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Summary

Background Autopsies are an important tool in medicine, dissecting disease pathophysiology and causes of death.
In COVID-19, autopsies revealed e.g., the effects on pulmonary (micro)vasculature or the nervous system, systemic
viral spread, or the interplay with the immune system. To facilitate multicentre autopsy-based studies and provide a
central hub supporting autopsy centres, researchers, and data analyses and reporting, in April 2020 the German
COVID-19 Autopsy Registry (DeRegCOVID) was launched.

Methods The electronic registry uses a web-based electronic case report form. Participation is voluntary and bioma-
terial remains at the respective site (decentralized biobanking). As of October 2021, the registry included N=1129
autopsy cases, with 69271 single data points including information on 18674 available biospecimens gathered from
29 German sites.

Findings In the N=1095 eligible records, the male-to-female ratio was 1-8:1, with peaks at 65-69 and 80-84 years in
males and >85 years in females. The analysis of the chain of events directly leading to death revealed COVID-19 as
the underlying cause of death in 86% of the autopsy cases, whereas in 14% COVID-19 was a concomitant disease.
The most common immediate cause of death was diffuse alveolar damage, followed by multi-organ failure. The reg-
istry supports several scientific projects, public outreach and provides reports to the federal health authorities, lead-
ing to legislative adaptation of the German Infection Protection Act, facilitating the performance of autopsies during
pandemics.

Interpretation A national autopsy registry can provide multicentre quantitative information on COVID-19 deaths on
a national level, supporting medical research, political decision-making and public discussion.

Funding German Federal Ministries of Education and Research and Health.

Hintergrund: Obduktionen sind ein wichtiges Instrument in der Medizin, um die Pathophysiologie von Krank-
heiten und Todesursachen zu untersuchen. Im Rahmen von COVID-19 wurden durch Obduktionen z.B. die Aus-
wirkungen auf die pulmonale Mikrovaskulatur, das Nervensystem, die systemische Virusausbreitung, und das
Zusammenspiel mit dem Immunsystem untersucht. Um multizentrische, auf Obduktionen basierende Studien zu
erleichtern und eine zentrale Anlaufstelle zu schaffen, die Obduktionszentren, Forscher sowie Datenanalysen und
-berichte unterstiitzt, wurde im April 2020 das deutsche COVID-19-Autopsieregister (DeRegCOVID) ins Leben
gerufen.

Methoden: Das elektronische Register verwendet ein webbasiertes elektronisches Fallberichtsformular. Die Teil-
nahme ist freiwillig und das Biomaterial verbleibt am jeweiligen Standort (dezentrales Biobanking). Im Oktober
2021 umfasste das Register N=1129 Obduktionsfille mit 69271 einzelnen Datenpunkten, die Informationen iiber
18674 verfiigbare Bioproben enthielten, die von 29 deutschen Standorten gesammelt wurden.

Ergebnisse: In den N=1095 ausgewerteten Datensitzen betrug das Verhaltnis von Mannern zu Frauen 1,8:1 mit Spit-
zenwerten bei 65-69 und 80-84 Jahren bei Mannern und >85 Jahren bei Frauen. Die Analyse der Sequenz der
unmittelbar zum Tod fithrenden Ereignisse ergab, dass in 86 % der Obduktionsfille COVID-19 die zugrunde liege-
nde Todesursache war, wahrend in 14 % der Fille COVID-19 eine Begleiterkrankung war. Die haufigste
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unmittelbare Todesursache war der diffuse Alveolarschaden, gefolgt von Multiorganversagen. Das Register
unterstiitzt mehrere wissenschaftliche Projekte, die Offentlichkeitsarbeit und liefert Berichte an die Bundesgesund-
heitsbehérden, was zu einer Anpassung des deutschen Infektionsschutzgesetzes fithrte und die Durchfithrung von

Obduktionen in Pandemien erleichtert.

Interpretation: Ein nationales Obduktionsregister kann multizentrische quantitative Informationen iiber COVID-19-
Todesfalle auf nationaler Ebene liefern und damit die medizinische Forschung, die politische Entscheidungsfin-

dung und die 6ffentliche Diskussion unterstiitzen.

Finanzierung: Bundesministerien fiir Bildung und Forschung und fiir Gesundheit.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Autopsy; Registry; COVID-19; SARS-CoV-2; Cause of Death

Research in context

Evidence before this study

Autopsies are a valuable tool for understanding novel dis-
eases, such as COVID-19; however, most COVID-19 autopsy
studies are conducted at a single center, with a small to
medium cohort size, and no central (national) registries for
COVID-19 autopsies existed. We reviewed the literature
available on PubMed using the search terms "COVID-19"
AND "cause of death" AND “autopsy” (through January 11,
2022). All autopsy studies were included; verbal autopsy
studies, case reports and review articles were excluded.
Review articles and meta-analyses on autopsy studies were
searched separately using the terms “COVID-19” AND
“autopsy” (through January 11, 2022). Included articles
were published in English, Russian or Hungarian language.

