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The COVID-19 outbreak has represented a challenge for the international scientific community and parti-
cularly for forensic sciences. The lack of Coronavirus post-mortem testing led the National Institute of
Toxicology and Forensic Sciences (INTCF) from Spain to verify the performance and utility of a quantitative
reverse transcription PCR (RT-qPCR) clinical diagnosis protocol for SARS-CoV-2 detection (TagPath™ COVID-
19 CE-IVD RT-PCR Kit), to shed light on the cause of death (COD) in potentially COVID-19 cases in judicial
autopsies. Two different RNA extraction methods were also tested (EZ1® DSP Virus Kit on the EZ1°®
Advanced XL robot versus MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit) regarding extraction effi-
ciency, precision and contamination. RT-qPCR was evaluated for precision, specificity, limit of detection and
concordance. Both the automated and the manual RNA extraction procedures showed good efficiency, but
the automated virus extraction by bio-robot produced more reproducible results than the manual extrac-
tion. The SARS-CoV-2 RT-qPCR assay showed high sensitivity with a detection limit up to 10 copies/reaction
and high specificity, as no cross-reactivity was detected between any of the 12 different RNA viruses tested,
including three types of coronaviruses (SARS-CoV, NL63 and 229E). Reproducibility and repeatability of the
studied method as well as concordance with other SARS-CoV-2 molecular detection protocols were also
demonstrated.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

targeting the viral genes (ORF1ab, E, S and N), to amplify the genetic
material of SARS-CoV-2 by using the Reverse Transcription Quanti-

The disease caused by the novel Coronavirus SARS-CoV-2 (Severe
Acute Respiratory Syndrome Coronavirus 2), also called COVID-19
(Coronavirus Infectious Disease-19), represents a cluster of pneu-
monia that emerged at the end of 2019 in the Chinese city of Wuhan,
Hubei province, from where it spread to China and other countries in
the world [1-5]. The COVID-19 was declared by the World Health
Organization (WHO) as a Public Health Emergency of International
Concern (PHEIC) on January 30, 2020 [6], and was characterized as a
pandemic on March 11, 2020 [7].

The availability of the complete genome of SARS-CoV-2 early in
the epidemic [8], allowed the development of specific primers,
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tative Real Time Polymerase chain reaction (RT-qPCR).

Initially, several laboratories developed many in house molecular
tests but shortly after different commercial assays started to appear.
Currently there are more than 240 molecular assays to diagnose
COVID-19, with CE-IVD certification [9], among them the TagPath™
COVID-19 CE-IVD RT-PCR Kit (Thermo Fisher Inc., CA, USA) [10]. Other
nucleic amplification/detection methods such as CRISPR or LAMP
(loop-mediated isothermal amplification) are in the process of being
commercialized [11-14|. The WHO recommends molecular testing
(RT-gqPCR) as a confirmatory diagnostic test [15,16], although Ia-
boratories undertaking COVID-19 virus testing should perform a
previous validation and both external and internal controls PCR
should be included to provide a reliable test result.

Since the beginning of the coronavirus pandemic, clinical la-
boratories have been validating and implementing molecular tests
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with the aim of establishing reliable COVID-19 diagnosis in patients
and contacts. However, confirmation of COVID-19 as cause of death
(COD) in previously undiagnosed patients, either at home or in
hospitals, has not always been possible: the lack of adequate safety
requirements has led to autopsy restrictions and therefore to un-
derdiagnosis.

In the light of the importance of autopsy findings for under-
standing COVID-19 features and the establishment of the COD, the
Instituto Nacional de Toxicologia y Ciencias Forenses (INTCF,
National Institute of Toxicology and Forensic Sciences), a technical
body attached to the Ministry of Justice of Spain [17], decided to
validate and implement a protocol for extracting and detecting the
genetic material of the SARS-CoV-2 in post-mortem specimens from
judicial autopsies. In this work, we present the results obtained from
the performance characteristics studied.

