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Abstract

While coronavirus disease 2019 (COVID-19) primarily affects the respiratory tract, pathophysiological changes of
the cardiovascular system remain to be elucidated. We performed a retrospective cardiopathological analysis of
the heart and vasculature from 23 autopsies of COVID-19 patients, comparing the findings with control tissue.
Myocardium from autopsies of COVID-19 patients was categorised into severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) positive (n = 14) or negative (n = 9) based on the presence of viral RNA as determined
by reverse transcriptase polymerase chain reaction (RT-PCR). Control tissue was selected from autopsies without
COVID-19 (n = 10) with similar clinical sequelae. Histological characteristics were scored by ordinal and/or cate-
gorical grading. Five RT-PCR-positive cases underwent in situ hybridisation (ISH) for SARS-CoV-2. Patients with
lethal COVID-19 infection were mostly male (78%) and had a high incidence of hypertension (91%), coronary
artery disease (61%), and diabetes mellitus (48%). Patients with positive myocardial RT-PCR died earlier after
hospital admission (5 versus 12 days, p < 0.001) than patients with negative RT-PCR. An increased severity of
fibrin deposition, capillary dilatation, and microhaemorrhage was observed in RT-PCR-positive myocardium than
in negatives and controls, with a positive correlation amongst these factors All cases with increased car-
dioinflammatory infiltrate, without myocyte necrosis (n = 4) or with myocarditis (n = 1), were RT-PCR negative.
ISH revealed positivity of viral RNA in interstitial cells. Myocardial capillary dilatation, fibrin deposition, and
microhaemorrhage may be the histomorphological correlate of COVID-19-associated coagulopathy. Increased
cardioinflammation including one case of myocarditis was only detected in RT-PCR-negative hearts with signifi-
cantly longer hospitalisation time. This may imply a secondary immunological response warranting further
characterisation.
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Introduction

Coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) has rapidly evolved into one of the most significant
public health crises of the 21st century. While chiefly a
respiratory disease, a wide spectrum of SARS-CoV-
2-associated cardiovascular sequelac have been
described in the literature. These include elevated car-
diac troponins [1], associated with worse outcome and

an increased mortality rate [2,3], heart failure [4],
arrthythmias, bundle branch block, tachycardia—
bradycardia syndrome, and/or non-specific repolarisation
changes in electrocardiograms (ECG) [5] and occasional
ST-segment elevation myocardial infarction [6,7]. Most
notably, a higher mean age and incidence of cardiovas-
cular risk factors and comorbidities such as hyperten-
sion, coronary heart disease, heart failure, obesity,
diabetes mellitus, and cardiac amyloidosis have been
observed in patients with severe disease [8,9].
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Cardiac pathology of lethal COVID-19

SARS-CoV-2 utilises its spike (S) protein to bind to
the membrane-bound form of angiotensin-converting
enzyme 2 (ACE2) receptor [10]. The heart has been
proposed as a potential direct target of viral entry, as
ACE2 has been found to be expressed in
cardiomyocytes, fibroblasts, endothelium, and peri-
cytes [11,12]. Electron microscopy (EM) has detected
SARS-CoV-2 both in the interstitial compartment of
the myocardium [13,14] and occasionally in the
cardiomyocytes themselves [15]; these findings were
mirrored by in situ hybridisation (ISH) [12,16].
Recently performed in vitro studies demonstrated that
SARS-CoV-2 was able to directly infect pluripotent
stem cell-derived cardiomyocytes [17]. These data are
strongly suggestive of a potential cardiotropic effect of
SARS-CoV-2 which may contribute to the cardiovas-
cular manifestations discussed above, although its
mechanisms may be more complex than initially imag-
ined and warrant further study.

Secondary dysregulation of the immune response in
the form of a cytokine storm has been observed in
COVID-19 [18]. Rapid viral replication leads to a dis-
proportionate mobilisation of neutrophils, monocytes,
and endothelial dysfunction leading to acute lung
injury and multi-organ failure, including cardiac dys-
function [19]. An increased risk for thromboembolic
events, likely due to microvascular dysfunction
[20,21], has been observed in both clinical and
autopsy series with severe or lethal outcome despite
receipt of anticoagulation [9,22,23]. In addition, post-
mortem investigations have proposed the development
of global endothelialitis in lethal disease [24].

COVID-19-associated myocarditis has been delin-
eated in several case studies. Clinical diagnosis was
based on serology, ECG, echocardiography, and car-
diac magnetic resonance [13,25-27]. However, histo-
logical findings varied, ranging from lymphocytic
myocarditis without the presence of SARS-CoV-2 [28]
to mild interstitial and endocardial inflammation with-
out fulfilling diagnostic criteria [13]. A comparison
between patients with increased versus insignificant
myocardial viral load revealed no significant difference
in inflammatory infiltrate [16]. Several potential patho-
physiological mechanisms behind these findings have
since been suggested, including direct viral injury,
endothelialitis, interleukin (IL)-6-induced cytokine
storm, and auto-antibodies [27], which calls for further
studies characterising the cardiac inflammatory effects
in COVID-19.

