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Abstract. – OBJECTIVE: The purpose of this 
article was to review our clinical experience with 
COVID-19 patients observed in the Cardiovascu-
lar Division of Pompidou Hospital (University of 
Paris, France) and the Department of Neurolo-
gy of the Eastern Piedmont University (Novara, 
Italy), related to the impact on the cardiovascu-
lar, hematological, and neurologic systems and 
sense organs.

PATIENTS AND METHODS: We sought to 
characterize cardiovascular, hematological, and 
neurosensory manifestations in patients with 
COVID‐19 and variants. Special attention was 
given to initial signs and symptoms to facilitate 
early diagnosis and therapy. Indications of EC-
MO (extracorporeal membrane oxygenation) for 
cardiorespiratory support were evaluated.

RESULTS: Preliminary neurosensorial symp-
toms, such as anosmia and dysgeusia, are use-
ful for diagnosis, patient isolation, and treat-
ment. Early angiohematological acro-ischemic 
syndrome includes hand and foot cyanosis, Ray-
naud digital ischemia phenomenon, skin bullae, 
and dry gangrene. This was associated with 
neoangiogenesis, vasculitis, and vessel throm-
bosis related to immune dysregulation, result-
ing from “cytokine storm syndrome”. The most 
dangerous complication is disseminated intra-
vascular coagulation, with mortality risks for 
both children and adults.

CONCLUSIONS: COVID-19 is a prothrom-
botic disease with unique global lethality. A 
strong inflammatory response to viral infec-
tion severely affects cardiovascular and neu-
rological systems, as well as respiratory, im-
mune, and hematological systems. Rapid iden-
tification of acro-ischemic syndrome permits 
the treatment of disseminated intravascular co-
agulation complications. Early sensorial symp-
toms, such as gustatory and olfactory loss, are 
useful for COVID-19 diagnosis. New variants 

of SARS‐CoV‐2 are emerging, principally from 
United Kingdom, South Africa, and Brazil. These 
variants seem to spread more easily and quick-
ly, which may lead to more cases of COVID.
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Abbreviations

COVID: Corona Virus Disease; SARS CoV: Severe 
Acute Respiratory Syndrome Coronavirus; ECMO: Ex-
tra Corporeal Membrane Oxygenation; ECLS: Extra-
corporeal Life Support; ACE: Angiotensin-Converting 
Enzyme; RT-PCR: Real Time-Polymerase Chain Reac-
tion; PEEP: Positive End-Expiratory Pressure; ARDS: 
Acute Respiratory Distress Syndrome; HFNC: High 
Flow Nasal Cannula; NIV: Non-Invasive Ventilation; L/
min: Liter per Minute; HEPA: High Efficiency Partic-
ulate filter; CMR: Cardiac Magnetic Resonance; DVT: 
Deep Venous Thrombosis; MERS-CoV: Middle East 
Respiratory Syndrome Coronavirus; D-DIMER: Fibrin 
Degradation Product; ICU: Intensive Care Unit; DIC: 
Disseminated Intravascular Coagulation; CNS: Central 
Nervous System; CT: Computed Tomography; LU: Lung 
Ultrasound.

Introduction

COVID-19 was declared a pandemic by the 
World Health Organization on March 11, 2020. 
After 3 months of critical clinical situations in 
Western Europe, the sanitary situation improved 
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during the European 2020 summer. After that, 
coronavirus progressively returned to Europe. 
As of March 2, 2021, COVID-19 has led to over 
114,3 million confirmed infections and 2,534,921 
deaths worldwide. 

Like most infections caused by members of 
the coronavirus family, SARS-CoV-2 manifests 
as upper respiratory tract infections and flu-
like symptoms of varying severity. However, 
COVID-19 is unique in its ability to cause a 
multi-organ disease, with the involvement of the 
cardiovascular and nervous systems. Coronavi-
ruses can send the body’s immune system into 
cataclysmic overdrive and cause blood thrombosis 
that impedes circulation to the lungs, heart, brain, 
or limbs1-3. A comparative study4 of COVID-19 vs. 
seasonal influenza in France clearly indicates that 
COVID-19 is much more serious than seasonal 
flu. Although at present no treatment has proven 
to be effective in preventing serious diseases in 
patients with COVID-19, this study highlights the 
importance of all preventive measures (barrier 
and physical distancing) and emphasizes the need 
for access to effective vaccines.

