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A B S T R A C T

In December 2019, a novel coronavirus (SARS-CoV-2) was first isolated fromWuhan city, China and within three
months, the global community was challenged with a devastating pandemic. The rapid spread of the virus
challenged diagnostic laboratories to rapidly develop molecular diagnostic methods. As SARS CoV-2 assays
became available for testing on existing molecular platforms, laboratories devoted unprecedented energy and
resources into evaluating the analytical performance of the new tests and in some cases developed their own
diagnostic assays under FDA-EUA guidance. This study compares the validation of three different molecular
assays at the Johns Hopkins Molecular Virology laboratory: the RealStar® SARS-CoV-2 RT-PCR, ePlex® SARS-
CoV-2, and the CDC COVID-19 RT-PCR tests. Overall, our studies indicate a comparable analytical performance
of the three assays for the detection of SARS-CoV-2.

1. Introduction

The highly pathogenic betacoronavirus, SARS-CoV-2, first isolated
in Wuhan, China in December 2019 has caused a quickly evolving
pandemic [1–3]. The outbreak was followed by characterization of the
SARS-CoV-2 whole viral genome within weeks of its discovery, which
allowed the development of various molecular diagnostic assays. The
implementation of in-house molecular diagnostics nationwide was
slower than the emergence of the pandemic. It was not until February
4th, 2020 that Centers for Disease Control and Prevention (CDC)’s
COVID-19 real-time PCR assay received an emergency use authoriza-
tion (EUA) (https://www.fda.gov/medical-devices/emergency-
situations-medical-devices/emergency-use-authorizations#
covid19ivd). Clinical microbiology laboratories were not permitted to
develop COVID-19 testing in house and apply for their own EUA ap-
provals until February 29th, 2020. Soon after that date, only a few
commercial assays were available with insufficient reagents to meet
national demands. Of the first assays that were available for validations
were the CDC COVID-19 RT-PCR panel assay (IDT, Coralville, IA) as
well as the RealStar® SARS-CoV-2 RT-PCR (Altona Diagnostics, Ham-
burg, Germany), and both were initially validated for clinical use at the
Johns Hopkins Hospital Medical Microbiology laboratory.

Assays that offer the required analytical sensitivity and specificity
are essential for early diagnosis and consequently early intervention
especially for infection prevention and control purposes. Molecular
diagnosis using reverese-transcription RT-PCR is the current most
conclusive approach for COVID-19 diagnosis. An understanding of the
analytical performance of different molecular asssays is essential for
proper interpretation of the results and for defining the clinical sensi-
tivity of RNA detection.

We validated three different assays for the molecular detection of
SARS-CoV-2: the RealStar® SARS-CoV-2 RT-PCR, ePlex® SARS-CoV-2,
and the CDC COVID-19 RT-PCR tests. The analytical sensitivity of the
three assays was compared using the same quantified genomic mate-
rials, which offered a side by side comparison of their lower limits of
detection. The overall accuracy of the three assays was compared using
patient’ clinical specimens and the reproducibility was studied using
contrived specimens.

2. Materials and methods

2.1. Study site and ethics

This study was performed in the Molecular Virology Laboratory,
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Johns Hopkins Hospital. The study was approved by the Johns Hopkins
University School of Medicine IRB (IRB00246024).

2.2. Viral RNA and clinical specimens

Genomic viral RNA, kindly provided by the University of Texas
Medical Branch (UTMB) was used for the analytical sensitivity and
reproducibility studies. The genomic RNA was derived from the Strain
USA_WA1/2020 originating from Washington, USA from a traveler
from Wuhan, China. This isolate demonstrates 100 % consensus match
to GenBank MN985325.1. Per UTMB product insert, RNA was purified
using TRIzol and the RNA purity was 27 % viral and 73 % host as
determined by next-generation sequencing. The viral RNA concentra-
tion was determined to be equivalent to 6× 104 pfu/μL(and the
genome copies were noted to exceed the pfu counts in the range of
1000: 1)

Clinical specimens used for studies were remnant specimens avail-
able at the completion of standard of care testing from patients sus-
pected of COVID-19. Specimens included nasopharyngeal swabs (NP)
and bronchoalveolar lavage (BAL). Archived frozen specimens (i.e., NP
and BAL) were used as matrix to create contrived samples (matrix ne-
gative for SARS-CoV-2).

