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ORIGINALRESEARCHARTICLE
COVID-19-Associated Nonocclusive Fibrin

Microthrombi in the Heart

BACKGROUND: Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and its resultant clinical presentation, coronavirus disease 2019
(COVID-19), is an emergent cause of mortality worldwide. Cardiac
complications secondary to this infection are common; however, the
underlying mechanisms of such remain unclear. A detailed cardiac evaluation
of a series of individuals with COVID-19 undergoing postmortem evaluation
is provided, with 4 aims: (1) describe the pathological spectrum of the
myocardium; (2) compare with an alternate viral illness; (3) investigate
angiotensin-converting enzyme 2 expression; and (4) provide the first
description of the cardiac findings in patients with cleared infection.

METHODS: Study cases were identified from institutional files and included
COVID-19 (n=15: 12 active, 3 cleared), influenza A/B (n=6), and nonvirally
mediated deaths (n=6). Salient information was abstracted from the medical
record. Light microscopic findings were recorded. An angiotensin-converting
enzyme 2 immunohistochemical H-score was compared across cases. Viral
detection encompassed SARS-CoV-2 immunohistochemistry, ultrastructural
examination, and droplet digital polymerase chain reaction.

RESULTS: Male sex was more common in the COVID-19 group (P=0.05).
Nonocclusive fibrin microthrombi (without ischemic injury) were identified in
16 cases (12 COVID-19, 2 influenza, and 2 controls) and were more common

in the active COVID-19 cohort (P=0.006). Four active COVID-19 cases showed

focal myocarditis, whereas 1 case of cleared COVID-19 showed extensive
disease. Arteriolar angiotensin-converting enzyme 2 endothelial expression
was lower in COVID-19 cases than in controls (P=0.004). Angiotensin-

converting enzyme 2 myocardial expression did not differ by disease category,

sex, age, or number of patient comorbidities (P=0.69, P=1.00, P=0.46,

P=0.65, respectively). SARS-CoV-2 immunohistochemistry showed nonspecific

staining, whereas ultrastructural examination and droplet digital polymerase
chain reaction were negative for viral presence. Four patients (26.7 %) with
COVID-19 had underlying cardiac amyloidosis. Cases with cleared infection
had variable presentations.

CONCLUSIONS: This detailed histopathologic, immunohistochemical,
ultrastructural, and molecular cardiac series showed no definitive evidence

of direct myocardial infection. COVID-19 cases frequently have cardiac fibrin
microthrombi, without universal acute ischemic injury. Moreover, myocarditis is
present in 33.3% of patients with active and cleared COVID-19 but is usually
limited in extent. Histological features of resolved infection are variable. Cardiac
amyloidosis may be an additional risk factor for severe disease.
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Clinical Perspective
What Is New?

¢ Microthrombosis of the small myocardial vascu-
lature appears to be a relatively common finding
in coronavirus disease 2019 (COVID-19) and may
persist even after viral clearance, although its sig-
nificance is not yet established.

e Myocarditis, when present, is usually very limited
in extent.

e Direct myocardial injury by the virus does not
appear to be a common mechanism of severe
acute respiratory syndrome coronavirus 2.

What Are the Clinical Implications?

¢ The findings suggest a potential role for anticoagu-
lation in patients with COVID-19.

e Patients with preexisting cardiac disease (specifi-
cally, cardiac amyloidosis) who develop COVID-19
may be at higher risk for complications (including
death).

caused by severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2), has rapidly emerged as a
major global health crisis. Although its primary patho-
genic mechanism involves infection of the respiratory
tract—mediated through the angiotensin-converting
enzyme 2 (ACE2) host cell receptor—other organ sys-
tems are not spared. More specifically, cardiovascular
complications have increasingly been recognized clini-
cally. Cardiac injury appears to be a source of significant
morbidity and mortality in patients with COVID-19, in
particular, among those who have preexisting cardio-
vascular disease. A subset of these diseases is associ-
ated with increased ACE2 expression in the heart.'?

Cardiac injury, variably defined by serological, elec-
trocardiographic, or imaging studies, has been reported
in upward of one-third of patients hospitalized with
COVID-19 infection.>*> The mechanisms are believed to
be multifactorial, including direct effects such as myo-
carditis, and indirect forms of injury such as thrombosis
or demand ischemia imparted by the underlying respi-
ratory issues, as well. The frequency and extent of these
different mechanisms has yet to be established.

It is fortunate that pathology-based studies that of-
fer important windows into pathogenic mechanisms
have also begun to emerge. These have largely been
autopsy based and (again) focused primarily on the pul-
monary complications.®'° Several series have reported
thrombosis involving the pulmonary and cardiac micro-
vasculature, 812 although the extent of this finding
and its specificity have not been formally evaluated.
In those studies that have reported on cardiovascular

Coronavirus disease 2019 (COVID-19), the disease
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findings, most have described myocardial inflamma-
tion that, when present, is typically mild and without
myocyte injury.

Herein, we present a series of patients with COV-
ID-19 who underwent postmortem examination, with
emphasis on cardiovascular findings. In so doing, we
focused on 4 aims: (1) describe the pathological spec-
trum of the myocardium in patients who have COV-
ID-19 including direct analysis for myocardial virus lo-
calization through molecular and ultrastructural means;
(2) compare the histopathologic findings with other vi-
ral illness, evaluating for findings specific to COVID-19;
(3) investigate whether ACE2 expression within the
myocardium can correlate with histopathology; and (4)
provide the first description of the cardiac findings in
patients with cleared infection.