There are thousands of variants of the SARS-
CoV-2 virus that differ from each other by at least 
one mutation. Many of these variants die out, but 
others spread and acquire further mutations. In 
December 2020, scientists looking for reasons 
for a rapid growth of case numbers in south-east 
England noticed that one variant was spreading 
faster than others. The evidence that it is more 
transmissible is growing ever stronger. This UK 
fast spreading variant can be detected now in Eu-
rope and worldwide. Initial studies suggest that 
this variant is about 50 per cent more transmis-
sible5. Furthermore, other variants have been dis-
covered in South Africa and Brazil. Also, reports 
of two new variants have emerged in the USA. 
The efficacy of currently approved COVID-19 
vaccines against SARS-CoV-2 variants has not 
been demonstrated6. 

Although severe acute respiratory syndrome 
(SARS) is at the core of the disease, COVID-19 
has revealed itself to be more than a simple viral 
pneumonia. SARS-CoV-2 disease seriously af-
fects the respiratory, cardiovascular, neurologic, 
and immune systems7-9. The characteristics of 
COVID patients who become seriously ill are 
distinct from those of classic “pneumonia” or 
ARDS (acute respiratory distress syndrome)10-13. 
Thoracic CT angiography scans and lung ultra-
sound imaging provide information for COVID 
diagnosis and follow-up14,15.

Patients and Methods

The main goal of this article is to review our 
clinical experience with COVID-19 and variants 
patients during the 2020-2021 pandemic in the 
Cardiovascular Division of Pompidou Hospital 
(University of Paris, France) and the Department 
of Neurology of the Eastern Piedmont University 
(Novara, Italy). We analyze the impact on the 
cardiovascular, hematological, and neurosensory 
systems. 

Cardiovascular Impact
COVID-19 can have fatal consequences for 

people with underlying cardiovascular dis-
ease9,16,17. Those over 65 years old, patients with 
coronary artery disease, arterial hypertension, 
and cardiac arrhythmias are at more severe risk. 
More worrisome is the fact that COVID-19 could 
cause heart damage in patients who did not have 
any previous problems9. It is reasonable to ex-
pect that significant cardiovascular complications 
from coronavirus will occur in patients with 
severe symptoms due to the strong inflammatory 
response associated with this disease that affects 
the myocardium. Critical cases of COVID-19 are 
those that have reported respiratory failure and 
septic shock with the evolution towards multi-or-
gan failure.

In a new study18 including 100 patients recently 
recovered from COVID-19 infection, cardiovas-
cular magnetic resonance imaging (CMR) re-
vealed cardiac involvement in 78 patients (78%) 
and ongoing myocardial inflammation in 60 pa-
tients (60%) independent of pre-existing condi-
tions, severity, and overall course of the acute 
illness, and time from the original diagnosis. 
These findings indicate the need for ongoing in-
vestigation of the long-term cardiovascular con-
sequences of COVID-19.

Viral Myocarditis
A total of 1% to 5% of all patients with 

acute viral infections may have myocardial in-
volvement19. The incidence of myocarditis is be-
tween 10 and 22 cases per 100,000 persons and 
has been observed in many viruses in addition 
to COVID-19, including enterovirus Coxsackie 
B, parvovirus B-19, herpesvirus, and influenza 
virus20. Viral myocarditis symptoms can range 
from nonspecific fatigue and shortness of breath 
to more aggressive symptoms that mimic acute 
coronary syndrome. After the initial acute phase, 
remission of symptoms can be observed or viral 
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infection may persist, leading to a persistent au-
toimmune-mediated inflammatory process with 
continuing symptoms of heart failure. Fulminant 
myocarditis associated with influenza A (H1N1) 
virus was observed in previously healthy pa-
tients21. Treatments include drugs, cardiac bio-as-
sistance22,23, mechanical circulatory assist devices 
or heart transplantation24.

Role of ECMO in COVID-19 
Severe Infection

The abbreviations ECLS and ECMO are used 
synonymously to mean prolonged extracorpo-
real circulation with mechanical devices. ECLS 
(Extracorporeal Life Support) can be used for 
mechanical assistance during cardiac or pulmo-
nary failure occurring in newborn infants, older 
children, or adults.

