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M) Check for updates

COVID-19 tests

Considerations for diagnostic

and Zisis Kozlakidis’

During a pandemic there are multiple concurrent clin-
ical priorities, including the need to understand the
pathophysiology of the disease, optimized patient care
and prevention of future infections'. The detection and
characterization of the etiological agent or its immuno-
logical consequences in the host are the necessary
starting points®. Being able to define the pathogen,
biologically and genetically, and whether it is inducing
(protective) immunity are key in the development of pro-
tective and curative protocols against future persisting
disease. The current diagnostic procedures are twofold.
First there is the direct detection of (parts of) the virus.
This can be done by culture of the virus, detection of
one or more of its proteins and, the method used most
frequently during the present pandemic, direct detection
of nucleic acids or detection via amplification of nucleic
acids. The latter are what are currently called ‘molecular
tests. Immunological tests detect the consequences of
infection by the virus in the host. This is most frequently
focused on the detection of virus-specific antibodies,
whereas some specialized laboratories may also be
capable of defining the cellular immune response. Here
we will mostly focus on the nucleic amplification tests,
with illustrations of how immune tests may complement
molecular tests in several cases.

Diagnostics can be used in various manners, the
so-called use cases. These include triage of sympto-
matic individuals in an epidemic or endemic setting,
triage of at-risk presymptomatic and symptomatic
individuals in endemic settings, confirmatory testing,
diagnosis of symptomatic individuals in endemic or
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Abstract | During the early phase of the coronavirus disease 2019 (COVID-19) pandemic, design,
development, validation, verification and implementation of diagnostic tests were actively
addressed by a large number of diagnostic test manufacturers. Hundreds of molecular tests

and immunoassays were rapidly developed, albeit many still await clinical validation and formal
approval. In this Review, we summarize the crucial role of diagnostic tests during the first global
wave of COVID-19. We explore the technical and implementation problems encountered during
this early phase in the pandemic, and try to define future directions for the progressive and better
use of (syndromic) diagnostics during a possible resurgence of COVID-19 in future global waves
or regional outbreaks. Continuous global improvement in diagnostic test preparedness is
essential for more rapid detection of patients, possibly at the point of care, and for optimized
prevention and treatment, in both industrialized countries and low-resource settings.

epidemic settings, differential diagnosis in endemic
or epidemic settings, testing of patients with previous
exposure to severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2; the cause of the coronavirus
disease 2019 (COVID-19) pandemic), surveillance at sites
of previous or potential outbreaks and environmental
monitoring (Foundation for Innovative New Diagnostics
(FIND)). The use case determines the way in which
diagnostic tests are used optimally”’.

The ongoing COVID-19 pandemic has underpinned
the central position of diagnostic testing in outbreak
control’. Ending the pandemic involves the accurate
application of diagnostic testing in high volumes and
the rapid use of the results to help implement the appro-
priate therapy and prevent further spread. The value of
integrated diagnostics in the management of the current
COVID-19 wave and possible future COVID-19 waves
is high, especially for the molecular detection of the
virus, and for the qualification and quantification of
the immunological host response’. The rapid implemen-
tation of COVID-19 tests requires critical assessment and
adequate jumping’ of the initial hurdles during the devel-
opmental and regulatory process. Test design, validation
and verification, emergency use approval and the manu-
facturing of test kits in (very) high numbers are just a few
examples of such obstacles. From the perspective of a
routine-diagnostic microbiology laboratory, the setting
up of high-throughput diagnostic pipelines, the logistics
involved and the optimization of pragmatic use of test
results were encountered as important problems dur-
ing the first wave of the ongoing COVID-19 pandemic.
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Ultimately, optimized diagnostic tools will provide guid-
ance in the development of therapeutics and vaccines
(FIC. 1). Diagnostic lessons learnt during the first wave of
the COVID-19 pandemic should be used to help prepare
for the next wave, which is anticipated by many.

In this Review we address early COVID-19 test
design and the design-, development-, production- and
distribution-associated hurdles. We discuss the impor-
tance of quality control and options for mass produc-
tion as well as the practical issues around broad and
rapid implementation of entirely new tests that have
not undergone classic evaluation and validation. We
also estimate the effect of new-generation COVID-19
tests on laboratory medicine practice, the need for new
approaches towards biobanking and the economic con-
sequences of the pandemic. Of note, we focus on molec-
ular assays, with limited presentation and explanation of
serological tests.

COVID-19 testing

SARS-CoV-2 is an RNA virus, and thus all available
RNA detection formats can potentially be applied to
detect the virus®. For adaption towards the more fre-
quently used diagnostic DNA detection formats, the
viral genome needs to be transcribed into a DNA com-
plement by reverse transcriptase. Currently, the pre-
ferred SARS-CoV-2 test is DNA amplification by PCR,
and the real-time versions of such tests were among the
earliest available. Such tests were previously developed
during the emergence of SARS-CoV and Middle East
respiratory syndrome coronavirus (MERS-CoV), and
therefore a PCR-based testing approach for SARS-CoV-2
was an obvious route to take’. Moreover, monitoring
the host response is important in identifying individ-
uals who have already been infected with SARS-CoV-2
as well as for assessing future vaccine efficacy. For that
purpose, again similarly to tests previously developed
for SARS-CoV and MERS-CoV, a broad variety of tests
detecting specific SARS-CoV-2 antigens and antibod-
ies were developed. Over the past months, all currently
available technologies have been exploited to rapidly
develop highly sensitive and highly specific detection
and characterization assays for SARS-CoV-2. In this sec-
tion we briefly discuss these test formats, but we will not
consider functional tests that assess virus inactivation
or the therapeutic effect of cellular immune responses'.
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Such assays are mostly limited to highly specialized lab-
oratories and do not yet have a major impact on current
global health-care practice.

