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ABSTRACT

The Coronavirus Disease of 2019 (COVID-19) pandemic has been a challenging event for laboratory medicine and diagnostics manufacturers. We have had to
confront numerous unique and previously unthinkable issues on a daily basis in order to continue offering diagnostic testing for not only Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2), but other testing that was significantly impacted by supply chain and staffing disruptions related to COVID-19. Out of this
tremendously stressful and, at times, chaotic environment, decades of innovations and advances in testing methodologies and instrumentation became essential to
handle the overwhelming volume of samples with clinically appropriate turn-around-time. Additionally, a number of novel testing approaches and technological
innovations emerged to address laboratory and public health needs for widespread testing. In this review we consider both technological advances in infectious
diseases testing and other innovations in sample collection, processing, automation, workflow, and testing that have embodied the laboratory response to the COVID-

19 pandemic.

1. Introduction and overview

Access to timely Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2) testing results has been a significant limiting factor
throughout the Coronavirus Disease of 2019 (COVID-19) pandemic.
Much of the laboratory response to the pandemic has focused on
increasing access and decreasing turn-around-time (TAT) for testing. For
outpatients, overwhelming sample volume has been a key determinant
of TAT, and brute force reductions in TAT have been accomplished
through increased staffing, expanded laboratory operating hours, and
the addition of new instrumentation in laboratories throughout the
world. However, long-standing staffing shortages coupled with supply
chain limitations in reagents and consumables and the time required to
produce and ship large, complex instruments did not fully relieve testing
capacity problems. In response, laboratory automation and innovative
applications such as specimen pooling became more widespread to in-
crease laboratory capacity.

Throughout the early pandemic and into the 2021 winter surge,
access to testing was significantly limited by critical shortages in spec-
imen collection supplies such as swabs and transport media. Addition-
ally, shortages in personal-protective-equipment (PPE) required to
protect health care providers during specimen collection necessitated
the use of alternative specimens and specimen collection methods.
Barriers to testing access are being removed through wide-spread point
of care (POC) testing including at-home specimen collection and home-
based testing. Finally, the need for cheaper and less complex home-
based tests has prompted expansion of alternative nucleic acid
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amplification testing (NAAT) methods including the first CRISPR-Cas-
based diagnostic test to receive Emergency Use Authorization (EUA)
to detect SARS-CoV-2 infection.

Many of the methods implemented since February 2020 had been in
development for years, released on a smaller scale pre-pandemic, and/or
been the subject of academic study prior to COVID-19. In many cases,
the COVID-19 pandemic accelerated the dissemination of new methods
and instrumentation by reducing the barrier to entry to market and/or
allowing instrumentation to become widely distributed. At many in-
stitutions, the dire need for testing capacity made resources available to
allow the acquisition of new testing instrumentation.

In this review we will discuss the laboratory medicine response to the
COVID-19 pandemic through a lens of innovations in testing instru-
mentation and methodologies and in reference to the pre-COVID-19
state of infectious diseases diagnostics.

1.1. CDC assay as a point of reference

It is useful to consider a reference point when evaluating diagnostic
advances in response to COVID-19. The CDC 2019-nCoV Real-Time RT-
PCR Diagnostic Panel, referred to as the “CDC assay,” first received EUA
by the US Food and Drug Administration on February 4, 2020, and it
underwent a substantial revision on March 15, 2020[1]. The CDC assay
is a real-time reverse-transcriptase PCR assay for the detection of RNA
from SARS-CoV-2 that targets two regions in the SARS-CoV-2 nucleo-
capsid region, N1 and N2, and it uses human RNAseP gene as an
amplification control. It is a highly complex assay requiring separate
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CDC Assay Parameters
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Fig. 1. The basic parameters of the CDC Assay, a traditional real-time RT-PCR assay, are shown on the left. Modifications or manufacturer responses to the limi-
tations identified in traditional PCR assays are shown on the right. Some of these changes had been in use prior to the COVID-19 pandemic, and, while some may not
be sustained post-pandemic, some of these changes will likely become the standard testing workflows in the future.