Extracorporeal membrane oxygenation (EC-
MO) can be used for venous-to-venous bypass 
or for venous-to-artery bypass. ECMO has been 
proposed for the treatment of severe pulmo-
nary and cardiac compromise in COVID-1925. 
Venous to venous ECMO is an extracorporeal 
respiratory assistance system, and its indications 
concern patients with severe acute respiratory 
distress syndrome (ARDS) for whom all other 
approaches have failed. There are 2 indications 
for ECMO: A) ECMO can serve as pure respira-
tory assistance, and blood is then taken from the 
right side at the level of the inferior vena cava 
and reinjected into the upper vena cava. The 
blood passes through an artificial membrane, 
which allows complete extracorporeal respira-
tion with oxygenation and decarboxylation of 
the blood. B) The ECMO machine acts as an 

artificial heart-lung, with additional cardiac sup-
port. The blood is reinjected this time, not into 
the jugular vein but into the aorta branches26,27. 
Care under ECMO can last several weeks. In in-
fluenza ARDS patients who are managed every 
winter, ECMO is used over an average of 2-3 
weeks. For COVID-19 patients, some need up to 
1 month of care. (Figures 1 and 2).

Hematological Impact
Clinical patient outcomes allow us to consid-

er COVID-19 as a new hematological disease; 
thrombosis is favored by vascular attacks related 

Figure 1. ECMO (Extracorporeal Membrane Oxygenation). 
The ECMO machine is connected to patients through a 
cannula, placed in large veins in the legs, neck or chest, and 
pumps blood from the patient’s body to an artificial lung 
(oxygenator) that adds oxygen to it and removes carbon 
dioxide. The ECMO machine then sends the blood back to 
the patient via a pump with the same force as the heart to 
veins (A) or arteries (B).

Figure 2. A, Portable ECMO compact extracorporeal heart-lung support system (HLS). B, Monitoring Set. C, Venous and 
arterial cannulas. CardioHelp ECMO, Maquet SAS, Getinge Group, Orleans, France. 
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to COVID-19 infection. Anticoagulation in these 
patients prevents endothelial lesions. Angiopoie-
tin-2, a marker of endothelial activation, is a good 
predictive factor for intensive care unit (ICU) 
admission28-30. 

Coronavirus causes prolonged and progressive 
hypoxia and desaturation, leading to organ fail-
ure and fatal outcomes. Thrombolytic therapy in 
COVID-19 patients with ARDS may benefit from 
the unusually high incidence of pulmonary em-
bolism and pulmonary thrombosis12, particularly 
microvascular thrombosis, which are thought to 
contribute significantly to hypoxemia. It may 
also ameliorate the effects of extravascular and 
intra-alveolar fibrin deposition described in AR-
DS31-33.

Pulmonary artery and vein thromboembolism 
doubled among ICU patients. Endotheliopathy, 
the activation of coagulation, and inflammatory 
syndrome contribute to increasing the risk of 
thrombosis, and the causes seem to be multifacto-
rial. In obese patients, there is also impaired ven-
tilation, which can affect inflammation and organ 
perfusion. Elevated levels of D-dimers and clot-
ting factors are known risk factors for pulmonary 
embolism in these cases2. COVID-19 seems to be 
an additional risk factor for deep vein thrombosis 
(DVT). The prevalence of DVT in hospitalized 
patients with SARS-CoV-2 infection is high and 
is associated with adverse outcomes34. Circulat-
ing Von Willebrand factor and high molecular 
weight multimers are markers of endothelial in-
jury and drive micro-thrombosis; they might pre-
dict in-hospital mortality in COVID-1935.

Pathological Findings
Autopsies around the world show that the 

lungs of COVID-19 patients have hundreds of 
micro-clots inside the pulmonary vasculature, 
which is not observed in classic pneumonia. In 
some cases, they migrate, causing myocardial 
ischemia or stroke. In 38 autopsies analyzed in 
North Italy36, the predominant pattern of lung le-
sions in COVID-19 patients was diffuse alveolar 
damage, as previously described for the other two 
coronaviruses that infect humans, SARS-CoV 
and MERS-CoV. Hyaline membrane formation 
and pneumocyte atypical hyperplasia were fre-
quently observed. The main relevant finding was 
the presence of platelet-fibrin thrombi in small 
arterial vessels; this important observation fits 
into the clinical context of coagulopathy, which 
dominates in these patients and is one of the main 
targets of therapy12,31,32.

A systematic meta-analysis of histopathologic 
observations37 showed that SARS-CoV-2 infec-
tion can result in diverse, multi-organ pathol-
ogies, the most significant being in the lungs 
(diffuse alveolar damage in its different phases, 
microthrombi, bronchopneumonia, necrotizing 
bronchiolitis, viral pneumonia), heart (lympho-
cytic myocarditis), kidney (acute tubular injury), 
central nervous system (microthrombi, ischemic 
necrosis, acute hemorrhagic infarction, conges-
tion, and vascular edema), lymph nodes (he-
mophagocytosis and histiocytosis), bone marrow 
(hemophagocytosis) and vasculature (deep vein 
thrombosis).