Diagnostic tests developed and their application. Direct
diagnostic testing to detect active SARS-CoV-2 infec-
tions mostly involves reverse transcriptase real-time
PCR (rtPCR), although different molecular techno-
logies, such as CRISPR-mediated detection or loop-
mediated isothermal amplification, have also been
applied® ' Operation and application of these molecu-
lar tests is in keeping with those for previously developed
tests that detect infectious agents'.

Moreover, rapid antigen detection tests have also
been developed to detect active infection, although a
limited number of such tests are available'*">. However,
in comparison with rtPCR, rapid antigen detection
tests lack sensitivity, and owing to the increased risk of
false-negative results, they are considered as an adjunct
to rtPCR tests'®". Olfactory tests using electronic ‘noses’
or even dogs have also been presented, but these tests are
not yet directly applied in patient care'®".

Antibody testing can have a mostly complemen-
tary role to rtPCR tests in the diagnosis of COVID-19,
at approximately 10 days or more after the onset of
symptoms, in assessing past infections and defining the
dynamics of the individual humoral responses in indi-
vidual patients or in patient cohorts undergoing certain
forms of treatment’’'. Immune-based assays, such
as lateral flow assays, are usually designed for detect-
ing human IgA, IgM and/or IgG antibodies or virus
antigens®*. Targets for the tests have been identified by
comparative screening for genomic regions that have a
low mutation frequency to avoid primer and antibody
mismatches, and enhance test quality and stability*.
Hundreds of such diagnostic tests have now been devel-
oped (Supplementary Table 1), and technical reviews of
their comparative performance assessment have been
published recently**-*2, Very recently, the Journal of
Clinical Microbiology dedicated nearly an entire issue to
COVID-19 testing™.

Data are available on more than 240 Emergency Use
Authorization (EUA)-level COVID-19 diagnostic tests
(as of 5 September 2020), and the number of commer-
cially manufactured COVID-19 molecular tests and the
number of commercially manufactured immunoassays
are approximately equivalent. FIND is or has been assess-
ing more than 800 diagnostic assays, more than 250 of
which are so-called rapid tests taking less than 30 min-
utes to generate a result. The use of immunoassays at the
point of care (POC) remains to be universally accepted as
part of the postrestriction COVID-19 control strategy™.
It is important to note that all novel tests urgently need
useful clinical cut-off values to help enhance their med-
ical value®. At present, negative results in either of these
test types do not completely rule out current or past
infections owing to possible false-negative results’"’.
Whether COVID-19 tests need to be quantitative or
qualitative is subject to continued debate®. Quantitative
test results may be a prerequisite for the choice of
COVID-19 treatment strategy, for treatment follow-up
or for the support of vaccine trials.
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Fig. 1| Advancing translational medicine. A schematic overview of the key innovation
drivers, technologies, institutes and partners needed for the development of new
diagnostic tests, drugs and/or vaccines. The boxes on the left identify some of the
important medical, scientific and industrial deliverables where an interconnected
approach covering each steps from fundamental research to commercialization is
needed. Translational medicine relies on the interconnection of multidisciplinary teams
of life scientists able to translate basic scientific discoveries into changes in clinical
practice supported by expertise from engineering, law and financial sciences. The most
important facilitators are indicated in each box. The column on the right lists the
innovation drivers. Current innovation drivers combine the ability to process large
amounts of data and to facilitate access to biological material through easy access

to a biobank. The intense collaboration between academia and industry, with detailed
sharing of research goals and directions during the coronavirus disease 2019 (COVID-19)
pandemic, through the identification of an optimal collaborative approach capitalizing
on the strengths of both made possible the rapid development of new diagnostic tests,
drugs and possible vaccines against COVID-19.

Another important aspect is surveillance: the rapid
and continuous detection efforts aimed at early recog-
nition, isolation and treatment of those infected with the
virus®”. When an infection has been diagnosed, usually
on the basis of a combination of clinical parameters (for
example, fever, sore throat or loss of smell and taste) and
a direct COVID-19 test, search and control policies will
be initiated for the detection of those people who were in
recent direct contact with the patient and who will then
be subjected to confinement and/or COVID-19 testing.
For adequate surveillance and tracing, both regionally
and globally epidemiological virus typing is important.
Next-generation nucleotide sequencing is used to define
polymorphisms and to define interrelatedness between
virus strains®*>*. Such approaches have been instrumen-
tal in defining the global spread of the virus and may
also help to define virus variants with different biologi-
cal capacities (for example, ease of spread, pathogenicity
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and tissue tropism). Metagenomic next-generation
nucleotide sequencing can also be used diagnostically
for virus detection in patients* or in environmental
samples (such as wastewater)*.

Considerations for the development, production and dis-
tribution of diagnostic COVID-19 tests. The superficial
sketch of test design provided in the previous subsection
represents only the first steps in test development. Initial
design, experimental small-scale laboratory validation
and, if at all possible, clinical evaluation using high-
quality and patient specimens are followed by industrial
scale-up. The test format needs to be compatible with
large-scale production, which in the case of COVID-19
was possible for tests that were supported on pre-existing
platforms*. Any test that was developed rapidly but was
not applicable on an existing instrument had a sub-
stantial disadvantage to reach the market*. Possible
exceptions are tests that are presented in a platform-
agnostic layout and that can be combined with any type
of instrument already available to laboratory-based
diagnosticians®.

