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1 Zusammenfassung

Die aktuelle Covid-19-Pandemie, ausgelost durch das Ende 2019 aufgekommene
Coronavirus SARS-CoV-2, hat zu einem enormen Erkenntnisgewinn auf dem
Gebiet der Infekt-assoziierten Vaskulopathien gefuhrt. Ein komplexes
Zusammenspiel zwischen Endothel, Immunzellen und Gerinnung scheint diese
vaskularen Ereignisse auszuldsen. Insbesondere Patientinnen und Patienten mit
schweren Covid-19 Verlaufen entwickeln haufig arterielle und vendse
Thromboembolien. Zusatzlich wurden spezielle Vaskulitiden in der Literatur
beschrieben. Ziel dieser Ubersichtsarbeit war es, die wichtigsten
pathophysiologischen und klinischen Aspekte Covid-19-assoziierter
Vaskulopathien hinsichtlich ihrer Entstehung im Gefallsystem und der beteiligten
Mechanismen zu bewerten. Folglich wurde ein Hauptaugenmerk auf die klinischen
Aspekte der Vaskulopathien gelegt, inklusive ihrer Epidemiologie, klinischen
Merkmalen, Management und Behandlung, sowie Vergleiche mit Nicht-Covid-19-
Kohorten gezogen.

Eine elektronische Suche wurde zwischen Februar 2021 bis September 2022 in den
folgenden Datenbanken durchgeflhrt: MEDLINE, Cochrane Library Database,
Google scholar und ClinicalTrials.gov. Die einbezogenen Artikelarten reichten von
Laborstudien und Fallserien, uber Beobachtungsstudien und Kohortenstudien, bis
zu kontrollierten klinischen Studien und Metaanalysen.

Die pathophysiologischen Aspekte zeigten die zentrale Interaktion zwischen
virusbedingter endothelialer Dysfunktion, NET-Bildung und Immunthrombose bei
der Bildung von Mikrothromben Uber das gesamte Gefallsystem hinweg. Es konnte
gezeigt werden, dass verschiedene Biomarker, darunter D-Dimer, von Willebrand
Factor (VWF)-Antigen, I6sliches Thrombomodulin, Plasminogen-Aktivator-Inhibitor
1 (PAI-1) und die ADAMTS13-Aktivitat auf die auslésenden Mechanismen
hinweisen und zudem von prognostischem Wert sind. Vendse thromboembolische
Ereignisse und Schlaganfalle werden bei Patientinnen und Patienten mit Covid-19
im Vergleich zu Nicht-Covid-19-Patientinnen und Patienten haufiger beobachtet,
wahrend die klinischen Merkmale trotz einer Tendenz zu schwereren Verlaufen nur
geringfugige Unterschiede aufweisen. DarUber hinaus war die Sterblichkeitsrate bei
Patientinnen und Patienten mit gleichzeitiger Covid-19-Infektion und
Lungenembolie erhdht, was auch flr die meisten arteriellen thrombotischen

Komplikationen galt. Wahrend Endotheliitis ein haufiger Befund bei Covid-19 ist,
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sind echte Vaskulitiden im Zusammenhang mit SARS-CoV-2 selten und treten
vorwiegend in Form einer kutanen Vaskulitis der kleinen Gefale oder der Kawasaki-
ahnlichen Erkrankung auf, die typischerweise mit dem Multisystem-
Entzindungssyndrom assoziiert ist.

Diese Ubersichtsarbeit zeigt somit, dass thrombotische Ereignisse bei
hospitalisierten Covid-19-Patientinnen und Patienten haufig sind und durch eine
Kaskade von Mechanismen entstehen, die durch verschiedene Biomarker detektiert
werden konnen. Wahrend Symptomatik, Management und Behandlungsansatze
grol3teils denen von Nicht-Covid-19-Fallen ahneln, weisen hospitalisierte Covid-19-

Patientinnen und Patienten haufig gesteigerte Inzidenzen und Mortalitatsraten auf.
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2 Abstract

The current Covid-19 pandemic, caused by the emerged coronavirus SARS-CoV-2
in late 2019, leads to a tremendous knowledge gain in the field of infection-
associated vasculopathies. A complex interaction between the endothelium,
immune cells and coagulation seems to trigger these vascular events. Especially,
patients with severe Covid-19 develop frequently arterial and venous thrombotic
events, and certain vasculitides have also been described in the literature. The aim
of this review was to assess the key pathophysiologic and clinical aspects of Covid-
19 associated vasculopathies regarding their occurence within the vasculature and
the involved mechanisms. Clinical aspects of vasculopathies were reviewed with
special emphasis on their epidemiology, clinical features, management and
treatment and comparison to non-Covid-19 cohorts.

An electronic search was conducted from February 2021 to September 2022 in the
following databases: MEDLINE, the Cochrane Library Database, Google scholar,
and ClinicalTrials.gov. The received and included article types ranged from
laboratory studies and case series, over observational studies and cohort studies to
controlled clinical trials and meta-analyses.

Pathophysiologic aspects revealed crucial interactions between virus-triggered
endothelial dysfunction, NET formation and immunothrombosis in the formation of
microthrombi throughout the vasculature. Different biomarkers, including D-dimer,
von Willebrand factor (VWF) antigen, soluble thrombomodulin (sTM), plasminogen
activator inhibitor 1 (PAI-1), and ADAMTS13-activities were found to indicate the
exaggerating mechanisms and are also of prognostic value. Venous
thromboembolic events and strokes are more frequently observed in patients with
Covid-19 compared to non-Covid-19 patients, while clinical features only showed
minor differences despite trends towards more severe courses. Additionally,
mortality rates were increased in patients with concomitant Covid-19 and pulmonary
embolism (PE), which also applied to most arterial thrombotic complications. While
endotheliitis is a common finding in Covid-19, genuine vasculitides related to SARS-
CoV-2 are rare findings and predominantly occur as cutaneous small vessel
vasculitis and Kawasaki-like disease, typically associated with multisystem
inflammatory syndrome.

This review indicates that thrombotic events in hospitalized Covid-19 patients are

common and arise through a cascade of mechanisms, which can be detected using
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different biomarkers. While the symptomatology, management and treatment
approaches mostly resemble those of non-Covid-19 cases, epidemiology and

mortality rates are often increased in hospitalized Covid-19 patients.
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3 Introduction

The current Covid-19 pandemic fundamentally changed everyday life worldwide and
strained health care systems in an unparalleled manner. Today, humankind
arranged with the constant presence of Covid-19, but the painful experiences with
millions of deaths, especially during the first months of the pandemic, should not be
forgotten. The comprehensive effects of Covid-19 also affect the vascular system
and vasculopathies, including arterial and venous thromboembolic events and
vasculitides, are commonly described in hospitalized patients. Several studies
obtained data on the pathophysiological and clinical aspects of vasculopathies in
Covid-19, but comprehensive reviews combining their emergence and clinical
features are scarce. Moreover, the comparison of Covid-19 associated
vasculopathies with cases from a pre-pandemic era could support the discovery of
specific characteristics and thereby influence the further management and
treatment approach in affected patients. Thus, the upcoming review provides data
on the most significant aspects of Covid-19 associated vasculopathies with a focus
on their pathophysiology and comparison of the major entities to non-Covid-19

cohorts.

3.1 Severe acute respiratory syndrome-Coronavirus 2 (SARS-
CoV-2)

SARS-CoV-2 belongs to the family of coronaviridae and genome sequencing
combined with phylogenic analysis classified this novel coronavirus as a
betacoronavirus. As a coronavirus, SARS-CoV-2 is an enveloped single-stranded
positive RNA (+ssRNA) virus. (1, 2) The typical crown-like appearance in electron
micrographs leads to the name of this virus family. Their membrane is riddled with
glycoprotein spikes, encompassing the nucleocapsid with the viral genome. The
size of the RNA genome of coronaviruses varies between 27 and 32 kb, making
them the largest known RNA viruses. The genome encodes for proteins, which are
important for RNA replication and the four structural proteins S (spike), E (envelope),
M (membrane) and N (nucleocapsid). While the S-, E- and M-proteins build the viral
envelope, the N-protein connects with the genome forming the nucleocapsid. (3, 4)
Other representatives of the same genus include the severe acute respiratory
syndrome (SARS) and the Middle East respiratory syndrome (MERS)

coronaviruses.
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Coronaviruses are well known pathogens, having the ability to infect different
species and typically causing respiratory diseases in humans. (1, 2) To enlighten
the viral transmission from animals to humans, it is of great interest to discover the
origins of the virus in the animal kingdom. The approach is based on genome
sequencing of different betacoronaviruses in animals to identify the direct ancestors
of the SARS-CoV-2, which potentially spilled over to humans. Analyses revealed a
certain bat coronavirus in the bat species Rhinolophus affinis to share the highest
average genetic similarity with SARS-CoV-2 known so far. The virus named
RaTG13 matches with the reference sequence of SARS-CoV-2 to the extent of
96.2%. (1) Three additional bat viruses, namely RmYNO02, RpYNO6, and PrC31, are,
however, closer related in most of the virus genome, hence sharing a more recent
common ancestor. (5) This and other findings support the hypothesis that bat
coronaviruses are the likely precursors of SARS-CoV-2, and thus bats could serve
as the natural reservoir. (1) Another species of interest are pangolins, in which many
SARS-CoV-2 related viruses where discovered. In comparison to asymptomatic
bats, pangolins developed symptoms after infection suggesting that they probably
act as an intermediate host, rather than the pathogen reservoir. The role of alternate
hosts is well known from previous spillovers of bat coronaviruses, ultimately passing
the diseases to humans. The above-mentioned MERS and SARS coronaviruses
were both transmitted to humans via this indirect route. But in their cases, the viral
genomes in the intermediate hosts were almost identical to that in humans, while
the closest related strain to SARS-CoV-2 in pangolins up to date only reaches 92%
conformity. (1) This is in line with the world health organization (WHO) report on the
origins of SARS-CoV-2 from March 2021, which was also not able to detect this
probable intermediary host, linking the ancestral progenitor bat coronavirus with the
novel human betacoronavirus. Consequently, the direct precursor virus as well as
the assumed “missing link” remain unknown. Further studies might enlighten the
origin and spillover of SARS-CoV-2. With the prevailing knowledge, this pathway of
emergence occurs as the most likely, followed by direct zoonotic transmission,
introduction by the cold/food chain, and the outbreak due to a laboratory incident,

as a highly unlikely event. (5, 6)

15



3.1.1 SARS-CoV-2 Variants

Since the transmission of SARS-CoV-2 among humans, the virus continuously
evolves over time gathering mutations, which give rise to different variants. These
mutations influence the characteristics of the variants concerning e.g. the virulence,
transmissibility and immunogenicity. (2, 4) To classify arising variants, different
scientific and community nomenclatures were introduced. One familiar scientific
nomenclature is the Pango lineage, which names the variants like B.1.1.7. In May
2021, the WHO announced a new nomenclature system based on the Greek
alphabet with the intention to simplify conversations about variants in the public in
addition to the established scientific systems.

One of the highlighted mutations recognized early during the pandemic was the
spike protein amino acid change D614G (replacement of aspartic acid by glycine).
Variants bearing this polymorphism were associated with a higher viral load in the
upper respiratory tract of infected patients and significantly elevated infectious titers
compared to the D614 variant in vitro. (7) Nowadays, the vast maijority of circulating
SARS-CoV-2 lineages bear this spike protein polymorphism including all current
variants of concern. (2)

The WHO classifies selected variants as either Variants of Interest (VOI) or Variants
of Concern (VOC). VOI include variants with assumed or established phenotypic
changes due to mutations in comparison with reference strains. Additionally, VOI
feature one of the following characteristics: proven community contagions, multiple
Covid-19 cases, detected in various countries or otherwise identified as a VOI from
the WHO. VOC meet the criteria of the VOI and have furthermore been proven to
exhibit at least one of the following modifications with substantial implications on the
global public health: rise in transmissibility, adverse effects on Covid-19
epidemiology, increase in virulence or changes in the clinical presentation or a
decline of the impact of social distancing and further public health measures or of

the available diagnostics, vaccines and therapeutics. (8)

B.1.1.7 (Alpha): This variant was first discovered in the United Kingdom in
September 2020 and was one of the dominating lineages world-wide in the first half
year of 2021. It is characterized by multiple non-synonymous polymorphisms in the
spike protein probably altering e.g. virulence and transmissibility. (4, 8) Infections

with the Alpha variant were associated with a higher case fatality rate and a rise in
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the reproduction number of about 1.5-fold. (9, 10) Whereas the precise causal
mechanisms of these detrimental changes remain unknown, different explanations
have been introduced. These include higher angiotensin-converting enzyme 2
(ACE-2) binding affinities, prolonged virus shedding and overall enhanced viral

loads in infected individuals. (11, 12)

B.1.351 (Beta): In December 2020, a new lineage was increasingly reported from
South Africa presenting with additional non-synonymous mutations in the S-protein.
An increased transmissibility and heightened ACE-2 receptor affinity, especially due
to combinations of the polymorphisms E484K and N501Y, are under discussion.
(13, 14) Additionally it has already been known that the amino acid changes N417
and K484 attenuate the sensitivity of the virus against neutralizing antibodies. (15)
In line with this, immune evasion was confirmed by demonstrating absent viral
neutralization of convalescent or post-vaccination plasma. (16) Clinical phase 3
trials regarding the vaccine effectiveness also indicated a diminished protecting
effect against this lineage. (17)

P.1 (Gamma): This lineage has been detected for the first time in travelers returning
from the Brazilian state Amazonas in December 2020 and has shown in further
consequence a broad prevalence in whole Brazil. Due to certain spike protein
polymorphisms (K417T, E484K, N501Y), this variant resembled the above-
mentioned Beta lineage. Arising thereby, greater transmissibility and virulence, as
well as a reduced susceptibility to neutralizing antibodies was also presumed in this
strain. (2, 18)

However, neither the Beta, nor the Gamma variant became globally dominant.

B.1.617.2 (Delta): While the earliest documented samples from India date back to
October 2020, the WHO declared this variant a VOC in May 2021. The variant
superseded Alpha as the globally dominating lineage until emergence of the
Omicron subtypes. Different spike-protein mutations occurred again in this lineage,
with the isolated amino acid exchange L452R showing both higher ACE-2 affinity
and enhanced infectivity. (19) In combination with the mutation T478K, the variant
exhibits more stable receptor binding domain — ACE-2 complexes further increasing
its infectivity rate. (20, 21) Experimental data pointed out that this mutation changes

the antigenic features of the virus. Compared to the Alpha variant, Delta variant
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boasts greater infection numbers in contact persons and was associated with higher
hospitalization rates and more severe disease. Results arising from epidemiological
investigations reported a reduced vaccine effectiveness against the Delta variant to
prevent symptomatic infection, however the effectiveness against severe disease,

hospitalization or death remains high. (22, 23)

B.1.1.529 (Omicron): First reports of the currently dominating SARS-CoV-2 VOC
(March 2022) date back to November 2021 from Botswana and South Africa. The
first identified sub-lineage BA-1 quickly spread across the globe and replaced the
Delta variant as the most prevalent lineage. Besides already known mutations, this
variant features numerous new mutations, aggregating to over 30 within the S
(spike) gene. (24) Many of these changes were previously associated with
increased infectivity, transmissibility, and potential immune escape. The amino acid
exchanges Q498R and S477N are related to improved ACE-2 binding, which might
augment viral infectivity to host cells. (25) First data suggest a replication advantage
as analyses indicated an outpacing rise of infection numbers due to Omicron
compared to Delta in the United Kingdom. (26) As mentioned above, Omicron is
capable of evading the immune system to a larger extent than previous variants.
For instance, neutralizing activity against Omicron was partly untraceable in
convalescent and post-vaccination sera in some cases of a preprint study. (27) In
contrast, observational analyses imply lower risks of severe disease with Omicron
infection in relation to preceding variants. (28) As Omicron remained the dominant
transmitted variant, subtypes kept on emerging, comprising the descendent
lineages BA.1-5 and their sublineages (e.g. BA.2.75), which have been increasingly
sequenced globally. (29, 30) Due to the accumulation of additional mutations, the
immune evasive traits decreased vaccine efficacy and improved transmissibility in
those sublineages. (4) As the viral diversity and its complexity has increased, the
WHO added the category “Omicron subvariants under monitoring” to inform public
health authorities, which Omicron variants are currently dominating, as well as to

swiftly react to further evolutions. (30)

The Centers for Disease Control and Prevention (CDC) expand these classifications
of noteworthy variants by a third category, called “Variants of High Consequence”.

It would include variants which lead to significantly decreased effectiveness
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concerning medical countermeasures and prevention measures, but to date no

SARS-CoV-2 lineage is classified in this category. (31)

3.2 Covid-19

The novel disease caused by SARS-CoV-2 was first described in patients suffering
from pneumonia. In February 2020 the WHO designated the disease “Coronavirus
disease 2019”. (32) In accordance with rising case numbers, also the variety of
clinical manifestations accumulated and with each new sign and symptom clinicians
gathered more information about the pathophysiology behind the different disease
features. Further investigations and laboratory experiments elucidated the infection
in terms of a systemic disease, causing damage not only to the lung tissue, but to
several organs of the body. Nevertheless, respiratory symptoms with involvement

of the lungs occur most frequently in symptomatic infections.

3.2.1 Epidemiological aspects

The first cases of Covid-19 were reported from Wuhan, the capital city of the
province Hubei, in China in December 2019. (6) Subsequently the virus rapidly
spread across China and on the 13" of January 2020, the first Covid-19 case outside
of China was confirmed in Thailand. (33) Starting from late February, the spread of
Covid-19 accelerated all over the world, leading to the declaration of the pandemic
since the 11t of March 2020. (34) As of September 2022, over 609 million confirmed
cases of Covid-19 occurred, resulting in over 6.5 million deaths around the world,
while in contrast an overwhelming 12.6 billion vaccine doses have been
administered so far. (35) However, it must be added that both, the reported cases
and deaths, underestimate the total numbers by far, because not every infection is
diagnosed and reported and not every death is attributed to Covid-19. (36)
Seroprevalence studies indicate that the estimated number of unknown cases
surpasses the reported cases by approximately 10-fold or more. (37, 38) The
assumed median basic reproduction number of SARS-CoV-2 is estimated to
amount to 2.4 to 3.9. Median values of 2 to 3.3 are necessary for an exponential
increase of infections in the absence of any prevention measures. (39, 40) SARS-
CoV-2 infects women and men nearly to the same extent, though it seems that men

are at higher risk for severe courses, ending in twice as much deaths.(41) In general,
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the risk of severe courses surges in individuals beyond the age of 65, leading to

case fatality rates in the subgroup of people above 80 about as high as 20%. (42)

3.2.1.1 Viral Transmission

Transmission via person-to-person is the main infection mode, where three main
transmission paths are assumed: droplet infections, airborne infections and direct
or indirect contact transmissions. Droplet infections constitute the virus™ primary
transmission route and typically take place in the immediate vicinity of infected
individuals. (43) Therefore, the risk of transmission peaks within a distance of one
to two meters especially in poorly ventilated interiors. (44) These virus-loaded
respiratory droplets are produced while breathing, talking, singing and particularly
coughing or sneezing. (45) By contact with mucous membranes and inhalation, the
virus particles are transmitted to another person. Compared to the larger and
heavier respiratory droplets, aerosols hang in the air for extended periods.
Subsequently, they potentially infect people especially indoors over greater
distances. Although the contribution of airborne transmission to the pandemic is
uncertain, investigations propose that it is no primary mode. (46) Transmissions
were observed after longer stays in small rooms without air exchange with the risk
of contagion increasing over time. (47) The third main transmission route occurs by
insertion of virus particles onto mucous membranes after touching contagious
surfaces. Typically, these particles originate from respiratory secretions, but SARS-
CoV-2 RNA has also been detected in blood, ocular secretions, semen, and stool
specimens. In the latter case, viable virus particles were collected in exceptional
cases, nonetheless this route is not believed to be of great significance. (48-50)
Furthermore, the probability of bloodborne transmission is very unlikely which also
applies to infections after virus contact with non-mucous membranes e.g. grazed
skin. (51) Vertical SARS-CoV-2 transmissions and infections are possible, albeit
they rarely arise in newborns of infected mothers and typically proceed without
severe manifestations. These findings support the recommendations that neither
SARS-CoV-2 positive mothers nor their babies should be separated from each
other, and that breastfeeding is still advised. (52)

Besides person-to-person transmission routes, transmission by animals have been
observed aside from the initial spillover to human race. Reported cases occurred in

mink farms and lead to the killing of millions of minks in Denmark and the
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Netherlands, because of concerns about a new pathogen reservoir. (53) Infections
in pets have also been described in households of ill persons, but evidence lacks
whether re-transmission to humans are of epidemiological importance or even
happened. (54)

3.2.1.2 Infection and Infectiousness

According to a meta-analysis, the mean incubation period is approximately six to
seven (6.38) days, with a range between two to almost eighteen days. (55)
Mentionable in this context is the index of manifestation, describing the proportion
of infected individuals who develop symptoms. To some extent, it is the reciprocal
value of all asymptomatic infection which constitute at least one third. Thereby, only
about 66% of infected people really fall ill with Covid-19. (56)

Transmissions by symptomatic individuals are suggested to represent the majority
of the overall transmission rates. (57) However, transmissions are not restricted to
symptomatic cases but can occur via asymptomatic individuals. Hence,
presymptomatic and asymptomatic persons can be contagious. (58) One study even
estimated an amount of presymptomatic transmissions of 44%. (59) True
asymptomatic cases, who never develop symptoms, seem to comprise a cohort of
reduced contagiousness, with lower secondary attack rates, compared to
symptomatic individuals. (60) The time in which infected persons show the greatest
infectiousness is probably between two days before onset of symptoms and one
day thereafter with consequent decreases during the first week. (59) Hence,
transmission seven to ten days after disease onset is unlikely, especially in
immunocompetent patients with mild to moderate infection. (61) The finding that
viral RNA shedding is not necessarily associated with infectiousness is of great
importance. In many cases, RNA can be traced weeks after cessation of symptoms,
but to a considerable degree no viable infectious viruses are detected in those
individuals. This indicates the existence of a certain threshold of viral RNA levels,

underneath which infectiousness is not likely. (62-64)

3.2.1.3 Risk factors for severe disease

Severe courses of Covid-19 occur across all age groups. Only with the development
and utilization of effective vaccines and Covid-19 specific treatments, the risk of
severe disease and ICU admission decreases. Hospitalization, admission to the

ICU, mechanical ventilation and death are common outcomes to define severe
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illness. (65) Advanced age is one of the major risk factors of severe progressions.
Cohort studies revealed that the strongest associated risk factor for death was age
beyond 80 years. (66) Patients of the age of 80 or older experienced a 20-fold
increased risk of death when compared with individuals between 50 to 59 years.
(67) Data from a meta-analysis further support these findings revealing age >75
years as an important risk for severe Covid-19 disease. (68) A meta-analysis on the
aforementioned differences between female and male sex concluded that the
probability of death among men with Covid-19 is raised by 61% compared to female.
Additionally, the chance of severe disease is increased in men, in combination with
significantly lower recovery rates. (41) Beside advanced age and male sex,
comorbidities further aggravate the risk for severe disease with mortality rising with
the number of comorbidities. (66) The CDC has compiled an updated list of
comorbidities associated with a high risk for severe outcomes in Covid-19, which
assorted the underlying conditions according to the existing level of evidence. The
first group is composed of comorbidities which show significant associations with
the risk of severe illness endorsed by at least one meta-analysis or systematic
review. It contains cancer, cerebrovascular disease, chronic kidney disease, chronic
obstructive pulmonary disease, diabetes mellitus, cardiac diseases (such as
coronary artery disease, cardiomyopathies or heart failure), obesity, pregnancy or
recent pregnancy and former or current tobacco abuse. Underlying diseases
allocated to the second group are mainly supported by observational studies.
Trisomy 21, human immunodeficiency virus (HIV), neurologic conditions (e.g.
dementia), sickle cell disease and immunosuppressive states (including solid organ
or blood stem cell transplantation and immunosuppressive medications) constitute
the second category. In contrast, the evidence for hypertension, immune
deficiencies or liver diseases as risk factors diverges between studies. (65) Also
genetic factors are believed to affect the course of disease. One example is the
relationship between respiratory failure and a higher risk for patients with blood
group A of the ABO-system, while type 0 is not only associated with a decreased
risk of severe disease but also infection itself. (69, 70) Beyond that, other genetic
factors might play a role in susceptibility to severe courses of Covid-19 and need

further investigation.
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3.2.2 Viral life cycle and pathophysiology

After SARS-CoV-2 has entered the body through mucous membranes, it invades its
host cells by endocytosis or membrane fusion. The spike protein has been identified
as the crucial component of this fundamental step to infect susceptible cells.
Furthermore, the presence of ACE-2 on the cell surfaces, which serves as the
receptor for the S1 domain of the spike protein, is crucial. The S1 domain with its
specific receptor-binding domain is located on the uncovered surface of the viral
spikes, enabling direct interaction with ACE-2. This interaction is the initial phase of
adsorption of SARS-CoV-2 into the host cell membrane and defines the typical
tropism of the virus solely infecting ACE-2 positive cells by this receptor-mediated
mechanism. (71, 72) In the next stage, the virus penetrates the host cell via one of
two different pathways, already mentioned above. If the virus enters by membrane
fusion, the host cell transmembrane protease serine subtype 2 (TMPRSS2) is
involved in the process. TMPRSS2 mediates the so-called S protein priming, leading
to a proteolytic cleavage of the spike protein into the domains S1 and S2, which
activates the viral protein. After cleaving off the S1 domain and a small part of the
S2 domain, the fusion protein of the S2 domain remains, which is then inserted into
the host cell membrane. This finally enables the virus particle to merge with the cell
membrane, leading to the release of viral RNA into the cytoplasm. (71) The second
pathway is receptor-mediated endocytosis. This absorption of the virus into the host
cell is driven via a clathrin-dependent or -independent endocytosis. (73, 74)

After uncoating, the viral genomic RNA is translated into proteins using ribosomes
in the cytoplasm of the host cell. This direct translation is enabled by the ss+ RNA
genome of the coronavirus. As a result, different structural and non-structural
proteins, including the RNA-dependent RNA-polymerase (RdRp), are produced.
Together with other non-structural proteins, the RdRp forms the replicase-
transcriptase complex, which synthesizes viral RNA and mRNA leading to the
formation of virus elements in larger quantities. After assembling the components to
new viable progeny, they leave the host cell by exocytosis with the ability to infect
further cells. (39, 75) Concerning the tropism of the virus, ACE-2 expressing cell
types were found throughout the body, including nasal and oral mucosa,
nasopharynx, both alveolar epithelial cell types (pneumocytes | and Il), enterocytes
of the small intestine, the skin, smooth muscle cells and, interestingly, in most

arterial and venous endothelial cells. (76) These findings could explain the
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heterogenous signs and symptoms of Covid-19 as well as the involvement of
different organs.