To further analyse the full spectrum of SARS-CoV-
2-associated cardiopathy, we performed a systematic
cardiopathological characterisation of lethal COVID-
19 in 23 autopsies.
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Materials and methods

Study design, cohort, and patient selection

Twenty-three autopsies of patients with COVID-19 were
performed at the pathology departments of the University
Hospital of Basel (n = 12) and the Cantonal Hospital
Baselland, Liestal (n = 11), from March to June 2020. All
decedents were diagnosed with COVID-19 as per ante-
mortem nasopharyngeal swab. Full body autopsy was pet-
formed in 21 cases (91%); a partial autopsy of the upper
respiratory tract, lungs, and heart (n = 2, 9%) was con-
ducted in cases with excessive overweight or according to
patient or relatives’ wishes. In all 23 cases, the cause of
death at autopsy was COVID-19-associated respiratory
failure (by either acute respiratory distress syndrome/dif-
fuse alveolar damage [ARDS/DAD], pulmonary embo-
lism [PE], and/or bronchopneumonia). Myocardial reverse
transcriptase polymerase chain reaction (RT-PCR) Cry
values (cycle threshold) were utilised to classify cases into
RT-PCR-positive (n = 15) and -negative (n = 8) sub-
groups. Autopsies without COVID-19 (n = 10) but with
similar sequelae (ARDS/DAD n = 7; PE n = 2; broncho-
pneumonia n = 1) were selected as controls. The overall
mean time to fixation was 29.14 h (5.3-84.5). Table 1 lists
clinical features, comorbidities, pharmacology, laboratory
results, and ECG findings of COVID-19 patients and con-
trols. Angiotensin-converting enzyme inhibitors, angioten-
sin receptor blockers, renin inhibitors, and aldosterone
inhibitors were defined as renin angiotensin aldosterone
system (RAAS) inhibitors. Anticoagulants included hepa-
rin and its derivatives, new oral anticoagulants, coumarin
derivatives, and/or platelet aggregation inhibitors. This
study was approved by the Ethics Committee of North-
western and Central Switzerland (ID 2020-00629).

Gross analysis of the heart and vasculature

All hearts and greater vessels were dissected in the direction
of blood flow. The extent of coronary atherosclerosis, steno-
sis, aortic atherosclerosis, and atrial dilatation was recorded
ordinally and/or nominally. Cardiac hypertrophy was deter-
mined by gender-dependent percentile curves according to
body mass index (BMI) and heart weight (see Supplemen-
tary material for gross findings and scoring methodology).

Histological analysis

Representative tissue sections (0.4 X 1 X 2 cm) of the
left anterior and posterior wall, the interventricular
septum, and papillary muscles of the left ventricle and
interventricular septum were extracted at autopsy and
preserved in 4% phosphate-buffered formalin before
being processed. In seven cases, a sample of the right
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Table 1. Clinical characteristics of patients with positive and negative myocardial SARS-CoV-2 RT-PCR compared to controls.

COVID-19 patients

Myocardial Myocardial
RT-PCR RT-PCR
positive negative
(n=14) (n=9)
General characteristics
Sex, male (%) 13 (93) 5 (56)
Age, mean (SD) 79 (12) 70 (12)
BMI, median (IQR) 27 (26-29) 30 (27-41)
Hospitalisation, median days (IQR) 5(3-7) 12 (9-33)
ICU admission (%) 4 (29) 3(33)
ECMO (%) 0 (0) 1(11)
Mechanical ventilation (%) 3(21) 3(33)
Initial presentation
Cough 10 (71) 9 (100)
Dyspnoea 8 (57) 3(33)
Fever 6 (43) 9 (100)
Comorbidities
Hypertension (%) 14 (100) 7 (78)
Cardiovascular disease (%) 10 (71) 4 (44)
COPD (%) 2 (14) 2 (22)
Diabetes mellitus (%) 6 (43) 5 (56)
Pharmacology
Before admission
RAAS inhibitors (%) 10 (71) 2 (22)
Anticoagulation and/or platelet 9 (64) 6 (67)
aggregation inhibition (%)
During hospitalisation
Anticoagulation and/or platelet 14 (100) 8 (89)
aggregation inhibition (%)
Hydroxy-chloroquine (%) 10 (71) 4 (44)
Tocilizumab (%) 4 (29) 1(11)

Laboratory results (last available
before exitus)

CRP, mg/dl, median (IQR)
Haemoglobin, g/, median (IQR)

199 (113-337)
106 (95-129)

166.9 (100-280)
113 (96-122)

Leucocytes (10~°/1), median (IQR) 10.0 (7.4-16.0) 8.1 (6.3-13.8)
Lymphocytes (10~°/1), median (IQR) 0.5 (0.4-0.7) 0.9 (0.4-1.5)
Neutrophilic granulocytes (107°/1), 7.4 (6.6-10.9) 6.2 (3.3-7.3)
median (IQR)

Thrombocytes (1071), median (IQR) 160 (109-331) 98 (53-400)
INR, median (IQR) 1.3 (1.2-1.9) 1.2 (1.2-1.4)
LDH, median (U/I) 444 (321-1605) 663 (654-1635)
Creatinine (pg/l), median (IQR) 291 (120-706) 70 (47-192)

Values in bold indicate significant P values at the 0.05 level.

