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ABSTRACT

SARS-Cov-2 infection is not limited to the respiratory tract and can involve other organs including the
heart, blood vessels, kidneys, liver, gastrointestinal tract, placenta, and skin. Covid-19 patients with car-
diac involvement usually have higher morbidity and mortality compared to those without cardiac in-
volvement. The frequency and the specificity of the myocardial pathological changes in patients who die
after documented infection with SARS-Cov-2 is uncertain. Macrophages can be found in the normal heart
(interstitium, around the endothelial cells and in the epicardial adipose tissue), and they are considered
part of the major immune cell population in the heart. In this case-control autopsy study, we compare
the gross and microscopic cardiac findings, and the available clinical characteristics between a group of
10 Covid-19 decedents and a control group of 20 patients who died with non-SARS-Cov-2 severe bron-
chopneumonia and/or diffuse alveolar damage. The objectives of this semi-quantitative study are to study
single myocyte necrosis and its relation to the strain on the heart caused by lung injury as a causative
mechanism, and to study the density of myocardial and epicardial macrophages in Covid-19 hearts in
comparison to the control group, and in Covid-19 hearts with single myocyte necrosis in comparison to
Covid-19 hearts without single myocyte necrosis. Lymphocytic myocarditis was not identified in any of
the hearts from the Covid-19 or the control group. Single myocyte necrosis is more frequent in the Covid-
19 group compared to the control group, suggesting that it is unrelated to the strain on the heart caused
by underlying lung injury. The density of the macrophages in the epicardium and myocardium in the
hearts of the Covid-19 group is higher compared to those in the control group. The density of epicardial
macrophages is higher in the Covid-19 hearts with single myocyte necrosis than in those without. These
observations contribute to our increasing appreciation of the role of macrophages in the pathophysiologic
response to infection by SARS-CoV-2.
© 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

can have manifestations in the heart, blood vessels, gastrointesti-
nal tract, kidneys, liver, placenta, and skin [3].

Infection with a new strain of coronavirus, severe acute respi-
ratory syndrome Coronavirus 2 (SARS-Cov-2), rapidly progressed to
a global public health emergency, beginning in late 2019 [1]. Res-
piratory tract disease is the leading cause of morbidity and mor-
tality from infection caused by SARS-Cov-2 (Covid-19 illness) [2];
however, this disease is not limited to the respiratory tract and

* Disclosures: The authors declare no conflict of interest.
* Corresponding author: Agnes G. Loeffler, Department of Pathology, MetroHealth
Medical Center, 2500 MetroHealth Dr, Cleveland, OH 44109
E-mail address: aloeffler@metrohealth.org (A.G. Loeffler).

https://doi.org/10.1016/j.carpath.2022.107447

Up to 20%-30% of hospitalized patients with Covid-19 develop
clinical evidence of myocardial involvement, manifested by ele-
vated serum troponin and abnormal cardiac magnetic resonance
(CMR) findings [4-7], with increased morbidity and mortality com-
pared to Covid-19 patients without myocardial involvement [7].
The true incidence of conventional viral (lymphocytic) myocarditis
is difficult to discern, as endomyocardial biopsy (EMB), the diag-
nostic gold standard for this entity [8], is infrequently used. In the
early stages of the pandemic, the diagnosis of Covid-19 related my-
ocarditis was sometimes erroneously based on the radiological and
clinical data alone [9-11].
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By definition, the histological diagnosis of myocarditis is con-
tingent upon the presence of inflammation of the heart muscle
[12]. Early in the pandemic, it became clear that the clinical im-
pression of myocarditis was not supported by the histologic find-
ing of lymphocytic inundation of the myocardium with associ-
ated lymphocyte-mediated myocardial necrosis typical of viral my-
ocarditis [13,16]. More recent studies on the cardiovascular compli-
cations of fatal Covid-19 illness describe subtle histologic changes
in the myocardium, including non-myocarditic inflammation, sin-
gle myocyte necrosis/ischemia, microvascular thrombi, pericardi-
tis, fibrosis, edema and small vessel vasculitis [13-18]. Single my-
ocyte necrosis/ischemia has been described variably as: “single
cell ischemia”, “myocyte damage”, “scattered individual cell my-
ocyte necrosis”, and “focal necrosis” [13]. These non-specific find-
ings of inflammation suggest that alternative pathways of inflam-
mation play a role in the pathogenesis of Covid-19 related heart
disease. Fox et al. [19], Basso et al. [20], and Bearse et al. [17] in-
dependently reported increased interstitial macrophage density in
the myocardium of patients who died of Covid-19. The proxim-
ity of macrophages to the myocytes suggests an important role for
macrophages in Covid-19 cardiac injury [21].

