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ABSTRACT
Multiple SARS-CoV-2 emergency use authorization (EUA) tests 
are being used for clinical testing across various clinical testing 
laboratories for meeting the diagnostic challenges of the ongoing 
pandemic. However, cross-assay variations in performance 
characteristics need to be recognized. A better understanding 
is needed of the clinical implications of cross-assay variation in 
performance characteristics, particularly in the limit of detection 
(LOD) of the SARS-CoV-2 assays used for clinical testing. Herein, 
a snapshot of the diversity of SARS-CoV-2 EUA analytical assay 
systems including methodologies, assay designs, and technology 
platforms is presented. Factors affecting the variations in LOD are 
discussed. Potential measures that may standardize across the 

various assay systems are suggested. Development of international 
standards and reference materials for the establishment of 
performance characteristics may substantially alleviate potential 
clinical decision-making challenges. Finally, cross-assay variation 
in LODs among the diverse SARS-CoV-2 diagnostic assays impacts 
clinical decision-making with multiple assay systems in use and 
lack of standardization across platforms. International standards 
in parallel with continued cross-platform studies and collaborative 
efforts across pertinent healthcare entities will help mitigate some of 
the clinical decision-making challenges.
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In response to the ongoing public health emergency for 

COVID-19, the U.S. Food & Drug Administration (FDA) 

has issued emergency use authorization (EUA) for several 

SARS-CoV-2 diagnostic assays developed by IVD manu-

facturers, academic centers, and commercial reference 

laboratories. Several of these EUA assays are now part of 

the SARS-CoV-2 clinical testing workflow. The list of assays 

that receive EUA continues to increase, and the com-

plete list of these assays can be accessed from the FDA 

website.1

The need for widespread availability of accurate diag-

nostic testing for SARS-CoV-2 is critical for appropriate and 

timely clinical decision-making. Multiple testing options are 

needed as SARS-CoV-2 testing capacity increases across 

the various clinical testing laboratories. In the foreseeable 

future, a limited manufacturing allocation of testing kits and 

related consumables compels individual clinical laboratories 

to use multiple assay systems to meet SARS-CoV-2 testing 

needs.2,3

It is reasonable to expect that cross-assay variation in 

performance characteristics of the EUA assays currently 

in use will have a bearing on the results of patient testing 

and subsequent clinical decision-making. In the context of 

the ongoing pandemic, ensuring that patient testing is not 

compromised is essential. Therefore, the clinical implica-

tions of cross-assay variation in performance character-

istics must be recognized. This is particularly relevant for 

those patient specimen testing results that are close to the 

limit of detection (LOD) of the assay systems in use. These 

high cycle threshold (C
T
) SARS-CoV-2 results may not 

meet the 95% confidence interval (CI) detection criteria, 

and such test results may be discordant when compara-

tively tested across different assay systems. The poten-

tial impact on SARS-CoV-2 transmission and the clinical 

significance of such patient results is yet to be completely 

understood.
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Clinical Implications

A significant majority of those with SARS-CoV-2 infections 

present with mild symptoms, are asymptomatic with posi-

tive results, or never develop any signs or clinical symptoms 

of COVID-19.4 Thus a better understanding of the spectrum 

of the disease is needed because SARS-CoV-2 infection 

can be detected before the development of clinical symp-

toms. Although an ideal objective for a test is to eliminate 

the possibility of presumed false-negative patient results, 

the challenge is knowing the clinical implications of SARS-

CoV-2 testing results that fall within the window of differ-

ence in LOD between the assay systems used in the clinical 

testing workflow.

Currently the EUA assays in use for SARS-CoV-2 diagnos-

tics are all qualitative tests and generally provide a binary 

test with a positive or negative result. A third presump-

tive positive result is part of some tests (for example, the 

Cepheid GeneXpert assay; Cepheid, Sunnyvale, CA). As 

per the Centers for Disease Control and Prevention (CDC) 

recommendations, viral testing for SARS-CoV-2 is con-

sidered to be diagnostic when conducted among individ-

uals with symptoms consistent with COVID-19. In addition, 

diagnostic testing may be considered for asymptomatic 

individuals with known or suspected recent exposure 

to SARS-CoV-2 to control transmission or to determine 

the resolution of infection. Viral testing is considered as 

screening when conducted among asymptomatic individ-

uals without known or suspected exposure to SARS-CoV-2 

for early identification and as surveillance when conducted 

among asymptomatic individuals to detect transmission hot 

spots or characterize disease trends. The CDC also recom-

mends testing for all close contacts of persons with SARS-

CoV-2 infection and for those in some high-risk settings.5

Assays with a relatively low LOD may detect SARS-CoV-2 

in specimens with low viral loads that may be missed by 

assays with higher LODs. Viral loads in throat swab and 

sputum specimens peak at approximately 5–6 days after 

symptom onset, but specimens taken from an individual 

with a recently acquired SARS-CoV-2 infection can have 

low viral loads. One small study suggests that viral load 

detected in an asymptomatic patient may be similar to 

that in symptomatic patients, which in turn suggests the 

transmission potential of asymptomatic or minimally symp-

tomatic patients.6,7 Ultimately, correlating virus counts and 

therapeutic measures with outcomes may result in different 

strategies of care or isolation.

