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Abstract: The lockdown due to the coronavirus disease
2019 (COVID-19), a major healthcare challenge, is a
worldwide threat to public health, social stability, and
economic development. The pandemic has affected all
aspects of society, dramatically changing our day-to-day
lives and habits. It has also changed clinical practice,
including practices of clinical laboratories. After one year,
it is time to rethink what has happened, and is still
happening, in order to learn lessons for the future of lab-
oratory medicine and its professionals. While examining
this issue, I was inspired by Italo Calvino’s famous work,
“Six memos for the next millennium”.But I rearranged the
Author’s six memos into “Visibility, quickness, exactitude,
multiplicity, lightness, consistency”.
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Introduction

The lockdown due to the coronavirus disease 2019
(COVID-19), a major healthcare challenge, is a worldwide
threat to public health, social stability, and economic
development. The pandemic has affected all aspects of
society, dramatically changing our day-to-day lives and
habits, and forcing us to become “experts” in virology,
learning terms such as droplets, lockdown and social
distancing. It has also changed clinical practice, months
being spent in the safety of homes, and in-person clinical
examinations and hospital treatment being cancelled
or modified in accordance with government-imposed

quarantine rules. In response, novel approaches, such as
telemedicine services and electronic diaries, have been
introduced to enable patients to receive medical care in the
absence of face-to-face services [1]. After one year, it is time
to rethink what has happened, and is still happening, in
order to learn lessons for the future of laboratory medicine
and its professionals. While examining this issue, I was
inspired by Italo Calvino’s famous work, “Six memos for
the next millennium” [2], but I rearranged the Author’s six
memos into “Visibility, quickness, exactitude,multiplicity,
lightness, consistency”.

Visibility

One of the most striking aspects of COVID-19 is the stark
and ill-explained variation in experience of the disease.
Some people are asymptomatic whereas others, originally
healthy, can develop severe, sometimes fatal, pneumonia.
COVID-19 cases, in fact, include asymptomatic carriers,
patients with mild symptoms and fulminant disease char-
acterized by sepsis and acute respiratory failure [3]. Irre-
spective of any initial reluctance to identify all possible
transmission routes andmistaken initiatives undertaken to
restrict the risk of human transmission of the virus from
symptomatic patients, further evidence hashighlighted the
role of asymptomatic and pre-symptomatic subjects in
transmitting the disease. In particular, the outbreak of
COVID-19, which unfolded on board a Princess Cruises’
ship, the Diamond Princess, represented amilestone in our
understanding of both the risk of transmission by asymp-
tomatic subjects, and the role of laboratory testing. Shortly
after arriving in Yokohama, Japan, the ship was under
quarantine orders as from 5 February 2020, after a former
passenger tested positive for the virus (i.e. severe acute
respiratory syndrome coronavirus 2; SARS-CoV-2), after
disembarking in Hong Kong [4]. A body of evidence shows

that SARS-CoV-2 canbe transmittedbyhealthy carriers, viral

transmission from asymptomatic and pre-symptomatic

subjects underpinning the current pandemic [5, 6]. It was

soon recognized that SARS-CoV-2 can be detected in
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symptomatic and pre-symptomatic subjects only by diag-
nostic (laboratory) tests, and millions of people worldwide
nowunderstand the key value ofmolecular testing on swabs
as a tool (gold standard) for diagnosis, safe return to the
workplace and the resumption of social activities. Further
evidence has highlighted the value of “simple” clinical
biochemistry, haematology, and coagulation tests for dis-
ease monitoring, prognostication and guidance for appro-
priate therapy [7]. The COVID pandemic dramatically
challenged the capacity of laboratory medicine to cope with
an unexpected increase in workload and the need for
consolidated and innovative laboratory testing, but offered
the opportunity to increase its visibility to the population at
large. The key message from theWorld Health Organization
was “test, test, test”, with Dr Tedros Adhanom Ghebreyesus
calling for more testing to tackle the coronavirus pandemic.
This call resulted in an impressive acknowledgment by lay
individuals of the central role playedby laboratorymedicine
in modern medicine and health care (https://www.bbc.
com/news/av/world-51916707).

Before the pandemic, several documents, papers and
initiatives emphasized the importance of laboratory testing
in numerous clinical pathways [8, 9], but the pandemic
further raised awareness of the essential contribution
made by clinical laboratories to diagnostic reasoning and
the management of cases of suspected or confirmed
SARS-CoV-2 infection. These include etiological diagnosis,
patient monitoring, and epidemiological surveillance [7].
Further evidence of the importance of laboratory medicine
is being gained thanks to serological testing for SARS-CoV-2
antibodies invaccine(s) clinical trials, inproperlymonitoring
vaccinated subjects (eventually with different vaccines and
different clinical histories), and in better understanding the
effects of virus variants from both diagnostic and clinical
viewpoints [10, 11].

In addition, due to the development of rapid, point-of-
care or better near-patient testing devices, it was predicted
that “testing should become a part of life: in the morning
you take your cereals, your vitamins, and you quickly
check your health status” [12]. The relationship between
quickness and quality will be discussed further on in this
paper, but here it is important to be aware of the dramatic
increase in the public demand for laboratory tests and,
irrespective of previous evidence, the public’s awareness of
the key role played laboratory medicine in health care has
certainly improved, largely due to its performance in the
current pandemic.

First lesson

The first lesson to take home is therefore “do not miss the
opportunity, thanks to the visibility gained from the
pandemic, to provide further evidence of the central role
played by laboratory medicine in modern, personalized
medicine”.

