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Definition: The global infectious disease COVID-19 is caused by SARS-CoV-2, a new member of
the Coronaviridae family. Though presented as a novel disease that primarily affects the respiratory
system, multi-organ involvement has been well-noticed and documented since the beginning of
the pandemic. When performed properly with adequate safety measures, autopsy provides the
most valuable information to decipher the pathogenesis of this novel disease, therefore providing
a basis for clinical management. In addition to reviewing the macroscopic changes in organs and
tissues involved in COVID-19, the relevant microscopic alterations and possible pathogenesis are
also discussed.
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1. Introduction

Coronavirus disease (COVID-19), a novel seventh coronavirus disease, initially broke
out in Wuhan, China, in December 2019 [1]. It quickly spread worldwide and became
a pandemic, as declared by the World Health Organization in March 2020 [2]. As of
Friday, 22 July 2022, more than 567 million have been affected, with more than 6.38 million
deaths all over the world [3]. The unprecedented public health threat and the gravity of
the situation have inevitably overwhelmed the healthcare system of many countries and
created much turmoil and emerging challenges in many aspects of human life [4]. Social
distancing has been used worldwide to limit the spread of the virus [5]. COVID-19 and
its causative agent, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), have
been studied extensively.

The Coronaviridae family viruses are enveloped, positive-sense, single-stranded RNA
viruses [6]. Previously, six coronaviruses have been identified to cause human diseases.
Two of them, severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East
respiratory syndrome coronavirus (MERS-CoV), can cause severe respiratory illness with
fatality rates of 10% and 40%, respectively. In contrast, the other four usually cause mild
upper respiratory diseases similar to the common flu [7,8].

SARS-CoV-2 is transmitted via inhalation or direct contact of the virus with the mucous
membrane [9]. Like SARS-CoV, SARS-CoV-2 also binds to the angiotensin-converting
enzyme 2 (ACE2) receptor primarily present on the surface of the alveolar epithelial cells in
the lung, resulting in respiratory symptoms [7]. ACE2 is also found in the small intestinal
epithelium, endothelial cells of blood vessels, alveolar macrophage and monocyte, and
epithelial cells of trachea and bronchi, which may explain the multiple organ involvement
in COVID-19 [7]. The virus contains four structural proteins: spike (S), envelope (E),
membrane glycoprotein (M), and nucleocapsid phosphoprotein (N). The virus enters the
cell via the interaction between the viral spike (S) protein and the host cell proteases,
TMPRSS2 [10].

Like other coronaviruses, SARS-CoV-2 continuously develops mutations. Since the
global outbreak, five major variants of concern (VOC) with increased transmissibility,
varied virulence, evasion from therapeutic drugs, or decreased effectiveness of vaccines
have been reported after the ancestral one. Those VOCs are alpha (B.1.1.7), beta (B.1.351),
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gamma (P.1), delta (B.1.617.2), and omicron (B.1.1.529) [11]. Selective pressures such as
the use of monoclonal antibodies further drive the evolution of SARS-CoV-2, especially in
immunocompromised patients [12].

Though often present as a mild disease with typical flu-like symptoms such as fever,
cough, myalgia, or fatigue [13], about 19%, however, develop severe to critical disease
that may result in progressive respiratory failure, presumably due to massive alveolar
damage [5]. Deceased patients present with severe pneumonitis and advance to acute
respiratory distress syndrome, often accompanied by multi-organ failure [14], which may
be contributed by severe endothelial damage, disseminated intravascular coagulation, and
a cytokine storm [15,16]. The severity and prognosis of the disease seem to be associated
with age; gender; blood group A; cigarette smoking; obesity; and a variety of comorbidities,
including coronary artery disease, diabetes mellitus, chronic kidney disease, hypertension,
congestive heart failure, and chronic obstructive pulmonary disease [14,17]. Most fatal cases
have significant underlying diseases, with systemic hypertension and diabetes mellitus
being the most common [18]. Besides the comorbidities listed above, HIV infection and
tuberculosis are common among COVID-19 decedents in Africa [19].

The complexity of COVID-19 has been made well aware of since its outbreak. It is
a multiorgan disease that presents with a broad spectrum of clinical manifestations and
a wide range of degrees of severity [13,14,20]. For example, autopsies have revealed the
systemic multiorgan involvement of vessels in the lungs, heart, kidney, liver, GI tract,
kidney, brain, and skin [21]. Gross examination of involved organs obtained from autopsy
provides valuable information, which is imperative for elucidating the pathogenesis of
COVID-19 and laying out the basis for clinical management.