Moreover, instruments and tests need to be abun-
dantly available at a local and global scale to ensure
scale-up of clinical testing. The preavailability of a plat-
form also enables the broad geographical spread of the
test. If an installed base of instruments already exists,
then new tests in the already existing format can be
rapidly and reliably added to the testing repertoire of
a laboratory. In such cases, assay transport and storage
are two remaining hurdles, and test distribution in itself
may be an important obstacle. The shelf life of a test,
the temperature tolerance of the test components and
simple characteristics such as the size and weight of the
package are all important parameters in the perceived
ease of distribution. Once the instrument and assays are
available to users, instrument availability and human
expertise may still be limiting factors in high-throughput
test application®. Finally, there needs to be a balance
between the laboratory test capacity and the number of
requests for tests, and the fluctuation in the number
of tests requested and changes in priority test recom-
mendations pose additional problems. It is clear that the
entire global population cannot be tested (repeatedly)
at the same time, and choices need to be made to pri-
oritize patient groups or groups at increased risk of
being infected (for example, health-care workers)".
When these groups have been identified, sampling
processes (and their logistics) need to be designed and
implemented. Simplicity of sampling and homogeneity
of the sample itself are important parameters to consider,
and other sources, such as saliva, have been considered
as alternative specimens for COVID-19 testing®. Testing
of sample pools has been suggested as a solution to min-
imize test costs while maintaining test sensitivity and
specificity, specifically in settings where the incidence
of infection is low*. Pooling of samples may gener-
ally induce practical pretesting burden and may lower
traceability, and thus sample pooling should perhaps
be restricted to times of reagent shortage. The jury is
still out on whether pooling is diagnostically robust
and cost-effective, with conflicting reports having been
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Box 1 | Defining the clinical validation of diagnostic tests

Clinical validation of diagnostic tests, as considered in this Review, involves assessing
the performance of the test in comparison with a reference test that is capable of
assigning the sample status without error. The generic validation of a novel technology
should be performed on a larger scale, ideally in multiple laboratories, and should
include a much more comprehensive investigation of the critical parameters relevant to
the specific technology to provide the highest chance of detecting sources of variation
and interference. The competence of testing and calibration via new laboratory-
developed methods or acquired methods adopted by the laboratory may also be
appropriate if they are sufficiently validated. Laboratories have to validate all
non-standard methods, and all standard methods used outside their intended scope.
This covers both laboratory-based methods and predictive models using diagnostic
data to predict the severity of disease, for instance'’*. For amplifications and
modifications of standard methods, it has to be confirmed that the methods are fit

for the intended use through the provision of a well-recorded, validation protocol

and resulting outcomes.

published™-*?, In addition, the current consensus is that
individual laboratories should perform validation studies
before embarking on large-scale pooling strategies™.

Many ‘diagnostic streets’ or drive-through test facili-
ties were established as soon as COVID-19 tests became
available, and many laboratories opted for externali-
zation of testing (using tents, dedicated buildings and
separation between sample taking and actual testing)*’.
Finally, there is a continuous need for means of rapid
and reliable result dissemination, an issue that is covered
in privacy loopholes but also the need to use test results
beyond the privacy of an individual patient.

Test results are key in surveillance and outbreak
management and should be used to inform infection
prevention measures. Diagnostic tests need careful con-
sideration and validation before being launched. This
is often underestimated and underappreciated by scien-
tists and the community, and involves processes that are
costly and time-consuming.

Quality control of COVID-19 testing

The EUA by the US Food and Drug Administration
(FDA) covers for most of the more common test quality
parameters (for example, sensitivity, specificity, positive
and negative predictive values, robustness and reproduc-
ibility). More than 160 tests have been approved and pro-
vided with the EUA label, and more than 80% of these
were molecular tests, with the rest being antibody detec-
tion assays and a small number of antigen detection tests
(Supplementary Table 1). In addition, the provision of
positive control templates was effectively implemented
by the European Virus Archive goes Global (EVAg) pro-
ject, supplying specific products such as RNA transcripts
for assays through its online catalogue by mid-January
2020 (REFS***). Technical qualification data, based on the
use of cell culture materials and synthetic nucleic acid
constructs, as well as results from exclusivity testing of
75 clinical samples, were included in the first diagnos-
tic protocol provided to the WHO on 13 January 2020.
The efficient collaboration within an informal network
comprising clinical laboratories servicing consortia
of hospitals, academic groups and test manufacturers
(forged through previous recent outbreaks and/or oper-
ational consolidations) represented a key element in the
European response against COVID-19 by promoting

the development of new diagnostic tools while support-
ing acute clinical and international needs (for example,
COMBACTE?®).

On 4 February 2020, the FDA issued an EUA for the
COVID-19 rtPCR assay developed by the US Centers
for Disease Control and Prevention (CDC), thereby
enabling CDC-qualified laboratories to perform the
test”. Unfortunately, and despite this EUA registration, as
described in a news article, there were problems with one
of the reagents described in the CDC protocol, partially
blocking rapid implementation of the test or leading to
retraction of test results. On 29 February 2020, new guid-
ance was issued for laboratories to be able to develop and
implement COVID-19 molecular diagnostic tests before
obtaining EUA**"% (see also Supplementary Table 1).
The relative technical ease with which such diagnostic
tests could be designed and the stable nature of the target
genetic material of the pathogen were contributing factors
to test quality and reproducibility, which resulted in var-
ious tests being developed within a few months (BOX 1).
Diagnostic testing without quality control at all levels
(from design up and until end use) is without value and
results in abuse of valuable and possibly scarce resources.