METHODS

The study was deemed exempt from review by the Mayo
Clinic Institutional Review Board in accordance with the Code
of Federal Regulations, 45 CFR 46.102. Biospecimen use was
approved by the Mayo Clinic Institutional Review Board’s
Biospecimens Sub-Committee (20-004318).

The data that support the findings of this study are avail-
able from the corresponding author on reasonable request.

Cohort Selection

All cases of COVID-19, as confirmed by antemortem SARS-
CoV-2 nasopharyngeal or oropharyngeal polymerase chain
reaction (PCR), undergoing postmortem examination at the
Mayo Clinic (Rochester, MN) between April 2 and September 9,
2020, were included. The COVID-19 cohort comprised individ-
uals who were autopsied and who had had a positive antemor-
tem SARS-CoV-2 Immunoglobulin G antibody test through the
EUROIMMUN (EUROIMMUN Medizinische Labordiagnostika
AG) Anti—SARS-CoV-2 ELISA (Immunoglobulin G) assay. Cases
of COVID-19 were considered cleared if the patient demon-
strated negative PCR testing either before death or at the time
of autopsy, having previously demonstrated either a positive
PCR test or positive antibody test.

Two autopsy-derived control cohorts were selected for
comparative purposes, including individuals who died of com-
plications associated with influenza A/B infection (sequential;
as identified by antemortem or postmortem PCR) and a cohort
of individuals who died of nonvirally mediated mechanisms.
Postmortem interval (time between death and autopsy/fixa-
tion) was documented. Salient information for all cases was
abstracted from the medical record, including demographic
information, disease history (if available), and the presence
or absence of the following chronic underlying conditions, as
well: systemic hypertension, hyperlipidemia, type 2 diabetes,
chronic kidney disease, and chronic cardiovascular conditions
(eg, cardiac amyloidosis, coronary artery disease).

Gross and Histological Examination

All specimens were systematically evaluated grossly by 2
cardiovascular pathologists (M.C.B. and J.J.M.). Hearts were
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processed in accordance with specific guidelines for COVID-
19 that were internally established at the outset of the pan-
demic. Hearts were fixed in 10% neutral buffered formalin
for a minimum of 24 hours before dissection. Dissection
included serial sections from the apex to the base; with dis-
section of the cardiac base proceeding in an inflow-outflow
method. Sampling of a minimum of 5 transmural myocardial
sections was performed from the base, midventricular, and
apical thirds (including left and right ventricular free walls
and septum). If gross abnormalities were noted, sections of
such were explicitly included in this collection. Otherwise,
samples were procured to represent anterior, lateral, and
posterior/inferior regions.

Histopathologic analysis included specific attention to the
presence or absence of the following features: thrombosis,
myocarditis, interstitial edema, and ischemic changes. The
frequency of microvascular thrombi was enumerated through
manual and blinded histological review of a transmural sec-
tion of the left ventricle, documented as a ratio of involved
small arteries and arterioles (hereinafter collectively referred
to as arterioles) to the total present in the evaluated cardiac
section. Microthrombi were counted in left ventricular sec-
tions away from acute ischemic injury, where applicable.
Chronic underlying findings and cardiac-based comorbidities
were documented.

Ultrastructural Examination

Transmission electron microscopy was performed on the
COVID-19 study cohort to evaluate for virus. A total of six
1-mm cubes were procured from the basal, midventricular,
and apical myocardium, in each case, at the time of autopsy
and was fixed in Trump fixative (1% glutaraldehyde and 4%
formaldehyde in 0.1 mol/L phosphate buffer, at pH 7.2).
Tissue was then rinsed for 30 minutes in 3 changes of 0.1
mol/L phosphate buffer, at pH 7.2, followed by a 50-minute
postfix in 1% 0s0O,. The tissue was rinsed in 3 changes of dis-
tilled water, dehydrated in progressive concentrations of etha-
nol and 100% acetone, and embedded in epoxy resin. Thin
(90-nm) sections were cut, placed on 200 mesh copper grids,
and stained with lead citrate. Images were taken on a JEOL
1400 plus electron microscope operating at 80 kV. Cardiac
myocytes, endothelial cells, and interstitial fibroblasts were all
targeted for this evaluation by a cardiovascular pathologist
with special training in electron microscopy (J.J.M.).

Immunohistochemistry: ACE2 Receptor

The tissue sections were stained using a Leica Bond RX stainer
(Leica) at the Pathology Research Core (Mayo Clinic). Antigen
retrieval used for ACE2 was Epitope Retrieval 2 (EDTA based,
Leica) at 100°C for 20 minutes. Some of the reagents from
the Polymer Refine Detection System (Leica) were used dur-
ing the staining process. Tissue sections were incubated in
Peroxidase Block (Leica) for 5 minutes and then in Protein
Block (Dako) for 5 minutes. The primary antibody for ACE2
(R&D Systems, goat, AF933) was diluted at 1:150 (from a 0.5
pg/ul concentration) in Background Reducing Diluent (Dako)
and incubated for 15 minutes. Sections were incubated in sec-
ondary antibody and tertiary reagent from the Goat HRP Kit
(Biocare Medical LLC) for 15 minutes each. Immunostaining
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visualization was achieved by incubating sections in diamino-
benzidine (Leica) for 10 minutes and counterstained in hema-
toxylin for 5 minutes. Once stain was completed, slides were
dehydrated in increasing concentrations of ethyl alcohol and
cleared in xylene before permanent coverslipping.