Following infection, SARS-CoV-2 starts replicating in epithelial cells of the upper
respiratory tract. (77) This could also explain the high viral loads in this region, which
is associated with greater transmissibility. (77-79) Subsequently, the virus migrates
to the lower respiratory tract, until it reaches the lungs infecting type Il pneumocytes.
(80) This leads to the decay of this cell type by apoptosis and pyroptosis. (81, 82)
Combined with an activation of alveolar macrophages, these processes possess
substantial pathophysiologic relevance by triggering immunologic dyshomeostasis
in the lung tissue of infected individuals. (83) Following activation, a multitude of pro-
inflammatory cytokines and chemokines, including interleukin (IL)-1 beta, IL-6, IL-8
and tumor-necrosis-factor-a (TNF-a), are secreted into the pulmonary tissue and
vasculature by the alveolar macrophages. (84) These mechanisms yield the
activation of vascular endothelial cells, which in turn result in the mobilization of a
magnitude of different immune cells, comprising cytotoxic neutrophils as well as
inflammatory activated platelets into the alveolar space. These pro-inflammatory
processes play a major role in the pathogenesis of Covid-19 in general and
specifically in the development of acute respiratory distress syndrome (ARDS). (85,
86) Moreover, the excessive release of IL-6 is a driving component of the so-called
cytokine storm and is jointly responsible for the development of sepsis-related
dysregulations of the immune response. (87, 88) Studies showed that especially IL-
6 and IL-10 are highly increased in severe cases of Covid-19 which are further
supported by data suggesting IL-6 levels correlate positively with Covid-19 severity
and mortality. (89-91)

3.2.2.1 Immune response and Immunity

After infection with SARS-CoV-2, humoral and cell-based immune responses are
evoked. Regarding the humoral immune response, detectable immunoglobulin
(Ig)M antibodies emerge between eight to twelve days following onset of symptoms
and seem to vanish after twelve weeks. Seroconversion of IgG antibodies ensues
shortly thereafter with a mean of 14 days but remain longer and correlate with
disease severity and the viral load. (92, 93) Also neutralizing antibodies regularly
occur at the end of week two, although their titers apparently fade over time,

especially after mild or asymptomatic infections. (94, 95) Despite the decline of

24



antibody titers, it is assumed that neutralizing activity is retained for up to six to eight
months. (96, 97) Studies suggest that neutralizing antibodies are related to a
protection at least against severe reinfections with current SARS-CoV-2 lineages,
but the protective capability against future variants remains questionable. (98, 99)
Besides antibody producing plasma cells, further cells of the immune system
establish the cell-mediated immunity after contracting Covid-19. This includes
SARS-CoV-2-specific memory B, CD4+ T cells and CD8+ T cells. Gathering
information about the longevity of memory cells is of great interest to draw
conclusions regarding the durability of protective immunity against SARS-CoV-2. To
date, research on this topic is ongoing and current results need to be evaluated and
confirmed by future studies. One study examined the kinetics of the main memory
cells for up to eight months, starting from infection. Results displayed an increase
of memory B cells between month one and eight, whereas memory CD4+ and CD8+
T cells diminished in the same period with an initial half-life of three to five months.
The percentage of study participants with traceable SARS-CoV-2 memory CD8+ T
cells 30 days after infection reached approximately 70% and dropped to about 50%
after six to eight months. The amount of CD4+ T memory cells persisted on a high
level over the same period, with 93% of participants after the first month and 92%
after more than six months, respectively. They concluded that just above 95% of
subjects preserved at least three of the main types of immune memory up to six to
eight months after contracting SARS-CoV-2. However, it needs to be elucidated to
which extent these findings indicate protection against reinfections. (96) Data
revealed that the risk of reinfection is reduced by 80 to 85% within the first six to
nine months after initial infection. (99, 100) However this risk reduction declined

since the emergence of the Omicron variants. (101)

3.2.3 Clinical presentation

SARS-CoV-2 presents with a wide variety of clinical signs and symptoms and
degrees of severity. For that reason, the National Institute of Health (NIH) subdivides
Covid-19 iliness into five distinct groups. The spectrum ranges from asymptomatic
cases over mild and moderate diseases to severe and critical Covid-19 illness. Mild
illness covers symptoms typically reported from outpatient Covid-19 cases,
including fever, cough, myalgia, malaise, or nausea, but in the absence of shortness

of breath, dyspnea, or abnormal chest imaging. Moderate cases show signs of lower
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respiratory tract infection during clinical evaluation or imaging combined with oxygen
saturations (SpOz2) of at least 94% on ambient air. Individuals with severe onset of
Covid-19 either show SpOz2 values below 94% on ambient air, respiratory rates
above 30 breaths per minute, a ratio of arterial blood oxygen tension to fraction of
inspired oxygen (PaO2/FiO2, oxygenation index) <300 mmHg or lung infiltrates
>50%. Critical cases include patients who suffer from respiratory failure, multiple
organ dysfunction, and/or septic shock. (102) Another report estimated the
frequencies of each category: 81% have mild or moderate disease, 14% present
with severe manifestations and 5% were reported to suffer from critical iliness. The
overall case fatality rate was declared with 2.3%, without any deaths resulting from
noncritical cases. (103) Further analyses revealed hospitalization rates of 14% and
intensive care unit (ICU) admissions were necessary in about 2% of affected
persons. The risk for hospitalization increased six times in the presence of
underlying conditions and led to a twelve times higher mortality rate in this patient
population compared to patients without pre-existing disease. (104) In the same
case survey, the prevalence of different symptoms in confirmed Covid-19 cases
were analyzed, with cough being most frequently mentioned with 50%. It was
followed by fever and myalgia in 43% and 36% of patients, respectively. Moreover,
34% or 29% of persons complained about headache and subjective shortness of
breath (i.e. dyspnea). Gastrointestinal symptoms included diarrhea (19%), nausea
or vomiting (12%) and abdominal pain (<10%). Common otorhinolaryngological
symptoms included sore throat in 20%, and less common (each <10%) loss of smell
or taste or rhinorrhea. Dermatologic findings can occur throughout the course of
infection, with various different rashes described to date, albeit they are mostly
nonspecific and rare (0,2-1,2%). (105) Efflorescences range from erythema to
vesicular, urticarial, or maculopapular lesions to transient livedo reticularis and in
some cases chilblain-like eruptions have been described. (106) While the most
common severe manifestation described is pneumonia, typically appearing around
day four after onset of symptoms, its main complication is progression to ARDS,
which develops on average eight days after initial manifestation. (104, 107, 108)
Cardiac involvement in Covid-19 includes myocarditis, cardiac insufficiency, and
arrhythmias by myocardial injury and infarction. Thromboembolic events are well
known complications and venous thromboembolism (VTE) commonly manifests in

form of deep vein thrombosis (DVT) with subsequent PE, while arterial embolisms
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result in stroke, acute limb or mesenterial ischemia. (109, 110) Covid-19 related
vasculopathies are further described below. Besides strokes, additional neurological
complications were observed in Covid-19, including encephalopathies, which were
notified in one third of hospitalized patients, as well as ataxia, movement disorders,
seizures and Guillain-Barré syndrome, all with lower frequencies. (111, 112)
Hyperinflammatory responses, like the aforementioned cytokine storm, mainly occur
in patients with severe illness and are characterized by exaggerated levels of pro-
inflammatory cytokines and inflammatory markers (e.g. ferritin and D-dimer) with
enduring fever. (113, 114) Secondary infections complicate the course of disease
with reported rates of approximately 8%. Investigations detected different species
of bacteria and fungi (especially aspergillus and mucorales species), particularly in

severe cases of Covid-19. (115-117)

3.2.4 Diagnosis

Blood sample analysis of hospitalized Covid-19 patients revealed lymphopenia and
elevated levels of inflammatory markers, such as C-reactive protein (CRP), ferritin,
erythrocyte sedimentation rate (ESR), and of lactate dehydrogenase (LDH).
Furthermore, elevated transferase levels and alterations in coagulation tests were
observed as typical laboratory constellations in this patient population. D-dimer and
fibrinogen levels are typically elevated in hospitalized patients, while platelet counts
can range from severe thrombocytopenia to thrombocytosis. Additional main
parameters include the activated partial thromboplastin time (aPTT) and
prothrombin time (PT), which are frequently prolonged. At admission, values of the
international normalized ratio (INR) were predominantly within the normal range.
(118-120) Moreover, elevated levels of myocardial enzymes are regularly detected.
(108, 121, 122) Despite the very common lymphopenia, white blood cell (WBC)
counts can range from leukopenia to leukocytosis. (122) Another parameter of
interest is procalcitonin which seems to be elevated more likely in severe cases
involving ICU admission. (114)

In addition to laboratory findings, imaging methods reveal Covid-19 related
pathologies and are therefore of great importance in the course of diagnosis,
management, therapy and follow-up. (123) The following paragraph describes
imaging modalities to objectify pulmonary manifestations of Covid-19, while imaging

procedures in respect of thromboembolic vasculopathies are described elsewhere
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(3.3.3.1). The commonly performed chest X-ray might show no pathologies during
early stages of disease, but typical findings become apparent with disease
progression. These encompass bilateral and multifocal, peripheral alveolar
opacities and consolidations, predominantly in the lower lobes. (123-125) If a
computed tomography (CT) of the chest is performed, the images often show
ground-glass opacities with or without consolidated areas, mainly in peripheral or
subpleural areas. Additional pathologies include adjacent pleural thickening,
interlobular septal thickening, or air bronchograms, besides less frequent findings.
(123, 126) Ultrasonography of the lungs is another option to quickly assess the
pulmonary involvement with sensitivity and specificity reaching 86% and 55%,
respectively. (127) Ultrasonography may reveal thickened, irregular, and
discontinuous pleural lines and B lines below the pleura, which arise discrete,
multifocal, or confluent. Air bronchograms within consolidations and perilesional
pleural effusions might be detected in all described techniques. (123, 128, 129)

Besides the already known clinical, laboratory or imaging manifestations, leading
towards the diagnosis of Covid-19, further confirmatory tests are necessary. The
fact that no clinical feature can reliably distinguish Covid-19 from other infectious
diseases and pathologies, direct and indirect virus detection methods are essential
to make a definitive diagnosis. (130, 131) To detect current infections with SARS-
CoV-2, nucleic acid amplification tests (NAATs) are the microbiologic tests of
choice, especially reverse-transcriptase polymerase chain reaction (RT-PCR). A
variety of different RT-PCR assays are in use, which partly amplify and detect
different regions of the SARS-CoV-2 RNA genome. The envelope (E), nucleocapsid
(N), spike (S) or RdRp genes are commonly selected targets, and often more than
one sequence is amplified by the various NAATs. (132) The performance of a RT-
PCR following collection of a specimen from the upper respiratory tract is the
preferred initial procedure to detect viral RNA. (133) Upper respiratory tract samples
are obtained from nasopharyngeal, nasal middle turbinate or nasal swab specimen
of both anterior nares, apart from oropharyngeal swabs and saliva specimen, to
mention the most important. (134) When comparing the sensitivity of the different
specimens, data suggests that nasal, nasopharyngeal and saliva samples
outperform oropharyngeal swabs. (135, 136) Besides the upper respiratory tract,
also samples from the lower airways can be collected, e.g. from sputum or

bronchoalveolar lavage, resulting in higher rates of positive tests. (135, 137) Aside
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from the type of specimen, the sampling time relative to disease duration also affects
the test performance. With rising viral loads in the upper airways, also the probability
of a true positive result increases, leading to the assumption that RT-PCR reliability
peaks within the first three days after initial symptoms. (93) The overall sensitivity
and specificity concerning standard laboratory-based NAATs were 98% and 297 %,
respectively. (136) Under standard conditions, a positive NAAT result suffices to
confirm the diagnosis Covid-19, with no additional tests indicated. If a test is
negative, but a strong suspicion for SARS-CoV-2 infection remains, it is
recommended to repeat the NAAT after 24 to 48 hours. (131)

The detection of SARS-CoV-2 antigens is another microbiologic test opportunity to
identify individuals with Covid-19. The benefits are the rapid performance and fast
interpretation of results, compared to RT-PCR. Antigen tests are especially
adequate to confirm the diagnosis in symptomatic patients. By contrast, sensitivity
of antigen tests is known to be inferior to NAATS, while specificity surpasses 99%.
(138, 139) Therefore, a negative result should be confirmed with a NAAT with
superior sensitivity in all symptomatic cases, at best within 48 hours. (140) In
general, these tests detect the presence of an antigen via specific antibody-antigen-
binding and further visualize this reaction. Most SARS-CoV-2 antigen kits use
antibodies targeting the N protein, because of its abundance during virus replication
and the low cross-reactivity with other coronaviruses. (141-143)

Measurement of circulating antibodies in the blood is the third approach to diagnose
Covid-19, especially to detect prior or late infection. After a time span of
approximately two weeks from initial symptom onset, antibodies are detected. (144)
These tests use different platforms to detect SARS-CoV-2-specific antibodies, e.g.
lateral flow immunoassays (LFIA), enzyme-linked immunosorbent assays (ELISA)
and chemiluminescent immunoassays (CLIA). (145) At the moment, mainly the
spike and nucleocapsid proteins of SARS-CoV-2 are used in antibody assays to
identify specific antibodies in sera. (146) Additionally, it is recommended to use test
kits of superior accuracy, namely IgG or total antibody tests, rather than IgM, IgA or
IgM/IgG differentiation tests. (147)

Noteworthy, the ongoing evolution of SARS-CoV-2 variants could influence test
performances as new mutations, especially in the N and S genes may become
undetectable for certain test kits and RT-PCR. (148, 149)
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3.2.5 Patient management and therapeutic approach

Since the majority of Covid-19 cases only develop mild symptoms, outpatient care
is often sufficient. Patients with mild illness do not suffer from hypoxemia or
pneumonia and therefore admission to hospital is typically unnecessary. (104, 150)
Symptoms of a severe course, including dyspnea, oxygen saturation <94% on
ambient air, dizziness, confusion or altered mental state warrant inpatient
evaluation. In the presence of comorbidities known to increase the risk for severe
Covid-19 and in older patients, individual decisions are required, whether admission
is indicated. (150) If the condition allows outpatient management, the patients
should be briefed how to react in case of disease progression. Especially, if the
clinical status worsens with the onset of dyspnea, fever beyond >37.5 °C, increased
chest pain or tightness, patients are advised to contact their health care provider or
hospital for further assessment. (39, 151, 152) These symptoms also indicate the
spread of the virus to the lower respiratory tract. In this case, self-monitoring of SpO2
values with pulse oximeters can serve as a decision support in combination with the
patient’s overall clinical condition. (153) To manage their symptoms, outpatients can
be advised to take over-the-counter analgesics, antipyretics and antitussives
depending on their afflictions. General recommendations involve adequate liquid
intake, reasonable exercise and rest. (150) The use of Covid-19 specific therapies
can attenuate disease progression to severe Covid-19 manifestations or
hospitalization. Hence, administration of these drugs is recommended in mild to
moderate Covid-19 cases with risk factors for severe disease. The recommended
therapies include the oral protease inhibitors combination product nirmatrelvir-
ritonavir (Paxlovid) and current anti-SARS-CoV-2 monoclonal antibodies. An
effective monoclonal antibody therapy neutralizing Delta and Omicron is
bebtelovimab. Treatments should be initiated at the earliest opportunity after SARS-
CoV-2 infection is confirmed. (150, 154, 155) In view of infection control, infected
individuals are constrained to minimize their social interactions and stay isolated,
especially during the acute phase of the disease. As quarantine regulations differ
between countries, no uniform guidelines are implemented.

In contrast to the common mild and moderate illnesses, severe courses of Covid-19
warrant intensified treatment. As previously mentioned, certain clinical findings are
indicative of disease progression or severe disease. Patients who present with fever

>37.5°C, dyspnealrespiratory rate >22/min or oxygen saturation <94% on ambient
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air combined with further suspicious clinical findings upon examination are in need
of admission to hospital. (39) For this purpose, evaluation of vital parameters (i.e.,
respiratory rate, SpO2 values, body temperature, heart rate and blood pressure) is
essential in Covid-19. During the initial assessment of this patient population,
different scores may facilitate the decision making. The Quick Sequential Organ
Failure Assessment (QSOFA) score, as a fast and easy applicable tool, can be
promptly used by clinicians to examine the patient’s organ functions regarding
potential sepsis. A Covid-19 specific score is the ISARIC-4C to evaluate mortality,
enabling the stratification of patients into different management groups. The score
ranges from 0 to 21 points and is calculated based on eight parameters. (39, 156)
During the course of clinical assessment, the following laboratory markers should
be ascertained: complete blood count with differential, creatine kinase, CRP and a
comprehensive metabolic panel. Besides CRP, additional inflammatory parameters
can be obtained including procalcitonin or ferritin as acute phase proteins. Initial
laboratory findings to analyze the coagulation system, including PT, aPTT,
fibrinogen and D-dimer, are also recommended in patients with Covid-19. Regarding
renal parameters, urinalysis (checking for albuminuria, hematuria or leukocyturia)
allows a more precise assessment of the renal function. Elevated levels of LDH and
troponin can indicate severe disease progression and should be therefore also
measured. Arterial blood gas analysis provides not only deeper insights into the
current pulmonary situation of the patient in addition to pulse oximetry, but also
reflects the acid-base balance. (39, 157) The received PaO: also serves to calculate
the oxygenation index. This index is recommended to assess the extent of a
potential acute lung injury, which also influences the therapeutic process. (158)

Depending on the severity of the acute hypoxemic respiratory failure, different
therapeutic approaches regarding the oxygen therapy are indicated. If conventional
oxygen therapy fails to achieve adequate oxygenation saturations, high-flow nasal
cannula (HFNC) oxygen is the next step in escalating therapy. HFNC is favored over
noninvasive positive pressure ventilation in patients with an oxygenation index
between 100 to 300 mmHg. (150) These interventions should only be implemented
under continuous monitoring in an intensive care unit. In accordance with that, the
S3 guidelines of the “Arbeitsgemeinschaft der Wissenschaftlichen Medizinischen
Fachgesellschaften” recommend transfer to the intensive care unit of patients

suffering from hypoxemia with SpOz2 values below 90%, who receive 2-4 L/min of
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oxygen (without preexisting therapy) or respiratory rates beyond 25-30/min.
Continuous monitoring is essential as the respiratory status of Covid-19 patients
may deteriorate, leading to acute respiratory distress syndrome, which also includes
the permanent standby to intubate. (150, 158, 159) Prone positioning of patients,
who are not intubated, is another potential therapeutic approach. Oxygenation
indexes often improve, but current trials could not show a reduction of intubation
rates after the temporary change of position. Consequently, additional studies are
necessary to determine which patients benefit most. (160-162) If the respiratory
situation aggravates further with PaO2/FiO2 values dropping below 100 mmHg,
intubation is advised in a routine setting by a skilled physician, followed by invasive
mechanical ventilation. (159) So far, the ventilation strategy of Covid-19 associated
ARDS is comparable to other ARDS cases. Guidelines advocate a low tidal volume
with 4-8 mL/kg predicted body weight and plateau pressures not exceeding 30
cmH20. (150, 159, 163) Moreover, higher positive end-expiratory pressures (PEEP)
are preferred over lower values with a cut off at approximately >10 cmH20. Prone
positioned ventilation for 16 hours per day may benefit the ventilation therapy. In
severe cases of ARDS, extracorporeal membrane oxygenation (ECMO) is the last
step of therapy escalation in otherwise not manageable respiratory failure. (164)
The general, therapeutic target in Covid-19 patients suffering from acute hypoxemic
respiratory failure is to restore adequate oxygenation with SpO2 reaching =290% (in
patients with COPD >88%) and PaO2 >55 mmHg, respectively. (159, 165) As a
fundamental rule in patients with acute respiratory failure conservative fluid strategy
is pursued. (150)

As venous thromboembolic events are frequently reported in Covid-19,
administration of prophylactic dose anticoagulation is pivotal in all hospitalized, adult
patients in the absence of contraindications to reduce the risk of aggravating
complications. Low molecular weight heparin (LMWH) is the preferred prophylactic
medication, while fondaparinux serves as an alternative in patients with heparin
intolerance. (166) Intensified thromboprophylaxis is indicated in cases with
additional risk factors for VTE, in particular obesity (body mass index [BMI] >35
kg/m?), known thrombophilia, previous VTE, intensive care treatment or markedly
elevated D-dimer levels (>2-3 mg/L). (167) Besides the pulmonary and vascular
system, additional organs are afflicted in Covid-19. In severe cases, acute kidney

injury has been observed necessitating the use of continuous renal replacement
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therapy. (150) Although the frequency of superinfection is not exactly known due to
limited data, bacterial as well as fungal coinfections complicate courses. Especially
the already affected lungs are susceptible to superinfections, resulting in bacterial
pneumonia or pulmonary aspergillosis. Therefore, antibiotic, and antifungal
treatment may be indicated in selected individuals. If bacterial sepsis is assumed,
patients receive empiric antibiotic therapy followed by reevaluations of the clinical
course on a daily basis and adjustment of the therapy when the responsible
pathogen is detected. (39, 150) In general, at least two blood cultures (for aerobic
and anerobic bacteria) should be obtained once patients are admitted to the ICU or
if the patient’s state deteriorates. (168) Elevated procalcitonin is indicative of
bacterial superinfection, besides serving as a marker to detect severe Covid-19
cases. (169)

As mentioned above, the leading processes in the development of Covid-19 are viral
replication at initial stages of disease, followed by a dysregulated immune response
in severe illness. Because these major mechanisms forge disease progression, they
are also targets of medical interventions. (150) This leads to the two main drug
treatment approaches: antiviral and immunomodulatory therapies. (158) So far,
Covid-19 specific drug regimens still evolve. One of the first Covid-19 approved
antivirals was remdesivir. Albeit trial results diverge, remdesivir has shown to reduce
time to recovery and discharge from hospital in the subgroup of patients who only
required low flow rates of oxygen therapy. (170) A meta-analysis, on the contrary,
revealed no significant advantage of remdesivir over the standard treatment
regarding 28-day mortality. (171) In patients, who depend on high flow oxygen
devices, it is suggested to administer remdesivir only in combination with the
glucocorticoid dexamethasone. While dexamethasone is not administered in mild to
moderate Covid-19 cases, it is highly recommended in all patients with severe to
critical illness, in the absence of contraindications. Data indicate a reduction of 28-
day mortality in hospitalized patients with increasing therapeutic effects in more
severe courses. (158) Intubated patients benefit most from dexamethasone with an
absolute mortality reduction of 12% (172) A restricted therapy recommendation
exists for the monoclonal anti-interleukin-6 receptor antibody tocilizumab, which is
administered as a single dose and combined with glucocorticoid treatment.
Additionally, it is merely endorsed in Covid-19 cases with systemic inflammation

(CRP >75 mg/L), experiencing progressive oxygen therapy dependency or have
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been mechanically ventilated for less than 24 hours. (173) A multitude of other drugs
are currently under evaluation in clinical trials for the treatment of Covid-19.
Camostat, a serine protease inhibitor, might be able to prevent SARS-CoV-2 cell
entry via the blockage of TMPRSS2. (174) The janus kinase inhibitor baricitinib is
another treatment candidate, who is assumed to inhibit immune activation and
inflammation of cells to a certain degree. It is already in clinical use after the U.S.
Food and Drug Administration announced an emergency use authorization in
combination with remdesivir in hospitalized patients who require supplemental
oxygen. Moreover, data also suggest a benefit for patients without invasive
mechanical ventilation in combination with remdesivir and/or dexamethasone,
reducing 60-day mortality. (175, 176) In general, Covid-19 patients with concomitant
medications for the treatment of underlying diseases should take their medicine as
prescribed (e.g. ACE-inhibitors, angiotensin receptor blockers, statins, systemic or
inhaled corticosteroids, nonsteroidal anti-inflammatory drugs or acid-suppressive
therapy). (150)

3.2.6 Prevention

Preventive steps are essential to reduce the risk of infection throughout the
population, especially in regions where community transmission of SARS-CoV-2 is
present or on the rise. Social distancing with the avoidance of gatherings as well as
keeping distance (=2 meters) to other people rank among the most important
measures to disrupt the chain of infection. (2, 177) Intensified hand hygiene is
appropriate throughout the pandemic and should be performed thoroughly after
contact with potentially infectious surfaces or individuals using soap and/or sanitizer.
Covering the mouth while coughing and sneezing without contaminating the hands
(e.g. via the cubital fossa or a tissue) is part of the respiratory etiquette and another
advised personal preventive measure. To reduce aerosols potentially containing
viable SARS-CoV-2 particles in interior spaces, appropriate exchange of air is
suggested via aeration, fans, air conditioning or special air filtration systems. (39,
178) Wearing masks in public can efficiently reduce the secretion of droplets into
the environment and the risk of becoming infected, particularly indoor or if
maintaining adequate distances is not possible. (39, 179) The recommended type
of mask (cloth-, disposable face mask or medical respirators) depends on the

institution and setting, but probably more important than the type is the correct
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usage. While masks should fit closely over nose and mouth, contamination of the
mask (e.g. via hands) has to be avoided and the regular exchange of the mask is
considerable. (180) Different public health strategies are also able to contain
transmission rates. Implementation of serial testing facilitates the detection of
SARS-CoV-2 infections in regions of high prevalence and therefore prevents further
infections or outbreaks. Both NAAT and antigen tests are appropriate for the
conduct of population screenings. (181, 182) Whenever a person tested positive for
SARS-CoV-2, the person is required to go into self-isolation, unless medical
attendance is needed. Only in the event of excessive infection numbers, key
professions to maintain essential facilities may be exempt from quarantine.

As soon as housemates are in the same room with isolated persons both should
wear masks at all time. (183) More drastic interventions range from the closure of
non-essential businesses or educational institutions, to the limitation of public
gatherings and events through to curfews and travel restrictions, which have been
realized in many countries around the world. (2, 39)

With the aid of vaccines, the pandemic is better controlled and less patients die from
infections. Therefore, vaccines are numbered among the most promising
approaches to end the pandemic. Six vaccines are currently approved in the
European Union, including two mRNA, two viral vector, one inactivated, adjuvanted
whole virus, and one protein-based vaccine, while additional candidates are
frequently evaluated or under rolling review. (184) In addition, adapted vaccines
against omicron subvariants have been developed, with the “Comirnaty
Original/Omicron BA.4-5" adapted vaccine being the latest on the market. If enough
doses are available, which are accessible for everyone in every part of the globe,
and the percentage of people willed to get vaccinated is high enough, the herd
immunity could potentially terminate the ongoing infection events. Tedros
Ghebreyesus, Director-General of the WHO, clarifies: “The pandemic will not be

over anywhere, until it's over everywhere.” (185)

3.2.7 Covid-19 in childhood

The following paragraph solely covers the main topics to give a short overview on
SARS-CoV-2 infections in children. Equally to adults, also children and adolescents
of every age are susceptible to infections with SARS-CoV-2. However, it is assumed
that the extent of susceptibility is less marked. (186) Children transmit SARS-CoV-

35



2 efficiently to other children and family members and apparently shed virus with
comparable or higher virus loads as opposed to adults. (187-189) Asymptomatic
SARS-CoV-2 infections occur in 15-42% of cases in childhood, but if infections are
symptomatic, the course of disease is mostly mild. (190, 191) Severe manifestations
are rare, but typically affect young infants and children with underlying diseases,
most important pulmonary and cardiac conditions. (192) In a study evaluating risk
factors for admission to the intensive care unit, age below one-month, pre-existing
diseases and signs of lower respiratory tract infection were identified. (193) A severe
complications encountered is the “Multisystem Inflammatory Syndrome - in
children” (MIS-C), which is also known as “Paediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2 infection” (PIMS-TS), which
usually appear two to four weeks after infection with SARS-CoV-2. (194, 195)

3.3 Vasculopathies

Vasculopathy refers to all diseases, which affect the vascular system. Vascular
abnormalities can originate from congenital, metabolic, degenerative, or
inflammatory disorders, yielding coagulative or thromboembolic conditions. (196,
197) Degeneration is often induced by arteriosclerotic lesions, such as
atherosclerosis of the vessel walls, while infectious and noninfectious vasculitides
trigger inflammatory vascular changes. Hence, these miscellaneous diseases are
either categorized as non-inflammatory or inflammatory vasculopathy, also in this
thesis. Additional classification criteria involve the predominantly affected vessel
type (arteries or veins) and size (large, medium, or small vessels). Moreover, these
vascular disorders promote the formation of and risk for thromboembolism, which
occurs in both, the arterial and venous vasculature and represents a major

complication of vasculopathies.

