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Abstract

Objectives: The direct identification of SARS-CoV-2 RNA
in nasopharyngeal swabs is recommended for diagnosing
the novel COVID-19 disease. Pre-analytical determinants,
such as sampling procedures, time and temperature stor-
age conditions, might impact on the end result. Our aim
was to evaluate the effects of sampling procedures, time
and temperature of the primary nasopharyngeal swabs
storage on real-time reverse-transcription polymerase
chain reaction (rRT-PCR) results.
Methods: Each nasopharyngeal swab obtained from 10
hospitalized patients for COVID-19 was subdivided in 15
aliquots: five were kept at room temperature; five were

refrigerated (+4 °C); five were immediately mixed with the
extraction buffer and refrigerated at +4 °C. Every day and for
5 days, one aliquot per conditionwas analyzed (rRT-PCR) for
SARS-CoV-2 gene E and RNaseP and threshold cycles (Ct)
compared. To evaluate manual sampling, 70 nasopharyn-
geal swabs were sampled twice by two different operators
and analyzed separately one from the other.
Results: A total of 6/10 swabs were SARS-CoV-2 positive.
No significant time or storage-dependent variations were
observed in SARS-CoV-2 Ct. Re-sampling of swabs with
SARS-CoV-2 Ct lower than 33 resulted in highly reproduc-
ible results (CV=2.9%), while a high variability was
observed when Ct values were higher than 33 (CV=10.3%).
Conclusions: This study demonstrates that time and tem-
perature of nasopharyngeal swabs storage do not signifi-
cantly impact on results reproducibility. However, swabs
sampling is a critical step, and especially in case of low
viral load, might be a potential source of diagnostic errors.

Keywords: COVID-19; nasopharyngeal swab; pre-analyt-
ical; SARS-CoV-2.

Introduction

The COVID-19 pandemic poses several questions con-
cerning the diagnosis of symptomatic, but mainly of
asymptomatic, subjects, who represent a potential, hid-
den source of viral dissemination [1]. Identifying and
isolating these so-called asymptomatic carriers, and
tracing all their potential contacts, together with ensuring
social distancing and behavioral change in the popula-
tion, are considered strategies of crucial importance in
limiting further viral spread [2]. The available armamen-
tarium for the diagnosis of COVID-19 includes the direct
search for viral SARS-CoV-2 RNA sequences in nasopha-
ryngeal swabs, as well as the detection of serum or blood
antibodies by means of immunometric or rapid immu-
nochromatographic assay [3–6]. An increase in anti-
bodies in blood/serum usually occurs 1–2 weeks after the
onset of symptoms [7, 8], but viral transmission from one
individual to another is estimated to occur not only con-
current with the symptomatic window, but also during the
incubation period, which ranges from one to two, or even
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more, weeks before any clinical signs of the disease
become evident [1, 9]. Therefore, the identification of
asymptomatic carriers and those with recent onset dis-
ease must be based on the direct identification of viral
RNA, serology being useful as a complementary approach
for disease diagnosis and monitoring, and for epidemio-
logical studies [7, 10].

The direct identification of viral RNA in nasopharyn-
geal swab samples is the first choice for diagnosis, which,
as recommendedby theWorldHealthOrganization (WHO),
should be timely and accurate [4, 11]. However, neither of
these two requirements, i.e., timely identification of viral
RNA, is necessarily met in situations of the high testing
demand occurring in the pandemic context, especially in
view of potential limitations in the supply of reagents.
Moreover, despite the availability of high-throughput
platforms for RNA analysis based on real-time reverse-
transcription polymerase chain reaction (rRT-PCR) meth-
odology, such as the fully integrated and automated Cobas
6800 system that allows a respectably high number of
specimens tested per day (about 1200), many laboratories
perform rRT-PCR molecular testing using separate in-
struments for nucleic acid extraction and rRT-PCR that are
relatively time consuming and cause human resources
deployment [4, 9, 12]. Despite the high sensitivity of
molecular methods, the diagnostic sensitivity of viral RNA
identification in nasopharyngeal swabs does not exceed
70% [9, 13, 14]. In the complex and unexpected situation
that the world faced at the beginning of 2020, it is hardly
surprising that some late testing occurred. Yet any delay in
the total testing process not only delays diagnosis, but
also represents a potential cause of diagnostic error,
mainly due to false-negative results consequent to RNA
degradation.

