Current Cardiology Reports (2022) 24:1711-1726
https://doi.org/10.1007/511886-022-01786-2

HEART FAILURE (HJ EISEN, SECTION EDITOR) q

Check for
updates

Long-COVID Syndrome and the Cardiovascular System: A Review
of Neurocardiologic Effects on Multiple Systems

Nicholas L. DePace'?? - Joe Colombo™3*

Accepted: 12 September 2022 / Published online: 30 September 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Purpose of Review Long-COVID syndrome is a multi-organ disorder that persists beyond 12 weeks post-acute SARS-CoV-2
infection (COVID-19). Here, we provide a definition for this syndrome and discuss neuro-cardiology involvement due to the
effects of (1) angiotensin-converting enzyme 2 receptors (the entry points for the virus), (2) inflammation, and (3) oxidative
stress (the resultant effects of the virus).

Recent Findings These effects may produce a spectrum of cardio-neuro effects (e.g., myocardial injury, primary arrhythmia,
and cardiac symptoms due to autonomic dysfunction) which may affect all systems of the body. We discuss the symptoms
and suggest therapies that target the underlying autonomic dysfunction to relieve the symptoms rather than merely treating
symptoms. In addition to treating the autonomic dysfunction, the therapy also treats chronic inflammation and oxidative stress.
Together with a full noninvasive cardiac workup, a full assessment of the autonomic nervous system, specifying parasympa-
thetic and sympathetic (P&S) activity, both at rest and in response to challenges, is recommended. Cardiac symptoms must be
treated directly. Cardiac treatment is often facilitated by treating the P&S dysfunction. Cardiac symptoms of dyspnea, chest
pain, and palpitations, for example, need to be assessed objectively to differentiate cardiac from neural (autonomic) etiology.
Summary Long-term myocardial injury commonly involves P&S dysfunction. P&S assessment usually connects symptoms
of Long-COVID to the documented autonomic dysfunction(s).

Keywords Long-COVID - Neuro-cardiovascular effects - Autonomic dysfunction - Inflammation - Oxidative stress -
Symptoms - Treatment - Quality of life

Introduction with lingering, persistent, or prolonged symptoms for

weeks or months afterwards, regardless of the severity of

SARS-CoV-2 infection (COVID-19) is a major pandemic
that is worldwide and itself is causing significant mortality
and morbidity [1-4]. A subset of patients have presented
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COVID infection [5-9]. This lingering condition has been
labeled “post-acute sequelae of SARS-CoV-2 infection” syn-
drome or simply the “post-acute COVID-19 syndrome” or
“long-COVID-19” or just “Long-COVID” or “long haulers
COVID-19” or simply “long haulers” or “post-COVID syn-
drome” [5, 10]. This has extended the significant worldwide
morbidity from the COVID-19 pandemic. It is estimated that
43% of patients who tested positive for SARS-COVID-19
will remain ill beyond 3 weeks [11], and this percentage
may continue to rise. This is the subset that constitutes the
Long-COVID syndrome. This does not include those who
are not confirmed with acute COVID-19 that present with
Long-COVID. Myocarditis is a common result of viral
infection usually caused by oxidative stress due to the virus’
attack on the mitochondria in the heart muscle cell [12].
Oxidative stress also has a significant effect on the nervous
system given that all nerves contain some of the highest
amounts of mitochondria of all cells in the body. Oxidative
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«Fig. 1 The cytokine storm involved in COVID-19 infections is a
source of oxidative stress. Viruses and traumas (mental or physical)
in general may lead to oxidative stress, which may lead to parasym-
pathetic or sympathetic dysfunction(s), known as dysautonomias
(adapted from Rasa et al. [219e])

stress produced in the mitochondria and cytosol of the heart,
brain, and nervous system cells contributes to dysfunc-
tion and aging of the organs [13, 14]. The Cytokine storm
involved in COVID-19 infections is a source of oxidative
stress [15-20] (see Fig. 1 [21ee]), and there are over 1200
references (circa. 2022) relating oxidative stress to parasym-
pathetic and sympathetic (P&S) dysfunction [22-24]. Car-
diac injury and primary arrhythmia may occur long-term in
Long-COVID patients, but in our experience, these patients
comprise a very small percentage of the Long-COVID popu-
lation. The majority of Long-COVID patients with linger-
ing cardio-neuro symptoms and disability present with P&S
dysfunction(s) [25ee].

This prolonged post-COVID phase, with morbidity and
ongoing symptoms, creates significant burden to the patient
and to the healthcare system and is not completely under-
stood. Not just quality of life, including mental and cognitive
health, but employment and productivity issues become par-
amount when the acute, the subacute, and the chronic phases
of COVID-19 occur [18]. The recovery from COVID-19
usually occurs at 7 to 10 days after the onset of symptoms
in mild disease but could take 6 weeks or more in severe or
critical cases. Laboratory abnormalities may be present and
include low lymphocyte counts and elevated inflammatory
markers (e.g., sedimentation rate, C-reactive protein, ferri-
tin, interleukin 1 and 6, and tumor necrosis factor) [26-36].
Coagulation system abnormalities may occur [5, 26, 30, 32,
36-38]. Clots may form in the acute phase as well as in the
subacute phase, especially if there is a history of thrombus
formation. As suggested in Fig. 1, the symptoms of Long-
COVID may be traced to P&S dysfunction and oxidative
stress due to viral infection, including COVID-19 and other
sources.