2. COVID-19 Autopsy

The importance of autopsy in deciphering the pathogenesis of a novel disease such as
COVID-19 is undisputable [22]. It is one of the primary ways to access organs to perform
gross examinations.

Initially, autopsies on deceased COVID-19 patients were scarce due to significant
concerns, such as the risk of contagiousness, lack of healthcare specialists, and the abrupt
outbreak of the disease [23]. The autopsy of COVID-19 patients is limited mainly due
to strict biosafety measures and infection control over specimen collection and handling.
Because of this, there was a minimal number of publications on postmortem findings in
COVID-19 [24,25].

SARS-CoV-2 presents particular hazards to the professionals working in the lab or
clinical settings [26,27]. Exposure risk levels of autopsies and specimen handling from
deceased COVID-19 patients are considered “very high” [28]. Therefore, implementing
strict security measures to manage the diseased from COVID-19 is essential in protect-
ing healthcare professionals and family members, decreasing the risk of exposure, and
preventing infection expansion [29]. Based on previous guidelines for working with SARS-
CoV and MERS-CoV, the WHO and the CDC released postmortem guidance regarding
COVID-19 [30]. The College of American Pathologists (CAP) endorsed the postmortem
guidance from the CDC about specimen collection and handling involving confirmed or
suspected COVID-19 [31]. Such administrative support and biosafety guidelines have
promoted autopsy in COVID-19, which helps tremendously in gaining better knowledge
about this new and complex infectious disease. It is essential that each lab access the risk,
follow the protocol, and abide by the rules for biosafety practice.

After obtaining informed consent from the patient’s next of kin, an autopsy of COVID-19
should be performed in an autopsy suite that is adequately equipped. The essentials in-
clude an appropriately functioning ventilation system capable of six complete air exchanges
in an hour with negative pressure and HEPA filters [8,32]. Airborne Infection Isolation
Rooms (AIIRs) are recommended by the CDC when conducting autopsies of COVID-19 pa-
tients [30]. The number of personnel in the autopsy room should be minimized, and aerosol
formation should be avoided as much as possible. Essential personal protective equipment
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(PPE) includes a fluid-resistant gown and apron, double gloves with cut-proofing, a sur-
gical cap, face shields or goggles, boots or overshoes, and an N95 respirator face mask or
equivalent [29,33]. Whole-body suits with individual respirators are not necessary [27].

Before the autopsy investigation and during the external examination, nasopharyngeal
and oropharyngeal swabs are collected for diagnostic or virological research [34]. Each
involved organ system is explored by following standard operating procedures. For
example, the “en bloc” extraction technique can be used to obtain the respiratory block,
including the tongue, hypopharynx, larynx, trachea, bronchi, and lungs [34]. Intro-autopsy
swabs can then be collected from the removed and opened respiratory block [34]. A
thorough examination of the brain is performed by adopting the protocol for Creutzfeldt-
Jakob Disease brain autopsies [35]. Representative tissue samples obtained from the
involved organs are first fixed in formalin for 2448 h or even 72 h to inactivate the virus
and then processed for histology examination sectioning and examination [33,35,36]. A
new set of tools are used for each organ to avoid cross-contamination. Diagnostic testing
for COVID-19 is performed by real-time reverse transcriptase PCR using swabs taken from
the trachea, lung parenchyma, pericardium, pleural cavity, etc. [33].

Though creating critical challenges in the autopsy as a novel infectious disease for
many institutions and clinics, autopsies for COVID-19 can be performed routinely by
adequately trained personnel who carefully adhere to the most updated safety guidelines.
As the pandemic evolves, more and more postmortem examinations have been performed
to elaborately study the macroscopic changes in the multiple organs affected by the virus,
aiming to elucidate the pathogenesis of the disease and the exact cause of death.

Multiple autopsy clinics have established a new biobanking model with shared and
centralized biomaterial and data management. Such established autopsy networks provide
high-quality biosample collection, data analysis and reports to support disease-related
research, health policymaking, and public discussion [37]. By promoting communication
and collaboration across different institutions, autopsy and an accompanied centralized
model of biobanking have significantly increased the systemic understanding of COVID-19,
which set up a successful model for studying other infectious diseases as well [37].

When safety regulations are too stringent to meet or the fear of contraction is too big to
overcome, postmortem biopsies can be an acceptable and reasonable alternative, providing
significant histopathological findings [38].