SARS-CoV-2 Shedding and Reverse-
Transcription Polymerase Chain Reaction

Viral RNA may be detected from patient specimens weeks 

after the infectious stage has ended post-onset of symp-

toms. Sun et al8 reported persistent shedding of viral RNA 

in nasopharyngeal (NP) swabs and feces specimens, with 

the estimated time until loss of RNA detection ranging from 

45.6 days for NP swab specimens to 46.3 days for fecal 

specimens in mild cases of infection and from 48.9 days 

for NP swab specimens to 49.4 days for fecal specimens in 

severe cases of infection. However, the authors noted that 

the median time for throat specimens from mild cases of 

infection was 15.6 days (95% CI, 11.8–20.7 days) and that 

the 95th percentile was 32.8 days (95% CI, 25.9–42.3 days). 

Therefore, Sun et al.8 suggested that the detection of viral 

RNA for mild cases of infection in throat swab specimens at 

the 50th day after illness onset should be a low-probability 

event, beyond the 95th percentile limit, as for fecal speci-

mens. Similarly, according to van Kampen et al,9 the prob-

ability of detecting infectious virus drops below 5% 15 days 

post-onset of symptoms. Lan et al10 reported positive 

reverse-transcription polymerase chain reaction (RT-PCR) 

results in throat swab specimens from patients who re-

covered from mild COVID-19 for 50 days at maximum. 

Chen et al11 studied viral shedding at multiple timepoints in 

stool specimens and analyzed its correlation with clinical 

manifestations and the severity of illness. Those authors 

found that SARS-CoV-2 RNA in stool specimens was not 

associated with the presence of gastrointestinal symptoms 

and the severity of illness. A majority of patients may re-

main positive for viral RNA in the feces after the pharyngeal 

swabs are returned negative. The results show the presence 

of SARS-CoV-2 RNA in the feces of patients with COVID-19 

and suggest the possibility of SARS-CoV-2 transmission via 

the fecal-oral route.9 Gupta et al12 reported that the duration 

for fecal shedding of viral RNA ranged from 1 to 33 days 

and in one patient was up to 47 days from symptom onset, 

longer after the clearance of respiratory specimens. In spite 

of viral RNA concentration, virus isolation from stool speci-

mens was not successful from patient specimens collected 

between days 6 and 12. There appears to be active repli-

cation of the virus in the throat during the first 5 days after 

the onset of symptoms with no virus replication in stool 

specimens.13
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An RT-PCR assay may have the analytical sensitivity for 

detecting a few hundred copies of viral RNA, but that 

does not indicate the infectious status of the patient. For 

these reasons, identifying such patients with low levels of 

detectable viral RNA that straddle the LOD of the assay 

of choice needs more clarity. It may be challenging to 

interpret RT-PCR tests for SARS-CoV-2 infection particu-

larly early in the course of infection when these results 

underlie clinical decision-making to minimize onward 

transmission.

C
T
 Values and Infectivity

A relatively lower C
T
 value increases the probability of the 

presence of infectious virus, but the C
T
 value itself is not 

enough to determine whether the virus can be cultured from 

the specimens. Thus a limitation of PCR and other nucleic 

acid-based diagnostics is that they do not establish infect-

ivity. Studies have shown that viral infectivity, as defined by 

culturability, is decreased when RT-PCR C
T
 values are >24, 

with the odds ratio for infectivity being decreased by 32% 

for every 1-unit increase in C
T
.14 Wölfel et al13 were able to 

isolate virus during the first week of symptoms particularly 

from a majority of sputum specimens but could not isolate 

the virus from specimens taken after day 8. The infectivity 

of the virus culture does appear to correlate with viral load, 

and specimens that contain <106 copies/mL do not yield an 

isolate.13,15 

In addition, Huang et al15 reported that the mean C
T
 values 

of culturable oropharyngeal (OP) and NP specimens were 

similar whereas culturable sputum specimens had rela-

tively lower C
T
 values. Specimens for a successful viral 

culture contained higher viral RNA counts, but note that 

viral genome integrity is an important factor for culturability 

and infectivity assessment. In their study, Huang et al15 

stated that a genome copy number of 5 to 6 log
10

 genome 

copies/mL appears to be the minimal viral load necessary 

for virus isolation. Detection of SARS-CoV-2 by RT-PCR 

is still the diagnostic gold standard, and the World Health 

Organization recommends 2 negative tests at least 24 

hours apart as 1 of the key criteria for a clinically recovered 

patient.16 In their study, Bullard et al14 showed a link be-

tween in vitro viral growth, C
T
 value, and symptom-to-test. 

