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Sefer Elezkurtaj'™, Selina Greuel', Jana Ihlow?, Edward Georg Michaelis?, Philip Bischoff'?,
Catarina Alisa Kunze?, Bruno Valentin Sinn!, Manuela Gerhold?, Kathrin Hauptmann?,
Barbara Ingold-Heppner?, Florian Miller“, Hermann Herbst*, Victor Max Corman®s,

Hubert Martin’, Helena Radbruch’?, Frank L. Heppner’®° & David Horst*"™*

Infection by the new corona virus strain SARS-CoV-2 and its related syndrome COVID-19 has been
associated with more than two million deaths worldwide. Patients of higher age and with preexisting
chronic health conditions are at an increased risk of fatal disease outcome. However, detailed
information on causes of death and the contribution of pre-existing health conditions to death yet is
missing, which can be reliably established by autopsy only. We performed full body autopsies on 26
patients that had died after SARS-CoV-2 infection and COVID-19 at the Charité University Hospital
Berlin, Germany, or at associated teaching hospitals. We systematically evaluated causes of death and
pre-existing health conditions. Additionally, clinical records and death certificates were evaluated.
We report findings on causes of death and comorbidities of 26 decedents that had clinically presented
with severe COVID-19. We found that septic shock and multi organ failure was the most common
immediate cause of death, often due to suppurative pulmonary infection. Respiratory failure due to
diffuse alveolar damage presented as immediate cause of death in fewer cases. Several comorbidities,
such as hypertension, ischemic heart disease, and obesity were present in the vast majority of
patients. Our findings reveal that causes of death were directly related to COVID-19 in the majority

of decedents, while they appear not to be an immediate result of preexisting health conditions and
comorbidities. We therefore suggest that the majority of patients had died of COVID-19 with only
contributory implications of preexisting health conditions to the mechanism of death.

More than 100 million confirmed cases of coronavirus disease 2019 (COVID-19) and more than two million
associated deaths have been counted around the globe by end-January, 2021'. COVID-19 is caused by infection
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel and highly contagious coronavi-
rus strain that mostly spreads through respiratory droplets and that has first been identified in Wuhan, China®.

Some SARS-CoV-2 infections are asymptomatic while most cause mild to moderate illness with respiratory
and flu-like symptoms, including fever, chills, cough and sore throat>*. However, a significant number of patients
with COVID-19 develops critical illness and requires intensive care with mechanical ventilation or extracorporeal
membrane oxygenation®®. Especially in these cases, the disease may ultimately be fatal”. While raw numbers of
deaths suggest overall COVID-19 case-fatality rates of more than 5%, infection-fatality rates probably are lower
and may range around 0.3-0.5%?.

The risk of death from COVID-19 strongly depends on age and previous health conditions. Older patients
and those with chronic comorbidities, such as cardiovascular disease, hypertension, diabetes, and pulmonary
disease, are much more prone to critical and fatal disease outcomes*’. These associations may contribute to an
uncertainty to what extent COVID-19 or preexisting health conditions determined the time of a patient’s death.
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Detailed information on the causality and mechanism of death, as well as the spectrum of comorbidities in cases
with fatal outcome that will allow accurate assessment of the hazardous nature of COVID-19 yet is missing.
Autopsies are the gold standard for the analysis of medical conditions and causes of death. Few reports
described damage to several organs due to COVID-19 on the morphological level. However, while one study
reported fatal pulmonary thromboembolism in few cases', systematic information on immediate and underlying
causes of death are scarce. Here, we present data on clinical and autoptic causes of death and comorbidities of
26 patients that had died after SARS-CoV-2 infection and COVID-19 in Berlin, Germany. Our findings reveal
that causes of death were directly related to COVID-19 in most cases and not an immediate consequence of
preexisting health conditions and comorbidities, i.e. these patients—despite often suffering from severe health
conditions—would not have died in the absence of a SARS-CoV-2 infection at the given time point.