extraction and amplification steps as well as extensive pipetting and
sample manipulation. Notably, the assay is not multiplexed such that
each sample tested required the use of three different wells on a 96-well
PCR plate, i.e. one well each for N1, N2, and RNaseP. It was initially
authorized for nasopharyngeal (NP) and oropharyngeal (OP) swabs
collected into viral transport media (VTM), and the initial authorization
included only a very limited number of acceptable nucleic acid extrac-
tion systems and thermocyclers. Total assay time is around 4 to 6 h with
multiple steps requiring technologist intervention. The basic parameters
of the CDC assay and notable modifications to those parameters that
have arisen since March 2020 are noted in Fig. 1.
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2. Regulatory changes
2.1. Necessity and timing of regulatory review

Changes in the process for performing testing and obtaining EUA for
diagnostic assays was the first major novel change that set the stage for
later innovations in diagnostics. Once a public health emergency is
declared, the EUA pathway may become available for test marketing in
the USA[2]. However, academic and commercial laboratories have not
historically submitted assays for FDA review, and the initial re-
quirements for COVID-19 testing were: 1) all tests for COVID-19 had to

B) Authorized Settings for EUA Tests
250
150 .
0
? 50+
= 50T
o
> 40
< 304
w
‘5 20+
104
0_.
. . O @
\*’7"\6 \"3&\ 6‘40 eoe
L L& ¥
& S NS
& &
®°b

Fig. 2. Number (A) and authorized settings (B) for in vitro diagnostic assays for the detection of SARS-CoV-2 granted Emergency Use Authorization by the US FDA
(https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/in-vitro-diagnostics-euas-molecular-di

agnostic-tests-sars-cov-2#individual-molecular Accessed 9/5/21).


https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/in-vitro-diagnostics-euas-molecular-diagnostic-tests-sars-cov-2%23individual-molecular
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/in-vitro-diagnostics-euas-molecular-diagnostic-tests-sars-cov-2%23individual-molecular

D.R. Peaper et al.

be reviewed by the FDA and 2) testing could not be performed unless the
test had been granted an EUA[3]. This led many laboratories to make a
calculated decision to await tests available from commercial manufac-
turers rather than invest the time and effort into an assay that may
languish under regulatory review. However, the FDA quickly reversed
course by allowing laboratories to begin using a test while it was under
EUA review([4]. Academic and commercial laboratories quickly began
developing assays and submitting applications to the FDA. Eventually,
the requirement for EUA submission was removed and the existing
laboratory developed testing (LDT) framework was allowed to be used
to implement tests for COVID-19, but the initial switch allowing testing
to proceed while an assay was under review facilitated the rapid
expansion in test availability seen during the pandemic (Fig. 2). How-
ever, with the large number of tests currently available meeting many
patient testing needs, the FDA has recently re-revised the regulatory
requirements for COVID-19 testing, and all tests are expected to undergo
EUA review[5]. Additionally, test performance is being re-assessed in
light of new SARS-CoV-2 variants as well as ongoing assessments of test
performance and regulatory revisions which may lead to changes in
assay EUA status.

2.2. Bridging studies to support modifications

Another regulatory advance that allowed more widespread testing
on an accelerated timeframe was the allowance of “bridging studies” to
establish equivalent performance of limited different components of an
assay without requiring submission of the modified assay for FDA EUA
review[6,7]. Depending on the scope of the modifications, historically
this would render an assay as either an LDT or, at minimum, a modified
FDA-approved test. This allowed laboratories to address supply chain
constraints by using alternative collection devices, transport media,
extraction reagents, master mix, or thermocyclers without submitting
these modifications for FDA review. Bridging studies had been used for
pharmaceutical development and manufacture to support changes in
processes not included in original regulatory filings, but their formal
application to in vitro diagnostics was new during the COVID-19
pandemic. Modifications of FDA-approved tests were always possible
within the laboratory, but the guidance around bridging studies pro-
vided clarity and guidance for laboratories with, in many cases, less
burden for comparator studies as well as less regulatory uncertainty.
Changes to test procedures including specimen type, transport media,
and/or reagents used made in response to shortages or out of expediency
should be evaluated for comparable performance, and, when applicable,
reversion to original protocols may be appropriate to maintain optimal
test performance[7].

2.3. Modifications of CDC assay

In some sense, the CDC assay for COVID-19 was not a state of the art
assay. The methods and instruments used are not fundamentally
different from the assay developed for the detection of novel influenza A
in 2009, a previous pandemic that led to the widespread adoption of
molecular methods[8]. Over the 10-year period between 2009 and
2019, there was both a dramatic increase in the number of commercial
assays available for infectious diseases diagnostics as well as techno-
logical innovations that allowed for the decentralization of molecular
infectious diseases testing to different laboratory and clinical settings
[9].