Fox et al. [19] studied the inflammatory cells in Covid-19 hearts
and compared them to two control groups (non-Covid-19); a group
of patients with acute viral myocarditis and a group of patients
who died with hypertension, diabetes and chronic kidney disease.
They found that typical viral myocarditis is rare in Covid-19 and
that there was a subgroup of Covid-19 hearts with increased CD68
positive macrophages (when compared to both control groups).
They also found that the number of T lymphocytes was signifi-
cantly larger in the typical myocarditis control group in compar-
ison to the Covid-19 and the other control group. The authors sug-
gest that Covid-19 might be associated with a different form of
myocarditis, which could be associated with increased numbers of
CD68 macrophages.

Macrophages constitute the major resident immune cell pop-
ulation in the heart, and can be found in the interstitium as
well as around endothelial cells. It has also been suggested that
they play a role in cardiac conduction [21]. Furthermore, only
small populations of B-cells, regulatory T-cells, innate lymphoid
cells and dendritic cells reside in the heart. By flow cytome-
try, parabiosis studies, and lineage tracing, two types of cardiac
macrophages have been identified: Chemokine Receptor-2 nega-
tive (CCR27) and Chemokine Receptor-2 positive (CCR2*) pheno-
types [22,23]. Studies have shown that CCR2™ macrophages are
proinflammatory while CCR2- macrophages are involved in main-
tenance of hemostasis [22,23].

Angiotensin-converting enzyme 2 (ACE2), the target cellular re-
ceptor of SARS-CoV-2, is known to be present in multiple organs,
including the heart [24] and adipose tissue [25,26]. In the heart,
ACE2 receptors are present on cardiomyocytes, pericytes, fibrob-
lasts, endothelial cells, and macrophages [24,27]; however, it is still
not clear whether the virus directly infects any of these cells, and if
so, whether that infection elicits an inflammatory response. Bearse
et al. [17], using in situ hybridization, identified SARS-CoV-2 ge-
netic material, predominantly in macrophages, but also rarely in
endothelial cells and myocytes. Electron microscopy studies claim
to have detected viral particles in cardiac endothelial cells [16],
interstitial cells of the myocardium [28], interstitial macrophages,
and in myocytes [29]. Oudit et al. [30], by means of reverse tran-
scriptase polymerase-chain reaction (rtPCR), also claim to have de-
tected SARS-CoV-2 genome in the heart. These results are con-
tested, however, and have not been easily reproducible. While di-
rect viral myocardial infection with SARS-CoV-2 is one of the sug-
gested mechanisms of Covid-19 related cardiac injury [7,30,31],
other studies suggest that epicardial adipose tissue could con-
tribute to SARS-CoV-2 entry into the heart in the context of my-
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ocarditis and promote an augmented inflammatory response in the
myocardium [25,32,33].

In a thorough review of microscopic alterations in the hearts
of 40 patients who died of Covid-19, [18] Vander Heide and Fox
propose that SARS-CoV-2 infection may cause small elevations
in troponin through individual myocyte necrosis. They suggest
three possible pathophysiologic pathways to explain single my-
ocyte necrosis: 1-Increased strain on the heart due to severe injury
to the lungs; 2-Viral infection of the endothelium/pericyte which
could cause endothelial dysfunction or damage resulting in local
platelet/fibrin clotting and subsequent microinfarcts; and 3- Mono-
cytes and/or monocyte-derived macrophages carry the virus to the
heart, where the virus subsequently causes localized endothelial
damage which in turn leads to microinfarcts of myocardial tissue.

In this paper, we explore three hypotheses suggested by the
literature on epicardial and myocardial involvement as sequelae
of SARS-CoV-2 infection: a) Single myocyte necrosis in the my-
ocardium as described by Vander Heide and Fox [18] is caused by
increased strain on the heart due to severe injury to the lungs, ir-
respective of etiology; b) Epicardial macrophage density is elevated
to the same degree in diffuse alveolar damage and bronchopneu-
monia irrespective of etiology; and c) Epicardial and myocardial
macrophage densities are elevated to the same degree in Covid-19
decedents whose hearts show single myocyte necrosis compared
to those without single myocyte necrosis.

2. Materials and methods
2.1. Subjects

From 2016 to 2021, the pathology department conducted 453
adult and pediatric autopsies. For this study, we retrospectively re-
viewed the autopsies of adult decedents who died of pulmonary
complications during this time period. The study population was
divided into “cases” comprised of autopsies performed on 10
Covid-19 patients during 2020 and 2021, and a control group
which included 20 non-consecutive autopsies performed between
2016 and 2020, in which the decedents had non-Covid-19 severe
bronchopneumonia and/or diffuse alveolar damage at the time of
death. The inclusion criteria for Covid-19 cases were: SARS-CoV-2
diagnosis confirmed by an antemortem positive polymerase chain
reaction (PCR) test, and cause of death related to severe pulmonary
manifestations of Covid-19. The PCR test was performed on a na-
sopharyngeal swab which detects the spike and nucleocapsid pro-
teins. There was no further testing to identify the specific SARS-
CoV-2 variant [34,35]. Moreover, these cases were collected prior
to the advent of the Omicron variant of SARS-CoV-2. All autopsies
were performed at MetroHealth Medical Center (Cleveland, OH)
following institutional protocols. The study is exempt from insti-
tutional review board approval.

