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ABSTRACT

COVID-19, the disease caused by the new coronavirus, SARS-CoV-2, has caused significant human and
economic burden. Of the three major methods to mitigate the effect of the virus, diagnostics have become
the focal point because vaccines and therapeutics, despite the intense effort of scientists worldwide, will
take months to develop, test for safety and efficacy, scaleup and distribute to millions. This perspective
aims to clarify some of the issues related to COVID-19 diagnostics and highlights some of the challenges
key stakeholders including policymakers, businesses, managers, scientists and individuals face during
this evolving pandemic.
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INTRODUCTION

COVID-19, the disease caused by the new coronavirus, SARS-CoV-2, has caused significant human
and economic burden. As of May 6, 2020, the number of confirmed cases worldwide is over 3.7 million
and 250,000 deaths [1, 2]. Approximately 7.2 billion human beings live on this planet, indicating that a
very small percentage, 0.04% are infected with the virus. Albeit this low percentage, the high
transmissibility, complex patchwork of quarantine measures in different communities, unanswered
guestions related to long term immunity and potential antibody enhancement mechanisms of infection
indicate that it is very likely that SARS-CoV-2 will continue to create havoc on our lives for several years.
The ferocity of this virus cannot be overstated as it has been demonstrated to infect multiple organs with
significant damage to the lungs early in the infection process [3, 4]. Of the three major methods to mitigate
the effect of the virus, diagnostics have become the focal point because vaccines and therapeutics,
despite the intense effort of scientists worldwide, will take months to develop, test for safety and efficacy,
scaleup and distribute to millions [5, 6]. Testing has taken center stage as a growing chorus of economists
and policy makers have emphasized that shutdowns are not a long-term solution as ~33 million or ~ 23%
of the working population filed for unemployment in the United States within five weeks of the outbreak
[7, 8]. “Immunity passports” based on current diagnostics are being suggested as one of the potential
ways to reopen the economy [6, 9]. However, diagnostics for COVID-19 cannot be classified as a simple
yes/no answer due to the complex nature of this disease. In addition, the general population (including
some healthcare professionals) are not fully aware of the intricacies of testing, differences between
analytical and clinical specificity and sensitivity, limitations and differences in tests, and how tests assist
in the clinical decision making process by a professional.
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This perspective aims to clarify some of the issues related to COVID-19 diagnostics and highlights
some of the challenges key stakeholders including policymakers, businesses, managers, scientists and
individuals face during this evolving pandemic.

RESULTS AND DISCUSSION

Why test?: While this is a fundamental question for most people, a significant percentage of the populace
are prone to asking these questions (i) Why test when vaccines or therapies to treat the disease are
unavailable? (ii) The tests are not 100% accurate, so why take the risk and be quarantined for 14 days
when | have very limited or no financial resources? (i) The cost of an excellent test is prohibitively
expensive, especially if testing is required throughout the quarantine period, how can | afford it? and (iv)
Why can’t we just wait for herd immunity?

Health is wealth: The primary reason for testing in an outbreak is to alleviate the health and economic
burden for the individual and the entire community [10, 11]. The society as a whole, and economic activity
will invariably suffer if a significant population is sick and the healthcare system is overburdened. Good
health precedes economic activity and growth. Economically, it is cost effective to quarantine a positive
SARS-CoV-2 patient and conduct an aggressive contact tracing program [12, 13]. Unfortunately, the
silent and rapid transmission of this strain limited this first and best option. The next obvious step was to
initiate shutdowns and entire countries were asked to shelter in place. Initially, these shutdowns were
mandated to decrease the healthcare burden because most communities did not have sufficient
protective equipment, ventilators and resources to fight against the virus [14]. Emerging countries still do
not have sufficient hospital beds for their communities. In wealthier nations, governments have increased
their stockpiles of essential medical supplies and equipment leading the question of why test now when
there are sufficient ICUs, beds and other equipment for a projected spike in number of cases?
Unfortunately, even in advanced countries with significant resources, skilled personnel need to work
around the clock to monitor patients with ARDS (Acute Respiratory Distress Syndrome). There is a
shortage of healthcare professionals with specialized training [15]. The argument of a low death rate of
1-2% fades when it is estimated that ~10-20% of positive SARS-CoV-2 patients will suffer from ARDS
and require hospitalization and 2-5% requires major intervention and ICU care [4, 16]. The intervention
requires experts from different specialties; for example, if a patient is admitted to a medical center with
respiratory distress and a stroke caused by complications related to COVID-19, the individual will require
a team of professionals. The team includes an emergency care physician, respiratory therapist,
pulmonologist, primary care physician, a neurologist, a cardiologist, a rehabilitation physician, case
manager, social worker, nurses and technicians. The economic burden for the patient can mount upto
thousands of dollars, depending on the case severity. From a societal perspective, insurance companies
and hospitals may have to close [17, 18]. As an example, if a community of 100,000 inhabitants are
exposed to the virus, ~ 10,000-20,000 will require hospitalization and 1000-2000 will require ICU
admission. It is almost impossible for any healthcare system to manage such a high volume of patients
for days or weeks even if hospitalizations occur over months [19]. In addition to patients, the high
concentration of the virus in patients increases exposure to healthcare professionals. When a patient is
suffering from ARDS and requires intubation, close patient contact is unavoidable [17, 20]. The virus
concentration in the ICU where the intubation or other invasive procedures are being performed is
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extremely high, leading to a high rate of healthcare professional infections. The economic and health
burden increases exponentially when healthcare professionals are infected. Healthcare professionals
may have to be hospitalized or quarantined and the hospital will have fewer staff members to care for
patients [21]. For these reasons and the difficulty of eliminating it in locations with a significant proportion
of individuals with underlying health conditions, it is imperative that testing, along with other
countermeasures are followed.

