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ABSTRACT

The coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), represents the
pandemic of the century, with approximately 3.5 million cases and
250,000 deaths worldwide as of May 2020. Although respiratory
symptoms usually dominate the clinical presentation, COVID-19 is now
known to also have potentially serious cardiovascular consequences,
including myocardial injury, myocarditis, acute coronary syndromes,
pulmonary embolism, stroke, arrhythmias, heart failure, and cardio-
genic shock. The cardiac manifestations of COVID-19 might be related

The coronavirus disease 2019 (COVID-19) is a pandemic
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)," which infected 3,524,429 patients and was
linked to 247,838 deaths worldwide as of May 4, 2020.2
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RESUME

La maladie a coronavirus 2019 (COVID-19), causée par le SARS-CoV-2
(severe acute respiratory syndrome coronarivus-2 pour coronavirus du
syndrome respiratoire aigu sévére 2), est la pandémie du siécle; en
mai 2020, on dénombrait quelque 3,5 millions de cas et 250 000
décés dans le monde. Bien que les symptomes respiratoires dominent
généralement le tableau clinique, on sait maintenant que la COVID-19
peut aussi avoir de graves conséquences sur le plan cardiovasculaire,
par exemple des lésions myocardiques, des myocardites, des syn-
dromes coronariens aigus, des embolies pulmonaires, des accidents

SARS-CoV-2 infection is triggered by binding to
angiotensin-converting enzyme-2 (ACE2), which is highly
expressed in the nasopharynx and lungs, as well as in the
cardiovascular system and gastrointestinal and genitourinary
tracts.”

Although respiratory symptoms usually dominate the
clinical presentation of COVID-19, SARS-CoV-2 infection
might also be responsible for a variety of potentially severe
cardiovascular manifestations, particularly in patients with
pre-existing cardiovascular conditions. “° Indeed, subjects
with cardiovascular diseases do suffer worse outcomes when
infected with SARS-CoV-2.> Moreover, COVID-19 could
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to the adrenergic drive, systemic inflammatory milieu and cytokine-
release syndrome caused by SARS-CoV-2, direct viral infection of
myocardial and endothelial cells, hypoxia due to respiratory failure,
electrolytic imbalances, fluid overload, and side effects of certain
COVID-19 medications. COVID-19 has profoundly reshaped usual care
of both ambulatory and acute cardiac patients, by leading to the
cancellation of elective procedures and by reducing the efficiency of
existing pathways of urgent care, respectively. Decreased use of health
care services for acute conditions by non-COVID-19 patients has also
been reported and attributed to concerns about acquiring in-hospital
infection. Innovative approaches that leverage modern technologies
to tackle the COVID-19 pandemic have been introduced, which include
telemedicine, dissemination of educational material over social media,
smartphone apps for case tracking, and artificial intelligence for
pandemic modelling, among others. This article provides a compre-
hensive overview of the pathophysiology and cardiovascular implica-
tions of COVID-19, its impact on existing pathways of care, the role of
modern technologies to tackle the pandemic, and a proposal of novel
management algorithms for the most common acute cardiac
conditions.

have an indirect impact on the delivery of cardiovascular care
(both in patients with and without COVID-19) by reducing
the efficiency of existing pathways (eg, primary percutaneous
coronary intervention [PCI] networks and intensive care unit
[ICU] bed availability)” and through decreased use of health
care services by patients because of concern about acquiring
in-hospital infection.

This article provides a comprehensive overview of the
pathophysiology and cardiovascular implications of COVID-
19, its impact on existing pathways of care, the role of
modern technologies to tackle the pandemic, and a proposal
of novel management algorithms for the most common acute
cardiac conditions.

Data Interpretation and Methodological Biases

We reviewed the published literature (including multiple
search strategies in MEDLINE with PubMed interface) and
critically assessed early reports on medRxiv (https://www.
medrxiv.org/). An electronic search was executed employing
the key words “cardiovascular” or “cardiac” or “heart” and
“coronavirus 2019” or “COVID-19” or “SARS-CoV-2” be-
tween 2019, and May 4, 2020. No language restrictions were
applied. The title, abstract, and full text of all articles captured
with these search criteria were assessed. Social media (Twitter,
LinkedIn, and Facebook) were also consulted.

In such times, methodologically sound research on
COVID-19 and its cardiovascular manifestations is hampered
by numerous challenges. These include SARS-CoV-2 test
availability and accuracy, the decision of health care author-
ities not to screen for infection certain groups (which could
lead to wunderestimation of the pandemic burden),
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vasculaires cérébraux, des arythmies, des insuffisances cardiaques et
des chocs cardiogéniques. Les manifestations cardiaques de la COVID-
19 pourraient étre liées a la stimulation adrénergique, a lin-
flammation généralisée et au syndrome de libération des cytokines
causés par le SARS-CoV-2, a l'infection directe des cellules myocardi-
ques et endothéliales par le virus, a I'hypoxie provoquée par l'insuf-
fisance respiratoire, a un déséquilibre électrolytique, a une surcharge
liquidienne et aux effets indésirables de certains médicaments utilisés
pour traiter les symptomes de la COVID-19. En forcant I'annulation des
interventions non urgentes et en réduisant I'efficacité des voies d’ac-
cés aux soins d’urgence, la COVID-19 a profondément transformé les
soins usuels prodigués a tous les patients en cardiologie, qu'ils aient
besoin de soins ambulatoires ou aigus. On a aussi observé une dimi-
nution de l'utilisation de services de soins de santé pour des prob-
léemes aigus par les patients non atteints de COVID-19, une situation
attribuée a la crainte de contracter le virus a I’hdpital. Des approches
novatrices faisant appel aux technologies modernes ont été mises en
ceuvre pour pallier les restrictions imposées par la pandémie de COVID-
19, entre autres : télémédecine, diffusion de matériel éducatif dans les
médias sociaux, suivi des cas au moyen d’applications pour téléphone
intelligent et modélisation de la pandémie grace a l'intelligence arti-
ficielle. Les auteurs de cet article passent en revue les conséquences
de la COVID-19 sur les plans physiopathologique et cardiovasculaire,
ses répercussions sur les voies d’accés aux soins actuelles et le réle
des technologies modernes dans la lutte contre la pandémie, et pro-
posent de nouveaux algorithmes de prise en charge des problémes de
santé cardiaque aigus les plus courants.