3.3.1 Non-inflammatory vasculopathies

This term comprises vascular diseases in which inflammation is not the primary
cause. Of the various entities, arteriosclerotic lesions rank among the most
important, as they also serve as starting points for frequently devastating diseases.
Besides, also venous, and congenital or acquired aneurysmatic diseases are
numbered among this extensive term. In the following, emphasis is laid on

arteriosclerotic changes. The pathological processes of arteriosclerosis take place
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in the inner (intima), as well as the middle (tunica media) layer of arteries. While
some changes already develop during childhood and progress over time, others
typically evolve in adults of advanced age with or without accompanying
comorbidities. (198) Thereby, arteriosclerosis and its complications significantly

affect the risk of cardiovascular events.

3.3.1.1 Arteriosclerosis

Arteriosclerosis generally refers to hardening and stiffening of arteries. It thereby
represents the umbrella term for specific arterial diseases, which result in vascular
remodeling in response to pathologic conditions and triggers. Consequently, arterial
walls thicken and lose their elasticity, typically leading to progressive narrowing of
the vessel lumen. The multifactorial etiology of arteriosclerosis combines genetic
predisposition, chronic and systemic inflammatory diseases, and lifestyle factors,
including nutrition, physical activity, and tobacco abuse. This indicates that
advanced age is the common risk factor for all arteriosclerotic diseases, as vascular
lesions accumulate during a lifetime. Currently, the classification of arteriosclerosis
differentiates four distinct diseases: atherosclerosis, Ménckeberg's medial sclerosis,

fibromuscular intimal hyperplasia, and arteriolosclerosis. (198-201)

3.31.11 Atherosclerosis

Among the four lesions, atherosclerosis is the most frequent and clinically significant
manifestation, primarily responsible for millions of deaths worldwide each year. It
affects elastic and muscular medium and large arteries and originates from lipid and
cell debris deposits in the tunica intima, thereby building the characteristic atheroma
or atherosclerotic plaque. Their lipid core predominantly consists of cholesterol and
cholesterol esters with necrotic cell debris of inflammatory cells. Connective tissues
and extracellular components such as matrix proteins, enzymes, and calcium
deposits are found within the atheroma. A fibrous cap covers the core and extends
into the arterial lumen as the lesion increases in size. (198, 200, 201) To date, the
‘response-to-injury hypothesis” is the generally accepted model for the
pathogenesis of atherosclerosis. Hemodynamic disturbances due to increased
shear conditions, especially at branch points, further aggravated by arterial
hypertension, in combination with hypercholesterolemia, represent key pathogenic
factors. Both trigger endothelial injury leading to endothelial dysfunction, which

results in increased permeability, leukocyte adhesion, and thrombosis. Following
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accumulation of lipoproteins (primarily oxidized low-density lipoprotein [LDL] and
cholesterol crystals) within the intima, adhered and migrated monocytes
differentiate into macrophages in the intimal lesion. By phagocytizing oxidized
lipoproteins and cholesterol crystals, macrophages become foam cells, which
maintain an inflammatory milieu by continuous release of cytokines.
Simultaneously, chemokines and growth factors released by macrophages and
endothelial cells induce smooth muscle cell (SMC) proliferation and recruitment to
the intima. Their production of extracellular matrix substantially contributes to the
formation of a mature atherosclerotic plaque. The result is a chronic inflammatory
state with ongoing enlargement and cell decay, potentially leading to the atheroma’s
devastating complications. (198, 201) The morphologic correlates of atherosclerosis
begin with the formation of fatty streaks, developing from small, yellow spots in the
level of the intima to the characteristic streaks. Mature atherosclerotic plaques
appear as elevated white to pale yellow lesions, which protrude into the vascular
lumen. Continuous evolution and remodeling of the atherosclerotic lesion also
includes the apoptosis of SMC and the breakdown of stabilizing matrix, resulting in
the formation of a vulnerable plaque. These are prone to rupture, ulceration, or
erosion and may become clinically evident after thrombus formation with signs of
ischemia distal to the event. The most frequent chronic sequela is peripheral arterial
disease (PAD). Moreover, aneurysms can also develop at the site of severe
atherosclerotic plaques through disrupting the perfusion of the underlying tunica
media and inflammatory changes in the extracellular matrix. Both cause weaking of
the media’s integrity, giving rise to aneurysmatic expansion. (199, 201) Thereby,
the sequelae of atherosclerosis are the leading causes of mortality and morbidity

among industrialized countries.

3.3.1.1.2 Monckeberg's medial sclerosis

This disease describes a calcification process within the tunica media, as well as
the internal elastic lamina (outermost layer of the intima), which typically occurs in
muscular medium- to large-sized arteries of the extremities and genital tract. It is
typically associated with type 2 diabetes and end-stage renal disease and is rarely
encountered in patients younger than 50 years. Vascular calcific deposits are
crystalized and consist of hydroxyapatite. Presumed mechanisms involved in this

process are changes in calcium and phosphor serum concentrations, in combination
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with oxidative stress, and locally generated hydrogen peroxide in the vessel wall.
These trigger the differentiation of SMC into an osteogenic phenotype and
negatively affect inhibitors of calcification. Affected arteries appear corrugated,
sometimes resembling cartilages of the trachea. (198, 199, 201) Though
Modnckeberg’s medial sclerosis itself does not narrow the arterial lumen, it

complicates the diagnosis of PAD, due to the calcified, incompressible media.

3.3.1.1.3 Arteriolosclerosis

Compared to the aforementioned, arteriolosclerosis solely describes the affected
vessel size (small arteries and arterioles), rather than its histopathologic
appearance. (200) The thickening of the small arteries can occur throughout the
body and is often related to hypertension and diabetes mellitus. A histological
distinction is made between two subtypes: the hyperplastic type and the hyaline
type. In hyperplastic arteriolosclerosis the arterioles get concentrically enclosed by
thickened SMCs and fibrous deposits, resembling an “onion skin”. This leads to
progressive narrowing of the lumina, ultimately resulting in necrosis. The
hyperplastic subtype is typically affiliated to marked hypertension. On the contrary,
hyaline arteriolosclerosis develops in cases of modest hypertension due to
increased production of extracellular matrix by SMCs, which respond to chronic
hemodynamic stress. As the remodeling process progresses, the arteriolar intima is
increasingly built of fibromuscular tissue, resulting in a luminal narrowing with
ischemia of subsequent tissues. Microangiopathy, as a common feature of
advanced diabetes, is partly caused by these arteriolar changes. In this case,

hyperglycemia triggered endothelial dysfunction is the prevailing cause. (198, 201)

3.3.2 Inflammatory vasculopathies

Vasculitis is defined as inflammation of blood vessel walls and can affect any vessel
from arteries to veins independent of size or localization. Despite ongoing research,
certain fields of vasculitides are still poorly understood. Many mechanisms regarding
the etiology and pathogenesis of inflammatory processes within the blood vessel
walls remain unsolved and need further investigation. In general, infectious
vasculitides, which are caused by pathogens directly invading and proliferating
within vessel walls, and noninfectious vasculitides are distinguished. The latter are
commonly caused by autoimmune processes, while malignancy- and drug-induced

vasculitides due to paraneoplastic and drug side effects also occur. To establish
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specific definitions and appropriate names for the various entities, the “International
Chapel Hill Consensus Conference (CHCC) on the Nomenclature of Systemic
Vasculitides” was initiated to unify the different terms of inflammatory vascular
diseases. (202) The primary goal of the conference was to create a uniform
nomenclature, but this also allows a categorization principally based on the size of
the predominantly involved vessels defining large-, medium-, and small vessel
vasculitis. Large vessels include the aorta and its major branches with analogous
veins. Medium size vessels comprise the main visceral vessels and their initial
branches, coronary and cutaneous vessels. Intraparenchymal vessels, arterioles,
capillaries, and venules are considered small vessels. Despite this categorization, a
key concept implies that vasculitides of all three major categories can affect every
vessel size. Considerably is the fact that microorganisms can also indirectly impair
the vascular walls without invading the vessel walls per se. (202, 203) Moreover,
vascular involvement is also frequently observed in other systemic autoimmune
diseases, such as rheumatoid arthritis, systemic lupus erythematosus, systemic
sclerosis, sarcoidosis or Sjogren’s syndrome. (204)

Therefore, the abovementioned classification of vasculitides was implemented to
distinguish the various entities regarding their potential etiology and predominantly
affected vessel size. As already stated, vasculitides are divided into infectious and
noninfectious forms. A complicating factor in this categorization is increasing
evidence, that many pathogens might be indirectly involved in the pathogenesis of
vasculitis, especially via immunological effects. (205) Noninfectious vasculitis
typically derives from autoimmune phenomenons leading to inflammation of
vessels. Immune cells, pro-inflammatory cytokines and autoantibodies play a major
role in their pathogenesis. The underlying causes triggering these autoimmune
reactions are often unknown but multifactorial etiology with the interplay of genetical,
environmental, infectious, and immunologic elements are considered responsible in
many entities. Certain hypotheses on the probable etiology of classic autoimmune
vasculitides, including Takayasu's arteritis (TAK) are linked to microorganisms and
infections. (204) The indirect immunological effects ensuing from pathogens include
type II, Ill, or IV hypersensitivity reactions. (205) A steady causal relationship
between infection and vasculitis, however, has only been established in chronic
hepatitis B virus (HBV)-associated polyarteritis nodosa (PAN) and hepatitis C virus

(HCV) with cryoglobulinemic vasculitis (CV). Both infection-associated forms rank
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among the immune complex (IC) vasculitides, and thereby share the same
pathogenesis as idiopathic CV. On the contrary, the etiology and pathogenesis of
idiopathic PAN remains mainly concealed. Table 1 gives an overview of the
classification of vasculitides of the CHCC and adds selected infection-associated
and direct infectious vasculitides.

Table 1. Classification of Vasculitides according to Vessel Size and Etiology, adapted from the 2012
International Chapel Hill Consensus Conference on the Nomenclature of Vasculitides (202)

Affected Vessel Size Autoimmune Infection Associated Infectious

Vasculitides Forms Vasculitides
Large Vessel
Vasculitis:

Takayasu arteritis (TAK) asTS“ObC?;f:('f%_S\K Infective aortitis (IA)

Giant cell arteritis (GCA) bQu Iﬁ‘é‘;f’vggé‘l'ﬁl't'g

Medium Vessel
Vasculitis:

Polyarteritis nodosa HBV associated PAN VZV - vasculitis

(PAN) HIV - PAN-like
Kawasaki disease (KD) HIV - KD Toxoplasma - retinal
vasculitis
Small Vessel
Vasculitis:
ANCA-ass_o.C|.ated Granulon_w_a_toss with CMV - vasculitis Rickettsial vasculitis
vasculitis: polyangiitis (GPA)

Eosinophilic PVB19 -
granulomatosis with (leukocytoclastic)
polyangiitis (EGPA) vasculitis

Microscopic polyangiitis
(MPA)
Immune Complex Anti-glomerular
e .p basement membrane EBV - vasculitis
Vasculitis: .
disease
Cryoglobulinemic HCV-
" Cryoglobulinemic
vasculitis .
vasculitis
IgA vasculitis
Hypocomplementemic
urticarial vasculitis
Single-Organ
Vasculitis

Primary CNS vasculitis HIV - CNS angiitis
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3.3.2.1 Direct and indirect infection-associated vasculitides

As depicted in table 1, many microorganisms can induce vasculitis by different
pathophysiological ways leading to miscellaneous symptoms.

In HBV-PAN, inflammation of vascular walls is evoked by type lll hypersensitivity
reaction with immune complex depositions containing HBsAg, immunoglobulins and
complement. Immune complex driven activation of the classic complement pathway
and neutrophil recruitment resulting in the damage of endothelium and vessel wall
summarizes the assumed process. The predominantly involved vessels include
medium to small arteries, joining the ranks of medium vessel vasculitides. Onset of
vasculitis usually begins within twelve months of acute HBV infection and is
associated with both more severe courses and frequent involvement of nerves,
heart, and the gastrointestinal system. In HBV-PAN, weight loss and fever are often
accompanied by mononeuritis multiplex, arthralgias and myalgias. Patients
developed malignant hypertension, cardiomyopathy, orchitis and ischemic
abdominal pain more frequently compared to non-HBV related PAN cases. In total,
PAN is a rare manifestation in HBV patients with a prevalence of less than 1%.
Conversely, in patients with PAN defining disease patterns concomitant HBV
infections are present in under 7% of cases. (204)

In the case of HCV-CV, virus associated cryoglobulins (type Il or Ill) appear, also
referred to as mixed cryoglobulinemia (MC). Following HCV infection, mono- and
polyclonal IgM with rheumatoid factor (RF) activity are produced from chronically
stimulated B-cell clones. By complex formation with polyclonal anti-HCV IgG
antibodies, cryoglobulins arise. Besides IgM and IgG, these ICs contain viral
antigens and HCV RNA and trigger the activation of the complement cascade via
binding to C1q. C1q receptors on the surface of blood and endothelial cells in turn
bind the complexes, promoting subsequent vascular inflammation with small vessel
involvement. Characteristic manifestations of CV include cutaneous vasculitis,
membranoproliferative glomerulonephritis, and peripheral neuropathy. Patients
complain about purpura as one of the leading symptoms, as well as arthralgias,
Raynaud’s phenomenon and hypertension. End-stage renal disease is infrequently
observed in the case of renal involvement. Although MC is encountered in 40-70%
of patients with HCV, symptomatic CV is prevalent in only 5% of this population.
(204, 205)
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Infectious aortitis (IA), a potential lethal disease if left untreated, is caused by various
bacteria. Staphylococcus aureus, Enterococcus sp. and Streptococcus
pneumoniae, as representatives of gram-positive cocci constitute the main
pathogens in IA accounting for approximately 60% of cases. The enteric gram-
negative bacterium Salmonella is another frequently detected organism in aortitis,
among numerous others (including fungi e.g. Candida and Aspergillus species)
described in the literature. Treponema pallidum, the pathogen of syphilitic aortitis,
played a major role in the pre-antibiotic era but is still encountered nowadays in
untreated tertiary syphilis. Additionally, also infections with Mycobacterium
tuberculosis can lead to IA as a complication of active tuberculosis. Tuberculous
aortitis typically manifests after hematogenous spread of bacteria, frequently
triggering pseudoaneurysms. (206) IA typically affects older men with
atherosclerosis, or patients suffering from congenital aortic anomalies. Patients with
reduced immunocompetence due to diabetes, cancer and immunosuppressive
therapy are also considered populations at risk. The pathogens invade the aortic
wall via bacteremia, which often derives from infective endocarditis or a distant
source of infection. Direct expansion of pathogens from adjacent tissue or
contamination of the vascular wall after a trauma have also been described. The
microorganisms can enter the vessel wall directly through the aortic adventitia or via
embolization into the vasa vasorum. Both mechanisms lead to disruptions of
supplying vessels and further inflammation and infiltration of the wall. Severe
complications of infective aortitis are aortic (mycotic) aneurysms, rupture, aorto-
duodenal fistula, and vertebral osteomyelitis. Prolonged fever with dorsal, thoracic,
or abdominal pain is a common feature but asymptomatic cases with incidental
findings of aneurysms on thoracic or abdominal images are also reported. (205, 207,
208) As syphilis-associated aortitis was implemented in the category “vasculitis
associated with probable etiology” of the CHCC in 2012, it is introduced in more
detail. Syphilitic aortitis commonly occurs 10 to 30 years after the primary infection
and becomes clinically manifest in 10-15% of untreated syphilis cases. The long
timeframe between infection and onset of symptoms makes diagnosis of syphilitic
aortitis difficult. Nevertheless, it is a differential diagnosis important to consider, as
lethality within one year is up to 80%, especially in the scenario of aneurysms. The
destructive infiltration of the treponemes into the vasa vasorum and aortic adventitia

results in perivascular lymphoplasmacytic inflammation. The devastating
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consequences include adventitial scarring, obliterative endarteritis and medial
necrosis of elastic fibers. These processes cause intimal thickening and wrinkling,
leading to the typical “tree bark” appearance in syphilitic aortitis. Subsequent
complications derive from the weakening of the vascular integrity, including the
abovementioned aortic aneurysm, aortic root dilation and aortic valve insufficiency.
Coronary ostial stenosis emerges from the aortic wall thickening following fibrosis
of the media and formation of scar tissue. In view of diagnosing syphilitic aortitis, CT
angiography (CTA) is the preferred imaging method, enabling the detection of
aneurysmal dilatation, circumferential wall thickening and coronary ostial stenosis.
(207)

Besides causing IA, preceding infections with the strictly aerobic, acid-fast
bacterium M. tuberculosis have also been linked to TAK, partly because
granulomatous lesions are characteristic in both diseases. Additionally, studies
showed immune responses directed against heat-shock proteins of the
mycobacterium, and these findings were corroborated by the detection of
mycobacterial gene sequences within aortic tissue from patients with TAK (23 out
of 33, 70%). Hence, this suggests a potential role of M. tuberculosis in inducing TAK,
possibly via mycobacterial antigens mimicking vascular peptides, thereby triggering
cross-reactivity. (209-211) As tuberculosis can affect nearly every part or organ of
the body, also tuberculous vasculitides occur at various sites, affecting different
vessel sizes. For example, M. tuberculosis can lead to tuberculous cerebral
vasculitis, a complication of tuberculous meningitis. Affected patients suffer from
motor deficits, acute confusional states, headaches, convulsions, or meningeal
syndrome, and brain infarctions commonly occur. (212) Tubercular retinal vasculitis
is another manifestation frequently diagnosed in patients with ocular tuberculosis.
(213) Diagnosis is based upon characteristic signs and symptoms together with a
diligent clinical examination and imaging procedures, including brain CT and
magnetic resonance imaging (MRI) as well as fundoscopy, respectively. Skin
involvement with cutaneous leukocytoclastic vasculitis further illustrates the diverse
vasculitic syndromes associated with tuberculosis and its potential to affect vessels
of all sizes. (214)

Arthropod-borne infections can also affect the vessels, with Rickettsiae showing
special tropism to endothelial cells. Different species of the gram-negative, obligate

intracellular bacteria are causing vasculitides, especially Rickettsia rickettsii (Rocky
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Mountain spotted fever, RMSF), Rickettsia conorii (boutonneuse fever) and
Rickettsia prowazekii (epidemic typhus). After skin inoculation, the pathogen
spreads through lymphatics into the vascular system, where it infects and replicates
in microvascular endothelial cells. The result is a benign maculopapular rash as a
common feature of infection. In untreated cases, the infection may progress with
invasion of small arteries and veins, leading to a systemic small vessel vasculitis.
Small vessels of the brain, lungs and kidneys are mostly affected, causing edema,
hypotension and multiorgan failure due to an increase in vascular permeability. In
RMSF, typical symptoms occur after an incubation period of 2-14 days with
headache, nausea with or without vomiting, myalgias, fever, and abdominal pain.
The characteristic rash appears after three to five days, and an eschar may be
apparent upon careful history taking and physical examination. Real-time PCR of
skin-biopsy specimens is the diagnostic analysis of choice, providing adequate
sensitivity and prompt diagnosis. (205, 215-217) Further intracellular pathogens
causing infrequently vasculitis are Ehrlichia chaffeensis and Coxiella burnetii. (205)
Besides bacterial, viral, and fungal infections, also parasites can trigger vasculitis or
directly invade vessel walls. A known representative is the protozoan parasite
Toxoplasma gondii, the causative agent of ocular toxoplasmosis. The typical
manifestations of ocular toxoplasmosis include recurrent posterior uveitis with
unilateral, necrotizing retinitis and secondary choroiditis. Patients often complain
about floaters, sometimes in conjunction with altered vision. These findings are
usually seen adjacent to a pigmented retinochoroidal scar and associated with
retinal vasculitis. If retinal vasculitis is present, the local venous vasculature is more
often involved than the retinal arteries (medium arteries). Segmental arteriolitis is
another suggestive feature of the disease, known as Kyrieleis arteriolitis or plaques.
The diagnosis is typically established by the characteristic clinical presentation but
might be confirmed with DNA PCR or specific antibody detection in ocular fluid.
(205, 218)

Aside from HBV and HCV, numerous other viruses have been linked to either direct
or indirect vascular injury and inflammation. With ongoing research on vasculitic
syndromes, the pathomechanisms of viral infections may be further enlightened to
uncover their true impact on vasculitides.

In patients with HIV infection, vascular inflammation is a frequently observed

complication. Different mechanisms for the induction of vasculitis are proposed with
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an interaction of various hypotheses as the probable actual cause. Injury of vessel
walls might occur by direct viral replication within the vascular tissue. Lymphocytic
overactivity and elevated levels of inflammatory cytokines emphasize a persistent
immune activation. In combination with depositions of ICs in the vessel walls or
formation on-site, they represent further potential pathophysiological pathways.
Additionally, HIV infections promote the susceptibility to opportunistic infections (T.
gondii, Pneumocystis jirovecii), co-infections (HBV, HCV, CMV) and hypersensitivity
to antiviral drugs and hereby indirectly trigger vasculitides. (204, 216) HIV-
associated vasculitides differ in affected vessel size, ranging from large to small
vessel vasculitis, and their histological appearance, which resembles giant-cell
arteritis or necrotizing vasculitis. (215, 219) The most common vasculitic syndrome
found in HIV patients is that of a PAN-like medium vessel vasculitis. In contrast to
idiopathic PAN, it is more focal and unlikely to take a fulminant course. HIV-PAN
typically involves the neuromuscular system and skin. (204, 215, 216) Angiitis of the
central nervous system (CNS) in the setting of HIV infection is another common
entity with heterologous etiologies. The causes encompass direct HIV vasculitis, co-
pathogen infection or angiocentric lymphoproliferative lesions. To aggravate
diagnosis, cerebral vasculitis can also develop after initiation of highly active
antiretroviral therapy. This results in an overwhelming immune response to
subclinical, often opportunistic infections, called immune reconstitution inflammatory
syndrome. (215) Kawasaki disease (KD), known to be linked with preceding
bacterial or viral infections especially in children, is also found in adult HIV patients.
Approximately one-third of reported adult KD cases are related to HIV infections
with clinical appearance and therapy not deviating from other KD manifestations.
(204)

Parvovirus B19 (PVB19) is a small, non-enveloped DNA virus and pathogen of
erythema infectiosum (“the fifth disease”) especially in children. PVB19 possesses
tropism for many different cells, including erythroid progenitors but also endothelial
cells. The main receptors for viral attachment and entry into the cells represent the
P blood group antigen globoside and a531 integrins. Thereby, it is assumed that the
virus invades endothelial cells leading to vascular inflammation. Parvovirus has
been linked to the pathogenesis of several autoimmune vasculitides, including PAN,
granulomatosis with polyangiitis or giant cell arteritis (GCA), however

comprehensive studies failed to detect conclusive connections. (204, 215) In cases
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of proven PVB19 vasculitides, small vessels were affected in the majority, showing
a leukocytoclastic pattern in afflicted organs (skin, kidneys). (204) In a case study
of 49 adults infected with PVB19, 18% had skin lesions with palpable purpura.
Histology confirmed cutaneous vasculitis displaying superficial perivascular
inflammation and leukocytoclasis. (220) Diagnosis is built upon detection of specific
IgM antibodies and corroborated by positive PCR for viral DNA in skin lesions or
serum. (204)

Cytomegalovirus (CMV) affects patients irrespective of their immune resistance,
albeit immunocompromised hosts are infected more often and tend to run severe,
disseminated courses. Patients may present with clinical signs coinciding with small
to medium-sized vessel vasculitis, demonstrating the viral capability to infect
endothelium. (215) Besides direct vascular damage, viral antigens expressed by
afflicted cells activate host immune responses against these cells, resulting in
inflammation. (216) Histopathologic workup of biopsies from affected organs reveal
leukocytoclastic or granulomatous vasculitis. (204) CMV vasculitis typically involves
the gastrointestinal tract, especially the large bowel. Gastrointestinal vasculitis may
be present with abdominal pain and febrile diarrhea due to ischemia, perforation,
and hemorrhage in more severe courses. In addition, retinal or skin manifestations
are described and neurologic deficits due to CNS or peripheral nervous system
infarcts occur as well. (205, 215) CNS vasculitis appears in the form of
encephalopathy, meningoencephalitis, cranial nerve palsy or radiculopathy. Skin
lesions often refer to disseminated and therefore menacing infections, with a higher
risk of fulminant progression. (216) Manifestations within the skin range from
purpuric lesions, to subcutaneous nodules to vesicles or erythematous rashes. (217)
CMV vasculitis is diagnosed based on biopsy specimens with identification of
cytomegalic endothelia and characteristic intranuclear inclusion bodies in
macrophages. This is complemented by the detection of specific antigens and/or
detection of CMV DNA. (204, 205)

Infections with the varizella zoster virus (VZV) can lead to direct viral invasion of the
vessel walls with subsequent inflammation. The most common feature of VZV-
vasculitis is granulomatous CNS vasculitis, which affects large and small cerebral
vessels. It has been observed in primary infections (varicella) as well as
reactivations of the virus (zoster). The duration from primary infection to the clinical

manifestation of CNS vasculitis is approximately four weeks. In contrast, cerebral
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vasculopathy following zoster ophthalmicus or any other zoster location may
emerge up to two years thereafter. Of note, more than one third of patients did not
suffer from typical rash, with some solely complaining about herpetic neuralgia.
Symptoms of CNS vasculitis can reflect both unifocal or multifocal disease
presentations, covering acute hemiplegia, transient ischemic attack (TIA), and other
stroke syndromes, as well as rapidly progressive multi-infarct dementia or
intranuclear ophthalmoplegia. Concurrent VZV myelitis and meningitis are
frequently observed. VZV associated retinal vasculitis, as a variant of CNS
vasculopathy, is one of the most common causes of acute retinal necrosis
syndrome. (205, 215) However, vascular inflammation is not limited to cerebral and
ocular sites but has also been reported to affect the skin and kidney. (216) Yet again,
VZV vasculitides occur in both immunocompetent and immunosuppressed
individuals with a higher risk of aggravation and severe courses in the latter.
Histopathologic features of impaired vessels show segmental inflammatory
infiltrations by lymphocytes or histiocytes, sometimes with fibrinoid necrosis or
multinucleated giant cells (granulomas). (221) Diagnosis of CNS vasculitis is
supported by MRI revealing ischemic or hemorrhagic infarctions, characteristically
within grey-white matter junctions. Additionally, segmental narrowing with large- and
small-vessel involvement is diagnosed, often accompanied by post-stenotic
dilatation as seen on angiography. While VZV DNA is detected in only one-third of
cerebrospinal fluid (CSF) samples, specific anti-VZV IgG antibodies are found in
93% of cases with lymphocytic pleocytosis as another common feature (67%). (204)
Several other pathogen-associated vasculitides have been described in the
literature and gain of knowledge will further increase their quantity. Additional
viruses worth to be mentioned include Epstein-Barr virus (EBV), capable of
provoking IC vasculitis involving small vessels and renal glomeruli or
leukocytoclastic vasculitis. The herpes simplex viruses 1 and 2 may also infect small
to medium size arteries, leading to cutaneous, retinal, or necrotizing vasculitis and
the onco-retrovirus human T lymphotropic virus type 1 is also known to trigger

vascular lesions directly, or indirectly. (205)
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3.3.2.2 Noninfectious vasculitides

As mentioned in the introduction chapter to vasculitides (3.3.2), the specific etiology
and pathomechanisms of noninfectious vasculitides are frequently unknown, but
autoimmune responses are predominantly involved. Therefore, the main
autoimmune-mediated vasculitides are described, including TAK, GCA, PAN, KD,
and antineutrophil cytoplasmic antibodies (ANCA)-associated vasculitides (AAV).
Immune complex formation with vascular deposition, like ANCA, and pathogenic T
lymphocyte responses rank among the major autoimmune phenomenons observed
in these diseases. (222) Overall, primary vasculitides are rare conditions, however,
fundamental epidemiologic differences arise among different age groups, race, and
gender. A female predominance is seen in both large vessel vasculitides, TAK and
GCA, whereas PAN and AAV occur more frequently in males. (223) Moreover, while
TAK is more prevalent in Northeast Asia, typically affecting women between 15 to
40 years of age, GCA exhibits the highest incidence in Scandinavia, typically
observed in people aged =50 years. The medium vessel vasculitis PAN, as well as
the small vessel affecting AAVs have a mean age of onset between 40 to 60 years.
(223, 224) Compared to the other vasculitic syndromes, the medium vessel
vasculitis KD predominantly affects children below the age of five, with peak
incidences among individuals from East Asian descent. (224) Table 1 outlines
autoimmune vasculitides with their predominantly affected vessel sizes. Common
constitutional symptoms, indicating systemic inflammation in autoimmune vasculitis,
comprise fever, weight loss, anorexia, malaise, fatigue, night sweats, headache,

myalgias, and arthralgias.