Thus, these authors suggested that a C
T
 value >24 in con-

junction with duration of symptoms >8 days could be used 

together to determine the duration of infectivity in patients.

Nucleic acid amplification kits may sometimes produce 

false-negative results that do not match clinical features. 

The false-negative rate is a function of time with virus 

exposure and subsequent pathogenesis whether infection 

is presymptomatic, asymptomatic, or paucisymptomatic. 

In a recent case study, Lv et al17 reported a successively 

RT-PCR-negative patient with COVID-19. The authors 

emphasized the importance of clinical signs and symp-

toms, other laboratory findings, and chest computed 

tomography images that should be considered in spite of 

RT-PCR-negative results. They also reported the dynamic 

change process of SARS-CoV-2 target genes by RT-PCR 

testing during the course of infection of a patient with 

COVID-19 from successive negative results to a succes-

sive single positive N gene to 2 positive ORF1a/b and 

N genes.

If clinical suspicion is high, then infection should not be 

ruled out on the basis of RT-PCR alone and the clinical 

and epidemiologic situation should be carefully con-

sidered.18 Because RT-PCR positivity persists beyond the 

period of infectivity, clinical criteria that include isola-

tion of hospitalized patients for 14 days from symptom 

onset or 72 hours symptom-free would be the prudent 

approach. Early discharge followed by home isolation of 

patients after day 10 of symptoms appears to have little 

risk of infectivity.13,14

Factors such as comorbidities and/or age are certainly 

part of the consideration in addition to other clinical 

findings that inform clinical decision-making. Children 

with SARS-CoV-2 infection have milder clinical symp-

toms and fewer laboratory and radiologic abnormalities. 

Nonetheless, understanding the perinatal outcomes of 

infants born to women infected with SARS-CoV-2 during 

pregnancy is important for early identification of children 

with SARS-CoV-2 to provide optimal medical care and 

control the pandemic.19

Finally, the CDC advises clinicians to use their judgment 

to determine if a patient has signs or symptoms compat-

ible with COVID-19 and whether the patient should be 

tested. Clinicians are encouraged to consider testing for 

other causes of respiratory illness in addition to testing for 

SARS-CoV-2 depending on patient age, season, or clinical 

setting. Further details and updated recommendations may 

be accessed on the CDC website.5
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SARS-CoV-2 Assays

Table 1 is a representation of some of the molecular 

SARS-CoV-2 EUA assays that are run on a diverse array 

of platforms. Several of the assay systems have integrated 

automated nucleic acid extraction and analytical steps. The 

automated high-throughput testing platforms such as the 

Roche (Indianapolis, IN) cobas 6800/8800 feature integrated 

specimen prep and RT-PCR. Similarly, the Hologic (San 

Diego, CA) Panther/Fusion systems are high-throughput 

and automated but employ transcription-mediated amplifi-

cation (TMA) methodology.

At the other end of the spectrum, designated point-of-care 

(POC) devices such as the Abbott ID NOW (Lake Forest, 

IL) and the Mesa Biotech (San Diego, CA) Accula platform 

exist, with the latter designed to be a molecular lateral 

flow assay readout system. The Cepheid Xpert Xpress 

SARS-CoV-2 assay also has the option to be used in a 

POC format. The POC-type devices include those that are 

deemed waived to be tested at the point of collection.

Some IVD manufacturers have integrated the SARS-

CoV-2 EUA assay to be part of respiratory panel testing. 

The BioFire (Salt Lake City, UT) Respiratory Panel 2.1 is a 

multiplexed nucleic acid test intended for the simultaneous 

qualitative detection and differentiation of nucleic acids 

from multiple viral and bacterial respiratory organisms 

including SARS-CoV-2. Similarly, the QIAstat Respiratory 

panel (Qiagen, Germantown, MD) is designed to allow 

the discrimination of respiratory pathogens including 

SARS-CoV-2.

Other novel technologies continue to be applied to de-

velop SARS-CoV-2 assays and have received EUA for 

SARS-CoV-2 testing. The Rheonix (Ithaca, NY) assay uses a 

proprietary microfluidic Rheonix CARD cartridge technology 

that integrates specimen preparation and target detection 

using RT-PCR. Digital PCR-based assays have received 

EUA, including the Gnomegen (San Diego, CA) COVID-19 

RT-Digital PCR Kit, which is validated on the Gnomegen 

real-time PCR instrument, and the QuantStudio 3D Digital 

PCR Systems (Applied Biosystems, Foster City, CA). 

Similarly, the Bio-Rad (Hercules, CA) SARS-CoV-2 ddPCR 

test is a droplet digital PCR assay.