heterogeneous reporting across countries, as well as the fact
that estimates of the exact incidence of specific COVID-19
complications and prevalence of baseline comorbidities are
often being carried out in a suboptimal fashion (eg, small
single-centre cohorts and isolated reports on social media). For
all these limitations, a high degree of caution and criticism
should be adopted to identify selective reporting and biased
data and when drawing conclusions based on small case series
or anecdotal case reports.

Epidemiology and Pathophysiology of COVID-19
Infection

Epidemiology

SARS-CoV-2 is transmitted among people through respi-
ratory droplets and fomites. The basic reproduction number
(Ro: the number of cases 1 infected individual can infect on
average) of SARS-CoV-2 ranges from 2.2 to 3.2.* However, to
understand the full epidemic potential of SARS-CoV-2, it is
necessary to take into consideration the high fraction (up to
86% of cases) of undocumented infections (asymptomatic or
mild symptoms) that remains unrecognized and could expose
a far greater portion of the population to the virus.” The case
fatality rate of COVID-19 widely varies across countries,
ranging from 0.3% to 7.2%.' """

Pathophysiology
Figure 1 illustrates the pathophysiology of SARS-CoV-2

infection. Severe clinical presentations are generally associ-
ated with rapid viral replication, infiltration of inflammatory
cells, and exaggerated release of cytokines (cytokine-release
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SARS-CoV2 entry is mediated by binding of the
viral spike (S) protein to the membrane-bound
ACE2, which is highly expressed in the lungs
and cardiovascular system.
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Figure 1. Pathophysiology of SARS-CoV-2 infection. Upon cell entry, mediated by binding of viral spike protein to angiotensin-converting enzyme-2
(ACE2), viral particles and genomes are recognized by pathogen-associated molecular pattern receptors of the Toll-like receptor (TLR) family. Upon
TLR activation, cytokines and chemokines are secreted, and the inflammosome is subsequently activated, promoting an inflammatory drive. Excess
inflammation is believed to underlie target organ damage in the lung and, eventually, in the cardiovascular system. IL-1f3, interleukin-1; IL-6,

interleukin-6; IFN-y, interferon-y; TNF-a, tumor necrosis factor-o.

syndrome), leading to multiorgan damage, including an
acute respiratory distress syndrome (ARDS).'”'” Patients
requiring admission to ICUs have higher serum levels of
granulocyte  colony-stimulating  factor,  granulocyte-
macrophage colony-stimulating factor, interferon-inducible
protein-10, monocyte chemoattractant protein-1, macro-
phage inflammatory protein-1A, and tumor necrosis factor
(TNF)-a, ¢ further suggesting that the "intensity" of the
“cytokine storm” modulates the severity of the disease.
Interestingly, dramatically increased plasma interleukin (IL)-
6 levels have been reported in SARS-CoV-2—infected pa-
tients with myocardial injury.®

Myocardial manifestations might be related to a stress
cardiomyopathy or cytokine-related myocardial dysfunction
that occurs in the setting of severe forms of COVID-19 and
mimics the syndromes observed in secondary hemophagocytic
lymphohistiocytosis and macrophage-activation syndrome,
which are characterized by a fulminant and fatal cytokine
release. '* These unique features of COVID-19 pathophysi-
ology might open a door for the treatment of severe forms of
this infection by means of immune-response modulation

therapy.

COVID-19 Clinical Presentations

The spectrum of COVID-19 infection presentations and
severity widely vary among individuals®'>'® (Table 1). A large
study from the Chinese Center for Disease Control and
Prevention revealed that among 72,314 COVID-19 patients,
81.4% had mild symptoms, whereas severe and critical pre-
sentations were only observed in 13.9% and 4.7% of cases,

respectively.'” Mild presentations generally consist of symp-
toms common to other viral infections ("the flu-like syn-
drome")."” Anosmia and dysgeusia have also been reported,
particularly in mild presentations.'® Severe COVID-19 may
present as pneumonia, ARDS, with or without distributive
and cardiogenic shock.'”

Cardiovascular Disease and COVID-19:
Vulnerability of Patients With Cardiovascular
Disease

ACE2 represents a key counter regulatory enzyme of the
renin-angiotensin-aldosterone system (RAAS) that degrades
angiotensin II to angiotensin-(1-7), attenuating its effects on
vasoconstriction, sodium retention, and fibrosis.” After the

Table 1. Clinical presentation of COVID-19 infection

Clinical symptoms
Common symptoms: Fever, dry cough, dyspnea, myalgias, fatigue,
diarrhea, anosmia, dysgeusia.
Uncommon symptoms: Sputum production, headache, hemoptysis,
thinorrhea, sore throat, conjunctival injection.
Labs
Lymphopenia; prolonged prothrombin time; elevated D-dimer, alanine
aminotransferase, total bilirubin and lactate dehydrogenase
Blood gas
PaO2/FiO2 < 200 if acute respiratory distress syndrome
Chest x-ray and computed tomography
Generally bilateral pneumonia with multiple infiltrates and ground-grass
opacity
Viral confirmation
Real-time polymerase-chain reaction (RT-PCR) assay to detect viral RNA

FiO2, fraction of inspired oxygen; PaO2, partial pressure of oxygen.
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initial engagement of ACE2 by the SARS-CoV-2 spike pro-
tein, there is subsequent downregulation of ACE2, leading to
a reduction of angiotensin—(l—7),3 which triggers acute lung
damage. Importantly, this injury can be attenuated in animal
models by blocking the renin-angiotensin pathway with
angiotensin converting enzyme inhibitors (ACEls) or angio-
tensin II receptor blockers (ARBs)."”