In laboratory medicine, the well-known relevance of
the pre-analytical phase as a determinant of the overall
accuracy of results appears to be of outmost importance
also in the field of COVID-19 molecular diagnosis [15–17].
Among the pre-analytical factors to be considered, collec-
tion method (type of swab), appropriate training of the
collecting individual, use of “dry” swabs or of transport
medium are very important issues. The severely limited
availability of reagents, including viral transport media
(VTM), prompted researchers to evaluate whether saline or
phosphate-buffered saline (PBS) might safely replace
standard VTM or universal transport media (UTM) [18, 19].
PBS was demonstrated to preserve nasopharyngeal swab
samples up to 18 h at room temperature and recommended
by the FDA in the absence of VTM/UTM (https://www.fda.
gov/medical-devices/emergency-situations-medical-devices/
faqs-testing-sars-cov-2; last accessed 22 May 2020).

However, transport mode, time lapse and storage
temperature between nasopharyngeal specimen collection
and laboratory analysis are also relevant, since they might
determine the activation of molecular degradation pro-
cesses, RNA being one of the most sensitive molecules.

The analysis of nasopharyngeal swabs, moreover,
calls for some initial manual steps, such as sampling,
which entail a risk of error that impacts on the end result.

The end points of this study were to evaluate whether
primary nasopharyngeal swabs, after prolonged storage at
different temperatures or after being aliquoted in nucleic
acid extraction buffer, allow reproducible rRT-PCR results,
and whether inter-individual labor in primary tube sam-
pling might impact on the reproducibility of results.

Materials and methods

A total of 10 patients (6males, 4 females, age range 51– 87) enrolled for
the study were hospitalized for COVID-19 infection in a semi-intensive
care unit. After collection of fully informed consent (Local Ethic
CommitteeNr. 27444), two replicated nasopharyngeal swabs using the
∑-VCM (Medical Wire & Equipment, UK) were obtained from each
patient. This commercial swab type comprises a self-standing conical
based vial with 3 mL of universal transport Virocult® medium (VCM)
allowing viruses transport and identification by both gold standard
cell culture methods or by molecular techniques. It was chosen
because of the large volume of viral transport medium, which allows
multiple testing. The two swabs obtained from each patient were
pooled, mixed and then subdivided into 15 aliquots within 2 h from
specimen collection, during which nasopharyngeal swabs were
maintained refrigerated at 4 °C. The aliquots, 300 μL each, were
transferred into 2mL tubes (Sarstedt AG&Co., Germany). Five aliquots
were kept at room temperature, five were refrigerated (+4 °C) and five
were immediately mixed (3:1, v:v) with Nuclisens® easyMAG® Extrac-
tion buffer 1 (bioMérieux Diagnostics, Italy) and then stored at +4 °C.
One aliquot of each patient for each storage condition was analyzed
every day for 5 days, the analyses being started 24 h after collection
(day 1). Any of the two nasopharyngeal swabs aliquots, one stored at
room temperature and another refrigerated, weremixed (3:1, v:v) with
Nuclisens® easyMAG® Extraction buffer 1 immediately before RNA
extraction. This procedure was chosen to lyse viral particles before
loading samples on the automated platform for RNA extraction to
further enhance safety for operators. Every day, fromday 1 to day 5, the
aliquots of all patients were analyzed in batch: RNA was extracted
using an automated platform (Magna Pure 96 Instrument, Roche Di-
agnostics, USA) and then used for rRT-PCR, which was performed
according to Corman et al. [20] by ABI prism® AB 7900 or 7900HT or
QuantStudio™ 5 Real-Time PCR Systems (Applied Biosystems, USA).
The performance of any systemwasmonitoredby two internal positive
and four negative quality controls (IQC) that were always run in par-
allel with patients’ samples. In brief, the rRT-PCR was performed in
separate reactions with SARS-CoV-2 gene E and RNaseP analyses. In
the absence of amplification of the latter target, the analysis was
considered invalid, and this criterion was used for repeat testing. The
threshold cycle (Ct) of SARS-CoV-2 gene E and of RNasePwas obtained
after standardization of the rRT-PCR instruments software settings as
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follows: baseline calculated in the cycle range 3–15; fixed threshold at
0.2. The Ct of each analysis was considered for data comparison. In
each analytical set, two negative and two positive controls were al-
ways run in parallel with samples. The positive controls (IQC) were
RNA obtained from positive samples that were stored at −80 °C for a
maximum of 1 week.