2.2. Chart review

A detailed chart review was performed on the cases and con-
trols to evaluate demographic characteristics including age and
sex, duration of hospitalization and symptoms, clinical character-
istics including body mass index (BMI), underlying medical condi-
tions, use of pressors, use of renal replacement therapy (dialysis),
last SpO2 (oxygen saturation) measured before death, mechanical
ventilation, cardiac arrest or ischemic encephalopathy during the
last hospitalization, intubation and duration of intubation, imag-
ing data, and laboratory data including Troponin I, D-dimer, and
baseline creatinine. For Troponin I and D-dimer, the highest docu-
mented level during the last hospitalization was utilized. The base-
line creatinine is the first creatinine measurement for the patient
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Fig. 1. Interstitial edema of myocardium is characterized by frothy fluid or myoxid changes between myocytes. (400X; Hematoxylin and Eosin stain)

in the last admission. Only limited imaging and laboratory data
were available in both groups.

2.3. Postmortem examination

The autopsy reports of all cases in the study and control groups
were reviewed for the presence of pleural effusion or pleuritis at
the time of the autopsy. Hearts were dissected and sampled per
routine autopsy protocol at our institution. This includes recording
heart weight, thickness of the left and right ventricular walls mea-
sured approximately 2 cm distal to the atrioventricular valves, and
percentage of coronary artery occlusion by atherosclerosis. Three
sections are routinely taken from the myocardium (right ventri-
cle, left ventricle, and septum). For the purpose of this study, each
section from each heart was scored independently for myocardi-
tis, single myocyte necrosis, edema, and myocytolysis. The find-
ings for each heart were analyzed as a group and recorded as
present or absent, regardless of the provenance of the section. Sin-
gle myocyte necrosis was a rare and subtle finding and even one
focus found was scored as present. All the slides of the Covid
19 and the control hearts were systematically examined on high
power (40X objective) by at least two of the investigators, inde-
pendently of one another. Discrepancies in interpretation were dis-
cussed together at a multiheaded microscope. Equivocal cases were
counted as “absent.” The diagnosis of myocarditis was reserved for
the presence of any inflammatory cells in the myocardium that
are known to cause myocarditis - neutrophils, eosinophils, giant
cells, or lymphocytes [12]. Myocardial edema was defined as accu-
mulation of frothy fluid or fibromyxoid change between myocytes
(Fig. 1) [36,37]. Clear spaces between myocytes were attributed
to postmortem or processing artefact, and not counted as edema.
Myocytolysis was defined as the presence of myocardial vacuoliza-
tion (Fig. 2). Since assessing the grade of edema and myocytolysis
is subjective, we categorized these histologic changes in a binary
fashion as transmural or non-transmural.

All the heart sections except those from two controls (which
were inaccessible) were subsequently stained for CD68 as a
macrophage marker. The density of macrophages was quantified in
the myocardium and epicardium on the heart tissue blocks of the
Covid-19 and control groups on the basis of this staining. The cell

density for CD68 positive macrophages in the myocardium was de-
termined by counting the number of cells in 10 high power fields
(HPFs)/400x (each 0.95 mm?2) in areas with a maximum number
of positively-stained cells. Quantification in the myocardium was
done manually, and the findings presented as cells/mm?2. The cell
density for CD68 positive macrophages in the epicardium was de-
termined by counting the number of cells in five regions (each
3mm?2) at 10X power field in areas with a maximum number of
cells using image] analysis software 1.53c (developed by the Na-
tional Institutes of Health; Image] (nih.gov)). CD68-positive cell
density was enumerated using three built-in functions in image]:
First, background subtraction was done using rolling ball method
(radius of 12.0 pixels was used). Then, the image was processed
to increase the brightness of the positively staining cells using the
color threshold tool. After that, the “Analyze the Particles” tool was
used to count the positively staining cells. The counts were ex-
pressed as cells/mm?2. Enumeration (manual and digital) was per-
formed by one investigator who was blinded to whether the sec-
tion was from a case or control heart during the analysis. Since the
areas in which the cells were counted were selected on a subjec-
tive assessment of “maximum number of positively-stained cells”
instead of counting all the macrophages present on the slide, we
consider our study to be semi-quantitative.

We grouped our findings for the macrophage density in the epi-
cardium instead of reporting them based on the specific anatomic
location because of the variability of the amount of epicardium
present in each section and because the epicardial fat was not rep-
resented in some heart sections. Similarly, the macrophage counts
in the myocardium were grouped for each heart instead of being
reported based on the specific anatomic location because previous
studies reported no differences in the inflammatory density be-
tween the left and right ventricles [20], and because there are no
anatomical barriers between the left ventricular, right ventricular
or septal myocardium. The macrophages in the myocardium were
counted manually, unlike those in the epicardium where image]
was used, in order to subtract intravascular macrophages, and to
avoid counting myocytes with prominent nuclei as CD68 positive
macrophages by image].