Methods

Study design and clinical information. We prospectively included all 26 autopsy cases of hospitalized
patients that had died between 1st of March and 19th of June 2020. All patients had been treated for COVID-19
at either Charité—Universititsmedizin Berlin (n=22), or an affiliated teaching hospital including Immanuel
Klinikum Bernau (n=1), Vivantes Hospitals Berlin (n=1), DRK Kliniken Berlin (n=1), and Klinikum Ernst
von Bergmann (n=1). In all cases, SARS-CoV-2 infection was confirmed by PCR testing of material from nasal
and pharyngeal swabs. Informed consent was given by the next of kin, and autopsies were performed on the legal
basis of §1 SRegG BE of the autopsy act of Berlin and §25(4) of the German Infection Protection Act. This study
was approved by the Ethics Committee of the Charité (EA1/144/13 and EA2/066/20) as well as by the Charité-
BIH COVID-19 research board and was in compliance with the Declaration of Helsinki.

Clinical information on comorbidities, pre-existing conditions, microbiological test results and medical
management was obtained from patient files and clinical death certificates. Sepsis and septic shock were clini-
cally defined according to the current consensus of Sepsis-3'!. Cause of death statements were structured in
analogy to the guidelines of the World Health Organization (WHO) into immediate causes of death, conditions
leading to cause of death, underlying cause, and further relevant conditions that may have contributed to fatal
outcome'?. Briefly, the immediate cause of death represented the condition (disease, injury or complication)
that preceded death most directly. The condition leading to the cause of death indicated a sequence with an
etiological or pathological basis that prepared the way for the immediate cause of death by damage to tissues or
impairment of organ function. Underlying cause was defined as the earliest condition that started the sequence
between health an death'.

Autopsy procedure and interpretation. External examination, complete autopsy and tissue sampling
were performed in 26 patients with COVID-19 and included opening and inspection of all luminal structures
and lamellar incisions of all parenchymatous organs. According to recent recommendations for the performance
of autopsies in cases of suspected COVID-19, safety precautions including FFP2-masks, protective suits and cut
resistant gloves were applied for all autopsies'. For histopathology, representative tissue samples of all organs
were fixed in 4% buffered formalin, dehydrated, paraffin embedded and sectioned with a thickness of 4 pm. Par-
affin sections were stained with hematoxylin and eosin (HE), periodic acid Schiff’s reaction (PAS), Van Gieson’s
elastic stain, Prussian blue stain and Kongo-red stain. At least two pathologists examined all tissue slides by light
microscopy.

By autopsy, sepsis or septic organ failure were diagnosed when we observed pathologic-anatomic signs of
organ failure, such as severe congestion, necrosis or infarction, together with histologically confirmed signs of
infection, i.e. substantial neutrophil rich inflammatory infiltrates or evidence of pathogens. In order to categorize
the contribution of identified pathologies to the mechanism of death, we weighed the severity of all findings in
each case and determined their causal chains. Findings then were structured as underlying cause, condition lead-
ing to cause of death, and immediate cause of death in analogy to WHO guidelines'%. We considered COVID-19
as the condition leading to cause of death when it triggered the immediate cause of death sequential to another
underlying cause that qualified for initiation of the fatal mechanism. If the pulmonary changes consistent with
severe COVID-19 started the sequence of events leading to death this was categorized as the underlying cause. If
the pulmonary changes of SARS-CoV-2 infection and COVID-19 were comparably mild or absent, we appreci-
ated this under the category of further relevant conditions.

Statistical analysis. Data collection and statistical analysis were done with IBM SPSS Statistics, Version 23
(IBM, NY, USA). Age at death was presented as median with interquartile range (IQR) to account for deviations
from normal distribution. Categorical variables were summarized as counts and percentages. Median time to
death was analyzed using the Kaplan-Meier method.

