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ABSTRACT The coronavirus disease (COVID-19) pandemic has placed the clinical
laboratory and testing for SARS-CoV-2 front and center in the worldwide discussion
of how to end the outbreak. Clinical laboratories have responded by developing,
validating, and implementing a variety of molecular and serologic assays to test for
SARS-CoV-2 infection. This has played an essential role in identifying cases, inform-
ing isolation decisions, and helping to curb the spread of disease. However, as the
demand for COVID-19 testing has increased, laboratory professionals have faced a
growing list of challenges, uncertainties, and, in some situations, controversy, as they
have attempted to balance the need for increasing test capacity with maintaining a
high-quality laboratory operation. The emergence of this new viral pathogen has
raised unique diagnostic questions for which there have not always been straightfor-
ward answers. In this commentary, the author addresses several areas of current de-
bate, including (i) the role of molecular assays in defining the duration of isolation/
quarantine, (ii) whether the PCR cycle threshold value should be included on patient
reports, (iii) if specimen pooling and testing by research staff represent acceptable
solutions to expand screening, and (iv) whether testing a large percentage of the
population is feasible and represents a viable strategy to end the pandemic.

The coronavirus disease (COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus (SARS-CoV-2), has been confirmed in nearly 20 million cases

and caused over 730,000 deaths worldwide (https://coronavirus.jhu.edu). As the virus
has spread across the globe, laboratory testing has played an important role in
diagnosing those with disease, as well as identifying individuals who are asymptomatic
yet have the potential to serve as a source of viral transmission. Molecular tests, such
as real-time PCR, have been the most common laboratory tool used to detect cases of
COVID-19. In fact, SARS-CoV-2 molecular assays have become an integral component in
a multipronged strategy aimed at reducing transmission of the virus. This strategy has
consisted of (i) case identification (i.e., through testing), (ii) quarantine or isolation of
exposed/infected individuals, and (iii) contact tracing. Despite the broad application of
this strategy, cases of COVID-19 have continued to surge, especially in the United
States, where the number of confirmed infections has surpassed 5 million (�25% of the
global case count).

The COVID-19 pandemic is an unprecedented health care crisis that has required
clinical and laboratory professionals to rapidly adapt to new information, innovate, and,
in some situations, implement practices that would not be considered under normal
circumstances. The emergence of SARS-CoV-2 has forced clinical laboratories and test
manufacturers to develop novel diagnostic assays in a time frame that previously would
not have been considered feasible. As testing options have become available, health
care professionals and diagnostics experts have had to learn how to best apply these
tools to diagnose and manage patients with COVID-19 and slow the spread of disease.
Some of these lessons have shown routine testing approaches to be effective, while
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others have taught us that a new pathogen, such as SARS-CoV-2, may require a new
diagnostic playbook.

As SARS-CoV-2 has spread globally, it has required laboratory professionals to
venture into uncharted territory. Not only is testing being used to diagnose patients
with symptomatic disease, it is being incorporated into local, state, and federal strat-
egies to reopen the economy. Businesses, schools, and even athletic teams are con-
sidering how laboratory testing can be used to demonstrate that asymptomatic
employees, customers, students, and athletes are safe to return to normal activities.
Some hospitals and clinics are utilizing SARS-CoV-2 testing prior to certain procedures
and surgeries to reduce nosocomial transmission and prevent poor outcomes in
high-risk patients. This trend toward large-scale screening of asymptomatic individuals
has placed an incredible burden on the global testing infrastructure and has created
challenges with regard to how testing should be utilized and results interpreted.
Therefore, it is not surprising that a number of diagnostic uncertainties and controver-
sies have arisen. In this commentary, I will address several topics that have been the
focus of continued discussion and debate, including (i) the clinical sensitivity of
molecular assays and their role in defining the duration of quarantine/isolation, (ii)
whether the PCR cycle threshold value should be included on patient reports, (iii) the
potential for specimen pooling and testing by research staff to expand testing capacity,
and (iv) whether testing a large percentage of the population represents a viable
strategy to end the pandemic.