When to test: SARS-CoV-2 enters the host through the ACE-2 receptors on epithelial cells present in
the respiratory tract, resulting in non-specific symptoms such as a mild cold, headache and general
malaise [22, 23]. In most people, particularly in children and young adults under the age of nineteen,
these mild symptoms fade with time. A significant number of adults are asymptomatic. However, ~20%
of infected individuals develop moderate to severe symptoms which include a fever that doesn’t subside
easily, headache, diarrhea and loss of smell and taste in some individuals [23]. Interestingly, the severity
increases suddenly in some individuals after 5-10 days. This presents a unique testing challenge for
several reasons. (1) If an individual is asymptomatic or has mild symptoms resembling that of a common
cold, he/she may not seek medical care until the infection has progressed. During this time, the individual
will unwittingly spread the virus to others. (2) A significant percentage of the population is unaware of an
underlying conditions such as hypertension or diabetes. These patients are more likely to require medical
attention or become hospitalized, but only after the virus has established a foothold in their bodies [24,
25]. (3) At the present time, the median time to clear the virus is not established and is most likely
dependent on the health of the individual, with the caveat that healthy individuals are not refractory to
contracting severe disease [26]. Given these features of the virus, testing must be performed early,
regularly and randomly in communities with limited number of known cases and even in communities
where the number of new cases has apparently decreased significantly. In communities with a large
number of cases, a combination of shelter in place coupled with aggressive large scale and random
testing for the presence of the virus and for antibodies produced against the virus must be performed.

The three major classes of diagnostics, i.e. tests for virus, antibody and inflammatory biomarkers, are
available for different times and provide uniquely distinct information [27, 28] (Figure 1). For example,
the timeline for antibody testing doesn’t follow the timeline for virus testing as it takes 5-10 days after
onset of infection for the body to produce sufficient antibody concentration [29]. Additionally, test
sensitivity must also be taken into consideration; if the limit of detection of the test is higher than the viral
concentration at the time of sample collection, a false negative result will be recorded. In contrast, if a
test has demonstrated to have an extremely low limit of detection, there is an extremely high likelihood
that cross-reactivity increases, leading to false positive results. Therefore, appropriate tests must be used
at different times with tests that have excellent limit of detection with minimal or no cross-reactivity.

Where to test: While an ideal approach may be feasible for smaller communities, it is unrealistic to
produce and distribute millions of tests for larger communities and countries. A stratification strategy is
most pertinent. Testing must be conducted in localities that have been demonstrated to have a high
incidence of virus spread and places that cannot strictly adhere to social distancing. These locations
include hospitals, emergency rooms, nursing homes and assisted living facilities, retirement communities,
food processing industries, grocery chains, prisons, cruise ships, refugee camps, schools and universities.
The common denominator of all these places is high human traffic and interactions in close quarters.
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Nursing homes and assisted living facilities present unique challenges because close contact between
caregivers and residents cannot be avoided [21, 30]. Once the virus establishes a foothold in a nursing
home, it spreads rapidly, has a very high death rate and is proving to be very difficult to eliminate.
Unfortunately, caregivers and residents are falling sick at very high rates. These places require more
stringent testing.

Who to test: It is unrealistic to test millions of people daily. A stratification approach must be undertaken
with testing prioritized for high-risk individuals and individuals who are constantly being exposed to the
virus [31]. The hospital setting ranks among the top. In a hospital setting, all essential personnel who are
working in the hospital must be tested for three reasons: (i) Protecting the health and well-being of the
healthcare professional is of the highest importance because they are on the frontlines of this war. Virus
concentration is very high in a hospital setting as a significant percentage of patients are spreading the
virus. While healthcare professionals are taking all precautions and using protective equipment,
accidental exposure can occur in emergency situations where a high volume of patients need assistance
[21]. (ii) If a healthcare professional is tested positive, he/she will have to be quarantined, which means
one less person to support an already strained healthcare system. (iii) Since a large proportion have no
or mild symptoms, healthcare professionals might be passing infections to other patients and their
families. The first category includes individuals in very important positions who keep society stable and
functioning; these include high-ranking government officials who set and execute policies, researchers
and manufacturers developing vaccines, therapeutics, protective equipment and supplies, and people
who provide security and maintain food supply chains. However, not everyone in these positions require
testing, and daily testing may not be essential as these individuals do not come in regular contact like the
hospital professionals. The second priority is healthcare professionals working in a high-risk community
setting such as nursing homes, assisted living facility, retirement homes, etc. because the virus spreads
rapidly in these communities. Caregivers are generally in very close contact with the individual performing
tasks (such as providing medication, cleaning, showering, etc.) that require very close human contact
and therefore transmission is at its peak [30]. The third priority is professionals at retail settings,
specifically all individuals working in areas where customer interactions are high should be tested daily
[31]. The reason is to limit spread: if a server in a restaurant is sick, the number of people he/she will
infect is very high. Industries where personnel interactions cannot be avoided, but can only be minimized,
fall into the same category. The fourth priority for testing should be citizens with co-morbidities since it
has been proven that the virus exacts a significant toll on those with underlying health conditions [24, 25].
Within this group, age is also a factor that must be considered, because hospitalizations and death rates
increase with age. If a new infection is detected, the individual must be quarantined and tested daily to
determine if virus concentration is increasing or decreasing. The family and friends of the individual also
must be tested and, if tested positive for SARS-CoV-2, they must be quarantined and tested regularly to
limit spread. We note that the stratification strategy listed here are designed from the perspective of
limiting spread, protecting vulnerable individuals and key personnel essential to the normal functioning
of society.

