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Abstract | Throughout 2021, the medical and scientific communities have focused
on managing the acute morbidity and mortality caused by the coronavirus disease
2019 (COVID-19) pandemic. With the approval of multiple vaccines, there is a light
at the end of this dark tunnel and an opportunity to focus on the future, including
managing the long-term sequelae in patients who have survived acute COVID-19.
In this Perspectives article, we highlight what is known about the cardiovascular
sequelae in survivors of COVID-19 and discuss important questions that need to
be addressed in prospective studies to understand and mitigate these lasting
cardiovascular consequences, including in post-acute COVID-19 syndrome.
To provide the greatest benefit to these survivors, prospective studies should begin
now, with resources made available to monitor and study this population in the

comingyears.

The coronavirus disease 2019 (COVID-19)
pandemic is caused by severe acute
respiratory syndrome coronavirus 2
(SARS-CoV-2) and is associated with
various disease manifestations across
multiple organ systems, presenting with

a spectrum of disease severity that is

only partially explained by age, sex and
comorbidities'. Of note, the manifestations
of acute cardiovascular injury associated
with SARS-CoV-2 infection are diverse,
including acute myocardial infarction,
myocarditis, stress cardiomyopathy,
pericarditis, arrhythmias, multisystem
inflammatory syndrome in both adults
(MIS-A) and children (MIS-C), stroke,
macrothrombotic disease including
arterial and venous thromboembolism,
microthrombotic disease and bleeding
diathesis* (FIC. 1). The pathogenic
mechanisms underlying these clinical
manifestations are not well understood
and are likely to be multifactorial, including
primary causes such as elevated local
(endotheliitis) and systemic (cytokine
storm) inflammation, resulting in
coagulopathy, myocardial infarction, stroke,
MIS-A, MIS-C and arrhythmias, direct
viral cytopathic effects possibly resulting
in myocarditis, and autoantibodies™”. In
addition, hypoxaemia can occur secondary
to lung injury, and myocardial oedema can

develop secondary to the inflammatory
states mentioned above’”’.

Many studies have documented
substantial increases in serum troponin
levels as a manifestation of acute myocardial
injury and, in general, these biomarkers
have been shown to be correlated with
the severity of acute illness>**’ as well as
SARS-CoV-2 viraemia'’. However, among
these patients, the degree of myocardial
injury observed is inconsistent and the
mechanisms are often unclear; whether the
degree of troponin level elevation is simply
reflective of more severe systemic illness
or whether it is a causal factor of worsened
prognosis has not yet been determined.

After acute illness, the long-term health
implications in survivors of COVID-19
are uncertain, but evidence suggests
that they might include cardiovascular,
pulmonary, neurological and mental
health complications as well as other less
understood but debilitating symptoms
and features of COVID-19 ‘long-hauler’
syndrome (reviewed elsewhere'’). The
rate of these complications is high but
the true prevalence is uncertain. Groups
such as the Electronic Medical Records
and Genomics (eMERGE) consortium
are developing electronic phenotyping
algorithms to assist researchers in rapidly
identifying from the electronic health
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record the patients with COVID-19 who
developed sequelae of the cardiovascular
and other organ systems'. The high rate of
these long-term complications potentially
represents a substantial public health burden
and well-designed studies are needed to
follow-up individuals with post-acute
COVID-19 syndrome, which should begin
as soon as possible, with several already
under way.

The disruption caused by the COVID-19
pandemic led to numerous clinical trials
being delayed, cancelled or altered, which,
in some cases, has resulted in the deployment
of adaptive trial designs to meet the unique
circumstances of the pandemic'®. These
trial designs have ultimately improved how
clinical trials are performed, including the use
of remote consent, telemedicine monitoring
and novel trial protocols'-'*'*. Effects on the
892 cardiovascular trials that were under way
before the COVID-19 pandemic have been
discussed previously'®. More than 100 trials
relating to COVID-19 with cardiovascular
implications have been registered, including
registries examining myocarditis, heart failure
(HF), venous thromboembolism and general
cardiac complications; additionally, there
are 19 trials examining imaging, biomarkers
and the natural history of cardiac sequelae
as well as dozens of other trials on various
cardiovascular medications, including
the anti-inflammatory agent colchicine,
inhibitors of the renin-angiotensin-
aldosterone system (RAAS), antiplatelet
and anticoagulant agents, lipid-lowering
therapies, and other drugs for pulmonary
hypertension and HF (TABLE 1). Many of
these trials were small, had neutral outcomes
and were largely underpowered. A few large
trials with neutral outcomes included those
that assessed the efficacy of ivermectin'”
and systemic anticoagulation'®. Early in the
pandemic, a theoretical concern arose that
RAAS inhibition might worsen COVID-19,
but subsequent studies have shown that this
fear was unfounded and that removal of
RAAS inhibition in patients with COVID-19
already receiving those medications is
actually harmful”. For all clinical trials
during this time, researchers have had to
account for elevated rates of hospitalization
and death, including a competing risk of
death that can affect power calculations as
well as under-reporting of events™.
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In this Perspectives article, we highlight
what is known about cardiovascular
sequelae in survivors of COVID-19 and
discuss important questions that need to
be addressed in prospective studies
to understand and mitigate these lasting
cardiovascular consequences, including
post-acute COVID-19 syndrome.