Slides were scored separately and in a blinded fashion by
2 cardiovascular pathologists (J.J.M. and M.C.B.) for mem-
branous stain intensity (O=none, 1=dot-like, 2=uniform) and
distribution across cells (0=0%, 1=1%-5%, 2=6%-25%,
3=26%-75%, 4>75%) within the following categories: all
endothelium, arteriolar endothelium, and myocardium. An
H-score was calculated by the product of the aforemen-
tioned parameters, and the agreement between patholo-
gists was calculated.

Immunohistochemistry: SARS-CoV-2
Immunohistochemical assays were performed on the Leica
BOND-III platform (Leica) using formalin-fixed, paraffin-
embedded specimens sectioned at 3 pm onto positively
charged glass slides. Immunohistochemical antigen retrieval
was performed using BOND Epitope Retrieval Solution 2
(prediluted, pH 9.0; AR 9640) for 20 minutes at 100°C.
Specimens were incubated with mouse monoclonal SARS-
CoV-2 nucleocapsid antibody (Bioss) for 15 minutes at
room temperature, followed by visualization with the Leica
Bond detection kit at room temperature (DS 9800). The
specimens were then counterstained with hematoxylin.
Immunohistochemical stains were all performed with appro-
priate positive and negative controls.

Droplet Digital Polymerase Chain

Reaction

Droplet digital polymerase chain reaction (ddPCR) was per-
formed on the cardiac tissue from all patients with COVID-
19, with paired lung specimens in 9 cases (the latter selected
chronologically). Formalin-fixed, paraffin-embedded cardiac
and pulmonary specimens underwent nucleic acid extrac-
tion by using the Qiagen RNeasy DSP formalin-fixed, paraf-
fin-embedded Kit (Qiagen). ddPCR (Bio-Rad) was performed
on extracted nucleic acid to detect SARS-CoV-2 N1 and N2
(nucleocapsid 1 and 2) sequences. Positive cases were defined
as those with >4 droplets in either the N1 or N2 target.

Statistical Analysis

Data were summarized with medians and interquartile ranges
(IQRs) or ranges, or with frequencies and percentages, as
appropriate. Ordinal and continuous data were compared
between groups (COVID versus influenza versus control) with
Kruskal-Wallis tests; categorical data were compared with
Fisher exact tests. Pairwise comparisons were performed
(reference=COVID) when the overall test was significant.

The H-score (J.J.M. and M.C.B., including arteriolar,
myocardial, and endocardial ACE2 staining) distributions
were compared by sex, age (dichotomized at the median:
<78 versus >78), and total comorbidities (<2 versus >2)
with Kruskal-Wallis tests. The degree of agreement in
H-scores was summarized with the average difference in
scores between reviewers, along with the percentage of
agreement to within 1 point.
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P values <0.05 were considered statistically significant. All
analyses were performed using SAS version 9.4 (SAS Institute
Inc) or R (R Core Team [2019], R Foundation for Statistical
Computing).

RESULTS

Cohort Characteristics

The study cohort consisted of 15 cases of COVID-19 (12
active; 3 cleared). The study cohort was compared with
cohorts in which deaths were attributed to virally medi-
ated (influenza) and nonvirally mediated phenomena,
including 6 cases of influenza (influenza A, n=5; influ-
enza B, n=1) and 6 nonviral infection—associated deaths.
Cleared COVID-19 cases included: (1) a decedent with
a positive antemortem SARS-CoV-2 PCR, followed by 2
negative swabs before death, with negative PCR at the
time of autopsy (postmortem evaluation was performed
>2 months after the original positive PCR; the patient
was symptomatic from pulmonary complications of CO-
VID-19 at the time of death), and (2) a decedent who
had a positive antemortem SARS-CoV-2 immunoglobu-
lin G antibody test with simultaneously negative SARS-
CoV-2 PCR, but was otherwise asymptomatic and died
of acute heart failure in the setting of ischemic heart
disease; and (3) a decedent with a positive SARS-CoV-2
PCR 54 days before death, followed by negative ante-
mortem and postmortem PCR testing, who was placed
on extracorporeal membrane oxygenation and subse-
guently developed Klebsiella sp. pneumonia and a bleed-
ing diathesis. Age, sex, and frequency of comorbidities
by category are summarized in Table 1 and Table | in
the Data Supplement, along with additional clinical and
serological parameters. Age and number of comorbidi-
ties did not vary significantly among categories (P=0.2
and P=0.18, respectively). Male sex was more common
in the COVID-19 group (P=0.05). The mean postmor-
tem interval was 24.5 hours (range: 4 hours 15 minutes
to 51 hours 30 minutes). A comparison of active versus
cleared COVID-19 cases is provided in Table 2.

The COVID-19 cohort in the study was also com-
pared with the overall hospitalized patient with CO-
VID-19 population at the same institution. In the same
period, 153 individuals (52% men) were hospitalized
with COVID-19, with a mean age of 56.8 years. In
comparison with our postmortem cohort, this sug-
gests that mortality was observed more often in older
men, in keeping with observations documented in
previous and current literature.