2. Materials and methods
2.1. Samples/controls, RNA controls and experimental designs

Extraction efficiency, repeatability and reproducibility were
conducted using the AMPLIRUN® TOTAL SARS-CoV-2 CONTROL
(SWAB) (Vircell Microbiologists, Granada, Spain) [ 18], integral Control
of the Process of Extraction and detection (hereinafter CPE), which
simulates swabs. From this control, sub-samples were prepared to
be extracted with 2 different known (and theoretical) viral copies
(Genome Copy Equivalent, GCE) inputs at the end point (in the
RT-qPCR reaction) of high and medium GCE (500 and 250 total co-
pies). The GCE value is “theoretical” based on the value provided by
the manufacturer. The CPE control was extracted/detected in tripli-
cate within each extraction batch, for the two total GCE inputs per
reaction, for each extraction system, and detected on two plates (i.e.,
3 replicates x 2 inputs x 2nd extraction batch = 12 samples/controls
for each extraction system x 2 extraction systems = 24 samples/
controls x 2 detection plates = 48 samples/controls in total).

Repeatability test was also performed in triplicate with a quan-
tified control of SARS-CoV-2 RNA (10,000 copies/uL) provided by the
Respiratory Viruses and Flu Unit of the National Center for
Microbiology of the Carlos III Health Institute (CNM-ISCIII,
Majadahonda, Madrid, Spain). This control was introduced with a
known final input of 5000 copies/reaction, and whose replicates
were detected on two plates (i.e., 3 replicates x 2 detection plates = 6
samples in total).

Concordance was assessed using five eluates of nasopharyngeal
swabs from SARS-CoV-2 positive patients. These samples were
previously analyzed at the Clinical Microbiology Service of the San
Carlos Clinical Hospital (HCSC, Madrid, Spain). These eluates were
divided into 2 aliquots (1 for each extraction system). One aliquot of
each of these 5 samples was extracted by both extraction systems
and detected on 2 plates (i.e.,, 5 samples x 2 systems x 2 detection
plates = 20 samples). Once analyzed by RT-qPCR, the Cts values
obtained were compared between the extraction system and with
the results obtained in the HCSC.

Specificity studies were drawn from 12 different RNA viruses
extracts to assess possible cross-reactivity. The AMPLIRUN®
CORONAVIRUS SARS (2003) RNA CONTROL (Vircell Microbiologists,
Granada, Spain) (hereinafter COV1 control) [19] was used, RNA pur-
ified from the Coronavirus SARS-CoV (2003), of which two known
inputs were analyzed: 5000 and 50 copies/reaction. Additionally,
other respiratory viruses from the Proficiency Testing Nucleic acid
Amplification, Respiratory (ID2) del College of American Pathologists
(CAP) [20] were analyzed, including: two of the most frequent Cor-
onaviruses, two extracts of Coronavirus NL63 (2017-ID2-06 and
2019-ID2-06) and one extract of Coronavirus 229E (2018-ID2-06);
eight extracts of Influenza A virus HIN1/2009 (2018-ID2-01), Influ-
enza A virus H3N2 (2019-ID2-01), Human metapneumovirus B
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(2019-ID2-05), Influenza B virus (2019-ID2-07), Parainfluenza virus 2
(2019-1D2-08), Respiratory syncytial virus (2019-ID2-09), and Rhi-
novirus (2019-ID2-12). All extracts were analyzed in duplicate on
each of the two detection plates (i.e., 12 virus RNA x 2 replicates x 2
detection plates = 48 viruses RNA in total).

Limit of detection (sensitivity testing) was studied by using 5 se-
rial dilutions (10,000; 5000; 500; 50 and 10 copies/reaction) of two
SARS-CoV-2 RNA controls: the AMPLIRUN® CORONAVIRUS SARS-
CoV-2 RNA CONTROL [21] (hereinafter C19 control), with an initial
concentration of 14,500 copies/uL, and the TaqPath™ COVID-19
Control [10] (hereinafter CTP control), with an initial concentration of
10,000 copies/uL. The last dilution, 10 copies/reaction, is the limit
established by the manufacturer [10]. Each dilution was analyzed in
duplicate on two plates (i.e, 5 serial dilutions x 2 replicates x 2
controls x 2 detection plates = 40 controls in total).