Cardiovascular complications in

post-acute COVID-19

COVID-19 presents with a spectrum of

severity. Throughout this manuscript,

we discuss four degrees of severity, as

typically used in the medical literature:

asymptomatic, mild (having symptoms

but not requiring hospitalization), moderate

(requiring hospitalization but not intensive

care) and severe (requiring intensive care).

Some patients recover quickly, whereas

others have a more prolonged course to

recovery owing to lasting sequelae or

the development of persistent symptoms

(FIC. 2). When examining cardiovascular

consequences in survivors of acute

COVID-19, classifying them into

four non-exclusive categories might

be helpful.

e Persistent symptoms in patients who
initially presented with asymptomatic,
mild or moderate acute COVID-19
(‘long-hauler’ COVID-19)

e Evidence of cardiac injury (abnormal
cardiac MRI) in patients (including
athletes) who had only mild COVID-19
Cardiovascular complications in patients
with moderate-to-severe COVID-19
and evidence of cardiac injury (elevated
troponin levels and/or reduced left
ventricular ejection fraction)

e ‘Collateral damage’ in patients owing to
delays in presentation to hospital and
treatment of acute coronary syndromes,
stroke and other cardiovascular disorders

Long-hauler COVID-19

In a similar manner to survivors of other
betacoronavirus infections, such as
SARS-CoV and Middle East respiratory
syndrome coronavirus (MERS-CoV),

a variety of persistent symptoms have been
described in survivors of SARS-CoV-2
infection” . Infectious virus can be
isolated from patients up to 3 weeks after
the development of acute symptoms,

but the presence of persistent symptoms
after this time is not thought to be

caused by acute viral infection'"***.
These persistent symptoms can be
classified as cardiopulmonary (chest pain,
palpitations, tachycardia and dyspnoea),
neurological (neuropathy, myelopathy,

Stroke

* Hypercoagulability
e Inflammatory milieu
¢ Bleeding diathesis

Arrhythmia

e Ventricular fibrillation,
ventricular tachycardia, atrial
fibrillation or flutter, or heart
block

 Related to hypoxaemia,
cytokine storm and acute
illness

¢ Long-term consequences not
well defined but palpitations

related plaque destabilization
(type 1) and increased
metabolic demand with
hypoxaemia (type 2)

* Many cases had late
presentation to hospital and
delayed treatment, leading to
less-than-ideal recovery and
probably worse long-term
consequences

| l ( l
are a very common post-acute z
COVID-19 symptom s ;
- ) * Often transient but time to
Myocardial infarction normalization and long-term
* Secondary to inflammtion- consequences not yet well
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Deep-vein thrombosis and

pulmonary embolism

¢ Coagulopathy associated with
severe disease

¢ Anti-phospholipid antibodies

e Small-vessel thrombosis

* Need to determine whether
the risk of recurrent
thromboembolism is elevated,
which would require
long-term anticoagulation
Left and/or right ventricular

systolic dysfunction

e Can occur due to myocarditis,
stress-induced cardiomyopa-
thy or myocardial infarction

defined

Pericarditis

* Might or might not be
associated with elevated
troponin levels

* Uncertain whether the risk of
complications is increased
compared with non-COVID-19-
related pericarditis

Fig. 1| Acute cardiovascular complications secondary to COVID-19. Acute coronavirus disease
2019 (COVID-19) can lead to various cardiovascular complications, including arrhythmia, myocardial
infarction, deep-vein thrombosis and pulmonary embolism, left and/or right ventricular systolic dys-
function, pericarditis and stroke. These complications can have profound long-term implications for

the health of survivors of COVID-19.

cognitive disturbance, dysautonomia,
headaches, dysgeusia, and anosmia or
parosmia), mental health (depression,
anxiety, post-intensive care unit (ICU)
syndrome and sleep disturbance) or
non-specific (fatigue, joint pain and
muscle weakness)**-*. This constellation
of symptoms falls under the umbrella of
COVID-19 long-hauler syndrome.

The aetiology is poorly understood, the
morbidity is substantial and the response
to multidisciplinary rehabilitation is
inconsistent. Whether these symptoms
differ between those who initially presented
with mild illness and those with moderate
or severe illness is uncertain.

Dyspnoea is the most frequent persistent
symptom reported and is likely to be
multifactorial in aetiology*~*. Although
we are focusing on cardiovascular
complications, the effect of COVID-19 on
respiratory function certainly contributes
to the dyspnoea observed in these patients.
Chest pain is the most common persistent
cardiovascular symptom among patients
surviving moderate-to-severe COVID-19;
one study reported chest pain in 18% of
survivors at 30 days and in 13% at 60 days™,
whereas another study found chest pain in
21% of survivors at 60 days™. An additional
study with longer follow-up found chest pain
in 5% of survivors at 6 months®. Palpitations

were also common, being present in 9% of
survivors at 30 days™, 14% at 60 days™ and
9% at 6 months™.

