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ABSTRACT
Introduction: The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged as a novel 
viral agent that quickly spread worldwide. SARS-CoV-2 is responsible for the human coronavirus disease 
2019 (COVID-19) which has claimed hundreds of thousands of lives and had an immeasurable toll on 
the economy. Currently, most clinical cases are identified by qualitative molecular testing. However, the 
need for quantitative assessment is gaining traction.
Areas covered: In this review, the current state and future perspective of SARS-CoV-2 viral load 
quantification is presented.
Expert opinion: Viral load quantification is a critical measure that informs clinicians of treatment 
response, actionable viral load levels, and guidance on patient management. Additionally, for patho
gens with epidemiological consequences, viral load can provide information to guide infection control 
measures and policies. While qualitative detection is sufficient to identify cases and initiate containment 
and mitigation measures in the vast majority of COVID-19 cases, in certain situations, SARS-CoV-2 
quantification is needed to assess viral load trending. However, there are obstacles to quantification, 
including variability in respiratory specimen collection and the lack of commutable reference material. 
At the same time, the need for quantification for clinical and epidemiological management is growing, 
especially concerning individuals with prolonged RNA shedding.
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1. Introduction

The respiratory viral infection human coronavirus disease 2019 
(COVID-19), caused by a novel betacoronavirus named severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2), initi
ally reported in December 2019 in Hubei province, China, 
spread across the globe within a few weeks, paralyzing the 
world in an unprecedented way [1–6]. Like pandemics in the 
past, the exact origins and first human transmission events of 
SARS-CoV-2 remain a mystery [7]. As of this writing, COVID-19 
pandemic has claimed the lives of close to three million peo
ple worldwide [8]. Also devastating are the tens of millions of 
patients admitted to intensive care units in isolation com
monly referred to as COVID wards, where a vast number of 
them would be put on ventilators and rigorously managed. 
For survivors of COVID-19, the sequelae of the disease is not 
fully known and still evolving, but it is clear that many who 
have recovered still need long-term management from com
plications of COVID-19 [9]. This includes cardiovascular and 
neurological manifestations, as well as continuous pulmonary 
function abnormalities [9]. In fact, academic medical institu
tions across the United States are establishing post-COVID-19 
care centers to manage patients with late sequelae [9]. As with 
any highly transmissible infection, rapid identification of 
infected individuals with effective isolation or quarantine mea
sures are paramount to controlling the spread. In order to 
provide rapid diagnosis, governments and test manufacturers 
around the world were under high pressure in the early days 
of the pandemic to produce fast and accurate diagnostic tests. 

Due to their efforts, the field saw an explosion of SARS-CoV-2 
tests, although test reagents and consumables needed to per
form the tests were not always in adequate supply [10]. As our 
infrastructure continue to adapt to the pandemic, as variants 
emerge, and vaccines are more widely rolled out, COVID-19 
testing strategies also need to evolve, including the need for 
reliable quantitative tests to assess viral load. In this review, 
the current state and future perspective of SARS-CoV-2 viral 
load quantification is presented. Due to the complexities 
around regulatory requirements across jurisdictions, the 
focus of this review centers around the United States. 
However, approaches to testing and technological advance
ments or limitations are applicable to any jurisdiction.

2. Clinical tests to diagnose COVID-19

In the United States, the Food and Drug Administration (FDA) 
regulates diagnostic test manufacturing. Other jurisdictions 
have similar regulatory bodies that oversee test manufacturing 
like the European Medicine Agency (EMA) in the European 
Union or National Medical Products Administration (NMPA) 
in China. Given the need for rapid deployment of diagnostic 
tests to combat the pandemic, on 4 February 2020, the US 
Health and Human Services declared a public health emer
gency concerning COVID-19 [11]. The declaration allows the 
FDA to authorize unapproved medical products to be used 
during a public health emergency, including diagnostic tests. 
Thus, test manufacturers can apply for an FDA Emergency Use 

CONTACT Mark J. Lee mark.lee624@duke.edu Duke University, Durham, USA 2351 Erwin Rd., Wadsworth Bldg, DUMC 3879 Durham, NC 27710

EXPERT REVIEW OF MOLECULAR DIAGNOSTICS
https://doi.org/10.1080/14737159.2021.1962709

© 2021 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14737159.2021.1962709&domain=pdf&date_stamp=2021-08-06


Ta
bl

e 
1.