To evaluate potential external or cross-contamination, eight ne-
gative extraction controls were analyzed. In each extraction batch 2
negative controls were incorporated (2 CN_EXT x 4 extraction
batch = 8 CN_EXT), which were positioned so that they were close to
those samples that contained the greatest number of copies.

The MS2 Phage Control, included in the TaqPath™ COVID-19
CE-IVD RT-PCR Kit (Thermo Fisher Inc., CA, USA) (hereinafter TPKit)
[10], was added to the samples before extraction of the RNA, ac-
cording to the manufacturer's recommendation [10]. The MS2 Phage
Control allowed to verify the efficacy of the sample preparation and
the absence of inhibitors in the PCR reaction [10]. By this way, the
generic evaluation of this control was performed considering the Cts
values obtained for the MS2 target of the RT-qPCR in each of the
samples analyzed in this verification: different inputs of the CPE
control [18]; clinical samples provided by the HCSC; negative ex-
traction controls for each batch for each of the extraction systems
evaluated.

2.2. Viral nucleic acids extraction

Viral nucleic acids from samples and controls were extracted
with two different extraction systems according to the manufac-
turer's recommendation: (1) one automated, the EZ1® DSP Virus Kit
[22] on the EZ1® Advanced XL robot [23] (QIAGEN, Hilden, Germany)
(hereinafter QEZ1); (2) another manual, the MagMAX™ Viral/
Pathogen Nucleic Acid Isolation Kit (Thermo Fisher Inc., CA, USA)
[24,25] (hereinafter TFS-MM). For both extraction systems, the fol-
lowing parameters were verified extraction efficiency, repeatability,
reproducibility, contamination and concordance.

The extraction efficiency was evaluated through a “relative re-
covery index”, which provides a relative percentage value of the
extraction efficiency between both systems. Based on the GCE value
obtained for each theoretical input and the expected GCE value, this
recovery index was calculated as follows: RI% = (GCE obtained) /
(GCE expected).

2.3. SARS-CoV-2 nucleic acids detection

The TagPath™ COVID-19 CE-IVD RT-PCR Kit (Thermo Fisher Inc.,
CA, USA) | 10] was verified for the qualitative detection of nucleic acid
from SARS-CoV-2. This kit with CE-marked In Vitro Diagnostics
(CE-IVD) allows the virus detection in upper respiratory specimens
(such as nasopharyngeal, oropharyngeal, nasal, and mid-turbinate
swabs, as well as nasopharyngeal aspirate) and bronchoalveolar la-
vage (BAL) specimens from individuals suspected of COVID-19. In
this kit, probes anneal to three target sequences that are specific to
SARS-CoV-2, reducing the risk of detecting other coronaviruses. Each
target is located between unique forward and reverse primers for
the following genes: ORFlab (open reading frame), N Protein
(nucleocapsid protein) and S Protein (spike protein). All analyses
were carried out on the QuantStudio 5 Real-Time PCR Systems
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(Thermo Fisher Inc., CA, USA) (hereinafter QS5) [26], although it was
also set up for detection on the 7500 Real-Time PCR System [27]. The
RT-qPCR amplification cycles were performed according to the
manufacturer’s user guide [10]. For this detection system, the fol-
lowing parameters were verified with the specified samples |/ con-
trols: selectivity [ specificity, limit of detection (LoD), repeatability,
reproducibility, concordance and false positives and negatives.

2.4. Data analysis

All the data generated by the QS5 equipment were analyzed with
the QuantStudio™ Design and Analysis Desktop Software v1.5.1
(Thermo Fisher Inc., CA, USA) (hereinafter DAv1.5.1) [28], which also
allows controlling the equipment. With this software, the results
were exported in spreadsheet format (XLSX) for subsequent analysis.
Additionally, the Design & Analysis Software v2.3.3 (Thermo Fisher
Inc., CA, USA) (hereinafter DAv2.3.3) [29] was used for data review
and figure generation. Tables, assessment and statistical analyses
were generated using Microsoft Excel. When appropriate, the Stu-
dent's t-test (T-Student) was performed as a deductive statistic to
determine if there was a significant difference between the means of
two groups or series. Additionally, as internal parameters of this
statistic, 2-tailed distributions were considered, appropriate for
studies with hypotheses of difference in averages, and with two
samples/series of different variance (heteroscedastic).

