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Several methods are available for
SARS-CoV-2 detection: electron
microscopy, antigen detection by
immunohistochemistry and im-
munofluorescence, and nucleic acid
detection by in-situ hybridization
and reverse transcriptase poly-
merase chain reaction (RT-PCR). Due
to various factors in the preanalyt-
ical, analytical, and postanalytical
phase, virus detection in pathology
material presents specific diagnos-
tic challenge. This article gives an
overview of several SARS-CoV-2
detection methods and discusses
existing data on specific sources of
error, validity, and robustness of
these methods.

Introduction

Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), the causative
agent of the pandemic COVID-19 dis-
ease, is a novel pathogen that enters the
human body via the upper respiratory
tract and spreads from there to the lower
respiratory tract. Therefore, reverse tran-
scriptase polymerase chain reaction (RT-
PCR) or, increasingly, rapid antigen de-

The German version of this article can be
found under https://doi.org/10.1007/500292-
021-00919-8.
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Detection methods for SARS-

CoV-2 in tissue

tection tests, from nasopharyngeal swabs,
bronchoalveolar lavage, or other lower
respiratory tract or lung material are used
in the clinical diagnosis of SARS-CoV-2
infection in patients. These methods are
now relatively well established and val-
idated. In contrast, detection methods
in tissue are much less well studied and
validated. Virus detection in tissue is
important for a better understanding of
COVID-19 pathophysiology and inter-
pretation of histopathological findings as
well as for assessment of a potential oc-
cupational infection risk.

General information on SARS-CoV-2
can be found in a separate article in
this special issue [24]. SARS-CoV-2
is a single-stranded RNA virus. The
viral genome contains several genes: the
E (envelope protein) gene, the M (mem-
brane protein) gene, the N (nucleo-
capsid protein) gene, the RdRp (RNA-
dependent RNA polymerase) gene, the
S (spike protein) gene, and several ORF
(open reading frame) genes encoding
10 proteins. For detection of SARS-
CoV-2, several methods can be used
to detect various viral components
(BFig. 1), including antigen/protein
detection by immunohistochemistry/
immunofluorescence (spike protein and
nucleocapsid protein), RNA detection
by in-situ hybridization (ORFIab gene,
spike protein gene, and nucleocapsid
protein gene) or RT-PCR (mostly RdRp
gene, ORFlab gene, spike protein gene,
coat protein gene, and nucleocapsid pro-
tein gene), and morphological detection
of intact virus particles by electron mi-
croscopy (BFig.2). Another option is
in vitro culture of the virus—ultimately

the only method that can confirm with
certainty the presence of an infectious
virus. This method is mainly offered in
specialized virological laboratories.

All publications on detection meth-
ods of SARS-CoV-2 in tissues (up un-
til 01 November 2020) from the curated
literature database LitCovid of PubMed
were included (136 publications in total).
Evaluated were the detection methods
and the information on preanalytical fac-
tors, particularly the postmortem inter-
val (period between death and autopsy);
intraanalytical factors, particularly infor-
mation on control tissue; postanalytical
factors, particularly interpretation of the
result; and the type of publication (origi-
nal paper, case report, letter to the editor,
other).

Non-method-specific factors
and aspects

Asageneral strategy, tovalidateamethod,
detection of one or more targets by dif-
ferent methods or at least detection of
multiple targets of the pathogen of inter-
est should be demonstrated, and speci-
ficity and sensitivity should be analyzed
with appropriate positive and negative
controls. The strategy of using more than
one method for virus detection was used
in 22 of 62 evaluated original papers
on the detection of SARS-CoV-2 (37%,
Table S1). More than one method for
virus detection was used in 17 of 49 case
reports evaluated (35%, Table S1), 4 of
12 letters to the editor (30%, Table S1),
and 6 of 13 other publication formats
(46%, e.g., technical report, Table S1).
Appropriate control tissues were used
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Fig. 1 A SARS-CoV-2 gene sequence (green) and protein sequence (red), with indication of currently
used molecular detection methods (severe acute respiratory syndrome coronavirus 2 isolate Wuhan-
Hu-1, complete genome. Figure modified from NCBI reference sequence: NC_045512.2). CISH chro-
mogenic in situ hybridization, FISH fluorescence in situ hybridization, RT-PCR reverse transcriptase

polymerase chain reaction, ORF open reading frame
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Fig. 2 A SARS-CoV-2 detection methods in pathology. CISH chromogenic in situ hybridization,
FISH fluorescence in situ hybridization, NGS next-generation sequencing, RT-PCR reverse transcriptase
polymerase chain reaction, ImmunoTEM immuno-transmission electron microscopy, ISH-EM in situ

hybridization electron microscopy

for immunohistochemistry and in situ
hybridization in 63% of the studies. For
RT-PCR, control tissue or an RNA stan-
dard was used in 49% of studies, whereas
for transmission electron microscopy,
control tissue was used in only 4% of
studies (Table S1) [13].