Histological Characteristics

Nonocclusive fibrin microthrombi were identified in
16 cases, of which 12 were COVID-19 (including 1
cleared), 2 influenza, and 2 controls (Figure 1). The
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fibrinous nature was confirmed by staining with fac-
tor VIl immunohistochemistry, Masson trichrome stain,
and phosphotungstic acid hematoxylin (Figure 2). CO-
VID-19 cases showed a mean involvement of 7.4% of
arterioles (IQR, 3.1; 8.2%) overall, whereas active COV-
ID-19 cases had a mean involvement of 8.7% (IQR, 5.1;
10.4%). In comparison, influenza and control cases
showed mean involvement of 2.0% and 1.0%, respec-
tively (influenza IQR, 0, 5.9%; control IQR, 0; 6.8%;
P=0.003; Table 3; Figure 3). Many involved arterioles
showed endothelial cell lining above the fibrin deposit,
whereas others showed acute fibrin thrombi without
endothelialization. Acute ischemic changes were ob-
served in 2 COVID-19 cases, 1 of which was devoid of
fibrin thrombi in the vasculature. A single case demon-
strating fibrin thrombi showed ischemic injury visible by
light microscopy.

Two control cases showed fibrin microthrombi, in-
cluding (1) an individual who died of metastatic pan-
creatic adenocarcinoma to the peritoneal lymph nodes
and lungs, with concomitant acute bronchopneumonia
and organizing pneumonia; and (2) a woman with a
pulmonary thromboembolism and Staphylococcus au-
reus bronchopneumonia with abscess formation. One
influenza case showed microthrombi associated with a
large, segmental acute myocardial infarction. The other
influenza case demonstrating microthrombi showed
acute bronchopneumonia with superimposed Klebsiella
pneumonia infection.

Three cases of COVID-19 were without micro-
thrombi. One was a patient with active disease, and
the youngest of the cohort (age 29 years). The other 2
cases were cleared infections, 1 case with SARS-CoV-2
immunoglobulin G antibodies, without active disease;
and the other case with a history of extracorporeal
membrane oxygenation and bleeding diathesis.

Two COVID-19 cases showed mural thrombi; 1
within the right atrium in a patient with a history of
paroxysmal atrial fibrillation, and 1 within the apical
left ventricle. The patient with a left ventricular mural
thrombus had no pertinent imaging providing cardiac
function status during his illness. No mural thrombi
were identified in the remaining COVID-19, influenza,
or control patients.

Active lymphocytic myocarditis was present in 5 pa-
tients with COVID-19 (33.3%, 4 with active disease
and 1 with cleared infection; Figure 4). The case with
a cleared infection showed extensive myocardial in-
volvement with fibrosis and focal active myocyte injury
(smoldering myocarditis), whereas the remaining cases
showed only focal active myocarditis. One of these
cases showed myocarditis associated with amyloid
deposition. Active lymphocytic myocarditis was addi-
tionally identified in 1 influenza B case. Four (26.7%)
of the COVID-19 patients harbored underlying ATTR
(transthyretin)-type cardiac amyloidosis.
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Table 1. Cohort Demographics and Relevant Clinical Characteristics

COVID-19-Associated Heart Disease

§ Demographics and clinical
E characteristics COVID-19* (n=15) Influenza (n=6) Controls (n=6) P value
fﬁ Age, median (interquartile range) 78 (71-86) 52 (46— 80) 74 (65-81) 0.20t
; Male sex, n (%) 12 (80.0) 2(33.3) 2(33.3 0.05%
% Clomorbidi.ties per patient,§ median 2 (1-3) 2.5(1-3) 0.5 (0-1) 0.18t
= (interquartile range)
= Medications influencing coagulation, n (%)l
Aspirin 5/9 (55.6) 2/3 (66.7) 2/4 (50.0) 1.0+
Heparin/enoxaparin 2/9 (22.2) 0/3 (0.0) 0/4 (0.0) 1.0%
Clopidogrel 0/9 (0.0) 0/3 (0.0) 1/4 (25.0) 0.44%
Apixaban 19 (11.1) 0/3 (0.0) 1/4 (25.0) 1.0%
Warfarin 179 (11.1) 0/3 (0.0) 0/4 (0.0) 1.0+
Coagulation parameters
Platelet count (x109/L)
n 12 4 5 0.82t
Median (range) 215 (33-670) 144.5 (55-461) 222 (102-374)
p-Dimer, ng/mL
n 7 1 3 0.8t
Median (range) 1145 (1.9-2475) 14065 336 (0-775)
Prothrombin time, s
n 9 4 6 0.70t
Median (range) 15.9(12.2-51.7) 18.7 (12.9-27.6) 15.5(10.6-91.8)
Activated partial thromboplastin time
n 7 4 5 0.22%
Median (range) 32 (27-83) 38.5 (35-63) 35 (24-39)
International normalized ratio
n 10 5 6 0.59t
Median (range) 1.5(1.1-4.6) 1.8(1.2-2.5) 1.3(1.0-8.2)
Thrombin time, s
n 1 1 1 Not
Median 347 28.4 216 applicable
Fibrinogen, mg/dL
n 5 4 2 0.36t
Median (range) 574 (236-774) 465 (345-576) 249 (71-427)
High-sensitivity troponin, ng/L
n 8 4 6 0.28t
Median (range) 19.5 (0-461) 82 (28-223) 19 (0-90)
History of angiotensin-converting 6/9 (66.7) 2/3 (66.7) 0/4 (0) 0.10%
enzyme inhibitor use, n (%)

*Including both patients with active and cleared severe acute respiratory syndrome coronavirus 2 viral infection.

tKruskal-Wallis test.
FFisher exact test.