The majority of the EUA assays are based on RT-PCR 

methodology, although isothermal nucleic acid amplification 

methodology such as TMA along with next-generation 

sequencing (NGS) and clustered regularly interspaced 

short palindromic repeats–based methodologies have also 

received EUA for SARS-CoV-2 clinical diagnostic testing. 

For example, the Illumina (San Diego, CA) COVIDSeq Test 

on the NovaSeq 6000 platform is an NGS assay in which 

the viral genome is sequenced. It is entirely conceivable 

that novel and cutting-edge technologies would be used 

in SARS-CoV-2 diagnostic testing. Many such technology 

platforms would be amenable for use in niche testing areas 

for SARS-CoV-2 depending on patient testing requirements.

In many instances, commercial IVD manufacturers have 

developed and validated current EUA assays on their own 

hardware systems for both nucleic acid extraction and the 

analytical method. Alternatively, other commercial manu-

facturers have developed kits that have been validated on 

generic platforms for either manual or automated nucleic 

acid extraction followed by analytical runs on, eg, RT-PCR 

platforms sold by other manufacturers.

As expected, cross-comparison studies have shown that 

there is variation in analytical sensitivity across these dif-

ferent methodologies and technology platforms.6,20-23

Cross-Platform 
Comparison Studies

Earlier in the pandemic, Carter et al20 reviewed molecular 

assay methodologies used for EUA tests. Subsequently, 

several studies have emerged in which performance char-

acteristics across several SARS-CoV-2 EUA assays were 

compared and useful cross-comparison data with respect 

to LOD were provided.22,23

Cradic et al2 evaluated the clinical performance of 3 

molecular assays using NP swab specimens and com-

pared the Abbott (Lake Forest, IL) ID NOW COVID-19, the 

DiaSorin Molecular (Cypress, CA) Simplexa COVID-19 

Direct, and the Roche cobas 6800 SARS-CoV-2 as-

says. The Simplexa and Roche cobas assays reportedly 

had approximately 10 to 100 times lower LODs than the 

Abbott ID NOW. Based on these evaluations, Cradic et al2 

proposed a multiplatform testing approach in relation to 

the patient population and the assay performance char-

acteristics including assay sensitivity.
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the patient population and the assay performance char-

acteristics including assay sensitivity.

Craney et al24 compared the diagnostic performance of 2 

high-throughput assay systems, the Roche cobas 6800 

and the Hologic Panther Fusion, using 389 nasopharyngeal 

specimens. The overall percentage agreement between the 

platforms was 96.4% (κ = 0.922). Remarkably, as reported, 

no significant difference existed between the corresponding 

C
T
 values generated on the 2 systems (P value = .88). The 

authors suggested that these assay systems can be con-

sidered comparable in terms of their clinical performance.

Lieberman et al3 compared the analytical performance 

of the CDC primer set LDT and the Cepheid, DiaSorin 

Simplexa, Hologic Panther, and Roche cobas assays using 

a total of 169 NP swabs. The CDC-LDT and Cepheid Xpert 

Xpress SARS-CoV-2 assays were the most sensitive assays 

for SARS-CoV-2, with 100% agreement across specimens. 

However, as per Lieberman et al,3 the Hologic Panther 

Fusion, the DiaSorin Simplexa, and the Roche cobas 6800 

assays only failed to detect positive specimens near the 

Table 1. Representative SARS-CoV-2 EUA Assay Systems.

Test/Instrument Methodology Gene Targets Claimed LOD

Roche cobas SARS-CoV-2/cobas 6800/8800 systems RT-PCR ORF1a/b 0.007 TCID
50

/mL
Thermofisher TaqPath COVID-19 Combo Kit/Applied Biosystems 7500, QuantStudio 5 
and 7 systems

RT-PCR ORF1a/b, N, S 10 GCE/reaction

Hologic Panther Fusion SARS-CoV-2 Assay/Panther Fusion TMA ORF1 0.01 TCID
50

/mL
Abbott Real-Time SARS-CoV-2 Assay/m2000sp plus m2000rt systems RT-PCR N, RdRp 3.1 GE/reaction or 

100 copies/mL
DiaSorin Molecular Simplexa COVID-19 Direct/Liaison MDX RT-PCR ORF1, S 500 copies/mL
Cepheid Xpert Xpress SARS-CoV-2 Test/GeneXpert Dx or GeneXpert Infinity systems RT-PCR N2 and E 250 copies/mL
BioFire COVID-19 Test/FilmArray 2.0, FilmArray Torch System RT-PCR ORF1a/b, ORF8 0.022 TCID

50
/mL or 

330 copies/mL
Mesa Biotech/Accula SARS-CoV-2 Molecular LFA N 200 copies/mL
Abbott ID NOW COVID-19 Isothermal RdRp 125 GE/mL
Luminex NxTAG CoV Extended Panel Assay/Luminex MAGPIX RT-PCR ORF1a/b, N, E 5 × 103 GCE/mL
NeuMoDx SARS-CoV-2 Assay/288 Molecular System and NeuMoDx 96 Molecular 
System

