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A B S T R A C T

Objectives: Studies on coronavirus disease 2019 (COVID-19) usually focus on middle-aged and older
adults. However, younger patients may present with severe COVID-19 with potentially fatal outcomes.
For optimized, more specialized therapeutic regimens in this particular patient group, a better
understanding of the underlying pathomechanisms is of utmost importance.
Methods: Our study investigated relevant, pre-existing medical conditions, clinical histories, and autopsy
findings, together with SARS-CoV-2-RNA, determined by qPCR, and laboratory data in six COVID-19
decedents aged 50 years or younger, who were autopsied at the Charité University Hospital.
Results: From a total of 76 COVID-19 patients who underwent an autopsy at our institution, six (7.9%) were
50 years old or younger. Most of these younger COVID-19 decedents presented with pre-existing medical
conditions prior to SARS-CoV-2 infection. These included overweight and obesity, arterial hypertension,
asthma, and obstructive sleep apnea, as well as graft-versus-host disease following cancer and bone
marrow transplantation. Furthermore, clinical histories and autopsy results revealed a disproportionally
high prevalence of thromboembolism and ischemic organ damage in this patient cohort. Histopathology
and laboratory results indicated coagulopathies, signs of immune dysregulation, and liver damage.
Conclusions: In conclusion, pre-existing health conditions may increase the risk of severe and fatal
COVID-19 in younger patients, who may be especially prone to developing thromboembolic
complications, immune dysregulation, and liver damage.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Introduction

The coronavirus disease 2019 (COVID-19) pandemic has caused
more than two million deaths worldwide, mainly due to severe
respiratory and vascular symptoms (Berlin et al., 2020; WHO

report, 2020). Most studies have focused on middle-aged and older
adults, who are particularly endangered by the virus and are more
likely to suffer from serious, life-threatening courses of disease
(Guan et al., 2020; Morley and Vellas, 2020). However, younger
patients with no or very few pre-existing health conditions may be
critically affected by severe acute respiratory syndrome coronavi-
rus type 2 (SARS-CoV-2) infections, accompanied by serious health
conditions and potentially fatal outcomes. For example, Gunase-
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karan et al. (2020) described a case of a 40-year-old female without
any known pre-existing medical condition, who was tested
positive for SARS-CoV-2, presented with flu-like symptoms, and,
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uring the course of the disease, suffered from a large right-middle
erebral artery infarction. Another case report described the
ccurrence of fatal eosinophilic myocarditis in a 17-year-old male
ithout pre-existing medical conditions (Craver et al., 2020).
owever, such cases appear to be rare, and little is known about
OVID-19 pathomechanisms, courses of disease, and causes of
eath in younger adults.
Therefore, our study investigated relevant pre-existing medical

onditions, clinical histories, and autopsy findings in six deceased
OVID-19 patients aged 50 years or younger. Our study includes
ata on SARS-CoV-2 RNA in lung tissue as well as key laboratory
alues to analyze potential underlying pathomechanisms of the
isease.

Methods

Study design

This study included all patients aged 50 years or younger who
were hospitalized at the Charité University Hospital in Berlin
(Germany) and died between March 1, 2020 and January 31, 2021
after confirmed SARS-CoV-2 infection with an autopsy request.
Autopsies of these individuals were performed in the Institute of
Pathology of the Charité University Hospital. Antemortem SARS-
CoV-2 testing was performed by polymerase chain reaction (PCR)
analysis of nasal and pharyngeal swab samples. For autopsies,
informed consent was given by close relatives. Autopsies were
igure 1. Parameters for disease severity in six COVID-19 decedents aged <50 years. (A) Time from onset of symptoms to death, including time in intensive care unit (ICU). (B)
utoptic proof of thromboembolism. (C) Coagulation parameters in the peripheral blood drawn within the week prior to death. (D) Infection-associated parameters drawn
om the peripheral blood prior to death and post-mortem pulmonary SARS-CoV-2 levels. (E) Liver parameters in the peripheral blood prior to death. The laboratory results in
–E are color-coded according to each patient’s age as depicted in A. Centre values represent the median of the entire cohort and error bars indicate the standard deviation.
tandard values are displayed as grey zones.
bbreviations: number of patients (n), platelets (PLT), activated partial thromboplastin time (aPTT), international normalized ratio (INR), hemoglobin (Hb), white blood cell
ount (WBC), C-reactive protein (CRP), procalcitonin (PCT), interleukin-6 (IL-6), severe acute respiratory syndrome virus 2 (SARS-CoV-2), gamma glutamyl transferase (gGT),
lkaline phosphatase (AP), aspartate transaminase (AST), alanine transaminase (ALT), De Ritis ratio (ratio of AST:ALT).
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undertaken in accordance with the x1 SRegG BE of the autopsy act
of Berlin and x25(4) of the German Infection Protection Act.
The study was approved by the Ethics Committee of the Charité
(EA 1/144/13 and EA2/066/20) and the Charité-BIH COVID-19
research board, and adhered to the local principles of good clinical
practice (‘Grundsätze der Charité zur Sicherung guter wissen-
schaftlicher Praxis’), as well as the Code of Ethics of the World
Medical Association (Declaration of Helsinki).