Results
Clinical presentation and causes of death in COVID-19 decedents. We analyzed 26 cases of patients
that died after COVID-19 disease and that were autopsied at the Institute of Pathology of the Charité university
hospital in Berlin. In all cases, SARS-CoV-2 infection was confirmed by PCR testing. Of the decedents, 17 were
male and 9 were female. One of the decedents was of Black ethnicity, while 25 were Caucasians. The median age
at death was 70 years (IQR 61.8-78.3, range 30-92 years), and the time from onset of COVID-19 symptoms to
death ranged from 5 to 59 days, with a median of 25 days. Additional clinical information on the course of the
disease was available in all cases.

Prior to death, all patients had presented with COVID-19 related lung disease. Signs of respiratory failure
were most prevalent with 88.5%, while in 57.7% patients had clinical signs of bacterial pneumonia (Table 1).

Scientific Reports |

(2021) 11:4263 | https://doi.org/10.1038/s41598-021-82862-5 nature portfolio



www.nature.com/scientificreports/

Case

Age (years)

Gender

Symptoms to death (days)

Immediate cause of death

Condition leading to
cause of death

Underlying cause

Comorbidities and
further relevant
conditions

54

16

Hypoxia

ARDS

COVID-19

Active smoking, COPD,
HIV-infection, obesity,
ventricular fibrillation

62

Sepsis

Pneumonia

COVID-19 infection

Diabetes II, heart failure,
hypertension, obesity, OSAS|

45

Septic MOF

SARS-CoV-2 pneumonia

Viral pneumonia

Asthma, COPD, hyperten-
sion, mesenterial infarction

71

28

Septic MOF

ARDS

COVID-19 pneumonia

Asthma, atrial fibrillation,
hypertension, sinus node
arrest

79

Septic shock

ARDS

COVID-19

Hypertension, ischaemic
heart disease, obesity, OSAS

90

Respiratory failure

COVID-19 pneumonia

SARS-Cov-2 infection

Atrial fibrillation, chronic
renal failure, COPD,
dementia, hypertension,
ischaemic heart disease,
liver cirrhosis

79

25

Respiratory failure

ARDS

COVID-19 pneumonia

Hemiplegia, pulmonary
embolism

79

20

Cardiovascular failure

Pneumonia

COVID-19

Dementia, diabetes II,
hypertension, ischaemic
heart disease, rheumatoid
arthritis, stroke

68

34

Sepsis

ARDS

COVID-19

Alcohol abuse, heart failure,
obesity

10

61

Septic shock

ARDS

COVID-19 pneumonia

Active smoking, atrial
fibrillation, heart failure,
hypertension, ischaemic
heart failure, obesity

11

68

34

Septic shock

Pneumonia with bacterial
superinfection

COVID-19 pneumonia

COPD, hypertension,
hyperthyreosis, obesity

12

68

Pulmonary embolism

Tumor thrombophilia

Squamous cell carcinoma
lung

COPD, COVID-19 pneu-
monia, heart failure, HIV-
infection, ischaemic heart
disease, stroke, chronic
renal failure

13

76

Septic shock

Pneumonia

COVID-19

Active smoking, heart
failure, hypertension,
ischaemic heart disease,
obesity

14

56

27

Septic shock

ARDS

COVID-19 pneumonia

Diabetes II, hypertension,
obesity

15

92

29

Bacterial superinfection

COVID-19

Atrial fibrillation, dementia,
ischaemic heart disease

16

62

31

Respiratory failure

COVID-19 pneumonia

Alcohol abuse

Dementia, hypertension,
stroke, recent fracture
(femur 03/2020)

17

67

24

Sepsis

COVID-19 pneumonia

COPD

Atrial fibrillation, chronic
intracerebral bleeding,
COPD, hypertension, rheu-
matoid arthritis, stroke

18

81

Sepsis

COVID-19 pneumonia

Acute renal failure

Atrial fibrillation, diabetes
11, hypertension, hyper-
thyreosis, stroke

19

78

n/a

Viral pneumonia

Suspected COVID-19

Small cell lung cancer right
lower pulmonary lobe

Atrial fibrillation, hyperten-
sion, metastazied lung
cancer (brain, liver, bone),
obesity, therapy-induced
pneumonitis