CLINICAL SENSITIVITY OF PCR AND ITS USE AS A TEST OF CURE

Molecular tests, such as real-time PCR, have become a cornerstone in the diagnosis
of infectious diseases and have been the most common laboratory method utilized
during the COVID-19 pandemic. The inherent sensitivity of real-time PCR allows for
detection of minute amounts (e.g., �100 copies/ml) of target nucleic acid in clinical
samples. Despite this, one of the earliest challenges arising during the COVID-19
pandemic was the concern that cases were going undetected by real-time PCR (1–3).
Several studies reported the clinical sensitivity of SARS-CoV-2 real-time PCR assays
performed on upper respiratory swab samples to be in the range of 60 to 70% (4, 5).
However, as experience was gained with testing and additional data published, it was
recognized that the likelihood of detecting SARS-CoV-2 RNA is highly dependent on the
timing of sample collection, the type of specimen that is obtained, and the quality of
the sample. SARS-CoV-2 is present at the largest amounts in the upper respiratory tract
(URT) (i.e., the nasopharynx) during the first several days following symptom onset
(typically 5 to 7 days following exposure) and subsequently declines in the URT over the
course of the following week (6). During the later stages of disease (e.g., �7 days
postonset of symptoms), lower respiratory tract (LRT) samples, such as sputum, bron-
choalveolar lavage (BAL) fluid, or tracheal secretions, may yield higher rates of detec-
tion (4). Due to these nuances, it has been challenging for laboratory professionals to
truly define the clinical sensitivity of SARS-CoV-2 real-time PCR and has required that
negative results be interpreted in the context of the timing of sample collection (early
postonset versus late postonset), the type of specimen tested (e.g., nasopharyngeal
[NP] swab versus throat swab), and the performance characteristics of the assay.

Despite the observation that some COVID-19 patients initially test negative by
real-time PCR (1, 2), a dichotomous observation has been the persistent detection of
SARS-CoV-2 RNA in other patients (7). A number of published reports have demon-
strated that SARS-CoV-2 real-time PCR assays may be positive for weeks, even following
the resolution of clinical symptoms (7, 8). The author is aware of a case where a patient
with an underlying health condition tested positive by PCR for over 100 days (unpub-
lished data). Many health care institutions have followed a test-based strategy—initially
recommended by the U.S. Centers for Disease Control and Prevention (CDC)—in which
two negative PCR results (obtained on serial samples collected at least 24 h apart) were
required prior to releasing a patient from isolation. This approach, whereby qualitative
molecular assays have been used to assess whether an individual is infectious, has led
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to prolonged isolation, loss of work, extended use of personal protective equipment for
hospitalized patients, and psychological distress for patients and their family members.

Laboratory professionals have recognized for years that qualitative molecular assays
for infectious diseases can remain positive following the resolution of disease, and
therefore, these methods are not typically recommended as “tests of cure” (9, 10). Due
to this limitation, the U.S. CDC no longer recommends the use of a SARS-CoV-2
test-based strategy to determine when to discontinue transmission-based precautions,
instead relying on a symptom-based strategy in the majority of situations (https://www
.cdc.gov/coronavirus/2019-ncov/hcp/duration-isolation.html).

Author’s opinion. Molecular methods, including real-time PCR, should not be used
following an initial diagnosis of COVID-19 to determine whether an individual contin-
ues to shed infectious SARS-CoV-2. Repeat molecular testing may be indicated in
patients who recover and subsequently develop new COVID-19-related symptoms.

PROVIDING THE PCR CYCLE THRESHOLD VALUE IN THE PATIENT REPORT

Due to the possibility that SARS-CoV-2 molecular assays can remain persistently
reactive in patients who have recovered from COVID-19 or remain asymptomatic, there
has been interest in whether semiquantitative or quantitative data can assist in result
interpretation. For many commercial and laboratory-developed real-time PCR assays,
the cycle threshold (CT) value associated with a PCR result is available to the laboratory
staff. The CT value is inversely proportional to the amount of target nucleic acid and can
be used as a relative indicator of the concentration of a pathogen in a clinical specimen.
For example, a positive PCR result with an associated CT value of 15 would indicate a
very high concentration of the target nucleic acid in a sample, whereas a CT of 35 may
suggest that the target is present but near the assay’s limit of detection. Importantly,
the CT value is nonnormalized and, therefore, cannot be considered a quantitative
result. This is because the CT value is dependent on a number of variables, including the
assay’s gene target, the extraction platform, PCR amplification chemistry, and even the
quality of specimen collection.