Quickness

Timeliness is a fundamental attribute of all laboratory tests
[13], but in the case of COVID-19 it is a real matter of
concern. Delays in test reporting may negatively impact
both patient outcomes and delay isolation, the key to
reducing spread of SARS-CoV-2. Data collected during the
pandemic demonstrate that effective screening depends
largely on frequency of testing and speed of reporting [14].
Yet the rapid communication of a wrong result is worse
than a delayed test result, as highlighted by Gray and
colleagues in their interesting article entitled “No test is
better than a bad test?” [15]. In the case of the COVID-19
diagnosis, for example, a first generation rapid antigenic
test did not assure a valuable sensitivity and specificity, as
highlighted in numerous reports. In particular, the CDC
COVID-19 Surge Laboratory Group described a very poor
test sensitivity (41.2%) in samples from asymptomatic
SARS-CoV-2 rRT-PCR positive individuals leading to an
estimated predictive positive value (PPV) of 33.3%, while it
improved to 80% and PPV of 94.1% in patients who re-
ported one or more symptoms at specimen collection [16].
As shown in Figure 1, one in five symptomatic patients with
confirmed COVID-19 received a negative rapid antigen test
result. Deeks and Raffle highlighted the risk of missing the
diagnosis of COVID-19 by using rapid antigen tests based
on lateral flow devices and the additional poor perfor-
mance of the same devices when testing was performed by
untrained or poorly trained personnel. In particular, the
authors reported the data from two studies performed in
the UK. Detection rates (sensitivity) were 73% (95% confi-
dence interval 64–85%) when tested by skilled NIHR
research nurses and 79% (73–85%) when tested by Porton
Down laboratory scientists. But testing by Boots test centre
employees (following written instructions) achieved
sensitivity of just 58% (52–63%) [17]. Even for point-of-care
tests (POCT) used for SARS-CoV-2 antibody assay, a sys-
tematic review and meta-analysis of available methods,
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concluded that “currently, available evidence does not
support the continued use of existing point-of-care sero-
logical tests” [18]. Overall these data indicate that speed
and accuracy should go hand in hand, and that the pre-
sumed advantages of rapid testing need to be balanced
against its lower sensitivity (sometimes even specificity)
and lower PPV, especially in asymptomatic cases. In the
COVID-19 pandemic, another aspect of quickness
involving laboratory medicine is related to the emergency
use authorization (EUA) adopted mainly in the US. On
February 2020, the U.S. secretary of health and human
services declared that emergency use of diagnostics for
SARS-CoV-2 was justified, triggering emergency authority
for the Food and Drug Administration (FDA) to grant an
emergency use authorization (EUA) for a device if it
reasonably believes that it may be effective, rather than
waiting to grant full approval when it has reasonable
assurance that the device is safe and effective. This
mechanism should expedite access to accurate diagnostic
tests during emergencies, when information gaps and false
results may adversely affect patient care and public health
decision-making. This step enabled molecular and diag-
nostic tests to be developed, validated anddeployedwithin
weeks rather than months or over a year, as traditionally
required. Shuren and Stenzel concluded “although this
approach resulted in earlier test availability, the EUA’s
less-rigorous evidence standard, coupled with delayed
FDA review, allowed the use of several LDTs that ultimately
proved to have performance problems or to be poorly
validated” [19]. TheAuthors also stated that “whenapublic
health threat warrants large-scale testing, it would bemore
effective to authorize a small number of well-designed,
well-developed, and validated tests run on common high-
throughput platforms, followed by a few point-of-care
tests, all of which are manufactured in large quantities,
than to simultaneously develop and authorize scores of
diagnostics. Such diffuse efforts are an inefficient use of
resources”. This again highlights the key role played by the
correct evaluation and validation of laboratory methods,
platforms and diagnostic systems in assuring reliability,

accuracy and patient safety and counteracting the
opinion that quality in laboratory testing can be taken for
granted.

A final aspect of quickness in the COVID-19 pandemic
is related to scientific publications: at least 40 articles on
SARS-CoV-2 and COVID-19 have been retracted from peer-
reviewed journals and preprint servers [20]. Moreover, the
retractions involved some articles that appeared in two of
the most prestigious medical journals, The Lancet [21] and
New England Journal of Medicine [22]. Also in this case, the
time for an appropriate peer-review process, adequate
evaluation of the quality of the papers should be granted,
referees and editors being forced to accelerate the publi-
cation workflow. Moreover, it should always be borne in
mind that, for some studies, it is advisable for journals to
mandatorily ask the authors to share their primary data. It
is of vital importance to ensure data integrity and trans-
parency of the research findings, and to combat publica-
tion frauds, particularly in this dire socio-economical
pandemic.

Second lesson

Speed must never compromise quality, but a marriage
between accuracy, reliability and quickness should be
made, if need be by adopting andmanaging valuable POCT
and near patient testing.

Exactitude

Much of the dialogue around laboratory testing has
focused on how Countries and individual laboratories can
boost the capacity to meet the sudden, enormous increase
in workload particularly regarding molecular tests. A sur-
vey promoted by the American Society for Clinical Chem-
istry (AACC) demonstrated that more than 70% of
respondent laboratories report that they are unable to
obtain supplies necessary for running SARS-CoV-2 tests,
57% report difficulties in securing test kits, and 21%
expect to be unable to process all requested tests (https://
www.aacc.org/science-and-research/covid-19-resources/
aacc-covid-19-testing-survey/full-survey-results. Accessed
March 10th, 2021). Yet uncertainty in testing, particularly in
the case of serological tests, has not received adequate
attention. Aloisio and Coll. emphasized that “… it is, how-
ever, embarrassing to note the extremely low number of
papers that at the same time dealt with the real-life analyt-
ical performance of SARS-CoV-2 serologic assays… and
even for anti-SARS-CoV-2 serology bad (even if cheaper)

-- -+ -+ -+ -+

People with symptoms and rapid antigen tests  

Figure 1: False negative results of rapid antigenic tests in
symptomatic patients (from reference [16], modified).
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assays will always be clinically (and socially) counterpro-
ductive” [23].

In addition, while the focus in the past was on the
analytical phase, a body of evidence accumulated in the
last few decades has highlighted the current greater
vulnerability of the extra-analytical phases [24, 25]. In
SARS-CoV-2 testing, irrespective of the satisfactory results
of molecular testing in external quality assessment (EQA)
schemes [26], several articles have documented errors in
the pre-analytical phase, particularly related to problems
in sample collection and handling [27, 28]. This, in partic-
ular, has been seen to affect the accuracy of molecular
testing in swabs due to several factors, including poor
training and technique in the collection of nasopharyngeal
specimens [29], inadequate procedures for handling,
transport and storage of the swabs, sample cross-
contamination and contamination of reagents [27].