2.3. Gene targets of evaluated assays

The RealStar® SARS-CoV-2 RT-PCR Kit 1.0 is from Altona
Diagnostics (Hamburg, Germany). This kit detects both B-βCoV specific
RNA (E gene) and SARS-CoV-2 specific RNA (S gene). (https://altona-
diagnostics.com/en/products/reagents-140/reagents/realstar-real-
time-pcr-reagents/realstar-sars-cov-2-rt-pcr-kit-ruo.html)

The GenMark (Carlsbad, CA) ePlex® SARS-CoV-2 Test, for Research
Use Only (RUO) assay was performed on the ePlex instrument. The
company received FDA-EUA on March 19th. A single use ePlex car-
tridge automates nucleic acid extraction, amplification, and detection.
GenMark has developed an innovative eSensor technology that com-
bines DNA hybridization and electrochemical detection [4]. A volume
of 200μLper specimen is added to the sample delivery device. The
ePlex® SARS-CoV-2 targets the nucleocapsid (N) protein (https://www.
fda.gov/media/136282/download).

The CDC COVID-19 RT-PCR panel assay was developed by the CDC
and was granted an EUA on February 4th. The oligonucleotide primers
and probes (two primer/probe sets) target regions of the nucleocapsid
(N) gene. The panel includes a primer/probe set to detect the human
RNase P gene (RP) for extraction and specimen quality evaluations
(https://www.fda.gov/media/134922/download).

2.4. Nucleic acid extraction

Automated nucleic acid extraction for both the The RealStar® SARS-
CoV-2 and the CDC assays was performed using either the NucliSENS
easyMag or eMAG instruments (bioMérieux, Marcy-l'Étoile, France)
using software version 2.1.0.1. The input volume for all sources was
500μLand the elution volume was 50 u L. All the specimens were in-
itially processed in either BSL-3 or BSL-2 using BSL-3 biosafety mea-
sures and 2mL of the easyMag/ eMAG lysis buffer was added to each
500μLof the aliquoted specimens in a biosafety cabinet. Specimens were
incubated for 10min and nucleic acid extraction protocol was followed
for performing automated off board lysis extraction following
bioMérieux protocol.

2.5. Amplification and detection

The RealStar® SARS-CoV-2 RT-PCR Kit 1.0 total reaction volume
was 30 μL(10μLextracted sample and 20 μLMasterMix). The kit contains
two premade master mixes, A and B, which contain PCR buffer, mag-
nesium salt, primers and probes, reverse transcriptase, and DNA

polymerase. The detectors used are FAM (B-βCoV), Cy5 (SARS-CoV-2),
and JOE (Internal Control). Taqman RT- PCR was performed using the
Prism 7500 Sequence Detection System (Applied Biosystems, Foster
City, CA) at the following cycling conditions: 1 cycle at 55.0 °C for
20min, 1 cycle at 95.0 °C for 2min and 45 cycles at 95.0 °C for 15 s,
55.0 °C for 45 s then 72.0 °C for 15 s.

The CDC COVID-19 RT-PCR panel assay was performed using the
IDT primers and probes lot # 0000500383 and TaqPathTM 1-Step RT-
qPCR Master Mix (4x) (ThermoFisher catalog No A15300). Controls
included the IDT 2019-nCoV_N_Positive Control, and The Hs_RPP30
Positive Control plasmids. The assay was performed in three separate
reactions per specimen for each target (N1, N2, and the internal control
RP). The reaction volume is a total of 20 μL(8.5μLnuclease- free water,
1.5μLprimer and probe mix, 5μLTaqPathTM 1-Step RT-qPCR Master
Mix, and 5μLextracted specimen (or controls). The detector used for all
the targets is FAM. Taqman RT- PCR was performed using the Prism
7500 Sequence Detection System (Applied Biosystems) at the following
cycling conditions: 1 cycle at 25.0 °C for 2min, 1 cycle at 50.0 °C for
15min, 1 cycle at 95.0 °C for 2min and 45 cycles at 95.0 °C for 3 s,
55.0 °C for 30 s.

