct/Cq values with a given
virus RNA load during the ongoing EQA scheme (see Section 3.2,
Table 4).

Right at the beginning of the pandemic, as the number of severe cases
and fatalities drastically increased, there was an urgent need from the
medical community for a way to make a medical statement about the
infectivity of diagnostic samples obtained and the contagiousness of
patients, despite the widely varying Ct/Cq values from the diagnostic
results. Compared to systemic infections with HIV or hepatitis B and C
viruses, where serum or plasma is obtained by phlebotomy, it had been
recognized in SARS-CoV-2 infections that the pre-analytical influences
on the diagnostic results could be very strong when nasopharyngeal
swabs are taken as stated in Vierbaum et al. (2022). It is known that the
diagnostic results of respiratory infections are highly dependent on the
quality of the swab obtained (e.g. depending on the personnel, the
collection method and the type of swab) (Lippi et al., 2020; see also
ISO/TS, 5798:2022).

Given all this, it was desired to have a surrogate for assessing the risk
of virus transmission from one patient to another based on determining
Ct/Cq levels in a nasopharyngeal swab by a quantitative estimate of
SARS-CoV-2 RNA load. The question of patient management, when a
patient could be discharged from isolation, was of eminent importance
as the many clinics were completely overloaded during the pandemic.
To reduce the aforementioned pre-analytical influences on the diag-
nostic result, it was suggested to perform such determinations only with
swabs from consecutive samplings by the same sender with knowledge
of the time-dependent patient history to be able to make statements
about the changes in virus RNA load.

To fulfill the requirements described above, the reference materials
RM 1 and RM 2 were developed and established for independent
verification in collaboration between the Robert Koch-Institut (RKI),
the National Coronavirus Consultant Laboratory at the Institute of
Virology of the Charité — University Medicine Berlin, INSTAND, GBD
and members of the Joint Diagnostic Commission of DVV and GfV (see
Section 3.3; Vierbaum et al., 2022). The insights gained from the two
enhanced EQA schemes in April and June 2020 were the basis for
determining the quantitative properties of the reference materials RM 1
and RM 2.

The concentrations of the two reference materials RM 1 and RM 2 for
the SARS-CoV-2 RNA load were set at virus RNA loads of ~10% and ~107
copies/mL, respectively. It was assumed that the probability of trans-
mission was less than 20 % for virus RNA loads below ~10° copies/mL
(see Section 3.3; cited in Vierbaum et al., 2022). With a virus RNA load
of more than ~107 copies/mL, it was expected that SARS-CoV-2 is very
likely to be transmitted to other patients.

Figs. 5 and 6 impressively show that the vast majority of laboratories
that reported their Ct/Cq values to INSTAND recognized the 10-fold
gradation of the concentration of the two reference materials RM 1
and RM 2 reflected by an average Ct/Cq difference value between RM 1
and RM 2 of 3.16 +/- 0.93 (prediction interval, 95 % probability).
Parallel shifted lines for the Ct/Cq values were found for all investigated
gene regions, but again with Ct/Cq value deviations from laboratory to
laboratory of 10 values and more. Despite these deviations, the positive
conclusion from the use of the two reference materials is that this
approach has made it possible to anchor Ct/Cq values to a given viral
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RNA load in copies/mL. However, this requires that each laboratory
determines this correlation between Ct/Cq values and viral RNA load
individually for the test system used for each of the targeted gene re-
gions. It should be noted that for different laboratories there is no gen-
eral validity for the relationship found between Ct/Cq and a given virus
RNA load, even when using the same test system targeting the same gene
region. Conversely, it must be clearly stated that it is not appropriate to
choose a single Ct/Cq value - such as the value of 30 - to make a state-
ment about the transmissibility of SARS-CoV-2. In this context, the RKI
provided revised "Instructions for testing patients for SARS-CoV-2 /
Hinweise zur Testung von Patientinnen und Patienten auf SARS-CoV-2"
on its online portal (Robert Koch-Institut, 2023). With regard to the
interlaboratory variance of Ct/Cq values it is proposed that "... a con-
version of Ct/Cq values into virus RNA loads (RNA copies per sample
volume) by calibration using a standardized viral RNA preparation" such
as the above-described reference materials should be aimed for.

For an extended use of reference materials for test calibration, at
least three samples with different concentrations in 10-fold gradation
should be included in a set of reference materials in the future, so that
the linearity of the test systems can be better checked independently of
the EQA schemes. A prerequisite would be that the set of reference
materials is based on defined viral RNA load values assigned by dPCR.