Patients with underlying heart disease are among the
highest-risk individuals for developing severe forms of the
disease, including death.”'”*>?" A meta-analysis including
1527 Chinese patients with COVID-19 reported the
following prevalence of hypertension, diabetes, and cardiac
and cerebrovascular disease: 17.1%, 9.7%, and 16.4%,
respectively.”’ Comorbidity burden has been associated with
the severity of COVID-19 infection and the need for ICU
admission.”! Although overall case fatality rate among 44,672
confirmed COVID-19 cases from Wuhan was 2.3%, higher
rates were observed in patients with pre-existing cardiovascular
disease (10.5%), diabetes (7.3%), and hypertension (6%)."”
Data from Italy confirmed increased mortality rates in pa-
tients with comorbidities, particularly the older adults with
pre-existent cardiovascular conditions.”

Patients with cardiovascular disease are generally older
adults. Aging-related immunologic quiescence may predispose
to higher rates of attack in older adults.”? Furthermore, dia-
betes and dyslipidemia—highly prevalent in this subset of
patients—also represent markers of immunologic dysregula-
tion having impact on COVID-19 infection susceptibility and
outcomes. ”** As previously reported with other viral infec-
tions—particularly influenza—COVID-19 might increase the
occurrence of adverse cardiovascular events and induce acute
exacerbation of chronic conditions such as ischemic heart
disease or chronic heart failure.”

It has been speculated that some drugs could increase
susceptibility to developing severe forms of COVID-19. Pa-
tients with pre-existing cardiovascular disease receiving ARBs
or ACEIs have upregulation of ACE2, which would be
therefore available in great amounts to offer a binding site for
SARS-CoV-2.>%?* However, this concern, derived from
in vitro and animal studies, has not found confirmation in
clinical practice.z/‘ Indeed, in a large multinational cohort of
8,910 COVID-19 patients, Mehra et al.?® did not observe an
increase in the risk of in-hospital death associated with the use
of ACEIs (2.1% vs 6.1%; odds ratio [OR], 0.33; 95% con-
fidence interval [CI], 0.20-0.54) or ARBs (6.8% vs 5.7%;
OR, 1.23; 95% CI, 0.87-1.74). Similarly, in a large
population-based study from Northern Italy, the use of
ACEls and ARBs was more frequent among patients with
COVID-19 than among controls because of their higher
prevalence of cardiovascular disease. However, there was no
evidence that such drugs affected the risk of COVID-19.%°
Furthermore, Reynolds et al.”” found no substantial in-
crease in the likelihood of a positive test for COVID-19 or in
the risk of severe COVID-19 presentations in association
with 5 common classes of antihypertensive drugs (ACEIs,
ARBs, [-blockers, calcium-channel blockers, and thiazide
diuretics). Therefore, given the balance of pros and cons of
withholding such drugs, professional societies have warned
against discontinuation of ACEIs and ARBs, as it could
paradoxically lead to increased mortality related to the exac-
erbation of cardiovascular and renal conditions.*”*
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Finally, older adults may also receive noncardiovascular
medications, such as nonsteroid anti-inflammatory drugs, and
may require insulin or secretagogues for diabetes mellitus.
These drugs notoriously alter salt and water handling,
particularly in the presence of impaired renal function, and
may worsen respiratory complications, including pulmonary
edema and consequent hypoxia.”

Cardiovascular Damage in COVID-19 Infection

Figure 2 illustrates the different cardiovascular manifesta-
tions associated with COVID-19, and Figure 3 outlines the
evaluation and management algorithms for the most common
scenarios.

Myocardial injury

Myocardial injury is detected by an increased troponin
level and can be caused by myocardial ischemia or non-
ischemic myocardial injury, including myocarditis. Use of the
Fourth Universal Definition of Myocardial Infarction is rec-
ommended for diagnosis.”

One possible mechanism of acute myocardial injury caused
by SARS-CoV-2 infection could be its affinity to ACE2,
which is widely e_XPressed in the heart, and cause direct
myocardial injury.”'” Other proposed pathways include a
cytokine storm triggered by an imbalanced response by type 1
and type 2 T-helper cells,” sympathetic hyperactivity, anemia,
and hypoxemic myocardial cells damage caused by respiratory
dysfunction (type 2 myocardial infarction [MI]).

Chinese reports estimated that myocardial injury occurs in
7% to 20% of hospitalized COVID-19 patients.” Myocardial
injury associated with SARS-CoV-2 occurred in 5 of the first
41 COVID-19 patients (12.2%) in Wuhan, revealed by an
increase in high-sensitivity cardiac troponin I levels (>28 pg/
mL).® In this study, 4 of 5 (80%) patients with myocardial
injury were admitted to the ICU, which suggests the serious
prognostic implications of myocardial injury in patients with
COVID-19.°

In a small meta-analysis (4 studies, 341 patients), stan-
dardized mean differences of cardiac troponin I levels were
significantly higher in those with severe COVID-19—related
symptoms compared with those with nonsevere presenta-
tion.”® Myocardial injury, present in 19.7% of COVID-19
patients, was associated with higher levels of inflammatory
biomarkers; more severe pulmonary involvement; higher need
for noninvasive and invasive ventilation; and increased rates of
ARDS, acute kidney injury, and coagulation disorders.”” Pa-
tients with myocardial injury were at higher risk of death.””