Added value of this study

This first report of the German Registry of COVID-19
Autopsies (DeRegCOVID) represents the largest, multi-
centric, national autopsy study to date, with N=1129
COVID-19 autopsy cases from N=29 autopsy centers.
We analyzed N=1095 eligible cases with positive clinical
or post-mortem SARS-CoV-2 test regarding autopsy rate
per calendar week, patient sex and age, disease dura-
tion, SARS-CoV-2 RNA detection at autopsy, and cause
of death. Beyond the central data analyses, we also
present our experience on how such a central autopsy
registry can facilitate research, for example, by provid-
ing information on available decentrally archived bio-
material, and how it can deliver data for policy making
and public outreach. We also discuss the limitations of
the study, framing further development of the registry.

Implications of all the available evidence

Our study demonstrates the potential benefit of the
autopsy registry in supporting medical research and serv-
ing as a central information hub for various actors in the
health sector.

Introduction

Autopsies are an important tool in medicine, offer-
ing insights into disease pathophysiology and causes
of death. In COVID-19, autopsies revealed the cru-
cial role of pulmonary (micro)vascular thromboem-
bolism and remodelling, systemic viral spread, and
the interplay between viral effects and the immune
system."?

A number of COVID-19 autopsy studies have
been published. However, most of these studies were
conducted at single centres and thus had variable,
but mostly small to medium cohort sizes (median
cohort size N=14), including several studies from
Germany. To our knowledge, the only multicentre
studies published to date are two survey studies, one
from the USA and Brazil, and one from eight Euro-
pean countries and Russia, including N=135 and
N=313 COVID-19 autopsies from pathology or foren-
sic medicine, respectively.>"*

There were no national registries that would col-
lect multicentre autopsy data of COVID-19 or even
other diseases. Therefore, in April 2020, we
launched the German COVID-19 Autopsy Registry,
Germany’s unified national response to the pan-
demic (http://www.deregcovid.ukaachen.de/).""® We
defined the primary objectives of the registry as
follows:

I. to collect data from as many COVID-19 autopsies as
possible and to provide a central electronic hub for
data curation and analysis,

2. to support autopsy centres from pathology, neuro-
pathology and forensic medicine,

3. to support researchers and facilitate multicentre
autopsy-based studies,

4. to integrate the registry into the national and interna-
tional research landscape and report results to policy
makers, professional societies, and the public.
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Methods

Ethical issues

Only cases that met the legal requirements, i.e., consent
given by the deceased or next of kin for autopsy or
request for autopsy by the health authorities or by the
prosecutor’s office were included in the registry. The
registry was approved by the ethical committee of the
medical faculty of the RWTH Aachen University (EK
092/20). Additionally, each participating centre had a
local ethical approval. The registry was registered with
the German Clinical Trials Registry (https://www.drks.
de/drks_web/navigate.do?navigationld=tria HTML&T
RIAL_ID=DRKS00025130).

Participation and eligibility
Participation in the registry is voluntary, and the regis-
try was communicated via mailing lists of pathological
societies (DGP - German Society for Pathology e.V.,
BDP Federal Association of German Pathologists e.V.,
DGNN - German Society for Neuropathology and Neu-
roanatomy e.V., DGRM - German Society for Forensic
Medicine), at congresses and in the German pathology
publication “Der Pathologe” (Springer Nature).”® The
data were retrieved from the final autopsy report or
the laboratory information system by a member of the
autopsy team (physician or autopsy technician), scien-
tific staff member or by medical documentation assis-
tants. All cases with a positive SARS-CoV-2 test (usually
antigen test from nasopharyngeal swab or PCR from
nasopharyngeal swab or from tissue), either preclinical,
clinical or at post-mortem, were eligible for registration
and analysis. Accordingly, entries regarding post-SARS-
CoV-2 vaccination autopsies without SARS-CoV-2 infec-
tion (N=21, Figure 1a) were not included in the present
analyses. In Germany, vaccination became available for
elderly persons during the 2™ wave, which is reflected
in only very few cases post-vaccination. As we expect the
highly important post-SARS-CoV-2 vaccination autopsy
cohort to be further increased in the near future, it will
be subject of subsequent analyses from the registry.
Besides full autopsies, minimal invasive autopsies
were also eligible. In N=17 cases, biopsies were men-
tioned as sample type.

Data management

The data acquisition is performed with the electronic
data capture system (EDC) LibreClinica (version 1.0.ort
snapshot). The purpose of the first stage of development
of the registry is to improve the availability of cases and
samples to enable research. Participation is voluntary
and biomaterial remains at the respective site (decen-
tralized biobanking). In order to keep the effort for the
participating sites as low as possible, only a small data
set on patients and autopsy findings and the number of
available samples, are collected. The dataset is under
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continuous development. A detailed overview of the cur-
rent data set version 4.0.0 is given in Supplementary
Table 1.

