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Coronavirus disease 2019 (COVID-19) mortality can be estimated based on reliable
mortality data. Variable testing procedures and heterogeneous disease course suggest
that a substantial number of COVID-19 deaths is undetected. To address this question,
we screened an unselected autopsy cohort for the presence of SARS-CoV-2 and a
panel of common respiratory pathogens. Lung tissues from 62 consecutive autopsies,
conducted during the first and second COVID-19 pandemic waves in Switzerland, were
analyzed for bacterial, viral and fungal respiratory pathogens including SARS-CoV-2.
SARS-CoV-2 was detected in 28 lungs of 62 deceased patients (45%), although only 18
patients (29%) were reported to have COVID-19 at the time of death. In 23 patients (37%
of all), the clinical cause of death and/or autopsy findings together with the presence of
SARS-CoV-2 suggested death due to COVID-19. Our autopsy results reveal a 16%
higher SARS-CoV-2 infection rate and an 8% higher SARS-CoV-2 related mortality rate
than reported by clinicians before death. The majority of SARS-CoV-2 infected patients
(75%) did not suffer from respiratory co-infections, as long as they were treated with
antibiotics. In the lungs of 5 patients (8% of all), SARS-CoV-2 was found, yet without
typical clinical and/or autopsy findings. Our findings suggest that underreporting of
COVID-19 contributes substantially to excess mortality. The small percentage of co-
infections in SARS-CoV-2 positive patients who died with typical COVID-19 symptoms
strongly suggests that the majority of SARS-CoV-2 infected patients died from and not
with the virus.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) global pandemic is regarded as the cause of substantial
excess mortality in 2020 and 2021 in Europe, as the cycles of excess mortality paralleled the waves
of the pandemic (1, 2). The European Union experienced two cycles of excess mortality during the
pandemic so far: The first cycle between March and May 2020 reached a 25.1% excess rate in April
2020, and the second cycle between August 2020 and February 2021 reached a 40.6% excess rate
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in November 2020 (2). However, there is little evidence for a
causal relationship of COVID-19 and excess mortality.

One recurrent question was whether COVID-19 patients with
a fatal outcome die from or with SARS-CoV-2 (3, 4). In particular,
the frequency of bacterial and fungal superinfections in critically
ill COVID-19 patients and their contribution to SARS-CoV-2
associated mortality remain unclear (5). Indeed, signs, symptoms,
and laboratory abnormalities in patients with SARS-CoV-
2 pneumonia are identical to those of community-acquired
bacterial pneumonia. In addition, pneumonia caused by bacterial
superinfections is a well-known complication of respiratory
virus infections. For example, Staphylococcus aureus infection
increases the morbidity and mortality of patients suffering from
influenza (6–12). In addition, respiratory infections caused by
other coronaviruses such as severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) are associated with bacterial or fungal
co-infections (13–16).

Even though data about the incidence of bacterial
superinfections is scarce and variable (17–19), empirical
antibiotic therapy is widely used in hospitalized COVID-19
patients (20). In order to optimize the therapy of COVID-
19 patients and to avoid emergence of multidrug-resistant
microorganisms, it is essential to gain more knowledge about
the incidence of superinfections in critically ill patients and the
effectiveness of antibiotics in this setting.

Here we describe an autopsy cohort of the Institute of
Pathology Liestal during the first and second waves of the
COVID-19 pandemic in Switzerland, i.e., before protective
vaccines became available. To determine the incidence of SARS-
CoV-2 in an unselected cohort of autopsy patients, we tested
all autopsies that we performed during this time period for
presence of SARS-CoV-2 viral RNA. This is of particular
interest because of the suspected underreporting of SARS-CoV-
2 infection rates (21, 22). Indeed, we identified a high number of
previously unknown COVID-19 cases post mortem. To evaluate
the incidence of respiratory co-infections in deceased COVID-
19 patients, we analyzed autoptic lung tissues of all patients for
diverse respiratory pathogens (bacteria, viruses and Pneumocystis
jirovecii) using a novel TaqMan array card (Supplementary
Table 1). We found bacterial co-infections only in 25% of
COVID-19 deaths. The majority of SARS-CoV-2 positive patients
died with typical respiratory symptoms of COVID-19, yet
without additional co-infections or malignancies.

The two main aims of this study were: (i) to investigate
potential underreporting of COVID-19 deaths in Switzerland
during the first and second wave of the pandemic, and (ii)
to determine the frequency of patients who died with SARS-
CoV-2 in their lungs and typical COVID-19 symptoms, without
having been reported as COVID-19 during their lifetime. This
was achieved through analysis of SARS-CoV-2 and common
respiratory pathogens in lungs in a series of 62 well-annotated
unselected autopsies. Our study is relevant to the understanding
of COVID-19, as it suggests that a substantial number of
SARS-CoV-2 positive patients with lethal outcome were not
reported as COVID-19, and that most COVID-19 patients
died without detectable co-infections in their lungs or other

diseases. This allows to infer that most patients died from, not
with, SARS-CoV2.

MATERIALS AND METHODS

Cohort Description
All autopsies that were conducted at the Institute of Pathology
Liestal, Switzerland, between 1st of March 2020 and 31st of
May 2020 (first COVID-19 pandemic wave in Switzerland) and
between 1st of October 2020 and 31st of January 2021 (second
pandemic wave in Switzerland) were included in our study.

Clinical Data
Medical records of all deceased patients were evaluated for
comorbidities, nasopharyngeal SARS-CoV-2 swab test results
within 2 weeks before death, symptoms at hospital admission and
during hospitalization, duration of hospitalization, bloodstream
infections, and systemic antibiotic and/or antifungal treatment
(>24 h) during hospitalization. As reported by Struyf et al.,
COVID-typical symptoms were considered to be fever, cough,
dyspnea, sore throat, fatigue, muscle aches, shiver, rhinorrhea,
loss of taste and/or odor, headache and diarrhea (23).
Clinicopathological details of patients for the entire cohort and
stratified by COVID-19 waves in Switzerland are summarized
in Table 1.

Autopsy Findings
The cause of death was determined by full body autopsy including
comprehensive histological examinations and was categorized as
death from respiratory failure, cardiovascular death or other kind
of death. Malignant underlying diseases were subdivided into
“not metastasized and not relevant for death,” if the diagnosis of
a malignancy was confirmed to be a non-final stage and if the
malignancy was not linked to the cause of death, and “final stage
and relevant for death,” if the malignancy was found to be in a
final stage and/or directly linked to the cause of death.

Sample Collection
Representative samples from different areas of the lungs of each
autopsy patient were immediately preserved in 4% phosphate-
buffered formalin during the autopsy. Formalin fixed and paraffin
embedded (FFPE) tissue sections were stained using standard
histological staining protocols (hematoxylin and eosin, H&E
and elastica van Gieson, EvG). All sections were screened for
histological characteristics. Neutrophilic infiltration and diffuse
alveolar damage (DAD) were quantified by at least two board-
certified pathologists. Neutrophilic infiltration was graded as
follows: no neutrophilic granulocytes detected in an H&E stained
section (grade 0), few neutrophilic granulocytes (grade 1),
moderate number of neutrophilic granulocytes (grade 2) and
numerous neutrophilic granulocytes (grade 3). Only cases with
grade 2 or 3 neutrophilic infiltration were considered to suffer
from acute bronchopneumonia. DAD was graded as follows:
exudative phase (grade 1), proliferative phase (grade 2) and
fibrotic phase (grade 3).
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TABLE 1 | Clinicopathological details of patients.

Characteristics N or
median

range
or%

A

All patients (n = 62)

Age (years) 76.5 38–97

Sex M 40, F 22

BMI (kg/m2) 25.5 13–59

Hospitalization time (days) 4 0–50

Major comorbidities

Chronic cardiovascular disease 51 82%

Hypertension 49 79%

Chronic respiratory disease 33 53%

Chronic renal disease 28 45%

Cognitive impairment 27 44%

Diabetes mellitus 24 39%

Malignoma 21 34%

Most common lung pathological features

Exudative phase of diffuse alveolar damage 11 18%

Organizing phase of diffuse alveolar damage 7 11%

Acute bronchopneumonia 21 34%

B

First pandemic COVID-19 wave in Switzerland

Total autopsies in first wave 25 100%

Clinically known SARS-CoV-2 positive cases 9 36%

Unexpected SARS-CoV-2 positive cases 5 20%

SARS-CoV-2 negative cases 11 44%

COVID-19 patients with thromboembolic events 4 29%

COVID-19 patients with bacterial co-infections 2 14%

COVID-19 patients with antibiotics 11 79%

Average number of reported COVID-19 symptoms 3.6 0–6

Second pandemic COVID-19 wave in Switzerland

Total autopsies in second wave 37 100%

Clinically known SARS-CoV-2 positive cases 9 24%

Unexpected SARS-CoV-2 positive cases 5 14%

SARS-CoV-2 negative cases 23 62%

COVID-19 patients with thromboembolic events 3 21%

COVID-19 patients with bacterial co-infections 5 36%

COVID-19 patients with antibiotics 8 57%

Average number of reported COVID-19 symptoms 2.7 0–7

(A) Entire autopsy cohort, (B) stratified by COVID-19 pandemic
waves in Switzerland.