Acro-Ischemic Syndrome
The basement membrane of the skin is an 

equal target as the renal membrane, or the ocular 
structures, receiving the same type of aggression 
from immunoglobulins, immunocomplexes, and 
all inflammatory cascades38. Acro-ischemic syn-
drome can be observed in children and adults 
with COVID-19 requiring ICU hospitalization. 
This syndrome includes Raynaud’s digital isch-
emia phenomenon on fingers and toes, toe and/
or finger cyanosis, skin bullae, and dry gangrene. 
D-dimer, fibrinogen, and fibrinogen degradation 
product (FDP) are frequently elevated, increasing 
progressively when COVID-19 is exacerbated 
(Figure 3). Most of these patients are diagnosed 
with disseminated intravascular coagulation 
(DIC) and receive anticoagulation therapy (low 
molecular weight heparin). The association of re-
spiratory and cardiovascular complications leads 
to a fatal prognosis39. Therefore, the existence of 
hypercoagulation status in critical COVID pa-
tients should be closely monitored.

Dermatological lesions are observed in the 
face, hands, and feet, such as “frostbite”, in-
cluding redness at the level of the fingers, nose 
and ears, swelling, and temporary pain, which 
corresponds to what is observed in winter sports. 
In addition to this pseudofrostbite, other skin 
manifestations have been identified, such as the 
sudden onset of persistent, sometimes painful 
redness, and urticarial eruptions (Figure 4). The 
pathophysiology of these lesions is unclear but 
may include immune dysregulation, vasculitis, 
vessel thrombosis, and neoangiogenesis40,41.

Neurosensory Impact 
Neurological involvement in COVID-1942,43, 

with particularly observed in the most serious 
patients, can be divided into three categories:
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a) Symptoms of central neurological concern, 
such as headache, dizziness, syncope, con-
sciousness alteration, and ataxia.

b) Symptoms of neuroperipheral origin: hypoge-
usia, hyposmia, neuralgia, peripheral neuropa-
thies. 

c) Symptoms of peripheral muscular damage, of-
ten associated with the most critical stages of 
the disease, with liver and kidney damage.

To support the clinical suspicion of neurologi-
cal involvement, it is already known that human 

Figure 3. Acro-ischaemic syndrome. Cutaneous small vessel vasculitis secondary to COVID-19 infection. Presentation signs 
include Raynaud’s digital ischemia phenomenon that limits blood supply to fingers and toes, cyanosis of the fingers/toes, sole 
and heel of the feet, skin bullae and dry gangrene. In these cases, D-dimer, fibrinogen, and fibrinogen degradation product 
(FDP) are significantly elevated, which is related to disseminated intravascular coagulation (DIC).

Figure 4. Initial dermatological signs of COVID-19. Small vessel vasculitis: hives (urticaria), generalized eruptions (rashes), 
redness, perniosis (chilblains), violaceous macules, and nonnecrotic purpura.
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coronaviruses can spread from the respiratory 
tract to the central nervous system (CNS) through 
transneuronal and hematogenous routes, result-
ing in encephalitis and other neurological compli-
cations. Moreover, it has been hypothesized that 
COVID-19, like other coronaviruses, can spread 
via a synapse-connected route to the medullary 
cardiorespiratory centre from mechanoreceptors 
and chemoreceptors in the lung and lower re-
spiratory airways, triggering acute respiratory 
failure in infected patients44. Another important 
observation is that HCoV-OC43 RNA, a kind of 
human coronavirus, could be detected for at least 
a year in the CNS of infected mice. Hence, if 
SARS-CoV-2 is latent in the CNS for a long time, 
neurological disease can manifest as possible late 
complications in cured patients45.