4.3. Quantitative consideration

Some laboratories already reported quantitative results in copies/mL
in the EQA scheme April 2020 and thus before the introduction of the
described reference materials RM 1 and RM 2 and the WHO Interna-
tional Standard for SARS-CoV-2 RNA (NIBSC, 2021). The number of
laboratories reporting quantitative results in the EQA schemes increased
from 21 laboratories in April 2020 to 32 laboratories in June 2020 and
declined to 14 laboratories in June 2023 (Zeichhardt and Kammel,
2020a, 2020c, 2023a).

As shown in Fig. 4 for the first two EQA schemes in April and June
2020, the quantitative results reported by the laboratories for the
respective sample sets from the independent ten-fold dilution series
showed very good concentration gradations and sufficient sensitivities.
However, for each of the positive samples, huge variations were
observed between the laboratories for the quantitative determinations.
The quantitative results in copies/mL differed from laboratory to labo-
ratory by factors between approx. 600 and approx. 1 400 for the indi-
vidual samples in April 2020 (Fig. 4a). In both EQA terms, it was
noticeable that the results obtained by dPCR (green lines in Fig. 4a and
b) were (i) rather near to the respective red line, which marks the robust
average values as the "consensus line" from all quantitative results re-
ported by all laboratories and (ii) quite close to each other. In June 2020,
the dPCR results of the individual laboratories were only separated by
factors ranging from about 10 to 50 (Fig. 4b).

To determine the "rates of correct quantitative results", a target value
interval of +/- 1.0 logyo around the previously mentioned consensus
value, i.e. the robust average value for all reported results in copies/mL,
was used. For this term, the expression "success rates of results in the
target value interval +/- 1.0 logj of the target value (number of correct
results per total number of reported results)" was also used in this review
(see Table 3). Such an evaluation criterion with a quantitative consensus
value and a specified range of variation was based on the Richtlinie der
Bundesarztekammer  zur  Qualitdtssicherung  laboratoriumsme
dizinischer Untersuchungen ("Guideline of the German Medical Asso-
ciation on Quality Assurance in Medical Laboratory Examinations — Rili-
BAEK", Bundesarztekammer, 2023; Ahmad-Nejad et al., 2024). A target
value interval of +/- 1.0 log;o around the consensus value is regularly
used for a number of quantitative INSTAND EQA schemes for virus
genome detection, e.g. for varicella zoster virus.

An analysis of the robust average values for the 34 quantitative re-
sults reported for each of the four positive samples in April 2020,
showed that the success rates for the various samples were only between
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70.6 % and 76.5 % (see Section 3.1.3, Table 3, Fig. 8b). These rather low
success rates may have been due to the lack of a WHO International
Standard for SARS-CoV-2 RNA or other accepted reference materials. It
can be assumed that some of the laboratories initially used different
calibration materials, such as mostly synthetic genomic RNA fragments
of SARS-CoV-2 from their own laboratory or from different
manufacturers.

In the second EQA scheme in June 2020, in which only two of four
samples from another 10-fold dilution series were evaluated (see Section
3.2.3, Table 5, Fig. 8b), 44 quantitative results were submitted for each
of the samples. The quantitative results expressed as robust average
values improved with success rates of 90.9 % and 97.7 % for the two
evaluated samples.

The progression of the success rates was shown by the longitudinal
analysis of the reported quantitative results of all 13 EQA schemes be-
tween April 2020 and June 2023 (see Section 3.4, Fig. 8a). Altogether 51
SARS-CoV-2 RNA-positive samples consisting of different SARS-CoV-2
virus isolates and circulating variants were analyzed during this
period (see Supplementary Table 1). The number of reported quantita-
tive results varied between 25 and 44 for the corresponding samples.

Fig. 8b clearly shows that from the EQA scheme November 2020
onwards, the success rates for the quantitative results improved
continuously, regardless of which SARS-CoV-2 virus isolates including
VOCs were used in the samples. This was the case for most of the test
systems used, regardless of the targeted gene regions.