Defining Long-COVID

What exactly is Long-COVID syndrome? Long-COVID or
post-COVID-19 is an umbrella term that refers to symptoms
persisting past the initial phase. There are many definitions
that have been offered [26, 28, 32, 34, 36]. Long-COVID
has recently been defined as “the condition that occurs
in individuals with a history of probable or confirmed
SARS-CoV-2 infection, usually 3 months from the onset of
COVID-19, with symptoms that last for at least 2 months
and cannot be explained by an alternative diagnosis” [39].
Likewise, there now exists an International Classification

of Diseases, Tenth Revision (ICD-10) code corresponding
to Long-COVID condition—U09.9 [40]. Basically, there are
individuals who do not completely recover over a period
of weeks, usually 2—-3 weeks [41]. Since COVID-19 is a
novel disease, there is still no consensus of the definition of
Long-COVID symptoms. A systematic review [42], docu-
mented 20% of the reports of long-term COVID symptoms
involved abnormal lung function, 24% involved neurological
complaints and olfactory dysfunction, and 55% on specific
widespread symptoms, mainly chronic fatigue and pain.
The World Health Organization (WHO) developed a clini-
cal case definition of Long-COVID by Delphi methodology
that included 12 domains [43]. However, the understanding
of this definition has been going through changes as new
evidence emerges, and we are gaining a better understand-
ing of the consequences of COVID-19 and its mutations.
Usually, three or more months past the acute COVID-19
infection, symptoms that last for at least 2 months and can-
not be explained by alternate diagnoses may fit this defini-
tion. These symptoms include fatigue, shortness of breath,
cognitive dysfunction, and symptoms that affect the func-
tional capacity of patients with daily living and productiv-
ity [41]. Symptoms may fluctuate, flare up, or relapse over
time, adversely affecting multiple organ systems [26, 28,
30, 32, 34].

We propose that the delay between surviving the acute
COVID infection and the onset of the Long-COVID symp-
toms is a function of the P&S nervous systems. The P&S
nervous systems function together to coordinate and con-
trol organs and organ systems to maintain normal organ
function, even when the two nervous systems are dysfunc-
tional. Prolonged P&S dysfunction, once severe enough,
then leads to poor organ control and then symptoms. This
process may take up to 3 months, faster if there were prior
comorbidities, including age. This is the basis for our claims
that Long-COVID is a combination of both parasympa-
thetic dysfunction(s) and sympathetic dysfunction(s). In
our experience, the prolonged severe immune responses to
COVID-19 seems to cause prolonged excessive parasympa-
thetic responses, leading to secondary, prolonged, excessive
beta-adrenergic (sympathetic) responses which prolongs and
exaggerates heart rate, blood pressure, histaminergic, inflam-
matory, pain, and anxiety responses. The parasympathetic
excess may also lead to both upper and lower GI symptoms.
The oxidative stress of the acute COVID-19 infection also
causes oxidative stress which often leads to alpha-adrenergic
(sympathetic) dysfunction which leads to orthostatic dys-
function and poor coronary and cerebral perfusion and the
perfusion of the anatomy in between causing many of the
rest of the symptoms of Long-COVID. Long-COVID may
directly affect the lungs, heart, nervous system, kidneys, and
pancreas. Unfortunately, the lack of a standardized definition
for Long-COVID syndrome presents obstacles for researchers
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in studying the condition with controlled studies and arriving
at a precise diagnosis and treatment algorithms. In addition,
many patients with Long-COVID syndrome require rehos-
pitalization especially those with comorbidities, such as car-
diovascular disease, diabetes mellitus, obesity, cancer, and
kidney disease [5, 26, 41].

Data suggests that the evolution of Long-COVID syn-
drome is driven by cytokines produced in the body from
inflammation [44, 45] which are often generated in response
to viral infections and lead to oxidative stress. Post-infection
olfactory dysfunction occurs in over 60% of those with acute
SARS-CoV-2 infection, even in asymptomatic infection,
and this represents an important frequent symptom of Long-
COVID syndrome [5]. Also, loss of taste has been seen. Many
patients are not diagnosed with Long-COVID syndrome,
when in reality their taste or smelling remains impaired as
the only symptom. Meta-analysis has shown the prevalence
of Long-COVID manifestations [37, 42]. Fatigue and muscle
weakness are by far the major symptoms followed by dysp-
nea and then pain and discomfort. Then there is anxiety and
depression and impaired concentration. Insomnia and sleep
disorders present with lower frequency. Interestingly, alo-
pecia has been described as occurring. Chronic cough may
persist, and arthralgias and myalgias may be present. Chest
pain, cognitive impairment, dizziness, and headache are also
symptoms but less common than the ones above. Persistent
sore throat, palpitations, lack of smell, diarrhea, vomiting,
fever, blurry vision, lack of taste, nasal congestion, anorexia,
nausea, ringing in the ears, and rash may be present but at a
much lower prevalence. These symptoms may be associated
with parasympathetic or sympathetic dysfunction [41].