Despite these limitations, several studies have assessed whether a correlation can be
made between the PCR CT value and the presence of replication-competent virus by
using viral culture as a surrogate for a patient’s infectious status. Bullard et al. (11)
compared viral culture and CT values for 90 respiratory samples that were positive by
PCR and demonstrated that a CT �24 showed a strong correlation with reduced
recovery of SARS-CoV-2 in cell culture. Similarly, La Scola et al. inoculated 183 PCR
positive respiratory samples in a Vero E6 cell line (12). This group demonstrated a
similar reduction in culture positivity as the CT value increased; however, in this study,
a CT �34 was proposed as a threshold to estimate that an individual is no longer
shedding infectious virus. Unfortunately, PCR CT values may vary significantly between
assays, even those using the same gene target (13, 14). During the COVID-19 pandemic,
it has become common for clinical laboratories to perform multiple real-time PCR
assays to detect SARS-CoV-2. Therefore, including the CT value on all positive results
may be confusing and misleading to ordering providers. Since the CT value is not
normalized against a human gene internal control, it is possible that a high CT value
(e.g., �30) could be due to an inadequate sample collection rather than a low level of
target nucleic acid or “noninfectious” virus. Additional data are needed before a
definitive viral load threshold correlating with infectivity can be established. Finally, we
should be cautious to equate viral culture negativity with an individual’s inability to
serve as a source of viral transmission. Due to inferior sensitivity, viral culture has been
replaced by molecular assays for the diagnosis of a number of respiratory viral infec-
tions.

Author’s opinion. The PCR CT value for qualitative SARS-CoV-2 real-time PCR assays
should not be routinely reported. On a case-by-case basis, the CT value may be
provided (i.e., verbally) to the ordering physician upon request. This approach allows for
clarification of the assay used for testing and a discussion of the limitations associated
with using the CT value while interpreting the result.
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SPECIMEN POOLING AS AN APPROACH TO INCREASE TESTING CAPACITY

One of the most challenging aspects of the COVID-19 pandemic for clinical labora-
tories has been ongoing supply chain shortages and disruptions. Laboratories have not
only struggled with maintaining an adequate supply of test reagents, but also other
essential supplies, including consumables (e.g., pipette tips, 96-well plates), swabs, and
viral transport media. As the demand for testing has increased alongside a global
shortage of necessary supplies, laboratory professionals have been forced to identify
ways to “do more with less.” One potential solution receiving a significant amount of
attention is specimen pooling, whereby aliquots from a predefined number of individ-
ual samples (e.g., 3, 5, or 10) are combined and the mixture is subsequently tested. If
the mixture, or pool, tests negative, then all of the individual samples making up the
pool are considered negative. However, if the pool is positive, then each of the samples
making up that particular mixture must be tested individually. The concept of specimen
pooling has been applied in the past for large-scale screening of other infectious
diseases (e.g., HIV, hepatitis B virus) (15, 16) and has been shown to increase testing
capacity and reduce reagent use and expenses. A number of recent studies have
assessed the potential of specimen pooling for SARS-CoV-2 PCR testing and have
demonstrated similar findings. Abdalhamid et al. evaluated the performance of PCR
using experimental specimen pools consisting of aliquots from 3 to 10 individual
samples (17). This group demonstrated that the qualitative detection of SARS-CoV-2
RNA was not impacted in any of the 25 specimen pools (i.e., all expected positive pools
tested positive) with a maximum pool size of 5 individual samples. However, the CT

value of the pooled specimens increased by as much as 5.03 compared to the individual
sample result. Similarly, Wacharapluesadee et al. (18) showed that pooling did not
impact the sensitivity of detecting SARS-CoV-2 RNA when the PCR CT value of an
individual sample was �35. However, 2 (13.3%) of 15 pools consisting of positive
samples with a CT �35 tested falsely negative. Both of these studies estimated
significant improvements in testing efficiency and reductions in cost when pooling is
applied in a low-prevalence setting (e.g., �10%) and when pools consist of less than 10
samples.