 S
el

ec
t 

U
.S

. F
D

A 
Em

er
ge

nc
y 

U
se

 A
ut

ho
riz

ed
 T

es
ts

As
sa

y
M

et
ho

d 
+

Ta
rg

et
s

Sp
ec

im
en

 T
yp

e±
Co

lle
ct

io
n/

 T
ra

ns
po

rt
Pe

rc
en

t 
Po

si
tiv

e 
Ag

re
em

en
t*

*
Pe

rc
en

t 
N

eg
at

iv
e 

Ag
re

em
en

t*
*

Li
m

it 
of

 
D

et
ec

tio
n*

**
FD

A 
Re

fe
re

nc
e 

Pa
ne

l*
**

Bi
oF

ire
 C

O
VI

D
-1

9*
PC

R
O

RF
 1

ab
, O

RF
 1

ab
, 

O
RF

8
U

pp
er

 R
es

pi
ra

to
ry

1–
3 

m
L 

tr
an

sp
or

t 
m

ed
iu

m
, s

al
in

e,
 p

ho
sp

ha
te

 
bu

ffe
re

d 
sa

lin
e

97
.7

%
 (

43
/4

4)
10

0%
 (

87
/8

7)
3.

3E
+

02
 G

E/
m

L
5.

4E
+

03
 N

D
U

/m
L

Lo
w

er
 R

es
pi

ra
to

ry
St

er
ile

 c
on

ta
in

er
10

0%
 (

15
/1

5)
93

.1
%

 (
27

/2
9)

1.
0E

+
04

 G
E/

m
L

N
.A

.
Po

ol
ed

 N
as

op
ha

ry
ng

ea
l s

w
ab

, 
Ei

gh
t 

Sa
m

pl
es

1–
3 

m
L 

tr
an

sp
or

t 
m

ed
iu

m
, s

al
in

e,
 p

ho
sp

ha
te

 
bu

ffe
re

d 
sa

lin
e

76
.4

–9
9.

1%
 (

95
%

 C
.I.

)
N

.A
.

N
.A

.
N

.A
.

Xp
er

t 
Xp

re
ss

 S
AR

S-
 

Co
V-

2*
PC

R
N

2,
 E

U
pp

er
 R

es
pi

ra
to

ry
3 

m
L 

vi
ra

l t
ra

ns
po

rt
 m

ed
iu

m
, s

al
in

e
97

.8
%

 (
44

/4
5)

95
.6

%
 (

43
/4

5)
0.

00
50

 P
FU

/m
L

5.
4E

+
03

 N
D

U
/m

L

co
ba

s 
SA

RS
-C

oV
-2

PC
R

O
RF

 1
ab

, E
U

pp
er

 R
es

pi
ra

to
ry

U
ni

ve
rs

al
 o

r 
vi

ra
l t

ra
ns

po
rt

 m
ed

iu
m

, s
al

in
e

10
0%

 (
30

/3
0)

95
.5

%
 (

12
6/

13
2)

3.
2E

+
01

 
co

pi
es

/m
L

1.
8E

+
03

 N
D

U
/m

L

Po
ol

ed
 U

pp
er

 R
es

pi
ra

to
ry

 S
w

ab
, 

Si
x 

Sa
m

pl
es

U
ni

ve
rs

al
 o

r 
vi

ra
l t

ra
ns

po
rt

 m
ed

iu
m

, s
al

in
e

83
.9

–1
00

%
 (

95
%

 C
.I.

)
N

.A
.

N
.A

.
N

.A
.

Al
in

ity
 m

 S
AR

S-
Co

V-
2

PC
R

N
2,

 R
dR

p
U

pp
er

 R
es

pi
ra

to
ry

Vi
ra

l t
ra

ns
po

rt
 m

ed
iu

m
10

0%
 (

47
/4

7)
96

.5
%

 (
55

/5
7)

6.
0E

+
02

 
co

pi
es

/m
L

6.
0E

+
02

 N
D

U
/m

L

Lo
w

er
 R

es
pi

ra
to

ry
St

er
ile

 c
on

ta
in

er
N

.A
.

N
.A

.
N

.A
.

N
.A

.
Po

ol
ed

 U
pp

er
 R

es
pi

ra
to

ry
 S

w
ab

, 
Fi

ve
 S

am
pl

es
Vi

ra
l t

ra
ns

po
rt

 m
ed

iu
m

92
.3

–1
00

%
 (

95
%

 C
.I.