Our proposal that parasympathetic or sympathetic (auto-
nomic) dysfunction underlies most of the disabilities asso-
ciated with Long-COVID is based on questionnaires for
autonomic symptoms (e.g., COMPASS 31). Two autonomic
clusters in the Long-COVID syndrome have been identi-
fied [32, 46]. Impaired visual activity and blurry vision
were more frequently registered during the acute phase in
patients, while depression, chills, weakness, diarrhea, mus-
culoskeletal, palpitations, tachycardia, dryness, cognitive
dysfunction, headache, dizziness, and tinnitus were more
frequently observed in the Long-COVID second cluster.
The levels of antibodies to the SARS virus were not differ-
ent between two clusters. This has given us some insight
into one of the main mechanisms of Long-COVID syn-
drome, mainly autonomic dysfunction, which is an imbal-
ance between the parasympathetic and sympathetic nervous
systems. It is believed that a chronic inflammatory process,
or autoimmune, or even a hormonal imbalance as a conse-
quence of alterations in the hypothalamus—pituitary—adrenal
axis may also be operative in conjunction with this acquired
autonomic dysfunction with constitutional symptoms as
described above [41].
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The term Long-COVID syndrome was first used by
Perego [47] and social media to describe symptoms weeks
or months after the initial SARS-CoV?2 infection. The term
“long haulers” was used by Watson and by Yong [47-49].
There may be persistence of one or more symptoms of acute
COVID or appearance of new symptoms, and they may be
relapsing and remitting; therefore showing the variable pres-
entation of Long-COVID syndrome. The majority of people
with Long-COVID syndrome are polymerase chain reac-
tion (PCR) negative including any microbiological recovery.
Many people continue to see infectious disease doctors and
seek out other alternative infection diagnoses when serology
is continuously negative [41]. Others have defined Long-
COVID as the time lag between the microbiologic recov-
ery and clinical recovery [50]. The majority of those with
Long-COVID syndromes have biochemical and radiological
recovery. Others have postulated that there are two stages of
Long-COVID syndrome: (1) symptoms that extend beyond
3 weeks but less than 12 weeks, which is more of a suba-
cute phase, and (2) chronic COVID symptoms that extend
beyond 12 months [51]. An interesting diagram and timeline
(see Fig. 2 [51]) have been postulated, which shows that
short COVID will generally last less than 3 weeks from the
onset of symptoms. Post-acute COVID or subacute COVID
will last from the onset of symptoms approximately up to
10-12 weeks, and chronic COVID will last from the onset of
symptoms beyond 12 weeks. It would make sense to group
the post-acute or subacute COVID, which lasts from up to
10-12 weeks, and then chronic COVID, which lasts more
than 12 weeks as Long-COVID syndromes. In this review,
however, we are more concerned with those symptoms that
last more than 12 weeks, the true long- or prolonged COVID
syndrome [41].

Sometimes individuals are fairly asymptomatic [52], and
by the time they develop Long-COVID symptoms, we do
not know when the initial infection occurred or if it was
COVID-19. With individuals who were symptomatic but
not tested, it is more likely that this is a Long-COVID syn-
drome. The problem is not only with those patients who
have persistent symptoms who have never tested positive for
COVID-19, but with those who had upper respiratory tract
infections with a negative COVID test and then developed
prolonged symptoms. The question must be asked, “did they
have a false-negative test performed too early or too late in
the disease course?” Antibodies are unreliable as up to 20%
patients do not seroconvert, and antibody levels decrease
over time and by 3 months oftentimes are not measurable.
Not only is the morbidity important with Long-COVID syn-
drome, but the economic cost to society, as 1/3 of the people
in one survey did not return to their job for up to 3 weeks
after being COVID-positive and a similar number of home
makers have productivity difficulties. This is more common
in people with pre-existing comorbidities and older patients.
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Fig.2 Classification of
Long-COVID (reprinted from
Raveendran AV et al. Diabetes
Metab Syndr. 2021 May to
Jun;15(3):869-875, with per-
mission from Elsevier) [51]
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Not returning to work and productivity difficulties are often
associated with obesity and psychiatric disease. In addition,
given the similarity between Long-COVID syndrome and
autonomic dysfunction and the ability of psychosocial stress
to trigger symptoms of autonomic dysfunction further blur
the distinction between Long-COVID and autonomic dys-
function [41].

The risk of COVID-19 is twice as common in women
as it is in men [26]; thereby, potentially, doubling the risk
of Long-COVID for women. Patients who develop Long-
COVID syndrome are 4 years older than those who did not
[53]. Given that age is associated with increased P&S dys-
function and symptoms, whether age is truly the primary
factor is still a question. Patients with five or more symp-
toms in the acute phase of illness have a higher likelihood of
developing a Long-COVID syndrome [41]. We have empiri-
cally found that obesity and increased body mass index are
an extremely important risk factor as is female gender [41].
Symptoms that various studies report to be predictors of
Long-COVID syndrome include diarrhea, anosmia, dysp-
nea, pleurisy, skin sensitivity, and an A blood type [54].
One study showed that a lower SARS-CoV-2 IgG titer at
the beginning of the observation period was associated with
a higher frequency of Long-COVID syndrome [55]. Also,
the severity of acute COVID-19 suggests that the recover-
ing critically ill patient commonly experiences long-lasting
mental health issues that include depression, anxiety, post-
traumatic stress, memory disorders, attention deficit disor-
ders, and ongoing brain fog. This is controversial as oth-
ers have shown that acute disease was not associated with
Long-COVID syndrome. All of this negativity speaks to a
heterogenous presentation of Long-COVID syndrome with
risk factors including its timeline [41].

Even if the virus is cleared, there were high neutral-
ized antibody titers that suggest that the immune system
could continue to be overactive and induce this syndrome.

3 weeks

Therefore, the question of autoimmunity is raised. This is
especially true since viral shedding has shown that persis-
tent fragments of viral genes and body secretions may cause
hyperimmune responses, and this may explain some of the
persistent symptoms in Long-COVID syndrome. Lingering
autonomic dysfunction also presents with autoimmune-like
symptoms [41]. As proposed above and demonstrated else-
where [56, 57], prolonged, excessive parasympathetic activ-
ity may prolong and exaggerate immune responses, even
after the infecting pathogen is eliminated, turning the body’s
immune cells against it, mimicking autoimmune symptoms.