Test sensitivity and specificity

The analytical specificity of a molecular COVID-19
test is its ability to determine exclusively the analyte it
intends to measure in the presence of off-target tem-
plates or interfering substances under well-controlled
laboratory conditions. The analytical sensitivity of an
assay often describes the lowest amount of analyte that
can be accurately measured through an assay. Adequate
analytical specificity and sensitivity will in the end lead to
optimal clinical performance. For molecular COVID-19
tests, the quality and relevant abundance of RNA in
collected samples (which is heavily dependent on the
type and site of collection) are crucial for the sensitivity
of the assays®>®. For example, the rate of rtPCR detec-
tion of SARS-CoV-2 in patients with COVID-19 is as
high as 93% in bronchoalveolar lavage fluid, but is 72%
in sputum and 63% in nasopharyngeal swabs, while it
is only 32% in pharyngeal swabs and 29% in stool®.
A later, small hospital cohort study among patients with
laboratory-confirmed COVID-19 reported that the pos-
itivity rate of rtPCR for SARS-CoV-2 is 15-30% in blood
and 14-38% in rectal swabs®. In this study, blood sam-
ples were obtained from 23 patients, and rectal swabs
were obtained from 15 patients. The analytical sensitivity
of the new molecular tests was reported to be high from
the outset, even though a number of studies had to use
target material from cultures of Vero cells or synthetic
viral DNA fragments owing to the regulatory inability
to access samples from the early infected populations
in China®. This validation was repeated with clinically
available samples from infected patients in Europe and
other geographical regions, including North America
and South America. This implies that for none of the
currently used COVID-19 tests is the absolute sensitiv-
ity (RNA genomes per millilitre) known because there
simply is not a clear gold standard for testing available
for a pathogen that has been known for about half a year.
It has to be emphasized that even ‘poor but cheap’ tests
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may be of diagnostic significance if the shortcomings of
the tests are well considered®. It is relevant to note that
itis difficult to obtain precise test quality data on locally
used tests in China. Many molecular assays have been
developed in China, and only a few of them have
obtained FDA EUA accreditation (for example, the tests
developed by Xiamen Zeesan Biotech, Jiangsu Cowin
Biotech and Bioperfectus Technologies; see In Vitro
Diagnostics EUAs). In general, the limitations of many
of the published validation studies for COVID-19 diag-
nostic tests were low sample numbers, the differences in
the processes for collection, storage and processing of
samples before the diagnostic tests (preanalytical bias)
and the lack of validation by independent third parties.
All of the studies were performed using disperse clinical
parameters, a feature also hampering the development of
diagnostic tests during previous coronavirus outbreaks'.
These are not necessarily new aspects”, although the
need for timely delivery of new diagnostic assays allowed
them to re-emerge. An entirely novel aspect during this
outbreak was the widespread use of preprint servers for
sharing research data before peer-review (for example,
medRxiv or bioRxiv), where studies appeared evalu-
ating the relative performances of different diagnostic
technologies®. Still, caution should be exercised with
interpretation of non-peer-reviewed manuscripts, and
whether easier access to technical and comparative
information has been instrumental in getting the tests to
the market sooner or increasing their end-user adoption
remains to be addressed®. Finally, it is very important to
note that no biological tests have 100% sensitivity and
100% specificity, which needs to be considered when
diagnostic results are translated into clinical practice.

COVID-19 testing in low-resource settings

The WHO ASSURED criteria define the markers that
affect availability of diagnostic testing in remote settings.
Affordability, sensitivity, specificity, user-friendliness,
rapidity and robustness, being free of equipment and
being easily deliverable to end users are the key driv-
ers towards diagnostic readiness under difficult cir-
cumstances. In addition, the clinical validation in
low-resource settings needs to establish diagnostic per-
formance in the target population with its co-endemic
diseases, some of which may be seasonal or geograph-
ically disperse’. Most of the laboratories located in
low-resource settings may not possess the costly plat-
forms needed to run well-performing commercial
tests. Also, underfunded rural clinics or laboratories in
politically unstable environments may face very specific
local problems”. In addition, to comply with Standards
for Reporting of Diagnostic Accuracy Studies (STARD)
guidelines™, studies should actively observe and record
the operational characteristics (sensitivity, specificity,
precision and on on) of a COVID-19 diagnostic test.
Environmental stability requirements must be contex-
tual too. For example, stability testing should include
‘open pouch’ scenarios; that is, opening the package or
‘prefilling’ of test tubes and leaving them on the bench
(in a humid tropical environment) pending reception
of samples”. Shelf life is an important determinant of
usefulness under such conditions. The user-friendliness
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of the test must also be assessed according to specific cri-
teria for low-resource settings and not using, for exam-
ple, a European-context method (SKUP)™. Most of the
POC immunoassays detecting COVID-19 antigens or
antibodies (which are frequently used in low-resource
settings) are still being validated by FIND. There are
substantial information and expertise gaps between
laboratories in industrialized countries versus those in
low-resource settings even in the case that the latter have
access to diagnostic tests”. The positioning of the use
cases as defined above differs depending on the financial
status of the laboratory.

Mass production of tests

Infectious disease outbreaks tend to be categorized as
low-frequency, high-impact supply chain-disruptive
events’®. They represent a supply chain risk character-
ized by long-term disruption and unpredictable scaling;
simultaneous disruption in the supply chain (for exam-
ple, manufacturing) and the population (for example,
pandemic); and simultaneous disruptions in supply,
demand and logistic infrastructure”. This disruption was
palpable for COVID-19 diagnostic tests both in the man-
ufacturing disruption observed and in the downstream
logistics infrastructure delivering diagnostic tests to the
end users. The tight interoperability of the supply chain
as well as the initial (physical and economic) lockdown
of China, representing a low-tier supply base for a large
part of the manufacturing operations globally, meant
that manufacturing would be one of the hardest-hit eco-
nomic sectors’®””. Therefore, a dual bottleneck emerged
early on in the pandemic in terms of sourcing the bio-
logical materials as well as sourcing the primary sources
for manufacturing. The shortage of reagents and dis-
posables is one of the most obvious later-stage problems
once an outbreak becomes more widespread and ulti-
mately pandemic®*. In such instances it may become
mandatory for manufacturers to start sharing production
processes and recipes for reagents®.