After comparing the macrophage densities in the myocardium
and epicardium between the case and control groups, the Covid-19
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Fig. 2. Myocytolysis: vacuolization or cytoplasmic edema of myocytes (400X; Hematoxylin and Eosin stain)

group was further stratified into two subgroups: hearts with single
myocyte necrosis in at least one section, and those with no sin-
gle myocyte necrosis. The gross and microscopic findings, includ-
ing macrophage density in the myocardium and epicardium, were
compared between these two subgroups.

2.4. Statistical analysis

Statistical analysis was performed using two-tailed T-test (Mi-
crosoft Excel) for the numerical data. Two-tailed Fisher exact test
(two-tailed) (Prism 6; GraphPad software, Inc., La Jolla, CA) was
used to analyze the categorical data. Correlation analysis was per-
formed using Spearman rho test. Significance was set at a P value
of <0.05.

3. Results

3.1. Demographics, clinical characteristics, imaging, and laboratory
data

There were no significant differences in age or sex between the
Covid-19 and control groups; in the Covid-19 group, there were 3
females and 7 males with a mean age of 63.8 years (range, 43-
82 years) and in the control group, there were 8 females and 12
males with a mean age of 58.6 years (range, 34-83 years). There
were more patients who experienced cardiac arrest during the last
hospitalization in Covid-19 cases without single cell necrosis com-
pared to Covid-19 cases with single cell necrosis (P = 0.047). The
duration of intubation was longer in Covid-19 patients with sin-
gle cell necrosis compared to those without (P = 0.049; Table 2).
There were no significant differences between the study groups re-
garding all other available clinical characteristics or laboratory data
(Tables 1 and 2). Bronchopneumonia and/or diffuse alveolar dam-
age were either the immediate cause of death or directly related
to the immediate cause of death in both groups.

3.2. Findings on postmortem examination

There were no significant differences between the Covid-19 and
control groups in the following pathological (gross and micro-

scopic) characteristics: pleural effusion, pleuritis, heart weight, de-
gree of coronary atherosclerosis, thickness of left ventricle, thick-
ness of right ventricle, or the presence of thrombosis (pulmonary,
brachiocephalic vein or portal vein; Table 3). Transmural edema
was identified in 9/10 (90%) Covid-19 patients compared to 10/20
(50%) in the control group (P = 0.04). Transmural myocytolysis
was identified in 9/10 (90%) Covid-19 patients compared to 10/20
(50%) in the control group (P = 0.04). Single myocyte necrosis was
identified in 5/10 Covid-19 hearts compared to 1/20 control hearts
(Fig. 3, Table 3; P = 0.008). The heart sections did not show zones
of myocyte necrosis, nor did they show coagulative necrosis or
contraction bands. Single myocyte necrosis was a subtle and rare
finding in all but one of the Covid 19 cases in which it was ob-
served; in this one case, single myocyte necrosis was present in
multiple foci. Single myocyte necrosis was identified in a single fo-
cus in one of three sections of one of the control hearts. The ap-
pearance of single myocyte necrosis was similar in the Covid and
control groups. Microvascular thrombosis was not observed in any
of the heart sections. No cases of lymphocytic, eosinophilic, neu-
trophilic, or giant cell myocarditis were identified in the Covid-19
or control group. The density of macrophages was higher in the
epicardium of the Covid-19 hearts compared to the control hearts,
P = 0.008 (Figs. 4 and 5). The density of macrophages was also
higher in the myocardium of Covid-19 hearts compared to the my-
ocardium of control hearts, P = 0.008 (Figs. 6 and 7). There were
two Covid-19 cases in which there was single myocyte necrosis
associated with an adjacent CD68 positive macrophage infiltrate
(Figure 8).

The number of myocardial CD68 positive macrophages
showed a positive correlation with the epicardial CD68 positive
macrophages across Covid-19 and control hearts, when grouped
together (rs = 0.59214, P = 0.0009). The number of myocardial
CD68 positive macrophages showed a positive correlation with the
epicardial CD68 positive macrophages in the Covid-19 hearts alone
(rs = 0.74164, P = 0.014). There was no correlation between the
number of myocardial CD68 positive macrophages and epicardial
CD68 positive macrophages in the control hearts alone (rs = 0.2,
P = 0.43184).