A wide range of neurological manifestations 
of SARS-CoV-2 infection have been recognized, 
and evidence of their severity and persistence is 
increasing. Neurological manifestations were an-
alyzed in 509 consecutive patients admitted with 
confirmed COVID-19 within a hospital network 
(Chicago, IL, USA)46. Neurologic manifestations 
were present at COVID-19 onset in 215 (42%), 
at hospitalization in 319 (62%), and at any time 
during the disease course in 419 patients (82%). 
The most frequent neurological manifestations 
were myalgias (44%), headaches (37%), encepha-
lopathy (31%), dizziness (29%), dysgeusia (15%), 
and anosmia (11%). Strokes, movement disorders, 
motor and sensory deficits, ataxia, and seizures 
were uncommon (0.2 to 1.4% of patients each). 
Severe respiratory disease requiring mechanical 
ventilation occurred in 134 patients (26%). In-
dependent risk factors for developing any neuro-
logical manifestation were severe COVID-19 and 
younger age. Among all patients, 362 (71%) had a 
favorable functional outcome at discharge. How-
ever, encephalopathy was independently associ-
ated with worse functional outcomes and higher 
mortality within 30 days of hospitalization. In 
summary, neurological manifestations occur in 
most hospitalized COVID-19 patients. Encepha-
lopathy was associated with increased morbidity 
and mortality, independent of respiratory disease 
severity.

Clinical neurological practices have, by ne-
cessity, changed dramatically during the spread 
of the pandemic. Patients with acute, non-in-
fectious, neurological disorders, which means, 
for almost all cases, patients with ischemic or 
hemorrhagic vascular events, tend to postpone 
access to emergency care for several reasons, 

such as contagion fear or anxiety of subsequent 
isolation from family, or to avoid further over-
loading of national health services. However, a 
delay in access precludes the possibility of early 
essential treatment with an inevitable worsening 
of the long-term outcome. On the other hand, 
the approach and needs of patients with chronic 
neurological diseases (e.g., epilepsy or multiple 
sclerosis) and of patients with neurodegenera-
tive diseases (e.g., Alzheimer’s disease and other 
forms of progressive dementia, Parkinson’s dis-
ease, and amyotrophic lateral sclerosis) are inevi-
tably different. In this worldwide situation, where 
neurological diseases do not stop simply because 
a pandemic is ongoing, the switch to non-face-to-
face healthcare is becoming mandatory to prevent 
the physical and psychological consequences that 
can be associated with this emergency47. Various 
telehealth technologies, in particular video tele-
conferencing between healthcare providers and 
patients, have been incorporated into the practice 
of neurology48.

Loss of Sense of Smell and Taste as 
Viral Infection Markers

Early single reports and surveys suggested 
that gustatory and olfactory loss may be early 
symptoms associated with COVID-19 infection 
in the absence of other known symptoms of 
the disease. The first large multicentre Europe-
an study49 reported that in a population of 417 
mild-to-moderate COVID-19 patients, 85% and 
88% had smell and taste dysfunctions, respective-
ly, with a significant positive association between 
the two symptoms. Interestingly, these symptoms 
were persistent in 56% of patients over the days 
following the resolution of the infection and 
general clinical manifestations. Smell and taste 
loss were reported in 68% and 71%, respective-
ly, of COVID-19-positive subjects in the USA. 
Anosmia, with or without dysgeusia, seems to 
manifest either early in the disease process or in 
patients with mild or no constitutional symptoms. 
According to the results of these studies, the 
prevalence of olfactory and gustatory dysfunc-
tion seems lower in Asiatic than in European and 
American COVID-19 patients.

Post-viral anosmia is one of the leading causes 
of loss of sense of smell in adults, accounting 
for up to 40% of cases of anosmia. Viruses that 
give rise to the common cold are well known 
to cause post-infectious loss of smell, and over 
200 different viruses are known to cause upper 
respiratory tract infections. Previously described 
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coronaviruses are thought to account for 10-15% 
of cases. Therefore, it is not surprising that the 
novel COVID-19 virus would also cause anosmia 
in infected patients. However, traditional nasal 
cavity manifestations, such as nasal congestion 
or rhinorrhea, are typically absent in patients 
with COVID-19, suggesting direct SARS-CoV-2 
actions in the nervous system, especially in the 
olfactory pathway. Most studies suggest that the 
nasal cavity olfactory epithelium is the likely site 
of enhanced binding of SARS-CoV-2 and that 
multiple nonneuronal cell types present in the 
olfactory epithelium express two host receptors, 
ACE2 and TMPRSS2 proteases, that facilitate 
SARS-CoV-2 binding, replication, and accumu-
lation. Hence, the olfactory epithelium from the 
nasal cavity has been suggested as the most ap-
propriate tissue for the detection of SARS-CoV-2 
virus at the earliest stages. Olfactory receptor 
neurons may initiate rapid immune responses at 
the early stages of the disease, and viruses may 
first invade peripheral nerve terminals and then 
gain access to the CNS via a synapse-connected 
route. The chance of brain infection through the 
olfactory bulb during COVID-19 infection should 
also be considered. Clinical evidence of the as-
sociation of COVID-19 infection and encepha-
lopathy have been reported. Moreover, it is cur-
rently suspected that the neuroinvasive potential 
of SARS-CoV-2 plays a key role in respiratory 
failure in COVID-19 patients50,51. These observa-
tions suggest that research should be focused on 
additional aspects of SARS-CoV-2 actions in the 
olfactory pathway.