3. Pulmonary Findings in COVID-19

The respiratory tract is the primary target of SARS-CoV-2, with acute respiratory
distress syndrome (ARDS) being the most common cause of death [18].

In general and grossly, the lungs are heavier due to edema, congestion is notable,
and consolidation or hemorrhage may or may not be present (Figure 1). Microscopically,
it is featured as diffuse alveolar damage (DAD) of the acute or organizing phases or a
mixture of both [18]. ARDS/DAD has been the number one immediate cause of death in
COVID-19, followed by multi-organ failure and bacterial pulmonary superinfection [39].
The pathological changes in the lung are varied depending on the stages and duration of
the disease and the severity of the pulmonary damage.

Significant generalized pulmonary edema can be present at the early stage. The lungs
weigh heavier than usual. Consistency of the lower lobes is slightly increased, with capillary
endotheliitis infiltrated by neutrophils. Microthrombi formation in alveolar capillaries and
small pulmonary vessels are seen microscopically. Inflammatory exudates with neutrophils,
multinucleated giant cells, and scanty hyaline membranes are observed as well, but no
focal changes are macroscopically visible, except the cutting surface is slightly sticky [36].
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Figure 1. A heavy lung from a deceased COVID-19 patient with patchy consolidation and hemorrhage.
Figure courtesy of Dr. Sharon Mount from the University of Vermont Medical Center.

As the disease progresses, pulmonary edema becomes more remarkable, and consoli-
dation occurs at both lower lobes. Thrombi are visible in small to medium-sized pulmonary
arteries and veins at the cutting surface. The affected part changes color to dark red and is
consolidated without air, suggesting lobar pneumonia [33]. Focal changes around thrombi
include hemorrhage (petechial), consolidation, and fresh infarction indicated by discol-
oration. Accompanied histological changes demonstrate diffuse alveolar damage with
fibrin deposition, fibromyxoid exudates, hyaline membrane, and an increased number of
macrophages within the alveoli [33,36].

Consolidation expands to the upper and lower lobes of the lungs as the disease pro-
gresses. Both the size and the weight of the lungs increase significantly. The accompanied
histological changes are consistent with prolonged ARDS featured by extensive epithe-
lium hyperplasia and focal squamous metaplasia. Concentrically arranged fibroblasts and
central accumulation of inflammatory cells inside the alveoli are seen at the organizing
stage [36]. Hyperplasia and shedding of type Il pneumocytes are quite notable [33].

Without medical treatment, the onset of severe acute lung injury can be very rapid,
with all lobes affected equally. The cross-section reveals edema, diffused firm, and rubbery
parenchyma without any mass. The parenchyma is colored from pale pink to dark with
scattered hemorrhagic areas that are not well-defined. The bronchi are filled with frothy
proteinaceous exudates. The corresponding microscopic findings are consistent with the
early exudative phase of acute lung injury featured by hyaline membrane formation and
hyperplasia of type Il pneumocytes with atypical changes [40]. Lymphocytic infiltration is
consistent with viral pneumonia [33].

The pleural is slightly thickened with decreased effusion [41]. Purulent sputum and
pleural effusion with turbid fluid can be seen in the pleural cavity. Fibrinous exudate can
be found over the visceral pleura in some cases [33].

Neither redness nor erosion is seen at the trachea and bronchi, but reactive and atypical
epithelium changes are observed microscopically [40]. Frothy secretions of gray-white
colored viscous fluid are prevalent in the airways, including the larynx, with or without
mucous plugging [40,42]. Superimposed bronchopneumonia can present due to bacterial
or fungal infection and has been found in a significant number of cases that are most likely
bacterial-related [43,44]. It can be focal or diffused. Tracheitis has been reported [45]. Such
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findings are not surprising considering the expression of ACE-2 receptors at the upper
respiratory tract [46].

Hilar lymph nodes are enlarged, with the gross section surface varying from white to
black [40]. Medjiastinal lymph nodes can be enlarged, too [47].

4. Cardiovascular Findings in COVID-19

Cardiovascular co-morbidities are common in COVID-19 [48]. The multiple cardiovas-
cular complications worsened or induced by SARS-CoV-2 include myocardial infarction
(MI), myocarditis, acute coronary syndromes, arrhythmias, heart failure, cardiogenic shock,
and sudden cardiac death [49]. Myocardial injury indicated by an increased level of tro-
ponin I is a common finding in COVID-19 patients [50,51]. A significant number of deaths
are attributed to heart failure induced by COVID-19 without previous cardiovascular dis-
ease history [52]. The diversified cardiovascular consequences are caused by infiltration of
inflammatory cells due to viral attack, the release of a large variety of pro-inflammatory
cytokines, and micro-thrombosis due to endothelial damage [50]. Hypoxia caused by ARDS
also contributes significantly to heart failure [14].