What to test: Samples to test can be broken down into human and environmental samples. Testing in
the environment is particularly useful in areas where space and resources are limited such as refugee
camps, prisons, assisted living facilities and high density population centers to ensure that specific areas
are decontaminated [32, 33]. For testing in humans, non-invasive samples are, by far, the best sample
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source as these samples do not require invasive techniques, assuming the tests are of equal precision.
SARS-CoV-2 infects the upper and lower respiratory system and therefore, nasopharyngeal and throat
swabs are optimal for direct detection of the virus [34]. Sputum is also a good sample source, although it
may be difficult to collect samples from very sick patients. Coughing is very difficult for patients with
respiratory distress; a similar issue has been well documented for TB patients [35]. However, sputum
samples can be collected from individuals with mild or no symptoms. Other non-invasive samples are
stool samples. Unfortunately, the virus is not seen in urine samples. Invasive samples include
bronchoalveolar lavage fluid specimens, fibrobronchoscope brush biopsy and blood (with the caveat that
the concentration of the virus in blood is low) [36]. Direct testing for virus presence in these invasive
samples is not preferred. CT lung scans as non-invasive testing have shown significant promise as the
lungs of infected patients show significant opaque lesions, but have mainly been used in limited hospital
settings, due to low throughput and upfront instrument costs [37].

To determine if an individual has been exposed to the virus regardless of their symptoms and/or for
surveillance purposes, antibody testing holds the key. Capillary blood is the current sample source,
although the ideal test would be for the presence of IgA in saliva or sputum samples as it is non-invasive
[36, 38, 39]. However, the concentration of IgA in saliva or sputum may be lower than blood samples.
Testing for antibodies can be classified broadly into two types; binding and neutralizing antibodies. The
latter becomes more relevant if it is used to determine if the individual has immunity upon reinfection by
the same or similar strains [9, 38, 40].

To test if a SARS-CoV-2 positive individual requires intensive intervention, testing for serum
inflammatory biomarkers is the ideal candidate as the cytokines, chemokines and enzymes are mainly
released in the blood [41]. Urine and saliva are being considered as alternate sample sources to test for
inflammatory biomarkers, but research on those sample sources is still evolving [42]. A personalized
testing approach using multiple biomarkers and quantification is important since some of the biomarkers
may already be at an elevated in patients with chronic conditions, several of which are related to
dysregulated immune systems.

How to test: To test for the presence of a virus, nasal and/or throat swabs are collected and sent to a
central laboratory for processing. The samples are subjected to rRT-PCR analysis. Briefly, viral RNA
present in the sample is amplified exponentially using a specific set of primers and detection using
fluorescence dyes is performed [43]. There are several variations and improvements to the basic
amplification process using LAMP, SAMBA, etc., to reduce time, number of steps and user-friendliness,
but the basic principle relies on amplification followed by detection [44, 45]. Automation and integration
have resulted in systems that have improved user-friendliness and trained personnel are not required.
These systems have been developed for a variety of diseases and are being adapted for SARS-CoV-2
[46]. Other methods include growing the virus in a clinical/microbiology laboratory and/or testing for
presence of viral antigens (Figure 2).

To test for the presence of antibodies generated by the body against SARS-CoV-2, whole blood or
serum is collected. An ELISA (Enzyme Linked Immunosorbent Assay) is used to determine the presence
of antibodies. Briefly, viral antigens are attached to the surface of microwells of a microtiter plate. The
sample is added and after a set time, washed to remove non-specific binding proteins. Enzyme linked
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Anti-lgG or anti-lgM antibodies or a combination of enzyme linked antibodies are added, followed by a
washing step and a final addition of the substrate, which will be converted to a colorimetric or fluorescent
product [39]. If anti-SARS-CoV-2 antibodies are present, the color change can be measured and
correlated to the concentration of the antibodies. Antibodies raised against anti-SARS-CoV-2 antibodies
can also be used as a capturing molecule. Once ELISAs are developed and validated, the next obvious
step is to convert the assay to a disposable lateral flow device similar to a home pregnancy kit, which can
be mass produced at a very low cost and distributed worldwide. ELISAs can also be developed to
determine if the antibodies are binding or neutralizing antibodies, but the process if more complicated
because the body makes antibodies against a number of pathogens. High affinity molecules specific to
the neutralizing antibodies need to be developed and validated. Alternatively, a concentration based
method to differentiate between high and low affinity antibodies can be developed, but these methods
are primarily restricted to a laboratory setting and commercial point-of-care (POC) diagnostics to detect
neutralizing antibodies are still under development.

The quantification of inflammatory biomarkers is typically performed using venous blood. A panel of
inflammatory biomarkers like TNF-a, IL-6, elevated liver enzymes, etc. can be quantified using a blood
test; using multiple biomarkers provides an overall picture of the “cytokine storm” that is not readily
visualized by symptoms alone. There are some devices that measure one or more of the biomarkers, but
there aren’t a plethora of inexpensive POC diagnostics to detect a possible cytokine storm [47, 48].
Clinicians use standard blood tests to monitor these inflammatory biomarkers.

Strengths and limitations of diagnostics:

A. Direct detection of the virus: (1) Viral culture: Pros: Viral culture ranks as the best diagnostic test
because it provides information about the viral concentration and viability [49-51]. No other test can inform
if the virus is infectious or non-infectious. Subsequent analysis of the genomic analysis of the virus can
provide detailed information about the origin, mutations, level of transmission and other intricate details
of the virus. Cons: Viral culture requires additional biosafety level precautions, specialized equipment
and trained personnel. The time-to-result are generally in days, although efforts are being made to
decrease the times.

