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Introduction

Shortly after the onset of the Coronavirus Disease 2019 
(COVID-19) pandemic, the causative agent was identified as the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
virus [1]. There have been several factors which have influenced 
the course of the pandemic and the response of the medical and 
public health communities.  These are 1) Documentation of the 
myriad of clinical manifestations of the disease [1-9]; 2) Elucidation 
of the basic biology of viral infectivity [10-15]; 3) Implementation 
of diagnostic testing and various public health containment 
measures [16]; 4) Autopsy studies which have defined the basic 
pathology of the disease [17-22] and have provided the factual basis 
for models of pathogenesis [23-25]; 5) Pathology studies which 
have clarified the nature of cardiovascular system involvement 
[26-35]; 6) Ongoing mutation of the virus resulting in variants 

with modified biological effects [11, 36-41]; 7) Development and 
administration of safe and effective vaccines [10, 36-39]; and 8) 
Development of multimodal treatment protocols influenced by 
clinical and autopsy pathology findings [42-48]. Nevertheless, in 
two and a half years, the COVID-19 pandemic has resulted in over 
five hundred million confirmed cases and over six million deaths 
reported by the World Health Organization (WHO) (https://
covid19.who.int/). The purpose of this review is to provide an 
update on the current understanding of this impactful disease 
based on the correlation of clinical and pathological observations 
and studies with a perspective on the ongoing evolution of the 
pandemic.

Virus-Host Interaction

SARS-CoV-2 infection is initiated by binding of the spike protein 
(S) of the SARS-CoV-2 virus to a complex of the ACE-2 receptor 

Abstract

After the onset of the Coronavirus Disease 2019 (COVID-19) pandemic, there have been four waves of infection related to the spread of the causative 
virus, SARS-CoV-2, and its mutant variants.  Also, a condition of post-acute sequelae of SARS-CoV-2 (PASC) or long-haul/long COVID-19 has been 
recognized.  In this report, we update the clinicopathological findings related to the four COVID-19 waves and long COVID-19.

Keywords: SARS-CoV-2; COVID-19 Waves; Long Covid-19; Troponin; D-dimer; Coagulopathy; Heart; Lung

Highlights: 
• Ongoing mutation of the initial SRS-CoV-2 virus has produced mutant strains linked to four waves of COVID-19.

• Initial autopsy studies have documented that COVID-19 produces a distinctive form of diffuse alveolar damage (DAD) or a variant acute fibrin-
ous and organizing pneumonia (AFOP) with systemic manifestations associated with thrombotic microangiopathy. 

• The incidence of lymphocytic myocarditis in COVID-19 is less than 5% whereas a subset of cases exhibits a distinctive macrophage-dominant 
inflammatory process which also may be seen in some cases of advanced heart failure as a previously unrecognized form of inflammatory heart 
disease.

• Although each wave has distinctive epidemiological features and one study found less cardiac inflammation and micro thrombosis in second wave 
cases, major differences in pathology of fatal cases have not been manifest based on our experience with 83 autopsy cases; more autopsy studies 
are needed to address this issue.

• Post-acute sequelae of SARS-CoV-2 (PASC) or long-haul/long COVID-19 affect significant numbers of survivors of acute COVID-19; The NIH 
is embarking on a major effort to obtain definitive information regarding the clinical and pathological features of this condition.
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and accessory proteases, the transmembrane serine protease 
2 receptor (TMPRSS2) and cathepsin L (CTSL), expressed on 
respiratory epithelial cells in the upper respiratory tract and on 
type II pneumocytes, endothelial cells and alveolar macrophages 
in the lungs [1-4, 10]. The distribution of the ACE-2 receptor 
with the accessory proteases in various cell types in different 
organs is a prime determinant of the involvement of these organs 
in COVID-19. Molecular biological studies have provided the 
best evidence regarding cell types infected by the virus and the 
persistence of viral infectivity [10-15].