Among the nearly 300 IVD assays granted EUA status by the FDA
since February 2020, the vast majority are RT-PCR assays, and a sub-
stantial fraction represent variations on the CDC assay (Fig. 2) [10]. A
common modification is the multiplexing of the N1, N2, and RNAseP
gene targets into a single well to increase testing capacity. Additional
modifications include use of different PCR master mixes, alternative
extraction methods, and/or alternative thermocyclers. Many of the
manufacturers of these devices had not previously had IVD assays
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available in the USA, and most did not introduce any novel instrumen-
tation or technologies. Additionally, a number of institutions and com-
mercial enterprises that have received an EUA for a modification of a
commercially marketed IVD assay such as use of alternative specimens,
pooled sample testing, or use in asymptomatic screening. These are
relatively novel applications that were either developed or substantially
expanded during the COVID-19 pandemic that will be addressed in this
review.

3. In vitro diagnostic testing systems
3.1. Modern high throughput test systems

Earlier generations of commercially available, automated in-
struments for infectious diseases NAAT typically incorporated nucleic
acid extraction into fluid handling instruments that were capable of
sample pipetting as well as NAAT set up. Prepared plates were often
moved manually to thermocyclers, and this workflow was not amend-
able to random access or STAT testing. It was also challenging to mix and
match different analytes on a given run (e.g. Hepatitis C Virus and
Human Immunodeficiency Virus viral loads). In most cases, these assays
were also classified as “Highly Complex” by the US FDA further limiting
their ability to be performed by laboratories at the scale required for
SARS-CoV-2 testing. These limitations were recognized by device man-
ufacturers and were addressed in the newest generation of high-
throughput automated NAAT systems from incumbent manufacturers
such the Hologic Panther/Panther Fusion (San Diego, CA), Roche cobas
6800/8800 (Pleasanton, CA), and Abbott AlinityM (Des Plaines, IL) and
newer manufacturers such as NeuMoDx (Ann Arbor, MI). Additionally,
Cepheid (Sunnyvale, CA) introduced their Infinity instrument that au-
tomates some aspects of their cartridge-based tests allowing higher
throughput testing with potentially rapid TAT. All of these instruments
had been in development and available prior to the COVID-19
pandemic, but all of the underlying advances in these instruments
facilitated their expanded use for SARS-CoV-2 testing[9,11].

The current generation of automated instruments for infectious dis-
eases NAAT generally have reduced TAT and hands-on time compared to
previous generations of instruments. The underlying extraction and
amplification technologies have not fundamentally changed for each
manufacturer, and the advances in operations have been accomplished
through several mechanisms bringing TAT down to 2 to 3 h while
simultaneously increasing throughput. A key advancement for most
instruments is the dramatic reduction in batch size from 96 samples to
less than 5 or even 1 sample through the addition of distinct extraction
and amplification modules on-instrument. The amount of time to extract
and amplify a single specimen is about the same, but by performing
testing on smaller batches, even single specimens, results can be
generated much more quickly for that specimen. While some in-
struments maintain larger batching, the set-up, extraction, and ampli-
fication are segregated on the instrument allowing for additional
samples to be loaded well before the previous batch is finalized. These
instruments have also added “STAT” lanes for priority specimens
allowing select specimens to be run on the next available batch.
Depending on the format of the instrument, total throughput may
exceed 1000 tests per day[12,13].

Current instruments have also dramatically reduced the hands-on
work required by medical technologists, and overall test complexity is
reduced allowing for operational flexibility across laboratories and shifts
with different skill mixes. Notably, instruments have built-in bar code
reading for specimen and reagent tracking, and instruments are able to
be interfaced to laboratory computer systems reducing manual data
entry steps. While these enhancements have been in place in other
automated laboratory sections, they have made a significant impact on
the throughput and availability of molecular testing. Many of the in-
struments currently in use for COVID-19 testing were available prior to
the pandemic, but instrument acquisition and installation increased.
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Additionally, newly introduced instruments (e.g. Abbott Alinity, Neu-
MoDx) likely experienced more rapid uptake. Widespread imple-
mentation of high throughput testing may slow non-COVID-19
molecular microbiology consolidation, but the impact of more wide-
spread high throughput instrument placements is unclear. Further en-
hancements and automation are likely forthcoming.