)
93

.5
–1

00
%

 (
95

%
 C

.I.
)

N
.A

.
N

.A
.

Ap
tim

a 
SA

RS
-C

oV
-2

TM
A

O
RF

 1
ab

, O
RF

 1
ab

U
pp

er
 R

es
pi

ra
to

ry
Tr

an
sp

or
t 

m
ed

iu
m

, s
al

in
e

10
0%

 (
50

/5
0)

98
.2

%
 (

54
/5

5)
8.

3E
+

01
 

co
pi

es
/m

L
6.

0E
+

02
 N

D
U

/m
L

Po
ol

ed
 U

pp
er

 R
es

pi
ra

to
ry

 S
w

ab
, 

Fi
ve

 S
am

pl
es

Tr
an

sp
or

t 
m

ed
iu

m
, s

al
in

e
92

.9
–1

00
%

 (
95

%
 C

.I.
)

83
.9

–1
00

%
 (

95
%

 C
.I.

)
N

.A
.

N
.A

.

Ta
qP

at
h 

CO
VI

D
-1

9 
Co

m
bo

 K
it

PC
R

O
RF

 1
ab

, S
, N

U
pp

er
 R

es
pi

ra
to

ry
Tr

an
sp

or
t 

m
ed

iu
m

, s
al

in
e

N
.A

.
N

.A
.

1.
0E

+
01

 G
E/

m
L

1.
8E

+
05

 N
D

U
/m

L
Lo

w
er

 R
es

pi
ra

to
ry

Tr
an

sp
or

t 
m

ed
iu

m
, s

al
in

e
N

.A
.

N
.A

.
1.

0E
+

01
 G

E/
m

L
N

.A
.

Po
ol

ed
 U

pp
er

 R
es

pi
ra

to
ry

 S
w

ab
, 

Fi
ve

 S
am

pl
es

Tr
an

sp
or

t 
m

ed
iu

m
, s

al
in

e
91

.4
–1

00
%

 (
95

%
 C

.I.
)

88
.8

–1
00

%
 (

95
%

 C
.I.

)
N

.A
.

N
.A

.

Si
m

pl
ex

a 
CO

VI
D

-1
9 

D
ire

ct
PC

R
S,

 O
RF

 1
ab

U
pp

er
 R

es
pi

ra
to

ry
Tr

an
sp

or
t 

m
ed

iu
m

, s
al

in
e

99
.1

%
 (

11
1/

11
2)

10
0%

 (
11

6/
11

6)
5.

0E
+

02
 G

E/
m

L
6.

0E
+

03
 N

D
U

/m
L

Lo
w

er
 R

es
pi

ra
to

ry
St

er
ile

 c
on

ta
in

er
10

0%
 (

11
/1

1)
10

0%
 (

7/
7)

1.
2E

+
03

 G
E/

m
L

N
.A

.

*M
ul

tip
le

x 
as

sa
ys

 c
om

bi
ne

d 
w

ith
 in

flu
en

za
 a

nd
 R

SV
 t

ar
ge

ts
 a

re
 a

va
ila

bl
e 

an
d 

co
m

m
on

ly
 in

 u
se

d 
**

Cl
in

ic
al

 p
er

fo
rm

an
ce

, s
ym

pt
om

at
ic

 p
at

ie
nt

 s
am

pl
es

 o
r 

sy
m

pt
om

ol
og

y 
un

kn
ow

n 
**

*G
E 

(g
en

om
ic

 e
qu

iv
al

en
t)

, P
FU

 (
pl

aq
ue

 f
or

m
in

g 
un

it)
, N

D
U

 (
N

AA
T 

D
et

ec
ta

bl
e 

U
ni

t)
 

±
U

pp
er

 R
es

pi
ra

to
ry

 in
cl

ud
es

 n
as

op
hy

ra
ng

ea
l, 

or
op

ha
ry

ng
ea

l, 
m

id
-t

ur
bi

na
te

, o
r 

an
te

rio
r 

na
sa

l s
w

ab
; s

om
e 

as
sa

ys
 in

cl
ud

e 
na

sa
l w

as
h/

as
pi

ra
te

 
±

Lo
w

er
 R

es
pi

ra
to

ry
 in

cl
ud

es
 s

pu
tu

m
 (

in
du

ct
ed

 o
r 

ex
pe

ct
or

at
ed

), 
br

on
ch

oa
lv

ea
la

r 
la

va
ge

 f
lu

id
 

±
 P

CR
 (

Po
ly

m
er

as
e 

Ch
ai

n 
Re

ac
tio

n)
, T

M
A 

(T
ra

ns
cr

ip
t 

M
ed

ia
te

d 
Am

pl
ifi

ca
tio

n)
 

2 M. J. LEE



Authorization (EUA) without submitting extensive data and 
obtaining an FDA in vitro diagnostic (IVD) approval that can 
take years.