Quantification of SARS-CoV-2 in
Formalin Fixed and Paraffin Embedded
Tissue Samples
RNA was extracted from one representative FFPE lung tissue
sample of each autopsy patient. SARS-CoV-2 was quantified
and viral load was calculated as previously described, using
the TaqMan 2019-nCoV Assay Kit v1 (Cat No. A47532,
ThermoFisher Scientific, Waltham, MA, United States) and
the TaqMan 2019-nCoV Control Kit v1 (Cat No. A47533,
ThermoFisher Scientific, Waltham, MA, United States) (24). The
results obtained from one representative lung tissue sample were
confirmed by the same analysis on at least one other independent
lung tissue sample of each case. In addition to lung tissues,
SARS-CoV-2 viral load was determined in representative tissue

samples of heart, thyroid, kidney, adrenal gland, pancreas, liver
and spleen of each patient.

Detection of Other Microbes Using a
TaqMan Array Card Technology
Testing for respiratory pathogens was performed using an early
access version of the TrueMark Respiratory Panel 2.0 (Cat No.
A49047, ThermoFisher Scientific, Waltham, MA, United States).
This 384 well plate allows the analysis of eight samples for
48 pre-spotted TaqMan assays, which target a total of 42
individual respiratory pathogens (Supplementary Table 1). For
each sample, 80 ng of total RNA were converted to cDNA.
The pre-amplified cDNA of up to eight samples was applied
to the TrueMark Respiratory Panel 2.0 TaqMan array card and
measured by the QuantStudio 7 Pro Real-Time PCR System
(Cat No. A43165, ThermoFisher Scientific, Waltham, MA,
United States). Pathogen-specific assays with a Ct value < 27 were
scored as positive.

Validation by Immunohistochemistry and
in situ Hybridization
Immunohistochemical staining for Pneumocystis jirovecii was
performed using a monoclonal mouse antibody (clone 3F6)
from Agilent (Santa Clara, CA, United States), a BOND-III fully
automated stainer and BOND kits (Leica, Wetzlar, Germany).
Slides were pre-treated with enzyme 1 (AR9551) for 20 min at
25◦C, stained with the antibody for 60 min at RT, and then with
the BOND Polymer Refine Red Detection kit. Finally, slides were
counterstained with hematoxylin for 5 min.

Epstein-Barr virus (EBV) in situ hybridization was performed
using the BOND ready-to-use ISH EBER probe (PB0589), a
BOND-III fully automated stainer and BOND kits, all from Leica.
After incubation with the ISH probe for 4 h at RT, slides were
stained with the BOND Polymer Refine Red Detection kit and
counterstained with hematoxylin for 5 min.

Statistical Analysis
Statistical analyses were performed using GraphPad
Prism (version 6).

Ethics Statement
This study was conducted according to the principles expressed
in the Declaration of Helsinki. Ethics approval was obtained
in written form from the Ethics Committee of Northwestern
and Central Switzerland (Project-ID 2020-00629). For all
patients, personal family consent was obtained for the autopsy
and sample collection, in line with the Swiss law and the
Ethics approval.

RESULTS

Patient Characteristics and Autopsy
Findings
We performed a total of 62 autopsies of patients assigned from
regional hospitals in North Western Switzerland between 1st of
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FIGURE 1 | Coronavirus disease 2019 (COVID-19) epidemiology and stratification of patients. (A) Weekly numbers of COVID-19 cases (black interconnected dots,
right axis) and deaths (red bars, left axis) in Switzerland from March 2020 until November 2021. Blue boxes represent time windows for collection of consecutive
autopsies. Source of data: Bundesamt für Gesundheit (BAG) Switzerland, December 12, 2021. (B) Partition of autopsy cohort according to COVID-19 diagnosis,
SARS-CoV-2 infection, co-infection, and antibacterial treatment.

March 2020 and 31st of May 2020 (n = 25, 1st COVID-19 wave
in Switzerland) and 1st of October 2020 and 31st of January
2021 (n = 37, 2nd COVID-19 wave) (Figures 1A,B). Our data
need to be put in perspective to the public health scenario and
patient management which differed between the first and second
pandemic waves in Switzerland (25–28).

Our autopsy cohort consisted of 65% males (n = 40) and
35% females (n = 22) with a median age of 76.5 years (range
36–97). Median body mass index (BMI) was 25.5 kg/m2 (13–
59 kg/m2). None of the patients had been COVID-19 vaccinated.
In Switzerland, the vaccination campaign started in early January
2021, first limited to very specific subgroups of the population
(27). Consequently, vaccination did not play a role during the
first and second wave of the pandemic in Switzerland. Patient
characteristics, clinical data and autopsy findings of all 62 cases
are summarized in Figure 2 and Table 1.

The most common comorbidities of these 62 deceased
patients included chronic cardiovascular disease (n = 51,
82%), hypertension (n = 49, 79%), chronic respiratory disease

(n = 33, 53%), chronic renal disease (n = 28, 45%), cognitive
impairment (n = 27, 44%), diabetes mellitus (n = 24, 39%), and
malignancies (n = 21, 34%), among those n = 12 in a final stage
(19%) (Figure 2).

In 50% (n = 31) of all autopsy cases, the cause of death
as determined by full body autopsy including comprehensive
histological evaluation was respiratory failure due to pneumonia
(n = 15), DAD (n = 10), or a combination of both (n = 6)
(Figure 2). Three of these 31 patients were suffering from a
malignant final stage tumor as an underlying condition. In
26% (n = 16) of all autopsy cases, the cause of death was
of cardiovascular origin. Among those, five patients had an
acute myocardial infarction and one patient died from an
acute aortic rupture, and in 10 patients, a cardiovascular cause
of death was assumed due to their clinical history of acute
cardiac decompensation and autopsy findings with unequivocal
cardiac pathologies (severe cardiac amyloidosis, severe cardiac
hypertrophy, pulmonary edema and/or pleural effusion). In the
group of patients who died from a cardiovascular cause of death,
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FIGURE 2 | Overview of patient characteristics, clinical data, and autopsy findings of all 62 autopsies during the first (n = 25) and second (n = 37) wave of the
COVID-19 pandemic. BMI, body mass index; ICU, intensive care unit.

no individual had an additional malignant final stage tumor.
Another 14.5% (n = 9) of the patients succumbed to a final
stage malignancy, and the remaining 9.5% (n = 6) of all autopsy
patients died from other causes.

Patients With a Clinically Known
Coronavirus Disease 2019 Diagnosis
Prior to Autopsy
Among the 62 autopsy patients, 18 (29%) were diagnosed with
COVID-19 prior to death by detection of SARS-CoV-2 in
nasopharyngeal swabs (9 patients during the first, 9 patients
during the second COVID-19 wave in Switzerland) (Figure 2).
The majority (n = 14) of these 18 SARS-CoV-2 positive patients
was tested once at 3–29 days before death, and some (n = 4) even
had a second confirmatory test while still alive. The remaining
44 autopsy cases were declared COVID-19 negative (16 patients
during the first, 28 patients during the second wave). Within
2 weeks prior to death, 19 (43%) out of these 44 patients received a
nasopharyngeal swab test for SARS-CoV-2 with a negative result
(6 patients during the first, 13 patients during the second wave).
The remaining 25 (57%) out of these 44 deceased patients were
not tested for the presence of SARS-CoV-2 while still alive (n = 10
during the first, n = 15 during the second wave).

At the time of hospital admission, all 18 patients with a
known COVID-19 diagnosis had COVID-typical symptoms such
as cough, fever, dyspnea, sore throat, fatigue, muscle ache, shiver,

loss of odor, diarrhea or headache. The number of reported
COVID-19 related symptoms in SARS-CoV-2 positive patients
during the first wave was 3.6 on average and higher than during
the second wave (average of 2.7). Thirteen (72%) out of these
18 known COVID-19 patients showed no growth of bacteria in
blood culture during hospitalization. The remaining 5 did not get
a blood culture test.

Autopsy findings revealed that 17 out of the 18 COVID-19
patients died from respiratory failure due to pneumonia and/or
DAD. DAD was seen in the exudative phase (n = 6), proliferative
phase (n = 5) and fibrotic phase (n = 2). One COVID-19 patient
revealed no morphological alterations in his lungs and died from
cardiac tamponade following subacute myocardial infarction due
to a thrombotic coronary event.

Among all autopsy cases, 15 (24%) patients revealed an acute
thromboembolic event such as pulmonary embolism (n = 6),
deep vein thrombosis (n = 3), coronary thrombosis (n = 3),
thrombotic microangiopathy (n = 3) (pulmonary, renal, and
adrenal) and/or disseminated intravascular coagulation (DIC)
(n = 3) indicating abnormally activated blood coagulation
(hypercoagulability) (Figure 2). Seven (39%) out of 18 COVID-
19 patients (4 patients during the first and 3 patients during
the second wave) had a thromboembolic event. In contrast,
a thromboembolic event was found in only 8 (18%) out of
44 non-COVID-19 patients, in line with previous observations
that hypercoagulation is a typical consequence of SARS-CoV-
2 (29–31).

Frontiers in Medicine | www.frontiersin.org 5 April 2022 | Volume 9 | Article 868954

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-868954 April 8, 2022 Time: 18:5 # 6

Schwab et al. Underreporting of SARS-CoV-2 Infections

Eight (13%) out of all autopsy cases were suffering from senile
amyloidosis involving the heart and in two cases also vessels
of heart and lung. Three (17%) out of 18 COVID-19 patients
and 5 (11%) out of 44 non-COVID-19 patients were affected
by a senile amyloidosis. This supports our previous finding in a
different autopsy cohort that amyloidosis is more frequent among
COVID-19 cases with a fatal outcome (31).