4. Point of care testing
4.1. Antigen tests for screening

There is a growing number of rapid, POC antigen tests available for
COVID-19 diagnosis (Fig. 2). The performance of these methods
compared to different gold-standards has been comprehensively
reviewed[14]. Not surprisingly, antigen methods are less sensitive for
the detection of SARS-CoV-2 compared to molecular methods. This is
well known for other infectious diseases including influenza and Group
A Streptococcus. However, public health modeling studies performed
during the COVID-19 pandemic have suggested that frequent testing by
less sensitive methods may be useful to help reduce transmission leading
to proposals to use antigen tests for serial screening of asymptomatic
individuals[15]. Indeed, many of the antigen methods have been
authorized for this approach. This approach is discussed in more detail
in Section 5.3.

4.2. Point of care molecular tests

Like for laboratory-based automated molecular testing, the infra-
structure for advances in molecular POC testing was in place before the
COVID-19 pandemic. The Cepheid Xpert Xpress, Roche cobas LiaT, and
Abbott iD Now systems were available with assays for influenza and
Group A Streptococcus detection. However, new molecular methods for
SARS-CoV-2 detection have been released using PCR and non-PCR
methods, and, among non-PCR methods, there has been more wide-
spread use of isothermal methods including loop-mediated isothermal
amplification (LAMP) which simplifies the equipment needed for testing
(See Section 7.1 and 7.2). These have come from both existing and new
manufacturers without previously available tests. Both incumbent and
new assays have achieved remarkable TAT with results being generated
in 20 min in some cases. In all cases, the precise formulation of these
assays remains proprietary, but the more recently released POC assays
use non-PCR amplification methods. Combined with engineering and
design advances, these test systems have achieved extremely small form
factors that substantially advance “all in one” testing including dispos-
able test cartridges that do not require separate or permanent instru-
mentation. These devices may be amenable to home testing for COVID-
19 or other infectious diseases in the future. Despite these advances,
overall sensitivity of POC molecular methods may vary compared to
laboratory-based testing, and selection of patient populations and
testing applications (e.g. asymptomatic surveillance, asymptomatic pre-
procedure testing, symptomatic testing) is essential[14]. Further studies
are needed to comprehensively review the clinical sensitivity and
specificity of these methods.

5. Alternative sample types
5.1. General overview

In the early stages of the pandemic, sensitivity and accuracy were
paramount for SARS-CoV-2 assay design. Accordingly, nasopharyngeal
(NP) specimens collected via flocked swabs were the specimen of choice,
as they have historically served as the gold standard for respiratory virus
detection[16]. However, it soon became clear that the poor tolerability
of the NP swab would limit patient compliance in settings where
frequent or serial testing would be desirable. In addition, supply chain
related shortages of collection kit materials (e.g., swabs and transport
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media) and the PPE required for NP collections forced many hospitals, in
the early stages of the pandemic, to implement alternative collection
strategies. These drivers motivated IVD manufacturers to seek regula-
tory authorization for alternative specimen types to the NP swab.
Alternative collection methods that have been widely studied in the
SARS-CoV-2-related literature include, nasal mid-turbinate (MT) swabs,
anterior nasal (AN) swabs, oropharyngeal (OP) swabs, saliva samples,
and combination samples (e.g., AN and OP)[17]. MT, AN, and saliva
samples are amenable for self-collection, either observed or unobserved,
greatly reducing the PPE required for their use and increasing the set-
tings under which these specimens can be collected.

Recently, Tsang et al., published a comprehensive review of the
literature, focusing on studies that used NP swabs as the reference
standard[17]. Their review concluded that pooled nasal and OP swabs
offered the best diagnostic performance for molecular-based diagnosis
of SARS-CoV-2 infection in the ambulatory setting with composite
sensitivity and specificity of 97% and 99%, respectively, compared to
NP swabs. While MT swabs were not assessed, additional findings
showed that nasal and saliva offered comparable sensitivity to NP swabs,
with OP swabs found to be the least performant and not recommended.
These findings align with the Infectious Diseases Society of America
(IDSA) recommendations that are guided by a similarly sized review of
the literature, finding that MT, AN, saliva, and combined AN/OP swabs
offer comparable performance[18]. Alternative approaches to synthe-
sizing specimen comparison study data have been performed, including
those that compare specimen types to any positive sample from the
upper respiratory tract[19], but relative performance of different sample
types and methods may vary.