(2) RT-PCR tests: Pros: The specificity and sensitivity of these tests are unparalleled. The tests can be
guantitative, but quantification requires specialized clinical laboratories with longer time-to-results [51,
52]. POC qualitative tests that use integrated sample handling, amplification and detection, providing a
quick yes/no answer within minutes or hours are being used at some clinics [46, 53]. The user-friendliness
of the devices and time-to-result are valuable features, especially in high volume settings. Since specific
gene sequences are targeted, multiple pathogens can be detected using one instrument and multiple
disposable cassettes. Alternatively, using a cassette that can test for multiple pathogens could also be
used. Cons: The primary weakness is related to the upfront cost of the instrument, which is generally in
thousands of dollars depending on the features of the instrument. When the cost of maintenance,
disposable cassettes, and multiplexing capabilities are added, this diagnostic is unaffordable, although it
could be argued that the economic cost of not testing is higher [54, 55]. If an individual needs to be tested
daily over a standard fourteen day quarantine period, testing becomes impractical with these tests.
Second, POC tests are not quantitative and therefore, it is not possible to ascertain if the viral
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concentration is increasing or decreasing. Third and most importantly, nucleic acid tests cannot
differentiate between live and dead virus as the technology amplifies specific gene sequences, regardless
of viability. A quantitative test performed daily is required to ascertain if the viral load is increasing over
time to determine if the patient has viral remnants or is truly virus free [55].

(3) Detection of viral antigens using lateral flow disposable tests: Pros: These user-friendly,
inexpensive tests can be mass produced rapidly and can be used to provide an on-site yes/no answer
within minutes [44, 45]. These tests can also be made to withstand high temperatures and humidity and
therefore, can be deployed rapidly. Cons: The two major concerns are related to sensitivity and selectivity
[56]. If antibodies raised against the new coronavirus are used, it is imperative that the antibodies are
tested for cross-reactivity against similar strains and validated, or else the selectivity decreases. The tests
detect viral antigens and therefore, cannot distinguish between viable and dead pathogens and
guantification is generally not feasible with this technology.

B. Determination of prior infections: When an individual is exposed to the pathogen, the body will
generate antibodies against the pathogen. These antibodies can be detected using lateral flow devices,
where monoclonal antibodies against these antibodies can be generated [57]. Alternately, viral antigens
can be used to capture these antibodies in a lateral flow format [44]. In the previous section, antibodies
were used to capture viral antigens; here the format is reversed. The pros and cons of these tests are
similar to the lateral flow tests described previously for direct detection of the pathogen.

Interpretations of results: Assuming that (i) the sample was collected, handled and transported
according to WHO and CDC guidelines, (ii) the test has a high clinical selectivity and sensitivity, (iii)
technicians performing the test were well trained, there are two possibilities for viral tests.

A. Positive results: If an individual is tested positive for SARS-CoV-2, the next step would be consult
with the physician and follow the physician’s recommendations; these may include hospitalization or
guarantine at home. Unfortunately, at home tests are unavailable at the present time, and therefore,
symptoms have to be monitored. From a public perspective, it is important that the individual stay under
guarantine until symptoms have subsided and the individual is not shedding virus. It is quite possible that
the result is false positive, for example, if the result is positive 3-4 weeks after the onset of infection, it is
most likely that the test is detecting dead virus or fragments of the virus.

B. Negative results: At face value, a negative viral result means the person doesn’t have the virus.
However, the reality is more complicated because of the unigue nature of the infection process. Testing
early or late in the infection process can result in false negatives (Figure 3). A negative result does not
necessarily mean that the individual is SARS-CoV-2 negative; it means that the individual didn’t have the
virus at the time of testing [58]. It could also mean that the individual had the virus previously, but the
symptoms were mild or not noticeable and the immune system has cleared the pathogen. If a patient is
presenting moderate symptoms and the result is negative, it could mean that the immune system has
managed to decrease the virus concentration at the time when the sample was collected. Testing more
frequently would confirm the diagnosis. A similar logic follows for tests that detect antibodies produced
by the body in response to the infection. It is important to note that even if the individual has tested
positive for antibodies against the virus, the concentration and neutralizing capability is not known, unless
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more involved testing in a clinical laboratory setting is performed. Most importantly, it is not clear at the
present time if presence of antibodies prevents re-infection and/or provides long term immunity [9]. It is
also unclear if the individual who has antibodies can act as a carrier and if these antibodies protect people
from mutated strains. Taken together, the concept of “immunity passports”, while exciting for opening
large segments of the economy, is still in its infancy and shouldn’t be used for major decisions in isolation
without considering other factors. Unlike viral or antibody tests, there are no positive or negative results
when testing for inflammation. Testing relies on a panel of inflammatory biomarkers [59]. These tests
must be guantitative because individuals have baseline levels of these biomarkers, which increase upon
injury. Baseline levels are highly dependent on underlying conditions of the patient. In addition, some
individuals may be taking immunosuppressive drugs and therefore, the concentration of the biomarkers
may be lower [60]. A personalized testing approach is required for inflammatory biomarker testing.

Itis very important to note that results from any diagnostic for COVID-19 should be interpreted
by a trained professional. For example, even after major technological advances and decades since
the first home pregnancy test was introduced in 1976, home pregnancy tests are still not 100% accurate
[61]. When diagnostics are being produced within days during an emergency pandemic, it is very likely
that tests do not have the selectivity and sensitivity claimed by manufacturers, especially when these
tests are being performed in the field. Clinicians consider other symptoms, factors such as underlying
conditions, age, community outbreak data, etc. to confirm the diagnosis. These decisions are easier for
the 10-20% of individuals who present typical COVID-19 symptoms and are positive for virus, but the
confirmation becomes more difficult when people with mild or no symptoms test negative.