20

74

51

ARDS

Pneumonia

COVID-19

Atrial fibrillation, hyper-
tension, ischaemic heart
disease, obesity

21

76

51

Sepsis

Pneumonia

COVID-19 infection

Pulmonary embolism

22

30

oo}

Septic shock with MOF

Sepsis

GvHD intestine

COVID-19, history of
chemoradiotherapy for
Ewing sarcoma

23

77

51

Septic shock

ARDS

COVID-19

Hypertension

24

69

48

Septic shock

Pneumogenic sepsis

COVID-19 pneumonia

Hypertension

25

57

59

Staphylococcus pneumonia

Viral pneumonia

COVID-19

26

74

O g I S

35

MOF

Sepsis

Pneumonia

Aortic valve stenosis,
ischaemic heart disease
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Table 1. Clinical causes of death and documented comorbidities in hospitalized patients with COVID-19.
M male, F female, n/a not available, COVID-19 coronavirus disease 2019, ARDS acute respiratory distress
syndrome, ECMO extracorporeal membrane oxygenation, COPD chronic obstructive pulmonary disease,
HIV human immunodeficiency virus, SARS-Cov-2 severe acute respiratory syndrome coronavirus 2, OSAS
obstructive sleep apnea syndrome, MOF multi-organ failure, GvHD graft-versus-host disease.

Microbiological records showed bacterial or fungal infection in 15 patients and most patients received treat-
ments with broad spectrum antibiotics (Supplementary Table S1). Furthermore, pulmonary thromboembolism
was reported in 23.1% of the cases with clinical evidence of deep venous thrombosis in two patients (7.7%).
Due to the severity of lung damage, patient care warranted invasive ventilation in 76.9%, prone positioning in
53.8%, and extracorporeal membrane oxygenation in 30.8% (Table 1). Aside from lung involvement, acute renal
failure was the second most prevalent organ failure and hemodialysis was necessary in 69.2% of the patients.
Furthermore, half of the patients presented with multi-organ failure, while acute liver failure was reported in
30.8%. These findings indicated severe and complex courses of COVID-19 in these patients. An overview of the
clinical characteristics is given in Table 1 and Supplementary Table S1.

To learn about clinical causes of death, we assessed legal death certificates of the 26 decedents. Most frequent
immediate causes of death, documented in 19 cases (73.1%), were infection related, and included sepsis, septic
shock, or sepsis-related multi-organ failure in 16 cases (61.5%), bacterial infections in two cases (7.7%), and viral
pneumonia in one case (3.8%). Second most common were respiration-related causes of death, documented as
respiratory insufficiency, hypoxia, or acute respiratory distress syndrome (ARDS) in four cases (15.4%). Further
individual immediate causes of death were pulmonary embolism and cardiovascular failure (3.8% each).

In addition, clinical death certificates provided information on conditions leading to immediate causes of
death and death-related underlying disease (Table 1). Here, pulmonary disease in 22 decedents (84.6%) was the
most frequently documented condition leading to cause of death, which included pneumonia or viral pneumonia
in 14 cases (53.8%), and ARDS in eight cases (30.8%). Importantly, when jointly considering conditions lead-
ing to cause of death and underlying disease, COVID-19, confirmed or suspected SARS-CoV-2 infection was
documented in a total of 23 cases (88.5%), and thus in the vast majority of deceased patients. Other underlying
diseases that were deemed clinically relevant for death included cancer in two cases (7.7%), and individual cases
of alcohol abuse, renal failure, chronic obstructive pulmonary disease (COPD) or graft-versus-host disease
(GVHD). Collectively, these data indicated that, from a clinical perspective, COVID-19 and infection-related
disease were major contributors to patients’ death in the majority of cases.