While these emerging reviews do well to synthesize the abundance of
specimen type comparison studies, care must be taken with interpreting
the data, as these collection methods are likely similar but not neces-
sarily equal[17]. Additionally, these reviews do not account for under-
lying performance differences in the analytical methods used. The
tradeoff of clinical sensitivity for patient tolerability can be justified in
some cases, e.g. in settings where repeat testing will be undertaken, but
depends on an accurate quantitative assessment of the comparative loss
in sensitivity, relative to a reference standard, especially if population-
based surveillance testing is being undertaken where other parameters
including frequency of testing may better correlate with program suc-
cess[17]. However, this can only be evaluated in the context of the total
assay design and population tested. Thus, a wide range in aggregate
performance is seen when comparing specimen types, for example, with
sensitivity and 95% confidence intervals of 85% (75% — 93%), 86%
(77% — 93%) and 68% (35% — 94%) for saliva, nasal swabs, and throat
swabs[17]. In this sense, it is difficult to make generalizable statements
as to the relative sensitivity of alternative specimen types without taking
in the context of the overall testing workflow they are deployed in.

5.2. Saliva

Saliva offers the benefits of being less invasive, less likely to generate
aerosols (if collected without coughing), and collection vials are often
compatible with automated liquid handling platforms, allowing high
throughput of sample processing[18]. Potential drawbacks of saliva
samples are primarily related to the inherent properties of the sample
type. Saliva is a complex sample matrix due to the variable presence of
mucus and sputum, both of which can negatively affect test performance
in various ways including compatibility with automation. In addition, it
still requires patients to follow directions in a precise manner to mini-
mize the heterogeneity of the sample matrix. There is also no universally
accepted standard for saliva collection with saliva swabs, proprietary
preservative devices, collection straws, or collection tubes without ad-
ditives used. Historically, saliva samples are not commonly used for
infectious diseases testing; however, there is a growing body of literature
supporting the use of saliva-based testing for SARS-CoV-2 RNA. In a
recent systematic review and meta-analysis wherein thirty-seven studies
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with 7332 paired samples were included, the authors found no statisti-
cally significant difference in sensitivity between NP swabs and saliva
samples for molecular-based SARS-CoV-2 detection[20]. Limitations of
this review and related literature include significant variation among
testing platforms, sample collection methods, and generally small sam-
ple sizes. While some reviews indicate similarity between sample types,
the IDSA still categorizes the recommendation of using saliva samples as
‘conditional” and based on very low quality of evidence. Indeed, a recent
study found decreased sensitivity of saliva based on the presence or
absence of symptoms and time from SARS-CoV-2 exposure[21].
Accordingly, it remains prudent for laboratories to independently
evaluate the efficiency of saliva in their local testing environment for the
specific intended testing use.

5.3. Self and home collection

Some alternative sample types are amenable to self-collection and at-
home testing, and, in recent months, the number of at-home testing
options has increased along with a growing emphasis on self-testing and
home testing to control viral transmission through earlier identification
of infection. At-home testing takes two different forms: 1) a patient may
collect a sample at home and send to a centralized laboratory for testing
or 2) a patient may use an “all-in-one” test kit to perform sample
collection and testing at home.

Specimens can be collected at home, either remotely observed or
unobserved, and sent to a centralized laboratory for conventional NAAT
methods. There are several direct-to-consumer tests available from
traditional reference laboratories (e.g. LabCorp) as well as new entrants
in the testing market (e.g. Amazon). These tests generate a record of the
result, and they may be available within hospital electronic medical
record systems. While this approach does not generate an immediate
result, it could be useful for circumstances requiring a NAAT result prior
to specific events or travel or for purposes of mandated organizational
testing (e.g. school or work).

In recent months, the number of entirely at-home testing options has
increased with multiple over-the-counter (OTC) antigen tests becoming
available, and there are now several OTC NAATs for home use. These
tests are performed entirely at home by the patient or an adult caregiver.
While comparative studies are limited, small, and inconsistent in their
design, available data, including regulatory documents such as FDA
submissions, indicate that the sensitivities of antigen tests, including
those performed at home, are less than those of laboratory performed
NAAT. The sensitivities of at-home NAAT appear to be intermediate to
at-home antigen tests and laboratory NAATSs, but data is even more
limited on these assays and does not include more recently available
assays. Overall, however, the negative percent agreement (NPA) is
greater than 98% and positive percent agreement is greater than 91% as
reported in a recent meta analysis, with differences among assays noted
[22].