3. Results

3.1. Analytical sensitivity

To evaluate and compare the analytical sensitivity of the three
methods, SARS-CoV-2 negative NP or BAL specimens were extracted
using easyMag or EMAG and eluates were spiked with serially diluted
SARS-CoV-2 whole viral genomic materials. Dilutions were tested with
the RealStar® SARS-CoV-2 RT-PCR, ePlex® SARS-CoV-2, and the CDC
COVID-19 RT-PCR tests. The lower limit of detection (LOD) was defined
as the lowest concentration at which 95 % of the tested replicates were
detected.

For the RealStar® SARS-CoV-2 RT-PCR, extracts from remnant
clinical NP or BAL swabs were spiked with serially diluted genomic
RNA in 7 concentrations ranging from 120,000 pfu/ mL (1200,000
copies (cp)/ reaction (rxn)) to 0.12 pfu/ mL (1.2 cp/ rxn). Three re-
plicates were tested at all concentrations except for 120 cp/rxn
(n= 30) and 12 cp/rxn (n= 24). The LOD for the the RealStar® SARS-
CoV-2 RT-PCR for NP specimens was at 1200 cp/ mL (12 cp/ rxn)
(Table 1).

For the BAL, extractions from archived clinical BAL specimens were
spiked with serially diluted genomic RNA into 3 concentrations (cp/
rxn): 1200 (n=20), 120 (n=20), 12 (n= 3). The LOD for the the
RealStar® SARS-CoV-2 RT-PCR for BAL specimens was at 12,000 co-
pies/ mL (120 cp/ rxn) (Table 1). It is notable that of the three BAL
specimens run at 12 cp/ rxn, 2 were positive for the B-βCoV target but
negative for the SARS-CoV-2 target.

For the CDC COVID-19 RT-PCR test, similarly, extracts from clinical
NP or BAL were spiked with serially diluted genomic RNA. The LOD
was identified to be 1200 cp / mL for both NP and BAL specimens (6
cp/ rxn) (Table 1).

For the ePlex® SARS-CoV-2, negative NP eluates were spiked with
different concentrations of the viral genomic materials and tested fol-
lowing the GenMark instructions for use. Our data indicate that the
LOD of the assay is 600 cp/ mL (120 cp/ rxn). No LOD studies were
performed for BAL specimens on this assay (Table 1).

3.2. Inter-assay agreement

To compare the analytical performance of the three assays, positive
and negative SARS-CoV-2 clinical specimens (using the RealStar® SARS-
CoV-2 as the reference method as this assay was the first to be offered in
house for clinical diagnosis) were tested by the CDC COVID-19 RT-PCR
and/ or the ePlex® SARS-CoV-2 assays. Comparing the performance of
the CDC COVID-19 RT-PCR to the RealStar® SARS-CoV-2 included
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testing 20 positive and 48 negative clinical NP specimens. Comparison
showed 100 % agreement as well as similar trends in Ct values for the
positive specimens (Table 2). For the negative specimens 100 %
agreement was noted as well (data not shown).

The agreement between the RealStar® SARS-CoV-2 and the ePlex®
SARS-CoV-2 was tested by comparing 34 negative and 13 positive
clinical specimens (initially diagnosed by RealStar® SARS-CoV-2). Our
data showed 100 % agreement for both negatives (data not shown) and
positives (Table 3).

3.3. Precision/reproducibility

To assess the reproducibility of the three assays, replicate testing
within the same run and in different runs was performed. For both the
RealStar® SARS-CoV-2 and the CDC COVID-19 RT-PCR, NP and BAL
specimens were spiked with dilutions of the SARS-CoV-2 genomic
materials and replicates were tested over three separate runs after

separate extractions by 3 different operators, using 3 different ther-
mocyclers. For the RealStar® SARS-CoV-2 NP specimens, concentrations
of spiked specimens were 12,000 cp/mL (n= 30) and 1200 cp/mL
(n= 20). Nineteen negative NP samples were also included (Table 4).
BAL was run at concentrations of 120,000 cp/ mL (n= 21), 24,000 cp/
mL (n=11), 12,000 cp/ mL (n= 20). Thirty negative BAL sepecimens
were included (Table 4). Our data showed a qualitative reproducibility
of 100 %.