Autopsy procedure and tissue processing

External examination, autopsy, and tissue sampling were
performed in all patients according to recent recommendations
regarding safety precautions in suspected or confirmed COVID-19
cases, including the use of Filtering Face Piece 2 (FFP2) masks,
protective suits, and cut-resistant gloves (Centers for Disease
Control and Prevention, 2020). For histopathology, tissue samples
were taken from each patient’s internal organs, from which the
most representative areas were chosen upon macroscopic
evaluation. The tissue samples were fixed in 4% buffered formalin.
Paraffin-embedded, 4 mm-thick sections were stained with
hematoxylin and eosin (HE), periodic acid–Schiff (PAS) stain,
Van Gieson stain, and Prussian blue stain. Additionally, disease-
specific immunohistochemical staining was performed if neces-
sary. At least two pathologists examined all tissue slides by light
microscopy.

Extraction of clinical data and pathological evaluation

Clinical data were extracted from available patient records and
clinical death certificates. Data on clinical causes of death, as
mentioned on the clinical death certificate, age, sex, onset of
symptoms, documented pre-existing health conditions as well as

laboratory parameters relevant for coagulation, inflammation and
liver damage were selected.

SARS-CoV-2-specific PCR analysis

For PCR analysis of SARS-CoV-2 ribonucleic acid (RNA) in tissue
samples, native tissue material, unfixed and, if possible, non-
cryopreserved, was used. For RNA isolation and purification, the
MagNA Pure 96 system was applied according to the manufac-
turer’s instructions, using approximately 50 mg of homogenized
tissue obtained from organ samples. Quantitative real-time PCR
targeting the SARS-CoV-2 E-gene was performed on RNA extracts,
and quantification of the viral RNA was undertaken as described
previously (Corman et al., 2020). Total DNA was quantified by
applying the Qubit dsDNA HS assay kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. The PCR analysis was
replicated at least once per sample, if it tested positive. Detection of
subgenomic RNA (sgRNA) was performed using oligonucleotides
targeting the leader transcriptional regulatory sequence and
region within the sgRNA coding for the E-gene, as described
previously (Wölfel et al., 2020).

Statistical analysis

For data collection, statistical analysis, and graphical presenta-
tion, IBM SPSS Statistics, Version 23 (IBM, NY, USA) and GraphPad
Prism 8.0 for Windows (GraphPad Software, SanDiego, CA, USA)
were used.

Age and death were depicted as median with interquartile
range (IQR) for consideration of deviations from a normal
distribution. Categorical values were summarized and displayed
as counts and percentages. Median survival was analyzed using the
Kaplan–Meier method.

Table 1
Clinical causes of death and documented comorbidities as reported in the death certificates of six young decedents with COVID-19.