Clinical Features of Acute and Chronic Illness 

COVID-19 presents as an acute, febrile, respiratory illness [1-4]. 
Although many individuals infected with SARS-CoV-2 may be 
asymptomatic or have mild flu-like symptoms, the respiratory 
condition can progress to acute respiratory distress syndrome 
(ARDS), and some individuals can develop a severe illness with 
multiorgan involvement and severe hyper inflammation [1-9]. 
Paradoxically, cytokine levels in the blood, including interleukin-6 
(IL-6), are moderately elevated and less than levels seen in sepsis 
[8, 9]. Prognostic indicators of a more serious and potentially fatal 
course include older age, lymphopenia, elevated D-dimer level, 

elevated troponin levels, and the co-morbidities of pre-existing 
cardiovascular disease, hypertension, obesity, diabetes mellitus, 
and renal disease. Clinical evidence of cardiovascular involvement 
portents an adverse, and often fatal, outcome [1-7]. While many 
subjects have an early recovery, some have persistent systemic and 
neurological symptoms as manifestations of a condition with the 
formal designation of post-acute sequelae of SARS-CoV-2 (PASC) 
also known as long-haul or long COVID-19 [49, 50].

Clinicopathological Correlates of COVID-19 
Virus Variants and Pandemic Waves 

The COVID-19 pandemic was initiated in late 2019 and early 
2020 apparently due to a new strain of the SARS-CoV-2 virus 
which was capable of transmission from animal vectors to man 
[1-4]. This strain was responsible for the initial spread and wave of 
COVID-19. Since then, mutations of the initial virus have given 
rise to successive variants of concern (VOC) which have produced 
waves and peaks of COVID-19 around the world (Table 1) [11, 
36-41]. To date, the incidence of cases has waxed and waned with 
four peak periods or waves that have been linked to the spreading 
of the initial virus followed by the spread of mutant strains [11, 
36-41].

New WHO 
name

Strain 
name

Other 
name(s) Major mutation sites

First 
reported 

place

First 
reported 

time
Therapeutics

Alpha

D614G

VOC-
202012/01, 
or 
201/501Y.
V1

D614G German, 
China Jan-20

Pfizer-BioNTech vaccine showed 
decreased neutralization; 
Moderna no changes.

B.1.1.7
D614G, a two amino acid 
deletion at positions 69-70, 
N501Y, P681H

UK Dec-20 Moderna and Novavax vaccines 
showed decreased neutralization.

B.1.526 E484K, S447N, L5F, T95I, 
D253G, D614G, A701V

New 
York, 
USA

Nov-20

Pfizer-BioNTech and Moderna 
vaccines showed no change 
in S477N, but decreased 
neutralization on E484K.

Beta

B.1.351

501Y.V2

K417N, E484K, N501Y South 
Africa Late 2020

NVX-CoV2373 vaccine showed 
good neutralization; Moderna 
vaccine showed decreased 
neutralization.

B.1.1.28.1 E484K Brazil Feb-20

Covaxin vaccine showed good 
neutralization; Pfizer-BioNtech 
and Moderna vaccines showed 
decreased neutralization.

Gamma P1
20J/501Y.
V3, belongs 
to B.1.1.28 
strain 
lineage

K417T, E484K, N501Y Brazil, 
Japan

Early 
2021

mAb effects vary; Pfizer-BioNtech 
and Moderna vaccines showed 
decreased neutralization.

Delta B.1.617
D111D, G142D, L452R, 
E484R, E484Q, D614G, 
P681R

India Late 2020
Pfizer-BioNtech and Moderna 
vaccines showed decreased 
neutralization.

Omicron B.1.1.529*
30 in S-protein, 
N501Y, Q498R, 
H655Y,inclN679K,P681H

South 
Africa Late 2021 Major vaccines showed decreased 

neutralization

*Omicron Subvariants BA.1 (B.1.1.529.1), BA.2 (B.1.1.529.2), and BA.3 (B.1.1.529.3).
Adapted with permission from Forchette L, Sebastian W, Liu T. A comprehensive review of COVID-19 virology, vaccines, variants, and 
therapeutics. Curr Med Sci. 2021;41(6):1037-1051. doi: 10.1007/s11596-021-2395-1.