Preanalytical factors

Variability in the test material is one
of the most important sources of error.
Postmortem swabs of tissues or or-
gans (nasopharynx, cornea, lung, colon,
etc.), cryopreserved tissue, otherwise
fixed (e.g., glutaraldehyde-fixed) tissue,
or formalin-fixed paraffin-embedded
(FFPE) tissue can be used as test ma-
terial (@Fig.2). The timing and type
of specimen collection, transport, stor-
age, and further processing (fixation)
are important. In particular, autolysis
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and associated degradation processes
are not uncommon in autopsies, which
can affect all levels of detection. The
postmortem interval, which is essential
for interpretation of study results, was
reported in 40 of 96 published studies on
autopsy material (42%). Ischemia time
was not reported in any of 38 studies
on non-autopsy material (skin or kid-
ney biopsies, resected specimens, and
placenta). The duration of formalin fix-
ation, which affects RNA integrity [48],
was reported in few studies and ranged
from 1.5h to 10 days (Table S1).

Intraanalytical factors

The lack of appropriate positive and neg-
ative control tissue can be another source
oferror. All patternorimagerecognition-
based detection methods, including his-
tomorphology and ultrastructural mor-

phology, immunohistology, immunoflu-
orescence, and in situ hybridization, can
only be interpreted in the context of pos-
itive and negative controls, especially if
the antibodies or probes are not vali-
dated by the manufacturer for the partic-
ular use. An ideal positive control would
theoretically be tissue comparable to the
investigated material, with a confirmed
viral presence and optimal preprocessing,
e.g., postmortem biopsies of confirmed
COVID-19 cases within a few hours of
death [8]. However, such tissue is usually
notavailable. Analternative positive con-
trol are SARS-CoV-2-infected cells from
cell culture, which can be embedded in
paraffin as a pellet [31]. These are cur-
rently not commercially available. To de-
tecta nonspecific signal in SARS-CoV-2-
negative tissues, comparable COVID-19-
negative autopsy tissues or non-autopsy
tissues should be examined as a negative
control (@ Fig. 3). The result of the above
methods is usually qualitative or semi-
quantitative. Quantitative analysis usu-
ally requires digitization of the images.
In the case of RT-PCR, standardization
with a specific in vitro-transcribed RNA
quantification standard is possible [11].
Another intraanalytical source of error
lies in the different detection kits, some
of which may show significantly different
performance, e.g., regarding sensitivity
(own unpublished results).

Postanalytical factors

Uncritical interpretation of an apparently
specific morphology or signal may lead
to a false-positive result (@ Fig. 3). Vali-
dation of a positive result using at least
one additional method was reported in
only 31 of 136 publications (23%, Ta-
ble S1), with half of these publications
notreporting comparable tissues for both
methods or, in the case of RT-PCR, the
use of a standard as a control. A state-
ment on smoking history, duration of
clinical symptoms until sampling of the
test material, and type and duration of
treatment (and ventilation) can help to
interpret the results in a clinical context.
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Detection methods for SARS-CoV-2 in tissue

Abstract

Background. Analyses for the presence of
SARS-CoV-2 in the tissues of COVID-19 patients
isimportant in order to improve our under-
standing of the disease pathophysiology for
interpretation of diagnostic histopathological
findings in autopsies, biopsies, or surgical
specimens and to assess the potential for
occupational infectious hazard.

Material and methods. In this review we
identified 136 published studies in PubMed’s
curated literature database LitCovid on SARS-
CoV-2 detection methods in tissues and
evaluated them regarding sources of error,
specificity, and sensitivity of the methods,
taking into account our own experience.
Results. Currently, no sufficiently specific
histomorphological alterations or diagnostic

features for COVID-19 are known. Therefore,
three approaches for SARS-CoV-2 detection
are used: RNA, proteins/antigens, or mor-
phological detection by electron microscopy.
In the preanalytical phase, the dominant
source of error is tissue quality, especially the
different intervals between sample collection
and processing or fixation (and its duration)
and specifically the interval between death
and sample collection in autopsies. However,
this information is found in less than half

of the studies (e.g., in only 42% of autopsy
studies). Our own experience and first studies
prove the significantly higher sensitivity

and specificity of RNA-based detection
methods compared to antigen or protein
detection by immunohistochemistry or

immunofluorescence. Detection by electron
microscopy is time consuming and difficult to
interpret.