Clinical information on comorbidities. Clinical records also contained information on chronic comor-
bidities and further relevant health conditions. The median number of chronic comorbidities in these cases was
four, and ranged from three to eight (Table 1). Arterial hypertension was the most prevalent chronic condition
in the decedents (65.4%), followed by obesity (38.5%), chronic ischemic heart disease (34.6%), atrial fibrillation
(26.9%), and chronic obstructive pulmonary disease (23.1%). Vascular conditions were specified as atheroscle-
rosis (7.7%) and cerebrovascular disease (15.4%). Of all patients, 15.4% had diabetes type II, and chronic renal
failure was noticed in 11.5% of decedents. Active or non-active nicotine abuse was noted in 5 patients (19.2%)
and alcohol abuse in 3 patients (11.5%). Further details and information on related medications are available
from Table 1 and Supplementary Table S1, respectively. These data suggested severe chronic comorbidities and
health conditions in the majority of patients that had died after COVID-19.

Causes of death determined at autopsy in decedents with COVID-19. In order to investigate
causes of death directly, we performed full body autopsies including histopathological workup on all 26 dece-
dents. Based on assessment of pathological disease mechanisms and referring to clinical documentations of
death, we defined immediate causes of death, conditions leading to cause of death, and underlying causes
(Table 2). As the most common immediate cause of death, we found septic shock and/or multi-organ failure in
8 patients (30.8%), followed by suppurative pulmonary infections in five patients (19.2%), including purulent
pneumonia with or without abscess formation, as well as infarct necrosis with signs of superinfection. Right
ventricular congestive heart failure or decompensation as immediate cause of death was present in four patients
(15.4%). In five patients (19.2%), respiratory failure or diffuse alveolar damage was the immediate cause of
death, with severe lung damage implicating highly restricted gas exchange. Four more cases presented with
either deadly pulmonary thromboembolism, severe bronchial aspiration, gastrointestinal bleeding, or signs of
left ventricular heart failure (3.8% each).

We then determined conditions leading to these immediate causes of death (Table 2). We found that COVID-
19 or SARS-CoV-2 infection most prevalently preceded the immediate cause of death in ten cases (38.5%), fol-
lowed by purulent pneumonia with or without abscess formation in six cases (23.1%), pulmonary bleeding in
two cases (7.7%), and arterial thrombosis or thromboembolism also in two cases (7.7%). In addition, we found
individual cases with invasive pulmonary mycosis or gastric peptic ulcer as conditions leading to cause of death
(3.8% each). Of note, in two cases (7.7%) we did not find pathologies that would qualify for an intermediate
between underlying and immediate cause of death.

Next, we identified underlying causes of death, i.e. diseases that initiated the events resulting in death
(Table 2). For this, we considered all autopsy findings and the clinical history to determine the underlying dis-
ease that would causally explain conditions leading to cause of death and immediate causes of death in all cases.
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Case

Age (years)

Gender

Symptoms to death (days)

Immediate cause of death

Condition leading to
cause of death

Underlying cause

Comorbidities and
further relevant
conditions

54

Respiratory failure

COVID-19

Lung emphysema

Atherosclerosis, coronary
artery sclerosis, diverticu-
losis of the sigmoid colon,
myocardial hypertrophy,
pulmonary embolism,

62

Pulmonary embolism

COVID-19 pneumonia

Atherosclerosis, car-
diomegaly, coronary artery
sclerosis, hepatomegaly,
myocardial hypertrophy,
severe obesity

45

Septic MOF

Disseminated arterial
thrombosis

COVID-19 pneumonia

Atherosclerosis, coronary
artery sclerosis

71

28

Respiratory failure

Diffuse alveolar damage

COVID-19 pneumonia

Atherosclerosis, car-
diomegaly, coronary artery
sclerosis, myocardial
hypertrophy

79

Abscess-forming pneu-
monia

COVID-19 pneumonia

Cor pulmonale

Atherosclerosis, cardiac
amyloidosis, coronary
artery sclerosis, hepato-
megaly, hepatosteatosis,
myocardial hypertrophy,
obesity °IIT

90

Right ventricular heart
failure

COVID-19 pneumonia

Pulmonary emphysema
and chronic bronchitis

Atherosclerosis, coronary
artery sclerosis, end-stage
atrophic kidney;, liver fibro-
sis, myocardial hypertrophy