Table 1: Common variant strains of SARS-CoV-2.



21st Century Pathol-3-122| Page 3 of 12Volume 2, Issue 3Buja L M, et al.

Citation: Buja LM, McDonald MM and Zhao B (2022) Clinicopathological Correlates of COVID-19 Pandemic Waves and Long COVID,
21st Century Pathology, Volume 2 (3): 122

In 2020, the first two waves of the pandemic occurred in many 
countries around the world, including Western Europe: the first 
between February/March and the end of May/June, and the 
second from September until the end of the year. Differences have 
been reported in the disease course and mortality between first 
and second wave COVID-19 patients, including differences in 
patient demographics, disease course, and mortality between first 
and second wave COVID-19 [34, 37-39]. In 2021 and 2022, two 
subsequent waves of COVID-19 occurred, each with distinctive 
demographics and outcomes [11, 41, 42].

Since the onset of the pandemic, four waves and peaks of 
COVID-19 cases have occurred in Houston, Texas (Figures 1 

and 2). The epidemiology and biological responses have been 
well documented [51-56]. At our institution, McGovern Medical 
School, and affiliated hospitals in Houston, obstacles were 
overcome to keep our autopsy service operational in the early 
days of the pandemic. This resulted in the publication of one of 
the first autopsy reports of fatal COVID-19 in the USA [19, 20].  
Subsequently, there have been four peaks of fatal cases coming to 
autopsy at our institution corresponding to the peaks of SARS-
CoV-2 viral spread in the Houston community (Figure 3). To date, 
we have performed 83 autopsies on patients who had a positive 
polymerase chain reaction (PCR) nasal swab test for the SARS-
CoV-2 virus during their final hospitalization.

Figure 1: Weekly average of daily new COVID-19 positive cases in Houston, Texas.

Figure 2: Weekly average of Texas Medical Center (TMA) daily new COVID-19 hospitalizations.
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Chronology of Houston Covid-19 Fatal Cases By Date of 
Hospital Admission
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Figure 3: Chronology of autopsy cases performed on the Autopsy Service of the Department of Pathology and Laboratory Medicine 
from patients with fatal COVID-19 at affiliated hospitals. Note the temporal relationship of peaks to peaks in daily new COVID-19 
positive cases and hospitalizations in Houston, Texas. The four peaks correspond to the prevalence in the community of the wild-type 
virus followed by the alpha and beta strains, then the gamma and delta strains, and most recently, the omicron strain.

We reviewed the autopsy reports and our data files pertaining to 
our 83 autopsy cases.  We did not detect any consistent trends or 
differences in cases coming to autopsy related to the four waves 
of disease in Houston.  We were not impressed with differences 
in cardiac inflammation, cardiomyocyte injury, and microvascular 
thrombogenicity over time as reported by Wu L, et al. (2022) [34]. 
Descriptions of the pathology of the pulmonary, cardiovascular, 
neurologic, and other organ systems mostly have been based on 
autopsy studies of fatal cases during the first COVID-19 wave. 
Further studies are needed to address pathological findings in 
fatal cases from the different waves of the pandemic.  Details of 
the pathological studies are presented below.