Despite these potential advantages, a number of important factors should be
considered prior to implementing a specimen pooling strategy for SARS-CoV-2 testing.
First, as published studies have confirmed, specimen pooling increases the likelihood of
low-level positive samples (i.e., those with high CT values) going undetected. As
underscored above, it may be premature to conclude that a positive sample with a CT

�35 is insignificant. Second, many respiratory samples testing positive for SARS-CoV-2
contain large amounts of viral RNA (e.g., as evidenced by associated CT values �20)
and, therefore, pose a significant risk to the laboratory for specimen and/or amplicon
contamination. Although pooling can increase testing capacity, it requires samples to
be manipulated (e.g., uncapped or pipetted) on a number of occasions, thereby
increasing the potential of a contamination event. Third, any manipulation of clinical
samples may increase the incidence of sample labeling and/or reporting errors. For
example, if a laboratory performing 2,500 individual tests/day implements a protocol
allowing for pooling of 4 specimens, that laboratory could theoretically increase testing
capacity to nearly 10,000 per day. Even at low disease prevalence, “decoupling” of tens
(or hundreds) of positive pools may result in reporting errors. Finally, it remains unclear
how billing should be handled in situations where specimen pooling is applied. It is
unlikely that laboratories will be reimbursed for multiple tests on a single sample (i.e.,
a positive pool and a subsequent test on the individual samples), and therefore, this will
need to be carefully considered.

Author’s opinion. Specimen pooling represents an option to improve efficiency
and reduce costs; however, it should only be considered when the testing demand for
an individual laboratory far outstrips the resources available to perform testing on
individual samples. If specimen pooling is pursued, pool sizes should be kept as small
as possible (e.g., �5) and automated solutions for sample pipetting and specimen
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identification used, whenever possible, to reduce the risk of contamination and report-
ing errors.

RESEARCH STAFF PERFORMING COVID-19 CLINICAL TESTING

An additional strategy that has been discussed to address the increasing demand for
testing has been to redeploy personnel in research laboratories to COVID-19 testing.
Obviously, there are thousands of highly trained research scientists worldwide who
have extensive expertise in performing and troubleshooting molecular and serologic
tests. Therefore, given the shortage of certified medical laboratory scientists, it is
plausible to propose that those working in research laboratories could be utilized for
clinically related COVID-19 testing. However, there are a number of important factors to
consider prior to pursuing this option. First, there are a number of regulations requiring
that a laboratory, and the staff working within it, be certified to perform testing on
human specimens when results are used for clinical diagnosis and management (19,
20). Specifically, the Clinical Laboratory Improvement Amendments of 1988 (CLIA) state
that laboratories performing nonwaived testing are “subject to inspection, and must
meet the CLIA quality system standards, such as those for proficiency testing, quality
control and assessment, and personnel requirements” (19). In addition, the College of
American Pathologists General Checklist specifies that all personnel performing
moderate- or high-complexity clinical testing must meet minimum requirements,
including completion of a certified clinical laboratory sciences training program or at
least 3 months of documented laboratory training in the specialty where the individual
will be working. Furthermore, the individual must demonstrate and maintain compe-
tency for all testing they will perform within the clinical laboratory (20).