RT-PCR Nsp2, N 150 copies/mL

QIAstat-Dx Respiratory SARS-CoV-2 Panel RT-PCR Orf1b (Rdrp), E 500 copies/mL
Luminex ARIES SARS-CoV-2 Assay RT-PCR ORF1a/b, N 333 copies/mL
Gnomegen COVID-19 RT-Digital PCR Detection Kit/Gnomegen Real-Time Digital PCR 
Instrument or QuantStudio 3D Digital PCR System

RT-digital PCR N1/N2 8 copies/reaction

InBios Smart Detect SARS-CoV-2 rRT-PCR Kit/7500 Fast Dx Real-Time PCR Instrument 
(Applied Biosystems) or CFX96 Touch Real-Time PCR Detection System (BioRad)

 E, N, ORF1b/
RdRp

1100 GE/mL or 12.5 
GE/reaction

BD SARS-CoV-2 Reagents/BD MAX System RT-PCR N1, N2 40 GE/mL
Atila Biosystems iAMP COVID-19 Detection Kit/BioRad CFX96 Real-Time System Isothermal 

amplification
N, ORF1a/b 4 copies/ μL

Rheonix COVID-19 MDx Assay/Rheonix Encompass MDx Workstation RT-PCR N1 0.025 TCID
50

/mL 
625 GE/mL)

Bio-Rad SARS-CoV-2 ddPCR Test/QX200 and QXDx Droplet Digital PCR systems ddPCR N1, N2 625 copies/mL
BioFire Respiratory Panel 2.1 (RP2.1)/BioFire FilmArray System RT-PCR S, M 500 copies/mL or 

0.069 TCID
50

/mL
Sherlock CRISPR SARS-CoV-2 kit RT-LAMP/CRISPR-

based detection
N, O 4.5 copies/μL

Abbott Alinity m SARS-CoV-2 assay/Alinity m System RT-PCR RdRp, N 100 copies/mL
HDPCR SARS-CoV-2 Assay/Applied Biosystems QuantStudio 12K system RT-PCR N1, N2 250 copies/mL
Illumina COVIDSeq Test/NovaSeq 6000 Sequencing System NGS Virus genome 1000 copies/mL
BioCode SARS-CoV-2 Assay/BioCode MDx-3000 RT-PCR N 0.0117 TCID

50
/mL

CRISPR, clustered regularly interspaced short palindromic repeats; ddPCR, digital droplet polymerase chain reaction; EUA, emergency use authorization; FDA, U.S. Food and Drug 
Administration; GCE, genome copy equivalent; GE, genome equivalents; IFU, instructions for use; LFA, lateral flow assay; LOD, limit of detection; NGS, next-generation sequencing; 
RT-LAMP, reverse-transcription loop-mediated isothermal amplification; RT-PCR, reverse-transcription polymerase chain reaction; TCID

50
, median tissue culture infectious dose; TMA, 

transcription-mediated amplification. Complete assay list may be accessed on the FDA website. The information summarized herein has been derived from the manufacturer’s IFU, 
also accessible on the FDA website. Test/instrument, gene targets, and claimed LOD units are as reported in the manufacturer’s IFU. Roche Diagnostics, Indianapolis, IN; Thermofisher 
Scientific, Waltham, MA/Applied Biosystems, Foster City, CA; Hologic, Inc., San Diego, CA; Abbott Diagnostics, Lake Forest, IL; Diasorin Molecular, Cypress, CA; Cepheid, Sunnyvale, 
CA; Biofire, Salt Lake City, UT; Mesa Biotech, Inc., San Diego, CA; Abbott Diagnostics, Lake Forest, IL; Luminex Corporation, Austin, TX; NeuMoDx Molecular, Inc., Ann Arbor, MI; Qiagen, 
Germantown, MD; Gnomegen, San Diego, CA; InBios, Seattle, WA; Becton Dickinson and Company, Sparks, MD; Atila Biosystems, Mountain View, CA; Rheonix Inc., Ithaca, NY; Bio-Rad 
Laboratories, Hercules, CA; Biofire, Salt Lake City, UT; Sherlock Biosciences, Cambridge, MA; Abbott Diagnostics, Lake Forest, IL; Applied Biosystems, Foster City, CA; Illumina, San 
Diego, CA; Applied BioCode, Santa Fe Springs, CA.
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LOD of the CDC-LDT assay. The authors highlighted the im-

portance of having multiple viral detection testing platforms 

available in a public health emergency.

Zhen, Manji, et al22 stressed the importance of accurate 

testing results in patient management and, to that end, the 

importance of false negative results because they inevitably 

lead to more exposures that can be potentially devastating. 