Autopsy Studies and Clinicopathological 
Correlation 

Our first study collated the pathological findings from initial 
published autopsy reports on 23 patients with coronavirus 
disease 2019 (COVID-19) from 5 centers in the United States 
of America, including 3 cases from Houston, Texas [19, 20]. 
Subsequently, we extended the analysis to include 34 of our 
Houston cases [21]. Our studies document that pulmonary 
manifestation of COVID-19 respiratory disease correlates with 
patients’ duration of illness,  having features of extensive diffuse 

alveolar damage (DAD), including 1) Acute/exudate phase in 
early (5-7 days) illness patients, with hyaline membranes, type II 
pneumocyte hyperplasia, low grade lymphohistiocytic infiltrate, 
and microvasculopathy with intravascular and extravascular fibrin 
deposition; 2) Proliferative/organizing phase in patients over 
1-week illness, with the proliferation of fibroblast and deposition 
of newly synthesized collagens; and 3) Fibrotic phase in patients 
over 3 weeks illness with alveolar septal fibrosis, mimic a fibrotic 
NSIP. In the long-illness group of patients, a peculiar finding is 
cystic degenerative changes presented by groups of cystic spaces 
with dystrophic calcification in the peripheral regions, sometimes 
with multi-nucleated giant cells. We think the cystic change could 
be related to ischemic change secondary to many micro-thrombi, 
and/or mechanic damage by mechanic ventilation. There are 
overlapping features of 2 out of 3 phases in the same lungs. We have 
also found features of intravascular trapping of megakaryocytes, 
platelets and neutrophils in capillaries demonstrated by electron 
microscopy and microthrombi observed by light microscopy in a 
majority (59%) of cases. Macrothrombi in the form of pulmonary 
thromboemboli in segmental pulmonary arteries with pulmonary 
infarcts and/or hemorrhage were observed in a quarter of the 
cases. In half of the cases, super-imposed bacterial pneumonia was 
present (Table 2).
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Systems Cardiovascular Respiratory CNS

Clinical 

Features

Heart failure symptoms

ST-segment changes on electrocardiogram

Acute respiratory distress 

syndrome (ARDS)

Variable clinical 

manifestations and 

pathological findings

Anosmia (loss of smell)

Ageusia (loss of taste)

Fatigue

Sensory and/or motor defects

Pathology

Increased interstitial macrophages

Focal capillary endothelilitis

Focal individual cardiomyocyte necrosis 

microthrombi

Rare lymphocytic myocarditis

Diffuse Alveolar Damage 

(DAD)

Exudative phase, with 

hyaline membranes

Lymphohistocytic 

inflammation

Pneumocyte hyperplasia and 

dysplasia

Endothelialitis

Microthrombi, 

macrothrombi acute 

fibrinous and organizing 

pneumonia (AFOP) (variant)

Progression of DAD, 

proliferative and fibrotic 

phases

 

Thrombi

Infarcts

Gliosis

Comorbidities Obesity, hypertension, diabetes mellitus, renal disease, chronic lung disease

Laboratory 

Findings
Lymphopenia, elevated D-dimer, elevated troponin

CNS indicates Central Nervous System.

Adapted with permission from Barth RF, Buja LM, Barth AL, et al. (2021) A Comparison of the Clinical, Viral, Pathologic, 

and Immunologic Features of Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syndrome (MERS), and 

Coronavirus 2019 (COVID-19) Diseases. Arch Pathol Lab Med. 145:1194-1211. doi: 10.5858/arpa.2020-0820-SA.

Table 2: Summary of Clinical and Pathological Manifestations of Severe Coronavirus Disease 2019 (COVID-19).

Some patients exhibited a variant pattern of acute lung injury 
known as acute fibrinous and organizing pneumonia (AFOP) 
characterized by interstitial pneumonitis without hyaline 
membranes and with intra-alveolar deposits of fibrin enclosed in 
granulation tissue. Our findings have been confirmed by others 
[1, 17, 18, 22, 57]. 

The pulmonary pathology of COVID-19 shares features with 
influenza and other causes of acute lung injury [58, 59]. However, 
COVID-19 pneumonitis is distinctive for its severity and 
extension of parenchymal involvement and associated thrombotic 
microangiopathy [19-21, 23, 24].