There is a correlation between the epicardial macrophages and
the BMI in control hearts (rs = 0.4, P = 0.05) but no correlation
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Table 1

Baseline patient characteristics in Covid-19 patients compared to controls
Characteristic Covid-19 decedent (N = 10)  Non Covid-19 decedent (N = 20) P value
Age 63.8 (43-82) 58.6 (34-83) 0.28
Gender 7 (70) 3 (30) 12 (60)8 (40) 0.7
Male
Female
Duration of symptoms (days) 22.2 (5-40) 16.9 (7-58), n = 12 0.34
Duration of hospitalization (days) 16.4 (5-35) 9.1(1-28), n = 18 0.06
Obesity (BMI >30 kg/m~2) 7 (70) 9 (45) 0.26
Hypertension 7 (70) 12 (60) 0.44
Diabetes mellitus 6 (60) 4 (20) 0.11
Hyperlipidemia 5 (50) 9 (45) 1.00
Underlying CHF 4 (40) 3(15) 0.18
Cardiac arrest (during the last admission) 4 (40) 5 (25) 0.43
Ischemic encephalopathy 0(0) 1(5) 1
peripheral circulatory support (ECMO) 0 (0) 0 (0) 1
Intubation 9 (90) 13 (65) 0.2
Mean duration of intubation 11.1 (1-26), n =9 6.3 (1-26), n = 13 0.051
Mechanical ventilation 9 (90) 13 (65) 0.2
SpO2 (last measured) 80.4 (55-100), n = 10 73.2 (40-100) n = 18 0.37
Renal replacement therapy (dialysis) 5 (50) 6 (30) 0.42
Use of pressors 7 (70) 13 (65) 1
Cases with elevated troponin 3(30),n=9 6(30),n=15 0.66
Peak troponin (ng/L)? 1.7 (0.02-15.2), n =9 0.13 (0-0.4), n = 15 0.46
Cases with decreased ejection fraction 2(20),n=6 1(5),n=16 0.16
Cases with elevated D-dimer 9(90),n=9 6(30),n=28 0.2
Baseline creatinine (mg/dL) 2.1 (0.78-4.99) 2.4 (0.3-8.2), n =18 0.72
Immediate cause of death due to 7 (70) 14 (70) 1.0

bronchopneumonia/ diffuse alveolar damage

Other immediate causes of death
PE: 1 (10)

Sepsis: 2 (20)

Sepsis: 6 (30)

Data refer to number (percentage) of patients or mean (range).
CHF, congestive heart failure; CAD, coronary artery disease; SpO2, oxygen saturation.
For each characteristic, when information regarding the characteristic was not available for all of the patients in the group, the

number of patients is noted as n = x.

4 Highest troponin value available in the last admission.

Table 2

Baseline patient characteristics of Covid-19 patients with single myocyte necrosis compared to Covid-19 patients without single myocyte

necrosis
Characteristic Covid-19 decedents with Covid-19 decedents without P value

myocyte necrosis (N = 5) myocyte necrosis (N = 5)

Age 60 (53-70) 68 (43-82) 0.33
Gender 0.16
Male 2 (40) 5 (100)
Female 3 (60) 0 (0)
Duration of symptoms 26.4 (13-40) 18 (5-28) 0.22
Duration of hospitalization 22 (8-35) 10.8 (5-23) 0.08
Obesity (BMI >30 kg/m~2) 4 (80) 3 (60) 1.00
Hypertension 4 (80) 3 (60) 1.00
Diabetes mellitus 3 (60) 3 (60) 1.00
Hyperlipidemia 2 (40) 3 (60) 1.00
Underlying CHF 2 (40) 2 (40) 1.00
Cardiac arrest (during the last admission) 0 (0) 4 (80) 0.047
Ischemic encephalopathy 0 (0) 0 (0) 1
peripheral circulatory support (ECMO) 0 (0) 0 (0) 1
Intubation 5 (100) 4 (80) 1
Mean duration of intubation 15.6 (6-26), n=5 5.5 (1-9), n=4 0.049
Mechanical ventilation 5 (100) 4 (80) 1
Sp02 (last measured) 85.6 (59-100), n =5 75.2 (55-100), n = 5 0.39
Renal replacement therapy (dialysis) 4 (80) 1 (20) 0.2
Use of pressors 5(100) 2 (40) 0.16
Cases with elevated troponin 2 (40) 1(20),n=14 1.00
Peak troponin (ng/L)? 3(0.02-15.2) 0.077 (0.03-0.18), n = 4 0.37
Cases with decreased ejection fraction 1(20),n=4 1(20),n=3 1.00
Cases with elevated D-dimer 5 (100) 4(100), n =4 1.00
Baseline creatinine (mg/dL) 2.3 (0.9-4.99) 1.9 (0.7-3.4) 0.63
Immediate cause of death due to 3 (60) 4 (800) 1.00
bronchopneumonia/ diffuse alveolar damage
Other immediate causes of death Sepsis: 2 (40) PE: 1 (20)

Data refer to number of patients (percentage) or mean (range) unless specified.
CHF, congestive heart failure. CAD, coronary artery disease. SpO2, oxygen saturation.
For each characteristic, when information regarding the characteristic was not available for all of the patients in the group, the number of

patients is noted as n = x.