A variety of neurological, cardiac,
pulmonary and other post-acute COVID-19
symptoms might have a theoretical aetiology
in a persistently elevated inflammatory state,
especially in those who developed cytokine
storm or MIS-A or MIS-C during the acute
phase of illness™.

Arrhythmias. The increased frequency

of heart palpitations has raised a question
about arrhythmias in survivors of
COVID-19. Both bradyarrhythmias
(including high-grade atrioventricular
block) and tachyarrhythmias (including
atrial fibrillation or flutter, ventricular
tachycardia, and ventricular fibrillation)
have been reported in acute COVID-19
(REFS™*); however, these represent acute
arrhythmias in the setting of acute illness
and the chronicity of these new arrhythmias
is uncertain. Acute arrhythmias were more
common in patients with COVID-19
admitted to the ICU than in those admitted
to general medical units, although the rates
reported in the literature have varied from
18% to 44%"-**. New electrocardiographic
changes and arrhythmias were detected in
up to one-third of survivors of non-severe
COVID-19 by systematic screening®.
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Table 1] Clinical registries and trials studying COVID-19 with cardiovascular implications
Registry, trial or drug name
Registries

Hospital Registry of Acute Myocarditis: Evolution of the Proportion of Positive SARS-COV-2
(COVID19) Cases

COLUMBIA CARDS: COvid-19 LongitUdinal Multiethnic Biolmaging Assessment of CARDiovascular

Sequelae Registry

CAPACITY-COVID: Cardiac complicAtions in Patients With SARS Corona vilrus 2 (COVID-19) regisTrY

PCHF-COVICAV: COVID-19 in Hospitalized Patients With Preexisting CArdioVascular Diseases

and/or Cardiac Involvement and/or Cardiovascular Risk Factors: The Global PCHF-COVICAV Registry

CORONA-VTE NET: COVID-19 Registry to Assess Frequency, Risk Factors, Management, and
Outcomes of Arterial and Venous Thromboembolic Complications

Trials examining natural history, imaging or biomarkers, with an emphasis on cardiac sequelae
Sequelae of Sars-CoV-2 Infections

The Role of Adaptive Immunity in COVID-19 Associated Myocardial Injury

Right Ventricular Dysfunction in Ventilated Patients With COVID-19

Descriptive and Retrospective Analysis of Acute Myocarditis Associated With Pandemic COVID-19
in Children

Myocardial Injury and Quiality of Life After COVID-19

Prevalence of Perimyocarditis After Covid-19 Vaccine

Myocardial Involvement of Severe Acute Respiratory Syndrome-Cov-2 (Covid19) Infected Patients
Cardiac Dysfunction in Critically Il Patients With COVID-19

Myocardial Injury and Major Adverse Outcomes in Patients With COVID-19

Cardiac Injury in COVID-19: a Pathology Study

Multimodal IMAgery Characterization of Cardiac Damage and Severity After COVID-19 Infection
MYocardial DOmmages Related to COVID-19

Acute Cardiovascular Events Triggered by COVID-19-Related Stress

Cardiovascular Complications and COVID-19 (CovCardioVasc-Study)

Cardiac COVID-19 Health Care Workers

Mechanical Complications of Acute Myocardial Infarction During COVID-19 Pandemics
EPIdemiological Approaches to the Cardiovascular Consequences of COVID-19

Prevalence of Myocardial Scars on CMR After COVID-19 Infection

One-year Cardiac Follow-up of Patients With COVID-19 Pneumonia

Cardiac anti-inflammatory therapy

Colchicine

Renin—angiotensin—aldosterone system inhibition
Ramipril

Telmisartan

Losartan

Candesartan

Spironolactone

Angiotensin 1-7

Antiplatelet or anticoagulant therapy

Aspirin

Clopidogrel

Rivaroxaban

NCT identifier

NCT04375748

NCT04661657

NCT04325412
NCT04390555

NCT04535128

NCT04442789
NCT04340921
NCT04764032
NCT04420468

NCT04794062
NCT04865900
NCT04358952
NCT04524234
NCT04397939
NCT04367792
NCT04753762
NCT04498065
NCT04368637
NCT04335162
NCT04413071
NCT04813692
NCT04498091
NCT04636320
NCT04501822

NCT04416334,NCT04375202, NCT04350320,
NCT04724629,NCT04367168, NCT04360980,
NCT04359095, NCT04667780, NCT04492358,
NCT04324463,NCT04381936, NCT04328480

NCT04366050

NCT04466241, NCT04359953,
NCT04510662, NCT04355936

NCT04643691, NCT04328012

NCT04351724
NCT04643691

NCT04605887, NCT04633772

NCT04333407,NCT043653009,
NCT04324463,NCT04381936

NCT04333407, NCT04409834

NCT04333407, NCT04324463,NCT04351724,
NCT04715295, NCT04662684, NCT04394377
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Table 1 (cont.) | Clinical registries and trials studying COVID-19 with cardiovascular implications

Registry, trial or drug name
Antiplatelet or anticoagulant therapy (cont.)