2.5. Workflow integration

Within the forensic genetics laboratories, Laboratory Information
Management Systems (LIMS) are valuable tools, streamlining sample
and analysis traceability, batching of multiple samples, integration
and data transfer with genetic analyzers, monitoring of test results,
or flexible reporting [30-33].

Management of samples and test was performed using the
templates of the LabWare LIMS v6 software (LabWare Inc.,
Wilmington DE, USA) [34]. LIMS Basic language (LabWare Inc.,
Wilmington DE, USA) was used to configure the automation scripts
for communication with instruments.

3. Results and discussion
3.1. Viral nucleic acids extraction

In determining the most appropriate extraction method for ob-
taining the SARS-CoV-2 genetic material, the following results were
obtained for the parameters evaluated:

3.1.1. Extraction efficiency

The evaluation of this parameter was performed with the CPE
[18], at two known (and theoretical) inputs of copies per reaction
(GCE). Based on these theoretical values, the relationship between
the two extraction systems was assessed (Table 1). Overall, the au-
tomatic method QEZ1 [22] was found to be more than 25% efficient
for each probe compared to the manual method TFS-MM [24,25].
These differences were greater the lower the GCE of the sample (for
theoretical 250 GCEs, the differences between both systems would
slightly exceed 29%, except in the case of the S gene probe). Con-
sidering the Cycles threshold (Cts) values, instead of the relative
copy number value, the intra- and inter-system variability would be
lower, taking into account the variability coefficient (Supplementary
Table S1).

3.1.2. Repeatability

Repeatability was assessed with the CPE [18], for each extraction
system and two different operators. In Supplementary Table S2, the
results for each extraction system detected in two RT-qPCR plates
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Table 1
Relationship between the two extraction systems.
500 GCE 250 GCE
ORFlab N gene Sgene ORFlab N gene S gene
QEZ1/TFS-MM 0.997 1.199 1873  2.052 1.299 0.872
Index
Average QEZ1/ 1.525 1.249 1.372

TFS-MM index

Indices are collected between the automatic extraction system EZ1® DSP Virus Kit
(QEZ1) and the manual system MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit
(TFS-MM) for each of the probes analyzed with the TagPath™ COVID-19 CE-IVD RT-
PCR Kit. These indices have been calculated for two theoretical inputs of the
AMPLIRUN® TOTAL SARS-CoV-2 CONTROL. The averages of this index are collected for
each input and for the set of both in each probe.

are shown. For the two extraction batches performed for each
system and detected in duplicate by RT-qPCR, in the three viral re-
gions analyzed, a repeatability of 100% was obtained at a qualitative
level.

In addition, it can be indicated that the average values of the
coefficient of variation (CV%) for the quantitative data of Cts values
did not exceed 3.5% (Supplementary Table S2). This fact shows that
both extraction systems, at a quantitative level, have good repeat-
ability, slightly better in the case of the automatic system QEZ1 [22].

3.1.3. Reproducibility

Reproducibility was assessed with the CPE [18], between ex-
traction batches carried out by different operators for each extrac-
tion system. In the Supplementary Table S3, the results obtained in
the two RT-qPCR detection plates are shown, in which the results
were analyzed in duplicate. For the two extraction batches per-
formed in each system and detected on both RT-qPCR detection
plates, for the three regions analyzed, a reproducibility of 100% was
obtained at a qualitative level.