The gross weight of the infected heart can be normal but is mostly increased due to
hypertrophy, edema, and chamber dilation [53,54]. The thickness of the myocardial wall
is usually normal or slightly below normal [53]. The myocardium can have a firm texture
and shows a red-brown color [47,55]. Intracardiac and coronary thrombosis is the most
petrifying finding, with thrombin rich in platelets, fibrin, and neutrophil extracellular traps
found in the chambers, coronary arteries, or veins [53,56]. In general, the three primary
gross pathological findings are myocardial ischemia, thrombosis, and cardiac dilation,
especially at the right heart [53]. Myocardial fibrosis, the end stage of cardiac injury, is
found in about 25% of cases [53]. Senile amyloidosis is found in some cases [45]. The virus
has been detected in the myocardium in about half of the cases without necessarily all
resulting in myocarditis [51]. Myocarditis is much less frequently reported than expected,
which turns out to be a rare sequela of certain cohort studies [18]. Pericardial effusion has
been found in some COVID-19 patients who died from cardiogenic shock. Pericarditis has
also been reported [57]. It is important to note that many postmortem findings in the hearts
of COVID-19 patients are consequences of pre-existing chronic conditions. In the absence
of ARDS/DAD or COVID-19 pneumonia, SARS-CoV-2 is most likely a contributing rather
than a direct cause of death [18].

Vascular injury has been consistently reported in deceased COVID-19 patients [58].
Endotheliitis has been reported in multiple organs, including the heart, kidney, small
bowel, and lungs, which could be caused by either the host’s inflammatory response
or direct infection by the virus [59]. COVID-19 patients are prone to develop arterial,
venous, and microvascular thrombosis, with pulmonary arterial thrombosis being the most
common pattern in post-mortem studies [60,61]. The combination of diffused alveolar
damage and thrombosis contributes to the rapid deterioration of severe COVID-19 cases.
Thrombosis has been observed in small and medium-sized pulmonary arteries, even with
prophylactic anticoagulant therapy, indicating profound coagulopathy [36] (Figure 2). Deep
venous thrombosis (DVT) is found in a significant number of COVID-19 patients [62,63].
Cerebral DVT leads to encephalopathy [64]. Other systemic thromboses reported include
thrombosis at the ophthalmic artery, femoral artery, portal vein, and superior mesenteric
artery [61,65]. The COVID-19 thrombi are more likely to occur at the small peripheral blood
vessels such as capillaries or arterioles and to consist of fibrin and platelets [66]. Damage or
damage-associated molecular patterns caused by invasion of the endothelial cell of the virus,
including the release of cytokines, activation of leukocytes, platelets, and completement,
are thought to be contributors to the hyper coagulated state of COVID-19 [61].
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Figure 2. A thromboembolus at the right lower lobe of the lung of a deceased COVID-19 patient.
Figure courtesy of Dr. Sharon Mount from the University of Vermont Medical Center.

5. Other Gross Pathological Findings in COVID-19

As the leading mortality cause of severe COVID-19, ARDS/CAD is not specific but
seen in various direct or indirect lung injuries, including other respiratory viral infections.
However, the disproportional hypoxia to radiographic abnormalities and multi-organ
failure distinguish severe COVID-19 from other respiratory infectious diseases that end
with ARDS/CAD [66]. Such a hallmark of COVID-19 is attributed to systemic endothelitis
that disturbs the anti-coagulatory property of endothelium. This also explains why patients
with certain pre-existing conditions are more likely to progress to severe COVID-19. All
those conditions, including old age, hypertension, diabetes, and obesity, share one thing in
common: altered endothelial metabolism [67]. A cytokine release syndrome induced by
severe inflammation contributes to the adverse course of COVID-19 and multiple organ
damage. The severity of the disease can be directly linked to the dramatic rise of a specific
subset of cytokines, including IL-6, associated with mortality [68]. It is important to note
that increased levels of specific cytokines are also predictable for mild COVID-19, for ex-
ample, CCL17 [69]. The released pro-inflammatory cytokines trigger the capillary leaking
syndrome, leading to disseminated intravascular coagulation (DIC) [70]. Local overactiva-
tion of completement is another important factor to consider in regarding organ damage,
especially the lungs and kidneys [71]. RT-PCR has demonstrated invasion of SARS-CoV-2
at multiple organ systems besides the respiratory and cardiovascular systems [66,72-74].
The virus makes its way into those organs by binding the ACE2 receptors or through the
blood circulation [7,13]. NRP-1 receptor has been reported to potentiate SARS-CoV-2 entry
into the cell [75].