A novel approach to the use of at-home tests has recently emerged for
asymptomatic, serial testing. Several at-home tests, both antigen and
NAAT, have been authorized for use in serial screening of asymptomatic
patients with two tests administered at least 24 h (but not more than 48
h) apart. While there is sparse primary data to support this practice, a
recent study using a POC antigen test found serial antigen testing every
three days to be an effective strategy to identify infections compared to
weekly NAAT[23].

Despite performance limitations, these platforms represent another
resource in the global effort to curb COVID-19 outbreaks, offering sim-
ple, accessible, and low-cost alternatives to main-lab testing, while
providing generally comparable accuracy. The number of at-home tests,
including NAAT, will almost certainly increase in the future, and it is
likely that at-home testing for other infectious diseases will become
more available.
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6. Advances in laboratory operations and efficiencies
6.1. Custom automation

As the pandemic progressed, the rising need for SARS-CoV-2 testing
highlighted the widely observed shortage of medical technologists that
are trained in high complexity molecular testing. In the setting of con-
strained staffing resources, automated testing offers the advantages of
improved reproducibility, higher throughput, less user-error, decreased
reliance on highly trained technicians, and in some cases, optimizing
reagent and sample usage by employing micro-scale technologies[24].

Diagnostics manufacturers have incorporated liquid handling ro-
botics and automation into their high-throughput instruments as dis-
cussed in Section 3.1, but stand-alone custom automation instruments
from manufacturers such as Hamilton (Reno, NV) and Tecan (Morris-
ville, NC) have historically been used only in specialized laboratory
settings (e.g. reference laboratories or genomics centers).

There are several automated instruments that incorporate sample
processing, extraction, and amplification into one instrument (e.g.
Roche 6800, Abbott Alinity, Hologic Panther). These instruments are
moderately complex facilitating their use, and they typically can process
800 to 1000 samples a day (larger instruments or additional modules
may increase capacity). The Thermo Fisher Amplitude (Carlsbad, CA)
and Perkin Elmer explorer Workstation (Waltham, MA) are novel iter-
ations of automation that highlights the intent of the IVD industry in this
pandemic. The manufacturers claim a daily testing capacity of 7000 to
10,000 tests per day, but real world performance may vary. Both in-
strument systems seek to minimize hands-on tech-time while increasing
sample throughput, while using gold standard testing methods. These
systems integrate and automate sample handling, PCR plate set up,
nucleic acid extraction, and RT-PCR. Technologists are still required for
running the platform at any time with the primary responsibilities of
replenishing reagents, supervising result generation, and providing user
intervention to the platform when needed. While these systems are ideal
from a staffing resource management standpoint, they likely still require
expertly trained staff and significant effort to bring online and validate
for use. While the Amplitude system has received a specific EUA for
testing, the Explorer system has not despite using authorized compo-
nents. These systems incorporate many processes that laboratories have
implemented themselves with fluid handlers and other automation, but
they do so in an integrated manner.

6.2. Sample pooling

Sample pooling is another COVID-inspired strategy to expand test
capacity[25]. The most common approach to pooling involves
combining a defined number of patient samples, typically 3 to 5, into a
single sample container and testing the mixed contents. If the pooled
sample is non-reactive, a negative result can be reported for each of the
individual specimens making up that pool. However, if the pooled
sample is positive, the specimens comprising that pool are tested indi-
vidually to identify the positive sample(s). Historically, this approach to
sample processing is not widely used in modern virology laboratories;
however, in lower prevalence settings, a pooling strategy can signifi-
cantly increase testing capacity and alleviate supply-chain related con-
straints. Sample pooling also raised mathematical considerations for
identifying the optimal pooling size, based on local disease prevalence,
to minimize the number of tests performed. An alternative pooling
approach referred to as “Swab Pooling” involves the placement of
multiple swabs from a single, identifiable cohort (e.g. a classroom) in a
single volume of transport media. If this pool tests positive, resolution to
a single individual is not possible, but the patient cohort could be
retested individually and/or collectively placed in isolation given the
shared exposure.

Sample pooling requires operational infrastructure that, prior to the
current pandemic, many laboratories did not have[26]. While many IVD
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manufacturers were able to secure FDA-EUA clearance for pooled
specimens on their platforms, few offer solutions that can implement
automated pooling. Accordingly, it is largely left to the laboratory to
operationalize a specimen pooling workflow that is compatible with the
testing platforms they have available. Achieving scalability, minimizing
the risk of sample handling errors, and relieving staff is largely depen-
dent on custom, in-house software solutions to automate the pooling
process in a robust way.