For the quantitative data of Cts values, the average values of the
CV% did not exceed 5%. At the quantitative level (based on Cts va-
lues), statistically significant differences were observed between
both extraction batches for the manual system TFS-MM [24,25] in
both RT-qPCR detection plates for each viral region analyzed
(Supplementary Table S3). This fact indicates that, although the re-
producibility was 100% at the qualitative level (positive/negative
results), the variability of this extraction system was statistically
significant at the quantitative level. The clearest explanation is that it
is a manual extraction system, with what this entails, and, although
there may be quantitative differences between operators, these
differences would not have any repercussions at a qualitative level.
Consequently, the automatic extraction system QEZ1 [22] would be
more robust, with no statistically significant differences at the
quantitative level.

3.1.4. Contamination

In Supplemental Table S4, the contamination study data are
collected for each extraction batch and each system on each of the
RT-qPCR detection plates run. Generally, the analysis of negative
controls for both extraction systems detected in duplicate showed
undetermined Ct values. Only in two of the probes a Ct result was
detected (Supplementary Table S4, probe values in red). Never-
theless, these values can be considered as artifactual as they are not
reproduced in the rest of the probes of the same negative extraction
control (see images included in Supplementary Table S4). And the
linear representation of the amplification plots for these logarithmic
artifactual curves shows that there was no amplification process.
Therefore, they should be considered as negative results at a quali-
tative level, according to the manufacturer's recommendations [10].
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3.1.5. Concordance

In the Supplementary Table S5, the concordance results are col-
lected for both extraction systems, for each of the RT-qPCR detection
plates. As indicated (see Section 2.3.), the commercial TPkit [10]
allows detecting three regions of the SARS-CoV-2. However, for the
clinical samples previously analyzed in the HCSC, only the previous
result of one of the genes (protein N gene) was available. For the
clinical samples analyzed with each extraction system and detected
in both RT-qPCR detection plates, the concordance for the protein N
gene was 100% at a qualitative level, according to the HCSC's results.

3.1.6. Internal extraction control (phage MS2)

The evaluation of the phage MS2 is essential due to its im-
portance in the extraction process (as an efficiency control of this
process). In Supplementary Table SG, the raw data of the Cts values
obtained for each of the samples analyzed in this verification are
collected: different inputs of the CPE control [18]; clinical samples
provided by the HCSC; and negative extraction controls. In addition,
at the Supplementary Table S6, the general statistical data (mean,
standard deviation and coefficient of variation) of the Cts obtained
for the probe MS2 are shown, for each extraction system in each
detection plates of RT-qPCR, as well as for the joint data from both
plates. Likewise, the expected Cts range for this MS2 probe is col-
lected, calculated as the mean of the Cts values plus/minus 2 stan-
dard deviations (95% confidence interval) [35].

For the MS2 probe, the average variability between both ex-
traction systems presented differences of almost double, this CV%
being greater in the case of the manual system TFS-MM [24,25].
After removing outlier values, the average ranges of expected Cts for
the MS2 probe obtained for each type of extraction was 25.92-29.77
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Cts, in the case of the QEZ1 extraction, and 25.77-31.22 Cts, in the
case of the TFS-MM extraction. These ranges allow the quality
parameters of the RT-qPCR detection system to be established, under
laboratory conditions for each extraction system.

3.2. SARS-CoV-2 nucleic acids detection

3.2.1. Selectivity/specificity

During the developmental validation of the TPkit [10], in silico
analysis of 43 microorganisms was performed. Although blast ana-
lysis showed >80% homology for one assay component (forward
primer, reverse primer, or probe) for select isolates, there would be
no anticipated amplification because hybridization of all three assay
components are necessary to generate a signal [10]. The in silico
analysis indicated that significant amplification of non-target se-
quences that result in cross-reactivity or potentially interfere with
detection of SARS-CoV-2 was not likely to occur [10].