3.3.2.21 Takayasu arteritis (TAK)

TAK typically affects the aorta and the proximal segments of its major branches, and
pulmonary artery involvement frequently occurs. The exact etiology of TAK is
unknown but immunopathogenic mechanisms and associations with the human
leukocyte antigen (HLA)-B*52 are suspected. Histopathologic studies reveal a T
cell-mediated, granulomatous panarteritis with inflammatory mononuclear cell
infiltrates and occasionally giant cells, primarily situated in the media and adventitia.
(203, 222, 225) Inflammatory processes lead to intimal proliferation and fibrosis, in
combination with disruption and degeneration of the elastic lamina, as well as a

scarred media. This results in a decrease in the vascular lumen and characteristic
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symptoms due to the compromised blood flow occur in the supplied organs.
Pulselessness of affected vessels is a typical feature of TAK. As the subclavian
artery is commonly involved, ischemic symptoms of the upper limb frequently occur.
Additionally, affections of the common carotid arteries and abdominal aorta manifest
as visual changes (amaurosis, diplopia), syncope, TIA, or stroke, and abdominal
pain, nausea, or vomiting, respectively. Arterial hypertension might express renal
artery involvement. Laboratory studies characteristically reveal mild anemia with

ESR and immunoglobulin level elevations. (222)

3.3.2.2.2 Giant cell arteritis (GCA)

Although GCA resembles TAK in regard of the affected vessels (aorta and its major
branches), it commonly presents with cranial artery involvement. While
approximately 30% of patients solely suffer from temporal arteritis, concurrent
symptoms of polymyalgia rheumatica occur in 40-50% of GCA cases. (203, 222)
Similar to TAK, the etiology of GCA is unknown but associations with genetic factors
were found, especially for HLA-DRB*04 alleles. In view of pathogenetic and
histopathologic features, GCA also shows panarteritis in the form of a
granulomatous inflammation, but giant cell formation is more frequent than in TAK.
Dendritic cell activation, followed by cytokine production and release via T helper 1
and 17 cells orchestrate the pathogenesis of GCA, resulting in vascular remodeling
with ischemia of downstream organs and tissues. Patients with the characteristic
cranial artery involvement suffer from headache, often accompanied by a tender,
thickened, or nodular artery. Claudication of the jaw and tongue, especially while
chewing, and scalp pain are further characteristics. In this scenario, ischemic optic
neuropathy constitutes the most severe complication, resulting in irreversible visual
loss unless treated in time. Precursors may include diplopia, amaurosis fugax, or
visual blurring. (222, 225) Laboratory findings include markedly elevated ESR,

increased CRP, normochromic anemia, and thrombocytosis. (203)

3.3.2.2.3 Polyarteritis nodosa (PAN)

The medium and small muscular arteries affecting PAN is defined as a necrotizing
arteritis, in which glomerulonephritis, ANCAs, and granulomas are absent, and
arterioles, capillaries, and venules are not involved. (202) PAN lesions typically
show a segmental affection pattern, with bifurcations and branchings of arteries as

predilection sites. While specific infection-associated forms are common (HBV-
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PAN, chapter 3.3.2.1) and arise with immune complex depositions, in the majority
of cases the etiology remains elusive. Histopathological samples uncover
polymorphonuclear neutrophils, which infiltrate the entire vascular wall and
perivascular areas during the acute stages. With progression of the disease,
mononuclear cells infiltrate the lesions and the vascular reactions of intimal
proliferation and degeneration of the wall proceed to fibrinoid necrosis. Luminal
narrowing with subsequent thrombosis, infarction of supplied tissues, and
hemorrhage are the consequences. Another typical finding in PAN is aneurysmal
dilatation that are particularly found in the commonly affected renal and visceral
vessels. Their involvement also explains the characteristic symptoms of PAN,
comprising arterial hypertension, renal insufficiency, or renal infarction, and emesis,
diarrhea, or intestinal bleeding in the case of visceral involvement. Additional clinical
manifestations involve the skin (e.g. rash, purpura, nodules) and the nervous system
(peripheral neuropathy, mononeuritis multiplex). Laboratory studies commonly
reveal leukocytosis and anemia of chronic disease, coupled with elevated CRP and
ESR values. (203, 222)

3.3.2.24 Kawasaki disease (KD)

Ranking among the most common vasculitides in childhood, the systemic
inflammatory disease KD predominantly affects small and medium arteries. (202)
Different hypotheses have been proposed regarding the etiology of KD, with the
combination of genetic predisposition and infectious triggers as the most promising.
(226, 227) Following the onset of disease, infiltration of inflammatory cells, including
neutrophils, lymphocytes (CD8+ T cells), and macrophages, into the vascular tissue
ensues, which is especially profound in the coronary arteries. The resulting vascular
damage concerns endothelial cells, the elastic lamina, and medial smooth muscle
cells with intimal proliferation seen in pathologic studies. Due to the decay of elastic
and collagen fibers, along with disruptions of the vascular integrity, beadlike
aneurysms and thromboses might develop. (222, 228) Persistent, pronounced fever
with bilateral conjunctivitis, cervical adenitis, polymorphous exanthema, erythema
of lips and oral mucosa, as well as palms and soles define the clinical hallmarks of
KD. Laboratory manifestations include elevated levels of CRP and ESR,
leukocytosis and anemia (normochromic and normocytic), as well as thrombocytosis

one week after symptom onset. The aforementioned aneurysms play a key role in
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long-term sequelae of KD, as coronary artery aneurysms and thromboses can result

in myocardial infarction years after disease onset. (225, 229)

3.3.2.2.5 ANCA-associated vasculitides (AAV)

Alongside the predominance of small vessel involvement, the characteristics of this
group of vasculitides are the frequently present antibodies directed against specific
proteins within cytoplasmic granules of neutrophils and monocytes, called ANCA.
Two main ANCA targets allow the categorization into cytoplasmic ANCA (cCANCA)
and perinuclear ANCA (pANCA). This terminology refers to the distinct staining
patterns, seen in immunofluorescence microscopy, when sera of AAV patients are
added to ethanol-fixed indicator neutrophils. AAV contain three distinct vasculitic
syndromes: granulomatosis with polyangiitis (GPA), eosinophilic granulomatosis
with polyangiitis (EGPA), and microscopic polyangiitis (MPA). Over 90% of patients
with active GPA feature a cANCA pattern, with antibodies directed against their
major antigen proteinase-3. pANCA in contrast, which are primarily directed against
myeloperoxidase (MPO), are seen to a lower extent in EGPA and MPA. However,
the exact role of ANCA in AAV pathogenesis and progression is unclear and subject
of ongoing debates. (222) Again, the etiology of AAV remains elusive but a

combination of genetic and environmental triggers is discussed. (230)

3.3.2.2.5.1 Granulomatosis with polyangiitis (GPA)

Small vessels of the upper and lower respiratory tract and kidneys are typically
affected in GPA. Histopathologically, necrotizing vasculitis with multinucleated giant
cell granulomas are characteristic findings. In the case of renal involvement, focal
and segmental necrotizing glomerulitis might be seen, potentially resulting in a
rapidly progressive crescentic glomerulonephritis. Patients with upper respiratory
tract involvement frequently suffer from sinusitis and otitis media, as well as nasal
disorders. In the latter, purulent or bloody discharge, mucosal ulceration, and septal
perforation, which might lead to saddle nose deformity, comprise common findings.
Additionally, cough, hemoptysis, and dyspnea can reflect the pulmonary infiltrates
and nodules, which are commonly detected by imaging techniques. Symptoms
indicative of glomerulonephritis often prevail, with proteinuria, hematuria, and
erythrocyte casts. (203, 222)
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3.3.2.2.5.2 Eosinophilic granulomatosis with polyangiitis (EGPA)

EGPA is characterized by a necrotizing, granulomatous angiitis predominantly of
small vessels with the typical development of extravascular granulomas. It is
accompanied by asthma and peripheral and tissue eosinophilia. Multiple organ
systems might be involved, but pulmonary findings dominate the clinical picture with
patients complaining about asthmatic disorders such as rhinosinusitis and
aggravating severe asthmatic attacks. The commonly observed skin lesions
(purpura, nodules), mononeuritis multiplex, and mild renal disease demonstrate the
systemic effects of EGPA. (203, 222)

3.3.2.2.5.3 Microscopic polyangiitis (MPA)

MPA leads to necrotizing vasculitis primarily of small vessels and differs from GPA
and EGPA due to the absence of granuloma formation. Frequently involved organs
are the kidneys and lungs, with glomerulonephritis and pulmonary capillaritis as very
common features. Histological specimens of MPA patients lack immune-complex
formation and resemble GPA in the case of renal lesions. Similar to GPA, MPA often
triggers glomerulonephritis and pulmonary disorders, with hemoptysis, and dyspnea
as initial symptoms. Additional symptoms include mononeuritis multiplex,

gastrointestinal complaints, and purpura. (203, 222)

3.3.3 Complications of vasculopathies

Despite their miscellaneous pathomechanisms and etiologies, many of the
abovementioned diseases trigger similar complications over time. The combination
of remodeling processes of the vascular walls, which lead to luminal narrowing and
stenosis, and the local pro-inflammatory milieu markedly increases the risk of
thromboembolic events. Therefore, arterial and venous thromboembolic events

constitute major complications of vasculopathies and are described in more detail.

3.3.3.1 Thrombosis and Embolism

Thrombosis defines the process of intravascular, intravital coagulation of blood
leading to the obstruction of blood vessels. Depending on the formation mechanism,
different composition types of thrombi are distinguished with precipitation,
stagnation and hyaline thrombi ranking among the most important. Pathological
formation of blood clots typically arises from three major factors, which often occur

combined. Endothelial dysfunction as one factor originates from structural or
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functional changes of the endothelium or basal membrane. Especially injuries of the
endothelium caused by atherosclerosis, hypertension or trauma are of great
relevance. Exogenous substances, immunological reactions and inflammatory
processes can also disrupt the endothelial integrity and thereby promote
thrombogenesis. Disorders of the hemodynamics, predominantly stasis of the blood
flow, represent the most relevant causes of coagulation in expanded veins,
aneurysms and dilated left atriums. Right heart failure slows the venous return from
the periphery, especially from the veins of the legs triggering deep vein thrombosis,
which in turn is the most common origin of PE. The aggregation of activated clotting
factors and thrombocytes yields thrombus formation. Changes in blood composition
such as higher cell counts, or volume deficiencies result in more viscous blood with
greater flow resistance. Therefore, these changes lead to a hypercoagulable state.
Taken together, these factors constitute the Virchow's triad. The pathogenesis of
the different thrombus types is closely related to the aforementioned factors. The
development of precipitation thrombi is based on endothelial activation or injury with
the exposure of subendothelial structures, initiating the adhesion of thrombocytes
to the vessel walls. Downstream of this process, fibrin covers the formed platelet
thrombus to form a network and erythrocytes and leukocytes attach. Precipitation
thrombi are preferably observed in regions of atherosclerotic plaques and
vasculitides and represent the predominant type of arterial thrombi. Stagnation
thrombi in contrast develop from stagnating blood within the vessels. Activated
clotting factors, platelets and endothelial cells lead to fibrin deposits with clotting of
the entire blood column. The result is a complete obstruction of the affected blood
vessel. In general, stagnation thrombi are encountered in the venous vascular
system due to a delayed blood return. Hyaline thrombi typically form in venules,
capillaries and less common arterioles in patients suffering from disseminated
intravascular coagulation (DIC). (199, 222)

One of the feared complications of thromboses is embolism. Emboli are specified
as corpuscular materials, which occur when thrombi detach and travel via the
bloodstream to other regions of the vascular system, until they lodge and obstruct
another vessel. Apart from thrombi, which are the most frequent cause of emboli,
also fat, cholesterol, cells, amniotic fluid, and foreign bodies may lead to embolism.
The distinction between venous, arterial, and paradoxical emboli is determined by

the origin of the thrombus. PE marks the most abundant venous thromboembolism,
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which can originate from thrombosis of the deep and superficial veins. In
comparison, 80% of arterial thromboembolic events arise from the left heart and can
therefore impact any of the downstream arterial vessels. Paradoxical
thromboemboli are rare and only observed in individuals with a patent foramen ovale
or septal defects, where emboli directly cross from the right to the left heart. (199,
222)

3.3.3.1.1 Venous thrombosis and thromboembolism

The term venous thromboembolism comprises vein thrombosis and PE and is
associated with acute pulmonary and cardiovascular complications and sequelae.
Long term effects declining the quality of life include postthrombotic syndrome or
chronic venous insufficiency and chronic thromboembolic pulmonary hypertension
with the development of edemas of calf and ankle, leg aching or ulcers and

breathlessness with reduced physical resilience, respectively. (222)

3.3.3.1.1.1 Superficial and deep vein thrombosis

The acute or chronic obstruction of deep veins is defined as DVT, which may
progress into proximal or distal parts of the vessel. In contrast, superficial vein
thrombosis (SVT) refers to thrombosis of superficial veins, predominantly of the
lower extremity, which include the great, accessory, and small saphenous veins. Of
note, both venous thrombotic diseases may lead to VTE. (231) Epidemiological data
suggest an incidence of DVT of one to two cases per 1000 inhabitants per year and
rates rise with age. (232) Although less studies are available regarding the
epidemiology of SVT, data presume higher incidence rates compared to DVT. (233,
234) On the basis of the Virchow's triad, different factors facilitate the formation of
venous thrombosis. The common predisposing factors include surgery, traumata,
heart failure, malignancies, obesity, pregnancy, therapy with sexual hormones and
any kind of immobilization in general, including being bedridden. In addition, genetic
prothrombotic states promote blood clotting, with the gene mutations of factor V
Leiden and prothrombin being the most common causes of thrombotic events.
Inflammatory processes and infections promote thromboses via enhancing the
coagulation activity, and psoriasis and inflammatory bowel disease gained
recognition as further VTE risk factors. However, in about one third of VTE cases
the cause remains unknown. One typical pathogenetic mechanism of DVT is venous

stasis by loss of the muscular pump function in immobilized patients. This leads to
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a doubled event rate in long-term bedridden states compared to transient periods.
Of clinical importance is the fact that 20% of patients with spontaneous and
apparently unprovoked VTE suffer from tumor disease. Further diagnostics to rule
out potential malignancies are always indicated in this patient population. (203, 222,
232) For SVT, additional significant risk factors are varicose veins and their excision
or ablation procedures, as these impaired veins account for almost 90% of cases.
(231, 235) The most common symptoms in DVT are cramps and pain in muscles,
especially in the lower calf, which commonly endure and worsen over several days.
Swelling, pain and cyanosis of the affected leg are the considered characteristic
triad of symptoms, although they are unspecific and only occur in about 50% of
cases. Typical signs and symptoms of SVT include the cardinal signs of
inflammation, with tenderness, induration, pain, and erythema along the course of
the affected vein. On clinical examination, the thrombus might be palpable as a
hardened or nodular cord. In cases of high fever, suppurative SVT must be
excluded. Moreover, SVT often progresses to DVT, and in patients also complaining
about DVT symptoms, evaluation of concurrent thromboembolism is indicated.
Despite these typical symptoms, the clinical diagnosis of SVT is confirmed by duplex
and compression ultrasonography to visualize the extent of thrombosis and to
exclude a potential coexisting DVT. (231)

The routine diagnostics of patients with suspected DVT comprises the integration of
the Wells-score to assess the pre-test probability. The likelihood of thrombosis is
high if the two-step Wells-score is = 2 points. In settings of high clinical probability,
D-dimer testing can be omitted, and patients need to undergo compression
ultrasonography and Doppler imaging. In other cases, D-dimer testing may rule out
VTE, if values are within normal range, making further diagnostics unnecessary.
However, if the result is positive, additional imaging is indicated. (232) When thrombi
are visible during ultrasonography, their ends should be identified to assess the
proximal and distal expansion. In patients with diagnosed DVT, evaluation of blood
count and coagulation parameters is obligate. At the same time, further
investigations should be initiated to detect the causative agent of the DVT. A diligent
and targeted diagnostic approach followed by immediate therapeutic interventions
can efficiently reduce the risk of complications and sequelae. Aside from PE,
phlegmasia cerulea dolens is another complication and related to significant

morbidity and mortality. It occurs in about 3% of DVT cases and presents with
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severe pain in the leg, an extensive bulging edema and cyanosis of the affected
extremity. Phlegmasia cerulea dolens is the result of severe thrombus progression,
with obstruction of almost every vein of the leg and consequently rising tissue
pressure with the compression of arteries. To avoid complications, prompt initiation
of therapy including vascular compression therapy and adequate anticoagulation is
important. Compression stockings with pressures of 30 to 40 mmHg relieve the
swelling and pain and improve the venous return from the periphery through
collaterals. However, the most important aspect is the effective prevention of
postthrombotic syndromes, if prescribed and diligently worn at an early stage.
Compression treatment should be continued for at least three months. In the case
of SVT, compression therapy in combination with nonsteroidal anti-inflammatory
drugs (NSAIDs) constitutes the basic management. While initial anticoagulative
therapy is mandatory in patients with DVT, it is only implemented in SVT patients
who experience an elevated risk for VTE. (231) Initial anticoagulation in DVT is
predominantly based on therapeutic doses of parenteral LMWH or fondaparinux for
five to ten days followed oral anticoagulation. Unfractionated heparin (UFH) may be
used in patients with severe renal insufficiency. Vitamin K antagonists are added
and serve as the continuation therapy following initial anticoagulation. Another
treatment option is the administration of direct oral anticoagulants (DOACs) with
rivaroxaban and apixaban being suitable for both, initial and continuation therapy as
monotherapies. In the case of prescription of edoxaban or dabigatran, five days of
initial heparinization is indicated. Following the acute phase, the maintenance
treatment is continued with either vitamin K antagonists or DOACs, in selected
patients the heparin regimen might be continued. Depending on the individual
benefit-risk profile, the anticoagulation therapy is continued for three to six months,
in selected cases also long-lasting with annual risk-benefit assessments. Special
indications may warrant pharmaco-mechanical therapy as well as venous

thrombectomy and vena cava filters. (203, 222, 232)

3.3.3.1.1.2 Pulmonary Embolism (PE)

Acute PE, as a life threating complication of DVT, is characterized by partial or total
obturation of pulmonary arterial vessels. PE can affect every blood vessel size,
ranging from the main pulmonary arteries to the segment and subsegment
pulmonary arteries. While epidemiological data suggest an increasing incidence of

PE, the overall mortality seems to decline over the past years. Advances in
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diagnostic techniques and further development of therapeutic approaches including
oral anticoagulants contribute to this reduction. (236, 237) PE is the third leading
cause for in-hospital death and about 20% of patients die before diagnosis or soon
thereafter. Up to 90% of lethal PE occur in the first two hours after onset of
symptoms. In general, the risk of suffering from PE doubles beyond the age of 40.
(238) The primary cause of PE is thrombosis of the inferior vena cava or DVT of the
lower extremities accounting for approximately 70 to 90% of all cases, whereby the
risk of symptomatic disease is equal for partial and complete obstructing thrombi.
After deep venous thrombi detach, they embolize to the inferior or superior vena
cava followed by the right atrium and ventricle to the pulmonary arterial circulation,
where they lodge and thereby cause acute PE. As a result, one of the main
pathophysiological aspects is the alteration of hemodynamics, leading to a disparity
between lung perfusion and ventilation, because affected lung areas may still be
ventilated, but not perfused anymore. Sudden obstruction of at least 25% of the
entire pulmonary arterial vessel cross-section is accompanied by an increase of the
mean pulmonary artery pressure and a concomitant decrease of right ventricular
ejection fraction (EF). Cardio-pulmonary failure is observed in prior cardiovascular
healthy individuals with obstructions beyond 75%. With declining of the pulmonary
perfusion, also the gas exchange surface diminishes, resulting in impaired
oxygenation and arterial hypoxemia with compensatory hyperventilation and
consecutive hypocapnia. Despite the reduced blood flow in involved lung areas, lung
infarction only occurs in 10% of PE cases, partly because of additional oxygenated
blood supply through bronchial arteries. If pulmonary infarctions occur, they are
usually indicative of small, peripheral PE and provoke eminent pain, because of their
proximity to pleural innervations. PE is classified upon severity, depending on size
and site of the afflicted lung area. Massive PE affects half of the pulmonary
vasculature and accounts for 5% to 10% of cases. It leads to hemodynamic
instability and often presents as cardiogenic shock or multisystem organ failure,
constituting high-risk PE. Submassive PE represents 20% to 25% of cases and is
usually associated with right ventricular dysfunction, or elevated cardiac troponin
levels but steady systemic arterial pressure. This category is also referred to as
intermediate-risk PE. Most patients suffer from low-risk PE, which constitutes 65%

to 75% of all PE, and is associated with an excellent prognosis. (222, 238)
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Signs and symptoms of acute PE are versatile and nonspecific, making clinical
diagnosis difficult. Furthermore, the severity of complained symptoms does not
necessarily correlate with disease extent. While sudden onset of unexplained
breathlessness is the most frequently stated complaint, additional symptoms such
as retrosternal pain, coughing, tachycardia or hemoptysis are also common
features. In cases of severe PE, patients can suffer from dizziness or syncope due
to hypotension and shock. Concomitant signs of DVT might be encountered, but in
many cases no signs of thrombosis are detected, as the embolization of the clot has
already occurred.

A fast approach to the correct diagnosis of PE followed by appropriate therapy is
critical to ensure high survival rates, because mortality peaks within the first 48
hours. Basic diagnostics are introduced to every patient with suspected PE to
differentiate between hemodynamically stable or unstable states. The first
diagnostical steps encompass a structured medical history, clinical examination,
evaluation of vital signs, chest x-ray, an electrocardiogram (ECG) and blood gas
analysis. (232) Early determination of the PE pre-test probability via Wells- or
Geneva-score is indicated and influences the further diagnostic process. Similar to
the evaluation of DVT, patients with low pre-test values should undergo D-dimer
testing, while cases with a high likelihood are directly subjected to imaging tests. D-
dimer values >500 pg/L are considered pathologic in patients younger than 50
years. Beyond the age of 50, the following formula is used to attune the D-dimer
threshold to age: 10 pg/L * age of the patient. Additional diagnostics may reveal
diminished oxygen saturation together with reduced PaO2, indicating arterial
hypoxemia, while lactate and partial pressure of carbon dioxide might be elevated
in the blood gas analyses. Sinus tachycardia, P-pulmonale, T inversions in the right
precordial leads (V1-V4) as well as complete or incomplete right bundle branch block
are indicative signs of PE in the ECG. Another typical abnormality in ECG detected
in about 20% of cases is the so called S1Q3T3 pattern, showing S waves in lead |,
and Q waves and inverted Ts in lead Ill. Even though a chest x-ray is often
inconspicuous in PE, it is stillimplemented to rule out differential diagnoses such as
pulmonary edema, pneumonia, pneumothorax, or pleural effusions. (238) However,
the imaging method of choice in the diagnostic algorithm represents a multislice-
CT-pulmonary angiography for all patients who either show elevated D-dimer levels

or a high pre-test probability. Optimized protocols with the highest possible contrast
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lead to sensitivity and specificity of up to 96% to detect PE. The clinical examination
and investigation of vital parameters is also pivotal to assess the hemodynamical
situation of the patient and to distinguish stable patients from patients with unstable
hemodynamics and potential signs of shock. Hence, the further course also
depends on the received parameters and the hemodynamical state of the patient.
After confirmation of acute PE in stable patients, a risk stratification should be
conducted using the “pulmonary embolism severity index” (PESI) to determine both
the 30-day risk of mortality and the preferred treatment. (239) Hemodynamically
stable patients are categorized as non-high-risk patients with a 30-day risk of
mortality ranging from 1 to 25%. Further discrimination between intermediate-low
and intermediate-high PESI patients, include additional results from transthoracic
echocardiography and cardiac biomarkers (Troponins and NT-pro-brain natriuretic
peptide [NT-proBNP]). Echocardiography is performed to attest right ventricular
dysfunction, while increased cardiac markers are indicative of a higher complication
and mortality rate. In contrast, instable patients should immediately receive CTA if
applicable. As an alternative, the evidence of right ventricular stress or pulmonary
hypertension objectified by transthoracic echocardiography suffices to initiate
reperfusion therapy, without further imaging procedures.