As of this writing, there are over 220 EUA assays for the 
detection of SARS-CoV-2 RNA or antigen and over 70 EUA 
assays for the detection of antibody against SARS-CoV-2 [12]. 
These assays have various specimen requirements, as well as 
collection options. These figures don’t include the hundreds of 
laboratory-developed tests (LDT) and those that are investiga
tional or research use only that may be in use in various 
research and clinical settings. Table 1 lists several commonly 
used EUA qualitative assays and their respective test charac
teristics and analytical performance (Table 1). It is important to 
note that qualitative SARS-CoV-2 assays are slowly getting 
approved by the FDA. Most recently, BioFire Respiratory Viral 
Panel 2.1, a qualitative multiplex assay that includes SARS-CoV 
-2 as a target, received FDA IVD approval [13]. Once the public 
health emergency declaration ends, EUA assays will no longer 
be allowed. Therefore, it is important for manufacturers to 
obtain FDA IVD approval of their EUA assays prior to the end 
of the declaration.

The clinical use of any of these qualitative SARS-CoV-2 
assays depends on the indication for testing, including onset 
of symptoms consistent with COVID-19, close contact expo
sure, or asymptomatic screening or mass surveillance. For 
diagnostic purposes to assess whether a person is currently 
infected, detection of SARS-CoV-2 RNA by a molecular method 
like nucleic acid amplification test (NAAT) or detection of 
SARS-CoV-2 antigen by an immunoassay would be most 
appropriate. To evaluate past-infection and understand the 
epidemiology of COVID-19 and assess seroprevalence, includ
ing immunization, detection of antibody against SARS-CoV-2 
would be most appropriate. The pretest probabilities of these 
methodologies and window of detection are largely depen
dent upon the timing of the infection, anatomic site of sample 
collection, prevalence in the community or specific popula
tion, and good collection techniques [14]. A number of studies 
show that viral antigen is detectable by current methods 
within the first 5 to 7 day post-onset of symptoms [15,16]. 
This is a much shorter detection window compared to viral 
RNA detected by NAAT, which can be detectable weeks into 
the infection [15]. Antibody detection occurs after the second 
week post-infection, and optimally detectable at 3–4 weeks 
[15,17]. Unconventionally, both IgM and IgG seems to rise at 
the same time, making IgM detection not as helpful in diag
nosing acute infection in contrast to other infections.

Since the beginning of the pandemic, the majority of 
COVID-19 testing efforts have been focused toward qualitative 
detection of viral RNA or antigen, or measure of antibody 
against SARS-CoV-2 (neutralizing or binding). A simple and 
rapid ‘detected’ or ‘not detected’ result is all that is needed 
to quickly identify and take appropriate actions like public 
health mitigation or decisions on the level of personal protec
tive equipment use during a procedure. However, as our 
understanding of COVID-19 deepens and our experience 
with this virus extends beyond acute infection and public 
health mitigation, there is a growing need to understand 
viral burden and viral load trending for both research pur
poses and patient management.

2.1. Need for SARS-CoV-2 quantification and viral load 
trending

Viral nucleic acid quantification is an important and critical 
factor in various types of patient management settings. 
Quantitative viral load may inform clinicians whether the 
patient is responding to viral suppression therapy, detection 
is from a new infection (or reactivation) vs. prolonged shed
ding of an old infection, or creeping viral load points to 
a potential treatment failure in patients undergoing long- 
term therapy. The utility of viral nucleic acid quantification is 
well exemplified in post-transplant monitoring, where low- 
level viremia persists due to impaired immune clearance 
from immune suppressive therapy. Various guidelines and 
respective institutional policies have employed actionable 
viral load levels to initiate, stop, or change therapy in 
Cytomegalovirus (CMV) and BK virus (BKV) monitoring [18–20].