2 Highest troponin value available in the last admission.
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Table 3

Microscopic and gross pathological findings in hearts from Covid-19 decedents compared to hearts from control group
Characteristic Covid-19 decedents (N = 10) Non Covid-19 decedents P value

(N =20)
Heart weight (grams) 463 (150-650) 460 (320-890) 0.96
Thickness of left ventricular wall (cm) 1.56 (1.3-1.9) 1.74 (1-2.6) 0.11
Thickness of right ventricular wall (cm) 0.55 (0.4-0.7) 0.57 (0.3-1.7) 0.78
Mean percentage of coronary artery stenosis  43.5 (10-80) 40.1 (0-90) 0.87
Pleural effusion 7 (70) 14 (70) 1
Pleuritis 0 (0) 2 (10) 1
Thrombosis 4 (40); 2 PE and 2 3 (15); 2 PE and 1 portal 0.18
brachiocephalic vein thrombosis vein thrombosis

Epicardial macrophages per mm? 80.4 (18-112) 47.8 (14-115), n = 18 0.008
Myocardial macrophages per mm? 62.4 (10.2-130.6) 26.8 (6.8-60.1), n = 18 0.008
Cases with single myocyte necrosis 5 (50) 1(5) 0.008
Cases with transmural myocytolysis 9 (90) 10 (50) 0.04
Cases with transmural edema 9 (90) 10 (50) 0.04
Cases with microvascular thrombosis 0 (0) 0 (0) 1

Data refer to number (percentage) or mean (range) unless specified.

PE, pulmonary embolism.

For each characteristic, when information regarding the characteristic was not available for all of the patients in the group, the
number of patients is noted as n = Xx.

Fig. 3. (400X; Hematoxylin and Eosin stain): (A & B) The arrows point to single myocytes with degenerating cytoplasm in the background of hypertrophic but otherwise
viable cells. There are no inflammatory cells associated with the degenerating cells. Edema fluid is present in the interstitium. (C) The arrow is pointing to haphazardly
arranged, dark pink fragments of myocyte cytoplasm. Adjacent myocytes are hypertrophic but appear viable. Inflammatory cells may be present, although it would be
difficult to call this a “myocarditic” focus on the basis of H&E stain alone. (D) Focus of single myocyte necrosis in a heart from the “control” group. The arrow is pointing to
a degenerating myocyte, in which the nucleus can still be identified but the cytoplasm is disrupted. Surrounding myocytes are hypertrophic and show paranuclear lipofuscin
granules, but there is no evidence of contraction bands or coagulative necrosis. A few inflammatory cells are present in the necrotic focus, although it is difficult to tell
which are “innocent bystanders” or in transit through adjacent capillaries in this H&E photograph.
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Fig. 4. The epicardium of a representative case (A) and control (B) heart, stained
with CD68, photographed at 100x. Even by subjective comparison, there are more
CD68 positive cells in the adipose tissue of the epicardium in the Covid-19 dece-
dent.

was noted in the Covid-19 hearts or both Covid-19 and control
hearts combined (rs = 0.2, P = 0.6; rs = 0.5, P = 0.09 respec-
tively). The number of myocardial macrophages in the 18 hearts
with transmural edema were not significantly higher than in the 9
hearts with non-transmural edema (44 vs. 32, P = 0.26).

Among the 5 Covid-19 hearts with single myocyte necrosis, the
density of macrophages in the epicardium was higher compared
to the 5 hearts without single myocyte necrosis (Table 4, Fig. 9).
There was no significant difference in the density of myocardial
macrophages between the two groups (Table 4, Fig. 10). There were
no differences between the groups in the rest of the pathological
(gross and microscopic) characteristics (Table 4).
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4. Discussion

This study demonstrates that single myocyte necrosis, trans-
mural edema, and transmural myocytolysis are significantly more
common in the hearts of Covid-19 decedents compared to those
from a control group of patients who died with severe bron-
chopneumonia or diffuse alveolar damage unrelated to Covid-19.
Second, the density of macrophages in the epicardium and my-
ocardium is significantly higher in the hearts of Covid-19 dece-
dents compared to non-Covid-19 control patients. Finally, we
demonstrate a positive correlation between the density of epicar-
dial and myocardial macrophages in the hearts of Covid-19 dece-
dents and the presence of single myocyte necrosis.