For the the CDC COVID-19 RT-PCR assay, concentrations of spiked
specimens were 1200 cp/mL (n=26). Forty negative NP samples were
also included (Table 5). BAL was run at conecntrations of 1200 cp/mL
(n= 27). Thirty negative BAL sepecimens were included (Table 5).

The reproducibility of ePlex® SARS-CoV-2 was assessed by running
replicates of negative and contrived NP specimens, spiked with dif-
ferent dilutions within the same day and over three separate runs, by
different operators. Overall, the runs showed 100 % reproducibility
(Table 6).

Ct values’ range of diagnosed patients after implementing the
RealStar® SARS-CoV-2 clinical assay

The RealStar® SARS-CoV-2 assay was the first assay validated and
implemented at Johns Hopkins Hospital. To assess the range of viral
loads detected by this assay since its implementation, we examined the
Ct values of a subset of the initial positive specimens over time (Fig. 1).
Initially, diagnosed cases after the implementation of the assay had Ct

Table 1
Analytical sensitivity of the RealStar® SARS-CoV-2 RT-PCR, the CDC COVID-19 RT-PCR, and the ePlex® SARS-CoV-2 tests.

pfu/mL Percent replicates detected (no. positive/total no.)

RealStar® SARS-CoV-2 CDC COVID-19 ePlex® SARS-CoV-2

cp/rxna NP BAL cp/rxnb NP BAL cp/rxnc NP

120,000 1,200,000 100 (3/3) NDd ND ND ND ND ND
12,000 120,000 100 (3/3) ND ND ND ND 240,000 100 (1/1)
1200 12,000 100 (3/3) ND 6000 ND 100 (3/3) 24,000 100 (1/1)
120 1200 100 (3/3) 100 (20/20) 600 ND 100 (3/3) 2400 100 (3/3)
12 120 100 (30/30) 100 (20/20) 60 ND 100 (3/3) 240 100 (6/6)
1.2 12 95.8 (23/24) 0 (0/3) 6 100 (26/26) 100 (21/21) ND ND
.60 ND ND ND ND ND ND 120 100 (16/16)
.12 1.2 33 (1/3) ND 0.6 83.3 (5/6) 88.9 (8/9) ND ND
.06 ND ND ND ND ND ND 12 77.8 (7/9)
.006 ND ND ND ND ND ND 1.2 50 (1/2)

a 30 μL per reaction.
b 200 μL per reaction.
c 20 μL per reaction.
d ND=Not done.

Table 2
Agreement between the RealStar® SARS-CoV-2 and the CDC COVID-19 RT-PCR
assays.

Sample # RealStar® SARS-CoV-2 CDC COVID-19

B-βCoVa SARS-CoV-2b N1 N2 RPc

1 23.60 22.13 24.01 24.39 23.21
2 19.31 17.47 21.22 20.90 22.38
3 25.82 24.02 27.59 27.93 25.10
4 20.54 19.03 22.28 22.34 22.69
5 21.46 19.80 22.39 23.22 24.17
6 19.29 18.17 19.50 19.80 23.99
7 22.05 20.57 23.06 23.50 24.59
8 22.37 21.63 21.76 22.10 24.45
9 19.90 19.15 20.59 20.87 25.98
10 18.76 18.38 20.06 19.84 25.78
11 15.42 15.27 15.32 15.45 23.54
12 20.19 20.54 20.55 20.74 25.41
13 22.37 21.63 21.76 22.10 24.45
14 19.90 19.15 20.59 20.87 25.98
15 18.76 18.38 20.06 19.84 25.78
16 15.42 15.27 15.32 15.45 23.54
17 20.19 20.54 20.55 20.74 25.41
18 20.03 19.28 19.92 20.37 20.82
19 18.80 18.39 16.78 16.57 17.52
20 29.03 28.22 28.94 29.06 29

a E gene.
b S gene.
c Human RNase gene.

Table 3
Agreement between the RealStar® SARS-CoV-2 and the ePlex® SARS-CoV-2
assays.

