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Abstract: The coronavirus disease (COVID-19), caused by severe acute respiratory syndrome-

check for coronavirus-2 (SARS-CoV-2) infection, is leading to unknown and unusual health conditions that
updates are challenging to manage. Post-COVID-19 syndrome is one of those challenges, having become
Citation: Jimeno-Almazén, A.; increasingly common as the pandemic evolves. The latest estimates suggest that 10 to 20% of the
Pallarés, ].G.; Buendia-Romero, A.; SARS-CoV-2 patients who undergo an acute symptomatic phase are experiencing effects of the dis-

Martinez-Cava, A.; Franco-Lépez, ;- 356 beyond 12 weeks after diagnosis. Although research is beginning to examine this new condition,

Sanchez-Al Martinez, BJ.; . . . .. R e . .
dnchez-Alcaraz Martinez, B.] there are still serious concerns about the diagnostic identification, which limits the best therapeutic
Bernal-Morel, E.; Courel-Ibéfiez, J.
Post-COVID-19 Syndrome and the
Potential Benefits of Exercise. Int. J.

Environ. Res. Public Health 2021, 18,

approach. Exercise programs and physical activity levels are well-known modulators of the clinical
manifestations and prognosis in many chronic diseases. This narrative review summarizes the
up-to-date evidence on post-COVID-19 syndrome to contribute to a better knowledge of the disease
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By 10 April 2021, over 127 million cases of Coronavirus disease (COVID-19) infection
have been reported worldwide [1]. The pandemic is caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), a betacoronavirus responsible of a new type of
acute respiratory infection and atypical pneumonia with the potential to evolve into a severe
acute respiratory syndrome (SARS), which was first described in Wuhan province, China,
on 31 December 2019. Between 10 and 20% of COVID-19 patients with symptomatic acute
COVID-19 will evolve to a persistence phase of clinical manifestations lasting more than

- one month [2], with chronic ailments such as fatigue, post-exertional malaise, dyspnoea,
headache, and many other neurocognitive conditions described as brain fog, inability to
perform daily physical tasks [3] and increased likelihood of developing stress, depression,
irritability, insomnia, confusion or frustration [4]. This condition, defined as post-COVID-
19 syndrome, is increasingly affecting a high number of people as the pandemic evolves.

Tremendous efforts have been made in the study of SARS-CoV-2 infection and pro-
tection, despite leading to evidence-based mitigation strategies [5] and next-generation
vaccines [6]. Today, many pharmacologic therapies have been used, but few have shown
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the true impact on survival, and none, to date, have been shown to reduce the sequelae
of the disease or specifically the evolution to persistent symptoms. Unfortunately, the
COVID-19 pandemic consequences will not be fully solved even with zero cases and global
vaccination achieved. In particular, the effective long-term management of the effects of
post-COVID-19 syndrome is a challenge that requires awareness.

Overwhelming evidence exists that exercise produces short-, middle- and long-term
health benefits that prevent, delay, mitigate and even reverse a large number of metabolic,
pulmonary, cardiovascular, neurocognitive, inflammatory, rheumatic and musculoskeletal
diseases [7-13]. Accordingly, physical inactivity has been associated with a higher risk
for severe COVID-19 outcomes [14]. Likewise, high levels of cardiorespiratory fitness are
shown to reduce the likelihood of hospitalization due to COVID-19 [15]. Therefore, it
could be hypothesized that an optimal exercise prescription would benefit individuals
with persistent COVID-19 symptom:s.

Despite there being no data about the benefits of exercise in post-COVID-19 syndrome,
the latest recommendations emphasize the need for symptom-titrated physical activity
and tailored exercise in rehabilitation [16]. Thus, proper and tailored exercise stands as
a promising, effective therapy for mitigating the post-COVID-19 symptoms and helping
people in recovering faster and increasing their autonomy, functionality and quality of
life [17].

This narrative review provides a summary of the latest available information on
post-COVID-19 syndrome and describes how physical exercise could provide symptomatic
relief for many of the patients with this condition.

1.1. Definition of the Post-COVID-19 Syndrome

The UK National Health Service (NHS) defined the post-COVID-19 syndrome as
unexplained, persisting signs or symptoms over 12 weeks, developed during or after
the COVID-19 infection [18] Prolonged COVID-19 is commonly used to describe signs
and symptoms that continue or develop after acute COVID-19. It includes continuous
symptomatic COVID-19, called ongoing symptomatic COVID-19 (4 to 12 weeks), and
post-COVID-19 syndrome (>12 weeks) (Figure 1). The true prevalence of post-COVID-
19 syndrome is not known yet. According to data from the UK'’s Office for National
Statistics (ONS) on 1 April 2021, of more than 20,000 people who tested positive between
26 April 2020 and 6 March 2021, mainly non-hospitalized (90%), 13.7% persisted symp-
tomatic after 12 weeks of evolution [19].

4 weeks 12 weeks

- Postacute hyperinflammatory illness
- Immune-mediated response

- Persistant viral replication
- Organ disfunction

- The pathophysiology is not know,
nor have the viral or inmunological
responses been defined in

this phase

PROLONGED COVID-19

Figure 1. Physiopathology characterization of the different evolutionary phases of SARS-CoV-2 infection to post-COVID-

19 syndrome.

The term long COVID has been used since May or June 2020 [20] to define those pa-
tients who present symptoms once the acute phase of the disease is over. Other denomina-
tions are common, such as chronic COVID-19 syndrome (CCS), post-COVID-19 syndrome
or post-acute sequelae of SARS-CoV-2 infection (PASC). Another more popular name such
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as long hauler has been used, thus describing the long duration of the symptoms occurring
in these patients.

The current 12-week window is based on a median duration of symptoms disappear-
ance. Even when prolonged viral ribonucleic acid (RNA) detection has been shown for
months, the median duration of viral detection in respiratory samples is 18 days [21], and
estimates of four weeks to define the acute phase of the infection look reasonable. Addition-
ally, the possibility of recovering viable and cultivable virus beyond the 10th day after the
infection begins, in mild patients whose symptoms have disappeared, is an exception [22].
It is important to note that these definitions do not imply that the disease has ended or that
people have recovered, but that the acute phase of the disease has finished.

Other authors [23,24] have developed a theoretical framework in which the patient
with SARS-CoV-2 infection could go through different stages during the evolutionary
course of the disease. They attribute physiopathological and/or laboratory diagnostic
characteristics to each to define them. Thus, a patient could experience all or several of the
stages over time (Figure 1): after acute COVID-19, one may evolve to residual symptoms
that persist after recovery (convalescence or ongoing COVID-19), to organ dysfunction that
persists after the acute phase, including PICS (post-intensive care syndrome) and other
sequelae, and to develop new symptoms or syndromes (truly post-COVID-19 syndrome).

However, other differential diagnoses could hinder the diagnosis of post-COVID-
19 syndrome, for instance, with atypical presentations in patients with comorbidities, ad-
verse events of the drugs used, other post-infectious syndromes (over-imposed healthcare-
related infection or a coexisting bacterial or viral co-infection) and even psychological
alterations related to the course of COVID-19 [25]. Likewise, the possibility of reinfection
(an infection caused by a strain genetically confirmed as different from the first and sepa-
rated by at least three months from the first event) could simulate persistent COVID-19 [26]
or even symptoms, of variable duration, of reactogenity following receipt of mRNA-based
COVID-19 vaccines, which can stimulate systemic reactions including fatigue, headache,
myalgia or chills [27].

Therefore, the key to diagnosis is probably not so much to establish a specific time-
frame but rather a continuum of symptoms, which could be variable depending on the
individual, as long as there is clinical certainty of the absence of another intercurrent pro-
cess that could explain them. After acute COVID-19, one can evolve to residual symptoms
that persist since then as a result of organ failure established beyond the acute phase or
to the appearance of new symptoms or syndromes that develop after an initial infection
independent of the severity of the presentation, even if it was asymptomatic or mild.
These two categories are not mutually exclusive, with the latter representing the real
post-COVID-19 syndrome.

1.2. Clinical Manifestations of Post-COVID-19 Syndrome

Soon after the beginning of the pandemic, it was estimated that symptoms disappeared
within approximately two weeks in mild cases and between 3 and 12 weeks in more serious
ones [28]. It has subsequently been seen that these periods of time are indicative and
depend largely on age, form of presentation and pre-existing comorbidities [29].

Case reports and cross-sectional studies (i.e., online survey) report a list of more than
200 different symptoms in the evolution of post-COVID-19 syndrome [30,31]. Considering
the multiorgan nature of the syndrome, it should be pointed out that it can produce almost
any clinical manifestation.