Regarding the post-analytical phase, particular
concern has finally been raised concerning the need to
interpret any laboratory (and diagnostic) test result in the
context of the pre-test probability of disease. For COVID-19,
pre-test probability assessment includes symptoms, pre-
vious medical history of the disease and any potential
exposure to SARS-CoV-2 and must be considered for both
molecular testing, SARS-CoV-2 antibody results, and all
other clinical chemistry, haematology and coagulations
results [30, 31]. Table 1 shows the pre- and post-test prob-
abilities for SARS-CoV-2 rRT-PCR tests, with calculations
based on a 70% sensitivity and 95% specificity, and the
value of an additional test repetition to rule out the disease.
The need to assure quality in all steps of the testing cycle
has finally been acknowledged in several papers and
guidelines dealing with COVID-19 diagnosis [28, 32], thus
confirming previously published articles on the changing
paradigm of quality in laboratory medicine [33–35]. In
addition, theWorkingGroup of the IFCC “Laboratory Errors
and Patient Safety” has developed a Model of Quality In-
dicators (MQI) necessary for measuring mistakes, errors
and non-conformities in all steps of the testing process, to
be used as a benchmarkwith other laboratories worldwide,
and to integrate current external quality assessment
(EQA)/proficiency testing (PT) schemes dealing with only
analytical quality [36, 37]. In laboratory medicine, great
attention is currently focused onmeasurement uncertainty
(MU). The international vocabulary of metrology (VIM) has
defined MU as a “non-negative quantity that characterizes
the dispersion of the values that could reasonably be
attributed to the measurand” [38]. For a given test result,
MU thus represents the interval associated with a defined
probability in which the true result should lie. In addition,
this interval should fall within limits that guarantee fitness

for the clinical purpose of the tests in question [39]. The
usefulness of MU can be summarized as follows: (a) gives
objective information on the quality of individual labora-
tory performance; (b) serves as a management tool for the
medical laboratory and for IVD manufacturers, obliging
them to investigate and eventually fix problems identified;
(c) helps the manufacturers of ‘superior’ products and
measuring systems to demonstrate the superiority of their
products; (d) identifies analytes requiring analytical
improvement for their clinical use, and encourages IVD
manufacturers to work toward improving the quality of
assay performance; (e) leads to the discontinuation of poor
quality assays (with demonstrated insufficient quality).
However, we have highlighted the need to comply with a
basic clause of ISO 15189: 2012, the International Standard
for Medical laboratories accreditation that recommends the
notification ofMU to laboratory users. In fact, the footnote to
the above-cited clause 5.5.1.4 states that: “upon request, the
laboratory shall make its estimates of measurement uncer-
tainty available to laboratory users” [40]. The notification of
MU should facilitate the appropriate interpretation of labo-
ratory results, particularly when they are close to the upper
(or lower) reference value or to the decision level (cut-off)
thus, if communicated effectively, strengthening the rela-
tionship between clinicians, patients and medical labora-
tories. Laboratory professionals should clearly inform all
users (physicians and patients) that MU is only a part of the
broader uncertainty of laboratory information, which takes
into account both pre- and post-analytical issues, such as
the quality of both sample/specimen and comparator
(reference interval/decision limits) [41].

In the COVID-19 pandemic, it is widely accepted that
the interpretation of diagnostic test results depends on
understanding the accuracy of the test, and the probability
that the patient has the condition before testing. This, in
turn, has led to a better understanding of the true meaning
of uncertainty in laboratory tests and of the fact that,
because nearly all tests are imperfect, errors in interpre-
tation most often arise from overestimating the effect of a
test result on the post-test probability of a condition [42].
The appropriate use of diagnostic tests in clinical decision
making should be viewed as a key skill for all physicians,
since the correct selection, and interpretation, of diag-
nostic tests is crucial to diagnostic error reduction and
improvement in clinical decision making.

Third lesson

Assure and monitor quality in all phases of the testing
process and measure clinical and economical outcomes to
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provide evidence of the effectiveness of laboratory ser-
vices. The IFCC Model of Quality Indicators (MQI) is a
valuable tool for achieving this goal.

Multiplicity

COVID-19 is the paradigm of the need for a real and valuable
integration between the different “subdisciplines” of labo-
ratory medicine and other diagnostic tests. The demand is
now high for diagnosis, prognostication, monitoring, guid-
ance for effective and personalized therapy and, finally,
epidemiological surveillance. Therefore, competences and
skills in clinical biochemistry, immunology, coagulation,
haematology, microbiology and virology and pathology are
highly requested. Moreover, to enable clinicians to correctly
evaluate complex clinical pictures and heterogenous path-
ological lesions, laboratory information should be success-
fully integrated with imaging (e.g., conventional chest
X-rays only, computed tomography [CT] scan) and, if
necessary, data should be analysed using machine-
learning/artificial intelligence tools [43].

Numerous innovative techniques are currently being
developed for the accurate, rapid and effective diagnosis of
COVID-19. Figure 2 shows the state-of-the-art, which is
continuously changing. In particular, in addition to the
currently more frequently used technique for SARS-CoV-2
testing, the rRT-PCR, recent papers report that digital PCR
(RT-ddPCR) significantly improvesaccuracy and reduces the
false negative rate for SARS-CoV-2 in pharyngeal swab
specimens, which is more convenient and simpler to sam-
pling. Furthermore, ddPCR ismore sensitive and suitable for
low viral load specimens from the patients under isolation
and observation who may be asymptomatic. Finally,
RT-ddPCR could be used for quantitative monitoring of
convalescents in order to evaluate disease progression [44].

Reportedly, a panel of sensitive, quantitative
RT-ddPCR-based SARS-CoV-2 assays has been developed

to collectively span the genome and target non-genic and
genic regions, including important enzymes transcribed
only as genomic RNA and structural genes that are also
transcribed as different sub-genomic RNAs. These assays
can serve as novel molecular tools to investigate
SARS-CoV-2 infection, replication dynamics, and gene
expression thus enhancing our understanding of the viral
dynamics and pathogenesis of SARS-CoV-2 over the course
of infection. In particular, sensitive RT-ddPCR assays could
be of great utility in studying the course of infection two or
moreweeks after the resolution of acute symptoms in order
to better understand whether prolonged viral shedding
after resolution of symptoms is really related to the risk of
disease transmission [45].

Other recently reported promising approaches to
COVID-19 diagnosis use clustered regularly interspaced
short palindromic repeats (CRISPR). In particular,
Broughton and Coll. reported the development of a rapid
(<40min), user-friendly and accurate CRISPR–Cas12-based
lateral flow assay for SARS-CoV-2 detection in respiratory
swab RNA extracts with 95% positive predictive agreement
and 100% negative predictive agreement with respect to
conventional rRT-PCR [46]. The recently developed
CRISPR-Cas12a with RT-recombinase polymerase amplifi-
cation reaction (RT-RPA) has further advantages: a) it can
directly target samples for detecting SARS-CoV-2 without
requiring complicated procedures (RNA extraction); b) the
whole process of the test takes about 60min, and c) the test
takes place at a constant temperature of 42 °C, thus
enabling POC testing, as it acts as a real one-step detection
of SARS-CoV-2. In their paper, the authors reported that
positive predictive agreement and negative predictive
agreement of the CRISPR-Cas12a assay in relation to clin-
ical RT-PCR diagnostic testing were 100% for the detection
of SARS-CoV-2 [47].