Renal complications are common and associated with a high mortality rate of
COVID-19 [76]. Renal signs of shock are seen grossly in most autopsies [45]. Clinical
manifestations range from mild proteinuria to acute kidney injury (AKI), most subclinical
and AKI seen in severe cases [77]. Besides the mechanisms mentioned earlier of organ
damage caused by SAR-CoV-2, disturbance of the renin-angiotensin-aldosterone (RAAS)
regulation system is another critical detrimental factor. The binding of the virus to its recep-
tor ACE2 downregulates the enzymatic activity of ACE2, which catalyzes the production
of angiotensins that are cardio/renal protective [78]. Acute infarction and cortical necrosis
have been reported [59,79]. The pitting and coarseness of the renal capsule, representing
the arterionephrosclerosis observed microscopically, is typically seen in comorbidities such
as hypertension and diabetes. Intrinsic acute kidney injury (AKI) is thought to be the most
common form of AKI in COVID-19 patients, as evidenced by histopathological findings
including acute tubular necrosis, loss of luminal brush border, eosinophilic hyaline casts,
detached tubular epithelial cells, microthrombi, and fibrosis at the interstitium without
glomerular injury and lymphocyte infiltration [74]. Small fibrin thrombi of the glomeruli
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indicate early signs of DIC [41]. Other reported genitourinary system pathological findings
include prostate vein thrombosis, testicular atrophy, or testicular parenchyma damage [66].

The neurological and psychiatric symptoms presented by the COVID-19 patients
suggest the involvement of both the central and peripheral nervous systems. The invasion
of the central nervous system occurs via the route of the blood or nerves, with the aid of
the deteriorated blood-brain barrier by the cytokine storm, whereas the infection at the
peripheral nervous system is most likely immune-mediated [80]. The spectrum of neuro-
logical manifestations includes the more specific ones, such as anosmia and hypogeusia,
and the nonspecific ones such as fatigue, headache, dizziness, and nausea [73,81]. The most
frequently reported gross anomalies in the brain are ischemia, hemorrhage, and edema [73].
The neurons that execute cognitive functions seem more likely to be affected [82]. Mi-
croglial activation has been observed in many studies [80]; other abnormal histological
findings such as microthrombi [83], brain stem encephalitis [72], and myelin loss are also
reported [84]. Neurosensory skin system involvement has been evidenced by more and
more reported cutaneous neurosensory symptoms. Burning pain or itching sensations
start proximally in a diffused pattern irrespective of dermatomes. The affected skin area is
erythematous with red-purple color. Histological examinations demonstrate hypertrophic
nerve fibers without inflammation [85].

Gastrointestinal symptoms are common and can be the only manifestation, leading to
delayed diagnosis of COVID-19. The symptoms are nonspecific, with loss of appetite and
diarrhea being the most common [86]. Multiple punctate hemorrhages in the mucosa of
the stomach and duodenum have been reported [41]. Acute mesenteric ischemia (AMI) is a
rare but life-threatening emergent thrombotic complication of COVID-19 caused by arterial
or venous thrombosis [87,88]. Exploratory laparotomy reveals the superior mesenteric
artery without pulse and the gangrenous small intestine [89]. Thrombosis can occur at the
portal or mesenteric veins as well [90].

Abnormal liver function is common in COVID-19 patients, especially in older and/or
severe cases. The factors causing liver damage include direct attack by the virus, cytokine
storm, hypoxia, and hepatotoxic drugs [91]. The compromised liver function indicated
by elevated levels of liver enzymes can be persistent and chronic, with males being more
susceptible to it [92]. Steatosis is the most common hepatic finding in COVID-19 autopsy.
The liver is larger with fatty changes consistent with the common comorbidities of COVID-
19, such as hypertension, obesity, and diabetes [54]. Ischemic and necrotic changes in the
liver have been reported. Acute portal thrombosis secondary to COVID-19 has turned
out not to be a rare case [65]. The hepatic sinus may become congested and dark red due
to micro thrombosis [92]. The damaged liver can profoundly affect other organ systems
and interfere with anti-viral treatment. For example, the skin color becomes darker in rare
cases of COVID-19 due to adrenocortical insufficiency caused by decreased inactivation of
estrogen by the liver [92].