Meta-analysis of prolonged COVID-19 looking at age,
gender, comorbidities, ethnicity, and severity of acute dis-
ease confirms that female gender, increasing age, and minor-
ity ethnicity and Long-COVID risk are associated [41].
However, some of these results have been inconsistent [58].
Studies have shown that Long-COVID syndrome effects
with previously hospitalized and non-hospitalized patients
are similar. Perhaps, the best known study from the Office
for National Statistics (ONS) study including controlled par-
ticipants reports that the most common symptoms persist-
ing for 12 or more weeks include fatigue (8.3%), headaches
(7.2%), cough (7%), and myalgias (5.6%) [59].

A lack of case-controlled studies presents a direct attri-
bution of symptoms that are solely related to COVID-19;
however, larger prospective studies with match-controlled
groups are needed. As an example, previously stated, the
age association may actually be a function of increased
number of comorbidities, so is a lack of sufficient access to
healthcare. Similarly, many of the studies and statistics on
Long-COVID syndrome are based on Long-COVID cohorts
produced in Western Europe on patients recently discharged
from the hospital. As a result, there was not enough infor-
mation on Long-COVID patients in low- to middle-income
countries and people who were not hospitalized. Also, there
are no large studies that focus on children, specifically. This
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is despite the fact that young children are affected and may
be affected by Long-COVID [41].

The Long-COVID syndrome is a complex condition
with prolonged heterogenous symptoms that are related
to multiple organ involvement. Long-COVID syndrome
involve hyperinflammatory and hypercoagulable states that
affect all organ systems. It reflects a maladaptation of the
angiotensin-converting enzyme 2 (ACE 2) pathway [60,
61]. ACE receptors are present in virtually every organ
system. Therefore, it is understandable that many organ
systems are susceptible to involvement from direct viral
infection and inflammation. As previously mentioned,
depending on the duration of symptoms, Long-COVID
syndrome may be divided into two stages post-acute
COVID or symptoms extending beyond 3 weeks but less
than 12 weeks and chronic or Long-COVID where symp-
toms extend beyond the 12 weeks [62].

Multiple organ sequelae and abnormalities of COVID-19
that may go beyond the acute phase of infection are increas-
ingly being noted as data are being collected. Assessment
of key clinical, serological, and imaging features is impor-
tant to understand the natural history of this disease as it
progresses beyond the acute viral infection phase. Workup
consisting of pulmonary function tests, chest X-rays,
6-min walk tests, pulmonary embolism workups (when
needed), echocardiograms (even serially), and (at times)
high-resolution CT scans (to assess for fibrosis) should
also be considered. Hematological assessment may lead
to extending thromboprophylaxis against clots and high-
risk survivors. A neuropsychiatric screening for anxiety,
post-traumatic stress, sleep disorders, depression, cogni-
tive impairment, memory abnormalities, and other factors
associated with brain fog is important. A neuropsychiatric
screening should include a full autonomic dysfunction test,
especially in patients with orthostatic intolerance symp-
toms and chronic fatigue syndromes. Amnesia, sore throat,
hoarseness, runny nose, hair loss, hearing loss, and trem-
ors have been reported at low incidences in Long-COVID
syndrome [63]. If there are renal function abnormalities,
Nephrology follow-up and creatinine clearance determi-
nation with urinalysis evaluation may be needed. These
may be performed in-person or on virtual clinical visits. Of
course in the following discussions, the neuro-cardiovascular
effects are compounded by any lingering pulmonary
dysfunction causing poor oxygen exchange.

Cardiac Involvement

Common cardiac problems may occur with labile heart
rate and blood pressure responses to activity. Myocar-
ditis and pericarditis may occur chronically [64-66]. In
the acute stages, myocardial infarction, cardiac failure,
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life-threatening arrhythmias, and sudden cardiac death
have been described. The incidents of arrhythmias in Long-
COVID syndrome are unknown, but many individuals have
palpitations, and studies using ambulatory monitoring need
to be further conducted. Sequelae from acute COVID may
occur, such as coronary artery aneurysm, aortic aneurysm,
atherosclerosis, and venous and arterial thrombotic disease
including life-threatening pulmonary embolism [67]. These
structural abnormalities may manifest itself in Long-COVID
syndrome long after recovery of acute illness and predispose
to arrhythmias, breathlessness, and acute coronary events,
such as heart attacks and chest pain syndromes [41].
Myocardial injury is the most common abnormality
detected with acute COVID infection [68]. It is usually
detected even when patients with no cardiac symptoms
demonstrate elevated cardiac troponin levels, which may be
evident in a high percentage of patients with COVID-19
[69]. Further research is ongoing as to whether this myo-
cardial injury pattern, even when subclinical, may lead to
increased arrhythmias and heart failure in the long-term.
Echocardiographic studies have shown abnormalities with
COVID-19, including right ventricular dysfunction 26.3%,
left ventricular dysfunction 18.4%, diastolic dysfunction
13.2%, and pericardial perfusion 7.2%. To what extent this
is reversible in patients who go on to Long-COVID syn-
drome is not known [70]. In addition, sleep abnormalities
and difficulties that reduce quality of life have been noted in
Long-COVID syndrome patients. These may also adversely
affect cardiac function, provoke arrhythmias, elevate blood
pressure, and exacerbate or cause hypertensive states [41].
Chest pain and palpitations are status post-acute phase of
COVID-19. Palpitations were reported in 9% and chest pain
in 5% of patients 6 months after follow-up [71]. To track
heart inflammation, one of the most effective and sensitive
tests is cardiac magnetic resonance imaging (MRI). Inflam-
mation rates may be as high as 60% more than 2 months
after a diagnosis of COVID, although this is a very difficult
test to obtain in many centers that do not have it readily
available [65]. Long-COVID syndrome patients may present
with chest pain in 17% of patients, palpitations in 20% of
patients, and dyspnea on exertion 30% of patients [70].
The question of myocarditis is always raised especially in
children [34], but adults are also known to have myocarditis.
One small study showed that in healthy college athletes with
mild COVID-19 symptoms, 15% had evidence of MRI find-
ings consistent with myocarditis on a screening study [72].
More importantly, many of the chest pains and palpitations,
which appear to be cardiology in etiology, are actually due
to autonomic dysfunction, including the postural orthostatic
tachycardia syndrome (POTS) [41]. Therefore, the impor-
tance of not only doing cardiac imaging, ambulatory moni-
toring, stress testing, 6-min walk test, echocardiography,
and other noninvasive cardiac workup, but also autonomic
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testing, such as cardiorespiratory monitoring, HRV inter-
val testing, beat-to-beat blood pressure with tilt testing, and
sudomotor testing may be useful in diagnosing autonomic
nervous dysfunction. Arrhythmias are noted with Long-
COVID, but attention to the use of anti-arrhythmic drugs,
amiodarone, for example, must be used carefully in patients
who have fibrotic pulmonary changes after COVID-19 [73].