Post Mortem Detection of SARS-CoV-2
in Autopsy Patients
All 62 patients of our autopsy cohort were tested post mortem
for the presence of SARS-CoV-2 by quantitative PCR. In total,
SARS-CoV-2 was detected in FFPE lung tissues of 28 (45%) cases,
including 10 (16%) out of 62 autopsy patients without previously
diagnosed COVID-19 (5 of 25 (20%) patients during the first
and 5 of 37 (14%) patients during the second pandemic peak,
Table 1). Two (20%) out of these 10 patients were even tested
negative for SARS-CoV-2 intra vitam within 24 h before death,
while the other 8 were never tested. These data suggest substantial
underreporting of SARS-CoV-2 infections, either due to false
negative swab tests or due to non-systematic testing.

Of the 10 unexpected SARS-CoV-2 positive patients, one died
of respiratory failure with histology showing heavy inflammatory
infiltrates including signs of acute bronchopneumonia (massive
neutrophilic infiltration) in his lung tissues, i.e., a COVID-19
typical picture. Three had characteristic COVID-19 symptoms
at hospital admission such as cough, fever, dyspnea, sore
throat and/or fatigue. The autopsy of one more patient showed
an acute thromboembolic coronary event with consecutive
cardiovascular failure, and this patients also had COVID-19
typical symptoms ante mortem, compatible with a COVID-
19 diagnosis. Overall, 5 unexpected SARS-CoV-2 positive
patients showed clinical and/or autopsy findings consistent with
COVID-19. For 5 other patients, no characteristic symptoms
or autopsy findings hinted to COVID-19. These data suggest
a substantial underreporting of COVID-19 related deaths and
variable reported causes of death for SARS-CoV-2 infected
patients. Clinicopathological details of all SARS-CoV-2 positive
patients and SARS-CoV-2 negative patients are summarized in
Supplementary Tables 2, 3.

In about half (n = 13, 46%) of the 28 post mortem SARS-CoV-
2 positive autopsy cases, SARS-CoV-2 was also detected outside
the lung, i.e., in heart (12/28, 43%), thyroid (12/28, 43%), kidney
(8/28, 29%), adrenal gland (8/28, 29%), pancreas (6/28, 21%) and
liver (5/28, 18%) (Figure 3A). For the vast majority of SARS-
CoV-2 positive patients, both those with a previously known
COVID-19 diagnosis (Figure 3B) and those with an unexpected
COVID-19 diagnosis post mortem (Figure 3C), highest viral
copy numbers were detected in the lungs. In patients with a
clinically known COVID-19 diagnosis, about fivefold more virus
was detected in most organs on average, compared to the 10
patients who were unexpectedly positive for SARS-CoV-2 post
mortem (Figures 3B,C). However, the differences in viral loads
between clinically known and unexpected SARS-CoV-2 positive
cases were not statistically significant in any of the organs, likely
due to large variations (Supplementary Table 4).

Post Mortem Detection of Other
Respiratory Pathogens in Lung Tissues
of Autopsy Patients
Lung tissues of all 62 autopsy patients were analyzed for
42 respiratory pathogens using a TaqMan array card
(Supplementary Table 1). This multiplexed real-time
quantitative polymerase chain reaction (qPCR) array represents
the first systematic test for respiratory pathogens in formalin-
fixed paraffin-embedded (FFPE) tissue samples. In all 28 autopsy
cases that were identified as SARS-CoV-2 positive post mortem
by qPCR testing (TaqMan2019-nCoV assay kit v1), SARS-CoV-2
was also detected by this respiratory TaqMan array card. SARS-
CoV-2 was not detected in the 34 other autopsy patients by
either of the two methods. Out of the 42 respiratory pathogens
on this array card, only 4 bacterial pathogens were identified in
our cohort, in 18/62 (29%) autopsy lung tissues: Staphylococcus
aureus, Streptococcus pneumoniae, Klebsiella pneumonia and
Legionella pneumoniae (Figures 2, 4A). The most frequently
detected pathogen was Staphylococcus aureus (Figure 4B), which
was found in 26% of SARS-CoV-2 negative patients (n = 9) and
as a co-infection in 25% of SARS-CoV-2 positive patients (n = 7).

In only 2 (11%) of the 18 patients with a clinically
known COVID-19 diagnosis, Staphylococcus aureus was detected
in post mortem lung tissues, and histology showed acute
bronchopneumonia without DAD. Both patients did not receive
empirical antibiotics nor did they get blood culture testing for
growth of bacteria during hospitalization. In the remaining
16 COVID-19 patients, no pathogens other than SARS-CoV-
2 were detected in lung tissues, and all of these 16 patients
had received prophylactic empirical antibiotics. This indicates
a protective effect of empirical antibiotic therapy in COVID-19
patients (Figure 4C). In the 10 patients who were unexpectedly
positive for SARS-CoV-2 post mortem, 5 (50%) autopsy lungs
showed co-infections. Only 2 of these 5 patients with bacterial co-
infections had received empirical antibiotics, further supporting
the beneficial effect of antibiotics during SARS-CoV-2 infection
(Figure 4C). Taken together, bacterial co-infection in lungs
was found in 7 (25%) of all 28 post mortem SARS-CoV-
2 positive cases. Co-infections were not more frequent than
in SARS-CoV-2 negative autopsy cases (n = 11, 32%) where
only 3 out of 11 patients had received antibiotics. This
suggests that SARS-CoV-2 infection of the lungs did not lead
to a strong predisposition toward co-infections (Figure 4A).
Altogether, 75% of SARS-CoV-2 positive cases died without
known bacterial co-infection in the lung or end-stage tumors,
yet overwhelmingly often of respiratory failure (75%). This is
consistent with the interpretation that the majority of SARS-
CoV-2 related deaths occurred due to SARS-CoV-2 itself and not
due to a co-infection.

The presence of Staphylococcus aureus in the lungs correlated
with the grade of neutrophilic infiltration, and Staphylococcus
aureus was more frequently detected in the lungs of patients
with signs of acute bronchopneumonia (p = 0.0197, Figure 2
and Supplementary Figure 1A). However, the presence of
Staphylococcus aureus in the lung did not track with the
presence of SARS-CoV-2, further strengthening the notion
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FIGURE 3 | SARS-CoV-2 organ distribution in all 28 autopsy cases with SARS-CoV-2 positive lung tissues. (A) Percentage of SARS-CoV-2 positive heart, adrenal
gland, kidney, pancreas, liver and thyroid samples of all SARS-CoV-2 infected patients. Viral load in organs of (B) patients with a clinically known COVID-19
diagnosis (n = 18), and (C) unexpected SARS-CoV-2 positive cases (n = 10). Data represent median of three technical replicates, lines connect data from the same
individual. Median viral loads of SARS-CoV-2 in different organs are listed in Supplementary Table 4.

that SARS-CoV-2 does not lead to increased susceptibility
toward bacterial co-infections (Supplementary Figure 1B). Time
between death and autopsy did not correlate with the amount of
Staphylococcus aureus detected which makes an influence of post
mortem time on the detection of respiratory pathogens unlikely
(Supplementary Figure 1C).

The duration of hospitalization and of the stay in an intensive
care unit (ICU) as well as mechanical ventilation did not
correlate with bacterial co-infection in our cohort, most likely
because all SARS-CoV-2 positive and negative patients received
empirical antibiotics when they were admitted to the ICU and/or
mechanically ventilated (Figure 4D). In line with this finding,

most patients with a longer stay in hospital were treated with
antibiotics which prevented bacterial co-infection (Figure 4D).

When comparing the histomorphological appearance of
autopsy lungs of SARS-CoV-2 positive patients without (n = 21)
and with (n = 7) bacterial co-infections, we found that 13
(63%) of the patients with SARS-CoV-2 as the sole pathogen
showed histological signs of DAD, mainly in the exudative
and/or proliferative stage, whereas none of the patients with co-
infections showed DAD (Supplementary Table 5). As expected,
SARS-CoV-2 positive patients with bacterial co-infections
showed significant neutrophilic infiltration (grade 2 or 3) as a
sign of acute bronchopneumonia slightly more frequently [i.e.,
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FIGURE 4 | Co-infections in autopsy cases. (A) Left, SARS-CoV-2 positive and right, SARS-CoV-2 negative patients. (B) Types of co-infections identified in the
autopsy cohort of SARS-CoV-2 positive and negative patients. (C) Left, bacterial co-infections in individuals with antibiotic treatment. Right, bacterial co-infections in
individuals without antibiotic treatment. (D) Bacterial co-infections in relation to duration of hospitalization, ICU care or mechanical ventilation.

4 of 7 (57%) patients with bacterial co-infections, and 9 of
21 (43%) patients without bacterial co-infections]. Intraalveolar
hemorrhage and intraalveolar edema were mainly observed in
SARS-CoV-2 positive patients without bacterial co-infections
(Supplementary Table 5).