The “ideal” diagnostic: Diagnostic requirements for different stakeholders vary significantly depending
on their roles in a community. A diagnostic for COVID-19 for clinicians and healthcare professionals
require different features than a diagnostic required for a produce manager in a grocery store because
they want the diagnostic to tell them different things. For example, a physician may want to know if a set
of inflammatory biomarkers are increasing as a function of time in a patient; whereas the produce
manager will want to know only if his/her employees have SARS-CoV-2 and if they are spreading it to
customers and other employees. The former will allow the clinician to determine if the patient requires
more intervention; the latter will use the results to determine if the store can be open for business.
Epidemiologists use diagnostics for surveillance purposes and build models for policymakers to make
informed decisions that affect the entire community and not necessarily for a specific individual; in
contrast, an individual needs diagnostics depending on his/her situation. Individuals with underlying
health conditions or individuals with family, friends and colleagues with hypertension, diabetes and other
morbidities that make then susceptible to severe disease manifestations will find at home diagnostics
indispensable.

Some of the questions and decision making process that could help personnel in different professions
make appropriate decisions are given below (Figure 4). The questions are not exhaustive, but provides
a sense of the different needs of different stakeholders. More detailed guidelines have been released by
the multiple government agencies [62].

1. Clinicians, healthcare professionals: The primary aim of a clinician is treating the patient. The
diagnostic is expected to assist the clinicians in their decision making process about treatment. Some of
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the most pressing questions are: (i) Does my patient have SARS-CoV-2 or is it a different pathogen? The
treatment options differ depending on the answer. (ii) If my patient is SARS-CoV-2 positive, can the
diagnostic quantify the viral load? If it is a very high concentration, patients need to be quarantined and
secondly, the patient needs to be monitored for adverse reactions. (iii) Can the diagnostic tell me if the
patient’s inflammatory biomarkers are increasing as a function of time? Since every individual is unique,
a personalized diagnostic approach is required, where close monitoring of the inflammatory biomarkers
as a function of time will ascertain if the patient needs more (or less) intervention, is required. Remote
monitoring would be ideal because the clinician or healthcare professional would not have to come in
close contact with the patient. (iv) If the patient is quarantined in the hospital or at home, can the
diagnostic determine the viral load daily to help me determine when to release him/her from quarantine?

2. Policymakers and government officials: The primary aim of these stakeholders is to use
diagnostics as one of the tools to make informed decisions about society and their communities.
Diagnostics that determine number of prior and current rate of infection and hotspots is of utmost
importance for them for implementing appropriate countermeasures. Epidemiologists use information
obtained from these diagnostics to develop models that will assist them in predicting future outbreaks.
These diagnostics can be primarily qualitative; quantification and diagnostics for inflammatory biomarkers
will generally not affect their decision-making process. The questions that policymakers require from
diagnostics are: (i) Will the diagnostics tell us what percentage of the population are positive? (ii) Can the
diagnostics identify hotspots and identify local and imported infections? (iii) Can the diagnostics be used
to model the infection spread? Often, they have to balance multiple priorities from experts from different
sectors to look at cost/benefit analysis. For example, it may seem prudent from an epidemiological
standpoint to have a complete shutdown of a community for months; it is unreasonable from an economic
perspective as loss of economic activity will lead to significant mortality and morbidity.

3. Officials at high density living conditions (eg. nursing homes, assisted living facilities,
cruise lines, prisons, refugee camps): The aim of the managers in these facilities are multifold,
including, but not limited to the health of their residents and their personnel. These facilities are generally
no/low resource as they have limited medical equipment and supplies. Therefore, diagnostics must be
designed accordingly. Some questions related to the testing aspects are: (i) Can the diagnostic determine
if healthcare professionals, technicians, caregivers and visitors are virus free? (i) If one of residents is
tested positive, can a diagnostic ascertain if the resident needs to be hospitalized or released from
guarantine? (iii) Can the diagnostic detect virus in the environment for decontamination?

4. Overseers of areas with high traffic or human interactions (e.g. schools, universities,
entertainment complexes, theme parks, beaches, sports venues): The primary aim of the
administrators of these organizations is related to containment and isolation, while performing the
essential functions of the institutions. For example, school principals and university presidents do not
want a SARS-CoV-2 student or employee on their premises for fear of spreading the virus. The number
of students in large open campuses is an additional challenge. The requirements from a diagnostic are:
(i) Can the diagnostic be administrated to students entering campus with minimal interference and privacy?
(i) Can the result be obtained in minutes? (iii) Can the diagnostic detect virus in the classroom and
common areas for decontamination?
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5. Individuals: The primary aim of the vast majority of citizens want to protect themselves and their
loved ones. The requirements for diagnostics are (i) Is it precise and accurate? (ii) Is it complicated? (iii)
Is it inexpensive? (iv) Are results rapid? (v) Can it be stored in medicine cabinets for a long time and
portable?