In addition to major pulmonary pathology, our Houston cases 
showed subtle changes in the heart consisting of occasional small 

foci of acute injury of cardiomyocytes without inflammatory cellular 
inflltrates, and thrombi in intramural coronary arteries as well as 
focal lymphocytic epicarditis [19-21]. Large and small infarcts and 
hemorrhages often were present in the brains. Other changes 
included depletion of splenic white pulp, focal hepatocellular 
degeneration, and rare glomerular capillary thrombosis. Thus, the 
autopsy flndings provide definitive evidence for the concept that 
the pathogenesis of severe COVID-19 disease involves initial viral-
induced injury of multiple organs, including the heart and lungs, 
coupled with an intense inflammatory reaction, microangiopathy 
and prothrombotic coagulopathy [23-25]. 

The autopsy studies provided insights into pathogenesis that 
contributed to the development of multimodal therapeutic 
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protocols which have evolved over the course of the pandemic.  
These insights focused on the roles of persistent hyper 
inflammation, hypercoagulability, and microangiopathy. 
Current multimodal therapy includes monoclonal antibodies, 
corticosteroids, anticoagulation, and protocols such as MATH+ 
(methylprednisolone, ascorbic acid, thiamine, and heparin) [42-
48].

COVID-19 and the Cardiovascular System 

Our work has been part of a concerted effort by cardiovascular 
pathologists, individually and through their organizations, the 
Society for Cardiovascular Pathology (SCVP) and the Association 
for European Cardiovascular Pathology (AECVP), to obtain and 
disseminate credible information about the pathological basis 
for the diverse clinical manifestations of cardiovascular system 
involvement in COVID-19 [26].  An important issue to be 
addressed was to sort out the pathological basis for the elevated 
troponin levels and electrocardiographic changes frequently seen 
in hospitalized COVID-19 patients since an initial general clinical 
impression was that the frequently observed elevated troponin 
levels equated to the frequent occurrence of life-threatening 
myocarditis in these patients. 

An international consortium of cardiovascular pathologists 
initially addressed the nature of cardiac involvement in COVID-19 
with a comprehensive evaluation of 21 cases of fatal COVID-19. 
The presence of myocarditis, as defined by the presence of 
multiple foci of inflammation with associated myocyte injury, was 
determined, and the inflammatory cell composition was analyzed 
by immunohistochemistry [26]. Lymphocytic myocarditis was 
present in only three (14%) of the cases and mild pericarditis 
in four (19%) of the cases.  However, increased interstitial 
macrophage infiltration was present in 18 (86%) of the cases. Acute 
myocyte injury in the right ventricle, most probably due to strain/
overload, was also present in four (19%) of the cases. Conclusions 
of the study were as follows: 1) In SARS-CoV-2 there are increased 
interstitial macrophages in a majority of the cases and multifocal 
lymphocytic myocarditis in a small fraction of the cases; 2) Other 
forms of myocardial injury are also present in these patients, and 
3) The macrophage infiltration may reflect underlying diseases 
rather than COVID-19, but the macrophage infiltrates were often 
more intense than typically caused by underlying conditions [26].

The finding of a measurable but relatively low frequency of 
myocarditis have been confirmed by other cardiovascular 
pathologists based on case series and two literature reviews of 
nearly 300 patients [18-20, 26-28]. The pathology studies also 
have documented the presence of other histopathologic findings 
including focal cardiomyocyte necrosis, macro- or microvascular 
thrombi, inflammation, and intraluminal megakaryocytes, and 
found that collectively these non-myocarditis changes are much 
more frequent than is myocarditis.

Thus, pathological studies have shown: 1) A low incidence (less 
than 5%) of lymphocytic myocarditis [26-28] and 2) The more 
frequent occurrence in nearly 50% of reported cases of other 
histopathologic findings including focal cardiomyocyte necrosis, 
thrombi and megakaryocytes in intramyocardial coronary 
vessels, and macro-phage-dominant interstitial inflammation, as 
correlates of the elevated troponin levels [18-20, 26-28].