The cause of death data was taken from the final
autopsy report after the histological examination.
Entries without sequential cause of death reporting in
combination with a nonspecific condition as the imme-
diate cause of death or with missing data in line 1a (e.g.,
cardiovascular failure without underlying diseases)
were excluded (Figure 1a). Nomenclature of diagnoses
was curated following ICD-11 International Statistical
Classification of Diseases and related health problems,
eleventh revision, 1st ed. To determine the disease dura-
tion, the interval between the first symptoms of COVID-
19, or, if not available, between the first positive SARS-
CoV-2 test and death was calculated. Cause of death
data was centrally reviewed and curated following the
ICD-10: International statistical classification of dis-
eases and related health problems, tenth revision, 2nd
ed., Rules and guidelines for mortality and morbidity
coding and International Guidelines for Certification
and Classification (Coding) of COVID-19 as Cause of
Death.” Specifically, a chain of events leading directly
to death was established, with the immediate cause of
death (the final disease, injury, or complication directly
causing death) in line 1a and the underlying cause of
death (the disease or injury that initiated the chain of
morbid events that led directly and inevitably to death)
on the lowest used line (1b or 1c, depending on the num-
ber of underlying conditions, see Table 2 for an exam-
ple). The sequence of cause of death was retrieved from
the registry entries. In two instances, the sequence of
cause of death was changed as suggested in the Interna-
tional Guidelines for the Classification (Coding) of
COVID-19 as a Cause of Death: 1. when ischemic heart
disease was reported as the cause of death in COVID-
19-positive individuals, it was not classified as a COVID-
19 death (N=7 cases). 2. in COVID-19 positive individu-
als, death due to diffuse alveolar damage/acute respira-
tory distress syndrome (DAD/ARDS), was always
considered to be due to COVID-19 (following the WHO
guideline, with the exception of aspiration pneumonia),
even if COVID-19 had not been reported as the cause of
death by the autopsy centre (N=19 cases). “Therapy-
associated” deaths comprised N=6 bleeding complica-
tions of extracorporeal membrane oxygenation therapy,
N=2 bleeding complications of intensive care therapy,
N=2 complications of tracheotomy and N=1 bleeding
complication after pulmonary embolism lysis therapy.
The category “COVID-19 other” comprised N=11 sponta-
neous bleeding complications, N=2 cerebral infarction,
N=2 disseminated intravasal coagulation, N=2 cardiac
arrhythmia, N=2 myocarditis, N=1 acute renal failure,
N=1 coronary thrombosis, N=1 mesenteric ischemia,
N=r bacterial endocarditis, N=1 hypoxic encephalopathy,
N=r1 other viral pneumonia, N =1 right ventricular fail-
ure without mention of pulmonary embolism and N=2
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Figure 1. a) Flow diagram of included and excluded cases. b) COVID-19 autopsies per site. From N=1129 autopsies, contributed by
N=29 university and non-university autopsy centers in N=27 cities, N=1095 autopsy cases were eligible for analyses. (Map source:
Map Data from OpenStreetMap. This data is available under the Open Database License and under Creative Commons Attribution-

Share Alike 2.0 license.)
NV = no value

cardiac failure in patients with amyloidosis. The cate-
gory “Other” comprised N=4 acute bacterial infection
(extrapulmonary), N=1 acute kidney failure, N=1 throm-
botic microangiopathy and N=1 hyponatraemia.

Samples

Decentrally archived samples were entered into the reg-
istry per tissue type/localization, but not as number of

samples per tissue type/localization.

Even if multiple

Regi N p % of N autopsies % of total
by postal total by regional
code centres

East (0-1) 218 19 236 21

North (2) 313 28 328 29

West (3-6) 216 20 248 22

South (7-9) 344 30 317 28

no value 23 2 0 0

Sum 1129 100 1129 100

Table 1: Stratification of cohort by region.

lung samples were collected, to keep the data entry pro-
cess simple, the lung was represented only twice in a
list of organs and localizations (e.g., central and periph-
eral, Figure 6a, Supplementary Table 1). In comparison,
the data model for central nervous system samples is
very detailed.

Cohort stratification by pandemic wave

Pandemic waves were defined based on COVID-19
death data from the Robert Koch Institute as follows: 1st
wave, from calendar week 10 to 31, inclusive, in 2020.
Calendar weeks 32 in 2020 to 11, inclusive, in 2021
were selected for the 2nd wave.”® The 3rd wave was
defined as beginning calendar week 12 to 38, inclusive,
in 202I.

Cohort stratification by region

The first digit of the German postal code of the deceased
person's home address was used to stratify the cohort by
region. Postal codes beginning with o-1 were assigned
to the "East" 2 to the "North", 3-6 to the "West", and 7-9
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1 Report disease or condition directly leading to death in line “a”
Report chain of events in “due to” order (if applicable)

State the underlying cause on the lowest used line

2 Other significant conditions contributing to death

Cause of Death

= .