Bioengineering Developments for 
Diagnostic and Therapy

Non-Invasive Ventilation (NIV) in SARS
Current clinical experience with COVID-19 

patients indicates that it is important to monitor 
blood oxygen saturation using pulse oximetry 
devices to indicate oxygen therapy. Non-invasive 
ventilation is recommended. Barotrauma in me-
chanical ventilation is observed, creating rupture 
of the alveoli13,52,53. Oxygen therapy is recom-
mended for all severe and critical COVID-19 pa-
tients, with low doses ranging from 1-2 L/min in 
children and starting at 5 L/min in adults with na-
sal cannula, moderate flow rates for use also with 
venturi mask (6-10 L/min); or higher flow rates 
(10-15 L/min) using a mask with reservoir bag. In 
addition, oxygen can be delivered at higher flow 

rates and in higher concentrations, using high-
flow nasal cannula (HFNC) devices, non-invasive 
ventilation (NIV), and in some cases, invasive 
ventilation devices (Devices for oxygen therapy, 
Dräger AG Co, Lübeck, Germany). 

HFNC and face masks are recommended for 
severe acute hypoxemic respiratory failure in 
COVID-1954. Instead of mechanical ventilation, a 
recent clinical study55 showed that HFNC, which 
targeted a flow ≥ 50 L/min, improves oxygen-
ation, reduces minute ventilation, and improves 
breathing. This study (performed in 379 patients) 
demonstrated clinical benefits, reduced intuba-
tion, and subsequent invasive mechanical ventila-
tion. Thus, HFNC seems to be as safe as standard 
oxygen in COVID-19 patients (Figure 5A). 

The high flow rates of HFNC and face masks 
are likely to increase virus aerosolization56. The 
Helmet device can limit virus spread into the 
ambient air, which is a reusable single patient 
interface made of a clear plastic hood on a 
hard-plastic ring with a silicon-polyvinyl chlo-
ride soft collar. With an additional tool, the 
patient’s exhalate can be filtered by applying a 
high-efficiency particulate filter (HEPA) to the 
Helmet outlet57,58 (Figure 5B).

Therapeutic Plasma Exchange (TPE)
It is clinically estimated that 13% of COVID-19 

cases are severe, and 6% are critical; the evolu-
tion can be acute respiratory distress syndrome 
(ARDS), sepsis and/or multi-organ failure. The 
response to fulminant COVID-19 infection is 
characterized by excessive immune dysregula-
tion (cytokine storm), inflammation, a hyper-
coagulable state, and endothelial dysfunction. 
Severe COVID-19 disease has been associated 
with lymphopenia and high levels of ferritin, C 
reactive protein (CRP), lactate dehydrogenase 
(LDH), D-dimer, and interleukin-6 (IL-6)2,59,60.

Therapeutic plasma exchange has been used 
for the management of severe infections, such as 
2009 HIN1 influenza A, sepsis, and multi-organ 
failure, with a trend towards improved survival 
(Figure 6). In patients with COVID-19 pneumo-
nia, a high risk of thrombosis is a current issue, 
and D-dimer levels indicating fibrin degradation 
products (FDPs) in the plasma were found to be a 
predictor for mortality61,62. Although unfraction-
ated heparin (UFH) and low-molecular-weight 
heparin (LMWH) decrease the production of 
FDPs by inhibiting factors Xa and II, they do not 
contribute to the metabolism of existing FDPs. 
Furthermore, FDPs cannot be filtered by known 
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cytokine filters due to their molecular weight 
(minimum 240 kDa). However, FDPs can be re-
moved by therapeutic plasma exchange. TPE 
might be proposed as a supportive/adjunct ther-

apy for the management of COVID-19 with se-
vere pneumonia, cytokine storm, and multi-organ 
failure63,64.