Conclusions. Different methods are available
for the detection of SARS-CoV-2 in tissue.
Currently, RNA detection by RT-PCR is the
method of choice. However, extensive
validation studies and method harmonization
are not available and are absolutely necessary.

Keywords

COVID-19 - Electron microscopy - Fluorescence
in situ hybridization - Reverse transcriptase
polymerase chain reaction - Preanalytical
phase

Nachweismethoden von SARS-CoV-2 in Gewebe. Englische Version.

Zusammenfassung

Hintergrund. Die Analyse von SARS-CoV-2 in
Geweben von COVID-19-Patienten ist wichtig
fiir ein besseres Verstandnis der Pathophy-
siologie der Krankheit, die Interpretation der
diagnostischen histopathologischen Befunde
in Autopsien, Biopsien und Resektaten

oder um ein potenzielles berufsbedingtes
Infektionsrisiko einzuschétzen.

Material und Methoden. In dieser Uber-
sichtsarbeit haben wir 136 publizierte Studien
zu Detektionsmethoden von SARS-CoV-2 in
Gewebe in der kuratierten Literaturdatenbank
LitCovid von PubMed identifiziert und beziig-
lich Fehlerquellen, Spezifitdt und Sensitivitat
der Methoden unter Berticksichtigung eigener
Erfahrungen ausgewertet.

Ergebnisse. Es gibt keine ausreichend spezifi-
schen histomorphologischen Veranderungen

bzw. diagnostischen Merkmale von COVID-
19. Daher werden 3 Ansdtze zum SARS-CoV-
2-Nachweis genutzt: Nachweis von RNA,
Proteinen/Antigenen oder morphologischer
Nachweis mittels Elektronenmikroskopie. In
der praanalytischen Phase liegt die dominante
Fehlerquelle in der Gewebequalitat, insbe-
sondere den unterschiedlichen Intervallen
zwischen Probenentnahme und -aufar-
beitung, sowie spezifisch in Autopsien im
Intervall zwischen Tod und Probenentnahme.
Diese Angaben finden sich in weniger als

der Halfte der Studien (z.B. nur in 42 % der
Autopsiestudien). Eigene Erfahrungen und
erste Studien belegen die deutlich hohere
Sensitivitdt und Spezifitdt von RNA-basierten
Nachweismethoden gegeniiber Antigen- bzw.
Proteinnachweis mittels Inmunhistochemie

oder Immunfluoreszenz. Der Nachweis mittels
Elektronenmikroskopie ist zeitintensiv und die
Interpretation schwierig.
Schlussfolgerungen. Es stehen verschiedene
Methoden zum Nachweis von SARS-CoV-2 im
Gewebe zur Verfligung. Derzeit ist der RNA-
Nachweis mittels RT-PCR die Methode der
Wahl. Notwendige, umfangreiche Validations-
studien und Methodenharmonisierung sind
derzeit noch nicht verfiigbar.

Schliisselworter

COVID-19 - Elektronenmikroskopie - Fluo-
reszenz-in-situ-Hybridisierung - Reverse-
Transcriptase-Polymerase-Kettenreaktion -
Praanalytische Phase

SARS-CoV-2 detection methods

Detection methods for SARS-CoV-2 can
be morphological (ultrastructural mor-
phology), protein/antigen based (im-
munohistology, immunofluorescence),
or RNA based (in situ hybridization,
PCR; BFig. 2). Other methods such
as viral genomics or in vitro culture of
infectious virus from tissue have been
applied only sporadically in pathology
material.

There are currently no studies com-
paring the specificity and sensitivity of
fresh and FFPE tissues, and most current
studies were performed on FFPE mate-
rial. The significance of the discrepancy
between often inconspicuous histomor-
phology (e.g., extrapulmonary endothe-
lial cells) and positive viral detection by
immunohistochemistry [5, 19] or RT-
PCR [41] remains unclear.