@ b
C Due to:

COVID-19 (SARS-CoV-2 test positive)

Acute respiratory distress syndrome
Due to:

Diffuse alveolar damage

Coronary heart disease
Diabetes mellitus

Obesity

Table 2: Example of how to certify the chain of events for deaths due to COVID-19, modified from.”

to the "South" (Table 1). It should be noted that stratifi-
cation by postcode results in different numbers than
adding the numbers of regional centres. This may be
due to patients being transferred from one region to
another due to ICU capacity, but also due to individuals
residing in a region that is not identical to the region in
which they are registered officially.

Statistics

2 x 2 contingency tables were used for association
between sex and peaks in age groups (Figure 2b) with
graphpad.com/quickcalcs/contingency1/ (Fisher’s exact
test, two tailed P value). Two-way ANOVA with Bonfer-
roni post test was performed with GraphPad Prism.
Graphs were created using GraphPad Prism, Microsoft
Excel and R (for details, see Supplementary Table 2).
Missing data were considered to be missing at random.

Role of the funding source

The funding source had no involvement in study
design, data collection, data analysis, interpretation, or
writing of the report.

Results

Participation and eligibility

As of October 2021, the registry included N=1129
autopsy cases. Of all N=1129 autopsy cases, N=771 to
N=1129 records were eligible, depending on the analysis
and missing data points, as shown in the flow diagram
in Figure 1a. 69271 single data points, collected from
29 sites across Germany, were available for analyses
(Figure 1b). Time points of death spanned calendar
week 10, 2020, through calendar week 39, 2021.

Autopsy rates

The number of autopsies per calendar week reflected
the pandemic peaks in Germany (Figure 2a). Autopsy
rates averaged 1-18% from calendar week 10 in 2020 to
calendar week 38 in 2021, but varied between pandemic
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waves. During the first wave, 3-13% of all reported
COVID-19 deaths were autopsied (calendar week 10 to
22 in 2020, N=285 autopsies/ N=g1o4 reported
COVID-19 deaths), whereas during the second and
third waves, 0-96% of all reported COVID-19 deaths
were autopsied (calendar week 39 in 2020 to calendar
week 22 in 2021, N=784 autopsies/ N=82093 reported
COVID-19 deaths). The distribution of the autopsy rates
per week was not Gaussian, in 36 of 82 weeks from cal-
endar week 10 in 2020 to calendar week 38 in 2021, the
autopsy rate was 0-1% of all reported COVID-19 deaths.
The interquartile range of the autopsy rates per week
was 2-5%, with a mean absolute deviation of 2:2%. The
difference in autopsy rate is likely due to much higher
death counts in the 2™ and 3™ waves, due to the
increased incidence. Given that the absolute numbers
of autopsies per calendar week during these waves were
comparable, this might suggest a “saturation” of
autopsy capacity.

Age and sex distribution

The male-to-female ratio was 1-8:1, with peaks at 65-69
(formally p < 0-001) and 80-84 (ns) years in men and
>85 years (formally p < o-oo1, Fisher’s exact test, two
tailed p-value) in women (Figure 2b). Stratified by pan-
demic wave, the ratio of males to females was 1-6:1 dur-
ing the 1** wave, 1.8:1 during the 2" wave and 2-1:1
during the 3™ wave (Figure 2c). The decrease in female
COVID-19 autopsies in the age groups of 85-89 years
from the 1! to 2™ pandemic wave and 80-84 years from
the 2™ to 3™ pandemic wave was statistically significant
(Figure 2d, p < 0-05, two-way ANOVA with Bonferroni
post test). Comparison of the male age groups between
different pandemic waves and between female and
male age groups within the pandemic waves showed no
significant differences.

Disease duration

The disease duration from onset of first COVID-
19 symptoms/positive SARS-CoV-2 test to death was
less than two weeks in most cases (median 2 weeks,
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d coviD-19 autopsies per calendar week b COVID-19 autopsies by age and sex
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Figure 2. a) COVID-19 autopsies per calendar week (N=1094, 1-18% of all COVID-19 deaths). COVID-19 autopsies (purple line) follow
the pandemic peaks of reported COVID-19 deaths (grey area, data: RKI). Note high autopsy rate in the Northern region during the
1% pandemic wave (blue line, one case excluded due to missing value). b) COVID-19 autopsies by age and sex (N=1094). Age and
sex distribution of COVID-19 autopsy cases shows male predominance in patients from 50-80 years, but more female autopsy cases
in patients older than 85 years. The age peaks >85 years and female sex and 65-69 years and male sex showed a formally significant
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interquartile range 2-6 weeks). However, more than one
third of cases showed a disease duration of more than
two and less than five weeks and more than one in ten
cases died more than five weeks after the first COVID-
19 symptoms/positive SARS-CoV-2 test in each pan-
demic wave (Figure 2e).