Enoxaparin
Unfractionated heparin

Fondaparinux

Argatroban

‘Therapeutic anticoagulation’
Lipid-lowering therapy

Atorvastatin

Rosuvastatin
Ezetimibe

Omega 3/icosapent ethyl

Pulmonary hypertension and heart failure therapy

Ambrisentan
Sildenafil
Dapagliflozin

Data from ClinicalTrials.gov as of 30 May 2021. COVID-19, coronavirus disease 2019.

Interestingly, when examining arrhythmia
frequency on a global level, regional
differences have been reported in the
frequency of different arrhythmias™.

Atrial fibrillation is the most common
arrhythmia reported in acute COVID-19
(REF*) and is often of new onset. One
study found that the rate of atrial fibrillation
in patients with acute COVID-19 is
similar to that observed in patients with
influenza”, and the presence of atrial
fibrillation portends a worse outcome™.
Whether patients with newly diagnosed
atrial fibrillation during acute COVID-19
will have recurrent episodes of atrial
fibrillation and whether the rate of more
malignant arrhythmias is increased in
survivors of COVID-19 is uncertain.
Reports have documented cases of postural
orthostatic tachycardia syndrome as a cause
of palpitations after recovery from acute
COVID-19, as has been described after
other viral illnesses*.

QT interval prolongation has been noted
in patients hospitalized with COVID-19,
including those showing progression
to torsades de pointes*. Some degree
of QT interval prolongation can occur
in any patient with COVID-19 but this
feature was often exacerbated early in the
pandemic when medications with known
QT-prolonging adverse effects, such as
chloroquine, hydroxychloroquine and

azithromycin, were used to treat patients®>'.

Cardiac injury in mild acute COVID-19
Owing to concerns about myocardial injury
caused by COVID-19, investigators started
imaging survivors of COVID-19 using
cardiac MRI. Initial studies demonstrated
that, in both selected patients™ (those

with COVID-19 and elevated troponin
levels during hospitalization) and
unselected patients™ (those with a range
of asymptomatic, mild, moderate or

severe COVID-19), a concerningly high
frequency (up to 78%) of patients had
abnormalities seen on cardiac MRI. These
abnormalities included elevated T1 values
(a marker of fibrosis or inflammation)

in up to 73% of patients, increased T2
values (a marker of oedema) in up to

60% of patients and myocarditis-like late
gadolinium enhancement (LGE) patterns
in 32-45% of patients when cardiac MRI
was performed within 37-71 days after
COVID-19 diagnosis®>**. These findings
raised the spectre of ongoing myocarditis
and an eventual epidemic of long-term HE.
However, these cardiac MRI findings did
not correlate with biomarker data.

The concerning results from these studies
led to additional investigations with cardiac
MRI in patients with a range of COVID-19
severity. Results from these additional
studies™**° are summarized in TABLE 2 and
were not always consistent with the initial
studies. Although cardiac MRI still identified
patients with myocarditis-like imaging

NCT identifier

NCT04406389, NCT04409834,
NCT04508439, NCT04646655, NCT04394377

NCT04406389, NCT04409834,
NCT04372589,NCT04394377

NCT04406389
NCT04406389
NCT04444700, NCT04486508

NCT04333407, NCT04466241,
NCT04380402, NCT04900155

NCT04359095
NCT04900155

NCT04553705, NCT04460651,
NCT04505098, NCT04412018

NCT04393246
NCT04489446
NCT04393246,NCT04350593

patterns at levels higher than in the general
population, the rates were less common
than the initial studies suggested. A study
by Joy et al. offered further reassurance;
they examined 74 seropositive health-care
workers who survived COVID-19 at a time
point of 6 months after diagnosis® — the
longest time point in the literature to date.
Abnormal imaging findings were uncommon
but present in some survivors of COVID-19,
including 4% with LGE myocardial scarring.
Neither LGE myocardial scarring nor any
other end point (left ventricular ejection
fraction, right ventricular ejection fraction,
indexed end-diastolic volume, percentage
of LGE, septal or global T1, septal or global
T2, left ventricular mass indexed, left atrial
area indexed, global longitudinal shortening,
septal extracellular volume and aortic
distensibility) was significantly different
between the survivors of COVID-19 and
matched healthy controls®. The researchers
also found no significant difference in the
levels of N-terminal pro-B-type natriuretic
peptide or high-sensitivity troponin between
the groups.