Significance Significance
between between
RT-PCR positive, COVID-19

Controls negative, and patients and
All (n=23) (n=10) controls (P value) controls (P value)
18 (78) 8 (80) 0.1 0.65
76 (13) 64 (14) 0.02 0.01
27 (26-35) 23 (22-31) 0.12 0.07
7 (5-12) 7 (6-30) 0.005 0.48
7 (30) 6 (60) 0.32 0.1
1(4) 1(10) 0.32 0.52
6 (26) 3 (30) 0.79 0.57
19 (83) 0 (0) <0.001 <0.001
11 (48) 7 (70) 0.33 0.21
15 (65) 2 (20) 0.001 0.02
21 (91) 7 (70) <0.001 0.001
14 (61) 2 (20) 0.05 0.04
4(17) 1(10) 0.85 0.52
11 (48) 1(10) 0.12 0.04
12 (52) 3 (30) 0.04 0.21
15 (65) 2 (20) 0.10 0.04
22 (96) 5 (50) 0.02 0.004
14 (61) 0 (0) 0.001 0.001
5 (22) 0(0) 0.15 0.14
176 (121-271) 56 (14-159) 0.09 0.03
109 (97-126) 83 (82-125) 0.05 0.01
8.8 (7.4-12.4) 9.4 (2.4-15.7) 0.82 0.92
0.61 (0.4-0.96) 7.7 (0.8-13.3) 0.02 <0.01
6.8 (6.1-10.1) 54.8 (15.7-82.8) 0.003 <0.01
126 (104-225) 89 (70-409) 0.74 0.76
1.3 (1.2-1.7) 1.2 (1.2-1.8) 0.66 0.71
628 (321-753) 434 (269-1175) 0.53 0.34
133 (84-407) 177 (59-243) 0.09 0.72

COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; INR, international
normalised ratio; IQR, interquartile range; LDH, lactate dehydrogenase; SD, standard deviation.

ventricle was extracted. Standard histological staining
protocols (haematoxylin and eosin [H&E] and chro-
motrope aniline blue [CAB]) were applied. In cases
with suspected cardiac amyloidosis, Congo red
staining was performed. In addition, immunohisto-
chemical staining of fibrin, cluster of differentiation
(CD) 3, CD68, ACE2, x and A immunoglobulin light
chains, antisera to amyloid A, and transthyretin
(ATTR) for amyloid subtyping was performed in line

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland & John Wiley & Sons, Ltd.

with previously described protocols [29,30]. Immuno-
histochemical detection of ACE2 (Abcam ab15348,
polyclonal, rabbit, 1:10,000) (ABCAM, Cambridge,
UK) and staining for viral nucleocapsid (N)-protein
(Rockland #200-401-A50, polyclonal, rabbit, 1:2,000)
(Rockland Immunochemicals Inc, Limerick, PA, USA)
was performed in all COVID-19 cases. Histomor-
phological characteristics, such as hypertrophy,
ischaemic changes (contraction band necroses/

J Pathol Clin Res 2021; 7: 326337



Cardiac pathology of lethal COVID-19

infarction), oedema, fibrosis, amyloidosis, capillary/
arteriolar fibrin deposition, and erythrocyte anisocytosis,
were graded with ordinal, nominal, and/or categorical
scales (see Supplementary material for full details on
histological scoring).

Increased numbers of intravascular granulocytes and
mononuclear cells and intramyocardial lymphohistiocytic
inflammatory infiltrates outside of areas of fibrosis and
unassociated with tissue repair were assessed on H&E.
Intramyocardial inflammatory cells were additionally
quantified by immunohistochemistry (IHC; CD3-,
CD20-, and CD68-positive cells/mm?). Seven or fewer
(<7) single CD3-positive T-lymphocytes/mm?® and 3 or
fewer (<3) single CD68-positive histiocytes outside areas
of fibrosis were considered physiological. Increased car-
dioinflammatory infiltrate without necrosis was defined
by the presence of clusters (23 CD3-positive T-lympho-
cytes in non-fibrotic myocardium) and foci (214 leu-
cocytic cells/mm? including <4 monocytes/mm?* and >7
CD3-positive  T-lymphocytes/mm?). Myocarditis was
defined as increased cardioinflammatory infiltrate with
associated cardiomyocyte necrosis.

The histomorphological distribution of ACE2
expression in stromal and endothelial cells was
assessed qualitatively. ACE2-positive epicardial fat
cells served as a positive internal control.

Ancillary techniques

For a detailed description of RT-PCR, ISH, and EM
protocols, see Supplementary material.

Statistical analysis

Statistical analyses were performed using IBM® SPSS®
Statistics, Version 25.0 (2017) (Armonk, NY, USA). Sig-
nificance testing was performed between three groups
(RT-PCR positive, RT-PCR negative, and controls) and
two groups (COVID-19 patients and controls). In para-
metric data sets, a one-way analysis of variance
(ANOVA) and an independent sample r-test were per-
formed. For non-parametric or ordinal variables, Kruskal—
Wallis one-way ANOVA and Mann Whitney U-test were
used. Appropriate post hoc testing was subsequently per-
formed on all statistically significant variables with more
than two groups (Tukey’s honestly significant difference
for parametric and Dunn’s test for non-parametric vari-
ables; see Supplementary material for all values). A two-
tailed Fisher’s exact test was performed for categorical
variables. Correlation analyses of myocardial characteris-
tics was performed using Spearman’s rank-order correla-
tion. Pearson’s correlation was utilised to correlate viral
copy numbers between the lung and myocardium (see
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Supplementary material). P values were considered signif-
icant at the 0.05 level.