Significantly increased incidence of type I diabetes mellitus during the pandemic calls
for attention to the involvement of the pancreas in COVID-19 [93]. The rapid postmortem
autolysis of the pancreas makes it quite a challenge to study it in much detail from au-
topsy, and gross examinations have not reported any severe injuries [80], but decreased
insulin production and glucose-stimulated secretion after SARS-CoV-2 infection have been
discovered [94].

Dysregulated immune responses and the typical peripheral lymphopenia in severe
COVID-19 indicates the involvement of lymphoid organs [80]. The spleen can be impaired
in COVID-19 by direct viral assault, cytokine storm, thrombosis, or lymphocyte apopto-
sis [95]. The spleen may serve as the reservoir of SARS-CoV-2, which may account for the
recurrence of COVID-19 [96]. Grossly, the spleen is contracted by the shrinking capsule. In-
farction, thrombi, and hemorrhage are common findings [97]. Several cases of spontaneous
splenic rupture related to COVID-19 have been reported. The lacerations can be multiple,
accompanied by hemorrhage or hematoma, necrosis, and blood clots [98]. Microscopically,
neutrophil infiltration in the red pulp, necrosis, reduction in lymphoid follicles, and white
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pulp atrophy have been observed. Arterial thrombosis and fibrous tissue proliferation at
the sinus are the common causes of spleen infarction. Persistent depletion of IgM memory B
cells is associated with a higher mortality rate and increased risk of superimposed bacterial
infections [38,95]. Mediastinal lymphadenopathy has been detected in hospitalized patients
and, more often, in severe COVID-19 [99]. Enlarged intrathoracic lymph nodes were found
in autopsy [97]. Characteristic lymph node changes include edema, capillary congestion,
and hemorrhage. Histopathological alterations are manifested by disrupted boundaries
between follicles and paracortical zones, focal necrosis and apoptosis, and reduction in
or atrophy of lymphoid follicles and white pulp [97,99]. Blockage of lymphatic vessels by
fibrin blots has been reported, indicating the coagulopathies associated with COVID-19 are
not limited to blood vasculature [100].

In severe cases, cardiomegaly, liver damage, intestinal mucositis, and hemorrhage
can be present altogether, besides respiratory symptoms [36]. Multiple organ failures are
observed in many patients and may be contributed by the pro-inflammatory cytokine storm
involving a variety of ILs, interferon-gamma, and activated macrophages [15,36].

6. Conclusions

e COVID-19 can be a multi-organ systemic disease. COVID-19 has often been con-
sidered a respiratory viral disease, yet it is clear that SARS-CoV-2 affects multiple
extrapulmonary organs besides the lungs. It can spread systemically, which may ex-
plain the lingering symptoms of long-COVID. The complexity of COVID-19 has been
made aware of as the pandemic evolved. The virus has been found in macrophages,
monocytes, and endothelial cells at multiple blood—physiology barriers [101]. The
mechanism of organ injury includes direct viral attack, hypoxia, and inflammatory
response secondary to viral infection.

e  The sequelae of COVID-19 can be highly individualized. Pathological studies have re-
vealed that pre-existing conditions play critical roles in the clinical course of COVID-19.
The most common comorbidities include systemic hypertension, diabetes, obesity, and
coronary artery disease [18].

e  The pathogenesis of long-COVID is still under investigation. It takes a varied length
of time to recover from COVID-19 infection. A significant number of patients reported
lasting symptoms over twelve weeks after acute infection, known as long-COVID,
“long haulers”, or long-COVID syndrome [102]. The occurrence of long-COVID is not
necessarily directly related to the severity of the initial disease [103]. The constellation
of the symptoms such as fatigue, muscle weakness, dyspnea, pain, discomfort, etc.
indicates the involvement of multiple organ systems and can significantly affect the
quality of the patient’s life. The evolution of long-COVID can be attributed to either
direct viral attacks or the outcomes of viral attacks, including inflammation and
oxidative stress [104].

e  Testing for a broader group of potential causative agents is necessary for acute diag-
nosis and appropriate patient management. The respiratory distress and the gross
pathological changes observed in COVID-19 are not specific. Complete pathological
examination using ancillary tools such as cytology, electron microscopy, and other
tissue techniques are beneficial for making an accurate diagnosis, differentiation from
other coronavirus infections, and deepening our understanding of the pathogenesis of
COVID-19 as a newly emerging disorder.
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