Post-mortem SARS-CoV-2 test

At autopsy, post-mortem SARS-CoV-2 tests were per-
formed in 516 cases (Figure 3a). The ratio of positive to
negative test results was 10:1, decreasing with increas-
ing disease duration/postmortem interval. The longest
interval between first COVID-19 symptoms/positive
SARS-CoV-2 test and positive SARS-CoV-2 test result at
autopsy was 18-7 weeks, disease duration 17-4 weeks,
postmortem interval 9 days). The longest postmortem
interval, after which SARS-CoV-2 RNA was detected at
autopsy was 36 days. This finding can be explained by
the fact that in Hamburg, a unique collaboration for sys-
tematic SARS-CoV-2 mortality monitoring has been
pursued by the health authority and forensic medicine
since March 2020. This enabled autopsies of non-hospi-
talized COVID-19 deceased persons, who had been
found dead at their homes with sometimes long post-
mortem intervals.

Cause of death

To analyse the cause of death in COVID-19, we exam-
ined the chain of events that directly led to death
(Table 2). In 86% of autopsy cases, COVID-19 was the
underlying cause of death, whereas in 14% of COVID-
19 autopsies, COVID-19 was a concomitant disease
(Figure 3b). Comparison of the immediate cause of
death diagnoses between pandemic waves showed no
significant differences in the disease duration
(Figure 3c). Looking at percentage of immediate cause
of death diagnoses by disease duration, the most com-
mon immediate cause of death was DAD/ARDS, fol-
lowed by multiorgan failure (Figure 4a). Further
stratification by region showed similar regional trends
with DAD/ARDS as the leading cause of death, followed
by multiorgan failure and bacterial pulmonary superin-
fection, with a significantly higher prevalence in the <2
weeks disease duration group in the South compared

with the East and West and subsequent decrease in the
South. The prevalence of multiorgan failure at >5 weeks
disease duration was also higher in the East than in the
North and West (Figure 4b-e). A stratification of imme-
diate cause of death by pandemic wave showed a
decrease in DAD/ARDS, bacterial pulmonary superin-
fection and pulmonary embolism from the 1 to the 3™
pandemic wave and an increase of multiorgan failure as
an immediate cause of death (Figure 5a). Further strati-
fication by disease duration during the pandemic waves
showed a decreasing frequency of DAD/ARDS and
increasing frequency of multiorgan failure as an imme-
diate cause of death with increasing time interval
between first COVID-19 symptoms/SARS-CoV-2 test in
each pandemic wave (Figure 5b-d), which were statisti-
cally significant in the 3 wave (Figure 5d). A stratifica-
tion of cause of death by sex showed similar
distributions of cause of death diagnoses between
COVID-19 autopsies of male and female deceased per-
sons without significant differences (Figure se).

Samples

The registry also records various anatomic localizations
of available biospecimens (Figure Ga), that are frozen/
cryopreserved, formalin-fixed and paraffin-embedded
(FFPE) or otherwise fixed (e.g., in glutaraldehyde for
electron microscopy or in RNase inactivating media for
RNA analyses, Figure 6b).

Discussion

The first goal of the registry was to collect autopsy-
derived data on as many COVID-19 autopsies as possi-
ble. This was achieved by close cooperation and support
of all German professional societies for pathology, neu-
ropathology and forensic medicine, which enabled a
wide dissemination. Other promotional efforts included
presentations at national congresses and the national
medical journal “Der Pathologe”. Finally, the establish-
ment of a German Network for Autopsies in Pandemics
(DEFEAT PANDEMIcs) further strengthened the inclu-
sion of centres, since the registry serves as the electronic
backbone for centralized data reporting within the proj-
ect. We were able to engage more than three quarters of
all national wuniversity institutes of pathology,

association, while the age peak 80-84 years and male sex did not. (p < 0-001, Fisher’s exact test, two tailed P value). c) Age and sex
distribution of COVID-19 autopsy numbers by age and sex stratified by pandemic wave. Comparison of age groups between differ-
ent waves in female or male sex showed no significant differences. d) The comparison of the percentage of age groups of female or
male sex of the total number of female/male COVID-19 deceased persons per pandemic wave showed a significant decrease of
female cases in the age group of 85-89 years from the 1% to the 3™ and 80-84 years from the 2" to 3™ pandemic wave (p < 0-05).
Comparison between male and female age groups during each wave showed no significant results (two-way ANOVA with Bonfer-
roni post-test). d) Disease duration (N=870). The disease duration from first COVID-19 symptoms/Positive SARS-CoV-2 test to death
was less than two weeks in 41-52% of the analysed cases, while it was between 2 and 5 weeks in 37-45% and longer than 5 weeks