To date, three meta-analyses and a systematic review on the long-term effects of
COVID-19 have been released, all on non-peer-reviewed pre-prints [32-34]. In Figure 2,
we summarize the frequency of the presentation of symptoms, depending on whether or
not the patients required hospitalization. Breathlessness, persistence of smell and taste
disturbances, fatigue and neuropsychological symptoms (headache, memory loss, slow
thinking, anxiety, depression and sleep disorders) were the most frequently reported.
Musculoskeletal symptoms were also frequent. It should be noted that the quality of
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the studies from which the information is extracted is low, and so is the power of the
conclusions (mostly cohort studies, in some of which, the main objective was not the nature
of symptoms, and in which the method of recruitment was variable, including self-selection
surveys (high risk of bias)). There are few prospective studies with assessments beyond

12 weeks [31,35-39] fulfilling the NHS current criteria for post-COVID-19 syndrome.

8%,
5‘:"33 POST-COVID-19 SYNDROME
",‘:.”"‘5' MAIN SYMTOMS (4-12 WEEKS)

)

Outpatient

Hospital
management

discharge

. 49% 3 38%

i«

gy S
.

Dyspnea

Cough .

v
)
.

VIO IOU,

<«
L

Y OUW

40% Q

Insomnia

Headache

Yy

Taste/Smell

Figure 2. Prevalence of main symptoms in post-COVID-19 syndrome, hospitalized [40-50] or

outpatients [51-56], evaluated between 4 and 12 weeks after diagnosis. The mean of the presentation

of symptoms appears considering all the studies that contribute.

Other characteristics that might be identified with post-COVID-19 syndrome are:

Symptoms are commonly associated: 80% of patients have more than one [32], usually
more than two and up to more than 10 [30,31,49,52,57].

Women tend to be more affected than men [30,31,50-52]. The association between
fatigue and myalgias is significantly more frequent in females than males. This phe-
nomena has not been found in other symptoms cluster including low mood, anxiety,
and sleep disturbance or in a cluster consisting of comprised memory impairment,
attention deficit, and cognitive impairment [38].

Persistent symptoms are more likely to appear with increasing age [31,52,53,58] and
with severity of presentation [29,52,58]. After discharge, fatigue, dyspnoea and neu-
ropsychological perturbances were significantly more frequent in ICU patients. Not
all studies agree on a relationship with previous comorbidities.

The symptoms are of a fluctuating nature and their appearance varies over time [59].
Patients” perceptions were generally changeable both in time and form (relapsing-
remitting). There is not a defined evolution pattern of the symptoms and patients
usually respond to different stimuli (mainly physical or mental activity and stress).
Overall, patients improve spontaneously over time [31,52,58,59] although continuous
patterns in time and intensity have been described and some patients worsen with the
course of the disease [31].
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e  Recently, some studies has suggested that it is possible to identify the immunologic
signatures of post-COVID-19 syndrome [60].

e  Fatigue is, along with neurocognitive symptoms, the most debilitating feature and has
the greatest impact on post-COVID-19 syndrome patients’ quality of life [30,31,50,51].
Patients describe these symptoms as limiting, seriously affecting the development of
normal working activity [31,50,61]

e Itis noteworthy that in several studies, both patients with confirmatory diagnostic
tests, and those who could not be tested but their case was suspected, or even those
who tested negative, have no significant differences in the presentation or the evolution
of symptoms [30,31,59].

e  Currently, there is no evidence supporting the notion that prolonged COVID-19 is
equated to myalgic encephalomyelitis and/or chronic fatigue syndrome (ME/CFS).
Both prolonged COVID-19, ME and CFS are heterogeneous and difficult to char-
acterize, and while some patients with prolonged COVID-19 syndrome may meet
diagnostic criteria for EM/CFS, there is a significant population with persistent fatigue
that does not meet these criteria; therefore, further research is needed. Identification
between the two syndromes could constitute a risk of avoiding other pathologies,
complications or sequelae or erring in the management of the syndrome.

2. Physiopathology of the Post-COVID-19 Syndrome

Emerging data suggest that multiple and/or synergistic causal mechanisms may
underlie post-COVID-19 syndrome. Genetic host factors, pre-existing lesions of COVID-
19 targeting organs due to comorbidities and acute COVID-19 organ failure itself, may
be involved. Modifications in the immune response to the virus and viral mechanisms
can be added, such as the establishment of reservoirs, latency states or even the potential
viral integration in the host genome [62]. In addition, unknown or poorly defined factors
may influence the appearance of prolonged symptoms, as biopsychosocial circumstances
related with COVID-19.

2.1. Immune System

Evidence suggests that severe forms of presentation are characterized by innate
pathological immune activation and an exaggerated and poorly directed host immune
response [63], sometimes as a cytokine storm, which causes multiorgan failure and thus
may cause persistence of symptoms. It would also be possible that self-limiting forms
may differ from persistent forms in their pattern of immune activation or on their au-
toantibody generation [64]. The dysregulation of the immune response also affects the
physiological functions of the vascular endothelium (endothelitis) and underlies many
of the complications in COVID-19, mainly of thromboembolic nature [65]. Accordingly,
the persistence of endothelial inflammatory mechanisms might mediate the appearance of
chronic symptoms.

2.2. Cardiopulmonary Sequelae

An altered diffusion capacity of the lungs for carbon monoxide (DLCO) and restrictive
patterns are the more common functional impairments found in COVID-19 pneumonia
survivors in the long term [66]. A prospective, longitudinal and observational study per-
formed in symptomatic after recovery from acute SARS-CoV-2 individuals were evaluated
by MRI more than three months after diagnosis (only 18% had required hospitalization);
two thirds of them (66%) had persistent lesions of different entity in one or more organs,
mainly in the heart and lungs [57]. The researchers also assessed symptoms by standard-
ized questionnaires and organ function (heart, lungs, kidneys, liver, pancreas, spleen).
Fatigue, muscle aches, breathlessness and headaches were frequently reported by these
patients, as in post-COVID-19 syndrome. These findings suggest the possibility of residual
organ involvement, even in mild scenarios, as a cause of the long-term symptoms, at least
in a non-negligible percentage of patients.
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2.3. Neurological and Biopsychosocial Disturbances

It is well-established that survivors of COVID-19 can develop anxiety, depression,
sleep disturbances and post-traumatic stress disorder (PSTD) [42,50,51,67]. PSTD may be
responsible for severe distress or clinically significant impairment in the social, occupational
and other basic areas of functioning of the individual. In addition, it is often associated
with the appearance of physical symptoms such as fatigue and/or dyspnea, palpitations,
chest pain, headache, sweating, nausea, tremors, insomnia and various neuropsychological
disorders such as mental dullness or emotional flattening, which may contribute to the
misinterpretation of the prolonged symptoms of COVID-19.

It is now clear that quarantine has had a very perdurable effect on psychological and
social health and that the weight of these mood alterations (loneliness, fear, anxiety, depres-
sion, acute stress and insomnia) falls especially among the most vulnerable populations:
those with pre-existing mental and chronic health disorders, health care workers and those
living in the most restricted areas and those who are poor [68]. The neuropsychiatric symp-
tomatology of post-COVID-19 syndrome focuses precisely on the loss of these cognitive
abilities. These effects that patients described as brain fog, memory perturbances and sleep
manifestations [31] are consistent with poor attention or concentration, difficulty thinking,
difficulty with executive functioning (planning, organizing, figuring out the sequence of
actions, abstracting), slowed thoughts, short- and long-term memory impairments, speech
and language issues and difficulty with sleep (insomnia, night sweats, restless legs, etc.).
Neurocognitive impairment could be related to the neurotropic properties of this virus,
allowing it to infect brain regions. Different mechanisms are proposed to this, such as
neuronal retrograde invasion through olfactory bulb and/or trigemic nerve, through blood
(exceeding the blood-brain barrier (BBB)) and through immune-mediated pathways (im-
mune cells that transmit the pathogen into the brain). Other indirect causes of brain lesion
could be through a local or systemic abnormal inflammatory response causing endothelial
damage, increased permeability of the BBB, or access of pro-inflammatory cytokines, which
would damage brain homeostasis and finally induce neuronal death [69]. Other neuro-
logical manifestations of long COVID-19 are secondary to disruption of the autonomic
nervous system (dysautonomia), resulting in orthostatic intolerance syndrome, also known
as postural orthostatic tachycardia syndrome (POTS), provoking palpitations, irritable
bowel or recurrent presyncopal episodes [70].

3. Treatment of the Post-COVID-19 Syndrome

To date, there is still no specific treatment for the management of patients with post-
COVID-19 syndrome. The greatest research effort has rightly focused on prevention and
treatment of the acute phase of the disease. Future research, focusing on medical as well as
social aspects, must consider the disease continuum, including prolonged forms.