In this study, 12 real extracts from different RNA viruses were
analyzed, including three types of coronaviruses (SARS, NL63 and
229E). All these extracts were amplified in duplicate on two different
detection plates. In the Supplementary Table S7, the specificity re-
sults of the TPkit [10], for each RT-qPCR detection plate shows that
there was no cross-reaction. Although, some samples presented Cts
values, these values can be considered as artifactual as they were not
reproduced in the rest of the probes of the same negative extraction
control (see images included in Supplementary Table S7). And the
linear representation of the amplification plots for these logarithmic
artifactual curves showed that there was no amplification process.
Therefore, they should be considered as negative results at a quali-
tative level, according to the manufacturer's recommendations [10].
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Fig. 1. Serial dilutions detection of the AMPLIRUN® CORONAVIRUS SARS-CoV-2 RNA CONTROL using the TaqPath™ COVID-19 CE-IVD RT-PCR Kit. Images from the Design &
Analysis Software v2.3.3. A: Standard curves for each of the probes analyzed (ORF1ab, protein N and protein S genes) and their parameters (slope, R2, Y-Inter, Eff% and error).
B: Serial dilutions amplification curves of the N protein gene probe. C: Serial dilutions amplification curves of the ORF1ab gene probe. D: Serial dilutions amplification curves of the

protein S gene probe.



PA. Barrio, A. Ferndndez-Rodriguez, P. Martin et al.

Table 2
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General statistics of the average Cts values of the serial dilutions obtained for the AMPLIRUN® CORONAVIRUS SARS-CoV-2 RNA CONTROL and for the TagPath™ COVID-19 Control

of the TagPath™ COVID-19 CE-IVD RT-PCR Kit.

ORF1ab gene Range Protein N gene Range Protein S gene Range

mean s.d. CV% mean * 2 sd. mean s.d. CV% mean * 2 sd. mean s.d. CV% mean * 2 sd.
10,000 GCE/reaction 23.27 0.37 1.59 22.52 - 24.01 24.57 0.34 139 23.89 - 25.25 23.72 0.19 0.80 23.34 - 24.09
5000 GCE/reaction 24.67 0.93 3.75 22.82 - 26.52 25.95 0.86 3.33 24.22 - 27.68 24.83 0.56 2.24 23.72 - 25.95
500 GCE/reaction 29.73 212 712 25.50 - 33.96 30.22 1.25 413 27.72 - 32.71 29.54 1.29 437 26.95 - 32.12
50 GCE/reaction 31.98 1.69 527 28.61 - 35.35 32.53 0.48 1.46 31.57 - 33.48 31.64 0.95 3.01 29.73 - 33.54
10 GCE/reaction 35.08 132 3.76 3244 - 37.72 35.60 0.28 0.78 35.05 - 36.16 36.72 178 4.86 33.15 - 40.29

The mean, standard deviation (s.d.) and coefficient of variation (CV%) are shown for each of the detection kit probes. The range of expected Cts values for each of the serial

dilutions is also collected, calculated as the mean * 2 sd.

3.2.2. Limit of detection (LoD)

To assess this parameter, serial dilutions were used for controls
C19 [21] and CTP [10], which were amplified in duplicate within each
plate. Furthermore, the serial dilutions of the C19 control were used
as standards to generate the standard curve in each of the RT-qPCR
detection plates (Fig. 1). As can be observed in the Supplementary
Table S8, the LoD for the TagPath™ COVID-19 CE-IVD RT-PCR Kit is 10
copies/reaction as established by the manufacturer.

In the case of the CTP control, in the first detection plate, for one
of the theoretical input replicates of 500 GCE/reaction, a discrepant
Ct value was observed in the ORFlab gene probe, which corre-
sponded to an abnormal curve profile (see image included in
Supplementary Table S8). Therefore, this Ct value was discarded
from being considered as a probable outlier.

Table 2 shows the average Cts values for each probe tested with
the TPkit [10]. For the lower input (10 GCE/reaction), Cts values were
obtained that did not exceed 37 Cts on average on each probe tested.
Based on the range of expected Cts (mean + 2 sd.), it could be es-
tablished that the detection limit of the technique with the TPkit [10]
would be up to a Ct of 40 for this lower input. Above this Ct value,
none of the probes detected with this kit could be considered po-
sitive.