Challenges for the diagnostic community: (i) ASSURED-SQVM principles: The ideal diagnostic
should follow the ASSURED (Affordable, Selective, Sensitive, User-friendly, Rapid and Robust,
Equipment-free Deliverable to end-users) principles of point of care diagnostics developed by the WHO
for infectious diseases [63] (Table 1). These ASSURED principles become increasingly important in the
current coronavirus pandemic particularly because of the significant health and economic impact and
disparity at a global level. For example, some countries have an efficient healthcare system that can
afford expensive diagnostics unlike others, where healthcare systems are limited in scope and severely
strained even before this outbreak. Communities with advanced testing, healthcare systems, lower
economic disparities and a cohesive evidence based strategy are able to cope with the economic fallout
than resource-poor communities. In addition to these ASSURED requirements, the nature and timeline
of the infection requires additional features, that have been coined here as SQVM (Self-testing,
Quantification, Viability and Multiplexing). Briefly, Self-testing is highly desirable to limit personal
interactions and maintain social distancing in the privacy of homes [64]. Self-testing can be combined
with telemedicine for patients to communicate the results to their physicians [65]. Quantification is
important for individuals to determine if there is an increase or decrease in the viral load, antibody or
inflammatory biomarkers during the 14 day quarantine period [66, 67]. Tests that can determine Viability
of SARS-CoV-2 in an environmental or human sample could provide additional information to first
responders and healthcare professionals to perform adequate countermeasures [32]. Finally,
Multiplexing will be of highest priority during the influenza season, because symptoms of the new
coronavirus and influenza overlap [68, 69]. Rapid detection of the presence and quantification of bacterial
respiratory pathogens such as Streptococcus pneumoniae take on increasing urgency during the
influenza season, because bacterial pneumonia is often the more severe outcome of the initial influenza
infection [70]. There are numerous exciting emerging technologies that address one or more of these

ASSURED-SQVM principles; however, none of the existing technologies can satisfy all of these
principles. The technological demands are challenging, however, human ingenuity can be applied to
develop excellent diagnostics. For example, if a diagnostic lacks user-friendliness, trained personnel can
consult with individuals at homes to self-test using video conferencing. Additionally, as described in the
previous section, different stakeholders require different information. At the very minimum, inexpensive,
user-friendly, selective and sensitive self-testing diagnostics that can detect and quantify SARS-CoV-2
would be extremely valuable for mitigating efforts. It is also imperative that analytical chemists and assay
developers collaborate with stakeholders early in the development process. For example, it doesn’t make
sense to develop a test that can detect 10 viral particles for a clinical setting, if patients are presenting
1,000 particles at an urgent clinic or emergency room. Similarly, it doesn’t make sense to develop a multi-
step process for reagents, when industries prefer less complicated steps for scale up and distribution.
Regular communication and developing realistic plans with go/no-go decisions and alternate strategies
with stakeholders and the team is critical in a pandemic situation.
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(i) Influenza and SARS-CoV-2: The months leading to the 2020-2021 influenza season will be
remembered as a “call to arms” for the diagnostic community as the primary line of attack of the two
pathogens, influenza and SARS-CoV-2, is the upper respiratory system and the lungs. The CDC
estimates that influenza infections ranged between 39 to 56 million infections in 2019-2020 [71]. In
contrast to SARS-COV-2 which has mostly spared children and young adults, influenza infects seniors,
children and individuals with weak or compromised immune systems [72]. It is not clear how individuals
and society will fare if both pathogens attack at the same time. Although influenza vaccines provide
substantial health benefits and decrease number of hospitalizations and death, vaccine effectiveness is
only ~ 50% for most seasons [71]. The possibility of a new influenza strain capable of causing a pandemic,
similar to the 2009 “swine flu strain” cannot be discounted. The symptoms of the two pathogens are
overlapping, which makes it extremely difficult to diagnose. Unfortunately, ASSURED-SQVM diagnostics
that can detect influenza, SARS-CoV-2, co-infections and/or bacterial infections are unavailable at the
present time. This is a major challenge for diagnostic developers and the larger scientific community [69].

(iii) Communication challenges: In addition to the technological challenges, one of the often overlooked,
major challenges for the scientific community is to communicate the nuances of testing, outcomes and
the decision making process to the broader non-scientific community. Diagnosis is especially difficult
because some individuals are asymptomatic. This is in contrast to other diseases where symptoms are
the usually the first indicator before using tests. If a child were not sick, parents would not take the child
to the physician. In addition, there is a plethora of information on the internet and in various social media
formats that is overwhelming. An internet search for “Diagnostics for coronavirus” yields over
137,000,000 results in less than one second. A more focused search for articles with the same terms
results in over 24,000 scientific articles and patents; a similar search on the preprint server medrxiv
results in over 800 non-peer reviewed publications. Unfortunately, with a deep desire of the masses for
a rapid return to normalcy, coupled with the aspiration of scientists to be the first to provide solutions,
several methods claiming to be the best before validation are published. The research findings are
publicized in multiple news outlets and amplified by social media. Every news cycle has reports of new
innovations that claim the development of “high selectivity and sensitivity” without testing clinical samples.
Claims of “rapid” and “within 15 minutes” without taking sample preparation time into consideration are
becoming commonplace. Non-scientific individuals are unfamiliar with limit of detection, differences
between analytical and clinical selectivity and sensitivity, positive and negative predictive values, time to
test, etc. (Table 2) and hence add to the complexity of the chaos. For example, an individual may test
negative on day 1 of the onset of infection if the concentration of the virus on the nasal swab is lower
than the limit of detection and positive on day 3, when the viral load is higher than the limit of detection.
It is also quite possible that the diagnostic had a low accuracy leading to conflicting results on both days.
Temperature sensors are being used at airports and transportation hubs, but may not be particularly
useful since individuals generally develop fever after a week of onset of infection. Beyond these issues,
the nuances of clinical diagnostics need to be communicated better to the general public. For example,
a test has been demonstrated to have 95% clinical sensitivity and selectivity in a well-controlled clinical
study, can lead to 90,000 false positive cases and 10,000 false negative cases if the prevalence of the
disease is ~ 10% and two million samples have been tested (Figure 4). The 10,000 false negative
individuals would potentially spread it. Use of multiple biomarkers, frequent testing and quantitative
results could solve this problem. Additionally, with hundreds of millions of dollars at stake to develop rapid
diagnostics quickly, exaggeration of the research and results becomes commonplace. It is imperative for
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the diagnostic community to address these issues, or else it will lead to a lack of credibility for testing,
which defeats the purpose of testing.