Results

Clinical characteristics

Clinical characteristics are displayed in Table 1. The
median BMI was 27 and 78% were male. Amongst
COVID-19 patients, myocardial RT-PCR-negative
cases experienced longer hospitalisation times than
positive cases (12 versus 5 days; p < 0.005). COVID-
19 patients had a significantly higher mean age (76 ver-
sus 64 years; p = 0.01) than controls. Hypertension
(91 versus 70%; p <0.001) and a history or current
diagnosis of coronary artery disease (61 versus 20%;
p = 0.04) and diabetes mellitus (48 versus 10%;
p = 0.04) were more common amongst COVID-19
patients compared to controls. An intake of RAAS
inhibitors was more likely amongst myocardial RT-
PCR-positive patients than negatives or controls
(71 versus 22 versus 30%; p = 0.04). Intake of antico-
agulants and/or platelet aggregation inhibitors before
and during hospital admission was more common
amongst COVID-19 patients than controls (before: 65
versus 20%, p = 0.04; during: 96 versus 50%,

| COVID-19 Autopsies (n=23) |

|
| RT-PCR negative (n=9) |

| RT-PCR positive (n=14) |

Microvasc_u L Cardiac Inflammation
Dysfunction

Increased inflammatory
infiltrate with/without
necrosis

Capillary dilatation
Microhaemorrhage
Capillary fibrin deposition

Figure 1. Temporal evolution of COVID-19-associated cardiopathy:
early microvasculopathy followed by secondary cardioinflammatory
response. Myocardium from autopsies of COVID-19 patients
(n = 23) was classified based on SARS-CoV-2 presence determined
by RT-PCR. Cases with detectable viral loads (RT-PCR positive) dis-
played higher severity of capillary dilatation, fibrin deposition, and
microhaemorrhage, a histomorphological correlate of microvascular
dysfunction. In RT-PCR-negative cases (n = 9), a high incidence of
predominantly subtle cardioinflammatory pathologies was observed
(including one case with lymphohistiocytic myocarditis), along with
a longer hospitalisation time.
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p = 0.004). Most recently available laboratory findings
before death revealed significantly higher C-reactive
protein (176.4 versus 56 mg/dl; p = 0.03) in COVID-
19 patients versus controls. Leucocyte differentiation
showed severe lymphopenia (median: 0.61 X 107211

JD Haslbauer et al

and mild neutrophilia (median: 6.8 x 107°/1) in
COVID-19 patients. High-sensitivity troponin T
(hs-troponin T) was measured in eight (34%) COVID-
19 patients; its median value in RT-PCR-positive and
-negative cases was 77 and 98 ng/l, respectively.

Table 2. Histological findings of patients with positive and negative SARS-CoV-2 RT-PCR compared to controls.

COVID-19 patients

Myocardial Myocardial
RT-PCR RT-PCR
positive negative
(n=14) (n=29)
Hypertrophy (%)
None 1(7) 1(11)
Mild 7 (50) 5 (56)
Marked 6 (43) 3(33)
Overall 13 (93) 8 (89)
Fibrosis (%)
None 1(7) 2 (22)
Interstitial 7 (50) 5 (56)
Replacement 4 (29) 1(011)
Infarct scar 2 (14) 1(11)
Overall 13 (93) 7 (78)
Ischaemic necrosis (%)
Contraction band necroses 3 (21) 3 (33)
Infarction 0 (0) 1(011)
Overall 3(21) 4 (45)
Amyloidosis (%)
0% of tissue 9 (64) 8 (89)
1-29% of tissue 3(21) 1(11)
>30% of tissue 2 (14) 0 (0)
Overall 5 (36) 1(11)
Capillary dilatation (%)
None 0(0) 1(11)
Mild 5 (36) 6 (67)
Marked 9 (64) 2 (22)
Overall 14 (100) 8 (89)
Microhaemorrhage (%)
None 5 (36) 5 (56)
Focal 6 (43) 2 (22)
Extensive 3(21) 2 (22)
Overall 9 (64) 4 (45)
Capillary fibrin (%)
None 0 (0) 0 (0)
Focal 8 (57) 7 (78)
Extensive 6 (64) 2 (22)
Overall 14 (100) 9 (100)
Arteriolar fibrin (%) 2 (14) 3(33)
Anisocytosis of intravascular 9 (64) 5 (56)
erythrocytes (%)
Inflammation
Interstitial oedema (%) 7 (50) 8 (89)
Increased myocardial CD68-positive cells 3(21) 6 (67)
Cardioinflammation
Increased infiltrate without necrosis 0 (0) 4 (44)
Lymphohistiocytic myocarditis 0 (0) 1(011)
Overall 0 (0) 5 (56)