Morphology
Morphology of organ damage

Specific histomorphological changes
that would allow COVID-19 diagnosis
or specific SARS-CoV-2-induced vi-
ropathic morphological changes have
not been reported to date [26, 32, 41,
42]. At present, it seems unlikely that
such changes could be identified. In
the lung, the picture of diffuse alveolar
damage with pneumocyte proliferation,
edema, hyaline membranes, and squa-
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Fig. 3 A SARS-CoV-2 detection methods in lung tissue.a Monoclonal anti-SARS spike glycoprotein
antibody (mouse, monoclonal, Abcam, Cambridge, UK, Ab272420, 1:100) with apparent specific cy-
toplasmic granular staining pattern (a:arrowheads) in bronchial epithelia in autopsy lung tissue from
a COVID-19-positive patient (SARS-CoV-2 E [envelope protein] gene, RdRp [RNA-dependent RNA poly-
merase] gene, and N [nucleocapsid protein] gene positive in reverse transcriptase polymerase chain
reaction [RT-PCR], disease duration 38 days). The regular negative control shows the lack of nonspe-
cific binding of the secondary antibody (b: biotinylated horse anti-mouse, 1:300; scale bar =40 pm).
c—e Nonspecific binding of the primary antibody with similar granular staining pattern in bronchial
epithelial cells and macrophages in autopsy lung tissue: c without any lung disease, d in acute respira-
tory distress syndrome (ARDS), and e in HIN1 influenza (scale bar=40 um)

mous metaplasia in the early phase of
infection (<10 days) and fibrosis with
multinucleated (CD68-positive) giant
cells in the late phase (>10 days) has
been described. The histopathologi-
cal appearance described for SARS and
SARS-CoV-2 infection seems to be iden-
tical [13, 37, 44]. Frequent detection of
thromboemboli and microthrombi has
been described as a striking finding
in COVID-19 autopsies [1, 12, 18, 25,
30, 41, 43, 51], but these are also ob-
served in diffuse alveolar damage of
other etiologies, albeit less frequently
[4]. A possible overinterpretation of
postmortem clots as intravital thrombi
has been discussed [38, 45]. For or-
gan-specific effects of SARS-CoV-2, the
authors refer the reader to the relevant
articles in this issue [2, 3].

Electron microscopy-based

detection of virus particles

As with other viruses, the detection of
intact virus particles is possible ultra-
structurally using transmission electron
microscopy (EM). Advantages of this
method include morphological local-
ization in specific cells and subcellular
compartments. Another advantage is
the detection of intact virus particles as
opposed to the detection of structural
components such as proteins and RNA
using other methods. To date, attempted
SARS-CoV-2 virus detection has been
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published in 46 studies. Positive de-
tection of virus or “virus-like particles”
was reported in 24 and 11 studies, re-
spectively (Table S1). A negative result
was found in 11 studies (Table S1). Glu-
taraldehyde at a concentration of 1.5-4%
was generally used as a fixative; in indi-
vidual studies, tissue was primarily fixed
in formaldehyde for up to 10 days and
later transferred to glutaraldehyde [17,
23]. In only two studies were infected
cells from cell culture used as positive
controls or COVID-19-negative tissue
from autopsies used as a negative control
[14, 22]. The postmortem interval or
ischemia time was not reported in the
majority of studies (Table S1).
Interpretation  of  ultrastructural
SARS-CoV-2 detection is difficult be-
cause several cellular components show
virus-like size and morphology, which
can easily be confused with viruses, es-
pecially by non-experts. In particular,
these include clathrin-coated vesicles,
multilamellar bodies, and rough en-
doplasmic reticulum [14, 16, 36]. In
infected cells from cell culture with
high virus load, ultrastructural detec-
tion is usually possible [14, 49], whereas
virus detection on autopsy material is
extremely difficult, time consuming,
and successful only in exceptional cases
and in the hands of designated experts
[22]. Besides, the magnifications re-
quired for ultrastructural detection of

viruses are not routinely used, even in
centers performing diagnostic EM [22].
A more detailed discussion of SARS-
CoV-2 detection by EM has recently
been published elsewhere [22].