While evidence is still emerging on the role of viral load and 
COVID-19 prognosis and transmission, knowing SARS-CoV-2 viral 
quantitation may be clinically and epidemiologically useful in 
some situations. Various studies have shown that prolonged 
SARS-CoV-2 RNA shedding can occur in both immunocompetent 
patients that have recovered from COVID-19 [21,22] and those 
who are on suppressive therapy [23,24]. Similar to BKV, Epstein- 
Barr Virus, or CMV viral shedding in severely immune compro
mised or suppressed patients, including transplant patients, 
seem to experience prolonged SARS-CoV-2 RNA shedding 
months after initial COVID-19 diagnosis [24–26].

In a recent study, Aydillo et al. looked into the viability and 
RNA shedding in oncology patients [24]. The study enrolled 20 
patients, 15 of whom received active chemotherapy. In these 
patients, a longitudinal respiratory specimen test series 
showed that SARS-CoV-2 RNA was detectable for up to 
78 days from onset of symptoms. Viable virus was initially 
isolated in 10 out of 14 patients with a nasopharyngeal swab 
collection. Five of these patients had prolonged shedding 
ranging from 1 week to 2 months. Of these five patients, 
viable virus was isolated in three patients beyond 20 days of 
onset of symptoms. Two of these three patients had severe 
COVID-19 and received investigational treatments. 
Understanding viral load trends and kinetics, and not simply 
just qualitative detection, may provide better guidance in 
managing unique patient populations.

In a metadata analysis, Cevik et al. looked at 79 studies 
(5,340 individuals) that reported duration of SARS-CoV-2 shed
ding in various specimen types [27]. The analysis included 43 
studies reporting on the upper respiratory tract with a mean 
duration of 17.0 days, 7 studies reporting on the lower respira
tory tract with a mean duration of 14.6 days, and 13 studies 
reporting on stool with a mean duration of 17.2 days. The 
authors identified 11 studies that attempted virus isolation, of 
which 8 successfully isolated virus in respiratory specimen 
within 1 week of onset of symptoms, and no virus was isolated 
beyond 9 days. In studies that correlated with viral load, viral 
isolation was not successful from specimen with estimated 
low viral quantitation. It’s important to note that the metadata 
analysis did not stratify patient risk groups, like oncology or 
transplant patients undergoing suppressive therapy. The fact 
that most study participants are immunocompetent could 
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explain the shorter window of viable virus compared to stu
dies focused on immune suppressed individuals.

Even in patients who do not experience prolonged SARS-CoV 
-2 shedding, knowing the viral load rather than just a qualitative 
‘detected’ vs. ‘not detected’ could provide guidance to infection 
prevention specialists when considering initiation or discharge 
of airborne precaution. While additional studies on transmissi
bility is needed, a number of studies have shown lack of infec
tivity in viral culture from specimen with low-level SARS-CoV-2 
viral load [27–29]. Therefore, depending on the clinical scenario, 
hospital ICU census, availability of personal protective equip
ment, and stepdown protocols, information on viral load trend
ing could help make better informed decisions when needed. 
Additionally, as targeted antiviral treatments for COVID-19 
become available, quantification of SARS-CoV-2 could play an 
important role in assessing treatment response and manage
ment decisions in immunocompetent patients.

2.2. Current approaches to SARS-CoV-2 quantification

Various approaches are currently used to estimate SARS-CoV-2 
viral load. Although there are no FDA approved or EUA assay 
for the quantification of SARS-CoV-2, some laboratories are 
reporting cycle threshold (Ct) values from qualitative PCR 
assays as surrogate estimation of viral load for both research 
purposes, and also in clinical settings for clinical and infection 
control decision making. Recently, the FDA clarified that 
reporting Ct values from qualitative SARS-CoV-2 PCR assays 
with EUA status is allowed if the platform provides such 
information [30]. While the FDA does provide limitations and 
caution statements on how Ct values should be interpreted, it 
reasons that Ct values could be used as a measure of estima
tion of viral load, and could provide guidance in evaluating 
disease burden and transmission. However, given that quanti
tative viral load is typically reported as a defined quantity or 
unitage, like IU/mL or Log copies/mL, and not as a Ct value, 
reporting Ct value in clinical setting has led to some confusion 
and inconsistency.