Values in bold indicate significant P values at the 0.05 level.
IQR, interquartile range.
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Significance Significance
between RT-PCR between
positive, negative, COVID-19

Controls and controls patients and
All (n = 23) (n=10) (Pvalue) controls (P value)
0.08 0.06
2(9) 2 (20)
12 (52) 8 (80)
9 (39) 0 (0)
21 (91) 8 (80)
0.50 0.32
3 (13) 4 (40)
12 (52) 5 (50)
5(22) 1(10)
3 (13) 0 (0)
20 (87) 6 (60)
0.20 0.70

6 (26) 1(10)

1(4) 1(10)

7 (30) 2 (20)

0.19 0.45
17 (74) 9 (90)

4(17) 1(10)

29 0 (0)

6 (26) 1(10)

0.04 0.13

1(4) 1(10)

11 (48) 7 (70)
11 (48) 2 (20)
22 (96) 9 (90)
0.03 0.04
10 (43) 9 (10)
8 (35) 1(10)
5(22) 0(0)
13 (57) 1(10)
0.04 0.04

0(0) 3 (30)

15 (65) 6 (60)

8 (35) 1(10)
23 (100) 7 (70)

5(22) 1(10) 0.45 0.64
14 (61) 9 (90) 0.28 0.32
15 (65) 6 (60) 0.18 0.54

9 (39) 2 (20) 0.06 0.26

4(17) 1(10) 0.007 0.52

1(4) 0 (0) 0.27 0.70

5(22) 1(10) 0.001 0.64
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General post-mortem findings

A graphical overview of histological findings can be found
in Figure 1. Gross findings are summarised in Table 2. Heart
weight ranged from 430 to 550 g amongst COVID-19
patients (median: 468 g). There was a significantly higher
incidence of predominantly eccentric hypertrophy amongst
RT-PCR-positive hearts (93%) compared to RT-PCR nega-
tives (67%) or controls (60%; p = 0.04). Thirteen percent of
COVID-19 cases presented with coronary stenosis. Histo-
logical analysis of fibrotic changes revealed no difference
between categories (interstitial, replacement, and infarct
scar) when comparing COVID-19 cases to controls. Small
foci of non-territorial myocyte necroses were observed in
26% of COVID-19 patients, and one case (4%) presented
with acute transmural type 1 myocardial infarction of the
anterior and lateral wall of the left ventricle (diameter: 7 cm)
with perforation and fatal pericardial tamponade (Figure 2).
Analysis of coronary vessels revealed an acute thrombotic
occlusion of the left anterior descending artery as the cause
of infarction. Histological analysis of the right ventricle in
7 of 23 cases revealed unremarkable findings devoid of right
heart dilatation and/or stress; none of the samples showed
contraction band necroses.

331

Detection of SARS-CoV-2 in the myocardium and
correlation between myocardial and pulmonary
viral load

RT-PCR of COVID-19 patients revealed positive Cy values
in 14 (61%) out of 23 cases. Myocardial SARS-CoV-2
genomes/10° RNase-P copies correlated significantly with
values measured in lung tissue of the same cohort (Pearson
correlation between myocardial and pulmonary SARS-
CoV-2 genomes/10° RNase-P copies: r=0.622; p =0.001).
Pulmonary viral load was significantly higher in the lungs
than in the myocardium (p = 0.0057, Student’s #-test) and
there were no cases of isolated myocardial positivity (see
Supplementary material). IHC for N-protein and ISH rev-
ealed scarce positivity in interstitial cells without detection
in cardiomyocytes (Figure 3). EM performed in two RT-
PCR-positive cases did not detect viral particles in
cardiomyocytes or interstitial cells.

Myocardial microvascular changes

An overview of microvascular histology findings is dis-
played in Figure 4. While its incidence did not differ
between groups, the distribution of capillary dilatation

Figure 2. Independently occurring concurrent active lymphohistiocytic perimyocarditis and acute myocardial infarction with transmural
perforation in a case of lethal COVID-19. (A-C) Acute myocardial infarction. (A) Gross findings — haemorrhagic diathesis of epicardium
(*); transmural perforation of the anterior myocardial wall (white box). (B) Close-up view of perforation (white arrow) with gross signs of
acute infarction (territorial parenchymal pallor and yellowish discolouration). (C) Acute myocardial infarction in the region of perforation
with territorial coagulation necrosis and dense infiltrates of neutrophilic granulocytes (black asterisk). (D-F) Active lymphohistiocytic
myocarditis. (D) Lymphohistiocytic infiltrates and few eosinophils associated with necrotic hypereosinophilic cardiomyocytes with con-
traction bands; (E) cluster of T-lymphocytes (CD3 IHC, x400); (F) lymphocytic infiltrate in the epicardial fat.