A specific group of patients who
warrant special consideration are
competitive athletes because even a mild
decrease in cardiac function that might
be asymptomatic in a normal individual
can have a substantial effect on the ability
of athletes to perform. This point also has
implications for ‘return to play’ because even
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asymptomatic cases of myocarditis can lead
to sudden death in athletes®’. Therefore,
several of the above-mentioned studies

have focused on collegiate and professional
athletes™*>75-026%%_ Rajpal et al. found that
15% of college athletes had evidence of a
myocarditis-like LGE pattern on cardiac
MRI* but subsequent studies often found no
evidence in any athlete, and a large study of
1,597 college athletes with COVID-19 found
only 2.3% with myocarditis, most of whom
were asymptomatic®®. When examining
healthy athletes as matched controls in
addition to non-athlete healthy controls,
these subsequent studies found that focal
inferoseptal right ventricle insertion LGE

is common among healthy athletes —
probably caused by remodelling from
athletic training — and that this finding
should not be confused with myocarditis.
The implications of these findings in athletes
have been summarized and discussed in
detail previously”.

One additional imaging measure worth
noting is first-phase ejection fraction (EF1)
measured by echocardiography, which is a
sensitive measure of preclinical HE Gu et al.
examined EF1 in patients with COVID-19
in both Wuhan, China, and London, UK,
and found that EF1 was a better predictor
of survival than other echocardiographic
findings, laboratory findings, age or
comorbidities®.

Taken together, a variety of laboratory
and imaging abnormalities are seen in

post-acute COVID-19, although many of
the cardiac MRI findings are not detected
at a significantly higher rate than among
healthy controls in some studies. Of note,
the only study that focused beyond the
1-3-month period after diagnosis found

no significant differences in any cardiac
MRI parameters between survivors of
COVID-19 and controls. Furthermore,
none of these studies found correlations
between abnormal cardiac MRI findings
and biomarker or tissue abnormalities.
Indeed, the latest studies are much more
reassuring, suggesting that the earlier
findings were probably overinterpreted, and
follow-up of asymptomatic patients with
COVID-19 and imaging abnormalities has
largely shown preserved left ventricular
function*>**°'. Long-term studies will be
needed to monitor functional status and
observe these imaging abnormalities.

In summary, the spectre of a looming HF
epidemic caused by COVID-19-induced
myocarditis seems much less likely than was
feared approximately 1 year ago. Multiple
registries are actively collecting information
on these patients. Laboratory and imaging
abnormalities seen in post-acute COVID-19
are summarized in BOX 1.

Cardiac injury in moderate-to-severe
COVID-19

Multiple early studies demonstrated

that patients with COVID-19 and acute
myocardial injury, defined as an elevated

Acute COVI‘D-19 illness

Asymptomatic

Severe
(requiring ICU care)

Moderate
(requiring hospitalization

but not ICU care)

| 1

Persistent structural damage
* Myocarditis or pericarditis
<> * Interstitial lung disease
e Late sequelae (heart failure,
arrhythmias)

I
‘Long-hauler’ COVID-19 Collateral damage
* Multisystem symptoms * Acute coronary
¢ Cardiopulmonary symptoms syndrome
e Cardiac involvement? * Stroke
Evidence of cardiac ¢ Delayed medical care
structural or biochemical ;
abnormalities !
i ? :
Uncertain whether these 1 | i Recoveryincomplete
symptoms will resolve with i owing to lasting sequelae
time and/or treatment : i
Recovery

Fig. 2 | The road to recovery in survivors of COVID-19. Some patients recover quickly from acute
coronavirus disease 2019 (COVID-19), whereas others have a protracted course due to sequelae from
collateral damage of the pandemic, persistent structural damage to the heart or the development of
‘long-hauler’ COVID-19. Whether measurable physiological or pathological changes are associated
with long-hauler COVID-19 and whether these survivors will eventually recover completely with time
and/or treatment is unknown. The persistence of symptoms will have a potentially large burden across

all aspects of medicine for years to come. ICU, intensive care unit.

serum troponin level, have substantially
higher mortality than similar patients with
COVID-19 and normal troponin levels>***,
Indeed, among the standard biomarkers
of troponin I, B-type natriuretic peptide,
C-reactive protein, ferritin and p-dimer,
only the troponin I level was found to
be associated with 30-day in-hospital
mortality®”. Elevated levels of troponin
and C-reactive protein can occur even in
patients with mild COVID-19 who did not
require hospitalization®. Although some
cases of elevated troponin levels were linked
to obvious causes, such as acute coronary
syndrome or pulmonary embolism®’, in
many other cases the cause was unclear.
Many of the cardiac MRI studies
described above focused primarily on
patients with COVID-19 in whom the
initial presentation was mild, but some
evidence exists that left and right ventricular
dysfunction might persist in patients with
COVID-19 who have a more severe initial
clinical course, with evidence of acute
myocardial injury. Additionally, patients
with COVID-19 and elevated C-reactive
protein or D-dimer levels or lymphopenia
had higher myocardial T2 values than those
without these abnormal laboratory values;
similarly, patients with severe COVID-19
had higher myocardial T2 values than those
with mild or moderate COVID-19 (REF%).
However, one study found that neither
the admission level nor the peak level
of troponin could be used to predict the
development of myocarditis-like findings
on cardiac MRI*.