High-throughput serum peptidome profiling methods
based on matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) have been

Table : Pre- and post-test probabilities for SARS-CoV- rRT-PCR tests: calculations based on a sensibility of % and
specificity of % (from reference [], modified).

Pre-test probability Post-test probability,
negative test

Post-test probability,
positive test

Post-test probability,
two independently negative tests

 .  .
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developed for the efficient detection of COVID-19 [48]. The
serum metabolome of COVID-19 patients, assayed using
gas chromatography-mass spectrometry, was found to be
distinctive, and is of considerable value in investigating
pathogenesis, determining a diagnosis, predicting severe
cases, and improving treatment [49]. These techniques, as
well other approaches for diagnosing COVID-19 and/or
better understanding its pathophysiology, call for artificial
intelligence and machine learning-based analysis to ach-
ieve the integrated interpretation of multiple and complex
data [43, 50]. Serological testing is another non-invasive
diagnostic approach to COVID-19 pandemic management:
SARS-CoV-2 antibody tests are valuable tools for under-
standing the immune response, evaluating the spread of
the infection in the population and investigating seropre-
valence in sub-populations at a higher risk of infection,
healthcare workers in particular, providing evidence of
efficacy in vaccine trials, and now in monitoring response
in vaccinated subjects. Although not well suited for early
COVID-19 diagnosis, serological tests should be used for
the so-called “late diagnosis” in subjects with no, orminor,
symptoms who have not undergone molecular testing [51].
Anti–SARS-CoV-2 antibodies should answer several ques-
tions: what is the prevalence, level, and durability of
detectable anti–SARS-CoV-2 antibodies among patients
who have or have recovered from reverse transcriptase
polymerase chain reaction (RT-PCR)–diagnosed SARS-
CoV-2 infection? [52]. Numerous immunoassays have
been developed to detect SARS-CoV-2 antibodies. Howev-
er, a standard approach to testing in terms of antibody
subtypes and timing has not yet been established. Most

immunoassays detect antibodies to the viral spike protein,
receptor-binding domain (i.e. part of the spike protein), or
the nucleocapsid protein [53]. Since neutralizing anti-
bodies, which most commonly act against the receptor-
binding domain region of the viral spike protein, bind to
the virus and prevent infection, they are of particular in-
terest in determining whether antibodies confer protective
immunity. Therefore, a fundamental issue is that levels of
SARS-CoV-2 antibodies detected by immunoassays should
be closely correlated with neutralizing antibodies and only
if this correlation is demonstrated, should they be used as a
“surrogate” measure of neutralizing ability [54].

A very recently published review emphasizes that
current evidence is still limited due to both the poor eval-
uation of the analytical performances of numerous assays,
and the fact that most studies to date have not been
designed to evaluate whether the presence of antibodies in
subjects who have recovered from SARS-CoV-2 confers
natural immunity, or whether the absence of post-infection
antibodies is clinically meaningful [53].

Further studies are needed to answer the above-cited
open questions, and to finally establish the true value of
SARS-CoV-2 antibodies testing in clinical practice.We have
emphasized, however, the importance of SARS-CoV-2
antibodies testing for the appropriate prioritisation of
vaccination candidates, and for deferring vaccination in
individuals less likely to be infected, re-infected and/or
develop more aggressive COVID-19 illness until the more
vulnerable individuals have acquired a sufficient degree of
protective immunity [55]. Recently published articles
confirm the importance of SARS-CoV-2 antibodies testing
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before and after vaccination to provide evidence of effec-
tive protection, obviate any systemic reactions (reac-
togenicity) in subjects with pre-existing immunity and
prioritise the administration of booster doses for in-
dividuals with no previous infection [56, 57].

Lesson four

Evaluate all well-developed and promising technologies,
validate and deploy them according to established guide-
lines and recommendations focusing on patient needs.
Integrate different diagnostic approaches in a clear and
reliable report so that the information is conducive to
diagnostic accuracy, effective therapy and the best
possible clinical outcome.

Lightness

Nasopharyngeal swabs (NPS) are the recommended spec-
imen for COVID-19 diagnosis. However, NPS testing re-
quires trained personnel and handling of specially
designed swabs, and the technique cannot be easily per-
formed in all populations. There is an urgent need for
sampling strategies using a non-invasive, painless
approach allowing easy sample collection in children, the
disabled and the elderly. Innovative and interesting de-
velopments for diagnosing COVID-19 by means of less
invasive and painless testing entail the use of exhaled
breath and saliva as alternative samples. It has been
known for several decades that endogenously produced
volatile organic compounds (VOCs), present in exhaled
breath, are frequent targets of breath diagnostics research,
representing metabolic endpoints that can be quickly
assessed for health information [58]. Grassin-Delyle and
coll. developed real-time, online, proton transfer reaction
time-of-flight mass spectrometry for the metabolomic
analysis of expired air from adults undergoing invasive
mechanical ventilation in the intensive care unit for severe
COVID-19 or non-COVID-19 acute respiratory distress syn-
drome (ARDS). The detection of methylpent-2-enal,
2,4-octadiene 1-chloroheptane, and nonanal in exhaled
breath allowed the authors to identify ARDS patients with
COVID-19 [59].

In another study, exhaled breath condensate (EBC)
RT-PCR was found to be an effective, non-invasive method
for identifying SARS-CoV-2 from lower respiratory tract
samples, and should be considered an aid in the diagnosis
of COVID-19 [60]. A further paper by Shan and coll.
described an innovative breath device. Consisting of a

nanomaterial-based hybrid sensor array with multiplexed
detection capability, it can detect disease-specific bio-
markers from exhaled breath, thus enabling rapid and
accurate diagnosis. The training and test set data exhibi-
ted, respectively, 94 and 76% accuracy in differentiating
patients from controls as well as 90 and 95% accuracy in
differentiating between COVID-19 and non-COVID-19 lung
infection [61].

Saliva-based sampling for SARS-CoV-2 detection via
rRT-PCR can potentially address many of the barriers
associated with nasopharyngeal swab sampling [62–64].
Saliva samples can be self-collected, instructions being
given by lower-cadre health care professionals or other
personnel. The main advantages of saliva collection for
sampling are that the approach: a) is non-invasive, b) is
painless (entailing no patient discomfort or anxiety),
c) involves easy collection, storage and shipping, d) is
suitable for children, anxious, disabled and elderly
individuals, e) is cost-effective for screening large
populations [65].