Structures of Coronavirus Proteins by 
Synchrotron Radiation Diffraction 

Some determinations of 3D structures at the 
atomic level of proteins and complexes, useful 
for the discovery of drugs and vaccines, were 
evaluated by the Polytechnic University of Anco-
na-Marche (Italy) using the diffraction of X-ray 
synchrotron radiation65. 

These investigations performed at European 
Synchrotron, Grenoble (France), showed that 
light is created when centripetal acceleration is 
applied to an electron beam (Figure 7A). The 
electrons inside a heated metal are excited enough 
to escape from the surface in a process known as 
thermionic emission, and then they are directed 
by the linear accelerator (LINAC). This fits into 
the Booster ring, which adopts magnetic fields 
to force the electrons to travel in a circle. Micro-
waves are used to add even more energy to the 
electrons (Figure 7B). Radiation is produced in 
the Booster ring with a multisided shape (similar 

Figure 5. A, Face mask and protective suit for potential 
coronavirus exposure. B, Helmet-based ventilation is supe-
rior to face mask for patients with respiratory distress. Hel-
met-Based Ventilation. Sea-Long Medical Systems LLC, 
Louisville, KY, USA. 

Figure 6. Therapeutic Plasma Exchange (TPE), TheraSorb 
Miltenyi Biotec, Bergisch Gladbach, Germany. 
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an octagon). A charged particle in motion submit-
ted to a magnetic field perpendicular to its trajec-
tory experiences a force. If the field is constant, 
the particle adopts a circular motion (Figure 7C).

A series of electromagnetic devices (dipole and 
wave) are positioned around the storage through a 
corner with these magnets, the electrons lose en-
ergy, which is released in the form of light. These 
magnets are adjustable. If the magnetic field’s in-
tensity increases, the forces in the electron stream 
increase, creating tighter curves along its path. 
This change in the curve produces a modification 
in the wavelength of the emitted radiation. A 
tight curve produces short wavelength radiation, 
such as X-rays. Smooth curves produce longer 
wavelength radiation, such as infrared (Protein 
crystallography at BESSY II: A mighty tool for 
the search of antiviral agents).

The crystal structure of the SARS-COV-2 
primary protease has been determined66,67. The 
enzyme constitutes a possible target of antivi-

ral drugs because it is essential for processing 
the polyproteins that are translated from the 
viral DNA. Subsequently, the 3D structure at the 
atomic level of the main protease complexed with 
an α-ketoamide inhibitor was determined, includ-
ing positive pharmacokinetic results obtained in 
CD-1 mice. The structure of SARS-CoV-2 papa-
in-like protease was also investigated to study the 
mechanism and inhibition68.

The same technique was used at the Advanced 
Photon Source of the Argonne National Labo-
ratory (Chicago, USA) to determine the crystal 
structure of the SARS-CoV-2 receptor-binding 
domain (RBD) in complex with the human cell 
receptor, namely, angiotensin-converting enzyme 
2 (ACE 2). A similar experiment was performed 
at the Synchrotron Research Facility (Shanghai, 
China).

The crystal structure of baicalein-bound 
SARS-CoV-2 3CLpro was investigated, demon-
strating that 3CLpro was reversibly inhibited by 

Figure 7. A, Schematic 3D representation of a Synchrotron (Image credit: ESRF European Synchrotron, Grenoble, France). 
B, Synchrotron radiation technique: a moving charged particle, in presence of a magnetic field B orthogonal to its course, is 
subjected to a force. The motion is circular if B is constant. C, Panoramic night view of the European Synchrotron Radiation 
Facility (ESRF), 844-meter circumference ring. Grenoble, France. www.esrf.eu/decouvrir.
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a small molecule, or even a fragment of one, de-
rived from TCM, providing an ideal lead for the 
design of new and versatile classes of inhibitors 
against 3CLpros69.

The crystal structure of the C-terminal do-
main of SARS-CoV-2 (SARS-CoV-2-CTD) 
spike (S) protein in complex with human ACE2 
(hACE2) was also investigated, which revealed 
a hACE2-binding mode similar overall to that 
observed for SARS-CoV. These results shed light 
on viral pathogenesis, providing important struc-
tural information to develop therapeutic counter-
measures against the virus70.

The crystal structure of the receptor-binding 
domain (RBD) of the spike protein of SARS-
CoV-2 bound to the cell receptor ACE2 was also 
investigated, identifying residues in the SARS-
CoV-2 RBD that are essential for ACE2 bind-
ing and helping in the future identification of 
cross-reactive antibodies71.