7. Additional molecular approaches

In addition to PCR and Transcription Mediated Amplification (TMA)
based technologies, other diagnostic molecular technologies have been
undergoing development for many years. Commercial development of
isothermal amplification and Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-Cas-based diagnostics, like other mo-
lecular assays, was accelerated by the SARS-CoV-2 pandemic and there
are now 16 EUAs for commercial non-PCR/non-TMA molecular tests
[10].

7.1. Isothermal amplification

Isothermal amplification is a large category of technologies that have
been in development since the early 1990s including but not limited to:
TMA, LAMP, Nucleic Acid Sequence-Based Amplification (NASBA),
Exponential Strand Displacement Amplification (E-SDA), Exponential
Rolling Circle Amplification (E-RCA), Helicase-Dependent Amplifica-
tion (HDA), Recombinase-Polymerase Amplification (RPA), Nicking
Enzyme Amplification Reaction (NEAR) and Exponential Amplification
Reaction (EXPAR)[27]. Each of these approaches can be combined with
a reverse transcription step for detection of RNA, yielding an “RT”
version (e.g. RT-LAMP). These technologies have the common trait of
not requiring a thermocycler for amplification yet theoretically exhib-
iting amplification efficiencies similar to that of PCR[27]. This distinc-
tion reduces the intrinsic cost of assays in both dollars and infrastructure
requirements.

Many of these technologies rely on multiple enzymes to drive
amplification; however, LAMP utilizes only a DNA polymerase and a set
of 4-6 nucleic acid primers and can yield a result within 30-60 min
[27-31]. Perhaps for this reason, LAMP technology has become a focus
for development of commercial diagnostics, and 10 out of the 18 current
FDA EUAs for commercial non-PCR/TMA SARS-CoV-2 in vitro di-
agnostics utilize RT-LAMP [10]. Performance evaluations of these
LAMP-based assays demonstrate 91-100% positive agreement and
98-100% negative agreement compared to reference methods including
PCR. Reported limits of detection are as low as 0.5 genome copies/uL,
but vary according to assay. These performance characteristics are
comparable, and in some case superior, to various PCR- and TMA-based
assays. However, validation specimen characteristics including source
(contrived vs. clinical), type (NP swab vs. other), and the range of viral
load of samples must be taken into account to interpret these statistics.
Additionally, this data is predominantly derived from manufacturer
supplied data per individual EUAs, and independently performed and
reviewed comparative studies are generally lacking, especially for newer
methods using single use testing swabs. Perhaps the greatest promise of
RT-LAMP methods is in the use of POC and home testing options as
discussed in Section 7.3.

7.2. CRISPR-Cas

CRISPR is most commonly known as a genome-engineering tech-
nology, which initiates a recombination process by creating highly tar-
geted double-strand breaks or nicks in nucleic acids[32]. However,
CRISPR has also been developed as a diagnostic technology. Several Cas
enzymes have been discovered that bind specific nucleic acid sequence
and generate an amplified signal through enzymatic cleavage of
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Table 1

Comparison of the pre-COVID-19 status of certain testing characteristics with
changes that arose during the laboratory response to the COVID-19 pandemic.
Abbreviations: Nucleic Acid Amplification Test (NAAT), Loop-Mediated
Isothermal Amplification (LAMP), Point of Care (POC), Food and Drug Admin-
istration (FDA), Emergency Use Authorization (EUA), Nasopharyngeal (NP),
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR).

Testing Pre-COVID COVID-Responses
Parameter
Regulatory e Conventional regulatory e EUA pathway for COVID
pathways (e.g. 510(K) or tests
PMA) e LDT pathway not initially
e LDT pathway available for available
all tests e First de novo authorized
device
Respiratory e NP specimens commonly e Widespread adoption of
Virus tested nasal, mid-turbinate, and
Specimens e Less use of nasal or saliva.
midturbinate e Adoption of oropharyngeal
e Minimal use of less in US, but widely used
oropharyngeal and saliva globally
Analytical e Predominantly real-time e Most assays real-time PCR
Methods PCR with some non-PCR e More interest and
NAAT development of LAMP
o First commercial diagnostic
CRSIPR assay
Moderately e Widespread use in infectious e Incorporation of SARS-CoV-
Complex diseases NAAT 2 into existing platforms
NAAT e Multiple manufacturers
Multiplexing e Widespread use in infectious e Incorporation of SARS-CoV-

diseases NAAT

Multiple manufacturers
Some POC tests

Some highly automated
Some high throughput
instruments available
Mostly restricted to lower
volume platforms