Our TaqMan array card detected Pneumocystis jirovecii
(n = 6, 9.7%) and EBV (n = 2, 3.2%) in a few patients,
yet the qPCR signals in these cases were 64–512× lower
than in control cases with clinically relevant Pneumocystis
jirovecii and EBV infections, indicating very low amounts
of these typical fungal and viral pathogens, respectively
(Figure 4B). These results were validated either by negative
immunohistochemistry using an antibody against Pneumocystis
jiroveci or by negative in situ hybridization for EBV, suggesting
no clinical relevance. In addition, histology did not show typical
morphological patterns of pneumocystis pneumonia (interstitial
inflammation, intraalveolar frothy eosinophilic exudate, and
typical “cysts”) or EBV pneumonia (lymphoid infiltrates) in any
of these eight patients.

According to our previous study describing the
histopathological characteristics of COVID-19 patients,
patients with a clinically known COVID-19 diagnosis prior
to death fell into two groups: they showed either massive lung
damage with heavy inflammatory infiltration (Figure 5A) or
only mild morphological changes (Figure 5B) (24). When
compared to COVID-19 autopsy patients identified by post
mortem analyses of lung tissues, we saw a striking difference
of the histomorphological appearance of the autopsy lungs:
None of the patients who were unexpectedly SARS-CoV-2
positive showed DAD, only half of these patients showed relevant

neutrophilic infiltration (Figure 5C), and the other half did not
show COVID-19 typical lung pathology but rather unspecific
and common morphological changes in their lung tissues such
as emphysema (Figure 5D). Accordingly, the vast majority of
clinically known COVID-19 patients (n = 17, 94%) died of
respiratory failure, whereas only 4 (40%) out of 10 post mortem
SARS-CoV-2 positive patients died of respiratory failure.

While we did not find other obvious differences in medical
histories between autopsy patients with a COVID-19 diagnosis
ante mortem and those that we identified post mortem,
patients with a known COVID-19 diagnosis prior to death
showed significantly more COVID-19 typical symptoms that
were reported upon hospital admission (3.1 on average) than
patients who were only diagnosed with COVID-19 post mortem
(1.4 on average). This might reflect a bias in reporting in
COVID-19 patients who have been monitored clinically with
particular attention.

When we compared autopsy patients of the first and second
pandemic wave, we found more bacterial co-infections among
COVID-19 patients during the second wave [in 5 of 14 (36%)
SARS-CoV-2 positive patients] compared to the first wave [in 2
of 14 (14%) SARS-CoV-2 positive patients]. This might reflect
decreased empirical use of antibiotics during the second wave,
as the pandemic progressed in Switzerland, potentially because
of later hospital or ICU admission of COVID-19 patients and
increased awareness for the risk of multi-drug resistant infections
(26, 27). Indeed, among SARS-CoV-2 positive patients of our
study, fewer patients received antibacterial treatment during the
second wave (57%), compared to the first wave (79%) (Table 1).
No differences in histopathological characteristics and medical
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FIGURE 5 | Representative lung histology of (A) a patient with clinically known COVID-19 showing DAD with hyaline membranes, heavy inflammatory infiltration and
squamous metaplasia; (B) a patient with clinically known COVID-19 showing only discrete morphological changes in his lungs; (C) a patient who was unexpectedly
SARS-CoV-2 positive post mortem with bacterial co-infection and signs of acute bronchopneumonia; (D) a patient who was unexpectedly SARS-CoV-2 positive
post mortem with emphysema and discrete edema, but no relevant inflammation. Scale bar, 100 µm.

histories were found between the first and second pandemic
waves, with one exception: Two cases of fibrotic DAD were
observed during the second pandemic wave and none in patients
of the first wave. However, the number of subjects studied is too
small to draw a firm conclusion about DAD, and further studies
are needed to elucidate potential differences.

Taken together, our autopsy study demonstrates significant
underreporting of SARS-CoV-2 infection and COVID-19 deaths
in Switzerland. We did not find a higher incidence of
respiratory bacterial co-infections in deceased COVID-19
patients, compared to non-COVID-19 control patients who
underwent autopsy during the same time periods (first and
second pandemic wave in Switzerland). Overall, our data suggest
that most COVID-19 patients in Switzerland died from and
not with COVID-19.

DISCUSSION

In this retrospective study, we analyzed a large cohort of
consecutive autopsies during the first and second wave of the
COVID-19 pandemic in Switzerland. The novel coronavirus
SARS-CoV-2 was detected in lung tissues of 28 (45%) out of
62 deceased patients during this period, although only 18 (29%)
patients were known to have COVID-19 at the time of autopsy.
Of the 10 additional patients, 5 had shown COVID-19 typical
symptoms and/or COVID-19 typical autopsy findings. Four of
these 5 patients died from respiratory failure and one from a

thrombotic coronary artery event, all consistent with a COVID-
19 diagnosis (29–31, 32–35). Therefore the likely cause of death in
these 5 patients was COVID-19. Thus, our results indicate a 16%
higher SARS-CoV-2 infection rate and an 8% higher COVID-
19 death rate than officially reported. This result supports the
idea that reliable pathogen detection in patients requires tissue
testing (36).

Several reasons may have contributed to the high number of
unreported COVID-19 cases. Viral copy numbers in the nose may
have been too low for detection by swab testing at certain stages of
infection, and swabs have a high variation related to the sampled
area (37–41). For example, in our cohort, 2 of 10 unexpected
SARS-CoV-2 positive patients showed a negative nasopharyngeal
swab test within 24 h prior to death (one during the first and
one during the second wave of the pandemic). Another reason
may have been an atypical or asymptomatic course of infection.
Accordingly, nasopharyngeal swab testing was never performed
in 8 out of 10 unexpected SARS-CoV-2 positive patients of
our cohort (23, 42). A third reason may have been insufficient
testing capacities which was an issue in several countries at the
beginning of the pandemic such that some patients may have
died from COVID-19 and its complications before appropriate
diagnosis (3, 22, 43–45). Consistent with that idea, our data
identify 31% (5 of 16) non-COVID-19 cases as SARS-CoV-2
positive post mortem during the first wave of the pandemic,
and only 18% (5 of 28) during the second wave. Fourth, several
analytical vulnerabilities of SARS-CoV-2 diagnostic RT-PCR have
been suggested as potential causes of false negative results. These
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include inadequately trained staff which may lead to errors
during sampling and sample processing (46, 47). Finally, some
unexpectedly SARS-CoV-2 positive patients may have contracted
the virus in the hospital and may have died before showing typical
symptoms. As a consequence, these patients may not have been
tested for the virus. This explanation highlights the possibility of
nosocomial SARS-CoV-2 spread and calls for enhanced testing
strategies in hospitals (48). Overall, patients with a positive SARS-
CoV-2 test upon hospital admission showed more COVID-19
typical symptoms on average, both during the first and during the
second wave, compared to patients that we identified as SARS-
CoV-2 positive post mortem. This may also indicate a bias toward
reporting symptoms of known infected patients who have been
monitored clinically with particular attention (49, 50). It is of
note that patients with a known SARS-CoV-2 infection during
the first wave showed more typical symptoms than during the
second wave (51). This may have to do with the fact that patients
may have been monitored more closely while the infection had
still been new to clinicians (51, 52).

Our data need to be put in perspective to the incidence
of COVID-19 and mortality data during the first and second
pandemic waves, during which public health scenarios and
patient management differed substantially in Switzerland
(25–28). The first wave of COVID-19 in Switzerland saw
implementation of strict public health measures, while limited
information on the course of the disease was available. During the
second wave, testing capacities had expanded and public health
measures were implemented slowly, yet patient management
in hospitals had improved and dexamethasone had become
standard of care. As a likely consequence, the second wave in
Switzerland led to a 13-fold higher number of reported cases
(4,00,159 vs. 30,460) yet only to a 5.7-fold higher number of
COVID-19 deaths in absolute numbers (5,077 vs. 894). This
means that the COVID-19 associated mortality was significantly
lower during the second wave (27, 28, 53). Of note, total mortality
in Switzerland increased by about a factor of 10 during both
waves compared to spring or fall 2018, as a likely consequence
of COVID-19, while vaccinations were not available (27).
Our data are consistent with better patient management and
more reliable testing during the second wave, because a lower
percentage of patients was unexpectedly SARS-CoV-2 positive
post mortem after the first wave. Our data also suggest better
familiarity with key symptoms of COVID-19 during the second
wave, because the average number of recorded symptoms per
patient was higher during the first wave. Surprisingly, in our
cohort COVID-19 patients had more bacterial co-infections
during the second wave and were treated with antibiotics less
frequently than during the first wave, potentially because of later
hospital or ICU admission of patients during the second wave in
Switzerland (27).

Underreporting cases and underestimation of mortality is
common for infectious diseases. Therefore it is not surprising
that this was also found during the COVID-19 pandemic
(44, 54). COVID-19 related mortality differed across health
systems globally, and it has been proposed that underreporting
of COVID-19 mortality is most pronounced in developing
countries (55, 56), possibly due to limited access to testing or

reporting (44, 57). Excess general mortality also differs between
countries (45, 58), and even in the United States, approximately
20% of excess deaths in 2020 were not reflected in COVID-
19 death counts, suggesting imprecise cause-of-death attribution
during the pandemic (59, 60). In this context, it is interesting
to mention that mortality data is accessible for many countries,
but few countries keep continuous death records for longer time
periods. One study is of particular interest as it compares the
excess mortality impact of the COVID-19 pandemic in 2020 in
Switzerland to Sweden and Spain – the three European countries
that have reliable continuous data on death counts which were
not impacted by world wars (61). For 2020, all three countries
showed the second largest infection-related mortality since the
beginning of the 20th century. This study is consistent with our
findings in that it finds that excess mortality substantially exceeds
official deaths reported from COVID-19 (61).