At the time of this review, less than fifteen clinical trials had been registered with the
aim of addressing the treatment of post-COVID-19 syndrome or long COVID-19: six on
drugs (montelukast (NCT04695704), naltrexone plus NAD+ (NCT04604704), leronlimab
(NCTO04678830), ruconest (NCT04705831), LYT-100), dietary supplements (dietary Sup-
plement: ADAPT-232 oral solution (NCT04795557) and Niacine (NCT04809974), one on
hyperbaric oxygen (NCT04647656) and one through a supervised exercise intervention
(NCT04718506), out of a total of 5273 studies for COVID-19 research [71]. None of them
have been completed so far.

Although the evolution will be spontaneous to resolution in most of cases, because of
how exasperating this condition can be, it requires a continuity of care through a multidis-
ciplinary and holistic approach. Some published guides and recommendation documents,
with a complete vision of the patient, have addressed aspects of a physical, psycholog-
ical and social nature [2,18]. Once the presence of systemic complications (persistent
organic damage or PICS) and the need for referral to certain specialists has been ruled out,
care should focus on symptomatic management and physical and mental rehabilitation
(including fatigue management, respiratory retraining or psychological or psychiatric
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support) [18]. The perceptions and autonomy of the patient must be at the centre of shared
decision-making regarding the scheduling of care for these patients and their health status.

Comprehensive approaches have not been considered despite the fact that COVID-
19 is a clearly multisystemic disease with a non-linear evolution and long-term implications.
No study, to date, has addressed treatment schemes for these patients, possibly because the
underlying pathophysiological is not known or even if it is the same in all patients. Besides,
among the problems of not having a clear diagnostic identification is the impossibility
of planning the best therapeutic approach, but also the origin of problems of a more
personal nature such as not being able to access the resources for the management of
COVID-19 (most patients with persistent symptoms will be mild patients who did not
require hospitalization) or as belonging to a limbo of patients with complex syndromes,
such as CFS, which in general, have little diagnostic and research interest.

There is no current evidence regarding the role of a nutritional approach or physi-
cal exercise in the symptomatic recovery of these patients. As a multidisciplinary team
dedicated to the study of the effects of physical exercise on health, we consider that this is
an essential tool in the management not only of acute disease, but especially of long-term
manifestations.

4. The Potential Role of Exercise in Post-COVID-19 Syndrome

The COVID-19 syndemic (a situation generated by the convergence of an infectious
disease, the presence of other chronic non-communicable diseases, such as obesity, and the
existence of social determinants, which affect the health of the population) has exposed
society to a stressful situation never seen before, at a time in which it already had a highly
compromised disposition when it comes to population levels of physical activity and
exercise. According to the Centers for Disease Control and Prevention (CDC), less than a
quarter of the American adult population of both sexes reported performing a sufficient
amount of both resistance and strength exercise to fulfil the basic indications referred in
the health guidelines [72].

The confinement, the subsequent perimeter closures of the cities and the limitation of
urban mobility along with the cessation of all types of group activities, the interruption of
non-professional team sports and many other recreational options related to movement,
such as parks and leisure areas or swimming pools, have further deteriorated the condition
of citizens. After the confinement, there has been a supposed return to normality, in which,
on many occasions, previous activities have not been recovered, especially in people who
has suffered COVID-19.

Therefore, it is necessary not only to recover physical exercise in the inactive popula-
tion, but also to position it as a tool in the management of patients with post-COVID-19 syn-
drome. Given that exercise has been shown to be beneficial in multiple pathologies with
which the post-COVID-19 syndrome shares similarities both in terms of symptoms and its
possible pathogenic mechanisms, it is worth considering the potential favourable effect that
this would bring in the recovery of these patients. Figure 3 illustrates the potential benefits
of exercise on the most frequent clinical manifestations of post-COVID-19 syndrome.
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Figure 3. Potential benefits of exercise on the most frequent clinical manifestations of post-COVID-19 syndrome.

4.1. Exercise Is Beneficial for Immunological Health

Contrary to traditional beliefs, exercise is not detrimental to immune competency but
rather can act as an adjuvant to stimulate the immune system by inducing mitochondrial
adaptations, cell generation and immune surveillance [73-76]. Physical fitness status can be
a determining modifiable factor for the promotion of metabolic and functional adaptations
in T lymphocytes and monocytes, counteracting inflammatory environments caused by
expanded adipose tissue and sedentary behaviour, as well as delaying the immunosenes-
cence caused by aging [77]. Regular release of muscle-derived anti-inflammatory cytokines
(IL-6, IL-7, IL-10, IL-15), linked with the inhibition of pro-inflammatory cytokines (IL-
183, IL-18, TNF-«), have been purported to play important roles in the beneficial effects
of exercise on immunity [75,78,79]. Indeed, there is growing evidence suggesting an
anti-carcinogenic effect of exercise through direct changes in circulating proteins, RNA
molecules and metabolites [80].

Exercise attenuates immunosenescence by maintaining the peripheral T-cell pool and
natural killer cell compartments, and it seems likely to improve the immune response to
SARS-CoV-2 antigens [81]. In support of this argument, it has been recently demonstrated
that regular, moderate to vigorous physical activity reduced the risk of community-acquired
infectious diseases and infectious disease mortality [82]. All in all, it should be noted that
exhaustive and excessive exercise training may cause mitochondrial functional impairment,
inducing a dysregulated systemic inflammatory response, thus being detrimental for
health [83-85]. Hence, individually tailored exercise prescriptions among people with post-
COVID-19 are essential to elicit positive adaptive changes to enhance immune function.
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4.2. Exercise Helps to Manage and Mitigate Physical Syndromes

Individual and targeted exercise is highly recommended as a non-pharmacologic
strategy for treating rheumatic and musculoskeletal diseases, characterized by chronic pain,
muscle weakness, physical limitations, fatigue and low tolerance to exercise [11,86-89].
Besides, strength training and multicomponent exercise programs have been extensively
demonstrated as safe and effective among vulnerable people in reversing frailty and weak-
ness and restoring functional capacity in the short- and long-term [12,90-93]. In particular,
exercise has been demonstrated to confer protection against functional deterioration in insti-
tutionalized older adults during COVID-19 lockdown/confinement situations [93]. Indeed,
strength training confers unique, multi-systemic benefits to the musculoskeletal system,
improving both morphological (increasing number of sarcomeres in parallel, increasing
the synthesis of contractile assemblies of actin and myosin and altering muscle fibres’
composition) and neural (improving neurological system and intermuscular coordination)
factors and regulating the whole body metabolism [94].

Of interest, the latest evidence on strength training support that using low loads,
low volume and not-to-failure repetitions produce considerable improvements in maxi-
mal dynamic strength, power output and muscle hypertrophy while preventing typical
discomfort, fatigue or stiffness after traditional high-demanding training [95-97]. This is
important given that people with post-COVID-19 syndrome are expected to be reluctant
to engage in exercise due to fatigue, deconditioning and low tolerance to exercise inten-
sity. Thus, motivating patients to start with an exercise programme is a key challenge.
However, whereas entering an exercise program is physically and mentally challenging
in people with chronic pain, once the practice starts, making exercise a pleasant, fun and
well-tolerated experience contributes in setting the routine and eventually achieving health
improvements [98-100]. Accordingly, maintaining the motivation and monitoring inten-
sity is of the utmost importance among people with post-COVID-19 syndrome to avoid
overtraining by working out within individuals limits and allowing enough recovery time
between efforts.

4.3. Exercise Is an Effective Treatment for Pulmonary Complications

Pulmonary rehabilitation relieves dyspnea and fatigue, and enhances self-autonomy
of people with pulmonary disorders such as interstitial lung disease [101] and chronic
obstructive pulmonary disease (COPD) [102]. Indeed, initiating a pulmonary rehabilitation
is associated with lower risk of mortality among people hospitalized for COPD [103]. Both
continuous and interval endurance training improve cardiopulmonary outcomes; however,
interval-based training is used as a more effective approach to optimise the load that can
be tolerated in exercise programs for clinical pulmonary patients [104]. In addition, muscle
dysfunction as a consequence of lung disease (muscle atrophy, reduced oxidative capacity
and a decreased proportion of type I muscle fibres) can be mitigated and even reversed
with strength training interventions [105,106].

Accordingly, concurrent training (endurance and strength) stands as the preferable
treatment for lung diseases to improve peak pulmonary oxygen uptake, systematic oxida-
tive stress, muscle strength, muscle size, functional capacity, and quality of life [107,108].
It has been recently described that a pulmonary rehabilitation program after hospitaliza-
tion improved respiratory function, quality of life, mobility and psychological function in
older adults with COVID-19 [109]. Despite its benefits being beyond any doubt, the cur-
rent worldwide availability of pulmonary rehabilitation services are alarmingly low [110],
which may have negative implications in the post-COVID-19 management.