§Defined as underlying chronic conditions, including systemic hypertension, hyperlipidemia, type 2 diabetes, and chronic kidney

disease.

IMedications immediately preceding or during terminal illness and hospitalization; denominator denoted number of patients in

each category with information present in

the medical record.

Acute ischemic injury was present in 4 cases (2 CO-

contained a single such focus, and the other showed

VID-19 cases and 2 influenza cases). Both cases of CO-
VID-19 with acute ischemic injury showed subendo-
cardial foci <0.1 ¢cm in the greatest dimension (1 case

multifocal findings), histologically =12 to 24 hours
old. The case with only 1 focus of ischemia did not
show histological features of fibrin microthrombi and
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Table 2. COVID-19 Cases

Age, median (interquartile 78 (71-86) 78 (51-94)
range)

Male sex, n (%) 12 (80) 2 (67)
Symptomatic at death, n (%) 12 (100) 2 (67)

COVID-19 indicates coronavirus disease 2019.

was a case of active infection. This decedent was the
youngest in our cohort (29-years-old) and did not have
underlying comorbidities nor did he have significant
coronary artery atherosclerosis. Additional histological
findings included focal active myocarditis in the right
ventricle, acute lung injury (organizing pneumonia and
diffuse alveolar damage), and pulmonary thromboem-
boli. The case with multiple subendocardial ischemic
foci showed fibrin microthrombi in 4.8% of arterioles
and did have coronary artery disease (grade 3 [of 4])
of the epicardial artery supplying the regional myocar-
dium. This was an active infection in an 84-year-old
man with systemic hypertension and hyperlipidemia,
who had pulmonary manifestations of diffuse alveolar
damage and acute bronchopneumonia.

A summary of the histological findings in patients
with COVID-19 is provided in Figure 5, Table 3, and
Table Il in the Data Supplement.

Ultrastructural Characteristics (Patients
With COVID-19)

No virus was identified within the cardiac myocytes,
vascular endothelium, or interstitial fibroblasts of

the myocardium in any of the COVID-19 cases re-
viewed (Figure 6).

ACE2 Receptor Inmunohistochemistry

Small artery and arteriolar endothelial expression
was reduced in the COVID-19 cohort (mean H-score:
JJM., 0.93; M.C.B., 1.07) versus noninfluenza con-
trols (mean H-score: JJ.M., 4.17; M.C.B., 4.17; P
value: J.J.M., 0.004; M.C.B., 0.001). Expression in the
COVID-19 group was also reduced in comparison with
influenza cases (mean H-score: J.J.M., 1.83; M.C.B.,
1.33); however, this parameter was not significant (P
value: J.J.M., 0.06; M.C.B., 0.57). The average differ-
ence between pathologists was low, with a mean of
0.04 (SD, 1.74; P=0.91), and with 74% of observa-
tions in agreement within 1 point. Five active COV-
ID-19 cases showed no arteriolar staining, as agreed
on independently by both pathologists.

Myocardial staining was present in all cases. No sta-
tistically significant difference was found by disease cat-
egory, sex, age, or number of comorbidities (P=0.69,
P=1.00, P=0.46, and P=0.65, respectively). The average
difference of myocardial scoring between pathologists
was 0.11 (SD, 1.12; P value=0.61), with 70% of obser-
vations in agreement within 1 point.

Endothelial staining was not significantly different
among categories (P values: J.J.M, P=0.25; M.C.B,,
P=0.56), with a mean difference between pathologists
of =0.26 (SD, 2.3; P=0.56). This variable showed the
greatest degree of variability between reviewers.

We observed that myocardial staining was typically
more intense around small intramural blood vessels.

Figure 1. Nonocclusive fibrin microthrombi.
Small arteries and arterioles demonstrated
nonocclusive, eccentric fibrin microthrombi
without associated histologically identified
ischemic injury in the majority of patients

with coronavirus disease 2019 (COVID-19). A
shows a nonocclusive fibrin thrombus (arrow)
in an 80-year-old man with active COVID-19.
Likewise, these findings were observed in a
78-year-old man who died of severe acute
respiratory syndrome coronavirus 2 infection (B,
arrow). Nonocclusive thrombi were observed
projecting into the vessel lumen (C, arrow), and
with a more eccentric, diminutive intraluminal
profile (D, arrow) (hematoxylin and eosin, 600x
original magnification).
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Figure 2. Ancillary testing of fibrin micro-
thrombi.

The presence of fibrin within the small vascular
thrombi (A, hematoxylin and eosin) was con-
firmed with Factor VIIl immunohistochemistry
(B), Masson trichrome stain, which stains fibrin
red (C), and phosphotungstic acid hematoxylin,
which stains fibrin dark blue (D) (arrows; all,
400x original magnification).

Patients with cardiac amyloidosis showed intense sar-
colemmal staining, in comparison with those without
(Figure 7).