Bacterial co-infections occurred in SARS-CoV-2 infected
patients, yet not more frequently than in other critically ill
and hospitalized patients [25% (7/28) in SARS-CoV-2 infected
vs. 32% (11/34) in SARS-CoV-2 free patients in our cohort].
However, it has to be borne in mind that many patients in
our cohort received antibiotics. Strikingly, only 17% of all
patients with an antibiotic coverage had a bacterial co-infection,
compared to 46% of patients who did not receive antibacterial
treatment. For COVID-19 patients, the protective effect of
antibiotics is even more striking. Of all 18 patients with a
clinically known COVID-19 diagnosis, 16 received empirical
antibiotics, and none of them contracted a bacterial co-infection,
not even the 4 mechanically ventilated ones, although mechanical
ventilation is a risk factor for bacterial co-infections (62, 63). This
is in line with recent data reporting a relatively low incidence
of bacterial pulmonary co-infections in critically ill, antibiotic
treated COVID-19 patients (20, 64, 65). However, our post
mortem results are of critical importance as clinical criteria do
not reliably predict bacterial infection and they strongly suggest
the use of empirical antibiotics in COVID-19 patients (66–68).

The reported incidence of pulmonary fungal co-infections
in hospitalized COVID-19 patients is lower than bacterial
co-infections (20, 63, 65, 69). In line with these data,
we did not detect fungal species in SARS-CoV-2 positive
patients of our cohort by histological stains for fungi or by
immunohistochemistry for Pneumocystis jirovecii. However, a
more recent study describes co-infections with different fungal
species as a relevant finding after long-term treatment of COVID-
19 patients (20, 63, 69). The fact that only 2 out of 18 clinically
known COVID-19 patients stayed in hospital for >2 weeks (17
and 30 days, respectively) may at least partially explain the lack of
fungal co-infections in our autopsy specimens (69).

The pathology of severe COVID-19 involved profound
dysregulation of the immune system, which may change the
susceptibility of patients to bacterial co-infections (70). Several
mechanisms may account for that. First, it has been observed
that SARS-CoV-2 leads to profound structural alterations of
lymph nodes and spleens (33, 71). As the structure of secondary
lymphoid organs is essential for immune defense against
microbes, their breakdown during an ongoing virus infection
may temporarily reduce immune competence toward other
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infections (72). Second, it has been suggested that COVID-
19 associated lymphopenia may contribute to a higher rate
of bacterial co-infections (73, 74). Finally, signs of T cell
exhaustion, such as PD-L1 overexpression, are observed in some
COVID-19 patients, and this may further limit the immune
competence of COVID-19 patients toward other pathogens
(75–78). Since multiple risk factors for bacterial co-infections
have been described in COVID-19 patients, it is likely that
multiple immunological mechanisms are at play and determine
the individual risk (74).

Our autopsy findings lead us to conclude that in 82% (23/28)
of SARS-CoV-2 infected patients, and in 37% (23/62) of all cases
the cause of death was related to SARS-CoV-2 infection. In
75% (21/28) of all SARS-CoV-2 positive patients the cause of
death was respiratory failure due to DAD and/or pneumonia,
including 4 unexpectedly SARS-CoV-2 positive patients showing
COVID-19 typical inflammatory infiltrates and signs of acute
bronchopneumonia upon autopsy. Since only 29% (18/62) of
all autopsy cases were reported as clinical COVID-19 cases,
our study reveals an 8% higher SARS-CoV-2 related mortality
rate than officially reported. Thus, the widely discussed excess
all-cause mortality in the years 2020/21 is likely insufficiently
explained through officially reported COVID-19 deaths and may
include a high number of unreported cases (79–81).

LIMITATIONS

Limitations of our study include the size of the autopsy cohort.
Due to the relatively low number of individuals, the role of
distinct medications used in each period could not be assessed
(e.g., corticoids, hydrochloroquine, remdesivir, and tocilizumab).
A second limitation is the size of the analyzed tissue samples,
which might not be representative for the entire organ. We
addressed this limiting factor by taking at least two representative
tissue blocks from different lobes of both lungs. The clinical
symptoms that we analyzed as “COVID-19 typical symptoms”
are not specific for COVID-19, i.e., they do not allow to firmly
exclude other diseases, especially other less common infections
that were not included on our TaqMan respiratory array. Further
studies are needed to elucidate this question in more detail. In
addition, we did not distinguish different SARS-CoV-2 strains.

A further caveat is that the conclusions from our study may
not be generalizable to all countries. There is wide variation
in reporting COVID-19 deaths and in the use of antibiotics
between different health systems (44, 82–85). However, as rules
for COVID-19 reporting in Switzerland are stringent, it is
likely that underreporting of COVID-19 mortality is even more
pronounced in other countries.

CONCLUSION

Our study not only shows a high number of unreported COVID-
19 cases, but also a higher number of COVID-19 related
deaths than reported, supporting the hypothesis that the SARS-
CoV-2 infection rate in the population is underestimated and

that COVID-19 is responsible for the unexplained number of
excess mortality observed since 2020. Furthermore, our study
emphasizes the value of autopsies to study pathogenesis and
epidemiological aspects of infectious diseases. Post mortem
testing during the pandemic allows to better track the presence of
the virus in the population. According to our data, most COVID-
19 patients die from and not with the disease: The majority of
SARS-CoV-2 positive patients died from respiratory failure, while
co-infections played a minor role in fatal COVID-19.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved. This study was conducted according to the principles
expressed in the Declaration of Helsinki. Ethics approval
was obtained in written form from the Ethics Committee of
Northwestern and Central Switzerland (Project-ID 2020-00629).
For all patients, personal family consent was obtained for the
autopsy and sample collection, in line with the Swiss law and the
Ethics approval. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

NS, RN, NW, TJ, and KM conceived the ideas and design. NS,
RN, MH, AB, AG, CH, VZ, NW, and KM performed the data
collection. NS, RN, AG, AF, NM, JK, CH, MS, TD, VZ, and KM
performed the experiments, data analysis, and interpretation. NS,
RN, MH, NW, TJ, and KM did the manuscript drafting and
editing. All authors contributed to the article and approved the
submitted version.

FUNDING

This study was funded by the Botnar Research Centre for Child
Health (BRCCH), FTC-2020-10.

ACKNOWLEDGMENTS

We would like to thank all patients and their relatives.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2022.
868954/full#supplementary-material

Frontiers in Medicine | www.frontiersin.org 11 April 2022 | Volume 9 | Article 868954

https://www.frontiersin.org/articles/10.3389/fmed.2022.868954/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2022.868954/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-868954 April 8, 2022 Time: 18:5 # 12

Schwab et al. Underreporting of SARS-CoV-2 Infections

REFERENCES
1. Nørgaard SK, Vestergaard LS, Nielsen J, Richter L, Schmid D, Bustos N,

et al. Real-time monitoring shows substantial excess all-cause mortality during
second wave of COVID-19 in Europe, october to december 2020. Euro Surveill.
(2021) 26:2002023. doi: 10.2807/1560-7917.ES.2021.26.1.2002023

2. Eurostat. COVID-19: Statistics Serving Europe. (2022). Available online at:
https://ec.europa.eu/eurostat/web/covid-19/overview (accessed December 31,
2021). )

3. Grippo F, Navarra S, Orsi C, Manno V, Grande E, Crialesi R, et al. The role
of COVID-19 in the death of SARS-CoV-2-positive patients: a study based on
death certificates. J Clin Med. (2020) 9:3459. doi: 10.3390/jcm9113459

4. Slater TA, Straw S, Drozd M, Kamalathasan S, Cowley A, Witte KK. Dying ‘due
to’or ‘with’COVID-19: a cause of death analysis in hospitalised patients. Clin
Med. (2020) 20:e189. doi: 10.7861/clinmed.2020-0440

5. Bassetti M, Kollef MH, Timsit JF. Bacterial and fungal superinfections in
critically ill patients with COVID-19. Intensive Care Med. (2020) 46:2071–4.
doi: 10.1007/s00134-020-06219-8

6. Brundage JF, Shanks GD. Deaths from bacterial pneumonia during 1918-19
influenza pandemic. Emerg Infect Dis. (2008) 14:1193–9. doi: 10.3201/eid1408.
071313

7. Morens DM, Taubenberger JK, Fauci AS. Predominant role of bacterial
pneumonia as a cause of death in pandemic influenza: implications for
pandemic influenza preparedness. J Infect Dis. (2008) 198:962–70. doi: 10.
1086/591708

8. Chickering H, Park JH. Staphylococcus aureus pneumonia. J Am Med Assoc.
(1919) 72:617–26.

9. Robertson L, Caley JP, Moore J. Importance of Staphylococcus aureus in
pneumonia in the 1957 epidemic of influenza A. Lancet. (1958) 2:233–6.
doi: 10.1016/s0140-6736(58)90060-6

10. Hageman JC, Uyeki TM, Francis JS, Jernigan DB, Wheeler JG, Bridges CB,
et al. Severe community-acquired pneumonia due to Staphylococcus aureus,
2003–04 influenza season. Emerg Infect Dis. (2006) 12:894.