Quantification of virus is generally performed by constructing 
a standard curve using dilution series of a qualified reference 
material on a PCR platform and evaluating linearity against 
corresponding Ct values. Gold standard reference material is 
usually derived from the World Health Organization (WHO) inter
national standard, when available. Clinical samples are then 
tested on the validated PCR instrument along with the appro
priate quality control samples. The PCR instrument generates 
a Ct value, and the quantitation is derived from the standard 
curve. Thus, rather than interpreting a Ct value, clinicians get 
quantified viral loads, which can be compared across different 
platforms and methodologies. Thus, a result from one institution 
can be interpreted at another institution.

While Ct values from qualitative EUA assays can provide 
some insights into disease burden and potentially help navi
gate isolation and quarantine discontinuation, there are 
major limitations to consider in reporting Ct values. First, 
EUA assays from different manufacturers have different Ct 
value ranges. An assay from one platform may have 
a reportable Ct value range of 10 to 40 while another 

platform may have a range of 10 to 35. Thus, a Ct value of 
35 will have different interpretation depending on what plat
form the specimen was tested on. Given the large testing 
volume and the need to build redundancy around reagent 
shortages, many clinical labs are running multiple platforms, 
which have different detection ranges and Ct reporting. 
Secondly, different primer/probe designs will have different 
PCR efficiency and binding properties. Not only will this result 
in differences in Ct values, but also provide inconsistent 
interpretation when trending Ct values. A difference of 
three cycles from a prior test result performed may hold 
different significance with different platforms, and certainly 
not interchangeable. Lastly, and probably the most important 
point, is that a respiratory specimen, especially the commonly 
collected nasal and nasopharyngeal swabs, are not homoge
nous specimen types. Unlike serum or plasma, respiratory 
specimen collection is largely dependent on sampling tech
niques. Depending on the rigor, depth, and contact time of 
the swab during collection, varying amounts of viral RNA and 
host cellular materials may be collected. While collection 
technique is important for qualitative testing, it is absolutely 
critical for quantitative testing.

Some of the limitations discussed in reporting Ct values are 
exemplified by recent data reported by the College of American 
Pathologists (CAP), an organization that accredits clinical labora
tory under the Clinical Laboratory Improvement Act (CLIA). As 
part of accreditation, CAP requires laboratories to perform profi
ciency testing for each of the analyte/test the laboratory offers as 
a means of evaluating laboratory performance. For laboratories 
subscribing to the CAP proficiency testing program, CAP sends 
unknown samples to participating laboratories and grade their 
results. For SARS-CoV-2 qualitative PCR testing, CAP recently 
published data from a proficiency testing survey of over 700 
participating laboratories [31]. As with any proficiency testing 
survey, the same batch of test material was sent. Participating 
laboratories were asked to report back Ct values in addition to 
qualitative results. CAP received data on eight different EUA 
assays with various assay designs for detection, two targets 
with separate probes, two targets with a combined probe, and 
a single target with a single probe. The median Ct value range 
among the different platform was 14 cycles. Interestingly, differ
ences in Ct value tested in different laboratories using the same 
platform were as high as 3 cycles. To date, this is the largest 
analytical performance evaluation of SARS-CoV-2 qualitative PCR 
assay in a clinical laboratory setting, and the results point to 
major pitfalls in Ct value commutability.

Some studies in research settings have reported quantita
tive viral load in units like copies/mL, instead of Ct values. One 
study reported SARS-CoV-2 viral load as log10 copies/mL by 
deriving a standard curve using the 2019-nCoV/USA-WA1 
/2020 strain [27], while another study also reported viral load 
as log10 copies/mL but deriving a standard curve using con
structed plasmid with synthetic viral transcripts [32]. While 
converting Ct values to a quantitative value derived from 
a standard curve greatly helps with many of the challenges 
around reporting raw Ct values, consistency of sample collec
tion and adoption of the recently established WHO standard 
reference material still remain as major drawbacks, not to 

4 M. J. LEE



mention commutability and use of consistent unitage for 
reporting.

It is important to note that there was no WHO international 
standard for SARS-CoV-2 until recently [33]. The Expert 
Committee on Biological Standardization (ECBS) approved 
the first WHO international standard for SARS-CoV-2 at the 
December 2020 meeting [34]. It is now available through the 
National Institute for Biological Standards and Control (NIBSC). 
Whether governments and test developers around the world 
adopt the new WHO international standard remains to be 
seen.