Vander Heide and Fox [18] suggest that single myocyte necro-
sis in the myocardium of patients who die with Covid-19 may be
due to increased strain on the heart in the setting of severe pul-
monary pathology. We designed the first experiment to test this
hypothesis by comparing the occurrence of single myocyte necro-
sis in Covid-19 decedents to its occurrence in a control group of
patients who died with severe bronchopneumonia and/or diffuse
alveolar damage unrelated to Covid-19 illness. There were signif-
icantly more patients with single myocyte necrosis in the Covid-
19 group compared to the control group. This suggests that sin-
gle myocyte necrosis is a direct manifestation of Covid-19 illness
rather than a secondary effect of severe pulmonary impairment
due to underlying bronchopneumonia or diffuse alveolar damage.
However, single myocyte necrosis does not occur in all patients
with Covid-19 infection. In the literature, the occurrence of sin-
gle myocyte necrosis in patients who died of Covid-19 varies from
14%-100% [13-16,18]. Also, single myocyte necrosis was present in
one (5%) of our non-Covid-19 decedents, and, since our attention
was called to this finding, we subsequently found it in two addi-
tional non-Covid-19 decedents who died as a result of pulmonary
embolization (not included in this study). Expanding the control
group to include patients who died of pulmonary emboli unrelated
to Covid-19 illness may yield further insights into clinicopathologic
characteristics that correlate with the development of single my-
ocyte necrosis. In the present study, only one of the Covid-19 pa-
tients died of pulmonary emboli, and hence the potential role of
thromboemboli as a risk factor for myocyte necrosis was not as-
sessed. Based on our observations, single myocyte necrosis should
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Fig. 5. Macrophage density in epicardium of Covid-19 hearts versus control hearts (P = 0.008).
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Fig. 6. A: CD68 stain in a section of myocardium from a Covid-19 decedent (A) in comparison to a section of myocardium from a control heart (both at 400x).

B Covid-19 positive decedents [l Decedents without Covid-19 illness

Myocardial CDE8 macrophages/
mm”"2

Fig. 8. In these two images, arrows point to a focal condensation of CD68 positive staining in areas of individual myocyte necrosis (400X; CD68 stain).
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Table 4
Microscopic and gross pathological findings in Covid-19 patients with single myocyte necrosis compared to Covid-19 patients
without single myocyte necrosis.

Characteristic Covid-19 decedent with Covid-19 decedent without P value
myocyte necrosis (N = 5) myocyte necrosis (N = 5)

Heart weight (grams) 436 (300-640) 490 (150-650) 0.63
Thickness of left ventricular wall (cm) 1.62 (1.3-1.9) 1.5 (1.3-1.7) 0.34
Thickness of right ventricular wall (cm) 0.52 (0.4-0.6) 0.58 (0.4-0.7) 0.36
Mean percentage of coronary artery stenosis 50 (10-80) 37 (15-50) 0.47
Pleural effusion 5 (100) 2 (40) 0.16
Thrombosis 2 (40) 2 (40) 1
Epicardial macrophages per mm? 99.2 (80-112) 61.6 (18-81) 0.02
Myocardial macrophages per mm? 75.8 (41-130.6) 49 (10.2-77.7) 0.22
Cases with transmural myocytolysis 4 (80) 5(100) 1
Cases with transmural edema 5 (100) 4 (80) 1
Cases with microvascular thrombosis 0 (0) 0 (0) 1

Data refer to number of patients (percentage) or mean (range) unless specified.

PE, pulmonary embolism.

For each characteristic, when information regarding the characteristic was not available for all of the patients in the group,
the number of patients is noted as n = x.
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Fig. 9. Macrophage density in epicardium of Covid-19 hearts with single myocyte necrosis versus Covid-19 hearts without single myocyte necrosis (P = 0.02).
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Fig. 10. Macrophage density in myocardium of Covid-19 hearts with single myocyte necrosis versus Covid-19 hearts wthout single myocyte necrosis (P = 0.22).
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not be considered a specific hallmark of SARS-CoV-2 associated
cardiac injury.

Interstitial edema and myocytolysis are commonly found at au-
topsy in agonal hearts, however, we observed that the edema and
myocytolysis associated with Covid-19 infection tend to be trans-
mural, as opposed to only subendocardial or limited in extent. The
observation of global edema in the heart correlates with published
premortem imaging studies utilizing advanced imaging modalities
that show edematous hearts [37] in Covid-19 patients. Although
transmural edema and myocytolysis are more commonly seen in
the hearts of Covid-19 decedents than in the control group, 50%
of patients in the control group also demonstrated global cardiac
edema.

Some investigators have implicated myocardial macrophages in
the pathophysiology of Covid-19 related cardiac injury [17,19,20].
Concordant with these prior studies, we also found the density
of macrophages to be significantly (P = 0.008) higher in the my-
ocardium of Covid-19 decedents (average of 62.4 cells per mm?)
compared to the myocardium in the control group (average of 26.8
cells per mm?). Azzawi et al. [38] report a median number of up
to 5 macrophages per HPF in “normal” hearts (from patients who
died of sudden cardiac death). The macrophage density in our con-
trol group would be roughly equivalent to that reported by Azzawi
et al. after approximately converting their HPF to mm?2.