Conclusions:

This is a war against an almost “perfect” enemy. Like most successful opponents, the virus has
focused on our blind spots and turned our strengths into weaknesses. (i) It infiltrates silently. Humans,
by nature and by logic, do not test unless we exhibit symptoms. The virus exploited this seemingly sound
logic. Individuals spread virus in the early stages when they are asymptomatic or have mild symptoms.
Its early incursions were missed because it transmitted rapidly and silently across the globe within weeks,
entering 188 countries and overwhelming healthcare systems. (ii) It stays longer: The median time
from onset to clearance is approximately 14 days [23]. This strategy is highly effective to destroy
economic activity, which, in the long term, is expected to significantly increase morbidity and mortality.
With limited mobility and behavioral changes, economic activity has cratered allowing the virus to cause
more suffering and death due to increased poverty and other social ills. (iii) It Kills selectively. It doesn’t
kill all vulnerable sections of society, but is highly selective. It kills select individuals with underlying health
conditions (particularly in nursing homes and assisted living facilities) but seems to leave the majority of
infants and children with mild or minimal symptoms, although rare cases of inflammation in children are
being reported [73, 74]. At the present time, we don’t understand its selection process. (iv) It uses our
best defenses against ourselves: It achieves this objective in two ways; inside and outside the bodies
in a seemingly (because we don’t understand it) random manner. (a) Internal: The immune system is
our best defense against all pathogens. However, the response must be tempered. If overactivated, it
will lead to a “cytokine storm” and subsequent organ failure [41]. Select healthy individuals without co-
morbidities, produce a violent immune reaction and have to be hospitalized, whereas the vast majority
produce no such reaction. Interestingly, the immune overreaction happens suddenly without warning
after 5-10 days from onset of infection [23, 67]. This speaks to the craftiness of the virus; some patients
have been sent home for quarantine because they have mild symptoms. Some patients have come back
when the symptoms increase, unfortunately in other patients, strokes and other complications have been
fatal. (b) External: Two of our strengths as a diverse society is to think freely and develop creative
solutions towards solving seemingly intractable problems. This strength has allowed us to eradicate
several pathogens, but only when a singular public policy is followed. Unfortunately, multiple options,
none of which are perfect, has led to different public policies and a patchwork of containment strategies.
This is clearly seen in the United States, where different states have pursued different policies and it is
widely expected that a resurgence of infections will occur. It has also forced us to forego socialization,
one of the fundamental aspects of being human, as a defense mechanism, which has led to significant
economic damage.

Diagnostics are excellent weapons and can be tailored to blunt the sinister attacks of the virus.
Diagnostics can (i) Limit the silent spread, (ii) Determine viral loads in virus positive individuals to release
them from quarantine (iii) Be deployed in hotspots to limit death and (iv) Quantify inflammatory biomarkers
in individuals. However, like all weapons, we have to use diagnostics correctly and for the common good.
As an example, if precise, but expensive diagnostics are developed, resource rich communities would
benefit in the short term in contrast to resource poor communities. However, the virus knows no
boundaries and therefore, a more powerful strain can subsequently attack all communities and cause
long lasting damage. No diagnostic can satisfy all the requirements of all stakeholders and therefore,
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interpretation, using terms such as positive predictive value, negative predictive value, etc. instead of a
simple yes/no result becomes more important. This perspective, hopefully, provides a clear picture of the
different questions, nuances and challenges of this important weapon. A focus on the needs of the
stakeholders; a collaborative approach towards diagnostics for all; clear and compelling messages for
the general public; a lower emphasis on self-promotion; objective analysis of “novel” diagnostics and a
deeper sense of humility knowing that this virus and its cousins do not readily allow us to “see” them, will
help us develop quality ASSURED-SQVM diagnostics to mitigate the effects of this devastating pathogen.
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Figure 1. Timeline and concentration of analytes for diagnostic assays after onset of SARS-CoV-2
infection at day zero.
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Figure 2. Schematic of some of the tests used to detect SARS-CoV-2.
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Figure 3. (A) Some of the terms and their derivations used in clinical diagnostics. (B) Situation 1: If 200
tests with excellent clinical selectivity and sensitivity of 99% and 50% disease prevalence are performed,
only 2 individuals will be misdiagnosed as false positive or false negative. (C) Situation 2: If 2 million
tests with similar parameters as in situation 1 are performed, 20,000 individuals will be misdiagnosed as
false positives or false negatives. (D) Situation 3: If the disease prevalence decreases to a more realistic
situation observed in the current COVID-19 pandemic, 2,000 individuals will receive a false negative
result and 18,000 individuals will receive a false positive result. (E) Situation 4: If the test has 95% clinical
selectivity and sensitivity with 10% disease prevalence, 10,000 individuals will receive a false negative
result and 90,000 individuals will receive a false positive result. The last situation is more indicative of
most diagnostics in the current COVID-19 pandemic even if a manufacturer claims 99% clinical selectivity
and sensitivity, because human errors (eg. Incorrect sample collection, variability in nasal/throat swabs,
etc.) increase when tests are performed in the field.
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Clinician/Healthcare Professional

Positive Negative

Is my patient exhibiting other
symptoms?