in 11-14% of cases.
CW = calendar week; RKI = Robert Koch-Institute
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d Results of SARS-CoV-2 test at autopsy (N=889)
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Figure 3. a) Results of SARS-CoV-2 test at autopsy (N=889). When autopsies took place within three weeks from the first COVID-19 symp-
toms/SARS-CoV-2 test, the test for SARS-CoV-2 at autopsy was positive in more than half of the cases. When the disease duration and post-
mortem interval were longer than three weeks, the percentage of positive SARS-CoV-2 tests at autopsy decreased to less than 50%. b) Cause
of death at autopsy (COVID-19 autopsies with positive clinical or post-mortem test for SARS-CoV-2, N=986). COVID-19 was the underlying
cause of death in 86-2% of COVID-19 autopsies, whereas COVID-19 was a concomitant disease in 13-8% of COVID-19 autopsies. The most
common immediate cause of death in COVID-19 deaths was diffuse alveolar damage/acute respiratory distress syndrome (DAD/ARDS), fol-
lowed by multiorgan failure. ¢) Comparison of the disease duration of the most common immediate causes of death as shown in b) by pan-
demic wave (Tukey method for plotting the whiskers and outliers, no significant differences between waves, two way ANOVA with
Bonferroni post test).
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Immediate cause of death at autopsy by disease duration (N=771)
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Figure 4. a) Immediate cause of death at autopsy (weeks after first COVID-19 symptoms/SARS-CoV-2 test, N=771). Radial heat map
(scaled to rows) of the immediate cause of death sorted by interval between first COVID-19 symptoms/SARS-CoV-2 test and death
shows highest prevalence of DAD/ARDS as immediate cause of death in the first two weeks of the disease, decreasing subsequently,
and an inverse development for multiorgan failure as the second most prevalent immediate cause of death (no significant differen-
ces between disease duration intervals). b-e) A further stratification of a) by region shows similar regional trends for cause of death
per week after first COVID-19 symptoms/SARS-CoV-2 test. The higher prevalence of DAD/ARDS in COVID-19 autopsies after a disease
duration <2 (p < 0-01) and >2 <5 weeks in the South compared to the East (p < 0-05) and <2 weeks in the South compared to the
West were significant (p < 0-05), as well as the decrease of DAD/ARDS from <2 weeks to >5 weeks in the South (p < 0-05) and
higher prevalence of multiorgan failure after >5 weeks in the East compared to the North (p < 0-05) and to the West (p < 0-01),

two-way ANOVA with Bonferroni post-test). All radial heatmaps are scaled to row, colour codes and labelling identical to a).
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Immediate cause of death at autopsy by pandemic wave (N=985)
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Figure 5. a) Immediate cause of death at autopsy (weeks after first COVID-19 symptoms/SARS-CoV-2 test, N=985). Radial heat map
(scaled to rows) of the immediate cause of death sorted by pandemic wave shows decreasing incidence of bacterial pulmonary
superinfection and pulmonary embolism with each wave (no significant differences between the waves). b-d) A further stratification
of a) by pandemic wave and interval from first COVID-19 symptoms/SARS-CoV-2 test shows similar percentages of persons deceased
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Schematic overview of registration of decentrally archived
COVID-19 autopsy tissue samples
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Figure 6. a) Schematic overview of registration of decentrally archived COVID-19 autopsy tissue samples. Samples are categorized
into central nervous system, thorax, intraperitoneal space and retroperitoneal space. b) Available tissues from registered COVID-19
autopsies for different fixation methods (minimum N=18674 tissues from 1129 COVID-19 autopsies, numbers represent different
organs/tissues, not total amount of samples). Decentrally archived samples from COVID-19 autopsy tissue comprise mainly forma-
lin-fixed, paraffin-embedded samples, followed by formalin-fixed, cryopreserved and otherwise preserved biomaterials e.g., in
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neuropathology, and forensic medicine to participate in
the national network. The open and participatory design
of the registry, allowing access to own data, and guaran-
teeing the rights on own data and its publication, was
readily accepted by the community. There are several
reasons for the relatively low number of autopsied cases,
e.g., the early recommendation by the Robert Koch
Institute in Germany not to perform COVID-19 autop-
sies (which, however, was corrected shortly thereafter),
but also the overall situation in pathology with the
declining interest of both pathologists and clinicians to
perform autopsies. To assess the actual infectious
potential of SARS-CoV-2 during autopsy, centres from
the DEFEAT PANDEMIcs consortium performed a
study on infectiousness of contaminated autopsy per-
sonal protective equipment.’® We believe that COVID-
19 strongly documented and “rejuvenated” the interest
in autopsies and that initiatives like the DeRegCOVID
might further increase the value of autopsies as an
important medical research tool.