Cardiac pathology findings. Although
cardiac MRI abnormalities have been
observed in patients with COVID-19, rarely
was an endomyocardial biopsy sample
obtained, which is the gold standard for

the diagnosis of myocarditis. Another
approach to estimating the frequency of
myocarditis cases is to look at autopsy
findings. One study examined 22 published
studies and identified 277 autopsied hearts
from patients who died from COVID-19
(REF°). This study reported that 7.2% of

the patients who died from COVID-19

had histological evidence of myocarditis;
however, most of these samples showed
only small foci of inflammatory infiltrates
of questionable clinical relevance in the
myocardium. Multifocal or diffuse infiltrates
with cardiomyocyte injury that would

be expected to cause substantial cardiac
dysfunction were found in only 1.4% of the
autopsied hearts. Although the cohort of
patients who died from COVID-19 was older
and had multiple comorbidities — being
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Table 2 | Published cardiac MRI findings in post-acute COVID-19

Study Number of Mean Mean time Severity of Cardiac MRI findings
patients (a)?e(:rs) L'}ngrﬁ)?i\s/::?)-lg SO Total Myocarditis-like Increased T1 Increased
0, 0, 0y 0,
MRI (days) abnormal (%) LGE pattern (%) values (%) T2 values (%)
Knight 29 65 37 Moderate (66%), 69 45 NR NR
etal.”’ severe (34%)
Puntmann 100 49 71 Asymptomatic (18%), 78 32 73 60
etal” mild—-moderate
(49%), severe (33%)
Huang 26 38 47 Moderate (85%), 58 31 NR 54
etal® severe (15%)
Rajpal 26 20 24 Asymptomatic (54%), 46 15 NR 15
etal” mild (46%)
Vagoetal> 12 23 17 Asymptomatic (17%), NR 0 NR NR
mild (83%)
Kotecha 148 64 68 Moderate (68%), 54 32 13 3
etal.’® severe (32%)
Raman 58 55 70 Moderate (64%), NR 11.5 >26 >3
etal.”’ severe (36%)
Matek 26 24 32 Asymptomatic (23%), 19 0 0 4
etal.”® mild (54%),
moderate (19%)
Starekova 145 20 15 Asymptomatic (17%), >29 1.4 NR NR
etal” mild (49%), moderate
(28%), unknown (6%)
Clarketal.®® 59 20 22 Asymptomatic (22%), =39 3 NR NR
mild (78%)
Martinez 27 25 19 Asymptomatic (42%), >19 11 NR NR
etal.” mild (58%)
Moulson 317 20 33 Asymptomatic (33%), =7 5 NR NR
etal.” mild (29%),
moderate (38%)
Pan et al.*® 21 36 46 Mild (19%), moderate 71 NR 24 48
(67%), severe (14%)
Joyetal.* 74 37 189 Asymptomatic (15%), NR 4 5 9
mild (84%),
moderate (1%)
Hendrickson 5 20 16 Asymptomatic (18%), 0 0 0 0
etal.® mild (55%),
moderate (27%)
Daniels 1,597 NR 28 NR >2.3 2.3 >0.3 >1.9
etal®

COVID-19, coronavirus disease 2019; LGE, late gadolinium enhancement; NR, not reported.

distinct from the population of young,
relatively healthy survivors in which some
concerning reports of myocarditis have been
published — a myocarditis rate of 1.4-7.2%
is far below that reported in the initial
imaging studies and is in accordance with
the 2.3% rate of myocarditis reported in a
large imaging study by Daniels et al.*.

Recovery from moderate-to-severe acute
COVID-19. The available evidence suggests
that patients with COVID-19 requiring
hospitalization, regardless of age, have worse
long-term outcomes than those who did

not require hospitalization”"">. However,
data on these outcomes are still scarce and

more information is urgently needed. The
percentage of patients who have persistently
elevated troponin levels, the timeline for
eventual normalization of troponin levels,
and the clinical relevance of persistently
elevated troponin levels with left ventricular
dysfunction or other prognostic indicators
all remain uncertain. Acutely decreased left
ventricular systolic function associated with
moderate-to-severe COVID-19 occurs from
a variety of causes, including myocarditis,
stress-induced cardiomyopathy; critical
illness cardiomyopathy and acute myocardial
infarction. Anecdotal experience as well as a
small number of published studies”*~" suggest
that, in many of these cases, the ventricular

dysfunction is only temporary and returns to
normal within days to weeks. However, this
recovery has not been well documented in
the literature and the long-term prognosis for
either those with recovery of left ventricular
function or those without is not known.
Patients with COVID-19 and evidence
of acute cardiac injury should be monitored
for long-term prognosis. Compared with
those who never required hospitalization,
more baseline laboratory and imaging
information is available in survivors of
moderate-to-severe COVID-19, but there
is a dearth of long-term follow-up data
specifically on the development of HF and
arrhythmias. These patients should be
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enrolled in longitudinal follow-up studies to
understand how abnormal laboratory and
imaging findings progress.