The above reported results of the different 
experiments constitute a fundamental target for 
antiviral strategies, together with the use of neu-
tralizing monoclonal antibodies.

Conclusions

The clinical evolution of patients allows us to 
consider COVID-19 as a new hematological dis-
ease72. Curative anticoagulation in these patients 
prevents endothelial lesions. Angiopoietin-2, a 
marker of endothelial activation, is a good pre-
dictive factor for intensive care unit admission 
of COVID-19 patients30. Circulating Von Wille-
brand factor and high molecular weight multim-
ers are markers of endothelial injury and seems to 
drive micro-thrombosis. In addition, they predict 
in-hospital mortality in COVID-1935. The coro-
navirus can send the body’s immune system into 
cataclysmic overdrive, resulting from “cytokine 
storm syndrome”73. This strong inflammatory 
response to viral infection severely affects the 
respiratory, cardiovascular, immune, and hema-
tological systems. 

It is important to further characterize dermato-
logic manifestations of COVID-19 to understand 
the relationship between the virus and skin and 
to determine whether cutaneous manifestations 
of COVID-19 may assist with early disease de-
tection. A registry was created by the American 
Academy of Dermatology (AAD), available on-
line through the website www.aad.org/covidreg-
istry74. Skin vasculitis lesions represented by the 

acro-ischemic syndrome are of paramount impor-
tance for diagnosis in children and adults. This 
syndrome includes Raynaud’s phenomenon that 
limits blood supply to fingers and toes. Other skin 
complications can be localized in the heel and 
sole of the foot, face, ears, and nose, and they can 
be dangerous signs of disseminated intravascular 
coagulation with mortality risks35-38. They are 
mostly related to immune dysregulation, neo-
angiogenesis, vasculitis, and vessel thrombosis. 
Rapid identification of acro-ischemic syndrome 
permits the care of disseminated intravascular 
coagulation complications.

Neurosensory symptoms such as olfactory and 
gustatory loss (anosmia, dysgeusia) are also ini-
tial symptoms useful for COVID-19 diagnosis 
and patient isolation49-51. The ultimate objective is 
avoiding epidemic spreading.

After recovery, assessment of antibody lev-
els showed that patients cured of SARS-CoV-2 
are immunized for only several weeks; thus, 
antibodies remain in the patient’s serum for at 
least 40 days after the onset of signs. These an-
tibodies persist in an active and dynamic range 
to prevent reinfection for at least three months 
in 90% of cases75. This rate begins to decline 
after twenty to thirty days, most tested subjects 
lose 50% of active antibodies after six months. 
Soon lymphocytes develop and take charge of 
immunity, so-called “memory” cells, which are 
ready to produce antibodies in the event of re-
contamination. Further research should clarify 
this topic. 

Exosomes could be a therapeutic option in car-
diac injury of coronavirus disease76,77. Reduced 
fibrosis and apoptosis of myocardial cells are 
important effects of the extracellular vesicles-me-
diated ischemic cardiac repair. It was showed 
that mesenchymal stem cells-derived exosomes 
improved cardiac function and reduced cardiac 
fibrosis by preventing cardiomyocyte apoptosis 
and promoting cell proliferation in the border 
zone of infarct scars. The effect mediated by exo-
somes was attributed to the upregulation of the 
anti-apoptotic protein B cell lymphoma 2 (Bcl-2) 
in the myocardial cells. 

Synchrotron radiation might play a role in 
COVID-19 diagnosis and therapy. Mechanical 
ventilation can damage the lungs, a condition 
called Ventilator-Induced Lung Injury (VILI). 
The mechanisms leading to VILI at the mi-
croscopic scale remain poorly understood. In a 
model of Acute Respiratory Distress Syndrome, 
the within-tidal dynamics of cyclic recruitment/
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derecruitment (R/D) was investigated with Syn-
chrotron Radiation Phase-contrast Imaging (PCI) 
to assess the relation between R/D and cell infil-
tration53. 

New variants of SARS-CoV-2 are in worldwide 
expansion from United Kingdom, South Africa, 
and Brazil. These variants spread more easily and 
quickly, leading to more coronavirus cases78,79. It 
appears that with continued mutations and new 
variants emerging, authorized vaccines may need 
to be adapted in time to ensure continued protec-
tion. The aftermath of COVID-19 and variants is 
currently unknown; however, the cardiovascular, 
hematological, neurological, respiratory, and im-
mune systems are greatly altered35,80-85. Future 
translational research should concentrate on this 
challenge.
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