Macrophages are cells of the mononuclear phagocyte sys-
tem that play integral roles in different phases of inflamma-
tory responses, and whose activity is tightly regulated by com-
plex cytokine signaling pathways [39]. The heart normally contains
both yolk sac-derived and monocyte-derived macrophages. The
monocyte-derived macrophages are further subdivided into fetal
monocyte-derived macrophages (liver origin) and adult monocyte-
derived macrophages (bone marrow origin). The major population
of macrophages resident in the heart is from yolk sac and fetal
monocyte (liver) origin. These are known to have low surface ex-
pression of chemokine receptor 2 (CCR2~), and to be involved in
tissue repair, angiogenesis and phagocytosis [22,23]. In the setting
of infection, the resident macrophages of the myocardium secrete
chemokines that attract bone-marrow derived monocytes, which
differentiate into CCR2* macrophages with pro-inflammatory func-
tion [22,23]. The increased numbers of myocardial macrophages
observed in this and other studies in Covid-19 patients could be
due to increased systemic levels of proinflammatory cytokines.
Systemic cytokine elevations may also be responsible for the el-
evated numbers of macrophages we document in some control
hearts, as several of these patients died with overwhelming pul-
monary infection and/or sepsis.

Other investigators have suggested that epicardial adipose tis-
sue could be implicated in the pathophysiology of cardiac involve-
ment in Covid-19 illness [32,33]. lacobellis et al. [40] compared the
epicardial attenuation (EAT) from CT scans of patients who were
admitted for Covid-19 illness. The degree of EAT attenuation is pre-
sumed to reflect inflammatory changes. The authors divided the
study population into four groups based on the severity of Covid-
19 illness, and found that patients with severe and critical Covid-
19 illness had significantly greater EAT attenuation than those with
mild and moderate infection. Similarly, in our study, the density
of macrophages in the epicardium was significantly higher in the
hearts of Covid-19 decedents compared to the hearts in the control
group, and in the hearts of Covid-19 decedents with single my-
ocyte necrosis compared to the hearts of Covid-19 decedents with-
out single myocyte necrosis. These findings support the impression
that infiltration of the epicardium by CD68-positive macrophages
plays a role in the pathophysiology of cardiac decompensation in
the setting of SARS-CoV-2 infection.

In terms of clinical parameters that may have contributed to
our observations, we showed that the number of cases experienc-
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ing cardiac arrest during their last hospitalization was higher in
Covid-19 cases without single cell necrosis compared to Covid-19
cases with single cell necrosis. On the other hand, the duration of
intubation was longer in Covid-19 patients with single cell necro-
sis compared to those without. Larger studies are required to show
whether these correlations may indeed have a basis in pathophys-
iologic processes.

There are several limitations inherent in this study. We did
not attempt to identify SARS-CoV-2 viral particles in the hearts of
the Covid-19 patients in our “case” group, primarily because the
time between diagnosis and death was prolonged and therefore
the likelihood of finding the particles and subsequently establish-
ing causality would be diminished. We did not establish cell lin-
eage of the macrophages in the myocardium and the epicardium.
This would be a logical next step to understanding the pathophys-
iologic role of macrophages in the course of Covid-19 related car-
diac injury. Finally, the correlations that we found are not absolute;
the fact that some hearts in the control group showed similar find-
ings - of global edema and myocytolysis, single myocyte necrosis
and elevated densities of macrophages in the myocardium and epi-
cardium - suggest that the role of macrophages in the hearts of
patients with severe and terminal lung injury is not entirely spe-
cific to Covid-19 illness. Nevertheless, the strength of correlations
between single myocyte necrosis, global edema and myocytolysis,
and densities of macrophages in the myocardium and epicardium,
is striking.

We were unable to correlate our findings with clinical diagno-
sis of “myocarditis” based on cardiac MRI, because of the unavail-
ability of this data. In the Covid-19 group compared to the con-
trol group, and in Covid-19 patients with myocyte necrosis com-
pared to the Covid-19 patients without single myocyte necrosis,
there was no significant difference in the level of peak troponin,
D-dimer, or baseline creatinine. Previous autopsy studies of Covid-
19 patients did not show significant differences in troponin levels
between “myocarditis” and “non-myocarditis” cases [17,20]. The re-
lationship of the histopathological changes in patients with Covid-
19 illness and elevated clinical parameters of myocardial injury re-
main uncertain.

5. Conclusion

Our study adds to the evidence accumulating since the begin-
ning of the SARS-CoV-2 pandemic in 2019 that histological evi-
dence of myocardial inflammation in patients with severe Covid-
19 illness is sparse. Classic “myocarditis” is seen in only rare cases
reported in the literature, and we did not observe it any of our
cases. More often, evidence of inflammation or myocardial injury
is present in the form of single myocyte necrosis and transmu-
ral edema and myocytolysis. Recently, increased density of CD68-
positive macrophages in the myocardium has been added to the
list of “inflammatory” changes in the heart in Covid-19 decedents.
We reproduce this observation and add to it by demonstrating that
CD68 macrophage density is also increased in the epicardium, and
that epicardial macrophages correlate both with elevated CD68-
positive macrophage density in the myocardium and with the pres-
ence of single myocyte necrosis. Although we have demonstrated
that these correlations are statistically significant in patients with
Covid-19 illness, they are not unique to Covid-19. The role of other
pathways, such as cytokine fluctuations or thrombosis, may be im-
portant factors underlying these observations.

Availability of data and material

All data is available from the corresponding author upon rea-
sonable request.
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