Repeat Test Not positive, monitor
at home

Hospitalization Test daily

4B.

Policy Makers/ Government Officials

High incidence

Isolate positive individuals and Locations of positive Isolate positive cases,
lockdown community cases monitor, random testing

Large scale testing Widespread Only hot spots

Lockdown and initiate large Lockdown and test hotspots
scale frequent testing frequently
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4C.

Retail businesses

Qualitative testing one/twice a week depending on .
resources and availability Test daily

Isolate and test daily until virus-free Isolate and test daily until virus free

4D.

Test Regularly

Test only if tests are
readily available

Test Regularly

Figure 4. Examples of decision trees based on excellent diagnostics for stakeholders. A.
Clinician/Healthcare professional. B. Policymakers. C. Retail business. D. Individual. These decision
trees are not exhaustive and doesn’t take other factors specific to a particular situation into consideration.
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Detection methods

Criteria
Direct detection of virus . Detection of
_ - - Detection of .
Culture Nucleic Acid Antigen antibodies mﬂammatory
capture biomarkers
Affordable No, requires | No. Instrument, Yes Yes Requires a clinical
laboratory consumables laboratory to perform the
setting, are expensive tests for multiple
trained biomarkers
personnel
Sensitive Very high High Depends on the | Depends onthe | Depends on the QC of
QC of the QC of the the antibodies and
antibodies and antibodies and manufacturer
manufacturer manufacturer
Selective Very high Very high, but | Depends on the | Depends on the | Depends on the QC of
requires the QC of the QC of the the antibodies and
right primers antibodies and antibodies and manufacturer
manufacturer manufacturer
Rapid No, requires Tabletop Lateral flow Lateral flow tests | Blood tests take 24-28
days. instruments tests will provide will provide hours
provide results | resultsin <15 results in < 15
in <15 min min. min.
Robust No, reagents | Yes/No, some | No, depends on | No, depends on No, reagents require
require reagents may antibody antibody stability. refrigeration
refrigeration. require stability. May May require
refrigeration require refrigeration
refrigeration
User-friendly | No, requires | Only the new Yes Yes No, requires trained
trained integrated personnel
personnel |systems are
user friendly.
Equipment No No Yes Yes No
free
Deliverable to | No, requires No, requires Yes, small Yes, small No, requires laboratory
end users laboratory space, footprint, footprint, portable
electricity portable
Self-testing No No Yes Yes No
Quantitative Yes, but Tabletop No No Yes, but takes
takes days | systems provide hours/days
yes/no answer;
Viability Yes No No N/A N/A
Multiplexing Yes, but Capability Yes, but Yes, but Yes, but requires
requires exists, but is becomes more | becomes more equipment
equipment expensive expensive expensive

Table 1: ASSURED-SQVM principles as applied to current diagnostics for SARS-CoV-2 and other
infectious diseases
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Term

Definition and explanation

Limit of detection (LOD)
or Analytical Sensitivity

LOD is defined as the lowest concentration of virus that can be detected using the
diagnostic. The LOD is typically given by the manufacturer of the test and that may
vary according to the test characteristics. For example, a nucleic acid based test
may be able to detect 10 viral particles, whereas the LOD of an antigen test may
be 100 particles. Manufacturers also use LOQ, or the limit of quantification, which
is the lowest concentration detected with a high degree of accuracy. LOD is also
referred to as Analytical Sensitivity, which is the lowest number of viral particles
the test can detect. Researchers generate a series of vials with different
concentrations of the virus and test is a positive result is obtained with the different
vials. The vial with the lowest concentration is considered the LOD.

Analytical Selectivity

Analytical selectivity is the ability of the test to only detect SARS-CoV-2 in the
presence of other pathogens, including closely related strains such as SARS-
CoV-2, MERS and other respiratory pathogens such as rhinovirus, influenza,
Streptococcus pneumonia, etc. Different concentrations of these pathogens are
used to determine if the test yields a positive result. Next, low concentrations of
SARS-CoV-2 are mixed with high concentrations of one or more pathogens to
determine the specificity.

Clinical or diagnostic
sensitivity

Clinical or diagnostic sensitivity is very different from analytical sensitivity. The
latter is associated with the test specifications, the former is the ability of the test
to accurately determine SARS-CoV-2 positive patients. Clinical sensitivity has to
be benchmarked against gold standard diagnostics.

Clinical or diagnostic

It is the ability of the test to accurately determine SARS-CoV-2 negative patients.

selectivity Clinical selectivity has to be benchmarked against gold standard diagnostics.
Positive predictive Positive predictive value is the probability that an individual will definitely have
value the disease based on a positive result.

Negative predictive Negative predictive value is the probability that an individual may not have the
value virus based on a negative result

True positive

When a test result is positive, and the individual has SARS-CoV-2 based on
additional advanced confirmatory validated tests such as cell culture and or
central laboratory based RT-PCR.

False positive

When a test result is positive, but the individual does not have SARS-CoV-2. The
implication is that the individual will have to be quarantined. Here, the individual
will suffer on a more personal level from the wrong result.

True negative

When a test result is negative and the individual does not have SARS-CoV-2
based on additional advanced confirmatory validated tests such as cell culture
and or central laboratory based RT-PCR.

False negative

When a test result is negative, but the individual has SARS-CoV-2. The
implication is that the individual will spread the virus. Here, the community will
suffer as more people will be infected.

Table 2: Some of the common terms used in diagnostics.
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