Sample # RealStar® SARS-CoV-2 ePlex ® SARS-CoV-2

B-βCoVa SARS-CoV-2b

1 16.35 15.35 Positive
2 18.74 17.66 Positive
3 18.54 17.02 Positive
4 16.09 15.58 Positive
5 30.21 28.83 Positive
6 22.93 22.99 Positive
7 22.05 20.57 Positive
8 21.46 19.8 Positive
9 19.29 18.17 Positive
10 25.82 24.02 Positive
11 20.54 19.03 Positive
12 22.05 20.57 Positive
13 34.47 32.49 Positive

a E gene.
b S gene.
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values below 25. However, with increasing number of positive cases,
we detected a wide range of Ct values from less than 15 to more than
40.

4. Discussion

SARS-CoV-2 is the seventh and most novel human coronavirus. It
emerged as a highly pathogenic species in December 2019 in Wuhan
City, China and has since quickly spread to all continents except
Antartica [5]. As of the time of this writing, the number of confirmed
cases is more than one milion with thousands of deaths (https://www.
who.int/emergencies/diseases/novel-coronavirus-2019/situation-
reports). The clinical manifestations of the disease (COVID-19) range
widely from mild upper respiratory tract infection to a more severe or
critical disease [6,7]. The rapid spread of the outbreak might be at-
tributed to the successful transmissibility [8,9] in addition to some
evidence that asymptomatic individuals may transmit the infection
[10].

SARS-CoV-2 was first identified in the BAL fluid of a patient from
China by metagenomics whole genome sequencing [11]. The quick
characterization of the full genome of the virus has enabled the de-
velopment of multiple molecular diagnostic methods, however, na-
tionwide implementation of molecular diagnostics in the US was de-
layed. In the US, the CDC defined criteria for defining patients under
investigation and priorities for testing, however, extensive testing in
other countries was instrumental in controlling the spread of the dis-
ease and identifying a more accurate case- fatality rates [12,13]. Con-
sequently, the implementation of laboratory developed testing in the US

was essential to escalate the required testing capacity and to ensure
rapid diagnosis that facilitated implementation of containment mea-
sures, utilization of high demand personal protective equipment and
patient management. As so far, as molecular detection remains the gold
standard for diagnosis, it is critical to understand the analytical per-
formance of the available molecular assays.

In this study, we compared the analytical performance of three
different molecular assays for the detection of SARS-CoV-2; the
RealStar® SARS-CoV-2 RT-PCR, ePlex® SARS-CoV-2, and the CDC
COVID-19 RT-PCR tests. The CDC assay and the GenMark ePlex target
the N gene, and the Altona RealStar assay detects both the E and S
genes. The three assays showed comparable analytical sensitivity that
was between 600−1200 viral genome copies/ mL. There was 100 %
agreement between the three assays for both negative and positive
clinical specimens. Generally, the RealStar® SARS-CoV-2 RT-PCR assay
has a higher throughput than the CDC assay as the CDC assay requires
three separate wells per specimen. The GenMark ePlex, although it has

Table 4
Reproducibility of the RealStar® SARS-CoV-2 assay.

Run pfu/mL Mean Ct (standard deviation)

BAL NP

# reps B-βCoV SARS-CoV-2 # reps B-βCoV SARS-CoV-2

1 120 9 23.61 (0.32) 24.31 (0.18) NDa ND ND
24 5 26.03 (0.29) 26.67 (0.1) ND ND ND
12 6 26.77 (0.3) 27.31 (0.099) 9 28.45 (0.24) 29.24 (0.14)
1.2 ND ND ND 3 32.96 (0.82) 32.74 (0.37)
0 10 N/A N/A 5 N/A N/A

2 120 6 23.52 (0.17) 24.19 (0.2) ND ND ND
24 3 26.29 (0.16) 27.11 (0.1) ND ND ND
12 7 27.5 (0.52) 27.97 (0.27) 9 28.23 (0.11) 28.86 (0.24)
1.2 ND ND ND 13 33.38 (2.59)* 33.49 (1.04)
0 10 N/A N/A 9 N/A N/A

3 120 6 25.42 (0.73) 25.04 (0.13) ND ND ND
24 3 27.23 (0.08) 26.66 (0.14) ND ND ND
12 7 28.06 (0.35) 26.98 (0.27) 12 29.06 (0.38) 29.36 (0.24)
1.2 ND ND ND 8 33.12 (0.6) 34.18 (1.04)
0 10 N/A N/A 5 N/A N/A

a ND=Not done.
* One outlier at a Ct of 40.60.