Case Age Gender Symptoms to
death

Immediate COD Condition leading to COD Underlying cause Comorbidities/conditions

1 26 years Male 181 days Mesenteric ischemia SARS-CoV-2 pneumonia – Coinfection with CMV/HHV-1
SSC
History of pulmonary thromboembolism
OSA
Gastritis
Nicotine abuse

2 28 years Female 16 days Acute liver failure Celiac trunk ischemia COVID-19 with ARDS Coinfection with CandidaR
ight heart insufficiency
Asthma
Obesity (WHO grade III)

3 30 years Female 18 days Septic MOF Sepsis Intestinal GvHD COVID-19
Coinfection with CMV
Toxoplasmosis
Dermal GvHD
t-MDS (allo-HSCT, ruxolitinib)
Ewing sarcoma (chemotherapy)
Graves’ disease

4 33 years Male 30 days Hemorrhagic shock Airway bleeding COVID-19 Acute pulmonary thromboembolism
5 45 years Female 19 days Septic MOF SARS-CoV-2 pneumonia Viral pneumonia Staph. aureus coinfection

Mesenterial infarction
Arterial hypertension
Asthma
COPD
6 46 years Male 18 days Cardiogenic shock SARS-CoV-2 pneumonia Dilated cardiomyopathy Chronic left ventricular heart thrombus
Anxiety disorder
Benzodiazepine abuse

Abbreviations: cause of death (COD), multiple organ failure (MOF), severe acute respiratory syndrome coronavirus type 2 (SARS CoV-2), coronavirus disease 2019 (COVID-19),
cytomegalovirus (CMV), human herpes virus 1 (HHV-1), secondary sclerosing cholangitis (SCC), obstructive sleep apnea (OSA), World Health Organization (WHO), graft-
versus-host disease (GvHD), therapy-induced myelodysplastic syndrome (t-MDS), allogeneic hematopoietic stem cell transplantation (allo-HSCT), Staphylococcus (Staph.),
chronic obstructive pulmonary disease (COPD).
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esults

re-existing medical conditions in most younger adults with severe
OVID-19

For this study, we performed autopsies on patients who
ied after COVID-19 disease with confirmed SARS-CoV-2
nfection. Of all 76 SARS-CoV-2-positive autopsy cases be-
ween March 1, 2020 and January 31, 2021, six individuals
et the age requirement, accounting for a total of 7.9%. Of

hese six decedents, three were male and three were female.
he median age at death was 31.5 years (range 26–46 years).
he median time from onset of COVID-19 symptoms to death
as 18 days, ranging from 16 to 181 days (95% CI 15.6–20.4
ays, Figure 1A).
Additional information on clinical presentation, symptoms,

elevant pre-existing medical conditions, and the course of
isease were available for all cases (Tables 1 and 2). Prior to
eath, all patients presented with COVID-19-related pulmo-
ary symptoms and respiratory failure. Despite being of
ounger age, 83% (n = 5/6) of the included patients had pre-
xisting chronic medical conditions. Of these patients, 50% were
verweight (n = 3/6), and one decedent fulfilled the criteria for
besity (n = 1/6). Chronic respiratory diseases were present in half
f the cohort, since two patients suffered from bronchial asthma
n = 2/6) and one patient had a history of obstructive sleep apnea
n = 1/6). Furthermore, three patients presented cardiovascular
onditions, such as arterial hypertension (n = 1/6), dilated
ardiomyopathy with a pre-existing left ventricular thrombus
n = 1/6), and a history of pulmonary thromboembolism (n = 1/6).
ne patient presented with a history of Ewing sarcoma followed
y chemotherapy and chemotherapy-related complications
n = 1/6). The cohort also included one patient with chronic
nxiety disorder and consecutive use of benzodiazepines (n = 1/6).
otably, one patient presented without pre-existing chronic
isease.

Life-threatening events and death in younger, hospitalized adults with
severe COVID-19

During hospitalization, acute pulmonary thromboembolism
was detected in two patients, specifically the patient without
previous symptoms and the patient with a history of
pre-existing dilated cardiomyopathy with cardiac thrombus
(n = 2/6). The decedent with previous asthma and obesity suffered
from right ventricular heart failure and acute inflammatory
cardiomyopathy (n = 1/6). Acute liver failure occurred in three
patients (n = 3/6). More precisely, the patient presenting with pre-
existing Ewing sarcoma suffered from acute hepatic graft-versus-
host disease with restricted liver function. Another patient
developed signs of secondary sclerosing cholangitis, while the
third patient who had presented with asthma and obesity
developed liver ischemia due to a stenosis of the celiac trunk.
Acute renal failure co-occurred in four of the six patients.