79

25

Right ventricular heart
failure

COVID-19 pneumonia

Pulmonary emphysema,
pulmonary artery sclerosis

Atherosclerosis, coronary
artery sclerosis, myocardial
hypertrophy

79

20

Bronchial aspiration

COVID-19 pneumonia
with peripheral pulmonary
embolism

Chronic right ventricular
heart failure

Atherosclerosis, coronary
artery sclerosis, myocardial
hypertrophy, struma col-
loides

68

34

Right cardiac failure

Diffuse pulmonary
bleeding and pulmonary
vascular thrombosis

COVID-19 pneumonia

Atherosclerosis, coronary
artery sclerosis, liver
infarction

10

61

Right cardiac failure

Pulmonary edema, diffuse
pulmonary bleeding

COVID-19 pneumonia

Atherosclerosis, coronary
artery sclerosis, myocardial
hypertrophy, herpes
simplex tracheobronchitis,
obesity °III, pulmonary
arterial sclerosis, severe
atherosclerosis

11

68

34

Septic shock

Focally abscess-forming
pneumonia

COVID-19 pneumonia

Atherosclerosis,
cholesteatosis, COPD,
coronary artery sclerosis,
hepatosteatosis, myocardial
hypertrophy, obesity°II,
struma colloides

12

68

Upper GI bleeding

Peptic ulcer

Atherosclerosis, COPD,
coronary artery sclerosis,
COVID-19 pneumonia,
myocardial hypertrophy,
NSCLC, upper gastrointes-
tinal bleeding

13

76

Diffuse alveolar damage

COVID-19

Chronic ischemic cardio-
myopathy

Abdominal aortic aneu-
rysm, atherosclerosis,
hepatosteatosis

14

56

27

Septic shock

Pneumonia

COVID-19 pneumonia

Atherosclerosis, coagu-
lopathy, coronary artery
sclerosis, myocardial
hypertrophy

15

92

29

Respiratory failure

Pneumonia

COVID-19 pneumonia

Atherosclerosis, coronary
artery sclerosis, hepato-
splenomegaly, ischemic
cardiomyopathy

16

62

31

Pneumonia

COVID-19 pneumonia

Pulmonary emphysema

Atherosclerosis, cholestasis,
coronary artery sclerosis

17

67

24

Hemorrhagic pneumonia

COVID-19 pneumonia

Pulmonary emphysema

Atherosclerosis, coronary
artery sclerosis, liver
fibrosis, lymphadenopathy,
myocardial hypertrophy,
splenomegaly

Continued
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Case

Age (years)

Gender

Symptoms to death (days)

Immediate cause of death

Condition leading to
cause of death

Underlying cause

Comorbidities and
further relevant
conditions

18

81

Left ventricular heart
failure

COVID-19 pneumonia

Atherosclerosis

Abdominal aortic aneu-
rysm with thrombosis,
atherosclerosis, cardiac
amyloidosis, coronary
artery sclerosis, myocardial
hypertrophy, renal anemic
infarct

19

78

n/a

Diffuse alveolar damage

COVID-19

Metastatic small cell lung
cancer (hepatic, adrenal)

Atherosclerosis, coronary
artery sclerosis

20

74

51

Septic MOF

Abscess-forming pneu-
monia

COVID-19 pneumonia

Atherosclerosis, cardiac
amyloidosis, coronary
artery sclerosis, ischemic
cardiomyopathy, myocardiall
hypertrophy, pulmonary
emphysema

21

76

51

Infected pulmonary
infarction

Pulmonary embolism

COVID-19 pneumonia

Atherosclerosis, coronary
artery sclerosis

22

30

Septic shock

Invasive pulmonary myco-
sis, intestinal GYHD

History of chemoradio-
therapy for Ewing sarcoma

Lymphocytic myocarditis,
SARS-CoV-2 infection

and history of allo-HSCT
for secondary MDS

23

77

51

Atherosclerosis, benign
prostatic hyperplasia, cho-
lesteatosis, coronary artery
sclerosis, hepatomegaly,
nodular goiter, struma mul-
tinodosa, urolithiasis,