The correlation of clinical and pathological findings indicates 
that the cardiac pathology is part of systemic cardiovascular 
involvement in severe COVID-19. Clinical evidence of 
cardiovascular involvement in COVID-19 portents an adverse, 
and often fatal, outcome [1-9]. Biomarkers of cardiovascular 
involvement in patients with COVID-19 include elevated 
blood levels of D-dimers and cardiac troponin. Patients with 
severe COVID-19 also have elevated inflammatory markers 
including interleukin-6 (IL-6) and C reactive protein (CRP) 
as well as elevations in von Willebrand factor (VWF) and 
P-selectin released from perturbed endothelial cells. The systemic 
endothelial vascular injury likely is a common trigger for both 
the inflammatory and thrombotic complications of COVID-19. 
COVID-19 is a microvascular disease [25]. COVID-19 patients can 
present with the thromboembolic vascular disease with thrombi 
which are uniquely resistant to thrombolysis, difficult to extract, 
and exhibit distinctive properties in vitro on thrombo-elastography 
(TEG) and have evidence of fibrinolysis shutdown [60-63]. 
The lesson learned is that rapid implementation of maximal 
anticoagulation of seriously ill COVID-19 patients is essential 
to lessen the likelihood of the development of pulmonary and 
systemic thromboembolic disease.

The descriptions of the pathology of the cardiovascular system as 
well as the pulmonary, neurologic and other organ systems were 
based on autopsy studies of fatal cases during the first COVID-19 
wave. Wu L, et al (2022) [34] undertook a study to analyze and 
compare cardiac pathology between first wave (cases from March-
April 2020) and second wave (cases from October-December 
2020) COVID-19 patients in Europe.  Autopsied hearts from 
first wave (n = 15) and second wave (n = 10) COVID-19 patients 
and from 18 non-COVID-19 control patients were analyzed by 
immunohistochemistry. CD45+ leukocyte, CD68+ macrophage 
and CD3+ T lymphocyte infiltration, cardiomyocyte necrosis 
and microvascular thrombosis were quantified. In addition, 
the procoagulant factors tissue factor (TF), Factor VII (FVII), 
Factor XII (FXII), the anticoagulant protein Dipeptidyl 
Peptidase 4 (DPP4) and the advanced glycation end-product 
N(fl)-Carboxymethyllysine (CML), as markers of microvascular 
thrombogenicity and dysfunction, were quantified. Cardiac 
inflammation was significantly decreased in second wave 
compared to first wave COVID-19 patients, predominantly 
related to a decrease in infiltrated lymphocytes and the absence 
of lymphocytic myocarditis. This was accompanied by significant 
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decreases in cardiomyocyte injury and microvascular thrombosis. 
Also, microvascular deposits of FVII and CML were significantly 
lower in second wave compared to first wave COVID-19 patients. 
Wu et al. concluded that in this cohort of fatal COVID-19 cases, 
cardiac inflammation, cardiomyocyte injury and microvascular 
thrombogenicity were significantly decreased in the second wave 
compared to the first wave of COVID-19 [34].  The findings in 
this relatively small case series need to be confirmed in additional 
studies. 

Further studies have been performed to assess the occurrence 
and nature of myocardial inflammation in COVID-19 and other 
conditions. Fox SE, et al. (2021) [29] performed an analysis with 
high resolution whole slide image scanning and quantification 
of CD3, CD4, CD8 and CD68 staining cells in myocardium 
of 10 COVID patients (cases from March-September 2020), 5 
community acquired myocarditis and 10 controls. The analysis 
revealed a skewed distribution of CD68 positive cells in COVID-19 
hearts with upper quantiles showing a significant increase 
compared to both control hearts and hearts with inflammatory 
myocarditis. Hearts from inflammatory myocarditis contained 
more CD4+ and CD8+ cells compared to both COVID-19 and 
control hearts. Fox SE, et al. (2021) [29] concluded that the diffuse 
interstitial and microvascular CD68+ cell infiltrate is distinct 
from typical viral myocarditis and may represent a unique form of 
cardiac inflammation affecting at least some COVID-19 patients.  

