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Abstract: A novel zoonotic coronavirus outbreak is spread-
ing all over the world. This pandemic disease has now 
been defined as novel coronavirus disease 2019 (COVID-
19), and is sustained by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2). As the current gold standard 
for the etiological diagnosis of SARS-CoV-2 infection is 
(real time) reverse transcription polymerase chain reaction 
(rRT-PCR) on respiratory tract specimens, the diagnostic 
accuracy of this technique shall be considered a foremost 
prerequisite. Overall, potential RT-PCR vulnerabilities 
include general preanalytical issues such as identification 
problems, inadequate procedures for collection, handling, 
transport and storage of the swabs, collection of inappro-
priate or inadequate material (for quality or volume), pres-
ence of interfering substances, manual errors, as well as 
specific aspects such as sample contamination and testing 
patients receiving antiretroviral therapy. Some analytical 
problems may also contribute to jeopardize the diagnostic 
accuracy, including testing outside the diagnostic window, 
active viral recombination, use of inadequately validated 
assays, insufficient harmonization, instrument malfunc-
tioning, along with other specific technical issues. Some 
practical indications can hence be identified for mini-
mizing the risk of diagnostic errors, encompassing the 
improvement of diagnostic accuracy by combining clinical 

evidence with results of chest computed tomography (CT) 
and RT-PCR, interpretation of RT-PCR results according to 
epidemiologic, clinical and radiological factors, recollec-
tion and testing of upper (or lower) respiratory specimens 
in patients with negative RT-PCR test results and high sus-
picion or probability of infection, dissemination of clear 
instructions for specimen (especially swab) collection, 
management and storage, together with refinement of 
molecular target(s) and thorough compliance with analyti-
cal procedures, including quality assurance.

Keywords: coronavirus; COVID-19; diagnosis; reverse 
transcription polymerase chain reaction (RT-PCR).

Introduction
Less than a decade after the last human outbreak caused 
by a zoonotic coronavirus, the Middle East respiratory 
syndrome (MERS) in 2012, a novel bat coronavirus spillo-
ver has emerged in China, and is now spreading all over 
the world. This new outbreak, defined as novel coronavi-
rus disease 2019 (COVID-19) by the International Commit-
tee on Taxonomy of Viruses [1], is sustained by the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
[2]. According to the most recent statistics of the World 
Health Organization (WHO), COVID-2  has already been 
diagnosed in as many as 118,000 people from 115 coun-
tries worldwide, causing nearly 4300 deaths [2]. Although 
SARS-CoV-2 infection seems to occur with mild, influenza-
like symptoms in the vast majority of subjects, in 10%–
15% of COVID-19 patients (especially the older and those 
with important co-morbidities), the disease may progress 
into a severe form of interstitial pneumonia, which may 
then evolve toward acute respiratory distress syndrome 
(ARDS) and death in 2%–5% of cases [2].

Although diagnostic errors can occur almost always 
and everywhere in healthcare [3], the vulnerability of lab-
oratory medicine services is enormously magnified when 
the staff is forced to work in high-throughput settings, 
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driven to facing high workloads and under severe pres-
sure, as is now materializing in many worldwide facili-
ties due to the exponential growth of SARS-CoV-2-positive 
cases needing extensive healthcare support [4]. The clini-
cal and economical consequences of diagnostic errors are 
always significant [5], but in the case of infectious out-
breaks, especially when these assume the relevance of 
pandemic disease such as COVID-19, the repercussions are 
unquestionably amplified. The generation of false-posi-
tive or false-negative test results not only jeopardizes the 
health of the individual patient, but may also derange and 
disrupt the efficacy of public health policies, emergency 
plans and restrictive measures established by national 
and international authorities for containing the outbreak. 
A false-positive result not only may lead to unnecessary 
treatment of uninfected individuals, but may also cause 
enormous societal problems when attributed to people 
working in essential public services (health and social 
care operators, police officers, firefighters and so forth), 
as it might undermine the workforce available for facing 
the emergency. On the other hand, a false-negative result 
accredited to a patient who is instead infected with SARS-
CoV-2 may then potentially contribute to foster human-to-
human transmission and further spread the virus within 
the community due to non-timely application of isolation 
and/or restrictive measures, as well as for failure to iden-
tify other potentially infected people (household and/or 
close contacts).