As of the March 2021 scheme, the success rates for all samples tested
- with the exception of four samples - were between 93 % and 100 %.
Between April 2020 and June 2023 the reduced success rates of less than
90 % (in some cases only between 70 % and 80 %), which were pri-
marily observed for non-VOC viruses, were striking. This was mainly
seen in the three early EQA schemes between April and November 2020,
and can only partly be explained by the comparatively low virus RNA
loads of 100 000 copies/mL (Fig. 8b). Since samples with virus RNA
loads of between approx. 2 000 000 and 17 000 000 copies/mL also
resulted in success rates of less than 80 % in this early phase (Fig. 8a), it
can be assumed that the lack of sufficient expertise in the laboratories
and the lack of suitable reference materials were responsible for this. In
addition, as mentioned above, the described reference materials RM 1
and RM 2 and the WHO International Standard for SARS-CoV-2 RNA
were only available from November 2020 (see black arrow in Fig. 8b).

The statement that the rates of correct positive results improved over
time was further supported by the use of EQA samples that came from
one and the same preparation and were therefore fully identical in terms
of their source virus in dilution and matrix. Such identical samples were
used with different coding on two different EQA dates. An example of
this were the identical samples 340079 (November 2020) and sample
no. 409-230314-02 (March 2023) (see Supplementary Table 1) with the
non-VOC BetaCoV/Baden-Wiirttemberg/1/ChVirl1577,/2020 isolate
BER, which showed a strong improvement in the rates of correct positive
results from 80.5 % to 100 % (Fig. 8b, see two red arrows). A second
example was the two identical samples 409030 (June 2022) and sample
no. 409-230314-01 (March 2023) with the VOC BetaCoV/South Africa/
ChVir22131/2020. Here, the rates of correct positive results increased
from 93.5 % to 100 % (Fig. 8b, see two yellow arrows).

In summary, the enhanced EQA schemes described here, consisting
of a combination of high EQA scheme frequency at the beginning of the
pandemic together with the use of individual revealed samples and in-
dependent reference materials with dPCR assigned quantitative values,
have proven very successful in the course of the SARS-CoV-2 pandemic
in order to obtain an accurate picture of both the proficiency in the
laboratories and the performance of the test systems used. During the
preparation of the manuscript, a special series of publications on the
importance of EQA systems was published (Buchta et al., 2025a, 2025b,
2025¢, 2025d, 2025e, 2025f). The holistic approach of EQA schemes
described there supports the concept of enhanced EQA schemes that we
have established. The importance of expert networks for consultation,
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guidance, decision-making and recommendation processes to improve
the quality of laboratory diagnostics, especially in the event of a
pandemic, is emphasized in our study. It is stated that it is essential for
the continuous improvement of the quality of laboratory diagnostics and
for the immediate response capability in the event of a new pandemic
that international networks based on trust and collaboration between
experts from hospitals, laboratories (including blood donation organi-
zations), industry, scientific societies, governmental and regulatory in-
stitutions, and national and international reference institutes (including
European reference laboratories) work together (Mercer et al., 2022).

5. Conclusion

The lessons learned from the enhanced EQA schemes at the begin-
ning of the COVID-19 crisis can be taken as a blueprint for preparedness
for future pandemics:

a) A prerequisite to set up "enhanced EQA schemes" is to provide
appropriate target sequences for primers and probes for the pathogen
as basis for diagnostic molecular detection (test systems) as quickly
as possible. Therefore, LDTs can be of great importance because they
can be set up in a few days, if reagents are rapidly available. The test
and work protocols should be freely accessible via the internet.
National and international networks of experts are needed to review
and optimize the protocols, define target gene regions, collect, ex-
change and analyze clinical materials from patients, discuss the
evaluation of test results and recommend which further measures are
needed.
¢) Immediate provision of a suitable pathogen right at the beginning of
the pandemic outbreak is necessary for EQA sample production. The
source pathogen used for the preparation of EQA samples may have
to be inactivated according to its risk group to ensure national and
international shipment.
EQA schemes have to be established quickly and must include
adequate positive and negative samples, dilution series of the path-
ogen, currently circulating variants of the pathogen, sensitivity and
specificity testing with genomically closely related pathogens to test
the proficiency of the laboratories and performance of the applied
test systems.

Inclusion of revealed EQA samples with assigned quantitative values

of the pathogen during the ongoing EQA schemes gives laboratories

guidance to check the performance of a defined test system in their
laboratory and to compare it with other laboratories with the same or
other test systems of other EQA participating laboratories.

f) The establishment of independent reference materials with assigned
quantitative values by digital PCR (dPCR), preferably with the sup-
port of National Metrology institutes (NMIs), should be carried out
rapidly.

b

~

d)

€

~—

This approach of “enhanced EQA schemes” serves to continuously
ensure and improve the quality of diagnostics and is of central impor-
tance for public health, especially during a pandemic.
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