A number of governmental interventions, including
direct financial investments, loans and the appointment
of special COVID-19 functionaries (with responsi-
bilities for obtaining tests, instruments, vaccines and
informing the public, among functions) and policymak-
ers, were initiated to support manufacturing capacity.
In the USA, congressional lawmakers introduced leg-
islation to alter the regulatory framework governing
laboratory-developed tests*’. The interventions further
included active scouting and import of resources outside
usual territories, the continued operation of manufac-
turing businesses, mobilization towards critical supplies,
including the repurposing of manufacturing capacity,
and planning for further support in the post-COVID-19
era®"%. However, the rapid publication of formal guide-
lines does not necessarily equate to an increased produc-
tion capacity for diagnostic tests, as the production of
such tests tends to have a particular technological speci-
fication and complex manufacturing, and thus manufac-
turing flexibility and scalability are harder to achieve®*.
During a pandemic, the disease burden limits the avail-
ability of personnel, and the need to work under pro-
tected conditions (masks and suits) does not promote

NATURE REVIEWS | MICROBIOLOGY

VOLUME 19 | MARCH 2021 | 175



https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/vitro-diagnostics-euas#individual-molecular
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/vitro-diagnostics-euas#individual-molecular
http://www.medrxiv.org
http://www.biorxiv.org
https://www.who.int/bulletin/volumes/95/9/16-187468/
https://skup.org

REVIEWS

efficiency. Besides the supply chain issue, intellectual
property has been an issue leading to the lack of testing.
In the Netherlands, Roche finally revealed the contents
of its lysis buffer but only after forceful public uproar®.

However, the severe initial manufacturing disruption
seems to have been temporary® (BOX 2). It has currently
been overcome through existing networks, expertise
and industrial capacity, in addition to regulatory and
governmental support®*. Still, sterile swabs for sam-
pling the throat and/or nasopharynx are in very high
demand globally, which is sometimes a limiting factor,
and test penetration in, for instance, Africa is far from
complete’”?. Of note, problems of test penetration and
availability needed to be solved in the USA and other
industrialized countries as well”™>**. However, regional
success stories involving, for instance, local test or
tool production were reported from South Africa and
Rwanda®®. Although some initial cost estimates of the
COVID-19 disruption in the health-care industry have
been published””~*, they are likely to be too preliminary
at this point in terms of their accuracy. Estimating the
costs of such a complex industrial pivoting is difficult
as it affects at a minimum the costs of developing and
generating new products, the transformation of the pro-
duction lines and any potential losses from established
products not manufactured during the given period’.
Mass production of diagnostic tests is complex, and
mass use of such tests relies on high-level expertise in
the end-user laboratory.

Implementation of new tests

Owing to the different health-care models that coexist
in Europe, the local testing strategies included decen-
tralized and fully centralized strategies, with a range of
in-between solutions, but they were always anchored
on diagnostics”. The availability of large-scale testing
is crucial for monitoring progression or decline of the
outbreak and for informing the lockdown exit strategy.
Testing capacity has grown in Europe, but at markedly
different rates between countries (FIG. 2). Whereas the
UK government centralized all testing in a number of
reference laboratories'’, Germany relied on a clinical
laboratory network that enabled the detection of the
virus in collected samples within 2.5 hours'"'. Either way,
by combining different levels of expertise, consolidated

Box 2 | COVID-19 and supply chain logistics

The supply lines for diagnostic tests were severely hampered for a few months globally
(February to April 2020), while alternative models of operation were sought. As
disasters have happened previously, the resilience of logistics and supply lines had been
studied (primarily for natural disasters, such as floods, earthquakes and wars®*). These
included exploring the optimal choice of ‘logistics service providers’ to prepare for
disasters®, and studying the optimal ‘temporary facility location’ problem to cope
with disasters®. However, the scenarios were investigated for a defined scale and
geography, not considering a pandemic, which is rarer yet more disruptive. For the
post-coronavirus disease 2019 (COVID-19) era, the demand for different public health
interventions is complemented by a surge in testing, with confinement again being
possible but only as a measure of last resort. This demand combined with further
lockdown poses a great logistical challenge as the right supplies would need to reach
their designated laboratory destination within a short time frame, and supply chains
need to remain active while the testing policy is upheld and then be able to dissipate

supplies equally rapidly
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laboratories not only processed large volumes of sam-
ples but also supported surveillance systems'””. Although
the best surveillance system still needs to be defined, the
setting up of networks of regional sequencing centres
hosted in academic institutions and/or public health
agencies provided a close-to-real-time sequencing
facility that enabled genomic data to be interpreted
and used locally for epidemiological monitoring'”. The
large-scale use of such sequencing centres in Europe
for the assessment of how the virus interacts with host
cofactors and the health consequences of COVID-19 are
continuously expanded and improved'*.