Laboratory medicine plays an essential role for diag-
nosing and managing many human pathologies [6], 
thus including infectious diseases and COVID-19 [7]. As 
the current gold standard for the etiological diagnosis 
of SARS-CoV-2 infection is (real time) reverse transcrip-
tion polymerase chain reaction (rRT-PCR) on respiratory 
tract specimens [8–10], the diagnostic accuracy of this 
technique shall be considered a foremost prerequisite. 
Therefore, the aim of this article is to provide a personal 
overview on the potential preanalytical and analytical 
vulnerabilities of RT-PCR testing for diagnosing SARS-
CoV-2 infection (Table 1).

Preanalytical errors

There is now incontrovertible evidence that the preana-
lytical phase is the major source of errors in laboratory 
testing, when used for either diagnostic [11] or research 
[12] purposes. Virology is not an exception, whereby many 
potential preanalytical errors are similar to those occur-
ring in other different diagnostic areas, whilst others can 
be classified as specific. Among the former category, the 

safety and quality of RT-PCR testing may be endangered 
by lack of identification or misidentification of patient 
and/or sample, collection of inappropriate or inadequate 
material (for quality or volume), inaccurate conditions of 
sample transportation and storage (e.g. injury exposure, 
unreliable cold chain, prolonged transportation time), 
presence of interfering substances (e.g. release of cel-
lular components that may interfere with the assay due 
to whole blood freezing, use of inappropriate additives) 
[13–15], as well as by a number of procedural issues occur-
ring during sample preparation, thus including pipetting 
errors during manual sample preparation or aliquot-
ing, cross-contamination and sample mismatch, among 
others [16]. The leading specific problems that may plague 
the quality of RT-PCR assays include sample contamina-
tion (even trace amounts of external DNA may jeopardize 
test results) and testing carried out in patients receiving 
antiretroviral therapy, which may then generate false-
negative results [15].

Specimen collection and transportation

Among the various preanalytical issues that have been 
portrayed in the previous paragraph, those related to 
specimen collection are particularly significant and 
deserve specific focus. Although no detailed reference 

Table 1: Potential preanalytical and analytical vulnerabilities in 
the laboratory diagnosis of coronavirus disease 2019 (COVID-19) 
using (real time) reverse transcription polymerase chain reaction 
(rRT-PCR).

Preanalytical
 General
  – �Lack of identification/misidentification
  – �Inadequate procedures for specimen (e.g. swab) collection, 

handling, transport and storage
  – �Collection of inappropriate or inadequate material for quality 

or volume
  – Presence of interfering substances
  – Manual (pipetting) errors
 Specific
  – Sample contamination
  – �Testing in patients receiving antiretroviral therapy
Analytical
  – Testing carried out outside of the diagnostic window
  – Active viral recombination
  – Use of non-adequately validated assays
  – Lack of harmonization of primers and probes
  – Instrument malfunctioning
  – Insufficient or inadequate material
  – Non-specific PCR annealing
  – Misinterpretation of expression profiles
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procedures have been provided as yet by the WHO for 
collecting respiratory material (i.e. lower, but especially 
upper respiratory specimens) for diagnosing SARS-CoV-2 
to the best of our knowledge, the US Centers for Disease 
Control and Prevention (CDC) recommends that naso-
pharyngeal and oropharyngeal material shall be collected 
using swabs with a synthetic tip (e.g. as nylon or Dacron) 
and an aluminum or plastic shaft (other lower respira-
tory tract specimens could be collected, when available or 
feasible) [17]. The recommended procedure for collecting 
a quality nasopharyngeal specimen entails inserting the 
swab into the nostril parallel to the palate, maintaining 
the swab in place for few seconds for enabling secretion 
absorption and immediate placement of the swab into a 
sterile tube, containing 2–3 mL of viral transport media. 
The procedure for collecting oropharyngeal (e.g. throat) 
specimens entails swabbing the posterior pharynx, avoid-
ing the tongue, and immediate placement of the swab into 
another separate sterile tube, also containing 2–3  mL of 
viral transport media. Failure to comply straightforwardly 
with the recommended procedures (e.g. use of wrong 
swabs, inappropriate absorption of diagnostic material, 
insertion into inadequate vials, contamination, and so 
forth) may be a significant cause of diagnostic errors, as 
clearly reported for other viral diseases [18, 19].