Of the COVID-19 cohort, 40% had a history of an-
giotensin converting enzyme (ACE)-inhibitor use, com-
pared with 33% of the influenza cases and 0% of the

Table 3. Summary of Cardiac Pathology

control cases. Pharmacological upregulation of ACE2
MRNA has been documented in animal studies in re-
sponse to ACE-inhibitor administration.™ Thus, this in-
teresting trend is opposite of what would be expected
because of the pharmacological heterogeneity among
our study groups.

Gross characteristics
Heart weight, g, median 4431 474.0 398.4 2445 0.22§
(range) (286.3-545.0) (286.3-545.0) (269.0-592.0) (197.0-560.3)
Expected heart weight,Il %, 1.42 (0.97-1.94) 1.49 (0.97-1.94) 1.35(1.04-2.13) 0.89(0.78-2.11) 0.178§
median (range)
Histopathologic characteristics
Microthrombosis, n (%) 12 (80.0) 11(91.7) 2(33.3) 2(33.3) 0.0069 COVID-19 vs
influenza, P=0.02
COVID-19 vs control,
P=0.02
Involved arterioles, median % 6.3 (0.0-28.6) 7.3(0.0-28.6) 0.0 (0.0-6.1) 0.0(0.0-4.7) 0.0038 COVID-19 vs
of total (range) influenza, P=0.01
COVID-19 vs control,
P=0.003
Myocarditis, n (%) 5(33.3) 4(33.3) 1(16.7) 0(0.0) 0.381
Interstitial edema, n (%) 0(0.0) 0(0.0) 2(33.3) 0(0.0) 0.119
Acute ischemic injury, n (%) 2(13.3) 2(16.7) 2(33.3) 0(0.0) 0.329

COVID-19 indicates coronavirus disease 2019.

*Including both patients with active and cleared severe acute respiratory syndrome coronavirus 2 viral infection.

TCOVID-19 cases with cleared infection excluded (n=3).

$Denotes overall P value including active COVID-19, influenza, and control cases.

§Kruskal-Wallis test.
ICompared with age-, sex-, and weight-based controls.'
fIFisher exact test.
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Figure 3. Frequency of fibrin microthrombi.
Active coronavirus disease 2019 (COVID-19)
cases showed more frequent fibrin micro-
thrombi than other postmortem control groups,
including both virally mediated (Influenza) and
nonvirally mediated (Control) deaths.

A Median

SARS-CoV-2 Immunohistochemistry

Immunohistochemical evaluation for SARS-CoV-2 nu-
cleocapsid antibodies showed focal, nonspecific stain-
ing in all cases tested (n=4, all active disease, patients
A1 to A3, A5). Nonspecific staining included 3 patients
with weak endothelial cell staining (arteriolar and capil-
lary), whereas endocardial staining and intramural mac-
rophage staining was observed in 1 patient each.

Droplet Digital Polymerase Chain
Reaction

Viral nucleic acid amplification through ddPCR was
negative in cardiac tissue from patients with COVID-19
(mean number of acceptable droplets analyzed per
case, 11932). Nine cases had matched lung speci-
mens evaluated by ddPCR (8 with active COVID-19; 1
cleared). All active lung specimens tested positive for
SARS-CoV-2 by ddPCR; the 1 cleared case was negative
(Figure 8; Table Ill in the Data Supplement).

DISCUSSION

The novel p-coronavirus SARS-CoV-2 and the resulting
global pandemic has not only drastically changed our so-
cial framework, but has made an indelible impact on the
medical and scientific community. Although great strides
have been made in characterizing the virus and its clinical
effects, much remains unknown about COVID-19 and the

Circulation. 2021;143:230-243. DOI: 10.1161/CIRCULATIONAHA.120.050754

intricacies of its pathological mechanisms. Detailed, organ-
specific, pathological evaluation of both infected patients
and patients with resolved infections can provide poten-
tially actionable insight into the pathogenicity of SARS-
CoV-2. This study presents a detailed examination of the
myocardial histopathology in patients with COVID-19 and
is the first to describe findings in patients who have cleared
the virus. SARS-CoV-2 molecular and immunohistochemi-
cal evaluation of the myocardium was performed.

It is now well established that SARS-CoV-2 infects
host cells through the ACE2-receptor and that this recep-
tor's relative abundance in pulmonary epithelium likely
facilitates infection.’™ Consequently, the relationship of
SARS-CoV-2 with endothelial cells and ACE2 receptors
has been explored in the literature. Of particular interest
is the suggestion that viral infection may induce inflam-
matory changes, damaging endothelium with resultant
thrombosis.’® Theories of a virally mediated acquired co-
agulopathy have been bolstered by documentation of
the virus in endothelial cells'® and reports suggesting that
SARS-CoV-2 infection may be complicated by thrombotic
or thromboembolic presentations.'”** Adding credence
to this theory are reports of vascular thrombi on postmor-
tem examination.'

Nonocclusive Fibrin Microthrombi: The
Role of Direct Viral Invasion

Fibrin microthrombi/microthromboemboli have been
documented in case reports and small series of
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Figure 4. Myocarditis in COVID-19.