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
of Great Britain and Ireland & John Wiley & Sons, Ltd.
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Figure 3. Detection of SARS-CoV-2 in the myocardium.
(A) Deposits of N-protein in interstitial cells of likely monocytic
origin (black arrows) (N-protein IHC, x400). (B) Open reading
frame ab1- and S-RNA ISH reveal isolated positivity in the inter-
stitium (black arrow) (ISH, x400).

varied significantly between RT-PCR positives, negatives,
and controls (p = 0.04) — it was particularly severe in RT-
PCR-positive myocardium (64% marked) compared to
negatives (22% marked). The overall incidence of marked
capillary dilatation was 48% in COVID-19 patients versus
20% in controls. An overall higher incidence of both focal
(35%) and extensive (22%) microhaemorrhages was
observed in COVID-19 patients versus controls, which also
yielded a statistically significant difference in distribution
(RT-PCR positive versus negative versus controls:
p = 0.03; COVID-19 versus controls: p = 0.04). All
COVID-19 cases manifested capillary fibrin deposition; a
significant difference in its distribution was observed
between all groups (p = 0.04) and between COVID-19
patients and controls (p = 0.04); 64% of RT-PCR-positive
myocardium presented with extensive deposition versus
22% of RT-PCR negatives. There were significant positive
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correlations  between capillary  dilatation, micro-
haemorrhage, and capillary fibrin deposition (capillary
dilatation—microhaemorrhage: p = 0.61, p<0.01;
capillary dilatation—capillary fibrin: p = 0.36, p = 0.04; cap-
illary fibrin—microhaemorrhage: p = 0.35, p = 0.04).

In lieu with fibrin deposition, erythrocyte deformation
and anisocytosis in capillaries were observed in 61% of
COVID-19 patients. The myocardial capillaries of two
COVID-19 patients examined by EM contained densely
packed, fragmented, and deformed erythrocytes coated with
a thin layer of fibrin and extensive filamentous fibrin
deposits along capillary walls (Figure 4C). In areas of
haemorrhage, capillaries were replete with erythrocytes pre-
senting with focal wall ruptures. However, no statistically
significant incidence of erythrocyte anisocytosis was
observed compared to controls.

Six patients (26%) with COVID-19 presented with car-
diac amyloidosis, which in all cases was immuno-
histochemically subtyped as senile ATTR amyloidosis.

Inflammatory changes

Increased numbers of interstitial CD68-positive mac-
rophages were observed in COVID-19 patients
compared to controls (39 versus 20%; 67% of RT-
PCR-negative cases). A total of four COVID-19 cases
(17%) presented with an increased lymphohistiocytic
infiltrate without the presence of myocyte necrosis. In
one case (4%), both active lymphohistiocytic myocar-
ditis without fibrosis characterised by several active,
necrotising inflammatory foci and an acute transmural
infarction resulting in lethal perforation of the myo-
cardial wall with associated ischaemic inflammation
in a different locus were observed (Figure 2). All
cases with increased cardioinflammatory infiltrate
were RT-PCR negative. Only one case in the control
group exhibited histological signs of increased
cardioinflammation without necrosis (10%).

Angiotensin-converting enzyme 2

Myocardial ACE2 was detected in stromal cells with
either granular cytoplasmic and/or membranous positiv-
ity. No notable differences in staining patterns between
COVID-19 patients and controls were observed.

Discussion

Correlation between clinical and post-mortem
findings

In this study, we assessed cardiopathological charac-
teristics in 23 lethal cases of COVID-19. The
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Figure 4. Myocardial microvascular dysfunction in lethal COVID-19. (A) Marked capillary dilatation (CAB, x400). (B) Hyperaemic
vessels with parenchymal microhaemorrhage (*) (CAB, x100). (C) Intraluminal erythrocyte anisocytosis (CAB, x400). (D) Fibrin
thrombus in an intramyocardial capillary (fibrin IHC, x400). (E) Arterial fibrin thrombus (fibrin IHC, x200). (F) Capillary vessel
containing anisocytotic erythrocytes, a thin coat of fibrin on erythrocytes, vessel wall, and intraluminal fibrin threads (red
arrows) (EM).

incidence of hypertension, coronary artery disease,
and diabetes mellitus was high amongst COVID-19
patients, in line with the high incidence of cardio-
vascular comorbidities in patients with lethal
COVID-19 that has repeatedly been shown in the
literature [4,8]. Our findings mirror a meta-analysis
of comorbidity prevalence of seven clinical studies,
which reported pooled odds ratios of 2.36 for
hypertension and 3.42 for cardiovascular disease
between mild and severe disease outcome [31], thus
further underlining the critical role of cardiovascu-
lar comorbidities in the pathogenesis of severe
COVID-19. This is further supported by a high inci-
dence of eccentric hypertrophy amongst COVID-19
patients (78%; Table 2), which is considered as
long-term adaptation to hypertension and may thus
be a predisposing factor for severe disease. A com-
plex relationship between cardiovascular risk fac-
tors and immune response [32,33], as well as a
potential role of immunosenescence [34] are all
plausible pathophysiological explanations behind
these observations. Identification of these patient
subgroups should therefore play an instrumental
role in risk stratification for early therapeutic
intervention.
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Detection of SARS-CoV-2 in the myocardium

Sixty percent of cases in this cohort (14/23) displayed
myocardial RT-PCR positivity by SARS-CoV-2 PCR. It
however remains to be elucidated whether this finding is
a reflection of parenchymal viral load or merely due to
packaged virions in contaminated blood. A significant
positive correlation with the viral load in lungs (see Sup-
plementary material) seems to support the latter, although
ancillary techniques (IHC against the N-protein, ISH,
and EM) did not detect viral presence in cardiomyocytes
in this study. A broad array of studies have detected viral
presence in both interstitial compartments and occasion-
ally in cardiomyocytes [12,13,15,16], although data are
presently sporadic and do not exclude a potential car-
diotropic nature of SARS-CoV-2.