Protein/antigen detection

Protein/antigen detection is a very well
established and validated method in
pathology for the diagnosis of viral and
non-viral diseases. In the case of SARS-
CoV-2, a distinctive signal in immuno-
histochemistry or immunofluorescence
should usually be interpreted with cau-
tion (B Fig. 3), especially in the absence
of positive and negative controls. The
recently introduced and available rapid
antigen tests might also find their utility
in pathology diagnostics. In particular,
they could provide rapid information
on possible SARS-CoV-2 infection in
autopsies or frozen section/biobank by
swab testing. There is currently no pub-
lished work on this, and it is unclear
whether the sensitivity and specificity
might be sufficient. Other novel meth-
ods for protein detection, such as mass
spectrometry, have not been used as
virus detection methods in pathology
material.

Immunohistochemistry

The potential advantages of immunohis-
tochemistry are the possible localizability
of the signal in specific cells and cor-
relation with pathological changes of
the respective tissue, as well as the very
wide availability of these methods in
pathology labs. One source of error in
the detection of SARS-CoV-2 by im-
munohistochemistry is a nonspecific
signal that can only be identified when
positive controls (e.g., infected cells from
cell culture) and negative controls (e.g.,
tissue from non-COVID-19 autopsies)
are used (B Fig.3; [35]). The commer-
cially available antibodies against SARS-
CoV-2 proteins have not been tested
by the manufacturers for specificity and
sensitivity. Omitting the primary anti-
body is not suitable as a sole negative
control [20]. Information on control
tissues is found in 22 of 40 studies
(55%). Appropriate negative controls to
detect false-positive signals (e.g., lung
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Fig. 4 A SARS-CoV-2 RNA detection by fluorescence in situ hybridization (FISH) in lung tissue from

a SARS-CoV-2-positive patient (measurement bar=50 pm), a HE lung and pulmonary vessel, b con-
secutive sectional step to a with positive RNAdetection for SARS-CoV-2 (red) in macrophages (1.), en-
dothelia (Il.), and capillary endothelia (IIL.) in the absence of signal in the negative control (neg. contr.)

tissue from non-COVID-19 autopsies)
were used in 13 of 31 studies that
reported positive detection of SARS-
CoV-2 (42%). The positive signal in
these studies was found in glandular cells
of the nasopharyngeal mucosa, pneu-
mocytes (diffuse cytoplasmic, weakly
extracellular), multinucleated giant cells,
respiratory epithelial cells, peribronchial
glands, alveolar macrophages, hyaline
membranes (diffuse, strongly positive),
endothelial cells (granular cytoplasmic),
syncytiotrophoblast and cytotrophoblast
of the placenta, renal tubular epithelial
cells, glomerular endothelial cells, and
eccrine glands of the skin (granular cy-
toplasmic). In 9 studies, SARS-CoV-2
detection by immunohistochemistry was
negative (Table S1). One study showed
a weak nonspecific signal throughout the
renal parenchyma [29]. Fifteen different
antibodies against the spike and nucle-
ocapsid proteins have been published
(B Fig. 1 and Table S1). The specificity of
the staining of two commonly used an-
tibodies has been questioned in various
commentaries [5, 29, 33, 47].

The sensitivity and specificity of de-
tection of SARS-CoV -2 byimmunobhisto-
chemistry compared to in situ hybridiza-
tion and RT-PCR were assessed in a study
of eight COVID-19 autopsies and non-
COVID-19 autopsies as negative con-
trols. When compared to RT-PCR re-
sults, the study showed a sensitivity of
86.7% and specificity of 100% for in situ

hybridization, and a sensitivity of 85.7%
and specificity of 53.3% for immunohis-
tochemistry, with low to moderate inter-
observer variability. Detection of SARS-
CoV-2 by immunohistochemistry was
successful only in the lung, while no
virus could be detected by any of the
methods in the heart, liver, kidney, small
intestine, skin, adipose tissue, and bone
marrow [34].

A potential source of a possible false-
positive interpretation of a nonspecific
staining pattern may also be placental
tissue from COVID-19-positive mothers
or when placental tissue is used as a pos-
itive control, as both placental endothe-
lial cells and syncytiotrophoblast may
showadistinctive but false-positive signal
[21]. In one study, no cross-reactivity of
a SARS-CoV nucleocapsid protein anti-
bodywas found withinfluenza A (HIN1),
influenza B, respiratory syncytial virus,
parainfluenza virus type 3, human coro-
navirus (HCoV) 229E, or MERS-CoV in
PCR-validated control tissues [33]. The
antibodies usually stain for both SARS
and SARS-CoV-2, but this should not
cause diagnostic difficulties. The cross-
reactivity of most antibodies with other
viruses, particularly with other coron-
aviruses, remains unclear.