Another aspect of the first goal is central data cura-
tion and analyses. Regarding curation, the first technical
curation was realized by IT specialists, and the second
curation of cause of death diagnoses was performed by
the establishment of a sequential cause of death chain
of events, with the underlying disease on the lowest line
used, and the immediate cause of death on the first line.
The central analyses allowed for the evaluation of the
largest multi-centre cohort of COVID-19 autopsies cur-
rently available. A previous autopsy study found that
53% of the cohort studied died due to COVID-19,
defined as a cause of death due to respiratory or cardio-
respiratory failure with DAD.>® This is well in line with
our data, with 52-5% of our cases meeting this study’s
definition of death due to COVID-19. However, because
we also considered deaths due to events subsequent to
COVID-19, such as a subsequent multiorgan failure, as
"death due to COVID-19" according to the WHO recom-
mendation, the proportion of COVID-19 deaths was
higher, accounting for 86-2% of autopsies overall.
Other previous studies reported “acute respiratory dis-
ease” or COVID-19 pneumonia as the immediate cause
of death in 75-83% of COVID-19 autopsies and overall
prevalence of DAD/ARDS, regardless of its relevance as
a cause of death, was 80-9% of COVID-19 autopsies.
132122 1n a large single-centre Russian study, COVID-19
played a significant role in the cause of death in 57% of
COVID-19 autopsies.” Our finding that the prevalence
of DAD/ARDS decreases from the 1% wave to subse-
quent waves is consistent with the result of a recent
study from several European and non-European

countries."* Previous studies on COVID-19 autopsies
performed very early during the 1™ wave reported up to
20% of deaths in COVID-19 autopsies due to pulmo-
nary embolism.”>** This percentage is much higher
compared to 6%, 3% and 2% in the 1%, 2" and 3™
wave, respectively, in our cohort. The lower percentage
of pulmonary embolism as immediate cause of death in
our cohort can be explained by guidelines for anticoagu-
lation, published early in the 1™ pandemic wave.”” In a
meta-analysis of mould disease in fatal COVID-19, inva-
sive mould disease was found in 2% at autopsy, which
is consistent with our analysis showing a prevalence of
1% to 3% with increasing disease duration. As for non-
invasive mould disease, the prevalence at autopsy may
be underestimated because it could be missed with stan-
dard histologic stains and moulds are a common con-
taminant.>® However, the studies remain difficult to
compare, because existing guidelines on terminology of
cause of death diagnoses do not specifically address
autopsy reports. Also, most previous studies analysed
autopsy cases regardless of the disease duration, mak-
ing interpretation and direct comparison of the results
difficult. Our finding of regional differences in the dis-
tribution of cause of death diagnoses over the different
disease duration categories might be related to regional
differences in infection dynamics, including ICU capac-
ities and viral variants.®” Another consideration to keep
in mind is that COVID-19 is an angiocentric disease,
that may cause aggravation of cardiovascular or neuro-
vascular diseases. If we would have considered COVID-
19 as the underlying disease in immediate cardiovascu-
lar causes of death as well, the impact of COVID-19 as
underlying cause of death would increase to more than
90% of our cohort. However, as this is currently not rec-
ommended in the World Health Organization’s Interna-
tional Guidelines for Certification and Classification
(Coding) of COVID-19 as Cause of Death, we did not
include these cases into COVID-19 deaths during our
analyses. The reasons for regional variability of the
cause of death distribution and the contribution of
COVID-19 to death from cardiovascular disease are
important questions requiring further studies.

The second objective of the registry is to support the
autopsy centres, by serving as a central information hub
for practical aspects of COVID-19 autopsies, such as
providing Standards of Practice (SOPs) for autopsies in
pandemic situations. Such an SOP was prepared by the
registry very early in the pandemic, and support in e.g.,
personal protective measures and sampling was pro-
vided.'® The registry also provides support on all aspects
of the electronic system and data input process.

gutaraldehyde for electron microscopy, or in RNA preserving fixation medium for RNA studies). CNS samples appear overrepre-
sented in comparison to non-CNS samples due to numerous sampling localizations, compared to less detailed sampling localiza-

tions for non-CNS samples.

CN = cranial nerve; CNS = central nervous system; FFPE = formalin-fixed, paraffin embedded; LC = locus coeruleus;
MO = medulla oblongata; SN = substantia nigra; VPM = nucleus ventralis posteromedialis
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The third main objective of the DeRegCOVID is to
act as an honest broker, i.e., to connect researchers with
autopsy centres that can provide available material or
data for the research question they would like to
address. Research projects/inquiries can be submitted
using a simple application form available on the website
www.DeRegCOVID.ukaachen.de. The registry team
reviews the applications and assists applicants with proj-
ect planning, as appropriate, since there is often little
experience with research on autopsy specimens. The
registry team then checks the availability of the
requested biomaterial and forwards the application to
the respective autopsy centres. The decentralized bio-
banking concept, in which all samples remain at the
respective site, leaves the rights to the samples and data
with the individual centres, which autonomously decide
on the suitability and availability of their resources. By
December 2021, the registry has connected autopsy
centres with researchers from various ongoing scientific
projects, resulting in 23 publications in peer-reviewed
journals. To date, several basic science topics have been
addressed, e.g., the switch of macrophages driving profi-
brotic lung sequelae of COVID-19,* T-cell cytotoxicity in
COVID-19,** imaging intact human organs with local
resolution at the cellular level,> and SARS-CoV-2 infec-
tion leading to viral infiltration of the pancreas,’® but
clinical questions are also being addressed.