Myocardial microvascular dysfunction

Histomorphological analysis of the myocardium in
COVID-19 patients revealed significantly higher levels
of capillary fibrin deposition, capillary dilatation, and
parenchymal microhaemorrhages compared with
10 autopsies without SARS-CoV-2 infection but simi-
lar sequelae. These morphological alterations of the
microvasculature correlated positively amongst each
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other, suggesting potential causality and also
suggesting a myocardial manifestation of the hyper-
coagulable state in severe COVID-19 in the form of
microangiopathic disease. We postulate that capillary
fibrin deposition causes microcirculatory stasis, resulting
in focal microhaemorrhages due to increased intravascu-
lar pressure and permeability of the endothelial barrier
[35]. Erythrocyte anisocytosis in capillary lumina,
detected on both light microscopy and EM, further sup-
ports these findings as a possible histomorphological cor-
relate of disseminated intravascular coagulation and
complement activation. Our initial post-mortem series
analysing the same cohort parallels these observations,
reporting an increased incidence of pulmonary micro-
thrombi indicative of vascular dysfunction [9]. Another
autopsy case series observed a systemic incidence of
microthrombi in the microvasculature of several organ
systems including the heart, thus confirming the systemic
nature of COVID-19-associated microvasculopathy [36].
Our results are similarly in line with clinical observations
which report an increased incidence of thromboembolic
events in severe COVID-19 [22,37]. Remarkably, no
necroses associated with the microhaemorrhages were
histologically detectable. It therefore remains questionable
whether these microangiopathic changes have a significant
impact on myocardial function. In our cohort, senile car-
diac ATTR amyloidosis amongst COVID-19 patients
(26%) was more common than its incidence amongst
autopsies performed in Basel between 2018 and 2019 [9].
These findings may be relevant, as cardiac amyloidosis
has previously been reported to impact microvascular dys-
function [38], purportedly predisposing to the aforemen-
tioned observations in COVID-19 vasculopathy.

Myocardial ischaemia

As denoted in previous observational studies, acute cor-
onary syndrome can be triggered by COVID-19 and
even be its primary symptom [7]. Possible pathophysio-
logical explanations of angina pectoris in COVID-19
include plaque rupture, occlusive thrombosis, or coro-
nary spasm [39]. In our study, ECG of COVID-19
patients did not reveal significant or specific changes
related to ischaemic events, although non-specific con-
duction and/or repolarisation abnormalities were
reported (Table 1). Furthermore, only one case of acute
territorial transmural infarction in conjunction with peri-
cardial tamponade was observed amongst COVID-19
patients (Figure 2). In this case, we believe that the
infarction, caused by thrombotic occlusion of the left
anterior descending artery, was solely responsible for
the wall rupture despite concurrently diagnosed active
myocarditis. Moreover, infrequent small foci of acute
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and subacute non-territorial ischaemic necroses in 17%
of COVID-19 patients did not statistically differ from
controls, mirroring previous findings [14]. Small foci of
myocardial necrosis can occur due to a broad spectrum
of aetiologies and are a frequent incidental post-mortem
finding irrespective of the cause of death. Taken
together, these findings suggest that ischaemic events
are an uncommon observation in this cohort, although
more extensive post-mortem series are needed for fur-
ther characterisation.

Cardioinflammation

Four out of five cases with increased cardioinflammatory
infiltrate presented without cardiomyocyte necrosis
(n = 4) while one case presented as active,
lymphohistiocytic myocarditis. These findings are in line
with a literature review assessing the autopsy incidence
of SARS-CoV-2-associated myocarditis, confirming that
clinically relevant cardioinflammatory changes are gen-
erally a rare finding in COVID-19 [40,41]. Of note, all
these cases were deemed RT-PCR negative. This finding
is highly relevant when considering increased
hospitalisation time amongst RT-PCR-negative patients,
as it seems to mirror the behaviour of other types of
viral myocarditis such as Coxsackie, citing infection as a
precursor to delayed-onset cardiac inflammation in a
complex, sequential cytokine response model [42].
Whether the myocardial effects observed in our study
occur as a consequence of a systemic cytokine storm,
are induced by auto-antibodies, or are the result of direct
virally mediated injury remain to be elucidated. Lindner
et al performed a cytokine gene expression panel on the
myocardium of COVID-19 patients, noting that cases
with increased viral load present with higher expression
of tumour necrosis factor-a, interferon-y, CCLS, IL-6,
IL-8, and IL-18 [16]; however, the unique myocardial
cytokine signature in response to COVID-19 is still
unclear and the subject of ongoing studies. An increased
influx of CD68-positive macrophages in 39% of
COVID-19 patients, more prominently in RT-PCR-
negative cases (75%), observed in our study is consistent
with results from previous post-mortem reports [13,43].
This is supported by findings of ISH and N-protein IHC
conducted in this study which revealed positivity in
interstitial cells of likely monocytic origin (Figure 3B).