Neurocardiologic Involvement

Neurocardiology focuses on the interaction of the cardio-
vascular system and the P&S nervous systems. We have
discussed how COVID-19 may affect the nervous system in
previously unexpected ways [74]. Mitochondrial damage,
especially in the P&S nervous systems, in turn affects the
control and coordination of all systems throughout the whole
body and may explain symptoms of Long-COVID syndrome
[25e¢]. The association of anxiety, POTS, and chronic
fatigue syndrome/myalgic encephalomyelitis (CFS/ME),
with Long-COVID, is interesting because all are also char-
acterized by P&S dysfunction [41]. In general, autonomic
dysfunction is the root of neurocardiologic abnormalities.
A primary result of autonomic dysfunction in neurocardio-
logic abnormalities is poor tissue perfusion, especially of the
brain and structures above the heart, when upright. Clinical
manifestations of these abnormalities may lead to orthostatic
dysfunction (POTS or orthostatic hypotension) or syncope.
Abnormalities in the P&S nervous systems are often asso-
ciated with symptoms including fatigue, lightheadedness,
“brain-fog,” memory, cognitive, or sleep difficulties; symp-
toms of depression or anxiety; exercise intolerance; and fre-
quent headache or migraine [57].

Prolonged brain-fog may occur for several months after
acute COVID infection [75]. Three months after follow-up
MRI, abnormalities may be demonstrated [76]. Brain-fog
associated with Long-COVID may involve mechanisms
of cardiac deconditioning [77-79], post-traumatic stress
[80-82], or dysautonomia. Long-term cognitive defects may
be seen occurring in up to 20-40% of patients [§3—85]. The
association between Long-COVID syndrome and brain-fog
may be the result of the autonomic dysfunction, specifically
sympathetic withdrawal (an alpha-adrenergic dysfunction)
leading to orthostatic dysfunction [86], or parasympathetic
excess leading to vasovagal syncope [56] and the associated
decreased cerebral perfusion.

Neuropsychiatric sequelae are often common and reported
with many post-viral symptoms, such as chronic tiredness,
myalgias, depressive symptoms, and non-restorative sleep
[87]. Psychiatric manifestations are also common in COVID-
19 survivors of more than 1 month. In an Italian study,
approximately 15% have at least some evidence of depression
and post-traumatic stress, anxiety, insomnia, and obsessive

compulsive behavior [88]. Some studies have shown up to
30—40% of patients with COVID-19 have depression and
anxiety for prolonged periods of time [89]. Migraine head-
aches, often refractory to treatment, and late-onset headaches
have been presumed to be due to high cytokine levels [90].
In a follow-up study of 100 patients, 38% had ongoing head-
aches after 6 weeks [91]. Tension headache is common due
to “coat-hanger” pain (muscle pain between the shoulders
and up the neck) that often leads to headache. “Coat-hanger”
pain is a function of poor perfusion of the muscles involved.
Loss of taste and smell (potentially as a result of poor perfu-
sion and oxidative stress of the corresponding cranial nerves)
may also persist for up to 6 months and longer on follow-
up of patients. Brain-fog, cognitive impairment, concentra-
tion, memory difficulties, receptive language, and executive
function abnormalities may also persist over a long period
of time. Neuropsychiatric manifestations of COVID-19 have
been documented in a British study including stroke and
altered mental status. Multiple psychiatric symptoms ema-
nating from encephalopathy and encephalitis and primary
psychiatric diagnoses were noted in young adults [92]. This
may be related to autonomic dysfunction and other factors
[93, 94].

After ischemic or hemorrhagic strokes, hypoxic and
endemic damage may lead to reversible encephalopathy
syndrome and acute disseminated myelitis. These and other
neurological defects may require extensive rehabilitation and
their sequelae may linger. Also, acute critical illness, myo-
pathy, and neuropathies resulting during acute COVID-19
may leave residual symptoms weeks to months later [95].

Autonomic dysfunction has been noted to be significant.
Patients with orthostatic tachycardia and inappropriate sinus
tachycardia may benefit from heart rate management includ-
ing beta-blockers [96] and other autonomic therapies (per-
sonal observations). Prolonged effects on patients who have
had prone ventilation and COVID-19 may have focal and
multifocal peripheral nerve damage [97]. Symptoms consist-
ent with orthostatic hypotension syndrome and painful small
fiber neuropathy were reported in as short as 3 weeks and
as long as 3 months [98—101]. Muscle wasting and fragility
are often seen prolonged. This is because COVID-19 when it
is severe may cause catabolic muscle weakness and feeding
difficulties [102]. The most frequent neurological long-term
symptoms in patients were myalgias, arthralgias, sleeping
troubles, and headaches [42].