It is hence reasonable to perform an initial measurement of
serum troponin upon admission for SARS-CoV-2 infection as
well as longitudinal monitoring during hospital stay.”” This,
in turn, could identify high-risk people who might be the
target of advanced therapies (including immune-response
modulation strategies).

Myocarditis and pericarditis

In a series reporting on 68 deaths in a cohort of 150
COVID-19 patients, 7% were attributed to myocarditis with
hemodynamic collapse, whereas, in 33% of cases, myocarditis
could have played a contributing role to patient death.’
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Figure 2. Cardiovascular manifestations associated with COVID-19 infection.

Although the clinical picture is still referred to as "myocar-
ditis" in many instances, myocardial infection by SARS-CoV-
2 was not proven in most cases with COVID-19 myocardial
involvement. To date, only isolated case reports provided data
on the pathology of the myocardial tissue from COVID-19
patients, which preclude drawing definitive conclusions on
this topic.”””” Sala et al.”” reported on a 43-year-old woman
with COVID-19 who presented with reverse Tako-Tsubo
syndrome and mild left-ventricular systolic dysfunction.
Cardiac magnetic resonance (CMR) revealed diffuse myocar-
dial edema on the basal and mid—left-ventricular segments,
with no detectable scar. Endomyocardial biopsy documented
diffuse T-lymphocytic inflammatory infiltrates and huge
interstitial edema without any other substantial damage.
Molecular analysis showed absence of the SARS-CoV-2
genome within the myocardium.”” Tavazzi et al.”
described, for the first time, a biopsy-proven myocardial
localization of viral particles in a COVID-19 patient pre-
senting with cardiogenic shock. Although the clinical pre-
sentation suggested severe and necrotizing acute myocarditis,
the pathology report demonstrated only low-grade myocardial
inflammation and absence of myocyte necrosis.” Impor-
tantly, SARS-CoV-2 was only demonstrated in interstitial
cytopathic macrophages and their surroundings, whereas no
viral particle was found in cardiac myocytes, which showed
nonspecific damage (mainly focal myofibrillar lysis).”” Either
transient viremia or infected macrophage migration from the

lung might occur in COVID-19 patients with nonacute
myocardial involvement. The available data seem to rule out a
classic myocarditis presentation (ie, direct infection of
myocardial cells by the virus), although they suggest that
myocardial involvement in COVID-19 might rather be
caused by the cytokine-release syndrome.

CMR availability issues, coupled with the potential for in-
hospital spread of the virus related to the logistics of per-
forming such tests, hampers the use of this valuable imaging
modality. In this context, endomyocardial biopsy could pro-
vide key insights, whereas bedside echocardiography could
give information on left-ventricular function.

No consensus exists on the appropriate treatment of
myocarditis associated with COVID-19. In addition to me-
chanical circulatory support, antiviral therapy (lopinavir-rito-
navir), immunoglobulin, and methylprednisolone were
successfully used in the management of some cases of fulmi-
nant myocarditis.”>"

Pericardial effusion remains an uncommon finding in the
literature, and few cases of tamponade in the setting of

COVID-19 have been reported.”*””

Acute coronary syndromes

Kwong et al.”” previously demonstrated that patients with
acute respiratory infections were at increased risk for subse-
quently developing acute MI after both influenza and
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Figure 3. Proposed diagnostic workup and subsequent management of the most common or life-threatening cardiac manifestations of COVID-19.
CVD, cardiovascular disease; DAPT, dual antiplatelet therapy; (N)STEMI, (non-)ST-segment elevation myocardial infarction; (NT-pro)BNP, (N-terminal
pro-)B-type natriuretic peptide; PCI, percutaneous coronary intervention; pLVAD/pRVAD, percutaneous left-/right-ventricular assist device; VA-
ECMO/VV-ECMO, venoarterial /venovenous extracorporeal membrane oxygenation.

noninfluenza viral illnesses, including other coronavirus spe-
cies. COVID-19 might trigger an intense inflammatory
response, which could also increase the risk of coronary plaque
rupture.

The actual prevalence of acute coronary syndromes (ACS)
in the setting of COVID-19 infection is unknown, given the
gaps in testing witnessed in numerous countries in the early
phases of the pandemic, particularly in the absence of typical
symptoms suggesting COVID-19 infection.

In 28 Italian patients with ST-elevation myocardial
infarction (STEMI) and COVID-19, Stefanini et al.”” re-
ported that STEMI represented the first clinical manifestation
of COVID-19 in the majority of cases (85.7%). Early mor-
tality was 39.3%. Of note, angiography demonstrated the
absence of obstructive coronary artery disease (CAD) in
39.3% of cases, a finding also reported in the United States by

40 . . .
Bangalore et al.,”” who found nonobstructive disease in one-

third of the patients who underwent coronary angiography.
In this latter series, the prognosis of STEMI presentation was
even worse than in the previous report, with a 72% rate of in-
hospital mortality.

In addition to type 2 MI, “myocarditis” and stress car-
diomyopathy, microvascular thrombosis has also been hy-
pothesized as a mechanism underlying certain cases
mimicking presentation of STEMI without obstructive CAD,

given the endothelial dysfunction and hypercoagulable state
associated with COVID-19.