The basic care of acute PE cases includes upper body elevation and administration
of oxygen. Depending on the blood gas analysis and the extent of tachypnea,
intubation and mechanical ventilation might be indicated in possibly coexisting lung
edema. Prompt administration of intravenous UFH with the opportunity to switch to
a subcutaneous administration of LMWH, fondaparinux or the application of DOACs,
if no reperfusion therapy is necessary, is essential within the first hours of therapy.
Administration of heparins or fondaparinux should be maintained for at least five
days. In cases of hemodynamically unstable conditions urgent revascularizing
procedures are indicated. (240) Systemic thrombolysis to dissolve the obstructing
pulmonary embolus with recombinant tissue plasminogen activator (rtPA) serving
as the preferred intravenous fibrinolytic regimen is often initiated. Another option
and back-up procedure is pharmaco-mechanical catheter-directed therapy, which
commonly combines low-dose thrombolysis with physical fragmentation of the
thrombus. Additional approaches include surgical interventions like pulmonary
embolectomy. In all patients suffering from PE with preserved hemodynamics, oral

anticoagulants are prioritized in the therapeutic process. The same principles
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regarding the treatment regimens and pharmaceuticals in the therapy of DVT also
apply to PE. Only cases categorized in the intermediate-high risk stadium should be
kept under observation in the ICU for three days. If cardiac decompensation occurs,

systemic fibrinolysis is also indicated in this patient population. (203, 222)

3.3.3.1.1.3 Cerebral venous thrombosis (CVT)

Another venous thrombotic disease, but less frequent compared to DVT, is CVT.
The term commonly describes thrombotic occlusions of the dural sinuses as well as
cortical vein thromboses, which often appear combined. (241) Studies estimated
incidence rates of about 1.3 per 100,000 person-years in adults, with the highest
rate in the age group between 31 to 50 years. Especially women of this group are
at the greatest risk with 2.8 cases per 100,000 person-years. (242, 243) In
comparison, CVT is rare in the elderly beyond the age of 65, who account for less
than 10% of cases. (244) Conditions associated with the occurrence of CVT partly
overlap with the risk factors for VTE. However certain risk factors are unique for this
entity. Women, especially in the reproductive age and with the use of oral
contraceptives, have a threefold risk for CVT compared to men. (245, 246)
Additional CVT-specific risks include local infections (e.g. meningitis, mastoiditis or
otitis), craniocerebral trauma, neurosurgical procedures or lumbar puncture. Still,
intake of oral contraceptives is the most common acquired risk factor for CVT. (241,
247, 248) From a pathophysiological perspective, the two main subtypes of CVT
entail distinct signs and symptoms. Cortical vein occlusion can lead to heightened
venous and capillary pressure alongside disruptions in the blood-brain-barrier.
Consequently, localized cerebral edemas arise, potentially progressing to venous,
characteristically hemorrhagic infarction. Cerebral sinus thrombosis on the other
hand limits the outflow of CSF, resulting in intracranial hypertension. (248) These
processes also explain the typical symptoms of patients suffering from CVT. Venous
infarctions become apparent in the form of epileptic seizures (approximately 40% of
patients) and focal neurological deficits, including paresis, aphasia, or hemianopia,
manifesting in about 50% of all patients. On the contrary, headache constitutes the
most frequently observed symptom of CVT noted in 90% of patients due to the
increased intracranial pressure. Decreased visual acuity is another symptom owing
to this mechanism. Other clinical findings include disorientation up to loss of
consciousness and altered behavior. (247, 249-251) These variable clinical

manifestations of CVT necessitate imaging procedures in the diagnostical approach
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to detect thrombotic changes within cortical veins and sinuses. CT- and MRI-
venography facilitate the identification of occluding thrombi, while the considered
gold standard, catheter angiography, should be reserved for patients with
inconclusive results obtained from CT or MRI imaging. (241) Possible findings range
from parenchymal brain lesions to large, space-occupying hemorrhagic infarcts of
the temporal lobe. A distinguishing sign of CVT are small juxtacortical hemorrhages
located right below the cortex. (252) Aside from imaging techniques, blood tests are
performed, including complete blood count, chemistry panel (i.e. electrolytes, kidney
and liver function parameters and glucose), PT and aPTT. (253) D-dimer values are
often increased in CVT with a sensitivity of 94%, although normal values do not rule
out CVT, especially in patients only complaining about headache. (254)

Treatment regimens of CVT are closely related to VTE therapy and usually imply
the administration of intravenous heparins in the acute phase, followed by oral
anticoagulation in the chronic phase. However, only vitamin K antagonists are
indicated as oral anticoagulants and individually administered for three to twelve
months, because of the yet sparse evidence regarding the treatment with DOACs.
(255) In cases of large hemispheric lesions with impending herniation a
decompressive neurosurgery is indicated. Endovascular treatment with chemical
thrombolysis and/or mechanical thrombectomy as additional treatment options
should only be implemented in cases of severe CVT or where heparin treatment is
insufficient. (241, 255)

3.3.3.1.2 Arterial thrombosis and thromboembolism

Thromboembolic events within the arterial vascular system are the major causes of
ischemic diseases and infarctions. Ischemia refers to a state of diminished tissue or
organ perfusion due to constrictions or obstructions of the arterial blood flow.
Following prolonged ischemia, the lack of oxygen results in the decay of tissue
within the affected organ depending on the organ’s individual sensitivity to oxygen
deficiency. These tissue necroses are called infarcts. Infarcts are generally divided
into anemic and hemorrhagic infarcts. Anemic infarcts emerge from vascular
obstruction in organs with end-arterial circulation and typically affect solid organs
(heart, kidney, spleen). Hemorrhagic infarcts in contrast develop in organs with
collaterals or dual circulation and are commonly observed in the lungs or bowels.

(199) Common arterial infarctions occur as strokes, myocardial and limb infarctions.
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3.3.3.1.2.1 Stroke

Strokes, also known as apoplexies, are caused by thromboemboli occluding an
intracranial artery or arise due to intracerebral or subarachnoid hemorrhage.
Thromboemboli cause a reduced perfusion in the brain area distal to the obstruction.
In intracranial hemorrhage, the extravasating blood leads to an increase in
intracranial pressure with mechanical as well as ischemic brain lesions. The
consequently emerging focal neurological deficits, which typically reflect the
affected region, persist for at least one hour. Cases with neurological signs of less
than one hour are classified as TIA. The observed clinical symptoms must be
evoked by focal cerebral ischemia or from intracranial hemorrhage to fulfill the stroke
definitions. In 2015, strokes accounted for 6.2 million deaths worldwide, making it
the second leading cause of mortality. While incidence rates increased over the past
decades, especially in populations with limited access to health care, stroke cases
declined over the past years among the affluent population. In general, stroke
incidences rise with age and peak beyond the age of 65. Besides its significant
mortality, stroke also represents the third leading cause of morbidity, partly because
approximately 60% of survivors remain with permanent neurological impairments.
Due to that fact, stroke ranks among the driving reasons for care dependency. (203,
222, 251)

Ischemic strokes are responsible for most strokes with approximately 87% of all
events, whereas 13% result from intracerebral and subarachnoid hemorrhages
(hemorrhagic strokes). (256) Hemorrhagic strokes often derive from hypertension
and typically affect the pons, thalamus, basal ganglia, or cerebellum. Atypical brain
hemorrhages in contrast impact cerebral lobes and arise from beta-amyloid
deposition in vessel walls leading to degeneration. Causes of secondary bleeding
encompass arterial and venous aneurysm, vascular malformation, inflammation and
vasculitides as well as coagulopathies. Regarding ischemic stroke, one of the most
frequent causes are cardioembolisms, constituting 20 to 25%. Clots particularly form
on the walls or heart valves of the left heart, with nonrheumatic atrial fibrillation
serving as the most important predisposing factor. Cerebral emboli are also
triggered by carotid atherosclerosis, and the risk of stroke rises with the degree of
stenosis, unless the carotid artery is almost occluded. About 10% of ischemic
strokes are caused by carotid atherosclerosis. Additionally, macroangiopathies of

intracranial arteries can yield both, embolic and in situ thrombotic obstruction,
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blocking cerebral blood supply. So called small-vessel strokes represent about 20%
of all strokes and originate from atherothrombotic or lipohyalinotic obturations of
smaller cerebral arteries. Other less common initiators of stroke include dissection,
sickle cell anemia, migraine, or fibromuscular dysplasia. Assured risk factors for
stroke are classified into treatable and non-treatable causes. Among others, arterial
hypertension, smoking, atrial fibrillation, diabetes mellitus, hypercholesterolemia or
obesity are either preventable or at least treatable medical conditions providing
approaches to reduce the stroke risk in affected individuals. Other factors remain
invariable to medical treatment, in particular advanced age, male sex, positive family
history and ethnic affiliation. Pathophysiological aspects of stroke are closely related
to the blood supply of the brain. If the brain perfusion drops below the critical value
of 20 mL/100 g tissue per minute, the affected brain regions become ischemic
accompanied by developing neurological deficits. In this state, the impaired cellular
function is still reversible, until ischemia persists for several hours or days. If the
blood flow further declines <10 mL/100 g tissue per minute, the infarct threshold is
reached resulting in irreversible cellular damage. The ischemic penumbra is defined
as the tissue receiving just enough supply to preserve its morphology in the direct
environment of the necrotizing core area without resulting in immediate cell death.
Therefore, imaging of the penumbra is of great importance in the further clinical
management with the potential to restore perfusion in these areas before the
infarction expands. Two distinguishable pathways account for cerebral infarction.
The necrotic pathway occurs in areas of very low perfusion rates with immediate
cytoskeletal breakdown owing to an energy deficit. The second, apoptotic pathway
proceeds in areas with diminished blood supply, such as the penumbra, with cell
death occurring over the course of several days on the contrary. The symptoms of
ischemic and hemorrhagic apoplexy commonly coincide, except that cerebral
bleeding is more often accompanied by headache and nausea and that a neurologic
deficit at onset suggests ischemia. Other typical symptoms include the loss of
sensory and/or motoric function on one side of the body, with hemiparesis observed
in approximately 85% of ischemic stroke patients, alongside with alterations of
speech, understanding, vision or gait. Malignant cerebral infarctions are regularly
associated with progressing unconsciousness and ipsi- or contralateral dilation of

the pupil, because of extensive brain edema and intracranial pressure.
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A rapid and targeted diagnostic approach is essential in patients with suspected
stroke to evaluate the adequate therapy and preserve as much brain tissue and
neurologic functions as possible. The basic management of stroke patients inside
the emergency department comprises the monitoring and documentation of oxygen
saturation, blood gas analysis, heart- and respiratory rates, body temperature, blood
pressure and the administration of oxygen. Laboratory studies including the
measurement of glucose levels, ECG and catheterization are indicated as well. A
concise medical history to grade the severity of stroke via the “National Institute of
Health Stroke Scale” (NIHSS) is recommended as well as knowledge regarding the
time of onset and cardiovascular risk factors. Following targeted clinical
examination, brain imaging is obligate to ascertain the stroke type. A native cranial
CT constitutes the standard imaging procedure to rule out intracranial hemorrhage,
whereas the detection of ischemic regions is often impossible early in the course of
disease. If CT images are inconclusive or negative, patients should be introduced
to CT-angiography and -perfusion or MRI imaging to reliably identify infarcted areas
along with brain tissue showing normal diffusion but poor perfusion, indicating the
ischemic penumbra. After the diagnosis of an ischemic stroke, immediate
administration of rtPA for systemic fibrinolysis is indicated, if the therapy is
administered within 4.5 hours after symptom onset. In selected cases, systemic
thrombolysis may be implemented six hours after onset of symptoms, when
preservable brain tissue is found. These therapeutic approaches can resolve the
thromboembolic obstruction and thus restore perfusion in ischemic areas. In cases
of large vessel obstructions or if systemic fibrinolysis fails to achieve adequate
results, endovascular revascularization is an alternative therapeutic strategy. This
therapy is performed in the form of intraarterial lysis or endovascular mechanical
thrombectomy and may even be eligible for patients outside the prior timeframe.
Additional medical support in patients suffering from ischemic stroke consists of
optimization of blood pressure with target values around 160/105 mmHg,
adjustment of blood sugar levels between 120-150 mg/dL and preservation of
normothermia. The management of ischemic stroke patients after the acute
treatment contains the prescription of a statin and an antihypertensive, with LDL
cholesterol and blood pressure target values of <65 mg/dL and <130/80 mmHg,
respectively. (257, 258) Above that, administration of aspirin is advised in all non-

cardioembolic ischemic apoplexies within the first 48 hours after the event, whereas
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cardioembolic events are treated with DOACs as a secondary prevention. As
ischemic stroke represents the predominantly observed type, the precise treatment

of hemorrhagic stroke is renounced in this thesis. (203, 222, 251)

3.3.3.1.2.2 Myocardial infarction (MI)

Ml is a leading cause of morbidity and mortality in modern times and represents
another frequently encountered entity of arterial thrombosis. Ml is pathologically
defined by cell death of the myocardium due to prolonged ischemia. The resulting
tissue necrosis leads to the release of cardiac biomarkers, which can be detected
in the serum. (259) The general types of MI are classified according to the
appearance or absence of ST-segment elevations in the ECG. Patients with ST-
segment elevations in adjacent leads suffer a ST-segment myocardial infarction
(STEMI), compared to the forms without ST-segment elevations, namely non-ST-
segment elevation-acute coronary syndrome (NSTE-ACS). The distinctive feature
to differentiate between the two entities of NSTE-ACS, non-ST-segment elevation
myocardial infarction (NSTEMI) and unstable angina pectoris, is the cardiac
biomarker status. Positive cardiac biomarkers indicate NSTEMI, whereas
biomarkers remain unchanged in unstable angina pectoris. STEMI, NSTEMI and
unstable angina pectoris are summarized under the term acute coronary syndrome
(ACS). (222)

Ischemic heart disease (IHD) is nowadays the leading cause of death and disability
worldwide. The occurrence of cardiovascular diseases and acute MI has moved
from countries with high-income to low- and middle-income countries, where over
80% of the global cardiovascular deaths take place. Despite the greater burden of
risk factors in the wealthy countries, acute Ml rates are lower in those countries, due
to the fact of intensified preventive measures and revascularizing procedures. (222,
260-262) The main risk factors of IHD are cigarette smoking, sparse physical
activity, and unhealthy diet, leading to hypertension, obesity, diabetes mellitus,
dyslipoproteinemia and atherosclerosis. Advanced age and male gender are
additional independent risk factors of IHD. (222)

The pathomechanisms resulting in acute myocardial infarction typically encompass
the rupture or erosion of coronary atherosclerotic plaques, exposing the
thrombogenic core and matrix materials of the plaque. Subsequent formation of
thrombi leads to the occlusion of the affected coronary artery. The declining

proportion of ruptures and increase of erosions as the main cause of MI are
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assumed to derive from the availability of lipid-lowering therapies. While partial
occlusions or occlusions with maintenance of blood flow through collaterals usually
result in NSTEMI or unstable angina, STEMI typically follows total occlusion of the
vessel. Besides, the frequency of acute MI without evidence of critical coronary
artery disease is increasing and account for about 10% of cases. (260, 263, 264)
Embolization of coronary arteries is a rare cause of acute MI, but can arise in
patients with septal defects, infective endocarditis, myxoma or chronic atrial
fibrillation. (222, 265)

Common preceding factors of acute Ml include physical exercise, emotional stress
or iliness. The characteristic presenting symptom is severe chest pain lasting for
more than 30 minutes, typically described as deep and heavy, squeezing, or
crushing. The pain often radiates to the left arm, jaw, epigastrium or back,
complicating the assignment of the symptoms to a certain organ. Accompanying
features frequently involve sweating, nausea and emesis, dyspnea, weakness,
arrhythmias, or anxiety up to fear of death. Yet, not every patient with Ml presents
with pain and it is often absent in diabetes mellitus or advanced age. Especially
women and the elderly may present with unusual signs and symptoms, complaining
acute breathlessness due to pulmonary edema, epigastric discomfort, confusion, or
solely symptoms of hypotension as the cardinal sign. These symptoms can be
mentioned in a relevant “teachable moment” for clinicians to spotlight the red flags
to patients, who are at risk for ACS. Upon clinical examination, pale skin with
sweating and cold extremities may be apparent in the mostly restless and anxious
patients. Pulse and blood pressure alterations are unspecific and may range from
bradycardia and/or hypotension to tachycardia and/or hypertension. Because of the
partly nonspecific symptoms and the diffuse and radiating pain, aortic dissection,
pulmonary embolism, pneumothorax and gastrointestinal disorders are main
differential diagnoses. (222)

Patients presenting with symptoms indicative of ACS should immediately obtain a
12-lead ECG including the evaluation of ischemic changes within ten minutes after
the first medical contact. Simultaneously, blood sample for the detection of cardiac
biomarkers should be performed. High T-wave amplitudes, called hyperacute T-
waves as well as ST-segment changes express early signs of myocardial ischemia
in the ECG. The following myocardial necrosis leads to the development of new Q

waves and ST-segment elevations in at least two contiguous leads, typically seen
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in STEMI. Reciprocal ST depressions in the leads opposing the infarct area are an
indirect sign of STEMI. Detection of a newly diagnosed left bundle branch block is
considered a STEMI equivalent and should therefore be treated equally, until proven
otherwise. In the case of NSTEMI, ECG changes are unspecific and may include
new ST-segment depressions in approximately one third of patients. Another more
common but less specific sign are T-wave changes, especially new and deep T-
wave inversions (20.3 mV). In addition to ECG alterations, changes of cardiac
biomarkers are necessary to differentiate between ACS manifestations. The
repeated assessment of cardiac troponins aids in the detection of a rising and/or
falling pattern of troponin levels in patients with clinically suspected ACS. For the
definition of myocardial injury, at least one value of the preferred cardiac troponins
| or T (cTn) must exceed the 99" percentile upper reference level. While troponin
fluctuation with raised values is present in STEMI and NSTEMI, it is absent in
unstable angina, allowing the distinction between the two NSTE-ACS entities.
Moreover, the degree of elevation also correlates with the patient’s mortality. (266)
Assessing the individual risk of a patient with ACS is recommended to evaluate the
chance of an early adverse outcome. This risk classification also directs the further
therapeutic approach in cases of NSTEMI. (222, 259, 260) Imaging techniques are
frequently used to assess the myocardial viability, perfusion, pump function and wall
movement. The recognition of structural and functional abnormalities in addition to
a low-threshold access make echocardiography a key instrument in the further
diagnostic approach of acute MI. Echocardiography allows the detection of frequent
mechanical complications, also in hemodynamically compromised patients.
Additional imaging techniques include radionuclide imaging, cardiac MRI or CT.
(259)

In general, the therapeutic management of STEMI and NSTEMI is consistent,
notably in respect of primary care and medication. The initial therapeutic approach
for patients with suspected ACS involves bed rest, basic monitoring, and
administration of oxygen in patients with hypoxemia (oxygen saturation <90%),
respiratory distress or risk factors to develop hypoxemia. Sublingual nitroglycerin is
administered to relief ischemic discomfort with the option of intravenous therapy in
NSTE-ACS patients with persistent discomfort. In the case of STEMI, it should not
be administered routinely, unless evidence of uncontrolled hypertension or

congestive heart failure. (267, 268) Doses of intravenous opioids (e.g. morphine)
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relief the pain and lower the sympathetic activity, improving oxygen demand,
vasoconstriction and cardiac work in patients with ACS. Severe anxiety may be
treated with mild tranquilizers. The early initiation of potent statins has shown
beneficial results in trials and lower LDL-C levels as well as positively effecting
plaque-stability. (268) Hemodynamically stable patients presenting with STEMI or
NSTEMI should receive beta-blockers to lower the myocardial oxygen consumption
and reduce the incidence of malignant ventricular arrhythmias in the absence of
contraindications. Caution is advised in patients at risk of developing cardiogenic
shock (i.e. age >70, heart rate >110 beats/min, systolic BP <120 mmHg), where
death occurs more frequently. (267, 268) Additional administration of ACE inhibitors
should be considered in all cases of systolic left ventricular dysfunction, heart failure,
hypertension, or diabetes mellitus. Especially, STEMI patients benefit from the
therapy during the first week, significantly reducing 30-day mortality. (268, 269)
Antithrombotic therapy is of utmost importance as activation of thrombocytes and
the coagulation cascade play a key role in the emergence of ACS. Aspirin serves
as the basis of treatment to inhibit the platelet aggregation and is administered as
soon as possible in every patient without contraindications. In patients, who proceed
to a primary percutaneous coronary intervention (PCI), a dual antiplatelet therapy
(DAPT) is implemented, typically combining aspirin with one P2Y12 receptor
inhibitor, prasugrel or ticagrelor. These two P2Y12 receptor inhibitors show greater
potency and a faster onset of action, in addition to superior outcomes compared to
clopidogrel in clinical trials. While prasugrel is considered the preferred drug in
patients proceeding to PCI, ticagrelor can be administered regardless of the
upcoming treatment strategy (invasive or conservative). (267, 270, 271) In the
setting of invasive therapy, anticoagulation is indicated in all patients, with UFH
being recommended in the routine use after diagnosis and during revascularization.
Meta-analysis, which compared UFH with enoxaparin, showed a significant
reduction in mortality with enoxaparin and it was further associated with a lower risk
of major bleeding, especially in primary PCI. Therefore, enoxaparin is an alternative
to UFH in cases with STEMI and primary PCI. (272) If no other indications require
the ongoing administration of the anticoagulant, including prolonged bed rest, atrial
fibrillation, or venous thromboembolism, the therapy is terminated after the
procedure. (268, 273)
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Regarding the reperfusion therapy, the determined durations from first medical
contact to procedure deviate between STEMI and NSTEMI. For STEMI patients,
primary PCI is the preferred strategy, provided the catheterization laboratory is
reached within 120 minutes of diagnosis. (274, 275) If the duration to primary PCI
exceeds the given timeframe, fibrinolysis using a fibrin-specific agent (tenecteplase,
alteplase, or reteplase) is the therapy of choice. In this scenario, start of fibrinolysis
should be within ten minutes starting from STEMI diagnosis and is most efficient
within the first two hours of symptom onset. Afterwards, the patient is immediately
transferred to a PCI capable center, where a routine PCI is performed preferably 2
to 24 hours thereafter. Rescue PCl is indicated in failed fibrinolysis, persistent chest
pain, aggravating ischemia and hemodynamic or electrical instability. (276-278) The
optimal treatment option for patients with the diagnosis of NSTEMI depends on their
individual risk category. Very high-risk factors include hemodynamic instability,
cardiogenic shock, recurrent chest pain, life-threatening arrhythmias, and
mechanical complications of MI. These factors indicate patients to a very high-risk
setting, making an immediate invasive strategy with primary PCI within two hours
necessary. The early invasive approach (<24 hours) is indicated in the presence of
high-risk factors, such as dynamic new contiguous ST/T-segment changes or
resuscitated cardiac arrest. Only patients without any high risk characteristics are at
a low risk of short-term acute ischemic events and a selective invasive strategy is
preferred. (267) This patient population is submitted to stress echocardiography or
stress cardiac MRI and managed according to the chronic coronary syndromes’
guideline. (279)

Following the acute phase and successful treatment of ACS, all patients without
increased risk factors of bleeding or other contraindications receive DAPT for 12
months. (270, 271) Aspirin is typically recommended lifelong and lipid lowering
therapies should also be maintained and adjusted where indicated. Besides the
treatment with drugs, life-style modifications are of great importance in the time after
diagnosis to prevent reinfarctions and contain the development of arteriosclerosis.
Smoking cessation, a healthy diet, weight control, physical activity and adherence

to therapy represent the major cornerstones of life-style modifications. (267, 268)

3.3.3.1.2.3 Acute limb ischemia (ALI)

Sudden cessation or marked decrease in arterial perfusion of the limb, thereby

potentially threatening its survival, defines ALIl. A symptom duration of two weeks
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marks the cut-off to distinguish between ALI and chronic limb ischemia. (280) Global
epidemiologic data are scarce but incidence ranges approximately between 14 to
20 cases per 100,000 persons per year. (203, 281, 282) Most acute arterial
occlusions concern the lower extremities due to atherosclerotic plaques in afflicted
arteries, which are prone to thrombosis (40%). Arterial embolism is the second
leading cause, where emboli most commonly dislodge from the heart, aorta, and
large arteries. Typical cardiac causes of thromboembolism to the extremities include
atrial fibrillation, MI, endocarditis, or myxomas. Because of the decrease in vessel
calibers at bifurcations, arterial emboli often lodge at these sites, with the femoral
artery being most commonly affected, followed by the iliac artery, aorta, and
popliteal and tibioperoneal arteries. Aneurysm, arterial bypass graft, traumatic
arterial lesion and dissection constitute less common causes of ALI but concurrently
serve as risk factors. (222, 283) Moreover, affected patients typically have a history
of PAD and feature its risk factors, such as hypertension, hypercholesterolemia,
diabetes, renal insufficiency, and smoking. (280) The etiology of ALl also
tremendously impacts its severity, as patients with local thrombosis and preexisting
PAD have frequently developed an adequate collateral circulation. In contrast,
arterial emboli often occlude the entire lumen, resulting in severe symptoms and the
need of immediate revascularization. Depending on the severity of the occlusion,
specific signs and symptoms are indicative of ALI upon clinical examination of the
extremity. These are summarized under the mnemonic the “six Ps”, and include
pain, pallor, pulselessness, paresthesia, paralysis, and prostration or perishing
coldness. Especially the loss of sensory and motor function are symptoms of a
threatened limb. Rutherford classification serves as a widely applied grading tool for
a quick assessment of the severity degree and further clinical management of ALI.
(280) The classification combines clinical examination findings (i.e. sensory loss and
motor deficit) with Doppler flow signals arteries to differentiate between a viable, not
immediately threatened (grade ), marginally threatened (grade IIA), immediately
threatened (grade [IB) and irreversibly damaged (grade lll) limb. (282) As time is
crucial in the rescue of the affected extremity, the appropriate further imaging
modality must not delay treatment. Although duplex ultrasonography can accurately
detect leg’s artery occlusions proximal to the knee, it is currently not recommended
to exclude ALl solely based on ultrasonography. Therefore, CTA or MR angiography

(MRA) is the imaging procedure of choice to confirm ALl and visualize the extent of
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arterial occlusion following clinical examination. Hereby, CTA and MRA also allow
the evaluation of potential causes of ALl and to plan subsequent treatment
procedures. In general, patients with suspected ALI should be treated in vascular
centers, which provide 24-hour open and endovascular interventions. Initial
management comprises the initiation of sufficient analgesia and intravenous UFH
combined with intravenous rehydration and supplementary oxygen. The further
revascularization approach depends on the Rutherford grade. While patients with
ALl grade | and IIA need a timely treatment, cases with grade IIB are referred to
urgent revascularization. Revascularization techniques range from surgical
thrombo-embolectomy, surgical bypass, percutaneous catheter directed
thrombolysis, and thrombus aspiration or mechanical thrombectomy. The technique
of choice depends on factors regarding the vascular team, as well as the patient,
including ALI duration and severity, comorbidities, and therapy related risks. (280)
In patients with grade Il ischemia, where irreversible limb infarction with tissue
necrosis and permanent nerve damage has frequently occurred, primary
amputation is often inevitable. (282) In contrast, if revascularization was successful
within six hours of symptom onset, preservation of the limb is ensured in 96% of
cases. (203) A therapy-associated complication worth mentioning is reperfusion
injury, characterized by limb edema and introduction of harmful metabolites into the
systemic circulation after prolonged ischemia. The sequelae range from increasing
limb compartmental pressures leading to the development of compartment

syndrome to arrhythmias and crush syndrome. (284)

4 Methods

A literature search of PubMed (MEDLINE), the Cochrane Library Database, Google
scholar, and ClinicalTrials.gov was performed between February 2021 and
September 2022. Search queries included free text as well as “Medical Subject
Headings” (MeSH), where applicable to receive both, already indexed articles and
not yet categorized publications. The following keywords were utilized without
limitation: “Covid-19”, “Covid”, “SARS-CoV-2”, “vasculopathy”, “vasculitis”,
“coagulopathy”, “thromboembolism”, “endothelial activation/dysfunction” or
“immunothrombosis” and “thromboinflammation” in different combinations using
Boolean operators. Entity specific searches included terms such as “stroke”,

” 13 ” [

“myocardial infarction”, “acute limb ischemia”, “thromboembolism” and “vasculitis”
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associated with Covid-19. Search filters were applied to exclude languages other
than English and German and in the case of Covid-19 or SARS-CoV-2 associated
search queries, the received results were filtered for publications since 2020.
Included article types range from laboratory studies and case series, over
observational studies, and cohort studies to controlled clinical trials and meta-

analysis.

5 Results

Vasculopathies are frequently reported complications during the disease
progression in patients with Covid-19, which may worsen outcomes and increase
mortality. VTE are the most frequently reported vasculopathies within Covid-19
patients while most arterial thromboembolic events did not differ between patients
with and without Covid-19. (285, 286). The potential impact of infections on
atherogenesis constitutes another finding, which reflects the far-reaching effects on
the cardiovascular system. (287) In addition, the infection-initiated inflammatory
processes may also trigger infection-associated vasculitides, while genuine
vasculitides related to SARS-CoV-2 are rare findings and occur predominantly as
cutaneous small vessel vasculitis and Kawasaki-like disease, typically associated
with MIS. (205, 288, 289) The upcoming paragraphs give an overview on recent
pathophysiological pathways and clinical data of Covid-19 associated

vasculopathies.