11. Kallen AJ, Brunkard J, Moore Z, Budge P, Arnold KE, Fosheim G, et al.
Staphylococcus aureus community-acquired pneumonia during the 2006 to
2007 influenza season. Ann Emerg Med. (2009) 53:358–65. doi: 10.1016/j.
annemergmed.2008.04.027

12. Murata Y, Walsh EE, Falsey AR. Pulmonary complications of interpandemic
influenza A in hospitalized adults. J Infect Dis. (2007) 195:1029–37. doi: 10.
1086/512160

13. Assiri A, Al-Tawfiq JA, Al-Rabeeah AA, Al-Rabiah FA, Al-Hajjar S, Al-Barrak
A, et al. Epidemiological, demographic, and clinical characteristics of 47 cases
of Middle East respiratory syndrome coronavirus disease from Saudi Arabia:
a descriptive study. Lancet Infect Dis. (2013) 13:752–61. doi: 10.1016/S1473-
3099(13)70204-4

14. Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, Emery S, et al. A novel
coronavirus associated with severe acute respiratory syndrome. N Engl J Med.
(2003) 348:1953–66.

15. Lee N, Hui D, Wu A, Chan P, Cameron P, Joynt GM, et al. A major outbreak
of severe acute respiratory syndrome in Hong Kong. N Engl J Med. (2003)
348:1986–94.

16. Tsang KW, Ho PL, Ooi GC, Yee WK, Wang T, Chan-Yeung M, et al. A cluster
of cases of severe acute respiratory syndrome in Hong Kong. N Engl J Med.
(2003) 348:1977–85. doi: 10.1056/NEJMoa030666

17. Clancy CJ, Schwartz IS, Kula B, Nguyen MH editors. Bacterial superinfections
among persons with coronavirus disease 2019: a comprehensive review of
data from postmortem studies. Open Forum Infect Dis. (2021) 8:ofab065.
doi: 10.1093/ofid/ofab065

18. Investigators R-C. Interleukin-6 receptor antagonists in critically ill patients
with Covid-19. N Engl J Med. (2021) 384:1491–502. doi: 10.1056/
nejmoa2100433

19. Rosas IO, Bräu N, Waters M, Go RC, Hunter BD, Bhagani S, et al. Tocilizumab
in hospitalized patients with severe Covid-19 pneumonia.NEngl JMed. (2021)
384:1503–16.

20. Chong WH, Saha BK, Ananthakrishnan R, Chopra A. State-of-the-art review
of secondary pulmonary infections in patients with COVID-19 pneumonia.
Infection. (2021) 49:591–605. doi: 10.1007/s15010-021-01602-z

21. Byambasuren O, Dobler CC, Bell K, Rojas DP, Clark J, McLaws ML, et al.
Comparison of seroprevalence of SARS-CoV-2 infections with cumulative and
imputed COVID-19 cases: systematic review. PLoS One. (2021) 16:e0248946.
doi: 10.1371/journal.pone.0248946

22. Grabowski J, Witkowska N, Bidzan L. Letter to the editor: excess all-
cause mortality during second wave of COVID-19 – the polish perspective.
Euro Surveill. (2021) 26:2100117. doi: 10.2807/1560-7917.ES.2021.26.7.21
00117

23. Struyf T, Deeks J, Dinnes J, Takwoingi Y, Davenport C, Leeflang M, et al. Signs
and symptoms to determine if a patient presenting in primary care or hospital
outpatient settings has COVID-19 disease. Cochrane Database Syst Rev. (2020)
7:CD013665. doi: 10.1002/14651858.CD013665

24. Nienhold R, Ciani Y, Koelzer VH, Tzankov A, Haslbauer JD, Menter T, et al.
Two distinct immunopathological profiles in autopsy lungs of COVID-19. Nat
Commun. (2020) 11:5086. doi: 10.1038/s41467-020-18854-2

25. Wang H, Paulson KR, Pease SA, Watson S, Comfort H, Zheng P, et al.
Estimating excess mortality due to the COVID-19 pandemic: a systematic
analysis of COVID-19-related mortality, 2020–21. Lancet. (2022). doi: 10.
1016/S0140-6736(21)02796-3 [Epub ahead of print].

26. Wolfisberg S, Gregoriano C, Struja T, Kutz A, Koch D, Bernasconi L, et al.
Comparison of characteristics, predictors and outcomes between the first
and second COVID-19 waves in a tertiary care centre in Switzerland: an
observational analysis. SwissMedWkly. (2021) 151:w20569. doi: 10.4414/smw.
2021.20569

27. Roelens M, Martin A, Friker B, Sousa FM, Thiabaud A, Vidondo B, et al.
Evolution of COVID-19 mortality over time: results from the Swiss hospital
surveillance system (CH-SUR). Swiss Med Wkly. (2021) 151:w30105. doi: 10.
4414/smw.2021.w30105

28. Siegfried S, Bopp M, Günthard H, Keiser O, Weibull CE, Crowther M, et al.
Assessing relative COVID-19 mortality during the second wave: a prospective
Swiss population-based study. BMJ Open. (2021) 11:e051164. doi: 10.1136/
bmjopen-2021-051164

29. Wichmann D, Sperhake JP, Lutgehetmann M, Steurer S, Edler C, Heinemann
A, et al. Autopsy findings and venous thromboembolism in patients with
COVID-19: a prospective cohort study. Ann Intern Med. (2020) 173:268–77.
doi: 10.7326/M20-2003

30. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F, et al.
Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in Covid-19.
N Engl J Med. (2020) 383:120–8. doi: 10.1056/nejmoa2015432

31. Menter T, Haslbauer JD, Nienhold R, Savic S, Hopfer H, Deigendesch N,
et al. Postmortem examination of COVID-19 patients reveals diffuse alveolar
damage with severe capillary congestion and variegated findings in lungs
and other organs suggesting vascular dysfunction. Histopathology. (2020)
77:198–209. doi: 10.1111/his.14134

32. Guo T, Fan Y, Chen M, Wu X, Zhang L, He T, et al. Cardiovascular implications
of fatal outcomes of patients with coronavirus disease 2019 (COVID-19).
JAMA Cardiol. (2020) 5:811–8. doi: 10.1001/jamacardio.2020.1017

33. Haslbauer JD, Tzankov A, Mertz KD, Schwab N, Nienhold R, Twerenbold R,
et al. Characterisation of cardiac pathology in 23 autopsies of lethal COVID-
19. J Pathol Clin Res. (2021) 7:326–37. doi: 10.1002/cjp2.212

34. Berezowska S, Lefort K, Ioannidou K, Ndiaye D-R, Maison D, Petrovas
C, et al. Postmortem cardiopulmonary pathology in patients with
COVID-19 infection: single-center report of 12 autopsies from Lausanne,
Switzerland. Diagnostics. (2021) 11:1357. doi: 10.3390/diagnostics1108
1357

35. Valdebenito S, Bessis S, Annane D, de la Grandmaison GL, Cramer–
Bordé E, Prideaux B, et al. COVID-19 lung pathogenesis in SARS-CoV-2
autopsy cases. Front Immunol. (2021) 12:735922. doi: 10.3389/fimmu.2021.
735922

36. Farber DL. Tissues, Not Blood, Are Where Immune Cells Function. Berlin:
Nature Publishing Group (2021).

37. Syal K. Guidelines on newly identified limitations of diagnostic tools for
COVID-19 and consequences. J Med Virol. (2021) 93:1837–42. doi: 10.1002/
jmv.26673

38. Skok K, Stelzl E, Trauner M, Kessler HH, Lax SF. Post-mortem viral dynamics
and tropism in COVID-19 patients in correlation with organ damage.
Virchows Arch. (2021) 478:343–53. doi: 10.1007/s00428-020-02903-8

Frontiers in Medicine | www.frontiersin.org 12 April 2022 | Volume 9 | Article 868954

https://doi.org/10.2807/1560-7917.ES.2021.26.1.2002023
https://ec.europa.eu/eurostat/web/covid-19/overview
https://doi.org/10.3390/jcm9113459
https://doi.org/10.7861/clinmed.2020-0440
https://doi.org/10.1007/s00134-020-06219-8
https://doi.org/10.3201/eid1408.071313
https://doi.org/10.3201/eid1408.071313
https://doi.org/10.1086/591708
https://doi.org/10.1086/591708
https://doi.org/10.1016/s0140-6736(58)90060-6
https://doi.org/10.1016/j.annemergmed.2008.04.027
https://doi.org/10.1016/j.annemergmed.2008.04.027
https://doi.org/10.1086/512160
https://doi.org/10.1086/512160
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1056/NEJMoa030666
https://doi.org/10.1093/ofid/ofab065
https://doi.org/10.1056/nejmoa2100433
https://doi.org/10.1056/nejmoa2100433
https://doi.org/10.1007/s15010-021-01602-z
https://doi.org/10.1371/journal.pone.0248946
https://doi.org/10.2807/1560-7917.ES.2021.26.7.2100117
https://doi.org/10.2807/1560-7917.ES.2021.26.7.2100117
https://doi.org/10.1002/14651858.CD013665
https://doi.org/10.1038/s41467-020-18854-2
https://doi.org/10.1016/S0140-6736(21)02796-3
https://doi.org/10.1016/S0140-6736(21)02796-3
https://doi.org/10.4414/smw.2021.20569
https://doi.org/10.4414/smw.2021.20569
https://doi.org/10.4414/smw.2021.w30105
https://doi.org/10.4414/smw.2021.w30105
https://doi.org/10.1136/bmjopen-2021-051164
https://doi.org/10.1136/bmjopen-2021-051164
https://doi.org/10.7326/M20-2003
https://doi.org/10.1056/nejmoa2015432
https://doi.org/10.1111/his.14134
https://doi.org/10.1001/jamacardio.2020.1017
https://doi.org/10.1002/cjp2.212
https://doi.org/10.3390/diagnostics11081357
https://doi.org/10.3390/diagnostics11081357
https://doi.org/10.3389/fimmu.2021.735922
https://doi.org/10.3389/fimmu.2021.735922
https://doi.org/10.1002/jmv.26673
https://doi.org/10.1002/jmv.26673
https://doi.org/10.1007/s00428-020-02903-8
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-868954 April 8, 2022 Time: 18:5 # 13