All deaths occurred in the intensive care unit (ICU). Median time
from admission to ICU to death was 15.5 days (range 6–123 days).
In most individuals (n = 5/6), invasive ventilation as well as
extracorporeal membrane oxygenation were documented as part
of intensive patient care. Immediate causes of death as docu-
mented in the clinical death certificates were septic multi-organ
failure (n = 2/6), mesenteric ischemia (n = 1/6), acute liver failure
(n = 1/6), hemorrhagic shock (n = 1/6), and cardiogenic shock
(n = 1/6). More detailed information on conditions leading to
immediate causes of death and death-related underlying diseases
can be found in Table 1.

Causes of death and comorbidities determined by autopsy results

In order to comprehend the clinically described comorbid-
ities, courses of disease, and causes of death, full-body
autopsies were performed on all six decedents. Immediate
causes of death, conditions leading to cause of death, and
underlying causes were defined based on pathological findings

able 2
auses of death and comorbidities as determined by autopsy in six young decedents with COVID-19.

Case Age Gender Symptoms
to death

Immediate COD Condition leading to COD Underlying cause Comorbidities/conditions

1 26 years Male 181 days Acute mesenteric
ischemia

Cholangitis with liver failure COVID-19
pneumonia

Thromboembolisms of brain vessels
Hepatosplenomegaly
Pulmonary emphysema
Overweight (BMI 28.7 kg/m2)*

2 28 years Female 16 days MOF Invasive pulmonary mycosis COVID-19
pneumonia

Acute inflammatory cardiomyopathy
Mild hepatic steatosis (5–7%)Obesity,
WHO �III (BMI 41.2 kg/m2)*

3 30 years Female 18 days Septic MOF Invasive pulmonary mycosis
Intestinal GvHD

Ewing sarcoma
followed by
t-MDS with therapy-
related
immunosuppression

SARS-CoV-2 infection
Lymphocytic myocarditis
Cerebral bleeding
Cerebral toxoplasmosis
Overweight (BMI 28.1 kg/m2)*

4 33 years Male 30 days Hemorrhagic shock
after intrathoracic
bleeding

Pleural empyema (surgical
treatment)

COVID-19
pneumonia

Acute pulmonary thromboembolism
Hepatomegaly
Heart failure

5 45 years Female 19 days Septic MOF Disseminated intravascular
coagulation (pulmonary,
intestinal, cerebral)

COVID-19
pneumonia

Hepatic steatosis
Coronary artery sclerosis
Atherosclerosis

6 46 years Male 18 days Heart failure COVID-19 pneumonia Dilated Acute pulmonary thromboembolism

cardiomyopathy Chronic cardiac apical thrombus

Mild atherosclerosis
Overweight (BMI 29.1 kg/m2)*

bbreviations: cause of death (COD), multi-organ failure (MOF), severe acute respiratory syndrome coronavirus type 2 (SARS CoV-2), coronavirus disease 2019 (COVID-19),
ody mass index (BMI), *corrected for body cavity effusion), secondary sclerosing cholangitis (SCC), World Health Organization (WHO), graft-versus-host disease (GvHD),
herapy-induced myelodysplastic syndrome (t-MDS), allogeneic hematopoietic stem cell transplantation (allo-HSCT).
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upon autopsy combined with the clinical data for each case
(Table 2).

In three cases, (septic) multi-organ failure was identified as
immediate cause of death (n = 3/6). In the other three cases, acute
mesenteric ischemia (n = 1/6), heart failure (n = 1/6), or
hemorrhagic shock (n = 1/6) were found to be the immediate
cause of death. For conditions leading to cause of death, COVID-19
pneumonia (n = 1/6), invasive pulmonary mycosis (n = 2/6) with
intestinal graft-versus-host disease (n = 1/6), disseminated arterial
thrombosis (n = 1/6), cholangitis with liver failure (n = 1/6), and
surgically treated pleural empyema (n = 1/6) were identified. As
underlying causes, COVID-19 pneumonia was found to be most
prevalent (n = 4/6), followed by dilated cardiomyopathy (n = 1/6)
and history of chemoradiotherapy for Ewing sarcoma (n = 1/6).
Other relevant macroscopically detected disease conditions
included adipositas per magna (n = 1/6), cardiac apical thrombus
(n = 1/6), mild atherosclerosis (n = 1/6), splenomegaly (n = 1/6), and
hepatomegaly (n = 2/6). In combination, evidence of pre-existing
chronic disease was present in five out of six younger COVID-19
decedents determined by autopsy.