In the US, the FDA is gathering comparative data using 
a reference panel to assess cross-reactivity with another cor
onavirus and compare analytical sensitivity across EUA assays 
[35]. The reference panel, which consists of heat-inactivated 
SARS-CoV-2 strain 2019-nCoV/USA-WA1/2020, was distributed 
to close to 200 test developers. Following a specific FDA 
protocol, a limit of detection (LoD) can be derived. The FDA 
undertook this initiative to evaluate the LoD of EUA assays 
using the same material in a standardized approach given the 
fact that a plethora of standard materials were used to 
develop these assays, resulting in difficulties comparing and 
contrasting LoD’s across EUA assays. As of this writing, 117 
participating test developers reported results, and the LoD 
ranged from 180 to 600,000 NAAT Detectable Units/mL 
(NDU/mL). NDU is defined as a single detectable unit that is 
sufficient to provide a positive test result [36]. While the 
purpose of this data gathering was to compare and contrast 
LoD across EUA assays, a similar initiative with serial dilutions 
of a standard material to build standard curves could provide 
insights into quantitative capabilities of these tests.

2.3. Future perspective on SARS-CoV-2 quantification

Qualitative results alone are sufficient to diagnose COVID-19 
cases. However, in unique patient populations, information on 
viral load trends can provide important insights that can help 
with further management and better informed infection con
trol decisions. Additionally, as specific antiviral treatments for 
COVID-19 become available, quantification of SARS-CoV-2 will 
be needed to assess treatment response and monitoring. The 
current use of Ct value as a surrogate to viral load estimation 
has many limitations, and even quantitative viral load report
ing has its challenges. A path forward for standardized SARS- 
CoV-2 quantification is needed.

First, the most urgent need with SARS-CoV-2 quantification 
is the harmonization of a reference standard for test develop
ment and calibration within and among platforms. While the 
WHO international standard has recently become available 
consisting of acid-heat inactivated England/02/2020 strain of 
SARS-CoV-2 [33], the vast majority of tests were already devel
oped and verified using other reference materials. In the US, 
the most widely used SARS-CoV-2 reference material for test 
development is the 2019-nCoV/USA-WA1/2020 strain, a viral 
isolate obtained from a patient who returned to Washington 
state after traveling to an affected region of China in 
January 2020. Different preparations of the product, like 
extracted RNA, cell culture lysate, and heat-inactivated lysates, 
are available. Importantly, the 2019-nCoV/USA-WA1/2020 

strain preparations are available as products from a variety 
of reference material manufacturers. This has resulted in varia
tion in propagation and passage among different manufac
turers as evidenced by different cell line used for viral culture 
to manufacture the products, which could impact the quality 
and commutability of the material. Therefore, a concerted 
effort is needed to standardize the manufacturing of reference 
materials, or move toward wider adoption of the WHO inter
national standard. Ideally, the use of a single material would 
be ideal. However, similar to reagent and consumable 
shortages experienced during this pandemic, having redun
dancy in reference standards that is commutable could be the 
best approach.

Second, whether it is the 2019-nCoV/USA-WA1/2020 strain 
or the recently established WHO international standard 
England/02/2020 strain, the condition of SARS-CoV-2 RNA 
derived from cell culture may not reflect viral RNA in vivo. 
Therefore, further research into the species of RNA and their 
relative abundance found in clinical samples, including RNA in 
viruses, circulating RNA, and RNA intermediates and subge
nomic RNA, and the extent of fragmentation and impact on 
detection and quantification, is needed. In other viruses, var
ious studies have shown lack of commutability of WHO inter
national standards, resulting in large differences in 
quantification [37,38]. This includes issues around fragmenta
tion and amplicon size. In the ECBS report, the committee 
acknowledged that commutability of the WHO international 
standard for SARS-CoV-2 RNA has not been thoroughly eval
uated due to time constraints and the level of risk involved in 
undertaking such studies within a reasonable timeframe [33]. 
Given that differences in assay design can result in differences 
in quantitation even when using the same reference material, 
extensive evaluation to assess commutability of the reference 
standard is needed.