4.4. Exercise Improves Cardiovascular Health

There is plenty evidence that exercise is an essential therapeutic tool to improve
cardiovascular health through enhancing mitochondrial biogenesis and function, restoring
and improving vasculature (cardiac remodelling, angiogenesis, blood volume expansion),
and the release of myokines from skeletal muscle that preserve or augment cardiovascular
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function [111]. It is well-known that structured rehabilitation programs after cardiac
disease lead to improvements in mortality, hospital readmission, cardiopulmonary fitness
and functional status [112-114]. Likewise, regular, supervised aerobic exercise training is
known to be an excellent nonpharmacological treatment of hypertension [115,116].

The benefits of these physical and educational programs in patients with chronic
cardiopulmonary disorders have also been shown from the psychosocial point of view,
improving quality of life and mood. Even more, moderate targeted exercise should be
prescribed in all individuals with cardiovascular disease [117].

4.5. Exercise Stimulates Brain Plasticity and Increases Psychological Well-Being

Exercise can act as a psychoactive drug [118]. Regular exercise has been proven to
be a powerful tool in improving the quality of life, in controlling mood and its illnesses
(depression and anxiety), in reducing psychological stress and in modulating the perception
of pain [119]. Exercise modulates the brain structure and function to stimulate a healthier
neurological phenotype [120]. The evidence is uncountable when evaluating the beneficial
effects of physical exercise in the evolution of neurodegenerative diseases (for example
in Alzheimer’s disease [121]) because it has a role in improving different neurocognitive
abilities such as memory and learning, concentration, inhibitory control, cognitive flexibility
and processing information.

Exercise induces neurochemical and structural changes mainly through contraction-
induced myokines release and brain-derived neurotrophic factor (BDNF), provoking neu-
rogenesis and synaptogenesis, particularly in the dentate gyrus of the hippocampus, which
promotes brain plasticity and prevent cognitive dysfunction [120]. Indeed, exercise has
proven its effectiveness in dysautonomia and POTS, quite frequent among people with
post-COVID-19 syndrome, by restoring upright hemodynamics, normalizing renal-adrenal
responsiveness, and improving quality of life [122,123]. In addition, recent cross-section
studies support the need of regular moderate exercise as a resilience factor to reduce
COVID-related allostatic overload by improving mental and physical well-being [124].

4.6. The role of Advanced Training Methods for Health

Advancements on exercise sciences” skills, knowledge and technology has grown
immensely over the last years. New trends in resistance and cardiopulmonary train-
ing methods appeal to more individualized regimes with a variety of exercises, stimuli
and intensities, which are controlled by incorporating new technologies and monitoring
tools. Current training methods are based on new approaches to monitoring exercise
intensity (e.g., rate of force development, movement velocity), technical execution (e.g.,
biomechanics, electromyography), readiness (e.g., heart rate variability) and physiological
responses (e.g., ventilation, lactate, core temperature, heart rate, muscle oxygen satura-
tion) while providing biofeedback in real time, ensuring the accomplishment of targeted
results [125-130]. Likewise, a number of portable devices, wearable tools and apps for
physical activity and fitness are emerging, making remote control of the patients” evo-
lution possible [131]. In addition to aiding professionals in providing targeted exercise
programmes, these developments may represent an added value for the pandemic to carry
out high-quality, supervised home-based trainings during particular restrictive situations
(such as lockdown periods) or people with severe mobility limitations. Due to the mul-
tiorgan nature of the post-COVID-19 syndrome, there is a need to conduct systematic
and multifactorial evaluation of the physical and functional capacity to facilitate the pre-
scription of tailored exercise programmes. To this purpose, a cross-disciplinary approach
including exercise sciences know-how and experience has been proposed as essential to
effectively response to this health crisis [17].

5. Concluding Remarks

There is sufficient evidence suggesting that tailored and supervised exercise training
may be an effective multisystemic therapy for post-COVID-19 syndrome that suits the
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diversity of the cases and symptoms. Further examination on the effects of exercise-based
treatments on post-COVID-19 syndrome are required to give practical insights about what
type of exercise should be preferably prescribed, with emphasis on intensity and load man-
agement and adherence strategies. Furthermore, the impact of post-COVID-19 syndrome
on certain special population groups such as children, adolescents or institutionalized older
adults remains unknown.

A multidisciplinary and integrative approach including exercise sciences is essential,
where clinical conditions are addressed but must integrate neurocognitive and psycholog-
ical aspects into the assessment, as well as the social impact that this pathology entails.
New proposals for research in the prolonged phase of the disease and all efforts that enable
a complete functional recovery and a return to a previous life are warranted.

Author Contributions: Conceptualization, A.J.-A., J.G.P,, and ].C.-I; investigation, A.].-A., AB-R;
AM.-C,EF-L,B]JS-AM,;]J.GP, EB.-M,, and ].C.-I; writing—original draft preparation, A.J.-A.,
J.G.P, E.B.-M. and ]J.C.-L; illustrations A.J.-A., ].C.-L; writing—review and editing, A.J.-A., ].G.P,
E.B.-M. and J.C.-I.; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. European Center For Disease Prevention and Control (ECDC). COVID-19 Situation Dashboard. Available online: https://qap.
ecdc.europa.eu/public/extensions/COVID-19/COVID-19.html#global-overview-tab (accessed on 31 January 2021).

2. Greenhalgh, T,; Knight, M.; A’Court, C.; Buxton, M.; Husain, L. Management of post-acute COVID-19 in primary care. BMJ 2020,
370, m3026. [CrossRef]

3.  Baig, A.M. Deleterious Outcomes in Long-Hauler COVID-19: The Effects of SARS-CoV-2 on the CNS in Chronic COVID
Syndrome. ACS Chem. Neurosci. 2020, 11, 4017-4020. [CrossRef]

4.  Pfefferbaum, B.; North, C.S. Mental Health and the Covid-19 Pandemic. N. Engl. ]. Med. 2020, 383, 510-512. [CrossRef]

5. Fuller, J.A.; Hakim, A.; Victory, K.R.; Date, K.; Lynch, M.; Dahl, B.; Henao, O. Mitigation Policies and COVID-19-Associated
Mortality—37 European Countries, 23 January-30 June 2020. MMWR. Morb. Mortal. Wkly. Rep. 2021, 70, 58-62. [CrossRef]

6. Dong, Y,; Dai, T.; Wei, Y.; Zhang, L.; Zheng, M.; Zhou, F. A systematic review of SARS-CoV-2 vaccine candidates. Signal Transduct.
Target. Ther. 2020, 5, 1-14. [CrossRef] [PubMed]

7. Ruegsegger, G.N.; Booth, EW. Health Benefits of Exercise. Cold Spring Harb. Perspect. Med. 2017, 8, a029694. [CrossRef]

8.  Talar, K.; Hernandez-Belmonte, A.; Vetrovsky, T.; Steffl, M.; Katamacka, E.; Courel-Ibafiez, J. Benefits of Resistance Training in
Early and Late Stages of Frailty and Sarcopenia: A Systematic Review and Meta-Analysis of Randomized Controlled Studies.
J. Clin. Med. 2021, 10, 1630. [CrossRef]

9.  Heiston, E.M.; Eichner, N.Z.; Gilbertson, N.M.; Malin, S.K. Exercise improves adiposopathy, insulin sensitivity and metabolic
syndrome severity independent of intensity. Exp. Physiol. 2020, 105, 632—-640. [CrossRef] [PubMed]

10. Fiuza-Luces, C.; Garatachea, N.; Berger, N.A.; Lucia, A. Exercise is the Real Polypill. Physiology 2013, 28, 330-358. [CrossRef]

11. Metsios, G.S.; Moe, R.H.; Kitas, G.D. Exercise and inflammation. Best Pr. Res. Clin. Rheumatol. 2020, 34, 101504. [CrossRef]
[PubMed]

12.  Valenzuela, P.L.; Castillo-Garcia, A.; Morales, J.S.; Izquierdo, M.; Serra-Rexach, J.A.; Santos-Lozano, A.; Lucia, A. Physical Exercise
in the Oldest Old. Compr. Physiol. 2019, 9, 1281-1304. [CrossRef]

13.  Posadzki, P; Pieper, D.; Bajpai, R.; Makaruk, H.; Kénsgen, N.; Neuhaus, A.L.; Semwal, M. Exercise/physical activity and health
outcomes: An overview of Cochrane systematic reviews. BMC Public Health 2020, 20, 1-12. [CrossRef] [PubMed]

14. Sallis, R.; Young, D.R; Tartof, S.Y.; Sallis, J.E; Sall, J.; Li, Q.; Smith, G.N.; Cohen, D.A. Physical inactivity is associated with a
higher risk for severe COVID-19 outcomes: A study in 48 440 adult patients. Br. ]. Sports Med. 2021. [CrossRef] [PubMed]

15. Brawner, C.A.; Ehrman, ] K; Bole, S.; Kerrigan, D.J.; Parikh, S.S.; Lewis, B.K.; Gindi, R.M.; Keteyian, C.; Abdul-Nour, K.; Keteyian,
S.J. Inverse Relationship of Maximal Exercise Capacity to Hospitalization Secondary to Coronavirus Disease 2019. Mayo Clin. Proc.
2021, 96, 32-39. [CrossRef] [PubMed]