Histopathology and laboratory results reveal coagulopathy, signs of
immune dysregulation, and liver damage

Ante-mortem laboratory parameters revealed a constellation of
(acute) liver damage, coagulopathy, anemia and general inflam-
mation (Figure 2C and D).

Post-mortem histopathology revealed thrombosis and/or is-
chemic organ damage in one or more organ systems in four, and
severe bleeding in two out of six patients (Table 2, Figures 1B, 2 E
and 2 F). Furthermore, fungal and/or parasitic infections were
found in two out of the six patients, including pulmonary
aspergillosis (n = 2/6) and cerebral toxoplasmosis (n = 1/6)
(Figures 2A, 2 B, 3 E and 3 F), indicating immunodeficiency.
Additionally, one case with lymphocytic myocarditis was observed
(n = 1/6) (Figure 3B). Aside from acute symptoms, indicators for
chronic metabolism-induced damage, such as hepatic steatosis
(n = 2/6), mild to moderate atherosclerosis (n = 2/6), coronary
artery sclerosis (n = 1/6), as well as chronic right-heart damage
(n = 1/6) were found in four out of six patients.

Heterogeneous individual clinical histories

The youngest patient in this cohort, at 26 years of age, had a
particularly long disease history. His pre-existing medical con-
ditions were active nicotine abuse (15 pack years) and a history of

perforated gastric ulcer in 2014. He presented initially with
dyspnea. Due to increasing respiratory failure, the patient’s
treatment required invasive ventilation and, later, extracorporeal
membrane oxygenation. Amongst other complications, he devel-
oped an ischemia of the upper gastrointestinal tract refractory to
therapy, hyperinflammation syndrome, acute liver failure with
secondary sclerosing cholangitis (Figure 2C and D), reactivation of
human herpes virus 1 (HHV-1), acute kidney injury, and a
pulmonary thromboembolism during his hospitalization. Despite
maximum therapeutic efforts, including the application of
steroids, interleukin-1-receptor antagonists (Anakinra) and immu-
noglobulins, he died from an acute mesenteric ischemia.

A 28-year-old female patient with obesity, asthma, and right
cardiac insufficiency, who developed a severe COVID-19 pneumo-
nia with aspergillus superinfection of the lungs and trachea, died
within 16 days from onset of symptoms after a suspected COVID-19
hyperinflammation syndrome, despite maximum therapeutic
attempts, including newer therapeutic agents such as Anakinra
and Ruxolitinib.

Another younger female patient in our cohort, who was aged 30
years, had suffered from a lengthy cancer history prior to SARS-
CoV-2 infection and death. Her clinical records showed that she
was diagnosed with Ewing sarcoma in 2013, treated with
chemotherapy, which then resulted in therapy-associated myelo-
dysplastic syndrome that was treated with an allogeneic hemato-
poietic stem cell transplantation in 2019. Consequently, she
developed an acute intestinal graft-versus-host disease and
toxoplasmosis with cerebral and pulmonal involvement (Figure
3E and F). During hospital treatment she was infected with SARS-
CoV-2. Despite an optimized therapy regimen, her condition
worsened due to aspiration, acute respiratory distress syndrome,
acute renal failure, and, later, capillary leak, resulting in a lethal
outcome of the disease. In addition to the clinical data, severe
invasive mycosis of the lungs with hemorrhagic pneumonia (Figure
2A and B) was found by autopsy.