Lastly, variability in sample collection needs to be 
addressed and mitigated. While education and training can 
streamline collection techniques, sample collection is inher
ently variable for specimens like nasal and nasopharyngeal 
swabbing. Therefore, rather than relying on the hopes of 
consistent technique of sample collectors, an assessment of 
the sample integrity and subsequent normalization may be 
a better approach. One option is to normalize the viral quan
titation with host cell quantitation as measured with house
keeping genes and report viral load as NAAT detectable unit 
(NDU) per host cell. Some of the SARS-CoV-2 RNA detection 
assays include host nucleic acid detection like RNase P. While 
there are limitations of using RNase P in its current formula
tion, like detection of both DNA and RNA in the same reaction, 
other housekeeping genes or a different primer/probe design 
specifically targeting host DNA to derive an estimation of host 
cellular material would be needed. Thus, rather than reporting 
per mL of sample, quantification would be normalized based 
on how much host epithelial cells are collected, with the 
assumption that a higher number of epithelial cells may 
equate to a better collection. Establishing standard curve 
using a reference material in IU per mL or copies per mL, 
then converting that into an NDU per host cell may require 
some background calculations. For other sample types like 
bronchoalveolar lavage fluid (BAL) or sputum, where sample 
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collection technique can be considered more consistent than 
swabbing, NDU per mL may be more appropriate. One point 
to note, kinetics of viral shedding has been shown to vary in 
different anatomic sites, especially in relation to anatomic sites 
of viral entry [39,40]. Therefore, quantification should be lim
ited to serial collection of a single or specific sites for consis
tent result interpretation. To account for shedding at different 
anatomic sites, perhaps a stratification approach based on 
patient risk factors, and sampling at multiple sites when fea
sible, could be devised into an algorithm.

3. Conclusion

As our experience with COVID-19 continues to evolve, the 
need for SARS-CoV-2 quantification is growing in certain 
situations. In patients with prolonged RNA shedding or in 
assessing infection control measures for patients that are 
already qualitatively positive for COVID-19, evaluating SARS- 
CoV-2 viral load trends could provide useful insights. Whether 
a single viral load test result can provide meaningful or 
actionable information without viral load trend data remains 
to be seen. In developing a quantitative SARS-CoV-2 test, 
there are a number of limitations to consider, including 
imperfect specimen collection, imperfect reference materials, 
and imperfect knowledge of the virus species and state 
in vivo that can impact quantification. As the field awaits 
solutions to these limitations, it is important to keep 
a perspective on minimizing risks and maximizing benefits 
in developing an assay with these limitations. Perhaps, the 
risk is minimized by narrowing the indication for testing or 
restricting the testing population. In the alternative, reporting 
quantitation based on a standard curve, regardless of the 
reference material, may be more beneficial than simply 
reporting Ct values.

4. Expert opinion

The speed at which diagnostic tests were developed, 
deployed, and implemented during this pandemic has been 
unprecedented. As test manufacturers, government grant 
agencies, regulatory bodies, testing laboratories, clinicians, 
investors, and the public at-large conduct postmortem ana
lyses, one thing will become clear: the in vitro diagnostic 
space will never be the same. Prior to the pandemic, most 
people did not know what a nucleic acid amplification test 
(NAAT) was, or that an antigen test is different from an anti
body test. The concept of pretest probability and false positive 
or negative test was foreign to most people, no less that 
medical laboratory professionals perform these diagnostic 
tests and provide result interpretation. Now, these terms and 
concepts have become common parlance, and for better or 
worse, we live in a world with a greater and expanded general 
knowledge of diagnostic testing.

Coupled with this crash course in diagnostic testing, the 
use of emerging technology and fast-tracking some of the 
previous regulatory huddles have demonstrated that we can 
think outside the box and it may be time to let go of some of 
the antiquated dogma that has strapped down the in vitro 
diagnostic space in the past. Incubators and government- 

sponsored programs have pushed diagnostic test develop
ment to new levels of collaboration and innovation. This 
shift has allowed the expansion of home-collection, self- 
collection, and at-home testing, not to mention smartphone 
and online-based result reporting and tracking, to name a few. 
It has opened avenues for over-the-counter (OTC) and direct- 
to-consumer (DTC) respiratory viral antigen and antibody test
ing, and NAAT with newer platform designs.

To that effect, while it may have been dismissed in the past, 
quantification of respiratory viruses from swab collections may 
find a place to root. However, caution should not be thrown to 
the wind. In the midst of this exciting and revolutionary times 
in the in vitro diagnostic space, manufacturers and regulatory 
agencies, and clinical and laboratory professionals must all 
work as stewards to ensure that innovation and progress is 
rooted in evidence. This includes robust collection devices and 
methods that are optimal for quantification, reliable commu
table reference material, and well-designed clinical studies 
evaluating viral load trends. Ensuring public confidence by 
gaining and maintaining public trust through evidence is 
pivotal, especially in the current world of social media and 
‘viral’ spread of misinformation.
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