The statistical analysis of data was made by Repeated measures
ANOVA, Tukey’s multiple comparison test, One-way ANOVA, Stu-
dent’s t-test for paired and unpaired data using STATA 13.1 statistical
software (StataCorp, 4905 Lakeway Drive, USA).

Results

The 10 nasopharyngeal swabs studied resulted SARS-CoV-
2 positive in six and negative (no amplification signal after
45 cycles) in four cases. Figure 1 shows the Ct variations of
SARS-CoV-2 gene E and of the RNaseP observed for each
patient over time in the three different storage conditions.
With respect to SARS-CoV-2, no significant time-dependent
or condition-dependent variation of the Ct was found
(repeated measures analysis of variance: F=1.291, p=0.284
for time and F=0.0162, p=0.984 for condition, F=1.602,
p=0.144 for interaction). However, some data points
showed higher Ct values compared to their flanking data.
This phenomenon occurred after 3 days of storage.

RNaseP varied over time and by condition (F=4.6011,
p=0.0018 for time and F=2.903, p=0.0721 for condition,
F=2.393, p=0.0205 for interaction): a significant difference
was foundbetween swabsmaintained at room temperature
and swabs mixed soon after collection with extraction
buffer and stored at +4 °C after days four and five (p<0.05
Tukey’s multiple comparison test). Table 1 shows the re-
sults obtained on calculating the coefficient of variations
(CV) of the measured Ct for any individual sample in the
three different experimental conditions. For both SARS-
CoV-2 gene E and RNaseP, no significant differences in
coefficients of variation were found between the different
storage conditions investigated.

Since the overall 5-day SARS-CoV-2 gene E and RNaseP
coefficients of variation reflected the influence of pre-
analytical storage and analytical variability, to further
understand the impact of pre-analytical variability, we
compared SARS-CoV-2 gene E and RNaseP Ct obtained on
the same day (i.e., after in-batch RNA extraction and real-
time PCR analysis); Figure 2 shows the results obtained. No
statistically significant results were found at repeated
measures ANOVA for SARS-CoV-2 gene E (F=0.41,
p=0.6761 day 1; F=2.09, p=0.1744 day 2; F=1.86;
p=0.2055 day 3; F=0.68, p=0.5268 day 4; F=0.65,
p=0.5448 day 5), unlike for RNAseP (F=3.91, p=0.0390 day
1; F=7.62, p=0.0040 day 2; F=5.05, p=0.0181 day 3; F=12.69,

p=0.0004 day 4; F=5.56, p=0.0132 day 5). Significantly
lower Ct were found in samples stored in extraction buffer
at 4 °C after two (Bonferroni adjusted p-value=0.0276),
three (p=0.0348), four (p=0.004) and five (p=0.0072) days
with respect to swabs stored at 4 °C.