16. National Institute for Health and Research (NIHR). NIHR Themed Review: Living with Covid19—Second Review; NIHR: Manchester,

UK, 2021.


https://qap.ecdc.europa.eu/public/extensions/COVID-19/COVID-19.html#global-overview-tab
https://qap.ecdc.europa.eu/public/extensions/COVID-19/COVID-19.html#global-overview-tab
http://doi.org/10.1136/bmj.m3026
http://doi.org/10.1021/acschemneuro.0c00725
http://doi.org/10.1056/NEJMp2008017
http://doi.org/10.15585/mmwr.mm7002e4
http://doi.org/10.1038/s41392-020-00352-y
http://www.ncbi.nlm.nih.gov/pubmed/33051445
http://doi.org/10.1101/cshperspect.a029694
http://doi.org/10.3390/jcm10081630
http://doi.org/10.1113/EP088158
http://www.ncbi.nlm.nih.gov/pubmed/32020676
http://doi.org/10.1152/physiol.00019.2013
http://doi.org/10.1016/j.berh.2020.101504
http://www.ncbi.nlm.nih.gov/pubmed/32249021
http://doi.org/10.1002/cphy.c190002
http://doi.org/10.1186/s12889-020-09855-3
http://www.ncbi.nlm.nih.gov/pubmed/33198717
http://doi.org/10.1136/bjsports-2021-104080
http://www.ncbi.nlm.nih.gov/pubmed/33849909
http://doi.org/10.1016/j.mayocp.2020.10.003
http://www.ncbi.nlm.nih.gov/pubmed/33413833

Int. J. Environ. Res. Public Health 2021, 18, 5329 12 of 16

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Faghy, M.A.; Arena, R.; Stoner, L.; Haraf, R.H.; Josephson, R.; Hills, A.P; Dixit, S.; Popovic, D.; Smith, A.; Myers, |.; et al. The need
for exercise sciences and an integrated response to COVID-19: A position statement from the international HL-PIVOT network.
Prog. Cardiovasc. Dis. 2021. [CrossRef]

National Insitute for Health and Care Excellence; SIGN. Royal College of General Practitioners COVID-19 Guideline Scope: Management
of the Long-Term Effects of COVID-19; NICE: London, UK, 2020; pp. 1-7.

UK Office for National Statistics. Prevalence of Ongoing Symptoms Following Coronavirus (COVID-19) Infection in the UK: 1 April
2021; ONS: London, UK, 2021.

Mahase, E. Long covid could be four different syndromes, review suggests. BM]J 2020, 371, m3981. [CrossRef]

Cevik, M.; Tate, M,; Lloyd, O.; Maraolo, A.E.; Schafers, J.; Ho, A. SARS-CoV-2, SARS-CoV, and MERS-CoV viral load dynamics,
duration of viral shedding, and infectiousness: A systematic review and meta-analysis. Lancet Microbe 2021, 2, e13—e22. [CrossRef]
Basile, K.; McPhie, K.; Carter, I.; Alderson, S.; Rahman, H.; Donovan, L.; Kumar, S.; Tran, T.; Ko, D.; Sivaruban, T.; et al. Cell-based
culture of SARS-CoV-2 informs infectivity and safe de-isolation assessments during COVID-19. Clin. Infect. Dis. 2020. [CrossRef]
Datta, S.D.; Talwar, A.; Lee, ].T. A Proposed Framework and Timeline of the Spectrum of Disease Due to SARS-CoV-2 Infection:
Iliness beyond Acute Infection and Public Health Implications. JAMA 2020, 324, 2251-2252. [CrossRef]

Amenta, E.M.; Spallone, A.; Rodriguez-Barradas, M.C.; El Sahly, HM.; Atmar, R.L.; Kulkarni, P.A. Postacute COVID-19: An
Overview and Approach to Classification. Open Forum Infect. Dis. 2020, 7, ofaa509. [CrossRef]

Raveendran, A. Long COVID-19: Challenges in the diagnosis and proposed diagnostic criteria. Diabetes Metab. Syndr. Clin.
Res. Rev. 2021, 15, 145-146. [CrossRef] [PubMed]

Tillett, R.L.; Sevinsky, ].R.; Hartley, P.D.; Kerwin, H.; Crawford, N.; Gorzalski, A.; Laverdure, C.; Verma, S.C.; Rossetto, C.C.;
Jackson, D.; et al. Genomic evidence for reinfection with SARS-CoV-2: A case study. Lancet Infect. Dis. 2021, 21, 52-58. [CrossRef]
Chapin-Bardales, J.; Gee, J.; Myers, T. Reactogenicity Following Receipt of mRNA-Based COVID-19 Vaccines. JAMA 2021.
[CrossRef] [PubMed]

WHO Director-General’s Opening Remarks at the Media Briefing on COVID-19—24 February 2020. Available online:
https:/ /www.who.int/director-general /speeches/detail /who-director-general-s-opening-remarks-at-the-media-briefing-on-
covid-19---24-february-2020 (accessed on 27 December 2020).

Coronavirus Disease 2019 (COVID-19): Clinical Features—UpToDate. Available online: https://www.uptodate.com/contents/
coronavirus-disease-2019-covid-19-clinical-features?search=undefined &source=covid19_landing&usage_type=main_section#
H4100426989 (accessed on 27 December 2020).

SEMG. Encuesta COVID-19 Persistente. Presentacion de Resultados. 11 de Noviembre de 2020. Available online: https://www.
semg.es/images/2020/Noticias/20201111_Resultados_Encuesta_COVID_Persistente.pdf (accessed on 30 December 2020).
Davis, H.E.; Assaf, G.S.; McCorkell, L.; Wei, H.; Low, R.J.; Re’'Em, Y.; Redfield, S.; Austin, J.P.; Akrami, A. Characterizing Long
COVID in an International Cohort: 7 Months of Symptoms and Their Impact. medRxiv 2020. [CrossRef]

Lopez-Leon, S.; Wegman-Ostrosky, T.; Perelman, C.; Sepulveda, R.; Rebolledo, P.A.; Cuapio, A.; Villapol, S. More than 50 Long-
term effects of COVID-19: A systematic review and meta-analysis. medRxiv 2021. [CrossRef]

Michelen, M.; Manoharan, L.; Elkheir, N.; Cheng, V.; Dagens, D.; Hastie, C.; O'Hara, M.; Suett, J.C.; Burls, A.; Foote, C.; et al.
Characterising long-term covid-19: A rapid living systematic review. medRxiv 2020. [CrossRef]

Hoshijima, H.; Mihara, T.; Seki, H.; Hyuga, S.; Kuratani, N.; Shiga, T. Incidence of Long-term Post-acute Sequelae of SARS-CoV-
2 Infection Related to Pain and Other Symptoms: A Living Systematic Review and Meta-analysis. medRxiv 2021. [CrossRef]
Garrigues, E.; Janvier, P.; Kherabi, Y.; Le Bot, A.; Hamon, A.; Gouze, H.; Doucet, L.; Berkani, S.; Oliosi, E.; Mallart, E.; et al.
Post-discharge persistent symptoms and health-related quality of life after hospitalization for COVID-19. |. Infect. 2020, 81, e4—e6.
[CrossRef] [PubMed]

Huang, C.; Huang, L.; Wang, Y.; Li, X.; Ren, L.; Gu, X,; Kang, L.; Guo, L.; Liu, M.; Zhou, X,; et al. 6-month consequences of
COVID-19 in patients discharged from hospital: A cohort study. Lancet 2021, 397, 220-232. [CrossRef]

Bellan, M.; Soddu, D.; Balbo, PE.; Baricich, A.; Zeppegno, P.; Avanzi, G.C.; Baldon, G.; Bartolomei, G.; Battaglia, M.; Battistini,
S.; et al. Respiratory and Psychophysical Sequelae Among Patients With COVID-19 Four Months After Hospital Discharge.
JAMA Netw. Open 2021, 4, €2036142. [CrossRef]

Sykes, D.L.; Holdsworth, L.; Jawad, N.; Gunasekera, P.; Morice, A.H.; Crooks, M.G. Post-COVID-19 Symptom Burden: What is
Long-COVID and How Should We Manage It? Lung 2021, 199, 113-119. [CrossRef] [PubMed]

Group, P-C.C.; Evans, R.A.; McAuley, H.; Harrison, E.M.; Shikotra, A.; Singapuri, A.; Sereno, M.; Elneima, O.; Docherty,
A.B.; Lone, N.I; et al. Physical, cognitive and mental health impacts of COVID-19 following hospitalisation—A multi-centre
prospective cohort study. medRxiv 2021. [CrossRef]