Arrhythmias

In 138 hospitalized COVID-19 patients, cardiac arrhyth-
mias represented the leading complication (19.6%) and were
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more common in patients requiring ICU admission (44.4%
vs 6.9%)." Guo et al.”! revealed that, in 187 COVID-19—
positive patients stratified by the level of troponin, malignant
ventricular arrthythmias was twice more frequent in the
presence of elevated troponin levels (11.5% vs 5.2%). Ven-
tricular arrhythmias might also represent the first clinical
manifestation of SARS-CoV-2 infection.

In 136 COVID-19 patients who experienced in-hospital
cardiac arrest, Shao et al.*? revealed that the most common
initial rhythm was asystole in 89.7% of cases. Pulseless elec-
trical activity was found in 4.4%, whereas a shockable rhythm
was identified in only 5.9% of patients.

In the context of lockdown and overwhelmed health care
systems unable to provide timely emergency responses,
sudden cardiac death has been reported in patients with
initially mild symptoms who were later found dead at home
while in quarantine.'® In 4 Italian provinces, Baldi et al.*
reported an increase of 58% in out-of-hospital cardiac ar-
rest during the 40 days of the COVID-19 outbreak in
comparison with the same period in 2019. Moreover, the
cumulative incidence of out-of-hospital cardiac arrest in
2020 was strongly associated with the cumulative incidence
of COVID-19, and the increase in the number of cases over
the number in 2019 followed the time course of the
COVID-19 outbreak.”’

In the setting of COVID-19, arrhythmias might be caused
by the following mechanisms: (1) direct viral damage to
myocardial cells and/or conduction system; (2) worsening of
pre-existing myocardial conditions or conduction distur-
bances; (3) electrolytic derangements; (4) adrenergic stress
leading to electrical instability; and (5) ACS with ongoing
ischemia.

The high-grade systemic inflammatory state characteristic
of COVID-19 represents another potential important proar-
rhythmic factor that should not be underestimated.”* Indeed,
strong evidence points to inflammation as a novel risk factor
for long QT-syndrome and torsades de pointes, primarily via
direct electrophysiological effects of cytokines—particularly,
IL-1, IL-6, and TNF-0t—on the myocardium by modulating
the expression and/or function of several cardiomyocyte ion
(K+ and Ca++) channels.*

Finally, some therapies proposed for treatment of COVID-
19 have been reported to cause arthythmias™ (see following
text and Supplemental Table S1).

Heart failure and cardiogenic shock

Concomitant heart failure was present in 23% to 49% of
patients infected with COVID-19."*” Notably, it was asso-
ciated with worse prognosis as it was almost 5 times more
common in patients who did not survive the hospitalization
(51.9% vs 11.7%)."® Similar to troponin, elevation of B-type
natriuretic peptides (BNP/NT-proBNP) is associated with an
unfavourable course among patients with ARDS.”’

In the setting of COVID-19, heart failure could be
attributable to either the exacerbation of underlying car-
diovascular disease or the new onset of cardiomyopathy
(particularly myocarditis or stress cardiomyopathy). Isolated
right-heart failure can be observed in presence of pulmonary
hypertension in the setting of severe ARDS or pulmonary
embolism.
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Moreover, older adults with cardiovascular disease often
have left-ventricular hypertrophy and diastolic dysfunction.
Thus, these patients may be prone to develop pulmonary
edema when they are given copious amounts of intravenous
fluids to maintain blood pressure or as a vehicle for parenteral
drug infusion.”* However, pulmonary edema as observed in
the setting of COVID-19 could also represent the manifes-
tation of a pulmonary vascular injury, which might be direct
or mediated by the excess of local angiotensin-2, inducing
severe vasoconstriction and microvascular dysfunction and
activating inflammation process.z/l

In the context of COVID-19, shock mechanisms could be
either exclusively distributive (septic) or mixed (distributive
and cardiogenic). Cardiogenic shock might be prominent in
case of fulminant myocardial involvement. BNP and trans-
thoracic echocardiogram are valuable to guide treatment.”
Right-heart catheterization can also be useful in case of
discrepancy of other tests but at the expense of a higher risk of
in-hospital spread of the virus.”

In patients not responding to conventional management,
it is important to determine whether a concomitant
cardiogenic component is present, particularly when
considering mechanical respiratory and circulatory support
with extracorporeal membrane oxygenation (ECMO), as this
may have imgpact on selection of devices (venovenous vs
venoarterial)” (Fig. 3). Initial data in the setting of ARDS
due to COVID-19 showed that the prognosis remained poor
even with use of ECMO (mortality rate: 82.3%)." In 12
critically ill COVID-19 patients requiring ECMO, Zeng
et al.”’ found that nearly half of them died of septic shock
and multiorgan failure. Duration of ECMO support ranged
from 3 to 28 days.”’ A pooled analysis of early reports
including 234 ARDS patients revealed that only 17 (7.2%)
received ECMO.”" The mortality rate was 94.1% in patients
who received ECMO and 70.9% in patients on conven-
tional therapy.”’ The pooled effect of ECMO vs conven-
tional theraply on mortality was neutral (OR, 2.00, 95% CI,
0.49-8.16).”" The Extracorporeal Life Support Organization
(ELSO) recommends use of ECMO only in expert centres
for patients with severe ARDS (PaO2/FiO2 < 100) after
collegial discussion on a case-by-case basis.”> ECMO can be
considered futile, and the patient can be returned to con-
ventional management, if no lung or cardiac recovery is
observed after 21 days.”