Diagnostic accuracy

Several assays have been developed so far for diagnosing 
SARS-CoV-2 infection. One of the most popular seem to be 
that originally proposed by the Charité-Universitätsmedi-
zin Berlin Institute of Virology [20], and then endorsed 

by the WHO [21], along with that developed by the CDC 
[22], whose essential characteristics are summarized in 
Table 2, as reported in the respective websites [21, 22]. 
In the former case, the E gene assay is used as the first-
line screening tool, then followed by confirmatory testing 
with an RNA-dependent RNA polymerase gene (RdRp) 
assay. The N gene assay can eventually be analyzed as an 
additional confirmatory assay. As regards the CDC test, 
the first panel, encompassing three N gene primer/probe 
sets, is designed for both universal detection of SARS-like 
coronaviruses (one primer/probe set), as well as for spe-
cific detection of SARS-CoV-2 (two primer/probe sets). An 
additional primer/probe set for detecting human RNase 
P gene (RP) in control samples and clinical specimens is 
included in the panel. Many other assays have then been 
developed by independent research institutes and in vitro 
diagnostic companies around the world, as summarized 
elsewhere [4].

According to recent evidence, the diagnostic accuracy 
of many of the currently available RT-PCR tests for detect-
ing SARS-CoV-2 may be lower than optimal (i.e. <100%). 
Xie et al. first described the case of five out of 167 patients 
(3.0%) with chest computed tomography (CT) evidence 
of COVID-19, who initially tested negative for SARS-CoV-2 
RT-PCR [23]. Interestingly, repeated swab tests carried out 
during hospitalization gradually turned to be positive in 
all such patients, with a mean interval period for posi-
tivity of 5.0 ± 2.7 days. Ai et al. carried out another study, 
including 1014  suspected COVID-19 cases who under-
went multiple RT-PCR testing and chest CT [24]. Overall, 
88% (888/1014) of patients had positive chest CT scans, 
whilst RT-PCR positivity was found in 59% (601/1014) of 
all cases. As many as 34.7% of patients with positive chest 

Table 2: Comparison of the (real time) reverse transcription polymerase chain reaction (rRT-PCR) diagnostic assay of the World Health 
Organization (WHO) and the Centers for Disease Control and Prevention (CDC) for diagnosing severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) infection.

Test   Molecular 
targets

  Scope   Limit of blank   Reference specimens   Storage conditions

WHO          
  E gene   First-line screening   3.9 copies × reaction Nasopharyngeal AND oropharyngeal swab or 

wash in ambulatory patients, lower respiratory 
specimens (sputum and/or endotracheal 
aspirate or bronchoalveolar lavage)

≤5 days: 2–8 °C
>5 days: ≤70 °C 
(dry ice)

  RdRp gene   Confirmatory testing   3.6 copies × reaction
  N gene   Additional confirmatory 

testing
  N/A

CDC          
  N1/2/3 gene   Combined assay   1.0–3.2 copies/μL Nasopharyngeal AND oropharyngeal swabs, 

sputum, lower respiratory tract aspirates, 
bronchoalveolar lavage and nasopharyngeal 
wash/aspirate or nasal aspirate

≤4 days: 4 °C
 > 4 days: ≤70 °C  RNase P gene   Control assay   N/A

E gene, envelop gene; N gene, nucleocapside gene; RdRp gene, RNA-dependent RNA polymerase gene; RNase P gene, human RNase P gene.
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CT findings had negative RT-PCR results of throat swab 
samples. According to clinical history and serial CT fea-
tures, 11.6% and 16.6% of all patients with initially nega-
tive RT-PCR results were finally considered as probable or 
highly likely COVID-19 cases. Importantly, as many as 93% 
of all patients whose RT-PCR became positive for SARS-
CoV-19 after an initially negative test result had CT fea-
tures suggestive of COVID-19, with a mean interval period 
of 5.1 ± 1.5 days for turning positive.