The fourth major objective of DeRegCOVID is to
provide reports to the federal health authorities and the
German Ministry of Health, considerably improving the
information available for policy making, and communi-
cating the essential role of autopsies in pandemic man-
agement to the public and policymakers through
intensive public relations effort.>'?* An unexpected and
important achievement of this close interaction was an
adjustment of the legislation (German Infection Protec-
tion Act §25 and §60) to facilitate the performance of
autopsies during pandemics.**

The registry currently has several limitations. One of
them is the lack of centralized histology evaluation,
thus relying on autopsy report data generated by each
centre. However, because less than 10% of the data
specifying the cause of death (N=109 of N=1095) could
not be analysed due to missing or inconclusive data,
this approach seems sufficiently feasible. Performing
and reporting autopsies are a major aspect in pathology
training and part of the daily routine at all German uni-
versity hospitals and also at some, but not all, non-uni-
versity pathology institutes. Almost one quarter of
autopsy cases were contributed by contributors from
forensic medicine, which also perform cause of death
investigations as major part of their training and daily
routine. In addition, a specific guideline on the certifica-
tion of COVID-19 deaths was published by the WHO in
April 2020,"” and early on during the pandemic, virtual
congresses were held by the German (and European)
professional pathology societies with COVID-19
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sessions and specific virtual lectures on the pathologic
features of COVID-19. From a macroscopic and micro-
scopic point of view, the morphologic findings of
COVID-19 DAD/ARDS are distinct, with heavy lungs
void of air and diffuse alveolar damage at various
stages.” A special issue on COVID-19 has been pub-
lished in the German pathology journal “Der Patho-
loge™® with a special focus on SARS-CoV-2 detection
and COVID-19 manifestations in routine pathology
diagnostics. Collectively, these aspects are reassuring
the validity of the data. In the future, support by special-
ized reference centres or consensus readings, particu-
larly using digital pathology might facilitate centralized
readings and further strengthen the data validity. Fur-
thermore, our eCRF does not yet capture all information
and metadata. In this first registry, we have tried to bal-
ance the amount of information with the amount of
time needed for data input to assess whether and how
such a registry can support research in general. Also,
the current sample registration section in the eCRF is
concise regarding non-CNS localizations, but much
more granular regarding CNS localizations. This was
due to the fusion of the DeRegCOVID with a previously
separate registry for COVID-19 autopsy-derived CNS
samples (CNS-COVID-19). Further extension of the
depth of captured data, particularly combined with sup-
port systems for automated data input, are among the
important next steps in the further development of the
registry.

Another limitation is the variability in the nomencla-
ture of autopsy-derived diagnoses. For neoplastic dis-
eases, specific terminology has been developed and
implemented in pathology since the 1960s to facilitate
interdisciplinary communication, guideline-based deci-
sion making and cancer registration (International Clas-
sification of Diseases for Oncology, ICD-O). Only in
2021, with the release of ICD-11, that an integration of
morphologic diagnoses such as “CBos.o diffuse alveolar
damage” has been achieved. Due to its recency, ICD-11
has not yet been introduced into autopsy reporting prac-
tice in Germany. Furthermore, although a German rec-
ommendation guideline on the sequential cause of
death reporting was released in 2017,°° the structure of
cause of death reports remains variable at different
centres. Therefore, an electronic death certificate within
the registry might be helpful to not only harmonize
cause of death terminology, but also to speed up the reg-
istration of pandemic deaths in the future. As an exam-
ple, in Portugal, a complete electronic death
certification has been used since 1*' January 2014.73%

Another limitation is that our data do not provide a
complete national coverage, because participation is vol-
untary. Based on our correspondence with other
centres, we suspect that 10-20% of COVID-19 autopsies
in Germany may not have been included in the registry.
Furthermore, in most centres only hospitalized patients
were autopsied, potentially leading to a selection bias.

13



Articles

14

The age and sex characteristics of our cohort are consis-
tent with data published by German national health
authorities. The underlying cause of death was COVID-
19 in 86% of autopsy cases (“dying of COVID-19"),
while COVID-19 was a concomitant disease in 14%
(“dying with COVID-19"), in agreement with data pub-
lished by the German Federal Statistical Office (83%
dying of COVID-19, 7% dying with COVID-19)." Since
epidemiological characteristics and the proportion of
deaths attributable to COVID-19 in our cohort show
high concordance with data on all COVID-19 deaths
published by the German Federal Statistical Office, the
results are comparable and likely representative.*”

In conclusion, a centralized national autopsy registry
can provide multicentre, quantitative information on
COVID-19 deaths at the national level, providing infor-
mation and facilitating medical research, policy making
and public discussion. There are several limitations of
the registry, which outline the future directions for fur-
ther improving this infrastructure, not only for pan-
demic preparedness but also for other autopsy-based
research studies. We hope that this report might spark
interest in the development of similar national autopsy-
registries, which could be potentially integrated on a
European or even global level.
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