Schwab et al. Underreporting of SARS-CoV-2 Infections

39. Kanji JN, Zelyas N, MacDonald C, Pabbaraju K, Khan MN, Prasad A, et al.
False negative rate of COVID-19 PCR testing: a discordant testing analysis.
Virol J. (2021) 18:13. doi: 10.1186/s12985-021-01489-0

40. Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 viral
load in upper respiratory specimens of infected patients. N Engl J Med. (2020)
382:1177–9. doi: 10.1056/NEJMc2001737

41. Li R, Pei S, Chen B, Song Y, Zhang T, Yang W, et al. Substantial undocumented
infection facilitates the rapid dissemination of novel coronavirus (SARS-CoV-
2). Science. (2020) 368:489–93. doi: 10.1126/science.abb3221

42. Griffin DO, Brennan-Rieder D, Ngo B, Kory P, Confalonieri M, Shapiro L, et al.
The importance of understanding the stages of COVID-19 in treatment and
trials. AIDS Rev. (2021) 23:40–7. doi: 10.24875/AIDSRev.200001261

43. Dong E, Du H, Gardner L. Correction to lancet infect Dis 2020. Lancet Infect
Dis. (2020) 20:533–4.

44. Whittaker C, Walker PG, Alhaffar M, Hamlet A, Djaafara BA, Ghani A,
et al. Under-reporting of deaths limits our understanding of true burden of
covid-19. BMJ. (2021) 375:n2239. doi: 10.1136/bmj.n2239

45. Lau H, Khosrawipour T, Kocbach P, Ichii H, Bania J, Khosrawipour V.
Evaluating the massive underreporting and undertesting of COVID-19 cases
in multiple global epicenters. Pulmonology. (2021) 27:110–5. doi: 10.1016/j.
pulmoe.2020.05.015

46. Francesco S, Giuseppe B, Luigi C, Benedetta B, Santina C, D’Errico S, et al.
Clinical-Forensic Autopsy Findings to Defeat COVID-19 Disease: A Literature
Review. J Clin Med. (2020) 9:2026. doi: 10.3390/jcm9072026

47. Lippi G, Simundic A, Plebani M. Potential preanalytical and analytical
vulnerabilities in the laboratory diagnosis of coronavirus disease 2019
(COVID-19). Clin Chem LabMed. (2020) 58:1070–6. doi: 10.1515/cclm-2020-
0285

48. Carter B, Collins J, Barlow-Pay F, Rickard F, Bruce E, Verduri A, et al.
Nosocomial COVID-19 infection: examining the risk of mortality. The COPE-
nosocomial study (COVID in Older PEople). J Hosp Infect. (2020) 106:376–84.
doi: 10.1016/j.jhin.2020.07.013

49. Mahase E. Covid-19: the problems with case counting. BMJ. (2020)
370:m3374. doi: 10.1136/bmj.m3374

50. Chiolero A. Surveillance bias and overdiagnosis of Covid-19. BMJ. (2020).
doi: 10.1136/bmjopen-2020-045343 [Epub ahead of print].

51. Soriano V, Ganado-Pinilla P, Sanchez-Santos M, Gómez-Gallego F, Barreiro P,
de Mendoza C, et al. Main differences between the first and second waves of
COVID-19 in Madrid, Spain. Int J Infect Dis. (2021) 105:374–6. doi: 10.1016/j.
ijid.2021.02.115

52. Guallar MP, Meiriño R, Donat-Vargas C, Corral O, Jouvé N, Soriano V.
Inoculum at the time of SARS-CoV-2 exposure and risk of disease severity.
Int J Infect Dis. (2020) 97:290–2. doi: 10.1016/j.ijid.2020.06.035

53. Hothorn T, Bopp M, Günthard H, Keiser O, Roelens M, Weibull CE, et al.
Assessing relative COVID-19 mortality: a Swiss population-based study. BMJ
Open. (2021) 11:e042387. doi: 10.1136/bmjopen-2020-042387

54. Albani V, Loria J, Massad E, Zubelli J. COVID-19 underreporting and its
impact on vaccination strategies. BMC Infect Dis. (2021) 21:1–13. doi: 10.1186/
s12879-021-06780-7

55. Islam N, Shkolnikov VM, Acosta RJ, Klimkin I, Kawachi I, Irizarry RA,
et al. Excess deaths associated with covid-19 pandemic in 2020: age and sex
disaggregated time series analysis in 29 high income countries. BMJ. (2021)
373:n1137. doi: 10.1136/bmj.n1137

56. Sanmarchi F, Golinelli D, Lenzi J, Esposito F, Capodici A, Reno C,
et al. Exploring the gap between excess mortality and COVID-19 deaths
in 67 countries. JAMA Network Open. (2021) 4:e2117359. doi: 10.1001/
jamanetworkopen.2021.17359

57. Kupek E. How many more? Under-reporting of the COVID-19 deaths in
Brazil in 2020. Trop Med Int Health. (2021) 26:1019–28. doi: 10.1111/tmi.
13628

58. Woolf SH, Chapman DA, Lee JH. COVID-19 as the leading cause of death in
the United States. JAMA. (2021) 325:123–4.

59. Ackley CA, Lundberg DJ, Ma L, Elo IT, Preston SH, Stokes AC. County-level
estimates of excess mortality associated with COVID-19 in the United States.
SSM Popul Health. (2022) 17:101021. doi: 10.1016/j.ssmph.2021.101021

60. Stokes AC, Lundberg DJ, Bor J, Elo IT, Hempstead K, Preston SH. Association
of health care factors with excess deaths not assigned to COVID-19 in the US.

JAMA Netw Open. (2021) 4:e2125287. doi: 10.1001/jamanetworkopen.2021.
25287

61. Staub K, Panczak R, Matthes KL, Floris J, Berlin C, Junker C, et al. Historically
high excess mortality during the COVID-19 pandemic in Switzerland, Sweden,
and Spain. Ann Intern Med. (2022). doi: 10.7326/M21-3824 [Epub ahead of
print].

62. Wu D, Wu C, Zhang S, Zhong Y. Risk factors of ventilator-associated
pneumonia in critically III patients. Front Pharmacol. (2019) 10:482. doi:
10.3389/fphar.2019.00482

63. Meawed TE, Ahmed SM, Mowafy SMS, Samir GM, Anis RH. Bacterial and
fungal ventilator associated pneumonia in critically ill COVID-19 patients
during the second wave. J Infect Public Health. (2021) 14:1375–80. doi: 10.
1016/j.jiph.2021.08.003

64. Pickens CO, Gao CA, Cuttica MJ, Smith SB, Pesce LL, Grant RA, et al. Bacterial
superinfection pneumonia in patients mechanically ventilated for COVID-19
pneumonia. Am J Respir Crit CareMed. (2021) 204:921–32. doi: 10.1164/rccm.
202106-1354OC

65. Hughes S, Troise O, Donaldson H, Mughal N, Moore LS. Bacterial and fungal
coinfection among hospitalized patients with COVID-19: a retrospective
cohort study in a UK secondary-care setting. Clin Microbiol Infect. (2020)
26:1395–9. doi: 10.1016/j.cmi.2020.06.025

66. Catano-Correa JC, Cardona-Arias JA, Porras Mancilla JP, Garcia MT. Bacterial
superinfection in adults with COVID-19 hospitalized in two clinics in
Medellin-Colombia, 2020. PLoS One. (2021) 16:e0254671. doi: 10.1371/
journal.pone.0254671

67. Vaughn VM, Gandhi TN, Petty LA, Patel PK, Prescott HC, Malani AN, et al.
Empiric antibacterial therapy and community-onset bacterial coinfection in
patients hospitalized with coronavirus disease 2019 (COVID-19): a multi-
hospital cohort study. Clin Infect Dis. (2021) 72:e533–41. doi: 10.1093/cid/
ciaa1239

68. Pettit NN, Nguyen CT, Lew AK, Bhagat PH, Nelson A, Olson G,
et al. Reducing the use of empiric antibiotic therapy in COVID-19 on
hospital admission. BMC Infect Dis. (2021) 21:516. doi: 10.1186/s12879-021-
06219-z

69. Evert K, Dienemann T, Brochhausen C, Lunz D, Lubnow M, Ritzka M,
et al. Autopsy findings after long-term treatment of COVID-19 patients with
microbiological correlation. Virchows Arch. (2021) 479:97–108. doi: 10.1007/
s00428-020-03014-0

70. Bengoechea JA, Bamford CG. SARS-CoV-2, bacterial co-infections, and AMR:
the deadly trio in COVID-19? EMBO Mol Med. (2020) 12:e12560. doi: 10.
15252/emmm.202012560

71. Xiang Q, Feng Z, Diao B, Tu C, Qiao Q, Yang H, et al. SARS-CoV-2 induces
lymphocytopenia by promoting inflammation and decimates secondary
lymphoid organs. Front Immunol. (2021) 12:1292. doi: 10.3389/fimmu.2021.
661052

72. Junt T, Scandella E, Ludewig B. Form follows function: lymphoid tissue
microarchitecture in antimicrobial immune defence. Nat Rev Immunol. (2008)
8:764–75. doi: 10.1038/nri2414

73. Falcone M, Tiseo G, Giordano C, Leonildi A, Menichini M, Vecchione A,
et al. Predictors of hospital-acquired bacterial and fungal superinfections in
COVID-19: a prospective observational study. J Antimicrob Chemother. (2021)
76:1078–84. doi: 10.1093/jac/dkaa530

74. Fehér Á, Szarvas Z, Lehoczki A, Fekete M, Fazekas-Pongor V. Co-infections in
COVID-19 patients and correlation with mortality rate. Minireview. Physiol
Int. (2022). doi: 10.1556/2060.2022.00015 [Epub ahead of print].

75. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical
and immunological features of severe and moderate coronavirus
disease 2019. J Clin Invest. (2020) 130:2620–9. doi: 10.1172/JCI1
37244

76. Ronchi A, Marino FZ, Carraturo E, La Mantia E, Campobasso CP, De Micco
F, et al. PD-L1 overexpression in lung of subjects died for COVID-19. On the
way to understand the immune system exhaustion induced by SARS-CoV-2?
Crit Rev Eukaryot Gene Expr. (2022). doi: 10.1615/CritRevEukaryotGeneExpr.
2021040575

77. Sabbatino F, Conti V, Franci G, Sellitto C, Manzo V, Pagliano P, et al. PD-
L1 dysregulation in COVID-19 patients. Front Immunol. (2021) 12:2198. doi:
10.3389/fimmu.2021.695242

Frontiers in Medicine | www.frontiersin.org 13 April 2022 | Volume 9 | Article 868954

https://doi.org/10.1186/s12985-021-01489-0
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1126/science.abb3221
https://doi.org/10.24875/AIDSRev.200001261
https://doi.org/10.1136/bmj.n2239
https://doi.org/10.1016/j.pulmoe.2020.05.015
https://doi.org/10.1016/j.pulmoe.2020.05.015
https://doi.org/10.3390/jcm9072026
https://doi.org/10.1515/cclm-2020-0285
https://doi.org/10.1515/cclm-2020-0285
https://doi.org/10.1016/j.jhin.2020.07.013
https://doi.org/10.1136/bmj.m3374
https://doi.org/10.1136/bmjopen-2020-045343
https://doi.org/10.1016/j.ijid.2021.02.115
https://doi.org/10.1016/j.ijid.2021.02.115
https://doi.org/10.1016/j.ijid.2020.06.035
https://doi.org/10.1136/bmjopen-2020-042387
https://doi.org/10.1186/s12879-021-06780-7
https://doi.org/10.1186/s12879-021-06780-7
https://doi.org/10.1136/bmj.n1137
https://doi.org/10.1001/jamanetworkopen.2021.17359
https://doi.org/10.1001/jamanetworkopen.2021.17359
https://doi.org/10.1111/tmi.13628
https://doi.org/10.1111/tmi.13628
https://doi.org/10.1016/j.ssmph.2021.101021
https://doi.org/10.1001/jamanetworkopen.2021.25287
https://doi.org/10.1001/jamanetworkopen.2021.25287
https://doi.org/10.7326/M21-3824
https://doi.org/10.3389/fphar.2019.00482
https://doi.org/10.3389/fphar.2019.00482
https://doi.org/10.1016/j.jiph.2021.08.003
https://doi.org/10.1016/j.jiph.2021.08.003
https://doi.org/10.1164/rccm.202106-1354OC
https://doi.org/10.1164/rccm.202106-1354OC
https://doi.org/10.1016/j.cmi.2020.06.025
https://doi.org/10.1371/journal.pone.0254671
https://doi.org/10.1371/journal.pone.0254671
https://doi.org/10.1093/cid/ciaa1239
https://doi.org/10.1093/cid/ciaa1239
https://doi.org/10.1186/s12879-021-06219-z
https://doi.org/10.1186/s12879-021-06219-z
https://doi.org/10.1007/s00428-020-03014-0
https://doi.org/10.1007/s00428-020-03014-0
https://doi.org/10.15252/emmm.202012560
https://doi.org/10.15252/emmm.202012560
https://doi.org/10.3389/fimmu.2021.661052
https://doi.org/10.3389/fimmu.2021.661052
https://doi.org/10.1038/nri2414
https://doi.org/10.1093/jac/dkaa530
https://doi.org/10.1556/2060.2022.00015
https://doi.org/10.1172/JCI137244
https://doi.org/10.1172/JCI137244
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2021040575
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2021040575
https://doi.org/10.3389/fimmu.2021.695242
https://doi.org/10.3389/fimmu.2021.695242
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-868954 April 8, 2022 Time: 18:5 # 14

Schwab et al. Underreporting of SARS-CoV-2 Infections

78. Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional exhaustion
of antiviral lymphocytes in COVID-19 patients. Cell Mol Immunol. (2020)
17:533–5. doi: 10.1038/s41423-020-0402-2

79. Kung S, Doppen M, Black M, Braithwaite I, Kearns C, Weatherall M,
et al. Underestimation of COVID-19 mortality during the pandemic.
ERJ Open Res. (2021) 7:00766–2020. doi: 10.1183/23120541.00766-
2020

80. Woolf SH, Chapman DA, Sabo RT, Zimmerman EB. Excess deaths
from COVID-19 and other causes in the US, march 1, 2020, to
january 2, 2021. JAMA. (2021) 325:1786–9. doi: 10.1001/jama.2021.
5199

81. Simonsen L, Viboud C. Mortality: a comprehensive look at the COVID-
19 pandemic death toll. Elife. (2021) 10:e71974. doi: 10.7554/eLife.
71974

82. Tarrant C, Krockow EM, Rousham EK, Rönnerstrand B. Optimising antibiotic
use: social and contextual issues. Front Sociol. (2021) 5:129. doi: 10.3389/fsoc.
2020.620048

83. Langford BJ, So M, Raybardhan S, Leung V, Soucy J-PR, Westwood D, et al.
Antibiotic prescribing in patients with COVID-19: rapid review and meta-
analysis. Clin Microbiol Infect. (2021) 27:520–31. doi: 10.1016/j.cmi.2020.12.
018

84. Adebisi YA, Jimoh ND, Ogunkola IO, Uwizeyimana T, Olayemi AH, Ukor
NA, et al. The use of antibiotics in COVID-19 management: a rapid review
of national treatment guidelines in 10 African countries. Trop Med Health.
(2021) 49:1–5. doi: 10.1186/s41182-021-00344-w

85. Bendala Estrada AD, Calderón Parra J, Fernández Carracedo E, Muiño Míguez
A, Ramos Martínez A, Muñez Rubio E, et al. Inadequate use of antibiotics in
the Covid-19 era: effectiveness of antibiotic therapy. BMC Infect Dis. (2021)
21:1144. doi: 10.1186/s12879-021-06821-1

Conflict of Interest: TJ is an employee of Novartis Pharma AG.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Schwab, Nienhold, Henkel, Baschong, Graber, Frank, Mensah,
Koike, Hernach, Sachs, Daun, Zsikla, Willi, Junt and Mertz. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Medicine | www.frontiersin.org 14 April 2022 | Volume 9 | Article 868954

https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1183/23120541.00766-2020
https://doi.org/10.1183/23120541.00766-2020
https://doi.org/10.1001/jama.2021.5199
https://doi.org/10.1001/jama.2021.5199
https://doi.org/10.7554/eLife.71974
https://doi.org/10.7554/eLife.71974
https://doi.org/10.3389/fsoc.2020.620048
https://doi.org/10.3389/fsoc.2020.620048
https://doi.org/10.1016/j.cmi.2020.12.018
https://doi.org/10.1016/j.cmi.2020.12.018
https://doi.org/10.1186/s41182-021-00344-w
https://doi.org/10.1186/s12879-021-06821-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

	COVID-19 Autopsies Reveal Underreporting of SARS-CoV-2 Infection and Scarcity of Co-infections
	Introduction
	Materials and Methods
	Cohort Description
	Clinical Data
	Autopsy Findings
	Sample Collection
	Quantification of SARS-CoV-2 in Formalin Fixed and Paraffin Embedded Tissue Samples
	Detection of Other Microbes Using a TaqMan Array Card Technology
	Validation by Immunohistochemistry and in situ Hybridization
	Statistical Analysis
	Ethics Statement

	Results
	Patient Characteristics and Autopsy Findings
	Patients With a Clinically Known Coronavirus Disease 2019 Diagnosis Prior to Autopsy
	Post Mortem Detection of SARS-CoV-2 in Autopsy Patients
	Post Mortem Detection of Other Respiratory Pathogens in Lung Tissues of Autopsy Patients


	Discussion
	Limitations
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