Venous thromboembolism and pulmonary embolism

COVID-19 patients may be at increased risk of venous
thromboembolism (VTE). In addition to prolonged
immobilization, endothelial damage and vascular inflam-
mation contribute to the development of a hypercoagulable
state. In a multicentre Chinese study,” elevated D-dimer
levels (> 1 g/L) were independent predictors of in-hospital
death. D-dimer and fibrin degradation products levels were
significantly higher in nonsurvivors. Furthermore, dissemi-
nated intravascular coagulation was reported in 71.4% of
patients who subsequently died.

In a study of 184 patients with severe COVID-19 from 3
centres in the Netherlands, 31% of patients developed VTE
despite pharmacologic prophylaxis.”* Poissy et al.”” reported a
cumulative incidence of pulmonary embolism (PE) of 20.4%
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(95% CI, 13.1%-28.7%) in a cohort of COVID-19 patients
in critical conditions. In 90.1% of cases, PE occurred in pa-
tients already receiving prophylactic antithrombotic treat-
ment. The incidence of PE in this cohort was significantly
higher than that observed before the pandemic in patients
with different conditions of similar severity or influenza
infection. Therefore, in case of hemodynamic or respiratory
deterioration in a patient with stable parenchymal pulmonary
involvement, PE should be suspected.

The optimal thromboprophylactic regimen for patients
hospitalized with COVID-19 remains unknown. Low-
molecular-weight or unfractionated heparin, with or without
mechanical compression stocking, can be considered accord-
ing to the patient-risk profile.”

Several risk-stratification tools can be used for VTE risk
assessment in this setting (eg, the Caprini, IMPROVE, and
Padua models).”® Therapeutic anticoagulation, even in
absence of obvious VTE complication, could be considered in
severely ill patients with high D-dimer, although, at present,
this recommendation is not substantiated by solid data.”®
Systemic thrombolysis or catheter-based interventions might
be considered in patients with massive PE and hemodynamic
compromise. Percutaneous right-ventricular assist devices or
venovenous ECMO might be contemplated in young patients
with right-ventricular failure’”>® (Fig. 3).

Stroke

Ischemic stroke has been recognized as a complication of
severe forms of COVID-19,”? which is thought to be asso-
ciated with the highly prothrombotic state and major endo-
thelial dysfunction caused by the infection. Beyrouti et al.®’
reported a case series of 6 COVID-19 patients with stroke;
large-vessel occlusion with markedly elevated D-dimer levels
(>1000 pg/L) were observed in all patients. Three patients
had multiterritory infarcts; 2 had concurrent VTE; and, in 2,
ischemic  strokes occurred despite therapeutic anti-
coagulation.”® Similarly, Oxley et al.°" reported on 5 young
COVID-19 patients (aged from 33 to 49 years) who pre-
sented with large-vessel ischemic stroke. Such an association
between large-vessel stroke and COVID-19 in young patients
requires further investigation. Therapeutic anticoagulation
and thrombolysis could be beneficial to mitigate the conse-
quences of stroke in this setting but must be balanced against
the risk of hemorrhagic transformation, particularly consid-
ering the critical conditions of these patients and the delays in
diagnosis because of sedation and other concomitant acute
issues.

Redefining Priorities in Cardiovascular Care

The recent emergence of COVID-19 and the psychosocial
aspects related to the pandemic have put health care systems
under pressure, with an increasing number of infected pa-
tients, as well as shortage of personal protective equipment
(PPE) among health care providers, ventilators, and certain
drugs.

The following recommendations are proposals to inform
clinical decision making among health care providers dealing
with cardiovascular patients in the setting of the COVID-19
pandemic. These considerations are dynamic and might
change in the coming weeks.
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Emergency and elective procedures

The escalation of this health crisis has led to cancellation of
elective cardiovascular procedures and outpatient visits owing
to the concern of disease transmission among health care pro-
viders and other patients as well as to optimize resource allo-
cation. Telemedicine is recommended for triage, management
of nonemergent conditions, and renewal of prescriptions for
patients with chronic stable disease.” Any nonessential diag-
nostic investigation should be deferred. At the same time, it is
important to continue guaranteeing care to cardiovascular
emergencies and to perform such nondeferrable procedures
after collegial discussion on a case-by-case basis.”****

The optimal management strategy for patients with ACS
has generated controversy during this pandemic period**
(Fig. 3). In patients with STEMI, Chinese providers have
developed algorithms that emphasize rapid testing for
COVID-19 infection and immediate fibrinolysis, as, in their
health care system, the logistics of primary PCI have been
severely disrupted by the critical need to protect health care
providers from contagion.’”®* The Canadian Association of
Interventional Cardiology instead recommends primary PCI
for low COVID-19 probability in the absence of major lo-
gistic restrictions, whereas fibrinolysis could be considered in
moderate to high probability or COVID-19—positive patients
with STEMI, particularly in the presence of staff or resource
limitations.”” PCI in catheterization laboratories with aerosol-
level PPE should also be considered in case of fibrinolysis
contraindication or failure or in cases of cardiogenic shock
caused by ACS.®” Even in cases of successful initial fibrino-
lysis, planned PCI should be performed within 24 hours.®”

For patients with non—ST-elevation ACS (NSTE-ACS),
medical therapy should be pursued initially. Revascularization
should be considered in case of refractory chest pain, malig-
nant arthythmia, and hemodynamic instability, with rapid
discharge following revascularization.®>*%’

Efforts should be made to differentiate between type 1 and
type 2 MI and other causes of troponin rise.’*>%> Diagnostic
and interventional procedures should be deferred in patients
with type 2 MI, myocardial injury, and patients with sus-
pected myocarditis without cardiogenic shock. Coronary
computed tomography angiography—performed at the time
of lung evaluation in cases with severe respiratory involve-
ment—might be useful to rule out CAD.