Active myocarditis was identified in 5 COVID-19
cases. Four such cases occurred in the setting of
active COVID-19 infection and were gener-

ally limited in extent, including focal active
lymphocytic myocarditis (A, 400x original mag-
nification) and focal active lymphohistiocytic
myocarditis associated with amyloid deposition
(B, arrow, 400x original magnification). One
cleared COVID-19 case showed extensive, mul-
tifocal, smoldering myocarditis in a background
of fibrosis, suggesting chronicity to the process
(C, 200x original magnification), with residual
active disease (D, arrow, 200x original magnifi-
cation; hematoxylin and eosin stain). COVID-19
indicates coronavirus disease 2019.
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postmortem examinations, particularly affecting the  and to a greater extent than either virally mediated
pulmonary vasculature.”'219-21 This also appears to  deaths or controls.

be the case in the heart, with fibrin microthrombi The mechanism of fibrin  microthrombosis in
being found in most COVID-19 cases in this series  the heart is unclear. The literature acknowledges a

thrombi*
thrombi
Myocarditis
Interstitial
ischemic
Amyloid

Non-occlusive
fibrin micro-

Active COVID-19

Figure 5. Semiquantitative summary of
histological findings in patients with
COVID-19.

Nonocclusive fibrin thrombi were the most com-
mon finding in patients who died of or after of
severe acute respiratory syndrome coronavirus
2 infection (*Rare/isolated: <5%; Occasional:
>5% and <10%; and Diffuse: >10%). Ad-
ditional pertinent findings included myocarditis
and underlying cardiac amyloidosis. COVID-19
indicates coronavirus disease 2019.

All Absent

AlZ Rare/
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Figure 6. Ultrastructural analysis.

No viral particles were identified within the car-
diac myocytes (A) or endothelial cells (C) of the
COVID-19 cases. Numerous viral particles were
identified on a positive control slide produce
from virally infected Vero cell lines (arrows, B
and D). COVID-19 indicates coronavirus disease
2019.

SARS-CoV-2-mediated systemic acquired coagulopathy,
distinct from disseminated intravascular coagulation
and thrombotic microangiopathy.?? This hypercoagu-
lable state may be attributable, at least in part, to direct
invasion of endothelial cells, with cellular membrane dis-
ruption and subsequent endothelial injury. This theory is
based on ultrastructurally identified intracellular virus."
Despite these compelling findings in lung tissue, we
were unable to document conclusive viral presence in
the heart (endothelial cells or myocytes) through immu-
nohistochemical or ultrastructural means. Furthermore,
ddPCR studies were negative for viral nucleic acid.

This is particularly perplexing in light of previous ex-
perience with myocardial involvement by severe acute

respiratory syndrome coronavirus (SARS-CoV), the virus
responsible for the 2003 outbreak. A contemporaneous
study by Oudit and colleagues?? showed that the SARS-
CoV genome was detectable by real-time PCR in the
myocardium of 35% of patients who died of the disease.
This stands in contrast with SARS-CoV-2 in our study. The
same study also showed downregulation of ACE2 recep-
tors in myocardium infected by SARS-CoV, a finding mir-
rored in patients with SARS-CoV-2.2* We were unable to
demonstrate a qualitative difference in myocardial ACE2
staining through immunohistochemical means between
patients with COVID-19 and either control cohorts.
There was, however, significantly decreased arterio-
lar endothelial expression of ACE2 receptors in patients

Figure 7. Angiotensin-converting enzyme 2
receptor immunohistochemistry.

Endothelial cell staining in small arteries and
arterioles showed significantly greater staining
in controls (A), in comparison with patients
who had COVID-19 (B) (arrows, 400x original
magnification). Sarcolemmal staining was
observed to be accentuated in cases of cardiac
amyloidosis (C), in comparison with patients
without cardiac amyloid (D) (600x original
magnification). COVID-19 indicates coronavirus
disease 2019.

Circulation. 2021;143:230-243. DOI: 10.1161/CIRCULATIONAHA.120.050754
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Figure 8. Droplet digital polymerase chain reaction results.

A, Negative myocardial sample showing droplets in the control gene without droplets in viral genome regions (N1 or N2 [nucleocapsid 1 or 2]). B, Positive lung
sample showing multiple droplets in viral N1 and N2 regions and droplets in control gene (RPP30), as well. Note: Because of the high number of severe acute re-

spiratory syndrome coronavirus 2 genome copies in the sample, some droplets
causing signals in unique labeled regions (eg, N1+N2, N1+RPP30).

with COVID-19 on blinded review. This finding indirectly
suggests possible virally mediated ACE2 suppression and
attractively offers a potential explanation of the observed
in situ microthrombosis. However, as mentioned, we
were not able to substantiate this by the direct demon-
stration of virus by either antigenic or molecular genetic
means. It is possible that either the virus has cleared from
endothelial cells or, alternatively, that a separate mecha-
nism may be responsible for microthrombosis.

Nonocclusive Fibrin Microthrombi: The
Role of Systemic Coagulopathy

The transmembrane enzyme ACE2 catalyzes the con-
version of angiotensin Il to angiotensin in vivo. Virally
mediated downregulation of ACE2 receptors subse-
guently interferes with the receptor’s physiological re-
sponsibilities. Angiotensin, among its other properties,
promotes antithrombotic homeostasis through binding

240  January 19, 2021

harbor 2 nucleic acid sequences (control and N1/N2 sequences) in the same droplet,

to the Mas receptor on the platelet membrane. Mas
receptor knockout animal models exhibit decreased
bleeding time and increased thrombosis, which is cor-
rected by administration of angiotensin.?>2° Based on
these data, ACE2 receptor downregulation may pro-
mote a prothrombotic state through decreased circulat-
ing levels of angiotensin.?*

Potentiating this effect is the likely contribution of
immune (over)activation. COVID-19 has been described
in 3 (sometimes overlapping) phases of disease: initial
infection, pulmonary phase, and hyperinflammation.?”
During hyperinflammation, a cellular immune response
to viral invasion elaborates cytokines and inflammatory
markers mediating further inflammation and cellular/
endothelial permeability. Patients with severe disease
have been shown to have high levels of IL-6 (interleu-
kin-6), IL-2, IL-7, and tumor necrosis factor-alpha.>2
This results in homeostatic imbalance, favoring fibrin
formation over fibrinolysis.