ACE2 and COVID-19

The role of ACE2 as a mediator of COVID-
19-associated cardiopathy remains unclear. In our study,
immunohistochemical analysis of ACE2 predominantly
revealed positivity in stromal cells, in line with previous
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gene expression analyses of myocardial ACE2 [10,12].
However, staining patterns did not markedly differ in
control tissue. This contradicts a previously conducted
investigation in SARS patients which observed weaker
staining in patients versus controls, also denoting a sig-
nificant decrease in ACE2 expression amongst SARS
patients [44]. Notwithstanding these observations, the
evaluation of immunohistochemical staining intensity
and viability of RNA in post-mortem tissue varies with
the extent of autolysis. Future studies are required to
systematically study the basic biology of RAAS metabo-
lites to shed light on the potential cardiotropic nature of
SARS-CoV-2 and the role pharmacological inhibition of
RAAS inhibitors may have on COVID-19 susceptibility.

Evidence of a biphasic disease progression in
COVID-19 cardiac pathophysiology

One of the key observations of this study was signifi-
cantly longer hospitalisation times (12 versus 5 days;
p = 0.005) amongst myocardial RT-PCR-negative cases.
This may either be because of a more serious disease
progression in cases with higher myocardial viral load,
leading to more rapid death, or due to gradual viral elim-
ination as the disease progresses. The latter was
suggested in a differential gene expression analysis con-
ducted on the lungs of the same autopsy cohort, which
identified two distinct immunopathological profiles
based on interferon-stimulated gene (ISG) expression:
ISGyyign cases were identified as having an upregulation
of ISGs, high viral load, and minimal pulmonary dam-
age, while ISG,,,, cases featured downregulated ISGs,
lower viral loads, and more extensive pulmonary dam-
age with signs of remodelling [45]. Significantly longer
hospitalisation times were observed in ISGy,, cases. As
all three genomic targets of myocardial RT-PCR viral
load show significant positive correlation to pulmonary
values (see Supplementary material), we postulate that
there is some degree of concordance between the immu-
nopathological profiles and the subgroups denoted in
our study. A biphasic dynamic of COVID-19 progres-
sion may similarly be prevalent in the myocardium;
microvascular changes, such as capillary dilatation,
microhaemorrhage, and capillary fibrin deposition, show
decrease in severity when comparing RT-PCR positive
with negative cases (marked capillary dilatation: 64 to
22%; incidence of microhaemorrhage: 64 to 45%; exten-
sive capillary fibrin: 64 to 22%), implying a dominance
of microvascular pathology in early COVID-19
(Figure 1). Conversely, the extent of CD68-positive
infiltrate (67 versus 21%) and the overall incidence
of myocarditis are increased (22 versus 0%) in RT-
PCR-negative cases compared to positives. Interestingly,
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ISGy,, cases were also associated with increased pres-
ence of pulmonary CD68" macrophages, insinuating a
migration from the lung to the myocardium in later
stages of the disease. When comparing these trends with
differential blood counts, an overall improvement of
leucopenia (0.5 to 1.0 X 10™°/1) and decrease of neu-
trophilia (7.4 to 6.1 X 10~%/1) towards normal values fur-
ther support our hypothesis that RT-PCR-positive and
-negative subgroups represent a temporal evolution pro-
file of immune viral response in COVID-19.

Methodological limitations

This study has several limitations. Its retrospective design
resulted in inconsistent clinical data acquisition, such as
missing hs-troponin T and N-terminal pro-brain natri-
uretic peptide values, in more than half of the data set.
Moreover, the selection of controls as cases with
COVID-19 suggestive sequelae was a challenge and
may display several confounding factors; for instance,
controls were significantly younger and presented with a
high incidence of intensive care unit admission which
may impact cardiac histomorphology. Moreover, the
utilisation of ordinal scales in most histological analyses
may comport limitations of statistical power in this study.
In addition, there are currently no systematic data on
assay sensitivity of SARS-CoV-2 RT-PCR in formalin-
fixed, paraffin-embedded (FFPE) tissue, although consis-
tency between ante-mortem swabs has been established
in all our cases [9] and recent studies have been able to
detect viral load in FFPE even in subclinical patients
[46,47]; nonetheless, assay standardisation studies are
required for both RT-PCR as well as other ancillary tech-
niques for the detection of SARS-CoV-2 in FFPE tissue.
Lastly, due to their mostly subtle manifestation, it is
questionable whether the cardioinflammatory changes
identified in this study would have been detected in an
endomyocardial biopsy; in fact, small inflammatory foci
without necrosis have previously been suggested be a
non-specific finding at autopsy [48].

In conclusion, this cardiopathological study of myo-
cardium in COVID-19 patients confirms a systemic
manifestation of the SARS-CoV-2 hypercoagulable
state extending to the myocardium, as well as an
occurrence of subtle cardioinflammatory conditions in
a subset of patients with longer hospitalisation dura-
tion and without detectable myocardial viral load.
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