Routine elective cardiac surgery procedures should be
rescheduled, whereas patients at high risk for short-term
adverse cardiac events should still be offered surgical treat-
ment.”*® Given ICU bed shortages and the risk for in-
hospital contagion, medical management as a bridge to
intervention after the pandemic should also be considered for
selected patients. The Canadian Society of Cardiac Surgeons
has issued detailed recommendations regarding elective and
emergency procedures.”®

As the initial peak of the COVID-19 pandemic starts to
slowly abate in May 2020, professional cardiovascular societies
indicated an ethical and logistic framework for the gradual
reintroduction of invasive cardiovascular procedures and
diagnostic tests.”” Patients with untreated cardiovascular dis-
ease are at increased risk of adverse outcomes, and efforts
should be made to reestablish previous pathways of care while
simultaneously minimizing the risk of COVID-19 resurgence.
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How COVID-19 may affect delivery of cardiovascular
care to noninfected patients

Little is known about the indirect impact of COVID-19
on cardiovascular outcomes of noninfected persons. US in-
vestigators reported a 38% decrease in cardiac catheterization
laboratory STEMI activations.’® which is similar to reductions
in PCI rates for ACS observed in Italy (32%) and Spain
(40%).°77° Emergency medical services from Hong Kong
reported a mean increase of ~4 hours in time from symptom
onset to first medical contact for patients with STEMI,’
presumably because of patient hesitancy in seeking care
because of concerns about possible in-hospital COVID-19
contagiqn.ﬂSuch .delays might have a detrhpental impact on
prognosis.” Previously uncommon mechanical complications
of MI are now being frequently observed, which could be
again caused by delays in seeking care.”' Even more worri-
some is the 58% increase in out-of-hospital cardiac arrest
observed by Italian investigators during the pandemic, which
could reflect the extreme consequences of such behavior of
medical-care avoidance.”” Finally, further in-hospital delays
can be expected among patients admitted to the hospital,
which are related to COVID-19 infection testing and
implementation of precautions for health care providers.”

Safety considerations for health care workers

Controlling exposures to occupational infections is
fundamental to protect health care providers. Workers who
enter the room of patients with known or suspected COVID-
19 should adhere to standard precautions and use masks, face
shields, gowns, gloves, and eye protection. When performing
(or present for) an aerosol-generating procedure (AGP), the
provider should wear an N95 mask and a face shield or a
powered air-purifying respirator (PAPR). Additional control
measures include limiting the number of health care providers
to only those essential for patient care during the procedure
and performing AGPs in an airborne infection isolation rooms
(with negative air pressure). Considerations to prevent infec-
tion among cardiovascular providers are summarized in
Table 2. (See Supplementary Material for Ethical Issues and
Challenges.)

COVID-19 Treatment and Cardiovascular
Implications

The COVID-19 pandemic has placed the scientific com-
munity under extraordinary pressure. The urgent need for a
safe and effective treatment can also lead to less rigour and
respect of essential research standards as well as relaxed gen-
eration and interpretation of data, which can have undesirable
downstream impact.””

At least 30 clinical trials are currently being conducted to
test the efficacy and safety of COVID-19 therapies. Broadly
speaking, there are 3 therapeutic approaches (Supplemental
Fig. S1): antiviral drugs, immune response modulators, and
RAAS blockers.”” A list of the currently investigated drugs,
their cardiovascular side effects, and potential interactions
with cardiovascular medication are detailed in Supplemental
Table S1. In this section, we focus exclusively on the car-
diovascular side effects and drug interactions of commonly

used anti-COVID-19 medications.
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Table 2. Safety considerations for cardiovascular health care
providers

General precautions COVID-19 testing

Telemedicine

Rationalization of indications for

diagnostic and therapeutic

procedures

- Conservative management as first-
line strategy whenever possible

- Minimize the number of providers

per procedure

Contact and droplet precautions

(gown, face mask, eye protection,

gloves) for general care

- N95 mask and face shield (or

PAPR), waterproof gown, and gloves

for aerosol-generating procedures

Surgical mask for patients with

known or suspected COVID-19

Education

Cardiopulmonary resuscitation - Use of external  mechanical

compression devices to minimize

direct contact with infected patients

Close coordination with critical care

and anesthesia teams for airway

management

Catheterization laboratory - Switch to negative pressure (if
environment possible)

Intubation before transfer to the

catheterization laboratory (if

required)

Specific consideration to - Separation of individuals with over-
subspecialty care teams lapping skillsets to guarantee

continued availability of care in case
of COVID-19 infection within the

team

1

'

'

PAPR, powered air-purifying respirator.

Antiviral drugs

Certain antivirals have shown an interaction with several
cardiovascular medications. This is particularly true with
lopinavir-ritonavir (protease inhibitors). Ritonavir is a potent
inhibitor of cytochrome P450 (CYP3A). It can increase
plasma concentration of class IA and III antiarrhythmics,
potentially triggering severe ventricular arrhythmias through
QTc prolongation.”* Similarly, clopidogrel active metabolite
concentrations can be reduced, requiring platelet function
monitoring to avoid excessive thrombotic risk or switching to
prasugrel. Conversely, ticagrelor concentration increases with
CYP3A inhibition. With regard to anticoagulants, most direct
Xa and Ila inhibitors are also metabolized by CYP3A, and
thus there is a potential increase in bleeding risk with rito-
navir.””’® Besides interactions, lopinavir-ritonavir association
can directly cause hypotension and atrioventricular conduc-
tion disturbances.