Analytical intra-laboratory variability of rRT-PCR was
evaluated bymeans of repeat analyses of two positive RNA
samples, run for 7 days in the same experimental period.
Table 2 shows the results obtained.

Figure 1: The effects of storage temperature and duration on SARS-
CoV-2 gene E and RNaseP results.
The upper panel shows the threshold cycles (Ct) of 6/10 SARS-CoV-2
gene E positive swabs stored at room temperature (Room Temp),
at +4 °C and at +4 °C after mixing (3:1, v:v) with extraction buffer (Ex
Buff+4 °C). Each line represents replicated values obtained fromone
individual sample on subsequent days (i.e., days 1–5). The lower
panel shows the threshold cycles (Ct) of RNaseP of the 10 swabs
analyzed, comprising six positive and four negative SARS-CoV-2
cases, following storage in the conditions reported in the upper
panel.
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Confirmation of doubtful results might call for a sec-
ond round of rRT-PCR analysis, which, in our routine series
was repeated in 57/10,350 (0.55%) cases by re-sampling the
nasopharyngeal swabs. The samples were analyzed twice
due to: (1) amplification curves without a perfect expo-
nential kinetic associated with a Ct higher than 33 (n=48);
(2) observation of an exponential kinetic amplification
curve not exceeding the 0.2 threshold (n=9). Twenty-seven
of the 57 re-analyzed samples presented no amplification

signal at the second round and were classified as negative,
while the remaining 30 samples presented an exponential
amplification kinetic. In the 27 samples found to be nega-
tive at the second analysis, the Ct of the first real-time PCR
analysiswashigher (38.44± 2.82,mean± SD) than in the 30
samples confirmed as positive at the second analysis
(36.23 ± 2.31) (Student’s t-test for unpaired data: t=3.0145,
p<0.005). For the 30 samples with a measurable Ct at both
the first and the second rRT-PCR,meanvalueswith SDwere

Table : Time and temperature-dependent coefficients of variation (CV).

Room temperature mean
CV % ± SD (CV % range)

+ °C mean CV %
± SD (CV % range)

Extraction buffer + °C mean
CV % ± SD (CV % range)

One-way ANOVA

SARS-CoV-
gene E (n=)

. ± .
(.–.)

. ± .
(.–.)

. ± .
(.–.)

F=.,
p=.

RNaseP(n=) . ± .
(.–.)

. ± .
(.–.)

. ± .
(.–.)

F=.,
p=.

For any individual sample, the rRT-PCR threshold cycle (Ct) obtained in the days of replicatedmeasurements of SARS-CoV- gene E andRNaseP
were considered in order to calculate the coefficient of variation (CV). For every condition,mean values± standard deviation (SD) and rangewere
calculated, and compared statistically (one-way ANOVA).

Figure 2: The effects of storage temperature
and duration on SARS-CoV-2 gene E and
RNaseP results.
The upper panel shows the threshold cycles
(Ct) of 6/10 SARS-CoV-2 gene E positive
swabs stored at room temperature, at +4 °C
and at +4 °C after mixing (3:1, v:v) with
extraction buffer. Each line represents
values obtained fromone individual sample
on the sameday. The lower panel shows the
threshold cycles (Ct) of RNaseP of the 10
swabs analyzed, comprising six positive
and four negative SARS-CoV-2 cases,
following storage in the conditions reported
in the upper panel.
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calculated and plotted (Figure 3, upper panel). For pur-
poses of comparison, a series of 14 positive samples with a
Ct lower than 33 were re-tested following the above-
described same procedure. The results obtained (mean

values with standard deviation of the two replicated ana-
lyses) are shown in Figure 3 (lower panel). In the attempt to
ascertain whether nasopharyngeal sampling errors might
impact on rRT-PCR results, two nasopharyngeal samples
presenting Ct results of 36 and 38, respectively, were newly
sampled three times: without vortexing, after vortexing
and after vortexing with a sampling volume reduced (from
300 to 100 μL). The results obtained are shown in detail in
Table 3.