In low-resource settings, health authorities face many
challenges in terms of the implementation of testing,
including the lack of infrastructure, trained personnel,
reagents and state-of-the-art equipment, which ham-
pers widespread COVID-19 testing and surveillance.
In this context, the WHO rapidly called for research
on POC diagnostics for use at the community level'”.
Despite the support provided by the Africa Centres
for Disease Control and Prevention and the WHO in
the supply of testing equipment and reagents, such
provisions often did not reach remote areas owing to
severe shortages. In other developing regions, similar
initiatives were promoted by regional and international
health surveillance institutes. In South-East Asia this was
pushed, for instance, by the Vietnam National Steering
Committee'®, whereas, for instance in South America,
the state of Sao Paulo in Brazil actively supported the
use of diagnostics in maintaining social distancing
guidelines'”. Still, and despite this type of support,
suboptimal and delayed diagnostics in many develop-
ing regions and consequent problems in the efficacy of
disease suppression were expected'*-'"’. In addition,
focusing on COVID-19 tests resulted in a decrease in
the availability of tests for HIV-1 infection, malaria and
tuberculosis. This destabilizes these three targets
and will prevent the reaching of the 2030 Sustainable
Development Goals of ending the epidemics of these
diseases''!. As articulated recently in a news article by
several ethicists “crises offer no excuse for the lowering
of scientific standards™"*. In the case of COVID-19, the
proliferation of new diagnostics that have been vali-
dated only by small studies may result in the diversion
of already scarce resources and even guide towards inef-
fective practices''>. The need for the development of new
tests with high internal standards of quality controls and
well-validated processes remains ever present. Finally, it
is important to consider that COVID-19 testing nega-
tively affects normal routine diagnostics as, for example,
laboratory budgets and resources need to be reallocated’.

Laboratory medicine

Multiplexed, clinically integrated diagnostics. The
COVID-19 pandemic has repositioned laboratory med-
icine at the centre of health-care systems. The further
expansion of testing capacity at the primary care level
will be a key step for the rapid detection and identifica-
tion of individuals who have COVID-19 and will thus
help to prevent onward community transmission'"’.
However, such a systematic expansion of rapid diagnos-
tic capacity requires the development of rapid POC tests
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Fig. 2 | Survey of weekly COVID-19 testing figures. The graph shows the testing rate per 100,000 population for
coronavirus disease 2019 (COVID-19) by week and by member states of the European Union and the European Economic
Area, and the United Kingdom. Data provided by the European Centre for Disease Prevention and Control.

with sensitivity and specificity comparable to those of the
laboratory-based molecular diagnostic tests'®. Another
important requirement for the expansion is that the test
formats are easily scalable to keep up with the varying
number of tests to be performed on a daily basis'"*.
Scalability of tests may be cumbersome in developing
settings because of budget limitations and lack of avail-
ability of certain types of test formats''"”. Testing of sub-
populations that are at high risk (for example, patients
who have received an organ transplant''®) is a priority
to optimize patient management. A plausible first-line
clinical approach for the rapid detection of a possible
respiratory infection in such patients would involve
clinical examination and POC tests that simultaneously
target several respiratory pathogens (such as coronavi-
rus, influenza A virus, influenza B virus and respiratory
syncytial virus), or multiplex PCR that targets additional
respiratory pathogens for patients who are severely ill.
In addition to improving patient management, such
tests would also prevent unnecessary isolation as well as
decrease the use of antibiotics''”!'®. Indeed, international
guidelines recommend empirical use of antibiotics for
all severely ill patients with suspected COVID-19 and
therefore more antibiotics are prescribed than usual,
which might further contribute to the emergence of
antimicrobial and antifungal resistance'*~'*'.

In low-resource settings, the first-line approach
could be similar to the strategy described above (that
is, clinical assessment and POC tests). This is mostly
feasible in places where the required structures and
resources already exist; for example, where diagnostics
are already implemented for the surveillance and con-
trol of other pathogens (for example, for HIV-1, Ebola

virus and Mycobacterium tuberculosis); however, as
mentioned above, the reallocation of limited resources
towards COVID-19 testing might hinder surveil-
lance programmes for the other pathogens'*. Perhaps
one approach to enhance the diagnostic capacity in
low-resource settings would be to increase self-collection
of samples. Throat and nasal swabs have been shown to
be a reliable alternative, and in this way access to tests
is achievable and exposure of health-care workers to
potentially infected patients can be reduced'*. As noted
previously, high-quality clinical specimens are of key
diagnostic importance, and even small changes in qual-
ity can generate false-negative or false-positive results.
In the absence of reliable and/or any testing capacity,
triage based on clinical case definition or presumptive
diagnosis should be prioritized'**-"*".

New biomarkers. In the case of a positive COVID-19
test result, the routine implementation of further tests to
assess cardiac and respiratory risk factors, which might
define the potential gravity of the COVID-19 progression,
will be of high medical value for patient management
and treatment decisions. Given the rapid accrual of high
volumes of clinical data, artificial intelligence (AI) and
machine learning approaches that integrate clinical
and laboratory data will need to be developed'*>'*’, with
a particular emphasis on high-risk patient groups'**'*.
The integration of tests that would allow the monitor-
ing of the dynamics of the patients’ global microbial
flora and/or the identification of new markers into
the laboratory workflow through Al is key"**"*". Some
mature Al solutions are ready for application to support
patient care'*” or clinical decision-making, for example
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Box 3 | The impact of new digital technologies

During the ongoing coronavirus disease 2019 (COVID-19) pandemic, digital
technologies became vital for both social health and economic performance'”.