Landi, E; Carfi, A.; Benvenuto, F.; Brandi, V.; Ciciarello, F.; Monaco, M.R.L.; Martone, A.M.; Napolitano, C.; Pagano, F.; Paglionico,
A.; et al. Predictive Factors for a New Positive Nasopharyngeal Swab Among Patients Recovered From COVID-19. Am. ].
Prev. Med. 2021, 60, 13-19. [CrossRef] [PubMed]

Arnold, D.T.; Hamilton, E; Milne, A.; Morley, A.]J.; Viner, J.; Attwood, M.; Noel, A.; Gunning, S.; Hatrick, J.; Hamilton, S.; et al.
Patient outcomes after hospitalisation with COVID-19 and implications for follow-up: Results from a prospective UK cohort.
Thorax 2021, 76, 399-401. [CrossRef]


http://doi.org/10.1016/j.pcad.2021.01.004
http://doi.org/10.1136/bmj.m3981
http://doi.org/10.1016/S2666-5247(20)30172-5
http://doi.org/10.1093/cid/ciaa1579
http://doi.org/10.1001/jama.2020.22717
http://doi.org/10.1093/ofid/ofaa509
http://doi.org/10.1016/j.dsx.2020.12.025
http://www.ncbi.nlm.nih.gov/pubmed/33341598
http://doi.org/10.1016/S1473-3099(20)30764-7
http://doi.org/10.1001/jama.2021.5374
http://www.ncbi.nlm.nih.gov/pubmed/33818592
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---24-february-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---24-february-2020
https://www.uptodate.com/contents/coronavirus-disease-2019-covid-19-clinical-features?search=undefined&source=covid19_landing&usage_type=main_section#H4100426989
https://www.uptodate.com/contents/coronavirus-disease-2019-covid-19-clinical-features?search=undefined&source=covid19_landing&usage_type=main_section#H4100426989
https://www.uptodate.com/contents/coronavirus-disease-2019-covid-19-clinical-features?search=undefined&source=covid19_landing&usage_type=main_section#H4100426989
https://www.semg.es/images/2020/Noticias/20201111_Resultados_Encuesta_COVID_Persistente.pdf
https://www.semg.es/images/2020/Noticias/20201111_Resultados_Encuesta_COVID_Persistente.pdf
http://doi.org/10.1101/2020.12.24.20248802
http://doi.org/10.1101/2021.01.27.21250617
http://doi.org/10.1101/2020.12.08.20246025
http://doi.org/10.1101/2021.04.08.21255109
http://doi.org/10.1016/j.jinf.2020.08.029
http://www.ncbi.nlm.nih.gov/pubmed/32853602
http://doi.org/10.1016/S0140-6736(20)32656-8
http://doi.org/10.1001/jamanetworkopen.2020.36142
http://doi.org/10.1007/s00408-021-00423-z
http://www.ncbi.nlm.nih.gov/pubmed/33569660
http://doi.org/10.1101/2021.03.22.21254057
http://doi.org/10.1016/j.amepre.2020.08.014
http://www.ncbi.nlm.nih.gov/pubmed/33041095
http://doi.org/10.1136/thoraxjnl-2020-216086

Int. J. Environ. Res. Public Health 2021, 18, 5329 13 of 16

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Mazza, M.G.; De Lorenzo, R.; Conte, C.; Poletti, S.; Vai, B.; Bollettini, I.; Melloni, EIM.T.; Furlan, R.; Ciceri, F.; Rovere-Querini, P;
et al. Anxiety and depression in COVID-19 survivors: Role of inflammatory and clinical predictors. Brain, Behav. Immun. 2020, 89,
594-600. [CrossRef]

D’Cruz, R.E; Waller, M.D.; Perrin, F,; Periselneris, J.; Norton, S.; Smith, L.-J.; Patrick, T.; Walder, D.; Heitmann, A.; Lee,
K.; et al. Chest radiography is a poor predictor of respiratory symptoms and functional impairment in survivors of severe
COVID-19 pneumonia. ER] Open Res. 2021, 7. [CrossRef]

Daher, A.; Balfanz, P.; Cornelissen, C.; Miiller, A.; Bergs, I.; Marx, N.; Miiller-Wieland, D.; Hartmann, B.; Dreher, M.; Miiller,
T. Follow up of patients with severe coronavirus disease 2019 (COVID-19): Pulmonary and extrapulmonary disease sequelae.
Respir. Med. 2020, 174, 106197. [CrossRef] [PubMed]

Liang, L.; Yang, B.; Jiang, N.; Fu, W.; He, X,; Zhou, Y.; Ma, W.-L.; Wang, X. Three-Month Follow-Up Study of Survivors of
Coronavirus Disease 2019 after Discharge. J. Korean Med. Sci. 2020, 35, e418. [CrossRef]

Weerahandi, H.; Hochman, K.A.; Simon, E.; Blaum, C.; Chodosh, J.; Duan, E.; Garry, K.; Kahan, T.; Karmen-Tuohy, S.L.; Karpel,
H.C,; et al. Post-Discharge Health Status and Symptoms in Patients with Severe COVID-19. medRxiv Prepr. Serv. Health Sci. 2020.
[CrossRef]

Xiong, Q.; Xu, M.; Li, J.; Liu, Y;; Zhang, J.; Xu, Y.; Dong, W. Clinical sequelae of COVID-19 survivors in Wuhan, China:
A single-centre longitudinal study. Clin. Microbiol. Infect. 2021, 27, 89-95. [CrossRef]

Mandal, S.; Barnett, J.; Brill, S.E.; Brown, ].S.; Denneny, E.K.; Hare, S.S.; Heightman, M.; Hillman, T.E.; Jacob, J.; Jarvis, H.C.; et al.
"Long-COVID’: A cross-sectional study of persisting symptoms, biomarker and imaging abnormalities following hospitalisation
for COVID-19. Thorax 2021, 76, 396-398. [CrossRef]

Carfi, A; Bernabei, R.; Landi, F. Persistent symptoms in patients after acute COVID-19. JAMA 2020, 324, 603—605. [CrossRef]
Halpin, S.J.; Mclvor, C.; Whyatt, G.; Adams, A.; Harvey, O.; McLean, L.; Walshaw, C.; Kemp, S.; Corrado, J.; Singh, R.; et al.
Postdischarge symptoms and rehabilitation needs in survivors of COVID-19 infection: A cross-sectional evaluation. J. Med Virol.
2021, 93, 1013-1022. [CrossRef] [PubMed]

Poyraz, B.C.; Poyraz, C.A.; Olgun, Y.; Giirel, O.; Alkan, S,; Ozdemir, Y.E.; Balkan, LL; Karaali, R. Psychiatric morbidity and
protracted symptoms in recovered COVID-19 patients. medRxiv 2020. [CrossRef]

Goértz, YM.; Van Herck, M.; Delbressine, ].M.; Vaes, A.W.; Meys, R.; Machado, F.V.; Houben-Wilke, S.; Burtin, C.; Posthuma, R.;
Franssen, EM.; et al. Persistent symptoms 3 months after a SARS-CoV-2 infection: The post-COVID-19 syndrome? ER] Open Res.
2020, 6, 00542-02020. [CrossRef] [PubMed]

Valiente-De Santis, L.; Pérez-Camacho, I.; Sobrino, B.; Gonzdlez, G.E.; Ruiz-Mesa, ].D.; Plata, A.; Marquez-Goémez, I.; Delgado-
Fernandez, M.; Castafio, M.; Oiiate, E; et al. Clinical and immunoserological status 12 weeks after infection with COVID-19.
medRxiv 2020. [CrossRef]

Tenforde, M.W.; Kim, S.S.; Lindsell, C.J.; Rose, E.B.; Shapiro, N.I; Files, D.C.; Gibbs, K.W.; Erickson, H.L.; Steingrub, J.S.; Smithline,
H.A.; et al. Symptom Duration and Risk Factors for Delayed Return to Usual Health Among Outpatients with COVID-19 in a
Multistate Health Care Systems Network—United States, March—June 2020. MMWR Morb. Mortal. Wkly. Rep. 2020, 69, 993-998.
[CrossRef]

Boscolo-Rizzo, P.; Borsetto, D.; Fabbris, C.; Spinato, G.; Frezza, D.; Menegaldo, A.; Mularoni, F.; Gaudioso, P.; Cazzador, D.;
Marciani, S.; et al. Evolution of Altered Sense of Smell or Taste in Patients With Mildly Symptomatic COVID-19. JAMA Otolaryngol.
Neck Surg. 2020, 146, 729. [CrossRef] [PubMed]

Kamal, M.; Omirah, M.A.; Hussein, A.; Saeed, H. Assessment and characterisation of post-COVID-19 manifestations. Int. |.
Clin. Pract. 2021, 75. [CrossRef]

Dennis, A.; Mbbch, ].A.; Badley, A.D.; Anton, G.; Mbbch, D. Multi-organ impairment in low-risk individuals with long COVID.
medRxiv 2020. [CrossRef]

Carvalho-Schneider, C.; Laurent, E.; Lemaignen, A.; Beaufils, E.; Bourbao-Tournois, C.; Laribi, S.; Flament, T.; Ferreira-Maldent, N.;
Bruyere, F; Stefic, K.; et al. Follow-up of adults with noncritical COVID-19 two months after symptom onset. Clin. Microbiol. Infect.
2021, 27, 258-263. [CrossRef]

Assaf, G.; Davis, H.; McCorkell, L.; Wei, H.; Brooke, N.; Akrami, A.; Low, R.; Mercier, ]. What Does COVID-19 Recovery
Actually Look Like? An Analysis of the Prolonged COVID-19 Symptoms Survey by Patient-Led Research Team. Available online:
www.patientresearchcovid19.com (accessed on 31 January 2021).