Discussion

rRT-PCR or loop-mediated isothermal amplification (RT-
LAMP) in patients with suspected COVID-19 using naso-
pharyngeal swabs allows accurate diagnosis in the pres-
ence of the infection [9, 21]. Among the various SARS-CoV-2
gene targets that include RNA dependent-RNA polymer-
ase, spike (S) and nucleocapsid (N) genes, the one-step
identification of the envelope (E) gene is sensitive and
specific [9, 12, 20]. When rRT-PCR for SARS-CoV-2 gene E is
performed, the detection of viral RNA is based on expo-
nential amplification kinetics, the threshold amplification
cycle (Ct) being correlated with the copy numbers, or viral
load present in the sample [21]. rRT-PCR, however, is only
one of the multiple pre-analytical and analytical steps that
ultimately lead to the final result. These steps can be
summarized as follows: (1) collecting nasopharyngeal
swab; (2) transporting the sample to the laboratory; (3)
sampling the nasopharyngeal swab and transferring it into
a tube containing the RNA extraction buffer; (4) extracting
RNA; (5) rRT-PCR; and (6) interpreting data. Variability
occurring in any of these steps might impact on the final
result. The first source of pre-analytical variability is
specimen collection, potentially affected by personnel
training, swab type and transport media. The preferred
specimen is a nasopharyngeal swab placed in viral trans-
port media, although in times of supplies limitations, PBS
or even saline could be alternative media [18, 19]. In the
present study, nasopharyngeal swabs collected by trained
nurses from 10COVID-19 patientswere used to evaluate the

Table : Analytical variability.

IQC  (n=) IQC  (n=) IQC  (n=) IQC  (n=) IQC  (n=) IQC  (n=)

SARS-CoV-
gene E

Mean Ct ± SD . ± . . ± . . ± . . ± . . ± . . ± .
CV % . . . . . .

RNAseP Mean Ct ± SD . ± . . ± . . ± . . ± . . ± . . ± .
CV % . . . . . .

Mean values, standard deviation (SD) and coefficients of variation (CV) of the Ct of SARS-CoV- gene E and RNaseP obtained after replicated
analyses of positive samples (IQC) are reported. Each IQC was stored for a maximum of one week at − °C.

Figure 3: Operator-dependent pre-analytical variability. Mean
values (points) with standard deviations (bars) of rRT-PCR Ct values
obtained after replicated nasopharyngeal swabs sampling by two
different operators in subsequent days.
The upper panel shows data from swabs with a first Ct value higher
than 33, while in the lower panel data from swabs with a first Ct
lower than 33 are reported.
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impact of storage temperature and time, to mimic one of
the field conditions of the pre-analytical phase, known to
be a greater source of variability than the analytical phase
[15–17]. In particular, Lippi and Colleagues summarized
potential pre-analytical and analytical vulnerabilities in
COVID-19 molecular diagnosis and suggested practical
indications to minimize the risk of diagnostic errors [17].
Transport of samples to the laboratory and storage before
samplingmight entail a prolonged time interval, especially
when only few reference laboratories are authorized to
perform the analyses and the sample should be transported
between institutions or to a reference laboratory. In this
context, it is important to know whether strict temperature
control is required in order to guarantee accurate results
[21]. Our experiments demonstrate that reproducible re-
sults can be obtained until the 5th day of sample taking not
only when primary nasopharyngeal swab samples are
maintained at +4 °C, but also when they are kept at room
temperature, although refrigeration of the primary sample
allows the highest levels of reproducibility. Although
during the 5 experimental days some points showed a
slight Ct increase, suggesting a potential decay of the viral
molecular signal, no variation was observed in any of the
studied conditions within the first 48 h. Our findings could
be translated in the field condition with two levels of rec-
ommendations: (1) Transport and storage of nasopharyn-
geal swabs in viral transportmedia at room temperature for
a period of up to 48 h prior rRT-PCR is highly reliable; (2)
For longer periods and up to 5 days, refrigeration of the
sample is preferable. Storage of samples might be neces-
sary also after specimens reach the laboratory, which
might suffer from some delay in testing for high testing
demand. The addition of RNA extraction buffer to the
sample upon arrival to the laboratory might maximize the
preservation of RNA molecules. In agreement with this, in
the time frame of 5 days, we found that the refrigerated
storage of samples inRNAextraction buffer is not only safe,
but resulted also in lower Ct values, confirming that the
extraction buffer itself maximizes the preservation of RNA
molecules [22].