Rapid developments in the field of artificial intelligence (Al) and machine learning for
screening of the population and assessing COVID-19 risk factors (not wearing face
masks, having been exposed to known patients, fever, cough and son on) have been
observed. This was really the first time in the history of acute infectious research where
Al and machine learning were prominently exploited from the initial discovery of the
pathogen onward. In China and elsewhere, new Al-powered smartphone applications
(apps) are used to monitor the health of individuals and track the geographical spread
of the virus'’*. Such apps aim to predict which populations and communities are most
susceptible to the negative effects of an infectious disease outbreak, to enable patients
to receive real-time information from their medical providers, to provide people with
updates about their medical condition without them having to visit a hospital in person
and to notify individuals of potential infection hotspots so those areas can be avoided.
Similar initiatives are under way in several countries (for example, in South Korea'”®).
The real value of these efforts is that digital technologies can offer monitoring in real
time, enabling authorities to be more proactive. However, regarding the concerns
raised about data protection, the European Union has been advocating voluntary apps
and rejected the option of geolocation in favour of the use of a more privacy-friendly
Bluetooth technology. Careful pilot studies and risk assessments need to be performed

before widespread application of apps'’®. Still, their use is considered key in easing
lockdowns, although their successful application has thus far been seen only in

Singapore and South Korea.

by reducing antibiotic use'** (BOX 3). More tools that
improve the use of clinical and epidemiological big data
will become increasingly available'**'* and are currently
being developed by laboratory scientists together with
data scientists and software developers.

New biomarkers are not only crucial for patient
management by facilitating early diagnosis of severe
COVID-19, they are also important in the development
of a COVID-19 vaccine, as they can accelerate clinical
trials, reduce costs, guide participant selection, reduce
patient safety risks and enable easier verification of the
mechanism of action.

COVID-19 and public health-centred surveillance. The
ability to directly connect laboratory-produced data (for
example, viral genomic data) and records from the lab-
oratory information system'* to national public health
surveillance systems or international networks will be
crucial in the control of COVID-19 (FIC. 3). To achieve
this, routine testing would need to take place during
and outside lockdown periods. In addition, the rele-
vance of transmission via non-symptomatic or mildly
symptomatic individuals needs to be clarified, espe-
cially in children and young adults'”’. The integration of
syndromic POC testing results and sequencing in real
time will support the delivery of refined maps to track
community spread and potential hospital transmission
chains. Such an integration of genomic data will help
to identify viral mutations, and combined with health
data could inform the assessment of the viral genome
correlations with clinical outcomes. Thus, surveillance
based on syndromic diagnoses and local and interna-
tional epidemiological tracing systems enables the inves-
tigation of the geographical dynamics of COVID-19
and other respiratory diseases on a large scale (for
example, see Syndromic Trends). Such a strategy was
shown to be effective in low-resource settings, during
the Ebola outbreaks, by facilitating rapid detection of

individual patients and equally rapid detection of their
contacts, thereby suppressing the spread of infections
(the so-called search-and-destroy strategy)'**. A similar
system has already been shown to be efficient for other
respiratory diseases and to complement existing data
hubs that focus on pathogen epidemiology and anti-
biotic resistance'*’. Diagnostic COVID-19 testing should
be a key determinant in the process of decision-making
around confinement of individuals or groups of individ-
uals. This has not been established on a global scale, and
even regionally diagnostic testing may be insufficient to
warrant obligatory confinement*>'*",

Therefore, integrating antimicrobial resistance mon-
itoring with COVID-19 surveillance through a close
collaboration between the pre-existing surveillance net-
works seems more than warranted'*”. To date, the use of
smartphones and specific smartphone applications for
surveillance has not advanced much, mainly owing to
ethical objections that were raised'*’. Finally, decentral-
ized testing is urgently needed, as this will shorten the
time between sampling and a diagnostic result, optimize
contact tracing among patients and possibly even lower

the overall costs'*.

Clinical and population cohorts and the role of biobank-
ing. In an effort to tackle the multifactorial aspects of
COVID-19, an ensemble of large-scale, well-balanced
and representative cohorts of individuals who have or
have not been affected by SARS-CoV-2 and non-affected
individuals, with particular attention to high-risk pop-
ulations, has already been catalogued in the European
Union. These have been assembled rapidly with use of
existing research infrastructures such as biobanks under
the pan-EU Biobanking and Biomolecular Resources
Research Infrastructure (BBMRI-ERIC)'*. Similar
efforts have been reported in Taiwan, Nigeria and sev-
eral regions in the Asia Pacific region'*"'** (see also the
International Society for Biological and Environmental
Repositories (ISBER) town hall meeting “The COVID-19
impact part 1: preparedness and response across Indo-
Pacific rim and China”). In low-resource settings, where
such infrastructures are available and are supported for
the long term, an effort to assemble clinically relevant
cohorts is also ongoing'* and in many cases is associ-
ated with a governance framework that is increasingly
amenable to the sharing of samples and data'*’.
However, risks can also be associated with the collec-
tion and processing of large volumes of human biospec-
imens, whether for diagnostic, therapeutic or research
purposes. For example, a proportion of the biosamples
from patients with cancer, which continue to be collected
and stored in biobanks during the pandemic, could pos-
sibly be infected with SARS-CoV-2. Therefore, although
biobanking is scientifically and clinically relevant'*"'*,
some biosafety concerns remain'>. The availability of
high volumes of specimens is also expected to sup-
port high-throughput metagenomics technologies'*,
but such methods need to be validated by regula-
tory agencies'*>'*°. However, discussions regarding
the financial viability of many sample collections in the
post-COVID-19 era as well as the degree of availability
of those collections to industrial partners are ongoing.
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Economic consequences and new business models.
Economic aspects concerning diagnostics during the
COVID-19 pandemic are complex and multifactorial.
Influence by governments, cost-effectiveness of the
workflow in laboratories, technological readiness,
the need for investment in laboratory tools, academic