Patterson, B.K.; Guevara-Coto, J.; Yogendra, R.; Francisco, E.; Long, E.; Pise, A.; Rodrigues, H.; Parikh, P.; Mora, J.; Mora-
Rodriguez, R.A. Immune-based prediction of COVID-19 severity and chronicity decoded using machine learning. bioRxiv 2020.
[CrossRef]

Chopra, V.; Flanders, S.A.; O’'Malley, M.; Malani, A.N.; Prescott, H.C. Sixty-Day Outcomes Among Patients Hospitalized With
COVID-19. Ann. Intern. Med. 2020. [CrossRef] [PubMed]

Zhang, L.; Richards, A.; Khalil, A.; Wogram, E.; Ma, H.; Jaenisch, R. SARS-CoV-2 RNA reverse-transcribed and integrated into the
human genome 1. bioRxiv 2020. [CrossRef]

Sokolowska, M.; Lukasik, Z.M.; Agache, I.; Akdis, C.A.; Akdis, D.; Akdis, M.; Barcik, W.; Brough, H.A.; Eiwegger, T.; Eljaszewicz,
A.; et al. Immunology of COVID-19: Mechanisms, clinical outcome, diagnostics, and perspectives—A report of the European
Academy of Allergy and Clinical Immunology (EAACI). Allergy 2020, 75, 2445-2476. [CrossRef]


http://doi.org/10.1016/j.bbi.2020.07.037
http://doi.org/10.1183/23120541.00655-2020
http://doi.org/10.1016/j.rmed.2020.106197
http://www.ncbi.nlm.nih.gov/pubmed/33120193
http://doi.org/10.3346/jkms.2020.35.e418
http://doi.org/10.1101/2020.08.11.20172742
http://doi.org/10.1016/j.cmi.2020.09.023
http://doi.org/10.1136/thoraxjnl-2020-215818
http://doi.org/10.1001/jama.2020.12603
http://doi.org/10.1002/jmv.26368
http://www.ncbi.nlm.nih.gov/pubmed/32729939
http://doi.org/10.1101/2020.10.07.20208249
http://doi.org/10.1183/23120541.00542-2020
http://www.ncbi.nlm.nih.gov/pubmed/33257910
http://doi.org/10.1101/2020.10.06.20206060
http://doi.org/10.15585/mmwr.mm6930e1
http://doi.org/10.1001/jamaoto.2020.1379
http://www.ncbi.nlm.nih.gov/pubmed/32614442
http://doi.org/10.1111/ijcp.13746
http://doi.org/10.1101/2020.10.14.20212555
http://doi.org/10.1016/j.cmi.2020.09.052
www.patientresearchcovid19.com
http://doi.org/10.1101/2020.12.16.423122
http://doi.org/10.7326/M20-5661
http://www.ncbi.nlm.nih.gov/pubmed/33175566
http://doi.org/10.1101/2020.12.12.422516
http://doi.org/10.1111/all.14462

Int. J. Environ. Res. Public Health 2021, 18, 5329 14 of 16

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Wang, E.Y.; Mao, T.; Klein, J.; Dai, Y.; Huck, ].D.; Zheng, N.S.; Zhou, T.; Israelow, B.; Wong, P.; Lucas, C. Diverse Functional
Autoantibodies in Patients with COVID-19. medRxiv 2020. [CrossRef]

Jin, Y,; Ji, W,; Yang, H.; Chen, S.; Zhang, W.; Duan, G. Endothelial activation and dysfunction in COVID-19: From basic
mechanisms to potential therapeutic approaches. Signal Transduct. Target. Ther. 2020, 5, 1-13. [CrossRef]

Torres-Castro, R.; Vasconcello-Castillo, L.; Alsina-Restoy, X.; Solis-Navarro, L.; Burgos, F.; Puppo, H.; Vilaro, J. Respiratory
function in patients post-infection by COVID-19: A systematic review and meta-analysis. Pulmonology 2020. [CrossRef]

Xiao, S.; Luo, D.; Xiao, Y. Survivors of COVID-19 are at high risk of posttraumatic stress disorder. Glob. Health Res. Policy 2020, 5,
29. [CrossRef]

Wang, Y.; Shi, L.; Que, J.; Lu, Q.; Liu, L.; Lu, Z,; Xu, Y; Liu, J.; Sun, Y.; Meng, S.; et al. The impact of quarantine on mental health
status among general population in China during the COVID-19 pandemic. Mol. Psychiatry 2021, 1-10. [CrossRef]

Kumar, S.; Veldhuis, A.; Malhotra, T. Neuropsychiatric and Cognitive Sequelae of COVID-19. Front. Psychol. 2021, 12, 577529.
[CrossRef]

Dani, M.; Dirksen, A.; Taraborrelli, P.; Torocastro, M.; Panagopoulos, D.; Sutton, R.; Lim, P.B. Autonomic dysfunction in ‘long
COVID': Rationale, physiology and management strategies. Clin. Med. 2021, 21, e63-e67. [CrossRef] [PubMed]

Search of: COVID-19—List Results—ClinicalTrials.gov. Available online: https://www.clinicaltrials.gov/ct2/results?cond=
COVID-19 (accessed on 7 November 2020).

U.S. Department of Health and Human Services. Physical Activity Guidelines for Americans, 2nd ed.; Department of Health and
Human Services: Washington, DC, USA, 2018. [CrossRef]

Campbell, J.P,; Turner, ].E. Debunking the Myth of Exercise-Induced Immune Suppression: Redefining the Impact of Exercise on
Immunological Health Across the Lifespan. Front. Immunol. 2018, 9, 648. [CrossRef]

Sagma, M.; Geiger, H. Exercise generates immune cells in bone. Nat. Cell Biol. 2021, 591, 371-372. [CrossRef]

Scheffer, D.D.L.; Latini, A. Exercise-induced immune system response: Anti-inflammatory status on peripheral and central
organs. BBA Mol. Basis Dis. 2020, 1866, 165823. [CrossRef]

Casuso, R.A.; Huertas, ].R. Mitochondrial Functionality in Inflammatory Pathology-Modulatory Role of Physical Activity. Life
2021, 11, 61. [CrossRef]

Padilha, C.S.; Figueiredo, C.; Minuzzi, L.G.; Chimin, P.; Deminice, R.; Kriiger, K.; Rosa-Neto, ].C.; Lira, E.S. Immunometabolic
responses according to physical fitness status and lifelong exercise during aging: New roads for exercise immunology.
Ageing Res. Rev. 2021, 68, 101341. [CrossRef] [PubMed]

Duggal, N.A.; Niemiro, G.; Harridge, S.D.R.; Simpson, R.J.; Lord, ].M. Can physical activity ameliorate immunosenescence and
thereby reduce age-related multi-morbidity? Nat. Rev. Immunol. 2019, 19, 563-572. [CrossRef] [PubMed]

Sharif, K.; Watad, A.; Bragazzi, N.L.; Lichtbroun, M.; Amital, H.; Shoenfeld, Y. Physical activity and autoimmune diseases: Get
moving and manage the disease. Autoimmun. Rev. 2018, 17, 53-72. [CrossRef]

Metcalfe, R.S.; Kemp, R.; Heffernan, SM.; Churm, R.; Chen, Y.-C; Ruffino, ].S.; Conway, G.E.; Tornillo, G.; Orange, S.T.
Anti-carcinogenic effects of exercise-conditioned human serum: Evidence, relevance and opportunities. Graefe’s Arch. Clin.
Exp. Ophthalmol. 2021, 1-18. [CrossRef]

Valenzuela, P.L.; Simpson, R.J.; Castillo-Garcia, A.; Lucia, A. Physical activity: A coadjuvant treatment to COVID-19 vaccination?
Brain Behav. Immun. 2021, 94, 1-3. [CrossRef]