Wedeveloped an active control program for employees
of the University of Padova for SARS-CoV-2 detection on
salivary samples using molecular testing (rRT-PCR), which
started on October 8th 2020 and is on-going. The program,
offered to all employees (n=6,500) on a voluntary basis and
followed by 86% of candidates, was based on self-
collection of salivary samples and molecular testing, and
was found to be a reliable, well-accepted and effective tool
for the early detection of SARS-CoV-2 in asymptomatic
subjects. It allowed immediate contact tracing and
containment, thus obviating further viral spread in the
community, and creating a protected island. The reported
preliminary data, collected between October and late
December 2020, highlight the excellent accuracy (94%
agreement between salivary and nasopharyngeal swab
samples). Importantly, the overall incidence among em-
ployees in active surveillance was 1.8% (62 positive cases
on saliva test and 32 identified by symptoms/close con-
tact). Among the employees not under surveillance, the
overall percentage of cases positive for symptoms/close
contact was 6.1% (70/1150) [66].

More recently, we evaluated and validated an auto-
mated chemiluminescent assay for SARS-CoV-2 antigen on
salivary samples that allows us to obtain accurate and
reliable results, thus providing further confirmation of the
value of the use of saliva in large population screening
programs [67].

Testing programmes with more frequent and rapid
tests across communities coupled with isolation of in-
dividuals with confirmed infection are essential for miti-
gating the COVID-19 pandemic [68]. Essential requirements
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are not only test accuracy, but also non-invasive sampling
strategies, appropriate turnaround time and effective
contact tracing based on the timely and correct acknowl-
edgment/utilization of laboratory information. Testing
alone is not enough.

Lesson five

Make sample collection as simple as possible, ensure
timely acknowledgment and facilitate the right interpre-
tation of the laboratory information provided. Change
laboratory organization and processes, in line with a
patient-centred focus

Consistency

While the importance of testing in mitigating and sup-
pressing further viral spread is indisputable, the need for
more, and better, testing has often been stressed [69]. First,
to assure consistency in testing strategies, it is necessary to
carefully validate and verify the analytical and diagnostic
performance characteristics of laboratory tests, and to
impose stricter standards in laboratory testing, including
the mandatory adoption of internal quality systems and
participation in external quality assessment/proficiency
testing schemes, also for POCT. Second, testing should be
always accompanied by appropriate standard operating
procedures (SOP) for assuring quality in sample collection,
handling and transportation as well as comprehensible
information for allowing the timely and right interpretation
and utilization of laboratory results. In this context, yet
again it is important to be aware of the disease prevalence
and pre-test probability for the right interpretation of lab-
oratory tests. Training and continuing education should be
guaranteed to enhance physicians’ understanding of test
performance, interpretation and related limitations, and
appropriate training should be offered to nurses and other
health care operators. Third, as more tests are produced,
turnaround time, correct and intelligible reporting of test
results and close connection with physicians and health
care authorities are fundamental requirements, in addition
to analytical accuracy. Indeed, testing alone does not
prevent viral transmission in the community, or mitigate
the pandemic. Testing in the absence of other proven pre-
vention strategies cannot prevent outbreaks [70].
The COVID-19 pandemic is the paradigm of proof that lab-
oratory testing should be considered an essential but not
isolated step in disease prevention, early diagnosis, valu-
able monitoring, personalized therapy and epidemiological

surveillance. This, in turn, reinforces the need to change the
vision of clinical laboratories: rather than being factories
focussing on large volumes of data production, they should
be seen as integrated practice units based on patient needs
and the knowledge of diagnostic-therapeutic pathways. As
already reported, “quality in laboratory medicine has two
dimensions, which can no longer be separated” (Figure 3).
The “internal dimension”, performed and assured within
the laboratory environment to provide efficiency, is based
on accuracy and reliability of analytical results, timeliness
in their production and communication and,finally, oncost-
containment activities. The “external dimension” is assured
by diagnostic accuracy, value in test-treatment pathways,
effect on clinical and economical outcomes and, finally, on
patient safety. Indeed, the effectiveness of a test dependsnot
only on the result being delivered according to set standards
(e.g. accuracy, timeliness and acceptable costs), but also on
the result being acted upon appropriately and in a timely
fashion to assure valuable outcomes [71].

Lesson six

Move your laboratory out of the silo, avoid isolation and
integrate laboratory testing in diagnostic and clinical
pathways that effectively prevent disease, and provide
early diagnosis, valuable monitoring, personalized ther-
apy and epidemiological surveillance. The ultimate goal is
effectiveness, not just efficiency.

Conclusions

Several studies, including the recently published article
by Du and Colleagues [68], conclude that “screening
SARS-CoV-2 once a week or every 15 days, coupled with

- Analy cal accuracy
and reliability

- Timeliness

- Low costs

- Diagnos c accuracy
- Value in test-treatment

pathways
- Valuable pa ent 

management and 
clinical outcomes
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Figure 3: Internal and external dimensions of quality in laboratory
medicine (from reference [71], modified).
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strict enforcement of a two-week isolation period for
confirmed cases should be considered justified on cost-
effectiveness grounds”, and the same benefits have been
reported in our experience based on molecular testing of
saliva samples [66]. Both studies, however, highlight the
need to avoid the principal policy objections to mass
screening: imperfect test performance and poor adherence
to both testing and isolation strategies. This is the main
lesson for the future of laboratory medicine: the ability to
combine analytical quality with a more involvement in
diagnostic-therapeutic pathways, a better knowledge of
patient/user needs and preferences. The key role of labo-
ratory testing in modern medicine requires laboratory
professionals to take onmore, ever new responsibility with
the aim of improving not only analytical performance but
appropriate requesting and utilization of laboratory tests,
as well as the integration of laboratory information with all
other diagnostic and clinical data. As Manabe and Col-
leagues [69] state “even the perfect test cannot go it alone”;
and this should be assured not only for COVID-19, but also
for all other clinical conditions. A further lesson for labo-
ratory professionals is that the COVID-19 pandemic has
tested their preparedness and response to extraordinary
events. Disasters, both natural and man-made, including
armed conflict, can lead to humanitarian emergencies
(HE), and diagnostic testing is a crucial tool in achieving
fast response and containment. Thanks to advances in
science and technology, diagnostic testing is readily
available, but serious considerations should be made
about how technology can be integrated into handling
future healthcare crises. Laboratory professionals are
called upon not only to manage increased workloads in
traditional centralized facilities, but also to provide advice
on the effective utilization of rapid diagnostic tests, point-
of-care and near-patient care technologies, and on the
integration of laboratory information with communication
technology to enable real-time data reporting and trans-
mission 72[72]. COVID-19 will not be the last pandemic to
emerge. Only if preparedness is improved, will a better
management of future disasters and healthcare crises be
achieved.