5.1 Pathophysiology of Covid-19 associated vasculopathy

During the pandemic, tremendous advances were accomplished regarding the
pathophysiologic mechanisms of Covid-19 associated ARDS and vasculopathies.
To date, it is assumed that several complex processes, triggered by the virus itself
and immune-mediated interactions, are involved resulting in vascular complications.
The most significant endogenous systems involved in the development of
vasculopathies are the endothelium, the immune system, with particular emphasis
on neutrophils, as well as the coagulation system. The overwhelming release of pro-
inflammatory mediators with a subsequent procoagulant state is also called
immunothrombosis. Thereby, thromboembolic events and vasculitides are triggered

and occur throughout the vascular system.
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5.1.1 Endothelial dysfunction

Endothelial cells have immense impact on the pathogenesis of severe Covid-19 as
they express the SARS-CoV-2 binding receptor ACE-2 and contribute to
inflammation (see subchapter 3.2.2). Early investigations of Varga et al. (290)
demonstrated this endothelial involvement in a case series by detecting viral
inclusion structures in combination with an accumulation of inflammatory cells
across vascular beds of different organs. Thus, they discovered endotheliitis as a
potential key pathophysiologic mechanism in severe courses of Covid-19. Staining
patterns of histological analyses also showed apoptosis of endothelial and
mononuclear cells to a considerable extent. They concluded that direct viral infection
of endothelium or immune-mediated processes drives immune cell recruitment. This
results in pervasive endothelial dysfunction and apoptosis ensuing microvascular
imbalance with organ damage, inflammation and a procoagulant state. (290, 291)
However, doubts arise regarding the validity of the detected intracellular viral
structures using electron microscopy (EM). (292-294) The authors point out the
strength of EM to identify intracellular pathogens including SARS-CoV-2 on
condition of pertinent expertise when interpreting these images. Apart from this, it is
not contradictory to the opinion that endothelial cells contain viral particles during
severe Covid-19, as Dittmayer et al. (292) visualize in their comment.

Conversely to Varga et al. (290), autopsies of ten patients could not detect spike
protein mMRNA of SARS-CoV-2 in pulmonary endothelial cells. In vitro studies
support the assumption that endothelial cells are not commonly infected in Covid-
19. (295, 296) Experiments with human umbilical vein and lung endothelial cells
demonstrated significantly lower expression levels of ACE-2 and TMPRSS2
compared to immortalized epithelial cells. (296) In more physiological in vitro models
similar to pulmonic epithelial-endothelial barrier, co-cultures were established and
infected. Viral replication with production of infectious virions was only confirmed in
the epithelial monolayer, but an increase in pro-inflammatory cytokine secretion (IL-
6, TNF-a, the C-X-C motif chemokine ligand 10) and the intercellular adhesion
molecule 1 expression was measured in the endothelial cell layer. (296, 297) The
apoptotic cell death, ascertained in the aforementioned case series, was also
corroborated by the observation that endothelial cells are infected but only upon
high viral titers triggering apoptosis. (296) A meta-analysis on the histopathologic

findings revealed 33 cases of vascular injury within the lungs of 157 Covid-19
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patients, 28 thereof described as endotheliitis which further supports the hypothesis.
(298) No study evaluated yet the viral burden, which impacts endothelial infection,
within the respiratory tract or other sites of endothelial involvement in patients.
Analyses of lung autopsy samples via RNA in situ hybridization estimated a viral
copy number of more than 500,000 viral genomes/mm? across many lung tissue
areas. (299) Of note, these areas of high viral load lacked pneumocytes, probably
due to preceding infection and decay as part of the natural progress of severe Covid-
19.

5.1.2 Immunothrombosis

Following the primary phase of microvascular disturbance in severe courses,
endothelial activation and innate immune system recruitment stimulate the initiation
of the coagulation cascade. This progression is considered as a key pathologic
mechanism towards the procoagulant state with formation of microthrombi
hypothesized in aggravating Covid-19. (300, 301) The concept of a specific
interaction between inflammation and coagulation is not unique to Covid-19 but has
already been described in the literature, especially in regard to ARDS and sepsis.
On a molecular basis, a subfamily of G protein-coupled receptors, called protease-
activated receptors (PARs), connect the inflammatory processes with pro-
coagulative mechanisms. PARs are expressed on the cell surface of immune cells,
platelets, and endothelial cells, which orchestrate the thrombo-inflammatory
processes. (302, 303) Their activation via thrombin and additional coagulation-
related molecules triggers the activation of platelets and expression of numerous
pro-inflammatory genes and adhesion molecules. (304, 305) Thereby, both systems
initiate a coordinated response to tissue damage and cellular injury due to trauma
or pathogens. However, studies indicate that a dysregulation of immunothrombosis
might be the cause of devastating complications, including stroke, DVT, and DIC
during sepsis. (306)

In literature, two terms are frequently used to describe this cooperation of
inflammation and coagulation within microvessels: immunothrombosis and
thromboinflammation. Of note, while several authors describe the pathomechanism
as immunothrombosis, others designate the identical process as
thromboinflammation. The following paragraph aims to clarify the coexisting terms.

Tanguay et al. (307) introduced the phrase “thrombo-inflammatory reactions” to

75



describe the interaction between platelets and leukocytes triggering in-stent
restenosis. (307, 308) According to a more recent review, the sole concomitance of
thrombosis and inflammation generally known in different disorders (e.g.
thrombophlebitis or sepsis) defines thromboinflammation, thereby extending the
term’s relevance. (309, 310) In contrast, Engelmann and Massberg (306) define
immunothrombosis as a specific response of the innate immune system in
cooperation with the coagulation system to destroy pathogens and restrict
dissemination especially within microvessels. (306, 309) Considering both
established definitions, thromboinflammation might serve as the general term to
outline interactions between inflammation and thrombosis in various intravascular
disorders. Instead, immunothrombosis rather designates a precisely coordinated
process of these systems to prevent further pathogenic destruction and organ
damage. In the following, immunothrombosis is therefore used as the primary term
to describe the hypothesized microvascular disturbance in Covid-19 pathogenesis.
Many authors emphasize immunothrombosis as the key process in the formation of
microthrombi across vascular beds endorsing its relevance in severe Covid-19.
(309, 311, 312) It is already known that pro-inflammatory cytokines (IL-1pB, IL-6, IL-
18 and TNF-a), extensively released during immune response (see chapter 3.2.2)
trigger endothelial activation and dysfunction in sepsis and viral infections. (309,
311, 313, 314) According to Cenko et al. (311), activated endothelial cells express
tissue factor (TF) and release von Willebrand factor (vVWF) and P-selectin (also
known as [soluble] CD62P) containing Weibel Palade bodies. Upregulation of P-
and E-selectins on the endothelial cell surface recruit and activate neutrophils and
monocytes, which in turn express and release additional activated TF at the virally
affected microvessels. (311) Bonaventura et al. (309) reported the ability of
monocytes to identify pathogens via pattern recognition receptors and present
activated TF. The following high density of TF initiates the TF pathway (or extrinsic
pathway) of the coagulation cascade. In a mechanism called NETosis, recruited
neutrophils unleash neutrophil extracellular traps (NETs), which trap SARS-CoV-2
and activate factor XlI (FXII) to promote the contact or intrinsic pathway. Moreover,
neutrophil elastase and MPO, components of NETs, cleave and inactivate
endogenic anticoagulants (tissue factor pathway inhibitor, antithrombin Il and
thrombomodulin) and NET-bound vWF promotes platelet recruitment, thereby

enhancing coagulation. In addition, also the complement system is involved in
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immunothrombosis, as the complement components C3a and C5a can activate
platelets. (306, 311)

Cenko et al. (311) further assume a participation of the renin-angiotensin system
(RAS) in promoting the pro-inflammatory and procoagulant state. Their
presumption, however, is based upon animal models and already existing
explanatory models of ACE-2 internalization and down-regulation during SARS-CoV
and viral infections in general. (315, 316) As a consequence, angiotensin Il (Ang Il)
levels rise, whereas less is converted to angiotensin (1-7) (Ang 1-7). This could lead
to imbalances between the two main RAS axes with overactivated Ang I/ Ang I
type 1 receptor and under activated Ang 1-7/ MAS receptor (MASR) axis. (311)
Thus, a pro-inflammatory and vasoconstrictive state is created, since it lacks its
counterbalance (Ang 1-7/MASR), which promotes anti-inflammatory and
vasodilative effects. (317) However, a recent meta-analysis by Pucci et al. (317)
demonstrated an overactivated Ang 1-7/MASR axis in Covid-19 patients with
elevated Ang 1-7 concentrations compared to controls. In severe courses, the levels
were already higher at the time of hospital admission than in mild cases and
increased further during the following ten days of hospitalization. At the same time,
Ang Il levels were also modestly raised.

The central role of immunothrombosis is also confirmed by autopsy analyses, which
explored the cellular and molecular composition of microthrombi. Confocal
microscopy discovered abundant intravascular neutrophils associated with platelets
and fibrin within the microvessels. Of note, these were not limited to the lungs but

also found in renal and cardiac vessels. (318)

5.1.3 Biomarkers

In regard to the immunothrombotic mechanisms and concomitant mortality of severe
Covid-19, several studies investigated potential biomarkers which not only reflect
the involved systems but are also of prognostic value. These include parameters of
coagulation, fibrinolysis, endothelial activation as well as markers of platelet and
complement activity.

In a cross-sectional study, Goshua et al. (319) compared laboratory markers
indicative of endotheliopathy and coagulopathy between SARS-CoV-2 positive ICU
patients, positive non-ICU patients and asymptomatic controls. Their data revealed

significantly elevated markers of coagulopathy and endotheliopathy in the form of
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D-dimer, thrombin-antithrombin complex (TAT) levels and VvWF activity,
respectively, in hospitalized patients. Of those, patients admitted to the ICU had the
greatest increases. Additional studies yielded likewise D-dimer results, with
markedly elevated levels in severe Covid-19 cases. (318, 320, 321) Moreover, D-
dimer levels not only served as the best marker to distinguish Covid-19 status
among ICU patients (positive vs. negative) but concentrations also correlated
significantly with disease severity. (318, 320) Measurements of plasma biomarkers
showed a considerable rise in soluble P-selectin, as a marker of endothelial cells
and platelets, and soluble CD40-ligand (sCD40L), as a marker of platelet activation,
in ICU patients related to asymptomatic controls. (319) The role of platelet activation
during severe disease is further emphasized by analyses revealing significant
alterations during the course of disease in patients admitted to the ICU. While
sCD40L plasma levels decreased over time, soluble P-selectin increased
significantly during a 2-week ICU stay in survivors. (322) However, besides the small
Covid-19 cohort of 29 patients, the comparison group composed of convalescent
patients (eligible 14 days after symptom resolution) limits the validity of that study.
The fact that P-selectin levels did not differ from ICU patients on day one and
recovered individuals adds doubts about the significance of P-selectin as an acute
platelet activation marker. (322) Moreover, sustained endothelial dysfunction
reflected by circulating endothelial cells and elevated endothelial biomarkers is also
evident in convalescent Covid-19 patients. (323, 324) These data indicate
considerate usage of a convalescent control dependent on the analyzed
biomarkers. Another study supports this hypothesis which revealed altered
parameters of endothelial dysfunction and changes in vascular homeostasis six
months after confirmed SARS-CoV-2 infection and inpatient treatment. (325)
Additionally, these post-Covid-19 patients had higher levels of vVWF antigen and
activity, homocysteine, as well as certain endothelial microparticles and suffered
from increased arterial stiffness compared to a healthy control group. Post-Covid-
19 patients further featured a higher number of elevated inflammatory parameters,
including CRP, ESR and IL-6. Interestingly, the paper also analyzed differences
between post-Covid-19 patients and those with atherosclerotic cardiovascular
diseases, detecting significantly more frequent microvascular changes (capillary

ramifications, loss, caliber variability, and elongation) in the former. They concluded
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that the different SARS-CoV-2 pathomechanisms affect the microvasculature
persistently and thereby change vascular reactivity.

Additional biomarkers of endothelial dysfunction, soluble thrombomodulin (sTM), as
well as P-selectin markedly correlate with vVWF antigen (VWF:Ag), which is in
accordance with their origin from endothelium. In respect of the biomarkers’
prognostic value, Goshua et al. (319) investigated that both sTM and vWF:Ag
significantly correlated with mortality across all severity cohorts. Their results are
emphasized by a meta-analysis showing a rise in VWF:Ag levels in proportion to
illness severity. Pooled data revealed the lowest concentrations in healthy controls
in contrast to levels in non-survivors, who also exceeded ICU/severely ill patients.
(326) Data of ADAMTS13, the cleaving protease of VWF multimers, coincided with
the vVWF results. While severe and fatal Covid-19 cases featured substantially lower
ADAMTS13-activities (ADAMTS13:Ac) than moderate cases, VWF:Ag
concentrations increased. (327, 328) In consequence, the calculated ratio of
vWF:Ag/ADAMTS13:Ac augmented alongside illness severity throughout all
cohorts. Both parameters, ADAMTS13:Ac and vWF:Ag/ADAMTS13:Ac ratio,
indicate severity differentiation (severe vs. moderate) as well as prediction of in-
hospital mortality. (328) However, ADAMTS13:Ac and vWF:Ag expressed as
percent were again calculated in relation to plasma levels of convalescent controls.
Data regarding the analyses of vVWF multimers support the hypothesis of thrombotic
thrombocytopenic purpura (TTP)-like courses in Covid-19. One study shows that
large and ultralarge VWF multimers are markedly reduced in Covid-19 patients
compared to healthy controls. This resembles their accumulation within
microthrombi as seen in TTP. (327)

Additional reports provided evidence of “complement over-activation and
consumption” by showing increasing levels of complement factor C3a while C3
declined in fatal Covid-19 cases compared to ICU-survivors. (328, 329) Moreover,
patients with high C3a/C3 ratios in combination with low ADAMTS13 exhibit a
significantly lower chance of survival. (328)

Further investigations detected the abovementioned sTM as a suitable parameter
to predict patient outcome. As sTM significantly correlated with mortality when solely
analyzed within the ICU cohort, the cohort’s median value of 3.26 ng/mL served as
a threshold to divide patients in two groups. Patients with high sTM (>3.26 ng/mL)

exhibited a significantly higher in-hospital mortality when compared to the low sTM
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cohort. (319) This is consistent with a longitudinal biomarker analysis which
identified higher plasminogen activator inhibitor 1 (PAI-1) levels, longer clot lysis
time, and reduced plasminogen concentrations in addition to sTM to predict
mortality. Especially, clot lysis time increased during the ICU stay in the cohort of
patients who died, whereas it declined in survivors. (320) However, only 14 Covid-
19 patients were included in the study and further division was conducted for
mortality analyses. Nonetheless, a meta-analysis including the data of Goshua et
al. (319) confirmed the significant correlations between levels of VWF antigen, sTM,
and PAI-1 and poor outcomes, suggesting the addition of high tissue-type
plasminogen activator concentrations as another important surrogate of endothelial
dysfunction. Notably, poor outcomes were not restricted to mortality in this analysis
but included ICU admission, severe illness, deteriorating respiratory status or need

of mechanical ventilation. (326)

5.1.4 Neutrophil extracellular traps (NETs)

The abovementioned contribution of neutrophils and NETs towards
immunothrombosis in Covid-19 is not fully understood and central content of
ongoing research. Neutrophils, which are activated by pathogens, a pro-
inflammatory milieu, antibodies, or other activated cells release NETs in a reaction
called NETosis. NETs consist of decondensed chromatin with histones and
microbicidal elements such as neutrophil elastase and MPO, building a structure to
bind pathogens as well as endogenous cells and mediators. Comparable to
immunothrombosis, NETs contribute to pathogen containment under regulated
conditions, while exaggerated release is associated with coagulopathy and
aggravating complications. Therefore, several studies investigated neutrophil
activation and NETSs release in Covid-19 patients compared to healthy controls.

Studies demonstrated significant neutrophilia in severely affected individuals and a
rise in activated neutrophils with a low-density phenotype and formation of
multicellular aggregates in all hospitalized Covid-19 patients. This specific subtype,
also called low-density granulocytes, is prone to spontaneously form NETs. (330-
333) Upon NETosis, different surrogates become detectable in the patients” plasma.
The frequently measured NET markers include cell-free DNA (cfDNA), DNA-
myeloperoxidase (DNA-MPQO) complexes, DNA-neutrophil elastase, and
citrullinated histone H3 (citH3), with the latter three being specific for NETs. (332,
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334) Significantly elevated levels of all markers in plasma of hospitalized patients
(i.e. moderate to severe iliness) were demonstrated throughout different trials in
comparison to healthy individuals. (332-338) Especially the measurement of DNA-
MPO complexes is primarily used to reflect soluble NET concentrations. In vitro
analyses confirmed that neutrophils of Covid-19 patients extrude higher NET
concentrations than those of healthy controls, despite normalization of cell numbers.
The results were further visualized by confocal microscopy analyses. (333) By this
means, neutrophilia paired with elevated NETs release intensifies potential
complications of extensive NETosis and immunothrombosis in severe Covid-19
cases. Additionally, in the study of Leppkes et al. (332), neutrophil elastase activity
enabled the differentiation between healthy individuals and the hospitalized Covid-
19 cohort. DNA-MPO complex levels were also significantly higher in non-survivors
compared with Covid-19 survivors and further correlated directly with the SOFA
score. (336) Moreover, rising NET-markers correlated with increasing need for
respiratory support, and patients requiring mechanical ventilation experienced
significantly higher levels of cfDNA and DNA-MPO than patients on ambient air.
(334, 337) In contrast, citH3 concentration and absolute neutrophil count did not
significantly differ between these cohorts. (334) Ng et al. (337) underlined the
potential of NET-biomarkers as prognostic indicators by demonstrating that marked
elevation at admission was associated with poor outcomes (admission to ICU and/or
short-term mortality).

Autopsy samples of lung tissue emphasized the contribution of neutrophils and
NETosis in immunothrombosis, revealing pulmonary vessel occlusions by cell-rich
clots with associations of citH3-positive neutrophils and platelets. The specimens
further demonstrated aggregated NETs and partially denuded vessel walls,
indicative of endothelial damage adjacent to NET extrusion. Of note, these NET-
aggregates were also found in damaged glomeruli and hepatic periportal fields.
(332) Data from proteomic analyses of postmortem Ilung tissue revealed
enhancement of pathways which contribute to neutrophil, platelet, and complement
activation in combination with elevated FXII levels. In contrast to non-Covid-ARDS
cases, immunostaining visualized robust colocalization of activated FXIl and citH3
in pulmonary vessels of deceased Covid-19 patients, highlighting both the proteome
analyses as well as FXII activation within NET structures during immunothrombosis.

(335) These interactions of neutrophils, platelets, and clotting factors further
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strengthen the complex interplay between the innate immune system and
coagulation to trigger microthrombosis. Additional data showed a significantly lower
DNase activity, crucial to degrade NETs, in Covid-19 plasma samples than in
healthy controls. In fact, compared to donor plasma and recombinant human DNase
I, Covid-19 plasma was incapable of degrading NETs in vitro. The defective NET
clearance promotes NET accumulation and causes sustained FXII activation. (335)
Results of in vitro experiments revealed a strong induction of NETosis in neutrophils
from healthy individuals when exposed and cultivated with Covid-19 patient plasma
or sera. By contrast, exposure to heterologous control sera did not provoke
NETosis. (334, 336) This might reflect the capability of high cytokine and chemokine
concentrations within the patients” sera to induce NETosis. However, data of
Skendros et al. (338) contradict these results by emphasizing a platelet-rich plasma
dependent NET formation in control neutrophils. Only in the case of stimulation with
platelet-rich plasma from Covid-19 patients, neutrophils were expressing NETSs,
while serum or plasma without platelets failed to trigger efficient NET formation.
However, plasma samples of only four Covid-19 patients were included in their
experiment in contrast to more than 20 in the abovementioned studies. Another
interesting finding was the observation that neutrophils only released NETs when
cultured with viable but not inactivated SARS-CoV-2, in addition to demonstrating
signs of direct neutrophil invasion. (333)

Investigations regarding correlations between NET-markers and surrogates of
inflammatory and procoagulatory processes yielded deviating results. Some trials
noted robust correlations of DNA-MPO with total leukocytes and neutrophil count,
CRP, and LDH, as well as D-dimer as a marker of a procoagulant state. (335, 337)
Conversely, patient samples in the study of Zuo et al. (334) showed no significant
associations of DNA-MPO with CRP, LDH or D-dimer. Moreover, other studies
revealed positive correlations of DNA-MPO complexes to TAT, TNF-a and IL-6.
(337, 338)

Two trials also measured NET biomarkers in convalescent patients four to six weeks
and four months after infection, respectively. One study demonstrated comparable
DNA-MPO levels in healthy controls and convalescent patients four to six weeks
after a positive SARS-CoV-2 PCR result. (336) The second study revealed normal
concentrations of NET markers four months after infection. (337) Their findings

might have significant implications in synopsis with the data of Fogarty et al. (324)
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which detected a sustained endotheliopathy approximately ten weeks after
infection. This trial also revealed similar NETosis markers between convalescent
patients and controls, however, measurements were restricted to DNase activity and
extracellular DNA, which are not specific to NETosis.

Several studies further examined the potential of different agents to contain
overshooting NETosis and NETs formation in vitro. Covid-19 plasma induced NET
formation was significantly decreased by the NET-inhibitory peptide neonatal NET-
inhibitory factor. (336) Addition of DNase | degrades NETs in vitro and is
accompanied by a 50% reduction of FXlla formation. (335) Leppkes et al. (332)
discovered that addition of UFH expedited NET clearance by DNase | in vitro, and
previous experiments also attributed LMWH the ability to annul NET formation by
neutrophils. (339)

5.2 Covid-19 associated vasculopathies

Since the beginning of the pandemic, thromboembolic events have been frequently
described among hospitalized patients with Covid-19. Although VTE is more
common, arterial thromboembolisms (ATE) are also reported to a considerable
extent in hospitalized Covid-19 patients. As mentioned above, endotheliitis is a
common feature of Covid-19 and contributes to the development of thromboembolic
events. Thereby, it also constitutes the most significant type of inflammatory
vasculopathy. However, further vasculitides, including Kawasaki-like disease and
cutaneous manifestations have also been reported. Since vasculopathies
complicate the course of disease in other acute medical illnesses, significant effort
was expended to ascertain the clinical characteristics of Covid-19 associated
thromboembolism. In addition to the described physiopathology of the apparent
hypercoagulable state, further research focused on clinical considerations of
vasculopathies. With progression of the pandemic, emphasis was put on the
investigation of risk factors associated with thrombotic events and their prognosis,
especially in hospitalized individuals. Therefore, several studies obtained
information to identify risk factors and determine their incidence and repercussions
on patient management and prognosis. The acquired knowledge contributes to an
optimized patient care and shapes the therapeutic approach in hospitalized Covid-

19 patients with and without thrombotic events or vasculitides.
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5.2.1 Epidemiology

Frequency of Covid-19 related VTE ranged between 13% to 14.7% across two
meta-analyses of observational studies with a reported pooled prevalence of PE of
approximately 8% and of DVT of approximately 11%, respectively. (340, 341)
Subgroup analysis revealed significantly higher VTE rates in ICU patients compared
to a mixed cohort or non-ICU patients in both meta-analyses (23.2% vs. 9% and
31% vs. 7%, respectively). In one of the largest retrospective observational studies,
VTE rates of more than 370,000 hospitalized Covid-19 patients were investigated.
(342) While the overall incidence of VTE was 4.6%, detection rates in the non-ICU
compared to the ICU cohort were 4% and 10.7%, respectively. Additionally,
screening approaches significantly alter detection rates in hospitalized patients. The
prevalence of VTE was markedly higher in studies with a systematic screening
approach of all patients than in those which tested merely upon clinical suspicion.
Zhang et al. (341) demonstrated significantly improved detection rates in screened
ICU patients with a PE and DVT prevalence of 37% and 40%, respectively, as
opposed to 12% and 11% by testing on clinical suspicion. Despite significantly
higher frequencies of DVTs upon screening of non-ICU cohorts, differences in PE
screening versus testing on suspicion remained nonsignificant. Regardless of the
two test strategies, ICU patients developed VTEs significantly more often compared
to non-ICU patients. The finding of higher detection rates upon screening is
strengthened by another meta-analysis, which screened all Covid-19 patients for
VTE with compression ultrasonography and CTPA to detect DVT and PE,
respectively. (343) The reported prevalence of PE and DVT reached 32% and 27%
within a mixed cohort of hospitalized patients. Besides revealing substantially
increased VTE cases due to the screening approach, the meta-analysis by Kollias
et al. (343) demonstrated higher PE than DVT rates. As DVT usually constitutes the
major cause of PE, this finding could indicate an additional formation of in-situ
pulmonary thrombi in the setting of Covid-19. (344) Indeed, data from a pre-Covid-
19 era reported a prevalence of 60.1% for DVT in patients with acute PE. (345)
Conversely, data of a recent meta-analysis revealed only a DVT prevalence of 11%
in Covid-19 patients with PE, supporting the assumption of additional in-situ
thrombus formation within pulmonary vessels. (346) Contradicting the conclusion of
a significantly elevated risk of VTE in Covid-19, a meta-analysis compared

incidences in Covid-19 versus non-Covid-19 cohorts. The estimated cumulative
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relative risk (RR) for VTE of 1.18 (95%CI 0.79-1.77; p = 0.42; 1> = 54%) revealed
no significant difference between the two cohorts. (285) Subgroup analyses of PE
and DVT risk also remained nonsignificant. However, ICU patients with Covid-19
had a significantly higher risk of developing VTE compared to those without (RR
3.10; 95%CI 1.54-6.23), and the same applied to the overall cohort comparison
when solely prospective studies were included (RR 2.74; 95%CI 1.18-6.40). In
comparison, another meta-analysis of twelve studies, partly including the
abovementioned studies, demonstrated a significantly higher risk difference (RD)
for VTE when hospitalized Covid-19 patients were compared to non-Covid-19
patients (0.06, 95% CI 0.01-0.11, p = 0.011, 12 = 97%). (286) Data of the ICU
cohorts yielded similar results, with a 16% increased risk in patients with Covid-19
compared to those without and 11% more risk of developing PE.

ATE range from stroke, myocardial infarction, and thromboses of the aorta, to acute
limb and mesenteric ischemia. Except for stroke, which shows higher rates in SARS-
CoV-2 infected individuals, incidences of arterial thromboses (Ml, ALI, other ATE)
do not differ between hospitalized Covid-19 patients and non-Covid-19 cases with
or without non-Covid viral pneumonia. (347, 348) One meta-analysis revealed
overall ATE rates of approximately 4%. (340) ATEs included myocardial
infarction/ACS (1.1%), ischemic stroke (1.6%), and other ATE, combining visceral
or limb ischemia (0.9%). However, no data of subgroup analysis to compare ICU
with non-ICU cohorts were available. A large retrospective cohort study supports
the data of ischemic stroke and other ATEs with prevalences of 1.6% and <1%,
respectively. (349) In contrast, their overall incidence of ATE exceeded 11% in all
hospitalized Covid-19 patients, owing to a high rate of detected M| with 8.9%. Of
interest, the consecutive patients in this study suffered from more ATE than VTE
(6.2%). Similarly, a systematic review by Jenner et al. (350), which combined data
from the ICU with over 2900 patients, revealed an incidence of 12% for ATE, with
8% due to MI. Ischemic cerebrovascular events occurred in 3% and limb or
mesenteric infarction accounted for 2.5% of cases.

Studies on the epidemiology of Covid-19 associated vasculitides are scarce, as
vasculitides other than endotheliitis are rare manifestations in Covid-19. The most
encountered include cutaneous small vessel vasculitis, often in the form of ,Covid
toes”, and vasculitis in a Kawasaki-like disease. (288, 289) The latter being typically

associated with MIS, which constitutes the most prevalent vasculitis syndrome
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related to SARS-CoV-2 with approximately 316 cases per 1,000,000 infections in
individuals younger than 21 years. (351) These results are supported by data of
Karagiannidis et al. (352) who calculated incidences of 0.07% in Germany for

persons under the age of 18.