Probable long-term sequelae. Owing to

the high rate of clinically significant cardio-
vascular events that can occur during acute
COVID-19, including acute myocardial
infarction?, stroke”’, venous thromboemb-
olism’ and the development of arrhyth-
mias*”’, certain long-term sequelae are
expected. Increased rates of systolic dysfunc-
tion and clinical HF are likely to occur from
delayed presentation to hospital with acute
myocardial infarction and possibly related

to myocarditis and stress cardiomyopathy.

In addition, we are seeing typical neurological
sequelae from COVID-19-related stroke.
Survivors of COVID-19 have the potential to
develop pulmonary hypertension secondary
to venous thromboembolic disease®*'. The
need for interventions to control cardiac

arrhythmias, including ablation proce-
dures and/or placement of implantable
cardioverter—defibrillators, might increase.
Additionally, an overlap might exist between
postural orthostatic tachycardia syndrome,
chronic fatigue syndrome and post-acute
COVID-19 syndrome***.,

Delays in cardiovascular care

The COVID-19 pandemic greatly dis-
rupted how patients and the health-care
system interacted, especially during the first
months of the pandemic. Many patients
delayed urgent and emergent care, includ-
ing for acute cardiovascular conditions.
Hospitalizations temporarily decreased®,
but, in the case of acute coronary syn-
dromes, the pandemic often simply led to a
delayed presentation to hospital®, which is
associated with worse outcomes®. Indeed,
a multicentre, international registry of
patients with COVID-19 and suspected

Box 1| Laboratory and imaging abnormalities in COVID-19

Laboratory abnormalities

IL-6 and lactate dehydrogenase levels

Echocardiographic abnormalities

e Ventricular wall hypokinesis or dyskinesis

e Increased left ventricular volume

MRI abnormalities

panel b, arrows)

Various laboratory and imaging abnormalities are observed in both acute and post-acute
coronavirus disease 2019 (COVID-19). Long-term studies are needed to understand the implications
of these findings and whether they resolve or result in lasting sequelae.

e Cardiac biomarkers: elevated troponin and N-terminal pro-B-type natriuretic peptide levels
¢ Cell counts: lymphopenia, leukocytosis, neutrophilia and thrombocytopenia

e Inflammatory markers: elevated erythrocyte sedimentation rate and C-reactive protein, ferritin,

* Coagulation markers: elevated b-dimer and fibrinogen levels and prolonged prothrombin time
and activated partial thromboplastin clotting time

e Decreased systolic function (left and/or right ejection fraction)

e Pericardial effusion (see the figure, panel a, arrow)

e Late gadolinium enhancement of epicardium, myocardium or endocardium (see the figure,

e Late gadolinium enhancement of the pericardium

* Abnormalities in T1-weighted and/or T2-weighted images

acute coronary syndrome who underwent
invasive coronary angiography found that
symptom-to-admission times were greatly
increased and that in-hospital mortality
was higher among patients with any type

of acute coronary syndrome than in recent
pre-pandemic times; cardiogenic shock

was also much more common®. The North
American COVID-19 and STEMI (NACMI)
registry similarly found that patients with
ST-segment elevation myocardial infarc-
tion and COVID-19 were at higher risk of

a composite end point of in-hospital death,
stroke, recurrent myocardial infarction or
repeat revascularization than they were
before the pandemic®. These patients also
presented with higher rates of cardiogenic
shock and were less likely to receive invasive
angiography than control patients from the
pre-COVID era". Although not yet docu-
mented, these survivors of an acute coronary
syndrome are very likely to have a higher
rate of long-term complications, including
HF and arrhythmias, even in those who

did present to hospital, owing to increased
door-to-balloon times***°. Furthermore,
postponed outpatient preventive care
appointments might have contributed to
worse long-term outcomes, although this
effect will be difficult to quantify™.

Complications exacerbated in racial/ethnic
minorities. Throughout much of the
developed world, health disparities related to
race/ethnicity have been exacerbated by the
COVID-19 pandemic. In the USA?'-*, UK**
and other developed countries, racial/ethnic
minorities have significantly higher rates

of SARS-CoV-2 infection and COVID-19
hospitalization and mortality. These groups
are also known to have higher baseline levels
of cardiovascular comorbidities”, obesity™,
diabetes mellitus™ and chronic kidney
disease”, which puts them at even higher
risk of more severe acute illness and/or
adverse COVID-19 outcomes. Importantly,
these groups also tend to have lower access
to health care. Of note, the NACMI registry
found that ST-segment elevation myocardial
infarction among patients with COVID-19
disproportionately affected racial/ethnic
minorities in the USA”. Published data on
racial/ethnic differences in cardiovascular
outcomes during the COVID-19 pandemic
are limited, but this topic warrants further
investigation.