Research funding: None declared.
Author contributions: The author has accepted
responsibility for the entire content of this manuscript
and approved its submission.
Competing interests: The author states no conflict of
interest.
Ethical approval: This is a conceptual paper with no ethical
statement to be declared.

References

1. Grazzi L, Rizzoli P. Lessons from lockdown – behavioural
interventions in migraine. Nat Rev Neurol 2021 Feb 26. https://
doi.org/10.1038/s41582-021-00475-y [Epub ahead of print].

2. Calvino I. Six memos for the next millennium. Cambridge, Mass:
Harvard University Press; 1988.

3. Plebani M. Antibody responses in mild COVID-19 hospital staff.
EBioMedicine 2020;59:102940.

4. Mizumoto K, Kagaya K, Zarebski A, Chowell G. Estimating the
asymptomatic proportionof coronavirusdisease 2019 (COVID-19)
cases on board the Diamond Princess cruise ship, Yokohama,
Japan, 2020. Euro Surveill 2020;25:2000180.

5. Ferretti L, Wymant C, Kendall M, Zhao L, Nurtay A, Abeler-Dörner
L, et al. Fraser Quantifying SARS-CoV-2 transmission suggests
epidemic control with digital contact tracing. Science 2020;368:
eabb6936.

6. Plebani M. Persistent viral RNA shedding in COVID-19: caution,
not fear. EBioMedicine 2021;64:103234.

7. Lippi G, Plebani M. The critical role of laboratory medicine during
coronavirus disease 2019 (COVID-19) and other viral outbreaks.
Clin Chem Lab Med 2020;58:1063–9.

8. Plebani M, Laposata M, Lippi G. A manifesto for the future of
laboratory medicine professionals. Clin Chim Acta 2019;489:
49–52.

9. Lippi G, Plebani M. Integrated diagnostics: the future of
laboratory medicine? Biochem Med 2020;30:010501.

10. Bal A, Destras G, Gaymard A, Stefic K, Marlet J, Eymieux S, et al,
COVID-Diagnosis HCL Study Group. Two-step strategy for the
identification of SARS-CoV-2 variant of concern 202012/01 and
other variants with spike deletion H69-V70, France, August to
December 2020. Euro Surveill 2021;26:2100008.

11. Chen RE, Zhang X, Case JB,Winkler ES, Liu Y, VanBlargan LA, et al.
Resistance of SARS-CoV-2 variants to neutralization by
monoclonal and serum-derived polyclonal antibodies. Nat Med
2021. https://doi.org/10.1038/s41591-021-01294-w [Epub ahead
of print].

12. Guglielmi G. Fast coronavirus tests: what they can and can’t do.
Nature 2020;585:496–8.

13. Howanitz JH, Howanitz PJ. Laboratory results. Timeliness as a
quality attribute and strategy. Am J Clin Pathol 2001;116:311–5.

14. Larremore DB, Wilder B, Lester E, Shehata S, Burke JM, Hay JA,
et al. Test sensitivity is secondary to frequency and turnaround
time for COVID-19 screening. Sci Adv 2021;7:eabd5393.

15. Gray N, Calleja D, Wimbush A, Miralles-Dolz E, Gray A,
De AngelisM, et al. Is “no test is better than a bad test”? Impact of
diagnostic uncertainty inmass testing on the spread of COVID-19.
PloS One 2020;15:e0240775.

16. Pray IW, Ford L, Cole D, Lee C, Bigouette JP, Abedi GR, et al, CDC
COVID-19 Surge Laboratory Group. Performance of an antigen-
based test for asymptomatic and symptomatic SARS-CoV-2
testing at two university campuses – Wisconsin, September–
October 2020. MMWR Morb Mortal Wkly Rep 2021;69:1642–7.

17. Deeks JJ, Raffle AE. Lateral flow tests cannot rule out SARS-CoV-2
infection. BMJ 2020;371:m4787.

18. Lisboa Bastos M, Tavaziva G, Abidi SK, Campbell JR, Haraoui LP,
Johnston JC, et al. Diagnostic accuracy of serological tests for
covid-19: systematic review and meta-analysis. BMJ 2020;370:
m2516.

Plebani: Six lessons for the future of laboratory medicine 1043

https://doi.org/10.1038/s41582-021-00475-y
https://doi.org/10.1038/s41582-021-00475-y
https://doi.org/10.1038/s41591-021-01294-w


19. Shuren J, Stenzel T. Covid-19 molecular diagnostic testing –
lessons learned. N Engl J Med 2020;383:e97.

20. Soltani P, Patini R. Retracted COVID-19 articles: a side-effect of
the hot race to publication. Scientometrics 2020:1–4. https://
doi.org/10.1007/s11192-020-03661-9.

21. Mehra MR, Desai SS, Ruschitzka F, Patel AN. RETRACTED:
hydroxychloroquine or chloroquine with or without a macrolide
for treatment of COVID-19: a multinational registry analysis.
Lancet 2020. https://doi.org/10.1016/S0140-6736(20)31180-6.

22. Mehra MR, Desai SS, Kuy S, Henry TD, Patel AN. Retraction:
cardiovascular disease, Drug therapy, and mortality in Covid-19.
N Engl J Med 2020;382:2582.

23. Aloisio E, Falvella FS, Carnevale A, Panteghini M. SARS-CoV-2
serologic tests: do not forget the good laboratory practice. Clin
Chem Lab Med 2021;59:e175–7.

24. Plebani M. The detection and prevention of errors in laboratory
medicine. Ann Clin Biochem 2010;47:101–10.

25. Plebani M. Errors in laboratory medicine and patient safety: the
road ahead. Clin Chem Lab Med 2007;45:700–7.

26. Matheeussen V, Corman VM, Donoso Mantke O, McCulloch E,
Lammens C, Goossens H, et al, RECOVER Project and
Collaborating Networks. International external quality
assessment for SARS-CoV-2 molecular detection and survey on
clinical laboratory preparedness during the COVID-19 pandemic,
April/May 2020. Euro Surveill 2020;25:2001223.