Recurrent sepsis (clinical

MOF information)

COVID-19 pneumonia

24

69

48

Atherosclerosis, benign pro-
static hyperplasia, endocar-
ditis of the tricuspid valve,
myocardial hypertrophy

Abscess-forming pneu-

Septic MOF .
monia

COVID-19 pneumonia

25

57

59

Atherosclerosis, coronary
artery sclerosis, myocardial
hypertrophy, thrombotic
varicocele of the left testicle

Abscess-forming pneu-
monia

Septic MOF COVID-19 pneumonia

26

74

35

Aortic valve prosthesis,
atherosclerosis, coronary
artery sclerosis, myocardial
hypertrophy, pulmonary
emphysema

Recurrent pneumonia - COVID-19 pneumonia

Table 2. Causes of death and comorbidities in patients with COVID-19 as determined by autopsy. M male, F
female, n/a not available, COVID-19 coronavirus disease 2019, COPD chronic obstructive pulmonary disease,
SARS-Cov-2 severe acute respiratory syndrome coronavirus 2, MOF multi-organ failure, NSCLC non-small
cell lung cancer, GI gastrointestinal tract, GvHD graft-versus-host disease, allo-HSCT allogeneic hematopoietic
stem cell transplantation, MDS myelodysplastic syndrome.

We determined COVID-19 pneumonia as underlying cause of death in the majority of decedents (53.8%). Of
note, when considering COVID-19 as underlying cause of death or condition leading to cause of death, this
applied to a total of 24 cases (92.3%). Preexisting lung emphysema, pulmonary hypertension, and chronic right
ventricular insufficiency were considered as diseases underlying cause of death in 26.9%. In two cases (7.7%),
cardiovascular disease, and in two further cases (7.7%), malignant tumors or consequences of tumor therapy
were considered as underlying disease. Collectively, our findings demonstrate that septic organ failure, pneu-
monia, respiratory insufficiency, and right ventricular heart failure due to COVID-19 were the most frequent
pathological mechanisms of death in these patients.

Comorbidities found by autopsy in COVID-19 decedents. To learn about other relevant disease con-
ditions in patients that died after SARS-CoV-2 infection, we determined the presence and extent of comorbidi-
ties by autopsy (Table 2). Generalized atherosclerosis was present in all but one case (96.2%), and was mild in 9
(34.6%), moderate in 3 (11.5%) and severe in 13 cases (50%). Similarly, coronary artery disease was seen in all
but two cases (92.3%), and was mild in 8 (30.8%), moderate in 4 (15.4%) and severe in 11 decedents (42.3%).
Furthermore, we noticed preexisting emphysema of the lungs in almost half of the cases (46.2%), and pulmonary
artery sclerosis as a sign of pulmonary hypertension in 11 cases (42.3%). Other comorbidities included myo-
cardial hypertrophy (65.4%), hepatosteatosis (11.5%) and liver fibrosis (7.7%). In two cases (7.7%), we defined
COVID-19 or SARS-CoV-2 as comorbidity, since we did not observe a direct contribution of this infection to the
mechanism of death. These findings demonstrated a high prevalence of cardiovascular and pulmonary comor-
bidities in patients that had died after COVID-19.
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Discussion

Here, we present data on causes of death and comorbidities in patients that had died after a severe course of
COVID-19. These patients had reached a median age of 70 years, which in line with previous reports indicates
increased risks for fatal COVID-19 outcome with older age'*!>. Clinical records showed that in the majority of
cases, respiratory insufficiency was a dominating symptom, while the most frequent clinical cause of death was
sepsis and thus infection related. Indeed, bacterial or fungal pathogens were found in the majority of cases. In
line with these findings, we found by autopsy that sepsis caused by purulent lung infection was the most frequent
cause of death, while, in some cases, we observed deadly respiratory insufficiency due to diffuse alveolar damage.
These findings suggested that SARS-CoV-2 infection could directly cause lethal lung damage. However, death due
to pulmonary bacterial superinfection and sepsis appeared to be a more common causal chain of events that may
significantly endanger patients with severe COVID-19-related lung damage. We hypothesize that such causality
may be even more prevalent in clinical settings where respiratory insufficiency is manageable by mechanical
ventilation or extracorporeal oxygenation. Furthermore, this implies that bacterial infections may contribute
to the excessive cytokine release observed in severe COVID-19, which has been termed “cytokine storm”, and
may partially explain the similarities of COVID-19 and sepsis'®. We therefore suggest that bacterial infections
should be kept in mind as a potential confounding variable in studies on inflammatory reactions and cytokine
release in COVID-19.