The fact that RT-PCR testing may be initially negative 
in patients with SARS-CoV-2 infection, especially in those 
who will later develop overt COVID-19, is not really sur-
prising considering the probable kinetics of SARS-CoV-2 
infection. Reliable evidence suggests that the incubation 
period of SARS-CoV-2 is around 6 days (interquartile range 
[IQR], 2–11 days) [25], and that the median period between 
symptom onset and hospital admission is 7  days (IQR, 
4–8 days) [26], whilst the median period of symptom dura-
tion is around 13 days (IQR, 5–24 days), slightly longer in 
patients with severe disease (16  days; IQR, 10–20  days) 
[27]. Convincing information is also accumulating from 
China and abroad in support of the evidence that human-
to-human contagion may be relatively rare, but not impos-
sible, during the non-symptomatic phase of SARS-CoV-2 
infection, whereby the virus could be occasionally trans-
mitted during incubation by patients with brief and non-
specific illness, including children, in whom the severity 
of COVID-19 is usually milder than in adults [28–31]. This 
is supported by evidence that high viral loads, more in 
the nose than in the throat, can be detected soon after 
symptom onset, when the patient has not received a diag-
nosis of COVID-19 and has not been isolated, but can also 
be found in asymptomatic patients [32]. It is also worth 
mentioning here that virus shedding in some patients may 
continue for some days after symptom relief and recovery 
[33, 34]. Notably, a very recent study showed that the com-
municable period (expressed as first time of SARS-CoV-2 
positive to date of virus clearance) in patients infected by 
SARS-CoV-2 was 6 days (IQR, 2–12 days) in subjects without 
symptoms compared to 12 days (IQR, 12–14) in those who 
became instead symptomatic [35].

Therefore, combining this epidemiologic evidence 
with the analytical sensitivity of the currently used RT-PCR 
assays, it is not surprising that at least two gray zones could 
be identified, potentially plagued by false SARS-CoV-2 
negativity attributable to the low viral loads especially in 
asymptomatic or mildly symptomatic patients (Figure 1). 
The former would correspond to the initial phase of infec-
tion, when the patient is still completely asymptomatic or 
only mildly symptomatic. Virus shedding may have already 

initiated during this period, thought its extent would prob-
ably be too low to be identified by some RT-PCR assays 
(Figure 1). The second period would instead reflect the tail 
of SARS-CoV-2 infection, when there is symptom relief. In 
this final phase of the infection, virus shedding may still 
persist, though remaining below the analytical sensitivity 
of some RT-PCR assays (Figure 1).

Another important concern, which has recently been 
highlighted, is the risk of active recombination and muta-
tions, which are attributable to the error-prone RNA-
dependent RNA polymerases of coronaviruses. Shen et al. 
recently found a remarkable level of viral diversity in some 
infected patients, accounting for a median number of 4 
intra-individual viral variants, which is suggestive of the 
rapid evolution of SARS-CoV-2 [36]. In another study, Yi 
detected as many as five different SARS-CoV-2 haplotypes, 
a fact that usually reflects active genetic recombination 
[37]. Such a viral evolution not only would explain the het-
erogeneity observed in intra-individual immune response, 
virulence, pathogenicity and transmissibility [38, 39], but 
the risk of mutation rate changes may also compromise 
the accuracy of RT-PCR detection.