In summary, based on current data
and compared to RNA-based methods,
immunohistochemistry is not recom-
mended for the detection of SARS-
CoV-2.

Immunofluorescence

Compared to immunohistochemistry,
immunofluorescence has been used less
frequently for the detection of SARS-
CoV-2 proteins/antigens [9, 28, 31,
40], possibly because in FFPE tissue,
stronger autofluorescence is a confound-
ing intraanalytical factor and frozen
tissues remain potentially infectious.
Furthermore, the exact localization of
the positive signal and the recognition
of possible morphological correlates of
viral infection are hampered by the lack
of overview staining, particularly in the
presence of additional autolytic changes
in autopsy material.

RNA detection

Viral RNA detection has been established
and validated as a standard method for
the diagnosis of COVID-19 swabs, simi-
larly to the RNA-based detection of SARS
in 2003. Predominantly, genomic viral
RNA is detected, although detection of
viral transcripts or transcriptome is also
possible [39]. Various genes can be used
(BFig. 1 and Table S1). The E (enve-
lope protein) gene is a highly conserved
gene that is identical in SARS and SARS-
CoV-2 (pan-sarbecovirus gene). There-
fore, one protocol recommends using
E (envelope protein) gene amplification
as a pretest for the detection of SARS
virus and, in the case of a positive re-
sult, subsequently amplifying one or two
other genes from SARS-CoV-2 as a con-
firmatory test (N [nucleocapsid protein]
gene, RdRp [RNA-dependent RNA poly-
merase] gene) [10]. The S (spike protein)
gene has more frequent mutations due to
high selection pressure, such that using
the S gene alone is not recommended.
However, it can be used as a third target
molecule to detect some mutations [27].
For robust detection, at least two targets
should be amplified using the most sen-
sitive and regionally established assay, as
recommended by the World Health Or-
ganization (WHO) and the Robert Koch
Institute in Germany [50]. In addition
to all controls recommended in the re-
spective kit, using a positive control, e.g.,
from a confirmed COVID-19 case, is rec-
ommended. A separate negative control
does not seem to be necessary.
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RT-PCR of (postmortem) swabs
A possible strategy to detect SARS-
CoV-2 RNA in tissues is by swabbing
tissues or organs (e.g., nasopharynx,
cornea, lung, trachea, colon) during au-
topsy (or in frozen section or biobank).
Positive detection of SARS-CoV-2 RNA
12 days postmortem has been described
(Table S1). RT-PCR from swabs is very
widely established and available, offer-
ing a method of choice for labs that do
not perform RNA-based testing. The
correlation between intra- and post-
mortem detection of viral RNA from
swab material has not been described so
far. In a study comparing detection of
SARS-CoV-2 from corneal swabs with
postmortem nasopharyngeal swab and
intravital detection, corneal swab did
not detect a single COVID-19 case, thus
rendering it not useful as a screening
method before corneal transplantation.
Similarly, postmortem nasopharyngeal
swab was also of rather limited use [15].
When a standard is used, the viral
RNA copy number can be quantified as
the viralload. Due to the often unclear or
highly variable preanalytical conditions,
accurate quantification is not always sufhi-
ciently precise. For diagnostic purposes,
qualitative findings, i.e., positive vs. neg-
ative, are sufficient in most applications
or cases. Thus, an RNA quantification
standard is not mandatory. For research
purposes and for some specific questions,
it may be useful, e.g., to distinguish be-
tween a high and a low viral load. For
example, in autopsy cases, lung tissues
show a high viral load and other organs
show a low viral load. Of 56 publications
evaluated that used RT-PCR for virus de-
tection from postmortem swabs or tis-
sue, atleast two different target molecules
were amplified in 21 cases (37.5%), three
in nine cases (16%), and seven or eight
in one case each (Table S1).