27. Lippi G, Simundic AM, Plebani M. Potential preanalytical and
analytical vulnerabilities in the laboratory diagnosis of coronavirus
disease 2019 (COVID-19). Clin Chem Lab Med 2020;58:1070–6.

28. Tang YW, Schmitz JE, Persing DH, Stratton CW. Laboratory
diagnosis of COVID-19: current issues and challenges. J Clin
Microbiol 2020;58:e00512–20.

29. Kinloch NN, Ritchie G, Brumme CJ, Dong W, Dong W, Lawson T,
et al. Suboptimal biological sampling as a probable cause of
false-negative COVID-19 diagnostic test results. J Infect Dis 2020;
222:899–902.

30. Watson J, Whiting PF, Brush JE. Interpreting a covid-19 test result.
BMJ 2020;369:m1808.

31. Loh TP, Lord SJ, Bell K, Bohn MK, Lim CY, Markus C, et al. Setting
minimum clinical performance specifications for tests based on
disease prevalence and minimum acceptable positive and
negative predictive values: practical considerations applied to
COVID-19 testing. Clin Biochem 2021;88:18–22.

32. Lippi G, Horvath AR, Adeli K. Editorial and executive summary:
IFCC interim guidelines on clinical laboratory testing during the
COVID-19 pandemic. Clin Chem Lab Med 2020;58:1965–9.

33. Plebani M. Towards a new paradigm in laboratory medicine: the
five rights. Clin Chem Lab Med 2016;54:1881–91.

34. Plebani M. Quality in laboratory medicine: 50 years on. Clin
Biochem 2017;50:101–4.

35. Plebani M. Analytical quality: an unfinished journey. Clin Chem
Lab Med 2018;56:357–9.

36. Plebani M, Astion ML, Barth JH, Chen W, de Oliveira Galoro CA,
Escuer MI, et al. Harmonization of quality indicators in laboratory
medicine. A preliminary consensus. Clin Chem Lab Med 2014;52:
951–8.

37. Sciacovelli L, Lippi G, Sumarac Z, West J, Garcia Del Pino Castro I,
Furtado Vieira K, et al, Working Group “Laboratory Errors and
Patient Safety” of International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC). Quality indicators in laboratory

medicine: the status of the progress of IFCC Working Group
“Laboratory Errors and Patient Safety” project. Clin Chem Lab
Med 2017;55:348–57.

38. JCGM 200. International vocabulary of metrology – basic and
general concepts and associated terms (VIM 3rd edition); 2012.
Available from: www.bipm.org [Accessed Nov 2016].

39. Padoan A, Antonelli G, Aita A, Sciacovelli L, Plebani M. An
approach for estimating measurement uncertainty in medical
laboratories using data from long-term quality control and
external quality assessment schemes. Clin Chem Lab Med 2017;
55:1696–701.

40. Plebani M, Padoan A, Sciacovelli L. Measurement uncertainty:
light in the shadows. Clin Chem Lab Med 2020;58:1381–3.

41. PlebaniM, Sciacovelli L, Bernardi D, Aita A, Antonelli G, PadoanA.
What information on measurement uncertainty should be
communicated to clinicians, and how? Clin Biochem 2018;57:
18–22.

42. Metlay JP, Armstrong KA. Clinical decision making during the
COVID-19 pandemic. Ann Intern Med 2021:M20–8179. https://
doi.org/10.7326/M20-8179.

43. Calabrese F, Pezzuto F, Fortarezza F, Boscolo A, Lunardi F,
Giraudo C, et al. Machine learning-based analysis of alveolar and
vascular injury in SARS-CoV-2 acute respiratory failure. J Pathol
2021. https://doi.org/10.1002/path.5653.

44. Dong L, Zhou J, Niu C, Wang Q, Pan Y, Sheng S, et al. Highly
accurate and sensitive diagnostic detection of SARS-CoV-2 by
digital PCR. Talanta 2021;224:121726.

45. Telwatte S, Kumar N, Vallejo-Gracia A, Kumar GR, Lu CM, Ott M,
et al. Novel RT-ddPCR assays for simultaneous quantification of
multiple noncoding and coding regions of SARS-CoV-2 RNA. J
Virol Methods 2021;292:114115.

46. Broughton JP, Deng X, Yu G, Fasching CL, Servellita V, Singh J,
et al. CRISPR-Cas12-based detection of SARS-CoV-2. Nat
Biotechnol 2020;38:870–4.

47. Tsou JH, Liu H, Stass SA, Jiang F. Rapid and sensitive detection of
SARS-CoV-2 using clustered regularly interspaced short
palindromic repeats. Biomedicines 2021;9:239.

48. Yan L, Yi J, Huang C, Zhang J, Fu S, Li Z, et al. Rapid detection of
COVID-19 using MALDI-TOF-based serum peptidome profiling.
Anal Chem 2021. https://doi.org/10.1021/acs.analchem.
0c04590.

49. Shi D, Yan R, Lv L, Jiang H, Lu Y, Sheng J, et al. The serum
metabolome of COVID-19 patients is distinctive and predictive.
Metabolism 2021;118:154739.

50. Statsenko Y, Al Zahmi F, Habuza T, Gorkom KN, Zaki N. Prediction
of COVID-19 severity using laboratory findings on admission:
informative values, thresholds, ML model performance. BMJ
Open 2021;11:e044500.

51. PlebaniM. SARS-CoV-2 antibody-basedSURVEILLANCE: new light
in the SHADOW. EBioMedicine 2020;61:103087.

52. Arkhipova-Jenkins I, Helfand M, Armstrong C, Gean E,
Anderson J, Paynter RA. et al Antibody response after SARS-
CoV-2 infection and implications for immunity: a rapid living
review. Ann Intern Med. 2021 Mar XX. https://doi.org/10.
7326/M20-7547 [Epub ahead of print].

53. Centers for Disease Control and Prevention. Interim guidelines
for COVID-19 antibody testing; 2020. Available from: www.cdc.
gov/coronavirus/2019-ncov/lab/resources/antibody-tests-
guidelines.html [Accessed 25 Jan 2021].