Cardiac complications after COVID-19
vaccination

Rare cases of pericarditis or myocarditis
have been reported after vaccination with
various vaccines, best studied in live-virus
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vaccines, such as those for measles/
mumps/rubella, varicella zoster virus,
yellow fever or smallpox™. Similarly, rare
cases of pericarditis or myocarditis have
been reported after the second dose of the
COVID-19 vaccine, typically in young
men’>'. Although vaccine-associated
pericarditis or myocarditis has received
widespread attention in the media, this
adverse effect is quite rare, with an initial
report showing approximately 12.6 cases
per 1,000,000 (second) doses among young
adults (aged 12-39 years)'’'. More recent
data suggest that the incidence might be
tenfold higher, but this complication is
still rare, and most cases are mild'*>'%,
The severity of the complication tends

to be mild to moderate and is diagnosed
clinically and with cardiac MRI, although
rare reports of fulminant myocarditis with
histopathology have been reported'”. The
long-term implications in these patients
are not yet known, but this small risk is
thought to be far outweighed by the benefit
of vaccination against COVID-19. One
study estimated that COVID-19 vaccination
of the group of individuals who were

most likely to experience post-vaccination
myocarditis (adolescent and young

adult men) would prevent >10 times the
number of hospitalizations and 3-4 times
the number of ICU admissions owing to
COVID-19 than would result from cases
of vaccine-associated myocarditis'.

Future investigations

Although no data are so far available on
long-term cardiovascular sequelae, given
the disease manifestations and pathogenesis
observed during acute COVID-19, we can
make educated determinations of certain
cardiovascular complications that should
undergo prospective monitoring in survivors
of COVID-19 (BOX 2). Specific areas to
investigate should include correlations
between imaging abnormalities and
pathology or histology, clinical syndromes
and the development of long-term
comorbidities. These studies should

aim to determine the mechanisms and
aetiology of different manifestations of viral
presence in the heart. We might reasonably
predict increased rates of progression to
atherosclerotic cardiovascular disease,

HF and/or valvular disease owing to lasting
inflammatory effects, and these outcomes
should be specifically assessed. Although
cardiopulmonary symptoms are common
in post-acute COVID-19, determining
whether these symptoms are linked to
objective evidence of cardiovascular disease
by electrocardiography, echocardiography
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Box 2 | Cardiac monitoring in survivors of COVID-19

* |n patients with coronavirus disease 2019 (COVID-19) and elevated troponin levels, how long

does troponin take to normalize?

¢ In patients with COVID-19 and newly reduced left ventricular ejection fraction (LVEF), how many
normalize and how long does this normalization take?

¢ |s there an association between normalization of troponin levels and normalization of LVEF if

both were abnormal during acute COVID-19?

* |n patients with acute COVID-19 who present with reduced LVEF or abnormal first-phase
ejection fraction but in whom these parameters subsequently normalize, is there an increased
risk of developing heart failure in the coming years?

* |n patients with a myocarditis-like late gadolinium enhancement pattern or abnormal T1 or T2
values on cardiac MR, is there an increased risk of developing heart failure in the coming years?

* Are survivors of COVID-19 at increased risk of diastolic dysfunction over the long term?

or advanced imaging will be important.
Determining whether the presence of
these symptoms is associated with worse
prognosis will also be key.

End points of these clinical studies should
include functional status and symptoms,
survival and cardiac morbidity (that is, the
development of HF or arrhythmias). These
end points should be assessed by imaging
with cardiac MRI, echocardiography and/or
PET as well as by the use of stress testing,
biomarker measuring and event monitoring.

Given that few data are available on
how these cardiovascular complications
should be managed, we recommend that
clinical judgement be used to determine
follow-up and management in a manner
similar to if they had occurred due to other,
better-studied aetiologies. One useful guide
for clinicians could be a position paper
from the ESC'™.

Conclusions

More than 18 months have passed since the
WHO announced the pandemic nature of
COVID-19. In that time, we have learned
that cardiac injury is common during

acute COVID-19 and that it is associated
with worse short-term outcomes, that the
aetiology of cardiac injury is multifactorial
and that imaging abnormalities are
common irrespective of the severity of the
acute illness. However, much remains to

be learned about the natural history and
clinical importance of these findings in
survivors of acute COVID-19, especially
those with post-acute COVID-19 syndrome.
We need more information on correlations
between imaging findings and pathology
and histology. We do not understand the
aetiology of different manifestations of
SARS-CoV-2 presence in cardiac tissues.
The window of opportunity is quite narrow
as cases of acute COVID-19 infection
decrease with the roll-out of vaccination
programmes. Governments, academic

centres and private—public collaborations
must invest the time and resources into this
endeavour to understand the complex and
disparate natural history of cardiovascular
disease in the large number of survivors of
COVID-19 as well as to prepare for the next
potential pandemic.
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