These regulations are in place to ensure that a clinical laboratory is performing
testing at a required standard and, most importantly, reporting accurate results for
patient diagnosis and management. This is an essential component of the clinical
laboratory profession, and ensuring high-quality test results is as important—if not
more important— during a pandemic as it is during normal times. That being said, the
COVID-19 pandemic has highlighted a key vulnerability within the diagnostic commu-
nity, that being a shortage in the number of trained, certified personnel to perform
clinical testing. We must rapidly respond to address this gap, potentially by establishing
a clinical laboratory “national guard” as proposed by Bertuzzi and Patel (https://www
.nytimes.com/2020/04/27/opinion/biomedical-national-guard-covid.html). Doing so
would help ensure there is an infrastructure in place to provide clinical laboratories with
the necessary staff that are trained and deemed competent to provide essential testing
services during a public health emergency such as COVID-19. Until this is available,
there are opportunities to utilize the assistance of research staff and other volunteers
aside from clinical testing, including the preparation of sterile aliquots of transport
media, routine decontamination of the clinical laboratory, and providing technical
guidance and troubleshooting recommendations when testing issues arise (https://
www.pnas.org/content/pnas/117/18/9656.full.pdf).

Author’s opinion. Personnel from research laboratories should not be utilized for
clinical testing unless they have met the required criteria to perform moderate- to
high-complexity testing as outlined by CLIA and other regulatory agencies. Although
research scientists are highly trained with extraordinary expertise, enlisting their service
in a clinical laboratory prior to meeting these requirements sets a dangerous precedent
for the clinical laboratory profession.

SHOULD EVERYONE WHO WANTS A TEST GET A TEST?

In recent years, clinical microbiologists have made a concerted effort to promote the
judicious use of laboratory tests, emphasizing the importance of stewardship and
data-driven decision-making. Many diagnostics experts have been actively involved in
the creation of testing algorithms and clinical decision support tools, which guide
providers to order the most appropriate tests, assist with result interpretation, and
inform follow-up testing recommendations (21, 22). These efforts have been necessary
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in order to quell the rising costs of health care and ensure that limited resources are
used wisely. Despite these efforts, testing for SARS-CoV-2 has been applied in the
asymptomatic population, and unnecessary repeat molecular testing is common. This
has led to a significant detrimental impact on the global supply chain, delays in result
turnaround time, and, most importantly, a shortage of tests for those who need testing
most.

Recently, there has been discussion of the potential merits of testing a large
percentage of the population with rapid and inexpensive at-home assays (23). The
concept proposes testing asymptomatic individuals with high frequency (e.g., every
few days), which may counterbalance lower sensitivity. While interesting in theory, this
approach is unlikely to be feasible and may be problematic. Consider, for example, the
strategy of testing students in the United States in order for them to attend school.
According to the National Center for Education Statistics (https://nces.ed.gov/fastfacts/
display.asp?id�372), there are �56 million students attending elementary, middle, and
high schools in the United States. Even if 25% of those students were tested regularly
(e.g., three times each week), that would equate to 42 million tests per week (i.e., 756
million tests between 1 September and 31 December 2020). Assuming an overall
disease prevalence of 5% and a screening assay with 98% specificity, nearly 800,000
false-positive results would occur weekly (i.e., �14 million false-positive results by
year’s end). False-positive results for SARS-CoV-2 are not inconsequential, as they may
lead to loss of work, separation from family members, and unnecessary psychological
distress. Furthermore, there is no reason to assume that rapid at-home tests will be
immune to the same supply chain challenges that have plagued clinical laboratories
during the COVID-19 pandemic.

Author’s opinion. At this stage of the pandemic, a “test everyone” strategy is
unlikely to be feasible and will prevent access of limited resources to those who need
testing most. Testing should be prioritized for those situations where the result will inform
patient management, personal protective equipment use, and isolation decisions.

SUMMARY

The COVID-19 pandemic has presented a significant challenge to the diagnostic
community; however, the valiant efforts of clinical laboratory professionals and public
health and industry partners have made a tremendous impact on improving the
diagnosis and management of infected individuals and reducing the spread of disease.
Given that the virus is now well entrenched in the United States, a successful end to the
outbreak will require the thoughtful application of testing, consistent/universal mask-
ing policies, and continued physical distancing measures. As a profession, clinical
microbiologists should continue to promote diagnostic stewardship and its importance
during a pandemic. In addition, we should highlight the COVID-19 pandemic as an
example of why the rapid development and implementation of diagnostic assays are
necessary to prevent the spread of future novel infectious diseases.
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