1044 Plebani: Six lessons for the future of laboratory medicine

https://doi.org/10.1007/s11192-020-03661-9
https://doi.org/10.1007/s11192-020-03661-9
https://doi.org/10.1016/S0140-6736(20)31180-6
http://www.bipm.org
https://doi.org/10.7326/M20-8179
https://doi.org/10.7326/M20-8179
https://doi.org/10.1002/path.5653
https://doi.org/10.1021/acs.analchem.0c04590
https://doi.org/10.1021/acs.analchem.0c04590
https://doi.org/10.7326/M20-7547
https://doi.org/10.7326/M20-7547
http://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
http://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
http://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html


54. Padoan A, Bonfante F, Pagliari M, Bortolami A, Negrini D,
Zuin S, et al. Analytical and clinical performances of five
immunoassays for the detection of SARS-CoV-2 antibodies in
comparisonwith neutralization activity. EBioMedicine 2020;62:
103101.

55. Lippi G, Sciacovelli L, Trenti T, Plebani M, Executive Board of
SIBioC (Società Italiana di Biochimica Clinica e Biologia
Molecolare Clinica). Kinetics and biological characteristics of
humoral response developing after SARS-CoV-2 infection:
implications for vaccination. Clin Chem Lab Med 2021 Jan 21.
https://doi.org/10.1515/cclm-2021-0038. [Epub ahead of print].

56. Krammer F, Srivastava K, Alshammary H, Amoako AA,
Awawda MH, Beach KF, et al. Antibody responses in seropositive
persons after a single dose of SARS-CoV-2mRNA vaccine. N Engl J
Med 2021. https://doi.org/10.1056/NEJMc2101667 [Epub ahead
of print].

57. Manisty C, Otter AD, Treibel TA, McKnight Á, Altmann DM,
Brooks T, et al. Antibody response to first BNT162b2 dose in
previously SARS-CoV-2-infected individuals. Lancet 2021.
https://doi.org/10.1016/S0140-6736(21)00501-8.

58. Beauchamp J, Davis C, Pleil J. Breathborne biomarkers and the
human volatilome. Oxford, UK: Elsevier Science; 2020.

59. Grassin-Delyle S, Roquencourt C, Moine P, Saffroy G, Carn S,
Heming N, et al, Garches COVID-19 Collaborative Group RECORDS
Collaborators and Exhalomics ® Collaborators. Metabolomics of
exhaled breath in critically ill COVID-19 patients: a pilot study.
EBioMedicine 2021;63:103154.

60. Ryan DJ, Toomey S, Madden SF, Casey M, Breathnach OS,
Morris PG, et al. Use of exhaled breath condensate (EBC) in the
diagnosis of SARS-COV-2 (COVID-19). Thorax 2021;76:86–8.

61. Shan B, Broza YY, Li W, Wang Y, Wu S, Liu Z, et al. Multiplexed
nanomaterial-based sensor array for detection of COVID-19 in
exhaled breath. ACS Nano 2020;14:12125–32.

62. Bastos ML, Perlman-Arrow S, Menzies D, Campbell JR. The
sensitivity and costs of testing for SARS-CoV-2 infecton with
saliva versus nasopharyngeal swabs: a systematic review and
meta-analysis. Ann InternMed2021:M20–6569. https://doi.org/
10.7326/M20-6569.

63. Butler-Laporte G, Lawandi A, Schiller I, Yao M, Dendukuri N,
McDonald EG, et al. Comparison of saliva and nasopharyngeal
swab nucleic acid amplification testing for detection of
SARS-CoV-2: a systematic review and meta-analysis. JAMA Intern
Med 2021;181:353–60.

64. Teo AKJ, Choudhury Y, Tan IB, Cher CY, Chew SH, Wan ZY, et al.
Saliva is more sensitive than nasopharyngeal or nasal swabs for
diagnosis of asymptomatic and mild COVID-19 infection. Sci Rep
2021;11:3134.

65. Sapkota D, Søland TM, Galtung HK, Sand LP, Giannecchini S,
To KKW, et al. COVID-19 salivary signature: diagnostic and
research opportunities. J Clin Pathol 2020. https://doi.org/10.
1136/jclinpath-2020-206834.

66. Plebani M, Aita A, Navaglia F, Padoan A, Basso D. Saliva-based
molecular testing for active control of Sars-CoV-2 infection. In:
IFCC virtual conference: critical role of clinical laboratories in
COVID-19 pandemic. Available from: www.ifcc.org/ifcc-
congresses-and-conferences [Accessed 21 March 2021].

67. Basso D, Aita A, Padoan A, Cosma C, Navaglia F, Moz S, et al.
Salivary SARS-CoV-2 antigen rapid detection: a prospective
cohort study. Clin Chim Acta 2021;517:54–9.

68. Du Z, Pandey A, Bai Y, Fitzpatrick MC, Chinazzi M, Pastore Y, et al.
Comparative cost-effectivenessof SARS-CoV-2 testing strategies in
the USA: a modelling study. Lancet Public Health 2021;6:e184–91.

69. Manabe YC, Sharfstein JS, Armstrong K. The need for more and
better testing for COVID-19. J Am Med Assoc 2020. https://doi.
org/10.1001/jama.2020.21694.

70. Yaacoub S, Schünemann HJ, Khabsa J, El-Harakeh A, Khamis AM,
Chamseddine F, et al, COVID-19 Systematic Urgent Reviews
Group Effort (SURGE) Group. Safe management of bodies of
deceasedpersonswith suspected or confirmedCOVID-19: a rapid
systematic review. BMJ Glob Health 2020;5:e002650.

71. Plebani M. Quality and future of clinical laboratories: the Vico’s
whole cyclical theory of the recurring cycles. Clin Chem Lab Med
2018;56:901–8.

72. Chadwick S, Townes DA, Perrone LA. Utility of point of care and
rapid diagnostics in humanitarian emergencies. J Appl Lab Med
2021;6:236–46.

Plebani: Six lessons for the future of laboratory medicine 1045

https://doi.org/10.1515/cclm-2021-0038
https://doi.org/10.1056/NEJMc2101667
https://doi.org/10.1016/S0140-6736(21)00501-8
https://doi.org/10.7326/M20-6569
https://doi.org/10.7326/M20-6569
https://doi.org/10.1136/jclinpath-2020-206834
https://doi.org/10.1136/jclinpath-2020-206834
https://doi.org/10.1001/jama.2020.21694
https://doi.org/10.1001/jama.2020.21694

	Laboratory medicine in the COVID-19 era: six lessons for the future
	Introduction
	Visibility
	First lesson

	Quickness
	Second lesson

	Exactitude
	Third lesson

	Multiplicity
	Lesson four

	Lightness
	Lesson five

	Consistency
	Lesson six

	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