Goldman BI, et al. (2022) reported 6 patients with sudden 
onset of heart failure whose endomyocardial biopsies showed 
myocardial inflammation with infiltrates of mostly CD68- positive 
macrophages and markedly fewer T lymphocytes. The entity was 
labeled as heart failure with CD68 predominant inflammation 
(“histiocytic” myocardial inflammatory disease, HMID) (30).  
These cases of HMID were not associated with COVID-19 
infection. A rare case of fulminant myocarditis with CD68 
histiocyte-dominant infiltrates has been reported in association 
with delta variant SARS-Co-V2 infection [64].

Bearse M, et al. (2021) [33] analyzed 41 consecutive autopsies of 
patients with fatal COVID-19 (cases from March – July 2020) 
to investigate the associations between cardiac inflammation, 
myocarditis, cardiac infection by SARS-CoV-2, clinical features, 
laboratory measurements, and treatments.  Cardiac infection was 
assessed by in situ hybridization and NanoString transcriptomic 
profiling.  Cardiac infection by SARS-CoV-2 was present 
in 30/41 cases: virus positive with myocarditis (n = 4), virus 
positive without myocarditis (n = 26), and virus negative without 
myocarditis (n = 11). In the cases with cardiac infection, SARS-
CoV-2 positive cells in the myocardium were rare, with a median 
density of 1 cell/cm2. Virus positive cases showed higher densities 
of myocardial CD68+ macrophages and CD3+ lymphocytes, as 
well as more electrocardiographic changes (23/27 vs 4/10; p = 

0.01). Myocarditis was more prevalent with IL-6 blockade than 
with non-biologic immunosuppression, primarily glucocorticoids 
(2/3 vs. 0/14; p = 0.02). Overall, SARS-CoV-2 cardiac infection 
was less prevalent in patients treated with non-biologic 
immunosuppression (7/14 vs. 21/24; p = 0.02). Myocardial 
macrophage and lymphocyte densities overall were positively 
correlated with the duration of symptoms but not with underlying 
comorbidities. Bearse M, et al. (2021) [33] concluded that: 1) 
Cardiac infection with SARS-CoV-2 is common among patients 
dying from COVID-19 but with a very low number of infected 
cells; 2) Cardiac infection by SARS-CoV-2 is associated with 
more cardiac inflammation and electrocardiographic changes, 
and 3) Non-biologic immunosuppression is associated with lower 
incidences of myocarditis and cardiac infection by SARS-CoV-2.

The low incidence of lymphocytic myocarditis observed in autopsy 
studies has been confirmed in a study of 112 hospitalized patients 
[35]. A total of 112 patients with suspected acute myocarditis 
(AM) from 56,963 hospitalized patients with COVID-19 were 
evaluated between February 1, 2020, and April 30, 2021. Inclusion 
criteria were based on clinical, laboratory, and imaging findings. 
Acute myocarditis prevalence among hospitalized patients with 
COVID-19 was 2.4 per 1000 hospitalizations based on a definite/
probable diagnosis with endomyocardial biopsy confirmation in 
some cases and 4.1 per 1000 including cases in the possible as 
well as definite/probable categories [35].  The acute myocarditis 
incidence of 2–4% in this clinical study confirms a similar 
incidence documented in autopsy studies (18-20, 26-28). A low 
incidence of lymphocytic myocarditis also has been documented 
following the administration of anti-COVID-19 mRNA vaccines, 
with a predilection for young men [65-69].  Most patients have a 
short illness and recovery, but a few fatal cases have been reported 
[65].  With endomyocardial biopsy or autopsy, the myocarditis 
has a mixed inflammatory cellular infiltrate including eosinophils 
[65]. The benefits of vaccination far exceed the risk of developing 
vaccine-related myocarditis [69].