Circulation. 2021;143:230-243. DOI: 10.1161/CIRCULATIONAHA.120.050754
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Myocarditis and Acute Ischemic Injury

Elevated troponins have been documented in COVID-19
cases and portend a worse outcome. Several mecha-
nisms for this finding have been proposed, including
myocardial injury from circulating cytokines, myocardi-
tis, and ischemia (the latter including microangiopathic
occlusion, epicardial coronary artery plaque rupture
from virally induced instability, and supply/demand mis-
match).?® In our limited series, focal active lymphocytic
myocarditis was observed in one-third of cases; how-
ever, the majority were very limited despite extensive
myocardial sampling. This calls into question the notion
that myocarditis contributes significantly to myocardial
injury in many patients with COVID-19. Notwithstand-
ing, fulminant myocarditis certainly does appear to be
a manifestation of COVID-19, albeit not a common
one.*® Acute ischemic changes were also observed in
only 2 COVID-19 cases. These findings add credence
to the possibility of myocardial injury from circulating
cytotoxins (eg, cytokines), or troponin leak secondary
to myocardial strain.

Amyloidosis

Our series contained a high proportion of individuals
with cardiac amyloidosis (26.7%); to a degree, that far
exceeds the autopsy prevalence of cardiac amyloidosis
at our institution, which has been 3.7% over the past
2 years. A similar incidence rate was recently reported
as an ancillary finding in a cases series of 21 COVID-19
autopsies with 29% of decedents showing immunohis-
tochemical evidence of transthyretin amyloidosis in the
myocardium and 14% of patients showing amyloid de-
position in the pulmonary vasculature.® This suggests
a specific group of patients that may be at high risk of
morbidity and mortality from SARS-CoV-2 infection.

A single case of amyloidosis had concomitant myo-
cardial inflammation. There is a known association of
myocardial inflammation in the setting of amyloidosis,
potentially confounding the finding in this patient for
the purposes of this study.

Long-Term Sequelae: Persistent
Pathology After Clearance of SARS-CoV-2

Less than 1 year into this pandemic, it is not only our
understanding of the pathobiology of COVID-19 that is
incomplete, but also our appreciation for the long-term
effects of the disease. Chronic complications involving
the lung and heart have begun to emerge.?"*? Clinical
and radiological data are supported by early pathology
data in the lungs of those with cleared infection.3 Our
series now adds to the literature histopathologic cardi-
ac findings from 3 patients with such cleared infection.
Although the number is too small to draw definitive

Circulation. 2021;143:230-243. DOI: 10.1161/CIRCULATIONAHA.120.050754
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conclusions, these cases likely represent (at least) 3 pos-
sible outcomes after viral clearance. One patient died
of unrelated causes, following positive antibody testing
in the absence of profound clinical symptomatology. A
second patient had continued demonstration of micro-
thrombosis despite viral clearance, suggesting that the
cardiovascular consequences extend beyond the active
infectious stage. Last, following negative viral PCR, a
third patient was placed on extracorporeal membrane
oxygenation with significant bleeding complications
and no myocardial thrombi. This patient also showed
ongoing, smoldering active lymphocytic myocarditis in
a background of fibrosis, suggesting chronicity to the
condition, and (similar to the aforementioned patient)
likely contributed to adverse cardiovascular complica-
tions beyond the duration of active viral infection.

Limitations

This series and the observations herein are based on a
limited number of patients and controls, thus good rep-
resentation across the sex and ethnicity spectrum was
not achieved. Furthermore, the variability in clinical pre-
sentation and course was accompanied by heteroge-
neous treatment regimens, which may certainly impact
the spectrum of findings described. Uniformity in test-
ing and workup was not observed due to the inherent
retrospective clinical component of the study design.
Internal referral bias of our patient population is also
limiting. Cross-sectional cardiac imaging was not per-
formed in any of the study patients during their illness.

CONCLUSIONS

This series is dedicated exclusively to the cardiac histo-
pathologic, immunohistochemical, ultrastructural, and
molecular findings in patients who died of active or
cleared SARS-CoV-2 infection. Although the preceding
data have documented the virus in endothelial cells, no
definitive evidence of myocardial infection was pres-
ent in this series. Our data show that COVID-19 cases
frequently have fibrin cardiac microthrombi in the ab-
sence of acute ischemic injury, potentially explaining
why some have observed reduced COVID-19-associ-
ated mortality in the setting of systemic anticoagula-
tion.3* Moreover, myocarditis is present in one-third
of patients with COVID-19, but limited in extent and
not likely to explain the totality of cardiac symptoms or
findings in this population.

Histological features of cleared infection do not ap-
pear to differ significantly from active disease, although
the proximity of infection to death likely heavily influ-
ences this finding. We also suggest cardiac amyloidosis
as an additional possible risk factor for severe disease
based on its frequency in this study.
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