Table 5
Reproducibility of the CDC COVID-19 RT-PCR assay.

Run pfu/mL Mean Ct (standard deviation)

BAL NP

# reps N1 N2 RP # reps N1 N2 RP

1 1.2 9 33.18 (0.53) 34.26(0.65) 19.6 (0.12) 12 33.8 (0.6) 35.97 (0.67) 25.4 (0.12)
0 8 N/A N/A 21.61 (0.72) 4 N/A N/A 23.4 (0.69)

2 1.2 9 34.42 (0.42) 36.84 (0.72) 20.63 (0.09) 10 33.29 (0.36) 33.45 (0.52) 23.8 (0.67)
0 21 N/A N/A 24.4 (1.2) 15 N/A N/A 24.4 (1.4)

3 1.2 9 32.4 (0.54) 33.8 (0.42) 23.4 (1.84) 4 32.9 (0.37) 34.3 (0.23) 25.2 (0.06)
0 1 N/A N/A 21.16 21 N/A N/A 24 (1.2)

Table 6
Reproducibility of the ePlex® SARS-CoV-2 Assay.

Run cp/rxna # reps No. positive (% pos) Bays used

1 2400 3 3/3 (100 %) A1−3
240 6 6/6 (100 %) A1−6
120 6 6/6 (100 %) A1−6

2 120 4 4/4 (100 %) A1−4
3 120 6 6/6 (100 %) A1−6

a 200 μL per reaction.
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a relatively short turn-around-time, offers open access and easier
workflow, its full implementation is limited by inadequate supplies and
inventory. It is in general difficult to understand the differences in the
analytical sensitivity of different molecular assays due to inherent
variabilities in specimen processing and reference materials used for
validations in different laboratories. This study offered a side by side
comparison using the same extraction methodology (the RealStar®
SARS-CoV-2 and the CDC assays) and viral genomic materials which
offers a better assessment of the analytical performance.

Many questions remains to be answered about the clinical sensi-
tivity of PCR assays for the diagnosis of COVID-19 and the minimum
acceptable analytical sensitivity. Different studies have shown different
detection patterns of the viral RNA based on the specimen type and the
specimen collection time in relation to the onset of symptoms. A recent
study by a Chinese group showed that viral RNA is readily detectable in
the nasopharyngeal, sputum, and stool specimens, with sputum speci-
mens showing a more extended detection time frame that extends be-
yond 4 weeks (a mean of 22 days versus 16.2 days) and for both re-
spiratory sources the peak viral load was during the first week after the
onset of symptoms [14]. A different group consistently showed that the
sputum as well as broncho-alveolar lavage specimens showed the
highest positivity rates [15]. Additional studies from other groups
showed lower sensitivity of PCR for early detection in highly suspected
patients in comparison to CT scan [16] or serology [17]. Our data
shows that many of our diagnosed specimens had viral loads that were
below the assay’s lower limit of detection (Ct range of 32.74 for the
SARS-CoV-2 channel, NP sources (Table 4), and Fig. 1), which warrants
an analytical sensitivity below 1200 copies/ mL to reduce the number
of false negative results. In general, multiple factors other than the
analytical sensitivity of the molecular assay could contribute to the
clinical performance of various RNA detection methods. This includes
the specimen collection time and the specimen quality when collected.
Overall, it is appropriate to conclude that the RNA detection remains
the assay of choice for COVID-19 confirmed diagnosis and until a better
understanding of the dynamics of viral shedding and its correlation to
the disease progression is achieved, assays with acceptable analytical
performance are essential for enhancing the clinical diagnosis.

In summary, our results show that the analytical performance of the
three SARS-CoV-2 assays; the RealStar® SARS-CoV-2 RT-PCR, ePlex®
SARS-CoV-2, and the CDC COVID-19 RT-PCR tests is comparable. The
clinical sensitivity of PCR in COVID-19 diagnosis is still an area of

investigation.
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