REVIEWS

and industrial funding levels, the need for substantial
upscaling of tests and required improvement in data
management and IT logistics all have important financial
consequences. Hence, COVID-19 led simultaneously
to two opposite consequences for laboratory medicine
activities. On one hand, microbiology departments faced
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Fig. 3 | Public health impact and laboratory medicine consequences of
COVID-19. The top panel provides an overview of the national and global
dissemination of coronavirus disease 2019 (COVID-19), the declaration of
a pandemic state, the implementation of lockdown measures and
confinement, the achievement of viral sequencing and clinical assessment,
and the concurrent development of diagnostic tools and their progressive
implementation on the indicated timescale. The graph shows the number
of confirmed COVID-19 cases by date of report and WHO region from
11 January to 31 August 2020 (from WHO Coronavirus Disease (COVID-19)
Dashboard). The bottom panel shows the need for quality assessment
during the route towards design and development of diagnostic tests,

the test quality assessment stage and the stage during which test is
formally quality approved and globally available for clinical and epidemio-
logical use. Key ingredients and characteristics of the currently most used
test formats are provided, and the continuous need for test refinement
based on viral evolution is underscored. The bottom and top boxes are
linked by the association between global waves of infection, vaccine
development and the production, fine-tuning and degree of availability of
large volumes of diagnostic tests needed for appropriate clinical care. EUA
Emergency Use Authorization; FDA, US Food and Drug Administration;
POC, point of care; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
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a huge increase in their diagnostic activities related to
the number of patients with suspected COVID-19
(REF'™"), and sometimes this even led to the requisition
of equipment and reagents from other disciplines. On
the other hand, the activities of clinical laboratories not
directly related to COVID-19 dropped substantially,
including, for instance, genetic testing, which had to
adapt to a different, remote-based service model'**.
Moreover, owing to the lockdown, ambulatory activi-
ties effectively stopped'**'®°, which resulted in an imme-
diate economic impact for health-care organizations'®'.
As a further example, the stock option of large private
laboratory consortia, at the firm level, dropped during
the peak of COVID-19, probably owing to the capital
intensity from the surge in testing demands'®. A similar
picture was also observed at the hospital level, with a
drop of routine activity'*’ and the acute need for reallo-
cation of staff and services'®'. These effects were already
put forward a few years ago, yet only as a theoretical
framework and not tested under pressure'’.
Considering these factors, COVID-19 has changed
the health-care business models of clinical laboratories
with basic academic health sciences, public health sur-
veillance and the industry. The pandemic can also act
as a catalyst, increasing the speed at which promising
diagnostic tests move through the academic pipeline
into clinical applications, hopefully maintaining the
breadth of creative approaches. This includes global
activities such as the Innovative Medicines Initiative
(IMI), which offers a realistic framework to foster
public-private partnerships. The current VALUE-Dx
project provides a good example of a platform where
industry and non-industry partners collaborate in the
development of improved in vitro diagnostics. A priority
would be to make IMI fitter for purpose by balancing
public health interests on one side and industry interests
on the other, while avoiding excessive bureaucracy as
imposed by the current IMI rules, especially in times
of pandemics. As another example, in the USA the sub-
stantial costs for an individual patient (related to diag-
nostic tests, treatment and hospitalization) and, more
specifically, the out-of-pocket costs for underinsured or
uninsured patients have initiated strong social debate.
The New York Times and various scientists presented the
US health-care cost prices as unregulated, opaque and
quite unpredictable'**'”. Thus, questions on the deliv-
ery of open, transparent, consistent and controlled
costs of health care in the context of the COVID-19
pandemic will become a pillar in forthcoming electoral
campaigns. Despite initial problems with testing ingre-
dients, the CDC is currently working with state health
departments to collect all SARS-CoV-2 laboratory test-
ing data for further consolidation and interpretation at
various quality and medical levels'**. Finally, diagnostic

Phua, J. et al. Intensive care management of
coronavirus disease 2019 (COVID-19): challenges and
recommendations. Lancet Respir. Med. 8, 506517

activities in low-resource settings must be made more
impactful and better suited for local populations; this
could include relatively small-scale but dedicated and
adapted test validation activities between industrial
and academic partners.

The urgency of the ongoing COVID-19 pandemic
forced all the major players in health care to develop
or acquire their novel tests quickly and often without
serious discussion regarding the price of the individual
test. However, the scale of investment needed to com-
bat COVID-19 is certainly ambitious and one of the
key economic requirements for the immediate future,
and new public-private partnerships are vital, whether
this involves drug, vaccine and/or test development.
Unlocking additional financing sources, acknowledging
the imperative to link financial returns to the provid-
ers of capital and the creation of profitable, sustainable
financing structures are key in such initiatives'®’. Health
considerations (for example, the mental health of staff
and risk of burnout) will directly affect performance and
thus the profitability of a company and therefore should
be incorporated into financial analysis'”’. Positive assess-
ment of such health impacts can provide a competi-
tive advantage, especially ahead of a potential second
COVID-19 wave. Obviously, personal health should be
prioritized over ‘company well-being), without ignoring
the fact that company productivity will affect competitive
advantage and unemployment levels.

Concluding remarks

Diagnostic tools for COVID-19 were developed just
before and during the first global wave of the disease.
For forthcoming resurgences of COVID-19, the current
tools can be used immediately and mostly quantita-
tively, thus enabling the rapid detection of new infected
individuals, their isolation and the implementation of
confinement measures. However, further optimization
of tests and more extensive clinical and epidemiologi-
cal validation, including formal FDA approval, are still
needed. In addition, biobanks and the following up of
actual patients are still lacking, and AI and machine
learning tools need to be developed and applied to data
interpretation (BOX 3). Finally, and of utmost importance,
diagnostic tests have optimal value only when the com-
munity is fully engaged and individuals comply with and
participate in confinement measures and adequately use
personal protective equipment. There needs to be global
solidarity towards test access, and, importantly, infection
control and diagnostic interventions need to be strongly
intertwined to optimally combat current and future pan-
demics. Diagnostics should guide the choice of therapy
and follow-up of therapy success.
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