Autonomic dysfunction findings resulting from analysis
of COMPASS 31 Questionnaire demonstrate significant
symptomatology [103]. Based on autonomic symptoms by
COMPASS 31, two clusters were obtained with differential
characteristics. The first cluster was discussed above. Cluster
2 exhibited high scores of COMPASS 31. This accounted for
31% of all patients included. Median COMPASS 31 score of
22 suggests that one third of patients with Long-COVID may yield
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higher scores when compared with the general population
[104]. Patients with higher scores exhibited more clinical
manifestations and depression. These clusters have therapeu-
tic implications, and clinicians should be aware of particular
manifestations during the follow-up, and all psychosocial
intervention may reduce the burden of Long-COVID syn-
drome [105].

Orthostatic intolerance has been described from a series
of patients that had either resting or postural hypotension
or tachycardia [98]. Orthostatic intolerance symptoms pre-
sented from orthostatic hypotension, vasovagal syncope,
and POTS that all occur and last for a prolonged period of
time after COVID-19 viral infection. The symptoms are
often associated with palpitations, breathlessness, and chest
pain, which are common symptoms seen in Long-COVID
patients. It is postulated that high catecholamine levels may
lead to paradoxical vasal dilatation and increased activation
of the vagus nerve that may result even in syncope and also
sympathetic withdrawal [106, 107].

Hypovolemia may also exacerbate or worsen these symp-
toms. The relationship between COVID-19 infection and
how it affects the autonomic nervous system is not com-
pletely understood, but it is believed to be due to inflamma-
tory cytokine release and a cytokine storm, which results
from the initial sympathetic activation produced by a pro-
inflammatory cytokine release [108]. However, vagal stimu-
lation (i.e., in coordination with the immune response to
COVID-19) may also result in anti-inflammatory responses
[109]. The COVID-19 relationship to autonomic dysfunc-
tion may be by the viral infection itself. Immuno-mediated
neurological syndromes have been described [110]. It is
well-known that some forms of orthostatic hypotension and
POTS are associated with autoantibodies perhaps caused by
other viruses in the past, and this may also be the case with
COVID; for example, antibodies against alpha and beta and
muscarinic receptors.

Treatment of these P&S nervous system disorders
involves exercise with both aerobic and resistant elements
in a graded, or “low-and-slow,” fashion that oftentimes
begin with recumbent exercises [111]. Fluid and electrolyte
repletion is required. Avoiding exacerbating factors, such as
prolonged sitting and warm environments, is recommended.
Some counter-maneuvers and isometric exercises, compres-
sion garments especially up to the waist, or abdominal bind-
ers are recommended. Pharmacological treatment that may
involve different regimens, such as volume expanders (e.g.,
fludrocortisone or desmopressin), may be used along with
oral vasoactivation (e.g., midodrine, Mestinon, or droxidopa)
[112]. If there are prominent hyperadrenergic symptoms,
propranolol, clonidine, methyldopa, or other beta-blockers
may be considered, especially for a POTS response.

Again, the questionnaire that addresses autonomic symp-
toms, such as the composite autonomic symptom scale-31
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(COMPASS 31), may be used to validate dysautonomia
symptoms in post-COVID patients. In a study of 180 partici-
pants (70% males) [113], orthostatic hypotension was found
in 13.8% of the subjects. The mean COMPASS 31 score
was 17.6 with the most affected domains being orthostatic
intolerance, sudomotor, gastrointestinal, and pupillomotor
dysfunction. Higher COMPASS 31 scores were found in
those with neurological symptoms due to more severe ortho-
static intolerance symptoms. Interestingly, gastrointestinal,
urinary, and pupillomotor domains were more represented
than non-neurological symptom groups. Therefore, this
study concluded that it is important to monitor autonomic
nervous system symptoms as a complication of COVID-
19 disease that may persist in a post-acute period. Other
prominent autonomic dysfunctions in these post-COVID
individuals included secretomotor and sweating abnormali-
ties in about half the study population and thermoregulatory
alterations.

Another feature of COVID-19 involves the urinary tract
and bladder incontinence. Urinary symptoms may occur
with inflammation and demyelination of the pudendal nerve.
This has been reported in other viral infections [114, 115].
Up to a half of Long-COVID syndrome patients may have
urinary dysfunction [113]. It is also suggested that sexual
impairment such as erectile dysfunction is possible after
COVID infections which may affect both endothelial and
autonomic components. However, the psychiatric compo-
nent due to stress and anxiety cannot be separated [116,
117].

COMPASS 31 scoring highlights gastrointestinal (GI)
symptoms after COVID-19. These may occur along with
a combination of other symptoms, including abnormal
appetite, nausea, and diarrhea. This is because in the GI
tract, there is a significant amount of angiotensin coenzyme
ACE-2 receptors present [118]. Also, the parasympathetics
control the majority of the GI tract and may be responsible
for motility dysfunction due to parasympathetic dysfunc-
tion [56].

Vision disturbances may also occur in Long-COVID syn-
dromes including sore eyes and light sensitivity [119]. In
acute conjunctivitis, an abnormal pupil response has been
noted [120]. Light sensitivity is often a common complaint.
Nearly 50% of study patients [113] complained of ocular
abnormalities. Therefore, multiple organ systems may mani-
fest symptoms in Long-COVID syndrome which may be
attributed to the autonomic dysfunction, and this need not
necessarily just be orthostatic intolerance symptoms [121].
As noted, GI, ocular, urological, sudomotor, and endocrine
organs may be affected.