5.2.2 Risk factors

As the knowledge of specific risk factors for thromboembolic events is crucial for
prevention and treatment, especially in hospitalized patients with Covid-19, several
studies addressed their patients' risk profiles. While elevated levels of D-dimer at
admission, male gender, and cancer were detected as risk factors throughout
several studies, evaluation of other factors yielded discordant results. Particularly,
D-dimer levels beyond 500 ng/mL were significantly associated with any thrombotic
event. (342, 346, 349, 353) Interestingly, some studies reported a slightly increasing
risk with advancing age (odds ratio 1.04) with those aged 60 to 69 years
experiencing the highest odds. (342, 353) On the contrary, this weak association of
advanced age and the risk for PE became nonsignificant in another meta-analysis
if a lower-quality study was omitted. (346) Moreover, Bilaloglu et al. (349) detected
Hispanic ethnicity and coronary artery disease as risk factors associated with both
VTE and ATE, in addition to age, gender, and higher D-dimer values. Otherwise,
typical comorbidities which increase the risk for VTE, such as BMI, hypertension,
and diabetes, showed no significant association in Covid-19. Only obesity was
identified as a risk factor in one study. (342) Other specified risk factors for VTE
were Black ethnicity, a longer interval between onset of disease and admission, a
=1.5-fold increment of D-dimer, and HIV. (342, 353) Thrombotic events in turn also
impact the further course of disease. Diagnosis of PE significantly increased the risk
of ICU admission and mechanical ventilation compared to Covid-19 patients without
PE, whereas the risk of mortality remained nonsignificant. (346) The majority of
included papers, however, found significant associations between death and VTE
in general, with greater odds of in-hospital mortality (OR 1.35) as well as a pooled
odds ratio for death of 2.1 in relation to non-VTE cases. (342, 343) Similarly,
mortality in the case of any thrombotic event (arterial and venous) was significantly
higher than without (43.2% vs. 21%), and adjusted hazard ratios underlined
thrombosis as an independent risk factor (1.82; 95% ClI, 1.54-2.15; P <.001). (349)
Of note, the hazard ratio for ATE exceeded VTE.

86



5.2.3 Covid-19 associated venous thromboembolism

As most clinical guidelines combine their recommendations on DVT and PE
management in Covid-19 patients, both are presented hereafter under the term
VTE. As already mentioned above, the incidence of VTE in Covid-19 patients is
especially high in the most severe cases admitted to the ICU. Studies attribute
Covid-19 patients 3-6 times higher VTE rates when compared to a non-Covid-19
ICU cohort. While the incidence of VTE exceeds 20%, non-Covid-19 cases exhibit
rates between 5-10%. (340, 341, 354-356) Moreover, PE rates are elevated as
opposed to H1N1 influenza, SARS or MERS infections. (357)

Despite their high frequency, few data on the signs and symptoms of VTE in Covid-
19 are available. Data of the RIETE registry, a prospective registry of consecutive
patients with symptomatic and confirmed acute VTE which also incorporates Covid-
19 patients, listed the typical features of PE. (358) Among the 379 SARS-CoV-2
positive patients with PE, 20% suffered from hypotension with systolic blood
pressure <100 mmHg or requirement of vasopressors, and 18% were tachycardic
(heart rate >110/min). Echocardiography revealed pulmonary artery pressure >40
mmHg in 36% of patients, and 33% had right ventricular dysfunction. However, the
similar symptoms of Covid-19 pneumonia and PE with dyspnea, tachypnea,
tachycardia, cough, or chest pain can obscure and complicate the clinical diagnosis
of PE. In this study, the median time interval between hospitalization and VTE
diagnosis was ten days. Of note, 88% of patients were receiving thromboprophylaxis
at the time of VTE diagnosis, which again underlines the excessive thrombogenicity
of moderate to severe Covid-19. Regarding the signs and symptoms of DVT, one
study noted lower limb pain or edema in 58% of patients, which constituted the
second most common complaint after dyspnea. (359) In general, DVT symptoms in
Covid-19 are similar the conventional type. (360) Data on the typical locations of
VTE showed that most patients in a non-Covid-19 cohort suffered from central PE,
while segmental and subsegmental forms were the dominating locations in Covid-
19 patients. (355, 361-363) In the case of lower extremity DVT, one study reported
distal DVT as the most frequently DVT subtype observed in Covid-19, with 65%
thereof within the intramuscular veins. (364) In comparison, in the study of Jiménez
et al. (359) distal and proximal DVT were comparable and 22% of cases featured
both, proximal and distal DVT. Instead, proximal DVT is the leading form in non-

Covid-19 cases. (365) Throughout different studies, elevated D-dimer levels were
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the most significant deviating laboratory parameter in Covid-19 patients with
detected VTE compared to cohorts without. (359, 366, 367) Despite the already
pathologically elevated D-dimer levels in hospitalized Covid-19 cohorts, including
the control groups of the following studies (SARS-CoV-2 positive, VTE negative),
VTE patients displayed levels extending beyond those. According to one study,
72.3% of DVT cases presented with D-dimer concentrations beyond 3000 ng/mL,
and levels >5000 ng/mL were robustly related to DVT (OR 19.44). (359) Whyte et
al. (367) detected higher D-dimer concentrations in PE patients, with a median value
of 8000 ng/mL. Furthermore, CRP concentrations were also significantly elevated
in both DVT and PE, while prothrombin time was comparable to patients without
VTE. (359, 367) However, guidelines on the approach to VTE in Covid-19
recommend against D-dimer and biomarker-based management in general, which
is endorsed by at least two published recommendations. (368, 369) The diagnostic
approach is rather built on clinical features, which are indicative of DVT or PE, such
as abrupt and unexplained clinical deterioration, hypoxemia, right ventricular
dysfunction, and acute lower extremity erythema or swelling. If any of these features
are encountered, a low threshold for performing diagnostic imaging procedures
should be implemented. Those include primarily CTPA to detect PE, and
compression ultrasonography to diagnose DVT. Although less conclusive,
especially in the case of unstable patients who cannot be transferred,
echocardiography serves as an alternative to support the clinician’s suspicion. After
confirmation of VTE, it is recommended to use established guidelines for the
anticoagulative treatment of VTE. Parenteral anticoagulation with therapeutic weight
adjusted LMWH serves as the first line therapy in hospitalized Covid-19 patients
with VTE and absence of contraindications. While both LMWH and UFH lack known
drug interactions with antivirals or investigational therapies compared to DOACSs,
LMWH is favored over UFH, because of routine monitoring with frequent blood
draws in the case of UFH. Additionally, LMWH may not lead to heparin pseudo-
resistance. Anticoagulation therapy should be continued for at least three months
with administration of DOACs in the post-hospital discharge setting. In view of the
outcome, one study demonstrated an increased risk of mortality in their Covid-19
cohort with DVT in relation to Covid-19 patients without (40.3% vs. 14.9%) (370)
Data, which also analyzed DVT outcomes among a non-Covid-19 cohort showed

comparable rates of mortality in relation to Covid-19 patients (17% vs. 19%). (371)
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In contrast, Spirk et al. (372), who examined consecutive patients with acute VTE
during a pre-Covid era, revealed lower rates of overall in-hospital mortality with
5.3%. One study which compared the mortality of PE, detected a significantly higher
risk of in-hospital death in the Covid-19 cohort with 12.8% versus 5.3% in the non-
Covid-19 group. (373)

5.2.4 Covid-19 associated cerebral venous thrombosis

The meta-analysis on the occurrence of CVT by Baldini et al. (374) included 57
cases with a mean age of 53.5 years. Although reported CVT rates vary, pooled
data estimate a frequency of 0.08% (or 8 cases per 10,000) in patients hospitalized
for Covid-19. This exceeded the anticipated rate of 5 per million in conventional
cases. (356, 375) The proportion of CVT in cardiovascular events associated with
Covid-19 was calculated to be approximately 4%. In the majority of patients, Covid-
19 symptoms preceded CVT-related features with 90%. Typical neurological signs
and symptoms were detected in every patient with CVT, with encephalopathy, focal
signs, hemiparesis, or seizures as the main presenting complaints. (374) According
to data from Al-Mufti et al. (376), 85% of CVT patients presented with headache as
the most common symptom. Moreover, altered mental status frequently occurred,
and epileptic seizures were noted in 28% to 42% of patients. Thereby, signs and
symptoms seem to be equal to cases without SARS-CoV-2 infections. Analyses
revealed transverse sinus as the most affected (65%), while the sigmoid sinus, and
superior sagittal sinus revealed similar rates with around 45%. Thrombosis involved
more often the deep venous system compared to cortical veins and multiple venous
vessel involvement dominated over single vessel affection. (374, 376) Hemorrhagic
lesions were detected in 42%. D-dimer and CRP levels were elevated in most cases
across different studies, and lymphopenia predominated, when reported, in the
meta-analysis. The diagnosis of CVT in Covid-19 does not differ from conventional
diagnosis, as CT or MR venogram or CT-angiography were the first-line imaging
techniques for the diagnosis of CVT. (374, 377) Additionally, CVT therapy in Covid-
19 is similar to the treatment of CVT without infection, while no specific guideline
was elaborated yet. (378) Compared to a cohort without Covid-19, in-hospital
mortality was high with rates between 25-40% versus 6%, and especially

parenchymal hemorrhage was associated with an adverse outcome. (374, 376, 379)
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5.2.5 Covid-19 associated stroke

As mentioned above, stroke often complicates the course of Covid-19, with ischemic
stroke ranking among the most common arterial thrombotic events. While results for
ischemic stroke rates varied between 0.9 to 2% across hospitalized Covid-19
cohorts, the frequency rose among ICU patients (3-6%). (340, 350, 380-382) In
comparison, studies on the in-hospital stroke rates among patients admitted
because of influenza or for any other reason were lower, with 0.2% and between
0.04% and 0.06%, respectively. (383-386) The 7.6-fold increased odds for
cerebrovascular events in relation to influenza illustrates the perceptible heightened
risk of suffering from stroke during Covid-19. (385) Although less common than
ischemic strokes in Covid-19, the proportion of hemorrhagic strokes is eventually
higher than the distribution in non-Covid-19 cases (72:28% vs. 87:13%). (256, 387)
In view of the typical features of Covid-19 associated ischemic stroke, previous
reviews revealed a predominance of large vessel involvement over small vessel
disease, which was present in only 2%. (380, 381) Instead, stroke databanks on
preceding non-Covid-19 cohorts attribute 20% of stroke cases to small vessel
disease. (388) Cryptogenic stroke rates are, in contrast, only merely elevated in
Covid-19 cohorts compared to those without, with declared rates of 35 to >40%.
(380, 381, 389) Vogrig et al. (381) detected multi-territory involvement, and
involvement of otherwise uncommonly affected vessels as potential specific
features of Covid-19 related stroke. Patients with Covid-19 and ischemic stroke
typically present with severe neurological deficits, with median NIHSS values of 19-
21, as compared to non-Covid-19 patients with a median of four. (381, 390) Of note,
in one quarter of Covid-19 patients, ischemic stroke was associated with additional
thrombotic events.

Neurological findings among 323 patients with concomitant SARS-CoV-2 infection
and acute ischemic stroke revealed limb paresis as the most common symptom
(>72%). (391) Altered level of consciousness, aphasia and facial paresis were
additional frequently observed clinical features. Together with ataxia, gaze
preference, visual field or sensory loss, the signs and symptoms of Covid-19
associated ischemic strokes appear to resemble those without known infection as
quoted in the study by Yew et al. (392) This hypothesis is emphasized by several
case reports, consolidated in the study by Ghasemi et al. (393) Different case series

and comparative studies evaluated alterations of biomarkers in acute ischemic

90



stroke patients with Covid-19. The study by Strambo et al. (394) revealed a
significantly prolonged aPTT, elevated CRP and decreased LDH levels, and D-
dimer levels were 2-fold higher than in Covid-negative stroke patients. While data
from Vogrig et al. (381) endorsed the laboratory features of increased coagulopathy,
adding elevated fibrinogen, their cohorts exhibited higher LDH values. The limited
existing data on the management approach to Covid-19 patients with suspected
ischemic stroke follows the proceedings in established stroke guidelines. (395-397)
CT imaging techniques are used for diagnosis and confirmed stroke cases are
treated with systemic, intravenous fibrinolysis, and mechanical thrombectomy in
selected patients. Studies which compared the treatment strategies between stroke
patients with and without Covid-19 also showed no differences in the frequency of
conducted intravenous thrombolysis or mechanical thrombectomy. (398) However,
previous studies showed greater risks of post-rtPA intracerebral hemorrhage in
patients with elevated CRP and D-dimer, which are typically increased in Covid-19.
(399, 400) Moreover, the fact that rtPA is hepatically cleared and liver function tests
are commonly elevated in Covid-19 patients, indicating liver dysfunction, may raise
the risk of intracranial hemorrhage further. (381, 401) As in VTE, Simonetto et al.
(400) recommended against decision making upon laboratory markers, such as
thrombelastography or D-dimer levels. By contrast, the performance of mechanical
thrombectomy in cases with large vessel occlusion is considered as safe and
exhibits the same success rates compared to SARS-CoV-2 negative patients. (402)
While studies on Covid-19 related stroke cohorts yielded deviating results in regard
of the outcome in comparison to non-Covid-19 strokes, stroke significantly elevated
the in-hospital mortality among Covid-19 patients (19.4% for Covid-19 and stroke
vs. 6.2% for Covid-19 alone). (398, 403, 404) Further data from Qureshi et al. (398)
attribute increased rates of cerebral edema, intracerebral hemorrhage and
myocardial infarction in Covid-19 associated stroke patients compard to those
without stroke. Additionally, Covid-19 and stroke lead to higher ICU admission rates
and required intubation considerably more often when compared to stroke alone.
(405) Moreover, patients had longer hospitalization rates, slower recovery, and
unfavorable functional prognosis (modified Rankin Scale 4-6) in over 64% of cases
according to a small case series by Hernandez-Fernandez et al. (406) with 17

SARS-CoV-2 positive ischemic stroke patients. In contrast, data from a pre-Covid
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study showed unfavorable functional prognosis in about 15% of patients after three
months. (407)

5.2.6 Covid-19 associated myocardial infarction

According to Jenner et al. (350), Ml is the most common ATE in Covid-19 patients
admitted to the ICU. However, after adjustment for cohort differences, M| hazard
ratios were not significantly deviating from patients suffering from influenza,
regardless of the medical care setting (in- and outpatients) in a study by Ward et al.
(408) Data which compared MI incidences in hospitalized individuals with Covid-19
and a non-Covid cohort, supported these results by showing no considerable
difference (2% vs. 2.5%). (409) With regard to the clinical features of ACS in Covid-
19, Milovancev et al. (410) showed similar rates for STEMI, NSTEMI and angina
pectoris compared to a non-Covid-19 cohort, with approximately 71%, 25%, and
3.6%, respectively. The North American COVID-19 Myocardial Infarction (NACMI)
registry highlighted a higher prevalence of atypical STEMI symptoms in Covid-19,
such as dyspnea and syncope rather than chest pain, in comparison to a historical
STEMI cohort. (411, 412) The predominance of dyspnea is confirmed by the study
of Kumar et al. (413), which showed rates of 68%. Still, chest pain as a typical Mi
symptom was also common with a reported rate of 60%. Covid-19 patients with ACS
presented with a significantly but only slightly elevated heart rate (85 versus 80
beats/min). Additional data revealed that patients with ACS and Covid-19
experience higher rates of cardiogenic shock relative to patients with ACS alone,
while cardiac arrest was comparable between the cohorts. (410, 411, 414-416) With
32%, heart failure was also more commonly detected in patients with concomitant
SARS-CoV-2 infection and STEMI, compared to 18% in a STEMI cohort without
infection. (412, 417) Garcia et al. (418) evaluated the change in clinical
characteristics of Covid-19 patients with concomitant STEMI between 2020 and
2021. While typical ischemic symptoms with chest pain increased (51% vs 59%) in
2021, cardiac arrest rates before PCl remained comparable. The study also
reported a trend towards lower cardiogenic shock rates. Of note, one study revealed
significantly higher rates of very late STEMI presentation (>12h from symptom
onset) in the Covid cohort compared to a control group. (410) Additional diagnostical
findings featured typical ECG changes in all Covid-19 patients with MI and

comparable EF among ACS patients with and without Covid-19. In the latter, a
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reduced EF below 40% was reported in 25% of Covid-19 cases suffering from ACS.
(410, 413) Analyses of coronary angiographies further revealed a substantially
higher thrombus burden, elevated stent thrombosis rates, and greater incidence of
multiple thrombotic culprit lesions. (419) While high-sensitivity troponin levels as well
as NT-proBNP were significantly elevated in both included studies in patients with
Covid-19 and STEMI compared to non-Covid-19 cohorts, they only tended to be
higher in the study by Milovancev et al. (410) if all infected ACS cases were
analyzed. (419) Contrary, LDH levels were significantly elevated compared to non-
Covid-19 cases only in the study by Milovancev et al. (410) , while further laboratory
parameters, such as fibrinogen, and ferritin were non-significantly elevated in Covid-
19 patients with STEMI. Regarding the diagnosis and management of Ml in Covid-
19 cases, the guidance of the European Society of Cardiology states that the same
ECG diagnostic criteria for all cardiac conditions also relate to Covid-19 patients.
(420) Although, notable rises of cardiac troponin levels are often encountered in
severe Covid-19 (indicating shock, respiratory failure, or hypoxemia) their
measurement is also suggested in all cases with suspected MI. Additionally,
according to a joint consensus statement, Covid-19 patients with signs of
concomitant acute MI, including classic symptoms and ECG findings, might benefit
from additional noninvasive imaging. (421) Both guidances therefore endorse the
use of point of care ultrasonography to assess the cardiac function and aid in the
detection of wall motion abnormalities. The results can further support a STEMI
diagnosis and evaluate the merit of a fibrinolysis reperfusion. They also state that
the same treatment approach as for non-Covid cohorts in terms of primary PClI is
indicated (<120 minutes from diagnosis to reperfusion) in Covid-19 patients with
STEMI. Urgent fibrinolysis in patients diagnosed with a STEMI at a referral hospital
is also supported, with subsequent transfer for a rescue PCI where indicated. (421,
422) SARS-CoV-2 positive NSTEMI cases are also managed according to non-
Covid cases, where urgent coronary angiography is only performed in the presence
of very high-risk factors (<2 hours). Further acute MI therapies apply to the
established guidelines for non-high risk NSTEMI and unstable angina. (421) When
comparing STEMI treatments in cases with and without Covid-19, door-to-balloon
times were markedly increased in infected individuals with more than eight minutes
longer mean time compared to controls. (415, 423) Additionally, Covid-19 patients

received primary PCl less often (71% vs. 93%). (411) While there were no significant
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differences detected in regard of the PClI rates between Covid-19 STEMI patients in
2020 and 2021, door-to-balloon times improved in the latter. (418) In view of the
outcome, all included studies revealed a significantly higher mortality in Covid-19
patients with acute Ml or ACS in general, when compared to cohorts without Covid-
19. (410, 415, 418) These results are exemplified by the aforementioned study from
Garcia et al. (418), which showed a decline in mortality in Covid-19 patients with
STEMI from 33% in 2020 to 23% in 2021, while the analyzed SARS-CoV-2 negative
STEMI cohorts had rates of 14% and 11% in the same timeframe. In contrast, one
study detected no significant differences in mortality when only NSTEMI cohorts

were compared. (410)

5.2.7 Covid-19 associated acute limb ischemia

With rates between 0.2% to 0.9%, ALl is a rare finding among hospitalized patients
with Covid-19. (347, 424) As mentioned above, the incidence of ALI is not
significantly increased compared to the general population or a hospitalized
influenza cohort, although designated data ascribe Covid-19 patients a trend
towards elevated rates. (347, 348) These results are comparable with data from the
United States, where a similar ALl prevalence in hospitalized Covid-19 and the
general population was found (4 to 21 per 100,000 vs. 10 to 15 per 100,000) (425,
426) In the maijority of included patients, ALI was diagnosed subsequently to SARS-
CoV-2 infection, while 27% presented to hospital with ALI symptoms alone. (427) In
accordance with ALI among the general population, lower extremity ischemia
dominates over upper limb ischemia. (426) Compared to abovementioned data of
non-Covid-19 ALI cohorts, femoro-popliteal arteries were most commonly affected
with 45%, followed by tibial arteries, which were rarely involved in Covid-19 (222,
283, 428-430) Goldman et al. (431) found similar results with higher rates of Covid-
19 associated thrombotic ALI in more proximal regions in comparison to SARS-CoV-
2 negative patients, as well as a greater clot burden. Of the included studies, few
stated the patients” presenting complaints, signs and symptoms of ALI but ranked
leg pain and discoloration to most frequent. Interestingly was the fact, that every
Covid-19 patient with ischemic leg symptoms revealed also an arterial thrombus in
leg arteries, compared to 69% in their control cohort. However, additional data in
view of previous episodes of ischemia or arterial thrombi and examination findings

were lacking. Still, it is assumed that patients with Covid-19 and ALI typically present
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with the same symptomatology as the general population. (426) Regarding the
severity of ALl in Covid-19 patients, the Rutherford classification with its required
investigations is also used in individuals with Covid-19. Data revealed grades IIA
and IIB as the most common in Covid-19 cohorts with concomitant ALI. (428-430,
432) Evidence from a pre-Covid-19 era coincide with these results, with two studies
stating Rutherford 1IB as the most common, followed by grade IlA. (433, 434) The
European Society for Vascular Surgery (ESVS) analyzed whether Covid-19 patients
should receive an adjusted management approach compared to ALI patients before
the pandemic. (435) The recommendation to detect ALI with CTA or MRA remains
valid, with the addition that complete imaging from the aortic arch to feet and hands
is advised due to the aforementioned more extensive disease. The limited
significance of laboratory markers in the diagnosis of ALI also relate to patients with
Covid-19. Yet, data revealed that ALl occurrence is often signalized by rising D-
dimer levels among hospitalized Covid-19 patients. (426, 435, 436) Following
verified ALI diagnosis, the standard management approach also applies to Covid-
19 patients, including the administration of UFH or LMWH. (435, 437) Open surgical
and endovascular treatment options remain the definite therapeutic approaches.
However, as hospitalized Covid-19 patients may suffer severe disease, they might
benefit from endovascular techniques as a less invasive procedure. A systematic
review by Galyfos et al. (438) in contrast, showed that medical treatment alone was
implemented in >41% of included ALI patients with Covid-19 as the first-line therapy.
This approach led, however, to increased mortality rates when compared to
endovascular or open surgery treatments, while the risk of amputation remained
non-significant between these cohorts. Moreover, studies declared that 14% to 23%
of patients already received anticoagulation at the time of ALl diagnosis, but
rethrombosis after revascularization occured despite full heparin-based
anticoagulation. (430, 432, 439, 440) Regarding the outcome of interventions, the
systematic review by Attisani et al. (427) revealed technical success in 68% of
cases, while 13% required a re-intervention due to persistent or recurring limb
ischemia and 17 out of 194 patients had to undergo amputation. In contrast, in the
aforementioned pre-Covid cohort, preservation of the limb was ensured in 96%, if
revascularization was successful within six hours of symptom onset. (203) Of note,
19% of Covid-19 patients with ALl were ineligible for surgical or endovascular

procedures because of their poor clinical state. Amputation and mortality rates of
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cohorts with concomitant Covid-19 and ALI ranged between 23.2% to 25% and
between 29% to 38%, respectively. (431, 435, 438, 441) By comparison, between
3% to 8.9% of patients with AL| alone deceased. (431, 435, 441, 442) Additionally,
mortality and amputations were decreased in patients who experienced symptoms
limited to the leg, without other systemic or respiratory Covid-19 manifestations.
(431)

5.2.8 Covid-19 associated vasculitides

Although numerous case reports describe certain vasculitides associated with
Covid-19, only the most important entities are described in the upcoming paragraph.
Presumably, the most prominent vasculitic feature of Covid-19 is endotheliitis,
playing a central role in the above-described pathophysiology with its
thromboembolic sequelae. However, precise epidemiologic data on the frequency
of other Covid-19 associated vasculitides are mostly lacking, partly because they
are rare findings. For Kawasaki-like vasculitis, available data estimate 316 cases
per 1,000,000 in individuals younger than 21. Cutaneous vasculitis represents
another frequently described phenomenon in Covid-19, and one case series
revealed an incidence of 2.9%. Both usually occur in patients without severe Covid-
19 pneumonia. (288, 289, 443, 444) Concerning the skin manifestations, the
predilected sides include the dorsal aspects of the toes, called ‘Covid toes’.
Interestingly, these chilblain-like lesions can occur throughout the course of Covid-
19, as they had been reported before onset of disease, as well as weeks thereafter.
In general, the management and treatment approach to cutaneous vasculitis in
Covid-19 patients is scarcely described in the literature but included topical
medication where mentioned. Additionally, the lesions typically resolved within a few
weeks. (444) Furthermore, the spectrum of Kawasaki-like vasculitic patterns in
Covid-19 patients predominates in younger individuals and is typically accompanied
with MIS. However, coronary artery aneurysms or ectasia are less common
compared to historic rates (10% vs 15-25%). (289, 445-447) In a study, which
compared the clinical features of SARS-CoV-2 associated Kawasaki-like disease to
a pre-outbreak KD control, gastrointestinal symptoms (abdominal pain, diarrhea,
and vomiting), myocarditis, neurological signs, and serous effusions occurred more
frequently in the former. Additionally, KD shock syndrome rates were more common

in children and adolescents with Covid-19 and ICU admissions were increased.
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Regarding laboratory markers, SARS-CoV-2 associated Kawasaki-like cases
exhibited higher CRP and procalcitonin levels, as well as more serious lymphopenia,
while platelet and fibrinogen levels were similar to classic KD. The treatment
regimens did not differ between the cohorts, and all patients responded to
intravenous immunoglobulin (IVIG) therapy. However, Covid-19 patients received
more often additional corticosteroids in combination with IVIG. Patients in both
groups had favorable outcomes, without deaths during their follow-up. (448) Other
vasculitides are rare findings in Covid-19 patients, and data on large vessel
vasculitis are limited to case reports. For example, a systematic review described
no case of TAK in relation to Covid-19. (288) In addition, although ANCA are
prevalent in a high percentage of hospitalized Covid-19 patients, genuine AAV
cases are scarce in the literature. (288, 449) Moreover, IgA vasculitis may be
correlated with Covid-19, but vasculitis arose more than one month after SARS-
CoV-2 infection in some cases. The patients” main complaints included purpuric
rash and gastrointestinal symptoms and skin biopsies unveiled the typical
leukocytoclastic vasculitis pattern. (450) Of interest is the finding that Goodpasture’s
syndrome is a rare finding in Covid-19 patients, despite the involvement and
damage of pneumocytes and the pulmonary basement membrane, which may
induce autoimmunity with autoantibody production. (451, 452) However, further
comprehensive data on the management approach and outcomes compared to

patients without Covid-19 are lacking for the latter mentioned vasculitides so far.

6 Discussion

The aim of this review was to combine the pivotal pathomechanisms contributing to
vasculopathies in Covid-19 and to highlight recent clinical aspects of major Covid-
19 associated vasculopathies with focus on hospitalized patients.