Zhen, Smith, et al23 compared the performance character-

istics of 4 PCR methods that yielded comparable results 

(κ ≥ 0.96); however, they did observe a notable difference 

when it came to overall LOD, with the GenMark (Carlsbad, 

CA) having the overall highest LOD of all 4 platforms 

evaluated and the DiaSorin Simplexa having the lowest 

LOD (39 ± 23 copies/mL), closely followed by the Hologic 

Panther Fusion (83 ± 36 copies/mL). Their modified CDC 

assay showed a final LOD of 779 ± 27 copies/mL. The clin-

ical correlation was also consistent with LOD findings where 

both the DiaSorin Simplexa and Hologic Panther Fusion 

assays had 100% positive agreement and detected all spe-

cimens deemed positive by the consensus test result, which 

was 3 of 4 evaluated assays as the gold standard.

As is to be expected, differences exist in LODs across as-

says, as reported in these studies. More such studies25,26 

continue to be published with data that will better define 

the applicability and optimal use of these different assays in 

laboratory testing to inform clinical decision-making.

Factors Affecting LOD

Test manufacturers seeking EUA are required to establish 

performance characteristics such as accuracy, precision, 

analytical sensitivity, and analytical specificity. The analyt-

ical sensitivity of an assay is the ability of an assay to detect 

very low concentrations of a given analyte in a biological 

specimen. The LOD is the lowest actual concentration of an 

analyte that can be consistently detected in typically ≥95% 

of specimens tested; thus it is an important performance 

characteristic. Analytical performance at the low concentra-

tion limit is critical for infectious disease diagnostics.

As the representative assays presented in Table 1 indi-

cate, there is considerable variability in the manner in which 

molecular assay LODs are reported in manufacturer IFUs. 

Per manufacturer IFUs, the claimed LOD is reported as 

median tissue culture infectious dose (TCID
50

)/mL, copies/

mL, genome copy equivalent/mL, or copies/reaction. The 

genome equivalent is the amount of DNA necessary to be 

present in a purified specimen to guarantee that all genes 

are present.

The calculation for TCID
50

/mL depends on the cell line being 

used for culture and is based on the degree of cytopathic 

effect observed in the tissue culture. Viral counts reported 

by TCID
50

 tend to be much lower than RT-quantitative PCR 

measurements (Bar-On27). The RNA counts can overesti-

mate infectious virions because the presence of viral RNA 

does not necessarily imply the presence of infectious vir-

ions. To assess the concentration of infectious viruses, re-

searchers typically measure TCID
50

, which involves infecting 

replicate cultures of susceptible cells with dilutions of the 

virus and noting the dilution at which half the replicate 

dishes become infected.

Several key variables define what is ultimately the LOD for a 

particular assay system because individual assay perform-

ance characteristics vary. Although LOD can be determined 

by calculating the point at which a signal can be discrim-

inated from the background, it is more often determined 

empirically by testing serial dilutions of target analyte such 

as viral stocks.

In addition to the physicochemical factors that impact 

assay performance, some assay technologies involve 

direct specimen testing but most are methods that have a 

preanalytical specimen extraction step. The direct specimen 

assay systems include the Diasorin Simplexa Covid-19 

Direct Assay on the Liaison MDX and the Atila Biosystems 

(Mountain View, CA) iAmp COVID-19 Detection Kit, which 

is run on the Bio-Rad CFX Real-Time System using an iso-

thermal amplification method.

Among these assay systems, there is a variation in the input 

specimen volume for a given SARS-CoV-2 molecular assay 

that also affects what is ultimately determined to be the 

LOD for the assay.

Gene Targets

As shown in Table 1, assay designs vary across the assays and 

instruments on which they have been validated. The SARS-

CoV-2 RNA transcript encodes multiple genes such as the rep-

licase complex ORF1ab, the spike protein, the viral envelope, 

the membrane, and the nucleocapsid proteins. Although gene 

targets are selected for their SARS-CoV-2 specificity, the assay 

designs have included 1 or more gene sequences among the 

ORf1a/b, nucleocapsid, spike protein, envelope, membrane, 

and RNA-dependent RNA polymerase genes.

The specificity of gene targets for SARS-CoV-2 is a crit-

ical part of assay design. This specificity is necessary for 

SAR-CoV-2 detection and discrimination among other 

related SARS viruses. Coronaviruses have a significantly 

lower mutation rate than those observed in other RNA 

viruses, such as the influenza virus, because of the pres-

ence of intrinsic proofreading activity during viral rep-

lication.28-33 It is possible that successful SARS-CoV-2 

replication cycles may accumulate mutations that could 

ultimately contribute to differences in clinical outcomes 

between patients with differing viral populations. Gussow 

et al32 and Artesi et al34 identified a C-to-U transition at 

position 26,340 of the SARS-CoV-2 genome that spans 

the envelope gene. Moreover, they stressed the import-

ance of targeting 2 genomic regions to minimize the 

chance for false negative results. It is thus prudent to 

monitor circulating SARS-CoV-2 variants that may ad-

versely impact the performance of RT-PCR diagnostic 

assays.35

Assay Protocol

Currently, the assays with EUA are all qualitative, providing 

a binary positive or negative answer (or a third answer 

as presumptive positive or indeterminate in a few assay 

systems). Most RT-PCR assay systems are set up for a 

C
T
 value <40 to be clinically reported as PCR-positive. 