Dysautonomia, including anosmia, hypogeusia, head-
aches, and hypoxia, has been shown to be components of
the Long-COVID syndrome [122]. The dysautonomia is
hypothesized to occur secondary to COVID-19 infection.
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The demonstrated dysregulation of heart rate variability
(HRV) testing is reflected in abnormal nociception level
(NOL) index, an index that refers to abnormal parasym-
pathetic-sympathetic balance. The NOL algorithm with a
multiparameter, non-linear combination of (1) heart rate,
(2) HRYV, (3) amplitude of the finger, photoplethysmograph,
skin conduction level, and (4) time derivatives were obtained
using a noninvasive finger probe [122].

Autonomic dysfunction has been reported in up to 63% of
patients presenting with specific symptoms having survived
a COVID-19 infection between March 2020 and January
2021. Diagnoses were revealed by recording and evaluating
beat-to-beat blood pressure and HRV during head-up tilt
[123]. As long as 6 to 8 months after recovery from COVID-
19, patients still suffer residual autonomic symptoms, and
60% are unable to return to work, and only 50% have com-
pletely recovered [124].

Chronic fatigue syndrome, also known as post-infective
syndrome, has been commonly recognized in the Long-
COVID syndrome. A study of 20 fatigued and 20 non-
fatigued Long-COVID patients with a mean age 44.5 (90%
female) was followed up for 166 days. A scale known as a
Chalder fatigue scale was used. They underwent a Ewing
autonomic function test battery, including deep breathing,
active standing, Valsalva, and cold pressure testing, with
continuous electrocardiogram, blood pressure monitoring,
and cerebral oxygenation. A 24-h ambulatory blood pres-
sure monitoring was conducted. Findings included no dif-
ferences between the fatigued and non-fatigued patients in
autonomic testing. There was an increase in anxiety, strongly
associated with chronic fatigue syndrome. This, however,
is in contradistinction to other studies which have shown
autonomic dysfunction with Long-COVID syndrome and
chronic fatigue [125]. Much of this confusion is attributable
to the fact that the autonomic measures used do not simul-
taneously and independently differentiate parasympathetic
from sympathetic activity [57].

Post-infectious myalgic encephalomyelitis, which is
also synonymous with chronic fatigue syndrome, has been
recognized along with sleep disturbances, neurocognitive
changes, orthostatic intolerance, and post-exertional malaise
[126, 127]. Fatigue at 3 weeks post-symptoms may occur
in 13-33% of patients. There are many factors responsible
which include sleep disturbances, autonomic dysfunction
with sympathetic predominance, endocrine disturbances,
abnormalities of the hypothalamic—pituitary—adrenal axis,
reactive mood disorders, and depression and anxiety. Find-
ings therefore concluded that chronic fatigue post Long-
COVID syndrome is multifactorial. More testing is required
to see the association of autonomic disturbances with the
emergence of a chronic fatigue syndrome. This has been
demonstrated with other viral infections. In fact, in the

cohort at our autonomic clinic, we have found significant
disturbances in cardiorespiratory and heart rate variability
testing in patients with chronic fatigue with Long-COVID
syndrome with abnormal autonomic responses, including
sympathetic withdraw (associated with orthostatic dysfunc-
tion) and vagal excess with postural change (associated with
pre-syncope symptoms). Both autonomic dysfunctions are
associated with poor cerebral and possibly coronary perfu-
sion. These symptoms present regardless of whether they
have drops in blood pressure, postural rise in heart rate, or
none of the above changes.

It has been widely reported that autonomic dysfunction
and various viral infections including HIV, herpes virus,
enterovirus 71, flavivirus, and human T lymphotropic
virus may result in loss of heart rate variability, hyper-
salivation, photophobia, and dyspnea. Epstein—Barr virus
may lead to dysautonomia through alterations of cerebral
autoregulation by high nitric oxide release with subse-
quent autonomic nervous system dysfunction. It has been
postulated that the coronavirus shares a common feature
of neuro-invasion [128]. SARS-CoV-2 may also reach the
autonomic nervous system (1) by employing the retro-
grade axonal transport by the olfactory nerve [129], (2)
via ACE 2 receptors and brain stem pathways [130], (3)
via systemic blood circulation [131], (4) by immune injury
[132], and (5) by neuronal pathways [133]. The virus may
also indirectly invade the autonomic nervous system by
the enteric nervous system (ENS) and its sympathetic
afferent neurons by infecting the GI tract [134, 135]. In
a study of 50 patients, it showed that 26% of patients had
sweat dysfunction as measured by SUDOSCAN test with
motor, sensory, and autonomic dysfunction [136]. Abnor-
malities of HRV are more common in COVID-19 patients
who develop fatigue [137, 138]; Long-COVID is found to
be associated with persistent symptoms, such as hypoxia
and fatigue due to development of dysautonomia [139]. It
is initially believed that COVID-19 causes sympathetic
nervous system activation with catecholamine excess of
activation in a sympathetic storm which activates the renin
angiotensin system. Simultaneously, there is inhibition of
the parasympathetic nervous system-mediated anti-inflam-
matory effect that leads to a decrease in neuro-vagal anti-
inflammatory response and enhances the cytokine storm.
This all leads to cardiopulmonary complications and
COVID-19-induced dysautonomia [135].