In Fig. 1, the standard curves for each of the probes analyzed,
obtained from the serial dilutions of the C19 control [30], are shown.
Furthermore, in Fig. 1.A., the parameters for each standard curve of
each probe are collected: slope, coefficient of determination (R2), y-
axis intersection (Y-Inter), efficiency (Eff%) and error. All the probes
presented optimal correlation coefficients (R2 > 0.980). At low GCE/
reaction inputs (Fig. 1.C and 1.D), it was observed that the re-
producibility of both replicates was noticeably worse
(Supplementary Table S8). In any case, the TPkit [10] is a qualitative
and non-quantitative detection system, although it could be con-
sidered as quantitative.

3.2.3. Repeatability

Those samples used for extraction repeatability were assessed in
the detection repeatability (Supplementary Table S2). Additionally,
three replicates of a quantified control of SARS-CoV-2 RNA provided
by the CNM-ISCIII were evaluated (Supplementary Table S9). Overall,
a repeatability of 100% was obtained at a qualitative level.

For the quantified control of RNA of the SARS-CoV-2 provided by
the CNM-ISCIII, the average values of CV% for the quantitative data of
Cts values did not exceed 1.5% (Supplementary Table S9) in each
probe tested, consistent with the values obtained for the CPE control
(Supplementary Table S2).

3.2.4. Reproducibility

The relative differences between the two RT-qPCR detection
plates, performed on the same QS5 kit at two different times, were
assessed. Supplementary Table S10 shows the results obtained for
both RT-qPCR detection plates. The intra-group variability of sam-
ples did not exceed 20% (CV%) for each probe testes. Within each

RT-qPCR detection plate, for each probe analyzed, the CV% did not
exceed 15%.

Assessing the t-Student contrast statistic for the set of both
RT-qPCR detection plates, no statistically significant differences be-
tween plates were observed, for each probe analyzed
(Supplementary Table S10). In any case, making this assessment by
group of samples, only statistically significant differences were ob-
served for the quantified control of RNA of the SARS-CoV-2 provided
by the CNM-ISCIII, but only for the N gene probe. These differences
can be due to the fact that in this case only 3 controls were available,
despite the t-Student statistic being indicated for small sample sizes.
In any case, as indicated, the TPkit [10] is a qualitative not quanti-
tative detection system, therefore the inter-plate reproducibility
would be 100% at a qualitative level.

3.2.5. Concordance

The concordance for the TPkit [ 10] was assessed with the clinical
samples analyzed in the extraction verification (see Section 3.1.5).
Thereby, for the set of tests carried out and the working conditions of
the laboratory, the concordance was estimated to be 100%, from a
qualitative point of view (Supplementary Table S5).

3.2.6. False positives and negatives

The percentage of positive results was calculated for the genes
analyzed by the TPkit [10] in viruses other than SARS-CoV-2 (used in
the specificity parameter, see Section 3.2.1.) and in all those a priori
negative samples, such as extraction and amplification controls. The
Supplementary Table S11 shows the results for each RT-qPCR de-
tection plate. Generally and qualitatively, the false positives were
0.00%. In any case, for the probes highlighted in red and blue in
Supplementary Table S11, despite presenting a certain Ct value, this
value corresponded to artifactual and/or non-reproducible curves in
the replicas of those same samples (see images included in
Supplementary Table S11). The linear representation of the ampli-
fication plots for these logarithmic artifactual curves shows that
there was no amplification process. Therefore, they must be con-
sidered as negative results at a qualitative level.

On the other hand, the percentage of negative results was cal-
culated for the genes analyzed by the TPkit [10] in samples that
presumably containing the SARS-CoV-2 (controls C19, CTP and CPE;
the quantified control of the SARS-CoV-2 virus RNA provided by
CNM-ISCIII; and the clinical samples provided by HCSC).
Supplemental Table S12 shows the results for each RT-qPCR detec-
tion plate. As can be seen, in a general and qualitative way, the false
negatives were 0.00%.