However, this situation does not always occur because 

some assay systems continue amplification cycles beyond 

40. It is likely that a patient test result that may be positive 

has a late C
T
 (eg, >40 C

T
) and may remain undetected on a 

different assay platform. Nevertheless, a PCR-positive result 

indicates the presence of viral RNA and may not necessarily 

indicate the presence of viable virus. Thus, it is difficult to 

correlate the C
T
 values from one assay system to another in 

an accurate manner.36,37

It is assumed during PCR that each template molecule is 

duplicated once per cycle. However, for templates ex-

pressed at very low levels variance exists in the results from 

PCR reactions with scattered C
T
 values between replicate 

PCR reactions.38 As can be envisaged for low copy number 

templates, comparison across different assay designs, 
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median tissue culture infectious dose (TCID
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)/mL, copies/

mL, genome copy equivalent/mL, or copies/reaction. The 

genome equivalent is the amount of DNA necessary to be 

present in a purified specimen to guarantee that all genes 

are present.

The calculation for TCID
50

/mL depends on the cell line being 

used for culture and is based on the degree of cytopathic 

effect observed in the tissue culture. Viral counts reported 

by TCID
50

 tend to be much lower than RT-quantitative PCR 

measurements (Bar-On27). The RNA counts can overesti-

mate infectious virions because the presence of viral RNA 

does not necessarily imply the presence of infectious vir-

ions. To assess the concentration of infectious viruses, re-

searchers typically measure TCID
50

, which involves infecting 

replicate cultures of susceptible cells with dilutions of the 

virus and noting the dilution at which half the replicate 

dishes become infected.

Several key variables define what is ultimately the LOD for a 

particular assay system because individual assay perform-

ance characteristics vary. Although LOD can be determined 

by calculating the point at which a signal can be discrim-

inated from the background, it is more often determined 

empirically by testing serial dilutions of target analyte such 

as viral stocks.

In addition to the physicochemical factors that impact 

assay performance, some assay technologies involve 

direct specimen testing but most are methods that have a 

preanalytical specimen extraction step. The direct specimen 

assay systems include the Diasorin Simplexa Covid-19 

Direct Assay on the Liaison MDX and the Atila Biosystems 

(Mountain View, CA) iAmp COVID-19 Detection Kit, which 

is run on the Bio-Rad CFX Real-Time System using an iso-

thermal amplification method.

Among these assay systems, there is a variation in the input 

specimen volume for a given SARS-CoV-2 molecular assay 

that also affects what is ultimately determined to be the 

LOD for the assay.

Gene Targets

As shown in Table 1, assay designs vary across the assays and 

instruments on which they have been validated. The SARS-

CoV-2 RNA transcript encodes multiple genes such as the rep-

licase complex ORF1ab, the spike protein, the viral envelope, 

the membrane, and the nucleocapsid proteins. Although gene 

targets are selected for their SARS-CoV-2 specificity, the assay 

designs have included 1 or more gene sequences among the 

ORf1a/b, nucleocapsid, spike protein, envelope, membrane, 

and RNA-dependent RNA polymerase genes.

The specificity of gene targets for SARS-CoV-2 is a crit-

ical part of assay design. This specificity is necessary for 

SAR-CoV-2 detection and discrimination among other 

related SARS viruses. Coronaviruses have a significantly 

lower mutation rate than those observed in other RNA 

viruses, such as the influenza virus, because of the pres-

ence of intrinsic proofreading activity during viral rep-

lication.28-33 It is possible that successful SARS-CoV-2 

replication cycles may accumulate mutations that could 

ultimately contribute to differences in clinical outcomes 

between patients with differing viral populations. Gussow 

et al32 and Artesi et al34 identified a C-to-U transition at 

position 26,340 of the SARS-CoV-2 genome that spans 

the envelope gene. Moreover, they stressed the import-

ance of targeting 2 genomic regions to minimize the 

chance for false negative results. It is thus prudent to 

monitor circulating SARS-CoV-2 variants that may ad-

versely impact the performance of RT-PCR diagnostic 

assays.35

Assay Protocol

Currently, the assays with EUA are all qualitative, providing 

a binary positive or negative answer (or a third answer 

as presumptive positive or indeterminate in a few assay 

systems). Most RT-PCR assay systems are set up for a 

C
T
 value <40 to be clinically reported as PCR-positive. 