2 into multiplex panels
Multiplexing multiple
SARS-CoV-2 Targets into
one assay

SARS-CoV-2 added to
existing instruments

Random Access

Automation e All-in-one automated e Dramatic expansion of
instruments available for existing automated
NAAT instruments

Custom automation

Expansion of custom
solutions largely restricted automation solutions

to major reference labs and outside of major reference
genomics labs

Semi-custom
instrumentation available

Pooling e Largely restricted to blood e FDA-authorized on several
borne pathogen testing on platforms
specific platforms e Laboratory developed/
individual EUA solutions
Waived NAAT e In use for common e Incorporation of SARS-CoV-
pathogens in lieu of antigen 2 into existing platforms
tests
Point of Care e Mostly antigen methods; e NAAT emphasized early for
some NAAT availability and sensitivity
e Symptomatic testing only e Antigen for asymptomatic
repeat screening
Home Testing e Very limited test menu e Home collected specimens

sent to reference labs
Multiple manufacturers
with antigen tests for at-
home use

e NAAT for at-home use

limited to antigen/antibody

collateral, labeled nucleic acids[33,34]. Moreover, CRISPR can be
combined with isothermal amplification in order to detect as little as one
copy of nucleic acid, while retaining the specificity of the CRISPR system
and still delivering results in under 1 h[33]. Significant efforts to
develop CRISPR diagnostics such as Specific High-Sensitivity Enzymatic
Reporter UnLOCKing (SHERLOCK) and DNA Endonuclease-Targeted
CRISPR Trans Reporter (DETECTR) prior to the pandemic primed the
field for commercial development[33,35-37]. Consequently, the first 2
commercial CRISPR-based tests have been provided EUA and both tests
utilize a combination of RT-LAMP with CRISPR: The SARS-CoV-2
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DETECTR Reagent Kit (Mammoth Biosciences, Inc., Brisbane, Califor-
nia) and the Sherlock CRISPR SARS-Cov-2 kit (Sherlock BioSciences,
Inc., Cambridge, Massachusetts). [10,38]. Similar to the LAMP-based
methods, these methods exhibit 95-100% positive agreement and
100% negative agreement with reference methods, and limits of detec-
tion from 1.35 to 20 copies/uL, with the same caveats to specimen se-
lection as discussed previously. As with LAMP technologies, CRISPR
diagnostic technologies may have play a significant role in future POC
and home-testing.

7.3. Application to point-of-care tests

Proponents of these technologies have an ultimate goal of leveraging
them to create highly sensitive and specific POC molecular tests
[35,39-42]. Research has yielded amenable extraction-free procedures
such as Heating Unextracted Diagnostic Samples to Obliterate Nucleases
(HUDSON) and Streamlined Highlighting of Infections to Navigate Ep-
idemics (SHINE), and various strategies for one-tube testing, even with
combination isothermal amplification/CRISPR tests[35,43-45]. These
advances could result in a groundswell of sensitive and specific nucleic
acid molecular testing available for rapid, at-home diagnostics, whereas
previously these tests have been exclusively the domain of the clinical
laboratory. Nevertheless, only 3 of the current commercial EUAs are for
unique at-home or over-the-counter NAAT [10]. As discussed in Section
4.2, some of these advances allow for simpler, and potentially cheaper,
test devices which may facilitate their more widespread use including at
home. While there is potential for more point-of-care tests utilizing these
technologies, time will show if that potential will be realized based on
the clinical need and commercial market base.

8. Conclusions and perspective

We are over 24 months into the global COVID-19 pandemic, and
many in the laboratory community have undertaken testing approaches
at a scale heretofore unimaginable. While there have been stumbles
along the way, the entire spectrum of the laboratory community has
responded to the needs for SARS-CoV-2 testing with novel and innova-
tive solutions built upon a testing infrastructure that has been decades in
the making (Table 1). As the pandemic has evolved, new SARS-CoV-2
variants have emerged further challenging laboratories and manufac-
turers to ensure tests and specimens continue to perform as expected.
There will certainly be further challenges from COVID-19, but many of
the advances that have arisen in testing approaches are likely here to
stay.
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