3.3. General discussion

The RNA extraction method from post-mortem samples will be
essential to obtain the greatest amount of genetic material from the
SARS-CoV-2 (efficiency). Another key point for choosing the ex-
traction method will be the speed and the least manipulation that it
implies, but also, its accuracy and its reproducibility. Although the



PA. Barrio, A. Ferndndez-Rodriguez, P. Martin et al.

manual extraction method TFS-MM [24,25] meets many of the re-
quirements, the automatic extraction method QEZ1 [22] seems to be
the most appropriate for the workflow of our laboratory.

Regarding the detection method, sensitivity and specificity, to-
gether with the low percentage or null of false positives and nega-
tives, will be fundamental parameters to assess the utility of any
diagnostic test and its predictive value [36,37]. In the case of post-
mortem samples, this predictive value will be relative since, except
for anatomopathological studies, it will be difficult to confirm
whether the RT-qPCR result is correct or is a false negative or po-
sitive result. As Watson et al. point out [38], no test gives a 100%
accurate result and there is no “gold standard” test to compare with,
so evaluating the accuracy of any test, even if it is RT-qPCR, will be
challenging. Higher sensitivities are reported depending on which
gene targets are used, and whether multiple gene tests are used in
combination [39,40].

Regarding the efficiency/specificity of the TPkit [10], it is im-
portant to highlight that its multi-target design (simultaneous ana-
lyses of three regions of the genome: ORF1ab, protein S and protein
N genes), could allow to detect new variants of the SARS-CoV-2, such
as the one discovered in the United Kingdom (B.1.1.7 lineage,
501Y.V1 variant) [41], already present in Spain. This variant has a
specific mutation in the S-gene which results in a deletion of two
amino acids at sites 69 (histidine) and 70 (valine), commonly re-
ferred to as 69-70del [41]. In this case, even if the mutation in the
S-gene could produce a negative result in the protein S target
(S-gene dropout), the other two probes results of the TPkit [10] re-
duce the number of false negatives (and/or positives), by requiring
that at least two probes be positive to give a positive final result.
Additionally, this kit includes an internal control of the extraction
process, the phage MS2, which allows monitoring the entire process,
from the efficiency of RNA extraction to the detection of possible
amplification inhibitors.

Nevertheless, The European Centre for Disease Prevention and
Control (ECDC) notes that, “Laboratories should review the PCR
performance and drop-out of the S-gene. PCR could be used as an
indicator for cases with the new variant for further sequencing and
investigation” [42].

On the other hand, an important point in the accuracy of the
detection method by RT-qPCR is that it probably also varies ac-
cording to the stage of the disease [43] and the degree of viral
multiplication or clearance of the virus [44]. In the case of post-
mortem samples, this fact may have relevant consequences, since it
is not possible to repeat the analyses at a later stage of the disease.
Therefore, the sensitivity of the detection method will be essential.
The TPkit [10] has very good sensitivity, up to 10 copies/reaction,
which will mean up to 800 copies of the SARS-CoV-2 genome if it
starts from a 400 pL sample, which is the initial volume allowed by
the automatic extraction method QEZ1 [22].

4. Conclusions

The current health emergency caused by the COVID-19 pandemic
has made it necessary for forensic genetics laboratories to contribute
their experience in the molecular biology field. With this perspec-
tive, the INTCF made the decision to develop an integral workflow
for the extraction and detection of genetic material from the
SARS-CoV-2 with very specific purposes, fundamentally, to confirm
the presence of the virus in suspicious post-mortem samples and to
help establish the COD in judicial autopsies.

The validation presented in this work shows that, the systems
evaluated for the SARS-CoV-2 nucleic acids extraction from naso-
pharyngeal swabs are repetitive, reproducible and concordant with
the automatic system showing slightly greater efficiency than the
manual one. Regarding the virus detection system, the assessed kit is
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specific, sensitive, reproducible and concordant, presenting an ac-
ceptable predictive value for the required use.

The integral workflow for detecting the SARS-CoV-2 developed at
INTCF is optimal for the required purpose. Furthermore, it allows a
complete integration with the laboratory system, integrating the
entire process with the internal LIMS system, from the generation of
the samples to the generation of the final results report.
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