Favipiravir is a novel antiviral drug that directly inhibits
RNA-dependent-RNA-polymerase. It can prolong the QTc
interval, increasing the risk for malignant ventricular
arrhythmias.””

Immune response modulators

Chloroquine and hydroxychloroquine (CQ/HCQ) are well
known to prolong the QTc interval, which is particularly
concerning in COVID-19 patients.”” These patients are often
hospitalized in critical conditions and, consequently,



Boukhris et al.
Cardiovascular Implications of COVID-19

predisposed to electrolyte derangements (eg, hypokalemia),
which can act synergistically with CQ/HCQ to prolong the
QTec interval, thus triggering ventricular arthythmias (torsade
de pointes). Hypotension and atrioventricular conduction
disturbances have also been reported with CQ/HCQ.

Azithromycin is an antibiotic of the macrolide family. Like
CQ/HCAQ), azithromycin prolongs the QTc interval. Hence,
the frequent association of CQ/HCQ and azithromycin used
in COVID-19 patients could increase the risk of torsade de
pointes and therefore requires close electrocardiographic
monitoring./h Azithromycin can increase plasma concentra-
tion of edoxaban and, to a lesser extent, rivaroxaban.”® Tt may
also increase international normalized ratio (INR) in patients
on warfarin.””

Methylprednisolone and corticosteroids in general can in-
crease blood pressure and increase fluid retention. They have
also been associated with supratherapeutic INR values of pa-
tients on warfarin.*’

RAAS blockers

Losartan is currently tested in RAAS blocker-naive
COVID-19 patients requiring or not requiring hospitalization
(NCT04312009 and NCT04311177, respectively), with the
rationale that ACE2 downregulation following pulmonary
involvement results in angiotensin-2 upregulation (angio-
tensin-2 being a substrate of ACE2), which, in turn, is
assumed to contribute to ARDS pathophysiology.’

Following the same rationale, another trial is testing the
injection of recombinant soluble ACE2, functioning as a
decoy receptor for SARS-CoV-2 virus in patients with evi-
dence of COVID-19 viral pneumonia (NCT04287686). The
cardiovascular effects of losartan are well known by cardio-
vascular clinicians, but the effects of recombinant ACE2 are
unknown.

Innovative Approaches to Tackling
Cardiovascular Disease During the COVID-19
Pandemic

Information technology has the potential to provide useful
tools to help tackling the COVID-19 pandemic: specifically,
to facilitate the early detection of cases (hence, optimizing
patient workflow within health care systems), to disseminate
key educational material to the general population and among
health care providers, and to assist in the diagnosis of specific
clinical features.”’

Social media

Social media has recently become a vehicle for fast and
massive dissemination of medical content among health care
professionals. These platforms have been used to share pro-
tocols to optimize the care of COVID-19 patients and to
disseminate information regarding optimal use of PPE to
prevent in-hospital dissemination of the virus. Moreover, re-
ports of novel manifestations of COVID-19 infection are
actively being shared on social media; for example, the hashtag
“#COVIDSTEMI” has recently been used on Twitter by
many cardiologists to share cases of patients presenting with
electrocardiographic and echocardiographic signs of MI, who
were subsequently found to have no evidence of obstructive
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coronary artery disease. This initiative is facilitating the edu-
cation and awareness of countless health care professionals on
this new clinical entity and the organization of these data in
peer-reviewed publications. Other initiatives include pro-
moting the scientific debate on the role of RAAS blockers in
COVID-19 patients and increasing the awareness of the
inherent risk of QTc prolongation of CQ/HCQ and azi-

thromycin early during the pandemic.81

Smartphone apps

The government of South Korea has been promoting
COVID-19 case tracking and information sharing through
smartphone apps early in the course of the pandemic, and this
has been considered one of the reasons for the successful
containment of the virus in such countries. An application
under development would let people log their movements and
compare them with those of known COVID-19 patients,
using data supplied by health authorities to identify potential
transmissions.”” Another team of researchers is working on a
system, based on short-range Bluetooth signals, that allows
automated tracing by public health authorities while preser-
ving patient confidentiality.®’

Artificial intelligence

The potential for artificial intelligence (AI) to assist in
pandemic modeling and in the diagnosis of COVID-19
clinical manifestations is immense. Although epidemiologists
and public health officials cannot be replaced, Al can serve to
gather and systematically organize rapidly evolving informa-
tion (eg, from social media and news media) to assist officials
in decision-making.®* Moreover, Al is particularly suited for
massive analysis of imaging data, which, at the moment, has
been taken advantage of for the diagnosis of COVID-19
pneumonitis”” but is also potentially suitable for cardiac ap-
plications such as automated interpretation of electrocardio-
grams, imaging, and pathology specimens.

Conclusions

The COVID-19 pandemic represents the most important
public health crisis of the century. The health, economic, and
societal impacts will be felt for many years to come. Patients
with cardiovascular disease are particularly vulnerable to
COVID-19 and often develop severe forms of the infection.
Several cardiovascular manifestations have been observed in
COVID-19 patients, including myocardial injury, myocar-
ditis, ACS, pulmonary embolism, stroke, arrhythmias, heart
failure, and cardiogenic shock. COVID-19 has profoundly
reshaped usual pathways of care of both elective and acute
cardiac patients. Further research is needed to define the
pathophysiology of COVID-19 precisely and to identify and
properly evaluate drugs targeting the most relevant mecha-
nisms that characterize severe manifestations of the disease.
Collaborative initiatives should harness both conventional and
novel tools to provide an effective and timely response to the

COVID-19 pandemic on the global stage.
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