However, this situation does not always occur because 

some assay systems continue amplification cycles beyond 

40. It is likely that a patient test result that may be positive 

has a late C
T
 (eg, >40 C

T
) and may remain undetected on a 

different assay platform. Nevertheless, a PCR-positive result 

indicates the presence of viral RNA and may not necessarily 

indicate the presence of viable virus. Thus, it is difficult to 

correlate the C
T
 values from one assay system to another in 

an accurate manner.36,37

It is assumed during PCR that each template molecule is 

duplicated once per cycle. However, for templates ex-

pressed at very low levels variance exists in the results from 

PCR reactions with scattered C
T
 values between replicate 

PCR reactions.38 As can be envisaged for low copy number 

templates, comparison across different assay designs, 

instruments, target genes, and PCR physicochemical char-

acteristics is difficult.

Specimen Types

The SARS-CoV-2 molecular tests discussed are performed 

after sampling using NP swabs or other upper respiratory 

tract specimens, including OP swabs or saliva. Aside from 

the diversity of assay designs, target genes, molecular 

methodologies, and platforms used to detect SARS-CoV-2, 

specific specimen types, which include NP and OP swabs, 

BAL, and sputum impact the LOD of an assay. In addition, 

alternate specimen types such as saliva and cotton swabs 

have also been validated for specific assays and intended 

uses, as has the use of saline as an alternative transport 

medium vs conventional viral transport medium. Limited al-

locations of swabs (and reagents) have compelled manufac-

turers (and clinical laboratories) to validate alternate swabs 

and transport to be used for patient specimen collection 

and testing.39

The timeline of testing for PCR positivity may vary with the 

type of specimen. However, BAL fluid specimens seem to 

show the highest positive rates, followed by sputum, nasal 

swabs, fibrobronchoscope brush biopsy, pharyngeal swabs, 

feces, and blood.40 False-negative results may occur be-

cause of inappropriate timing of specimen collection in 

relation to illness onset and deficiency in sampling tech-

nique, especially of NP swabs. Research has shown that 

PCR positivity declines more slowly in sputum and may still 

be positive after NP swabs are negative. The persistence of 

PCR in sputum and stool has been found to be similar as 

assessed.13

International Standards

There is a dire need for the development of inter-

national standards for a SARS-CoV-2 RNA copy number. 

Development of such standards would permit comparison 

of the myriad assay systems such that the assay LOD can 

be reported in a standardized manner. This would be very 

useful for clinical practitioners and laboratory and other 

healthcare professionals.

To support its evaluation of diagnostic tests for COVID-19, 

the FDA has announced that it will provide a SARS-CoV-2 

reference panel to ensure the quality of the tests, validation 
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of new assays, test calibration, and monitoring of assay 

performance. The FDA panel will be available to commercial 

and laboratory developers who are interacting with the FDA 

through the pre-EUA process.

The Coronavirus Standards Working Group, bringing to-

gether commercial, academic, and public-sector interests, 

has been formed to develop tools that ensure the reliability 

and accuracy of this vital COVID-19 testing.41 As stated on 

its website, this working group will develop an annotated 

inventory of resources, identify gaps, and conduct inter-

national collaborative experiments to evaluate and estab-

lish comparability of the diverse control materials and test 

methods available. A commendable objective is to pool 

knowledge to collaboratively produce the most-needed 

reference materials, reference samples, and reference 

measurement methods to underpin an enduring and reliable 

COVID testing enterprise.

Bustin and Nolan42 stated in 2020 that current RT-PCR 

testing for SARS-CoV-2 has several shortcomings because 

of the shortage in the availability of suitable assays, re-

agents, equipment, and testing capacity. Interestingly, they 

recommended centralized RNA extraction procedures in 

containment level 3 facilities with dissemination of analyt-

ical testing of noninfectious RNA to nationwide laboratories. 

They suggested that these procedures be considered by 

public health organizations such as the CDC and Public 

Health England in the United Kingdom for protocols for 

emergency testing systems that can be rapidly adopted in 

emergency situations.

Conclusion

Worldwide multifarious assay systems are currently in use 

to test for SARS-CoV-2. To effectively implement clinical 

countermeasures, it is imperative to recognize the clinical 

decision-making that may be influenced by variation in the 

performance characteristics of the diverse assay systems 

in use for SARS-CoV-2 diagnostic testing. The assay re-

sults, particularly those that fall near the LOD, may not be 

commutable from one platform to another. As discussed 

herein, efforts to standardize across the different as-

says, platforms, and technologies would enhance clinical 

diagnostic testing to the ultimate benefit of patients. It is 

anticipated that cross-platform comparison studies will 

continue to add to our knowledge base. Simultaneous 

ongoing efforts to learn more about SARS-CoV-2 patho-

genesis would lead to improved diagnostic testing such 

that successful preventive, diagnostic, and prognostic 

countermeasures may be implemented for controlling the 

ongoing pandemic. LM
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