The fourth patient in our cohort was 33 years of age and did
not have any known chronic disease prior to SARS-CoV-2
infection. He presented with a lung empyema and subsequently
underwent surgery with pleural decortication. However, during
the course of the disease, a pulmonary thromboembolism was
diagnosed, which was treated with anticoagulation. Conse-
quently, he developed a hematothorax, resulting in fulminant
deterioration and death. Although this patient presented
without pre-existing medical conditions, the fatal outcome in
this case can be attributed to a treatment-associated major
adverse event.
Figure 2. Macroscopic and microscopic appearances in younger COVID-19 decedents. Macroscopically striking patchy hemorrhagic areas (A) and histological evidence of
invasive pulmonary mycosis (B; PAS) in patient 3. The liver of patient 1 showed severe cholestasis (C + D; H&E) and focal ischemic damage (C). Macroscopic aspect (E, patient
6) and histological evidence (F, patient 5; H&E) of pulmonary thromboembolism. Scale bars correspond to 100 mm.
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Next, our cohort included a 45-year-old patient who presented
ith flu-like symptoms, fever up to 39.5 �C, dry cough, headache,
nd myalgia. During the disease, she developed acute respiratory
istress syndrome and required invasive ventilation. Despite
aximum therapeutic efforts her condition worsened, and she
eveloped acute liver failure and septic multi-organ failure.
istopathological analysis following autopsy found evidence of
hrombotic vascular occlusion in different organ systems, includ-
ng the lung, heart, kidneys, small intestine, and brain (Figure 2F).

Lastly, the cohort included one patient (46 years old) with
hronic anxiety disorder and abuse of benzodiazepines. Despite
he patient’s meticulous efforts of self-isolation, he was infected
ith SARS-CoV-2. Known pre-existing medical conditions were a
ilated cardiomyopathy with highly reduced left ventricular
jection fraction (LVEF 15%), as well as a pre-existing chronic
ardiac apical thrombus (Figure 3C) and a pulmonary thrombo-
mbolism, which he developed during the cause of the disease
Figure 2E). After initial signs of recovery, the patient’s respiratory
nd cardiac function declined, and he died from cardiogenic shock.

iscussion

This study provides a detailed insight into pre-existing chronic
ealth conditions, clinical disease courses, and autopsy findings in
ounger adults with COVID-19-related death. To date, several
utopsy studies of COVID-19 decedents have been published with
bservations on comorbidities and causes of death in unselected
OVID-19 cohorts of all age groups. In these cohorts, the median
ge of investigated patients was approximately 70 years, and the
roportion of younger adults was no more than 20% (Bryce et al.,
020; Chen et al., 2020; Elezkurtaj et al., 2021; Keresztesi et al.,
020; Onder et al., 2020; Wichmann et al., 2020). However, the
nalysis of younger decedents as a separate subgroup may be of
articular interest, since younger patients tend to have fewer pre-
xisting medical conditions. Therefore, risk factors or predictors of
utcome in severe COVID-19 may be narrowed down more
pecifically to certain conditions or circumstances in younger
atients.

Several studies have analyzed the influence of obesity on
COVID-19 mortality and found that obese patients have a higher
risk of a severe COVID-19 course of disease (Stefan et al., 2020),
higher mortality from a SARS-CoV-2 infection (Hussain et al.,
2020), and increased COVID-19 prevalence (Petrakis et al., 2020).
Interestingly, for asthma, recent studies have observed higher rates
of comorbid asthma in COVID-19 patients (Hughes-Visentin and
Paul, 2020). However, additional studies have not shown an
increased risk for hospitalization for patients classified as having
asthma (Chhiba et al., 2020). Especially in patients with allergic
asthma, no statistically significant correlation has been detectable
between asthma and severe COVID-19 symptoms (Zhu et al., 2020).
A possible explanatory role for this counterintuitive observation
has been discussed in terms of type II inflammatory response
cytokines and accumulation of eosinophils in asthma patients,
which have been hypothesized to confer protective effects against
COVID-19 (Hughes-Visentin and Paul, 2020). One patient in our
cohort showed obstructive sleep apnea, which, especially with
concurrent obesity, has been reported to contribute to worsening
hypoxemia and cytokine release in COVID-19 patients (McSharry
and Malhotra, 2020). Regarding arterial hypertension, studies have
suggested that hypertension may be associated with an up to 2.5-
fold higher risk of severe and fatal COVID-19 (Gao et al., 2020; Lippi
et al., 2020; Tadic et al., 2020).

To summarize, studies investigating comorbidities have shown
an increased risk of COVID-19 mortality, especially for obesity, OSA,
and hypertension. These pre-existing conditions were prevalent in
three of our six investigated cases, and may have contributed to
each patient’s clinical history, despite their young age. However,
these chronic health conditions are common among the general
public, and many patients with these comorbidities still show
moderate to mild courses of COVID-19.