Our findings also show that a potentially relevant
pre-analytical source of variability is nasopharyngeal
swab sampling when the Ct is higher than 33 (i.e., when a
low viral load is expected). Indeed, in our series of
repeated analyses of samples with a mean Ct of 36.23, the
coefficient of variation ranged from 1 to 28% (mean
value, 10%), whereas repeated sampling of primary
nasopharyngeal swabs with a lower mean Ct value
(27.61) allowed more reproducible results with co-
efficients of variation ranging from 0 to 14% (mean
value, 2.88%). This suggests that the manual workup
required at the beginning of sample processing might be
a relevant source of variability in the presence of a low
viral load, in accordance with previous findings in clin-
ical studies reporting high false negative rates in
asymptomatic patients, and fluctuating rRT-PCR results
in COVID-19 hospitalized patients [13]. To further verify
the impact of sampling in cases of low viral load, two
samples from patients with high Ct values were selected
and sampled three times by the same operator, who
respected or intentionally disregarded the standard rec-
ommended procedure for vortexing nasopharyngeal
swabs before sampling. Unexpectedly, the results for
both the analyzed samples were highly reproducible. The
differences between the first and the second evaluation
set-up were as follows: the first series of experiments
with repeated sampling were performed on two subse-
quent days by different operators and the samples were
analyzed in different analytical series; the second series
of experiments undertaken on the limited series of two
samples were performed by one operator and analyzed in
batch in the same analytical run. One might therefore ask
whether variability in re-testing samples is operator- or
analysis-dependent. We feel it is reasonable to rule out
the latter hypothesis since the intra-laboratory (i.e., day
by day) imprecision was lower than 3%, thus supporting
the robustness of rRT-PCR analysis. On the contrary, we
support the hypothesis that inter-operator variability
might be one of the main causes of variability. Another
potential cause of variability, however, might be related

Table : Operator-independent pre-analytical variability.

First rRT-PCR
Ct values

Second rRT-PCR Ct values

Sampling  µL
without vortexing

Sampling  µL
after vortexing

Sampling  µL
after vortexing

Mean Ct ± SD CV %

Patient   . . . . ± . .%
Patient   . . . . ± . .%

Twonaso-pharyngeal swabswith high Ct for SARS-CoV- gene Ewere re-sampledh after the first rRT-PCR by the sameoperator, who followed
three different manual procedures: ()  µL sampled without previous vortexing; ()  µL sampled after vortexing;  µL sampled after
vortexing. Coefficients of variation (CV) were calculated from data of the three replicated values obtained at the second rRT-PCR.
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to the nasopharyngeal swab types used, some of which
are problematic to use for sampling, while others are
more user friendly.

The limitations of our study are mainly due to the use
of only one type of specimen collection swab and transport
medium and by the lack of investigation of other environ-
mental conditions, as high exposure temperatures, that
could adversely affect sample integrity and therefore the
testing results.

In conclusion, this study provides evidence that
temperature and time of storage of nasopharyngeal
swabs for SARS-CoV-2 testing have little impact on the
reproducibility of results. However, great attention
should be paid to nasopharyngeal swab sampling
because, in cases of low viral load, this procedure can
generate false-negative results. The experimental find-
ings reported in the present study may be conducive to
achieving standard operating procedures for the molec-
ular diagnosis of COVID-19.
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