Studies addressing the particular involvement of endothelial cells during Covid-19
endorse the hypothesis of a prevailing indirect response of the endothelium to
adjacent epithelial infection rather than direct viral infection in vivo. In summary, the
investigations emphasize the crucial role of endothelium during severe Covid-19
ranging from active release of pro-inflammatory cytokines to apoptotic cell death,
and highlight endotheliitis as a specific feature. In addition, endothelial dysfunction
plays a key role in the pathogenesis of severe Covid-19 and both direct infection

and indirect activation of endothelial cells contribute to subsequent progression of a
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systemic microcirculatory dysfunction. Since high viral titers are necessary to infect
endothelium in vitro, additional research is required to determine the exact viral load
in the lower respiratory tract in relation to disease severity and patient outcomes.
Likewise, neither study investigated the time course between pneumocyte decay
and subsequent infection of endothelial cells, as direct endothelial invasion was
proven in some autopsy studies and in vitro models. However, if endothelial
involvement is in fact restricted to indirect mechanisms without direct infection with
SARS-CoV-2, the question remains when endothelial cells induce apoptosis in the
course of disease. Either way, these pathomechanisms could enable the virus to
gain access to the vasculature followed by dissemination into additional vascular
beds and organs. However, Varga et al. and Schimmel et al. (290, 296) only
presented small case numbers, which limits the significance derived from their
results.

Immunothrombosis, as another key pathophysiologic mechanism in Covid-19,
represents a physiological, complex process of intense immunologic as well as
thrombotic activation in which both systems are mutually stimulated to efficiently kill
and block the spread of pathogens. The result is a microthrombus, consisting of high
amounts of fibrin, platelets, neutrophils with NETs, and monocytes/macrophages
with trapped virus particles. Under normal circumstances, this allows pathogen
killing limited to the intravascular space without exaggerated reactions or collateral
organ damage. At the same time, unrestricted immunothrombosis might lead to
detrimental effects with formation of microthrombi throughout the host’s vascular
beds, similar to DIC as seen in sepsis. (306) Therefore, immunothrombosis also
allows the explanation of severe complications aggravating the course of disease,
including the hyperinflammatory state, ARDS and Covid-19-associated
coagulopathy. However, the precise pathomechanisms or triggers leading to this
dysregulated immunothrombosis in severe Covid-19 remain elusive. Additional
research is therefore necessary to uncover the missing link between a protective
immune reaction and exaggerated microthromboses. Thus, adequate therapeutic
measures to restrain immunothrombotic sequelae and novel treatment options
might be implemented. The partially inconclusive results of RAS imbalances in
Covid-19 associated vascular dysfunctions by Pucci et al. (317) require additional

data to unveil the true impact of RAS alterations. Especially, changes in the
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proportion of membrane ACE-2 to soluble ACE-2 in the plasma warrants further
investigation, as well as the explicit consequences after binding SARS-CoV-2.
With respect to the identification of surrogates indicating endothelial dysfunction and
activation of systems involved in the immunothrombotic process, the combination of
data revealed promising biomarkers. Besides reflecting the intravascular
mechanisms during severe Covid-19, they can also serve as markers to predict
patients” outcomes, inclusive of mortality. Especially D-dimer levels, sTM and
VWF:Ag were associated with disease severity and mortality prediction. Albeit their
important findings, the studies contain considerable limitations. In most cases,
patients received heparinization or other drugs to restrict the procoagulatory state
and reduce inflammation, which could impact the results of several biomarkers
measured in the trials. Moreover, disease severity definitions varied between
studies, as different categorization tools were used or study specific categories were
implemented, making comparisons of studies difficult. Therefore, larger prospective
trials are necessary to further evaluate the proposed markers and compile an
appropriate prediction model for Covid-19 severity and its outcomes. Thereby,
therapeutic algorithms might be developed to promptly intervene with specific
therapies and avert aggravating complications. Studies on platelet activation and its
specific biomarkers are also warranted, as well as continuous studies regarding the
sustained endothelial activation in convalescent individuals. As indicated above, a
potentially misleading study approach, is the use of convalescent plasma samples.
In the study by Sinkovits et al. (328), which showed decreased ADAMTS13:Ac and
elevated vWF:Ag in Covid-19 patients, data were expressed as the percentage
relative to the values of convalescent controls. This might be relevant in the case of
prolonged plasma levels outside the normal range after clinical recovery, since no
ADAMTS13:Ac below 10% was measured. This threshold marks the transition to
severe ADAMTS13 deficiency, which in turn is a relatively specific finding in TTP.
(453) To conclude, if convalescent controls exhibit sustained diminished
ADAMTS13:Ac levels, measurements in the Covid-19 cohort were false high and
values of <10% could have occurred.

Studies on NETosis and NET formation support their essential impact in the
development of exaggerated immunothrombosis. In particular, severely affected
patients suffer from uncontrolled NETosis with elevation of specific biomarkers

measurable in the patients” serum and plasma. The results are indicative of
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intensified NET production in combination with diminished NET clearance, leading
to microvascular damage and thrombosis, typical for immunothrombosis and severe
disease. The positive correlation between neutrophil count and NET-markers is
reasonable, given the fact that neutrophils represent the common source of NETs.
Moreover, the correlations with surrogates indicative of inflammation (CRP, TNF-a
and IL-6) and a procoagulant state (D-dimer) again support the synergy of these
systems in severe Covid-19 and thereby the predominant pathomechanisms
explained by immunothrombosis. Potential connections between ongoing
endothelial dysfunction and NETosis were also evaluated by different study groups.
In conjunction with the specific NETosis markers, the studies of Fogarty et al.,
Middleton et al. and Ng. et al. (324, 336, 337) indicate that ongoing endothelial cell
activation and damage is irrespective of NETosis. Considering the preliminary
findings, additional trials are warranted to detect potential pathways which sustain
endothelial dysfunction in convalescent patients. Thus, new treatment approaches
to prevent ongoing microangiopathy and its consequences might be developed.
Several potential treatment approaches and new agents have been described in
vitro experiments to attenuate NETosis and degrade NETs and ongoing trials
evaluate their safety and efficacy in humans. Further data evaluating the
competence of LMWH accelerating NET degradation similar to UFH are needed in
the development of future therapy regimens. Patients could benefit from
combinations of DNases with LMWH by unifying anticoagulant properties with
optimized NET clearance. By this means, micro- and macrovascular thrombus
formation might efficiently be decreased, especially in severely affected Covid-19
patients. Hence, treatment of Covid-19 patients with heparins could also influence
NET parameters, leading to distorted laboratory measurements. Nevertheless,
additional studies are necessary to understand the chronology of NETosis induction
and immunothrombosis to specifically disrupt the cascade of inflammation and
coagulation at various levels. Prospective studies could verify the observation that
certain NET-biomarkers might serve as prognostic indicators and thereby also
influence the therapeutic approach.

Despite their valuable contributions to elucidate the involvement of NETosis and
NETs in immunothrombosis and severe Covid-19, the studies also contain
limitations. A few studies did not mention the therapeutic regimens in their Covid-19

cohorts, complicating the comparability of different studies. As mentioned above,
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heparin treatment before blood draw could potentially affect NET-marker
concentrations. However, neither study compared NET surrogates before and after
administration of heparins or anticoagulants in general. Therefore, future trials
should evaluate their impact on NETosis in vivo, and assess synergistic effects with
additional agents. Another limitation regarding the comparability of the trials is the
different Covid-19 severity scales used to classify hospitalized patients into
moderate, severe, or critical cohorts. While some studies used prespecified
guidelines, which also diverge, others solely differentiated according to the patients”
respiratory requirements (ambient air vs. mechanical ventilation). Due to the small
number of autopsy samples, ranging from three to eight cases, the results of these
NETosis studies are of limited significance. Nevertheless, structures and markers
of NETs were identified within microthrombi in decedents. One study refrained to
provide information about the healthy control cohort, including their number,
convalescence status or if they were matched to sex and age.

To conclude the epidemiology of thromboembolisms during Covid-19, these events
are frequently observed complications among hospitalized Covid-19 patients. Most
notably, their frequency rises with disease severity and thereby peak in patients
admitted to the ICU. Although partially inconclusive results, when comparing the risk
of VTE between Covid-19 patients and the general hospitalized population, reported
data from ICU cohorts attribute Covid-19 patients a significantly higher risk for VTE,
and PE in particular. In contrast, reported incidences of ATE are comparable
between hospitalized patients with and without Covid-19. In general, VTE typically
occurs more often than ATE across all hospitalized cohorts. Only the included study
by Bilaloglu et al. (349) revealed more ATE than VTE cases. The markedly
increased prevalence of MI with 8.9% in hospitalized patients might be partly
explained by the search method, a natural-language processing tool, which
searched for eligible patient records. This could have led to the inclusion of
suspected but not confirmed MI cases as well as patients with isolated troponin
elevations. This presumption is emphasized by the results of Jenner et al. (350)
which included this cohort study to report the incidence of ATE within Covid-19
patients admitted to the ICU. The authors suggested that early reports often classed
a troponin rise in Covid-19 patients with myocardial infarction, instead of attributing
the finding to the more common non-ischemic myocardial injuries. The authors of

the paper on the ATE incidences pointed out that significantly more Covid-19
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patients received thromboprophylaxis, thereby potentially biasing the ATE rates of
this cohort. (348) Of interest is the finding that PE rates were comparable to DVT in
some studies, suggesting a role of in-situ pulmonary thrombi. Together with the
increased intrapulmonary microthrombi found in histopathologic samples and the
presumed pathomechanisms including immunothrombosis, the finding of DVT-
independent PE might reflect a specific feature of Covid-19. The considerably lower
incidence of VTE in the retrospective study by Roberts et al. (342), compared to the
data of the included meta-analyses, could derive from the deviating stages of the
pandemic from which patients were recruited to the studies. While patients included
in the meta-analyses had been hospitalized before September 2020, the
observational study of Roberts et al. (344) enrolled patients between March 2020
and March 2021. Another explanation may be the administered thromboprophylaxis.
Early in the pandemic, the prothrombotic traits of Covid-19 were widely unexposed
and a minor percentage of hospitalized patients received anticoagulation. In
conjunction with accumulating evidence of frequent thromboembolic events, the
institution of anticoagulation has become a cornerstone in the therapy of
hospitalized individuals. The finding of declining detection rates over the course of
the pandemic could thereby reflect the efficacy of anticoagulation among generally
improving treatments.

Another remarkable finding is the significant increase in detection rates of VTE
determined by a systematical screening approach in contrast to testing upon
suspicion. This improved VTE diagnosis in screened Covid-19 patients might also
impact the current diagnostic approach and management algorithm of hospitalized
patients. However, literature on the benefits of systematical screening of
hospitalized patients regarding outcome and survival is scarce, and neither of the
cited studies reported such information. To date, different guidelines do not
recommend routine screening for DVT in hospitalized Covid-19 patients without
signs indicative of VTE. (454, 455) While early clinical guidance pronounced against
routine screening for VTE, the guideline of the National Institutes of Health awaits
additional evidence before recommending either for or against this strategy. (369)
Regarding the discovered risk factors for thromboembolic events, elevated levels of
D-dimer at admission, male gender, and cancer were commonly stated, whereas
hypertension and diabetes did not reveal significant correlations in Covid-19. In this

context, it is noteworthy that the distribution of ethnicities in the incorporated studies
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was not representative of the global community. The impracticality of generalizing
the obtained incidences and risk factors is strengthened by the Chinese multicenter
study, which detected VTE in only 1.5% of hospitalized patients. (353) Race-related
differences in thrombotic risk, however, were already indicated before the current
pandemic and demonstrated the lowest rates in Asians and Pacific Islanders. (456)
These racial disparities also seem to relate to Covid-19, given the results of an
elevated risk for Black ethnicity and the low VTE rates among a Chinese patient
population. Nevertheless, the high rates of VTE, despite administration of at least
prophylactic doses of anticoagulants, are remarkable. Several trials have therefore
already been conducted, and additional studies are currently carried out to ascertain
the optimal anticoagulative prophylaxis and treatment. Subsequent trials and
research are required to reveal the proportion of intrapulmonary thromboses in the
development of PE and thereby pave the way for specific treatment options. Future
studies are further warranted to assess the effects of systematic screening
compared to testing on clinical suspicion, with special emphasis on outcome and
survival. Those should systematically evaluate racial disparities in the setting of
thromboembolic events.

The studies” findings on the context of Covid-19 and thrombotic events impact the
further management and treatment of hospitalized patients. Still, the gained
knowledge is subject to limitations. Despite comparable groups, regarding age,
gender, and method of diagnosis, the inferior quality of evidence originates from
significant heterogeneity among the incorporated studies. Meta-analyses primarily
relied on observational studies that were retrospective in the majority, which
possibly under-estimated the incidences of thrombotic events. Additionally, the
included studies exhibited considerable methodological differences. For instance,
Tan et al. (340) demonstrated higher VTE detection rates among multicentric series
with larger cohorts, than monocentric series with smaller cohorts, which underlines
the heterogeneity of incorporated studies. The differences in declared incidences
become particularly comprehensible when the two diagnostic strategies of either
systematical screening or symptomatic testing are compared. Moreover, all studies
solely declared the all-cause mortality in their patient cohorts with and without
thromboembolisms, rather than the specific cause of death, especially due to any
thrombotic event. Albeit death is associated with thromboembolisms, the conclusion

that those directly lead to death cannot be drawn and warrants further research.
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Moreover, data on the incidences of ATE are scarce, especially in terms of
comparisons between Covid and non-Covid-19 cohorts and additional prospective
studies are required, which precisely distinguish between the single entities (i.e. MI,
stroke, ALl and mesenterial ischemia).

The high burden of venous thrombotic complications in Covid-19 becomes
particularly obvious when comparing affected hospitalized patients with non-Covid-
19 cohorts. VTE rates among Covid-19 patients admitted to the ICU are significantly
higher than in the general ICU population, which also relates to PE rates when
compared to influenza H1N1, SARS, or MERS. Although less frequent in Covid-19,
also CVT rates are higher compared to the previously described prevalence. These
results attribute moderate to severe SARS-CoV-2 infections again a high potential
of thrombogenicity and further prove the truly elevated risk for VTE in hospitalized
Covid-19 patients, especially in ICU cohorts. Regarding the symptomatology, the
included studies revealed similar signs and symptoms for VTE and CVT, without
stating potentially Covid-19 specific manifestations, compared to non-Covid-19
thrombotic events. This is especially challenging regarding the diagnosis of PE, as
PE and Covid-19 associated pulmonary symptoms often overlap. Noteworthy is the
finding that segmental and subsegmental PE are the dominating locations in Covid-
19, contradicting the results of Garcia-Sanz et. al. (361), which detected primarily
central PE in a pre-Covid era. Nevertheless, mortality rates are increased in this
patient cohort with segmental PE and Covid-19, also in comparison to segmental
PE in the absence of Covid-19. These observations could further endorse the
hypothesis of in-situ pulmonary thrombosis occurring to a considerable extent,
rather than emboli originating from DVT. Despite deviating results concerning the
predominantly observed location of DVT, the higher prevalence of distal thrombi in
Covid-19 might again derive from the procoagulant state due to unrestrained
immunothrombosis. With reference to significant biomarkers, the degree of D-dimer
elevation indeed indicates a higher risk of thrombotic complications and mortality in
Covid-19, yet the parameter is not applicable for the diagnosis of VTE. Although D-
dimer levels are highly increased in VTE patients and thereby represent a robust
marker, the fact that also severe Covid-19 cases without thromboembolisms might
exhibit substantially augmented values, limits its significance. The same applies to
the detected elevated levels of D-dimer, as well as CRP in CVT. At present, specific

cut-off values are lacking to discriminate between severe Covid-19 and actual VTE
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or CVT cases. In combination with advanced, Covid-19 tailored VTE and DVT
assessment scores, implemented D-dimer levels could aid in their diagnosis among
hospitalized patients with Covid-19. Guidelines on VTE diagnosis and treatment
regimens are mainly in accordance with already established guidelines in this field.
However, a CVT specific guidance in Covid-19 is still missing, which is at least partly
caused by the lack in prospective studies and current meta-analyses. Regarding
VTE, no systematic screening approach is advised in hospitalized Covid-19 patients
to date, and further imaging procedures should be based upon clinical suspicion,
rather than changes in biomarkers. However, a low threshold to perform these
procedures is appropriate, especially if any symptoms indicative of VTE occur. In
contrast to the established guidelines, LMWH represents the sole primary
anticoagulant in Covid-19 in most cases, as UFH and DOACs feature unfavorable
side effects or evitable drug interactions. While VTE deteriorate the overall outcome
in Covid-19 patients, only PE seems to increase the risk of mortality compared to
non-Covid-19 cases. In contrast, mortality in cases with CVT and Covid-19 is
significantly worse than in individuals without infection. The incorporated
management and treatment guidelines for VTE of the “CHEST” panel and
“International Society on Thrombosis and Haemostasis” were both developed
during 2020, when the first subtype of SARS-CoV-2 spread across the globe. At that
time, less was known about the procoagulant state in hospitalized patients, as well
as its underlying pathophysiology including immunothrombosis. Therefore, their
recommendations could be outdated, also in regard of the differences between
evolved SARS-CoV-2 strains, and contemporary, Covid-19 specific VTE guidelines
are highly warranted. This not only applies to the therapeutic approach but also the
management strategies, including imaging procedures. As in-situ pulmonary
thrombosis constitutes a frequent finding, and small- to medium-sized pulmonary
arteriole and venule thromboses are often described, special attention should be
drawn on these regions, when assessing CTPA. (289)

While literature on the epidemiology of VTE in Covid-19 vs. non-Covid-19 cohorts is
available, data on the symptomatology of VTE are limited. As one of the studies’
limitations, the cohorts mainly consisted of small groups in most of the included
papers. Data from the RIETE registry, as one of the few studies to specify PE
associated symptoms in Covid-19, only included 379 patients. Details on

symptomatic DVT were even scarcer. Thus, derived classic symptoms indicating
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VTE in Covid-19 are less conclusive and remain at least partially unknown.
Furthermore, data on the typical locations of DVT arose from small study groups
(<150 patients). Despite available data on the epidemiology and symptomatology of
CVT, these studies based on even smaller patient numbers, with the largest cohort
consisting of 57 cases in the meta-analysis by Baldini et al. (374) Other incorporated
studies included the clinical features of solely eight to twelve patients. This is partly
caused by the lower prevalence of CVT compared to VTE in Covid-19. Thus, a
current meta-analysis, which gathers the detected clinical features of CVT in Covid-
19 during the pandemic is warranted, as the included meta-analysis included cases
untii December 2020. Thereby, a more comprehensive guideline on the
management and therapy of CVT could be implemented. As comprehensive data
on many aspects of Covid-19 associated VTE and CVT are still lacking or are limited
due to small case counts in the literature, additional trials and studies are warranted
to fill the gaps. With the aid of prospective studies and meta-analysis, further
evidence of the common and potentially specific signs and symptoms of VTE and
CVT could be obtained. In addition, the gathered knowledge to optimize
management and treatment regimens needs to be included in updated guidelines,
to improve patient outcomes and survival, especially in the cohort of hospitalized
patients with Covid-19 and VTE or CVT. Additionally, meta-analyses on the risk of
mortality, which incorporate Covid-19 and non-Covid-19 cohorts and post-mortem
studies, may illuminate the true mortality attributable to VTE. Furthermore, inclusion
of larger cohorts to analyze the outcome and mortality of CVT in Covid-19 could
lead to more reliable results compared to the incorporated highly varying mortality
rates (25-40%).

Although generally less common than VTE, ATE tremendously impact the course of
disease in Covid-19, especially in hospitalized patients. While the rates of acute Mi
and ALI are not significantly elevated in Covid-19 compared to a control cohort,
stroke incidences are markedly higher in contrast to influenza or the general in-
hospital patient population. It seems that ischemic strokes in Covid-19 patients are
also more severe compared to non-Covid-19 cohorts, and incidences rise with
Covid-19 severity. This is highlighted in the study by Vogrig et al. (381) showing the
highest rates in patients admitted to the ICU. However, as the knowledge on the
occurrence of ATE and hypercoagulability in Covid-19 evolved, also the clinicians’

awareness of recognizing their specific features increased. Thereby, strokes might
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have been detected more frequently, especially among ICU cohorts. On the other
hand, implementation of routine thromboprophylaxis could have prevented
additional strokes during advanced stages of the pandemic, which also relate to Ml
and ALI. Regarding the potential cryptogenic stroke in Covid-19, immunothrombosis
derived in-situ thrombosis and vasculitis may also contribute to its pathogenesis.
Covid-19 associated stroke and ALI symptoms seem to be similar to cases without
Covid-19, but the current literature is scarce on specific signs or details on their
frequency. Therefore, due to the studies by Shahjouei et al. (391), Yew et al. (392)
and Goldman et al. (431), which included only small cohorts, it can be only assumed
that Covid-19 related stroke or ALI feature the same symptoms as in non-Covid-19
cases. In Ml cases, atypical symptoms were common, especially early in the
pandemic, but besides dyspnea, typical chest pain was also frequently described in
Covid-19 patients. However, in regard of the data of the NACMI, which also showed
a higher frequency of pulmonary infiltrates, the resulting respiratory symptoms of
Covid-19 could also mask or superpose the typical red flags of MI. (411) For
example, like in PE, shortness of breath is also a common finding in Covid-19
without MI, and also chest pain might constitute a presenting complaint in Covid-19
patients without ACS. In contrast to Covid-19 associated STEMI characteristics,
data on the symptomatology of NSTEMI in Covid-19 patients were barely found in
the literature.

The analysis of altered biomarkers in Covid-19 associated ATE partly showed
significant distinctions to patients without Covid-19. However, as these markers are
also commonly elevated in Covid-19 patients without confirmed ATE, their reliability
is limited. Thus, a specific indicating parameter for the different ATE is arguably
unavailable in Covid-19, except for D-Dimer. While the general diagnostic approach
to ATE is assumed to be eligible for Covid-19 patients, specific future guidelines on
the treatment may deviate from the current. Especially regarding the higher risk of
intracerebral hemorrhages after administration of rtPA in the case of commonly
elevated biomarkers in Covid-19, and compromised liver function. While data
attribute Covid-19 patients with concomitant Ml or ALl a significantly increased
mortality, the results on the risk of mortality in stroke patients with and without Covid-
19 were inconclusive. However, the detection of increased rates of cerebral edema,
intracerebral hemorrhage, and myocardial infarction by Qureshi et al. (398) could

partly explain the significantly heightened risk of mortality in their cohort with stroke
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and Covid-19, compared to those with Covid-19 alone. Functional prognosis seems
to be worse in Covid-19 patients with stroke compared to stroke alone, however
these data based only on a small SARS-CoV-2 positive cohort. (406)

Similar to VTE, also studies on the characteristics of ATE in Covid-19 cohorts are
subject to limitations, mainly due to small patient number or inclusion of data from
case reports. Findings from Milovancev et al. (410) on the rates of the different ACS
were based on 83 hospitalized Covid-19 patients, and compared with 166 non-
Covid-19 individuals. Also the included studies by Choudry et al. (419), Strambo et
al. (394) and Kumar et al. (413) on the symptoms and laboratory markers in Covid-
19 patients with ATE included less than 40 patients. Furthermore, the reported
features of ALl in Covid-19 originated from a study which only included 16 patients.
(431) Moreover, with the exception of the paper by Garcia et al. (418), many
comparisons between Covid and non-Covid cohorts were obtained from different
time points, with results for the latter commonly originating from a pre-Covid era. As
the pandemic influenced the entire health care systems around the world, and
patients without SARS-CoV-2 infection avoided to seek help despite medical
necessity, this could also impact the clinical presentation of non-Covid associated
ATE. These comparisons are further limited, as studies from different time points
during the pandemic were included. While some studies included patients during
the first half of 2020, others reported data from patients hospitalized in 2021. (396,
405, 418, 419) Also the integrated meta-analysis mainly included retrospective
observational studies, and the different sample size could have led to inherent
selection bias, as stated in the analysis by Luo et al. (380) This also relates to the
recommendations on ALI management and treatment in Covid-19 of the ESVS, who
primarily incorporated data from case reports or small case series and only one
randomized controlled trial. (435)

Overall, compared to VTE, Covid-19 associated ATE are less investigated, possibly
due to their lower incidence in Covid-19. Nevertheless, their dramatic consequences
warrant larger comparative studies, also to recognize rare but potentially specific
signs and differences to conventional ATE. In particular, analyses of biomarkers in
Covid-19 patients who experience arteriothrombotic complications are scarce,
necessitating additional, well-designed studies with appropriate patient numbers.
Additionally, the gap of Covid-19 associated NSTEMI features in the literature needs

to be filled regarding the clinical picture and management. Eventually, the lack of
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available studies in view of a Covid-19 adjusted therapeutic approach in ATE
management, makes further, reliable studies essential. Especially, the availability of
data concerning the administration of systemic fibrinolysis is poor and needs to be
evaluated further, as fibrinolytic mechanisms are severely affected but poorly
understood in Covid-19. (457) In addition, little is known about the functional
outcomes in ATE patients in comparisons to non-Covid cohorts, particularly in the
case of MI.

Aside from endotheliitis, which might be present in many severe Covid-19 cases,
only Kawasaki-like disease and the cutaneous manifestations are better described
Covid-19 associated vasculitides, with data also available on their epidemiology.
While cutaneous vasculitis seems to be associated with mild courses and
spontaneous resolution, Kawasaki-like disease tends to be more severe in
association with Covid-19, as more patients required IVIG in combination with
corticosteroids. However, additional studies are necessary, also to reveal the
burden of long-term sequelae, especially in view of cardiac complications.
Respecting the various other vasculitic entities, the included studies are primarily
based on small case reports or series, and the correlation between these and Covid-
19 need to be clarified. Despite the high prevalence of different autoantibodies
during SARS-CoV-2 infections, their impact in triggering established autoimmune
vasculitides needs to be further elucidated, but seems to be low so far. Again, the
patient numbers of included studies were too small to allow general statements
regarding the optimal Kawasaki-like disease treatment approach or its specific
clinical features, as the study by Toubiana et al. (448) only included 23 Covid-19
associated patients and 59 from a pre-pandemic era. Therefore, further studies with
greater patient numbers are warranted to enlighten the actual consequences of
Covid-19 on the development of vasculitides.

The strength of this review is to provide comprehensive insights into the
pathophysiological aspects of Covid-19 associated vasculopathies, including a
compilation of potential biomarkers, and thereby also enables planning future
studies. Moreover, it illuminates the occurrence of and differences between Covid-
19 related vasculopathies and patients without SARS-CoV-2 infection in regard of
their epidemiology, clinical characteristics, management, and treatment
approaches. Thus, important knowledge gaps could be detected, which lead to

future research questions to optimize Covid-19 specific guidelines and regimens.
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However, the thesis is also subject to limitations. The review was not systematically
conducted, therefore important papers and research data might not be included.
Furthermore, not all databases were scoured, and additionally to the limitations of
the incorporated studies, the data originate from different virus waves and variants
of the pandemic. Therefore, differences between the potential variant-specific
characteristics are unknown and may affect the rate and severity of vasculopathies.
Finally, new emerging virus variants may have other impact on the clinical

characteristics of vascular sequelae in Covid-19.

6.1 Conclusion

This review describes and combines the various interacting pathomechanisms
leading to Covid-19 associated vasculopathies. The complex interaction of
endothelial cells, immune and coagulation system, with NETosis and
immunothrombosis as key promotors of Covid-19 associated vasculopathies,
represents starting points for future management and treatment approaches. The
fact that many laboratory markers are also commonly altered in severe Covid-19
cases impairs their significance for diagnosis of vascular complications. Covid-19
associated VTE and stroke seems to occur more frequent in hospitalized Covid-19
patients compared to non-Covid-19 patients. Additionally, a myriad of Covid-19
related vasculitides have been reported, while an actual correlation is only
presumed in a few, in particular Kawasaki-like disease and cutaneous vasculitis.
The management and treatment approaches are similar to those of conventional
guidelines with only minor changes. Finally, mortality is elevated in most entities

when compared to patients without Covid-19.
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