From combined clinical data and autopsy results our study
found that organ damage due to ischemic processes or develop-
ment of thromboembolism occurred frequently (67%, n = 4/6).
COVID-19-associated vasculitis and vasculopathy have been
intensely discussed recently, as many research groups have
observed macro- and microvascular thrombosis in different organs

igure 3. Histopathological findings in younger COVID-19 decedents. The lung tissue of patient 2 showed hyaline membranes, a characteristic histological feature of
OVID-19 indicating diffuse alveolar damage (A; PAS). Patient 2 also showed severe liver damage following celiac trunk ischemia (B; H&E). In patient 6 a large cardiac
pical thrombus (C; H&E) was observed. Patient 3 showed a lymphocytic myocarditis, aside from the characteristics described in Figure 1 (D; H&E), and residual cerebral
oxoplasmosis after treatment in the cerebellum (E + F, with F showing a close-up section of E; immunohistochemical staining). Scale bars correspond to 100 mm in A–D,
00 mm in E, and 50 mm in F.
Our data show that the younger COVID-19 decedents in our
ohort predominantly presented with relevant pre-existing
edical conditions prior to SARS-CoV-2 infection. Common pre-
xisting conditions included overweight and obesity, asthma, and
bstructive sleep apnea (OSA), as well as chronic cardiovascular
isease.
27
in COVID-19 patients (Becker, 2020). It has been reported that a
hypercoagulable state may occur due to COVID-19, correlating
strongly with mortality (Tang et al., 2020; Hanff et al., 2020). In
another study published by our research group, showing autopsy
results of all age groups, the occurrence of pulmonary throm-
boembolisms was diagnosed in approximately every fourth patient
9
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(Elezkurtaj et al., 2021). Higher rates of thromboembolic events
have been reported by Schurink et al. (2020), with thromboem-
bolic occurrences in 48% of decedents, and Wichmann et al. (2020),
with venous thromboembolism in 58% and pulmonary thrombo-
embolism as cause of death in 33.3% of decedents. Importantly, in
earlier studies investigating COVID-19-related deaths, intensive
anticoagulation had not yet been implemented into therapeutic
regimens. Here, 66.7% of younger individuals had either ischemic
organ damage, and/or thromboembolism, which appear to be
more frequent in younger adults. A possible explanation for this
observation may be that hyperinflammatory states, which have
been described especially in children (Licciardi et al., 2020;
Loomba et al., 2020; Riphagen et al., 2020), may lead to a
hypercoagulable state, as described by Pourafkari et al. (2021).
Furthermore, it is possible that in younger adults, who generally
present in better health than older adults, more severe compli-
cations (such as thromboembolic events) are required to cause
fatal outcomes. Conversely, older adults might succumb more
easily to less severe complications.

A limitation of this study was the small sample size, which
might have led to a selection bias towards younger patients with
particularly severe COVID-19 and therefore a need for special
intensive care admission. Additionally, autopsies might have been
predominantly requested in patients with complicated or unfore-
seen clinical courses of disease. Larger cohort studies including
control groups would be necessary for future validation of our
results and for the determination of differences between age-
related subgroups of COVID-19 decedents.

In conclusion, all the younger COVID-19 decedents in our cohort
except one presented with pre-existing chronic medical conditions
prior to SARS-CoV-2 infection, including obesity, OSA, and
hypertension. These comorbidities most probably influenced the
course of disease in these patients. Furthermore, our data suggest
that younger SARS-CoV-2 infected adults may be particularly
prone to thromboembolism and ischemic organ damage, as well as
coagulopathies, immune dysregulation, and acute liver damage.
The specific case histories emphasize that: (i) COVID-19 patients
may develop serious and life-threatening health conditions,
despite being young and healthy; and (ii) younger patients with
severe pre-existing chronic health conditions are particularly
vulnerable to a lethal COVID-19 outcome, especially as treatment
options remain limited. In order to protect younger adults with
relevant pre-existing health conditions, a prioritization of this
patient group should be considered in vaccination strategies.
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