An early autopsy study showed high frequencies of fatal pulmonary thromboembolism in patients that had
died of COVID-19". Deep venous thrombosis was identified as the likely thromboembolic source. In line with
these findings, pulmonary thromboembolism was diagnosed in almost every fourth of our patients during the
clinical course of the disease. However, we found that pulmonary thromboembolism was an immediate cause
of death or a condition leading to cause of death in two cases only, which suggests that in other cases hyperco-
agulability may have been effectively controlled by anti-coagulant treatment. Nevertheless, hypercoagulabil-
ity appears to be an important, severe and potentially fatal aspect of COVID-19'"!%, Furthermore, peripheral
microthrombosis in multiple organ systems has been reported'?, which may cause severe organ damage also in
patients that survive COVID-19. It therefore remains to be determined by prospective clinical studies, if anti-
coagulation reduces the risk of COVID-19 related death, and to what extent this affects the risk of organ damage
in COVID-19 survivors.

The majority of deceased patients in our study had diagnosed comorbidities that with arterial hypertension,
chronic kidney or heart disease, and chronic pulmonary disease most frequently affected the cardiovascular and
respiratory system. By autopsy, we confirmed these clinical diagnoses, since we found their pathological correlates
that included general and coronary atherosclerosis, cardiac hypertrophy, and pulmonary emphysema amongst
others. In addition, we found a high prevalence of lifestyle risk factors, such as obesity, alcohol consumption, and
nicotine abuse. These findings are in agreement with previous studies and imply that patients with preexisting
chronic health conditions or lifestyle risk factors are at an increased risk for fatal outcome of COVID-19%%2!.
However, considering both the high frequency of these comorbidities and the relatively high age of patients that
died after SARS-CoV-2 infection, this led to a reasonable debate about the extent to which preexisting health
conditions or COVID-19 determined the time of death??, and our data may further inform about this issue. We
found that sepsis due to lung infections and respiratory insufficiency were the most frequent immediate causes
of death. However, our autopsy series included no single case of immediate deadly ischemic heart disease or
stroke, which are the most common causes of death worldwide?, and for which the majority of comorbidities as
well as the mentioned life style risk factors that we found were strongly predisposing®*. These findings indicate
that immediate causes of death were directly linked to lung damage initiated by SARS-CoV-2 infection and not
related to preexisting health conditions and comorbidities in most cases.

Conclusion

Our data suggest that in the majority of cases with severe and fatal COVID-19, patients had died of this disease,
although in the presence of multiple preexisting health conditions. These findings also support the idea that
patients who died of COVID-19 appear to have lost considerable lifetime, independent of their age, as reported
by others??. Furthermore, our study highlights the importance of clinical autopsies for a full understanding of
novel human disease mechanisms.

A limitation of our study is the relatively small sample size which is insufficient for general associations of clin-
ical management, medications, and patient outcome. Furthermore, patients included in this study had reached
a median age of 70 years, which mirrors reported age distributions of inpatient non-survivors in Wuhan'4,
and data from another autopsy report'®, but is lower than suggested by other epidemiologic data from Italy on
COVID-19 decedents?. While regional factors may influence age distribution, this discrepancy also suggests
a case selection bias, and we speculate this may reflect which patients were hospitalized and therefore received
most intense therapeutic measures. The interpretation of autopsy results and conclusions on health impacts of
COVID-19 therefore requires careful consideration of the study population.

Data availability

Original data are available upon request.
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