RT-PCRin tissue

RT-PCR for detection of viral RNA is
the most frequently published method
for virus detection in tissue, mainly in
autopsies (45 publications). In 40 stud-
ies, SARS-CoV-2 RNA was detected in
tissues, whereas five studies did not de-
tect SARS-CoV-2 RNA using RT-PCR
(Table S1). The postmortem interval
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was reported in the majority of publi-
cations. Possible sources of preanalytical
error in RT-PCR include RNA degra-
dation during the postmortem interval
or ischemia time and RNA fragmenta-
tion during formalin fixation. Correla-
tions between quantitative RNA detec-
tion in vivo and quantitative RNA de-
tection postmortem do not exist to date.
A postanalytical confounding factor of
RT-PCR might be the limited compara-
bility of results between two sites due to
different PCR devices, kits with differ-
ent types and numbers of target genes
(B Fig. 1), and different numbers of PCR
cycles (cycle threshold, Ct value) de-
termining a positive result as a cut-off
value. Comparisons between the differ-
ent methods and approaches , as well as
comparisons between different laborato-
ries, are not yet available. In the majority
of publications, either the Ct value be-
tween <25 cycles and <45 cycles or the
quantitative viral load after standardiza-
tion is given. A disadvantage of RT-PCR
is the lack of a possibility to assign the
detected viral RNA to specific cells.

FISH/CISH

In situ hybridization (ISH) has been used
in300f136studiestodate. Chromogenin
situ hybridization (CISH) was used in the
majority of studies, but fluorescent ISH
(FISH) can also be used (B Fig. 4). Six-
teen studies reported positive detection
of SARS-CoV-2 RNA using ISH. Four-
teen studies found no SARS-CoV-2RNA.
A comparison ofimmunohistochemistry
and ISH with RT-PCR for virus detec-
tion showed high specificity (100%) and
sensitivity (86.7%) of ISH and moderate
to near-perfect interobserver variability
[34]. A comparison between immuno-
histochemistry and ISH for the detection
of SARS-CoV-2 in the kidney, placenta,
andlungtissues from COVID-19 patients
and COVID-10 autopsy cases showed
100% agreement between the results of
both methods [6].

Other methods

Virus RNA sequencing, next-generation
sequencing (NGS) [34, 43, 45], nested
PCR [46], and proteomics [39] have been
applied only in single studies. Sequenc-

ing of the virus is important for genealog-
ical determination of virus origin and
detection of mutations.

The only reliable method for detection
of infectious virus—inoculation of cells
in cell culture with swabs from autopsy
tissues—has also rarely been performed.
This is the only method for detection of
infectious virus and at the same time can
be used as source material for virus detec-
tion by transmission electron microscopy
or other methods [7, 49]. However, a dis-
advantage of this detection method is the
need for biological safety level 3 or 4 lab-
oratories and appropriately trained staff,
which are mainly available in specialized
virology laboratories.

Conclusion

The detection of SARS-CoV-2 in tis-
sue is possible using various methods,
each of which has different advantages,
disadvantages, and indications. The de-
tection methods and particularly the
interpretation of the findings are not
always easy due to different factors in
the preanalytical, intraanalytical, and
postanalytical phases, especially in the
case of negative results. Due to the best
performance, RNA-based detection in
FFPE material is currently seen as the
method of choice. These methods have
been established and validated within the
framework of the German Registry for
COVID-19 Autopsies (DeRegCOVID;
www.DeRegCOVID.ukaachen.de) and
are offered by the Institute of Pathology
at the University Hospital Aachen for all
interested centers. Nevertheless, more
extensive validation studies, as well as
interlaboratory tests for the detection
methods, are necessary.

Practical conclusion

== There are several methods for the

detection of SARS-CoV-2:

= Morphology
Specific histomorphological detec-
tion is currently not possible/not
known.
Morphological detection by elec-
tron microscopy has so far only
been successful in the hands of
experts, under optimal conditions,


http://www.DeRegCOVID.ukaachen.de

and with comparatively inten-
sive effort, and is currently not
recommended for diagnostics.

= Antigen/protein
Current data show lower specificity
and sensitivity of immunohisto-
chemistry compared to RNA-based
methods; thus, sole use ofimmuno-
histochemistry for diagnostics is
currently not recommended.

= RNA
Due to its sensitivity and speci-
ficity, RT-PCR-based SARS-CoV-2
detection is recommended as
the method of choice in tissue
diagnostics.
In situ hybridization is not rec-
ommended over RT-PCR due to
the more complex methodology
for primary diagnostics, but this
method has important applications
for many research questions.

== For interpretation of the results

and for future studies on detection

methods, different factors have to be

taken into account, in particular

= disease duration,

= postmortem interval (the period
between death and autopsy),

= duration and type of specimen
fixation,

= specification and type of positive
and negative controls (if possible
from the same material).

== Currently, there is a lack of larger

and multicenter validation studies

or interlaboratory comparisons for

the SARS-CoV-2 tissue detection

methods. These would be highly

desirable.
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