The parasympathetic responses reported above are found
at rest. There is an abnormal parasympathetic response to
stress that may also occur [56], exaggerating the dynamic
sympathetic response to stress, thereby amplifying and pro-
longing the sympathetically mediated inflammatory, hista-
minergic, pain, and anxiety responses in a post-traumatic-
like fashion.
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Pathophysiology of Long-COVID

The mechanism behind the causation of Long-COVID syn-
drome may be multifactorial [26, 28, 140, 141]. Immune
response, antibody generations, direct effects of the virus,
complications of the critical illness, psychosocial factors,
and post-intensive care syndrome, post-traumatic stress,
and oxidative stress may be operative mechanisms. Cardiac
deconditioning may also be a factor [79]. The mechanism
of heart failure involving pro-inflammatory cytokines with
interleukin 1 and interleukin 6 tumor necrosis factors may
cause prolonged effects [142]. Redox imbalance linking
COVID-19 and chronic fatigue syndromes and systemic
inflammation and neuroinflammation have also been pos-
tulated [143].

Oxidative phosphorylation may be operative in a hyper-
inflammatory state with altered cardiorespiratory function.
It is thought that viral infections cause a shift in mitochon-
drial energy system contribution from ATP synthesis to
innate immune signaling occurring in order to eradicate
pathogens, promote inflammation, and eventually restore
tissue homeostasis [144]. An increased rate of glycolysis
and downregulation of oxidative phosphorylation are seen
[145]. Oxidative stress has been implicated in many acquired
myocardial disorders and may lead to significant autonomic
dysfunction [146e].

Treatment in Long-COVID Syndrome

For the most part, supportive therapy for Long-COVID symp-
toms is a keystone, and there is treatment for autonomic dys-
function that may be demonstrated objectively in a laboratory.
As mentioned earlier, volume expanders and oral-vasoactives,
in addition to fluids, electrolytes, compression garments, and
various exercise techniques, have been prescribed for orthos-
tatic intolerance symptoms [112, 146e]. Omega-3 fatty acids
and dietary supplementation have been investigated [147].
It is believed that omega-3 s may help resolve inflammatory
imbalance. L-Arginine has also been proposed as a treatment
modality [148]. Included in the L-arginine pathway is the pro-
duction of nitric oxide. Nitric oxide maintains or improves
the health and function of endothelial cells and benefits the
immune system, especially in chronic fatigue states [146e].
Various antioxidants [146e], including zinc, have also been
used empirically, but there are no controlled studies to con-
firm their utility. We have found alpha-lipoic acid, used as an
antioxidant to relieve autonomic neuropathy in populations of
patients diagnosed with type 2 diabetes mellitus [149-152],
to be effective in Long-COVID patients. Electrical neuro-
prostheses stimulating either the parasympathetic (vagus) or
sympathetic nervous system have been known to help relieve
symptoms of autonomic dysfunction [153, 154]. All of these
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therapies also effect proper autonomic function to help relieve
Long-COVID symptoms [25ee]. Vaccination has been sug-
gested as possibly a factor that may ease symptoms of Long-
COVID. In one large survey, 57% of responders reported an
overall improvement in their symptoms following vaccination,
and around 19% reported an overall deterioration [155]. Men-
tal health conditions may be treated with various psychological
aides, such as cognitive behavioral therapy as well as anti-
depressants, including tricyclics. Treatment of liver function
abnormalities, irritable bowel syndrome, dyspepsia, and other
GI symptoms is very challenging. Renal dysfunction should
be followed serially, nephrotoxins avoided, and proper hydra-
tion maintained. However, from a large study of fully vacci-
nated people, 2.6% were found to contract the virus (labeled as
“breakthrough” patients) [156]. Among 1497 fully vaccinated
healthcare workers for whom RT-PCR data were available,
39 SARS-CoV-2 breakthrough infections were documented.
Neutralizing antibody titers in case patients during the peri-
infection period was lower than those in matched uninfected
controls (case-to-control ratio, 0.361; 95% confidence interval,
0.165 to 0.787). Higher peri-infection neutralizing antibody
titers were associated with lower infectivity (higher Ct values).
Most breakthrough cases were mild or asymptomatic, although
19% had persistent symptoms (> 6 weeks). The B.1.1.7 (alpha)
variant was found in 85% of samples tested. A total of 74%
of case patients had a high viral load (Ct value, <30) at some
point during their infection; however, of these patients, only
17 (59%) had a positive result on concurrent Ag-RDT. No sec-
ondary infections were documented. Among fully vaccinated
healthcare workers, the occurrence of breakthrough infections
with SARS-CoV-2 was correlated with neutralizing antibody
titers during the peri-infection period. Most breakthrough
infections were mild or asymptomatic, although persistent
symptoms did occur.

Conclusion

Long-COVID symptoms [157] may be explained by a
pro-inflammatory state with oxidative stress and P&S dys-
function [46]. Cardiopulmonary testing for unexplained
dyspnea post-COVID-19 was reported [158]. Patients with
symptoms consistent with chronic fatigue had an abnormal
pattern of oxygen uptake on cardiopulmonary testing con-
sistent with what is seen with chronic fatigue syndrome.
Circulatory impairment, abnormal ventilatory pattern, and
chronic fatigue syndrome may be common in patients with
post-acute sequelae of post-concussive syndrome, and this
accounts for the mechanism of dyspnea in many patients
who do not have pulmonary disease from Long-COVID or
myocardial dysfunction. The symptoms of Long-COVID
syndrome may all be associated with autonomic dysfunc-
tion as measured with cardiorespiratory testing [25e¢] and
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relieved with appropriate parasympathetic or sympathetic
therapies based on the cardiorespiratory test [146e].
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