Based on an analysis of recent studies,  Fox SE, et al. (2021)  
and Vander Heide (2022) [29, 31, 32] proposed the following: 
1) The findings of significantly increased numbers of cardiac 
macrophages in a relevant subset of patients with SARS-CoV-2 
infection may represent a different and perhaps unique form of 
cardiac inflammation in patients with severe acute COVID-19; 2) 
The preponderance of CD68 positive cells in COVID-19 hearts 
and in some patients with heart failure highlight the current 
limitations of the definition of myocarditis, especially when 
applied to autopsy specimens, and 3) Given the emergence of long 
COVID and the unknown long-term consequences of mild to 
moderate COVID-19 infections, ongoing investigation of the role 
of macrophage accumulation in the myocardium is warranted.
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PASC and Long-Haul COVID

The world continues to contend with successive waves of 
COVID-19 fueled by the emergence of viral variants. At the same 
time, persistent, prolonged, and often debilitating sequelae are 
increasingly recognized in convalescent individuals. The symptom 
complex has been designated as post-acute sequelae of SARS-
CoV-2 (PASC) and also is known as ‘post-COVID-19 syndrome’ 
or ‘long-haul COVID’ [49, 50, 70-76]. Clinical symptomatology 
includes fatigue, malaise, dyspnea, defects in memory and 
concentration, and a variety of neuropsychiatric syndromes as the 
major manifestations, and several organ systems can be involved. 
The underlying pathophysiological mechanisms are poorly 
understood at present. 

Many patients with mild or severe COVID-19 do not make 
a full recovery and have a wide range of chronic symptoms 
for weeks or months after infection, often of a neurological, 
cognitive, or psychiatric nature.  PASC syndrome is defined 
by persistent clinical signs and symptoms that appear while or 
after suffering COVID-19 and persist for more than 12 weeks, 
often with fluctuations and relapses. The condition may overlap 
with or be complicated by post-viral chronic fatigue syndrome, 
sequelae of infection in multiple organs, and the effects of severe 
hospitalization/post-intensive care syndrome. PASC has been 
reported in patients with mild as well as severe COVID-19 and 
irrespective of the severity of the symptoms in the acute phase. 
PACS has been reported in between 10% and 65% of survivors 
who had mild/moderate COVID-19.  

An abnormal or excessive autoimmune and inflammatory 
response has been postulated to play an important role in the 
neurological manifestations of COVID-19, but the underlying 
mechanisms aren’t well understood [1]. The development of 
animal models that recapitulate the neuropathological findings of 
autopsied brain tissue from patients who died from severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is 
an important approach for elucidating the neuropathogenesis of 
infection and disease. Rutkai I, et al. (2022) [77] developed such a 
model in SARS-CoV-2 infected non-human primates with features 
of neuroinflammation, microhemorrhages, brain hypoxia, and 
neuropathology that is consistent with hypoxic-ischemic brain 
injury, including evidence of neuron degeneration and apoptosis. 
Importantly, this is seen among infected animals that do not 
develop severe respiratory disease, which may provide insight 
into neurological symptoms associated with “long COVID”. The 
sparse virus was detected in brain endothelial cells but did not 
correlate with the severity of central nervous system (CNS) injury. 
Rutkai et al. [77] demonstrated that SARS-CoV-2 infected non-
human primates are a relevant animal model for investigating 
COVID-19 neuropathogenesis among human subjects and 
proposed that their findings can advance current understanding 
of the neuropathogenesis of SARS-CoV-2 infection.

Conclusion

Nevertheless, systematic autopsy studies of patients dying with 
a recent or previous diagnosis of PASC are needed to confirm 
the pathological substrate in man but have not been reported 
to date. The NIH has launched a billion-dollar initiative to 
study long COVID, which includes a provision for biobanking 
brain specimens [78]. The logistics of obtaining such cases with 
appropriate clinical documentation is daunting, but the effort is 
essential to further understanding of long COVID.
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