Beside these microorganism-related issues, and 
like other areas of diagnostic testing [40], the accuracy 
of RT-PCR can be substantially plagued by lack of har-
monization (of primers and probes) [41], as well as by a 
variety of technical and analytical errors, as summarized 
in detail elsewhere [13–15]. In brief, these typically encom-
pass instrument malfunctioning (including inappropriate 
PCR cycling conditions), use of insufficient or inadequate 
material, non-specific annealing of PCR to homologous 
sequences, misinterpretation of expression profiles and 
so forth.

Infection
Symptom onset Symptom relief

rRT-PCR threshold

False negative False negative

rRT-PCR diagnostic
window

Figure 1: Correspondence between development of viral load 
during severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection, clinical course and positivity of (real time) reverse 
transcription polymerase chain reaction (rRT-PCR) assays.
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Conclusions
Although the COVID-19 emergency, which has now 
become pandemic, is remarkably harnessing the usage of 
laboratory resources for diagnosing SARS-CoV-2 infection, 
the safety and quality of RT-PCR testing remain of para-
mount importance for providing accurate and interpret-
able results, irrespective of whether the tests are carried 
out using conventional laboratory analyzers or with port-
able molecular diagnostic instrumentation (Table 3) [42]. 
Unfortunately, it cannot be excluded that the quality of 
RT-PCR testing for detecting SARS-CoV-2 could be jeopard-
ized by a number of preanalytical and analytical factors. 
Some of these are common to other diagnostic areas (e.g. 
identification errors, collection, handling and storage of 
the specimen, sample quality, performance of the assay 
or of the equipment), whilst others are very specific and 
shall hence be more distinctively pursued (e.g. virus-spe-
cific diagnostic window, sample contamination, incorrect 
nucleotide incorporation, non-specific PCR annealing 
and so forth) (Table 1).

The occurrence of discrepant results between chest 
CT and RT-PCR described in some studies, along with 
the evidence that virus shedding may still occur at unde-
tectable levels in the very early and late phases of SARS-
CoV-2 infection (Figure 1), would lead us to conclude 
that RT-PCR test results shall always be interpreted in a 
broader context. The evidence emerged from preliminary 
studies, demonstrating that asymptomatic (subclinical) 

COVID-19 patients may show very early but paradigmatic 
CT changes even before positive RT-PCR [23, 24, 43], would 
also support the advice that the most efficient strategy for 
diagnosing COVID-19 in suspected patients shall encom-
pass a combination of SARS-CoV-2 RT-PCR with clinical 
and epidemiologic evidence (probability of exposure, 
signs, symptoms, negative diagnostic tests especially for 
other respiratory illnesses) and chest CT findings, whilst 
repeated respiratory specimens shall be collected (daily 
or, at least, every other day) and tested by RT-PCR in 
patients with initially negative results and high suspicion 
(or probability) of having COVID-19. This practice has also 
been recently endorsed by the US Food and Drug Adminis-
tration (FDA), which concluded that a negative RT-PCR test 
result does not completely rule out SARS-CoV-2 infection 
and shall not be used as single element for patient man-
agement decisions, and re-testing shall be considered in 
consultation with public health authorities [44]. Clear 
instructions on how the specimens, especially naso-
pharyngeal and oropharyngeal swabs, shall be collected, 
managed and stored before testing shall then be provided 
to the healthcare personnel [45]. The assay procedures 
must be thoughtfully followed, including standard con-
firmatory testing and test report guidelines, and quality 
assurance carried out to validate each analytical session 
[46]. External quality assessment (EQA) schemes shall be 
established as soon as possible for purposes of monitoring 
analytical quality and harmonizing the assays. Despite 
the urge to provide high throughput and short turnaround 
time for diagnosing SARS-CoV-2 infection, extensive vali-
dation of RT-PCR assay is compellingly needed to enable 
the adoption of the most appropriate public health meas-
ures on individual and population bases. Finally, further 
refinement of molecular target(s) would also be needed, in 
order to identify regions of viral genome that may enable 
to reach the highest possible diagnostic accuracy [46, 47].
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