Chastin, S.FEM.; Abaraogu, U.; Bourgois, ].G.; Dall, PM.; Darnborough, J.; Duncan, E.; Dumortier, J.; Pavon, D.J.; McParland, J.;
Roberts, N.J.; et al. Effects of Regular Physical Activity on the Immune System, Vaccination and Risk of Community-Acquired
Infectious Disease in the General Population: Systematic Review and Meta-Analysis. Sports Med. 2021, 1-14. [CrossRef]
Cooper, D.M.,; Radom-Aizik, S.; Schwindt, C.; Zaldivar, F. Dangerous exercise: Lessons learned from dysregulated inflammatory
responses to physical activity. J. Appl. Physiol. 2007, 103, 700-709. [CrossRef] [PubMed]

Liao, P.; He, Q.; Zhou, X.; Ma, K.; Wen, J.; Chen, H.; Li, Q.; Qin, D.; Wang, H. Repetitive Bouts of Exhaustive Exercise Induces a
Systemic Inflammatory Response and Multi-Organ Damage in Rats. Front. Physiol. 2020, 11, 685. [CrossRef] [PubMed]
Flockhart, M.; Nilsson, L.C.; Tais, S.; Ekblom, B.; Apr6, W.; Larsen, E]J. Excessive exercise training causes mitochondrial functional
impairment and decreases glucose tolerance in healthy volunteers. Cell Metab. 2021, 33, 957-970.e6. [CrossRef]

Osthoff, A K.R.; Niedermann, K.; Braun, J.; Adams, J.; Brodin, N.; Dagfinrud, H.; Duruoz, T.; Esbensen, B.A.; Guinther, K.-P;
Hurkmans, E.; et al. 2018 EULAR recommendations for physical activity in people with inflammatory arthritis and osteoarthritis.
Ann. Rheum. Dis. 2018, 77, 1251-1260. [CrossRef]

Hilberdink, B.; Vlieland, T.V.; Van Der Giesen, E; Van Gaalen, F.; Goekoop, R.; Peeters, A.; Fiocco, M.; Van Weely, S. Adequately
dosed aerobic physical activity in people with axial spondyloarthritis: Associations with physical therapy. Rheumatol. Int. 2020,
40, 1519-1528. [CrossRef]

Pecanha, T.; Bannell, D.; Sieczkowska, S.M.; Goodson, N.; Roschel, H.; Sprung, V.S.; Low, D.A. Effects of physical activity on
vascular function in autoimmune rheumatic diseases: A systematic review and meta-analysis. Rheumatology 2021. [CrossRef]
Bidonde, J.; Busch, A.].; Schachter, C.L.; Webber, S.C.; Musselman, K.E.; Overend, T.J.; Gées, S.M.; Bello-Haas, V.D.; Boden, C.
Mixed exercise training for adults with fibromyalgia. Cochrane Database Syst. Rev. 2019, 5, CD013340. [CrossRef]

De Asteasu, M.L.S.; Martinez-Velilla, N.; Zambom-Ferraresi, F.; Ramirez-Vélez, R.; Garcia-Hermoso, A.; Cadore, E.L.; Casas-
Herrero, A.; Galbete, A.; Izquierdo, M. Changes in muscle power after usual care or early structured exercise intervention in
acutely hospitalized older adults. ]. Cachex. Sarcopenia Muscle 2020, 11, 997-1006. [CrossRef]


http://doi.org/10.1101/2020.12.10.20247205
http://doi.org/10.1038/s41392-020-00454-7
http://doi.org/10.1016/j.pulmoe.2020.10.013
http://doi.org/10.1186/s41256-020-00155-2
http://doi.org/10.1038/s41380-021-01019-y
http://doi.org/10.3389/fpsyg.2021.577529
http://doi.org/10.7861/clinmed.2020-0896
http://www.ncbi.nlm.nih.gov/pubmed/33243837
ClinicalTrials.gov
https://www.clinicaltrials.gov/ct2/results?cond=COVID-19
https://www.clinicaltrials.gov/ct2/results?cond=COVID-19
http://doi.org/10.1249/fit.0000000000000472
http://doi.org/10.3389/fimmu.2018.00648
http://doi.org/10.1038/d41586-021-00419-y
http://doi.org/10.1016/j.bbadis.2020.165823
http://doi.org/10.3390/life11010061
http://doi.org/10.1016/j.arr.2021.101341
http://www.ncbi.nlm.nih.gov/pubmed/33839332
http://doi.org/10.1038/s41577-019-0177-9
http://www.ncbi.nlm.nih.gov/pubmed/31175337
http://doi.org/10.1016/j.autrev.2017.11.010
http://doi.org/10.1007/s00421-021-04680-x
http://doi.org/10.1016/j.bbi.2021.03.003
http://doi.org/10.1007/s40279-021-01466-1
http://doi.org/10.1152/japplphysiol.00225.2007
http://www.ncbi.nlm.nih.gov/pubmed/17495117
http://doi.org/10.3389/fphys.2020.00685
http://www.ncbi.nlm.nih.gov/pubmed/32655413
http://doi.org/10.1016/j.cmet.2021.02.017
http://doi.org/10.1136/annrheumdis-2018-213585
http://doi.org/10.1007/s00296-020-04637-x
http://doi.org/10.1093/rheumatology/keab094
http://doi.org/10.1002/14651858.CD013340
http://doi.org/10.1002/jcsm.12564

Int. J. Environ. Res. Public Health 2021, 18, 5329 15 of 16

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Cadore, E.L.; Pinto, R.S.; Bottaro, M.; Izquierdo, M. Strength and endurance training prescription in healthy and frail elderly.
Aging Dis. 2014, 5, 183-195. [CrossRef] [PubMed]

Martinez-Velilla, N.; Casas-Herrero, A.; Zambom-Ferraresi, F.; De Asteasu, M.L.S.; Lucia, A.; Galbete, A.; Garcia-Baztan, A.;
Alonso-Renedo, J.; Gonzalez-Glaria, B.; Gonzalo-Lazaro, M.; et al. Effect of Exercise Intervention on Functional Decline in Very
Elderly Patients During Acute Hospitalization. JAMA Intern. Med. 2019, 179, 28-36. [CrossRef]

Courel-Ibafiez, J.; Pallarés, ].G.; Garcia-Conesa, S.; Buendia-Romero, A.; Martinez-Cava, A.; Izquierdo, M. Supervised Exercise
(Vivifrail) Protects Institutionalized Older Adults Against Severe Functional Decline After 14 Weeks of COVID Confinement.
J. Am. Med Dir. Assoc. 2021, 22, 217-219.e2. [CrossRef] [PubMed]

Maestroni, L.; Read, P.; Bishop, C.; Papadopoulos, K.; Suchomel, T.J.; Comfort, P; Turner, A. The Benefits of Strength Training on
Musculoskeletal System Health: Practical Applications for Interdisciplinary Care. Sports Med. 2020, 50, 1431-1450. [CrossRef]
Vieira, A.F.; Umpierre, D.; Teodoro, J.L.; Lisboa, S.C.; Baroni, B.M.; Izquierdo, M.; Cadore, E.L. Effects of Resistance Training
Performed to Failure or Not to Failure on Muscle Strength, Hypertrophy, and Power Output: A Systematic Review With
Meta-Analysis. J. Strength Cond. Res. 2021, 35, 1165-1175. [CrossRef] [PubMed]

Grgic, J.; Schoenfeld, B.J. Higher effort, rather than higher load, for resistance exercise-induced activation of muscle fibres.
J. Physiol. 2019, 597, 4691-4692. [CrossRef]

Schoenfeld, B.J.; Contreras, B.; Krieger, J.; Grgic, J.; Delcastillo, K.; Belliard, R.; Alto, A. Resistance Training Volume Enhances
Muscle Hypertrophy but Not Strength in Trained Men. Med. Sci. Sports Exerc. 2019, 51, 94-103. [CrossRef]

Bilberg, A.; Sveaas, S.H.; Dagfinrud, H.; Mannerkorpi, K. How Do Patients With Axial Spondyloarthritis Experience High-
Intensity Exercise? ACR Open Rheumatol. 2020, 2, 207-213. [CrossRef]

O’Brien, C.M.; Ntoumanis, N.; Duda, J.L.; Kitas, G.D.; van Zanten, ].].C.S.V.; Metsios, G.S.; Fenton, S.A.M. Pain and fatigue
are longitudinally and bi-directionally associated with more sedentary time and less standing time in rheumatoid arthritis.
Rheumatology 2021, 1-10. [CrossRef]

Van Zanten, J.J.V.; Fenton, S.A.; Rouse, P.C.; Ntoumanis, N.; Osailan, A.; Yu, C.-A.; Metsios, G.S.; Kitas, G.D.; Duda,
J.L. Autonomous motivation, cardiorespiratory fitness, and exercise in rheumatoid arthritis: Randomised controlled trial.
Psychol. Sport Exerc. 2021, 101904, 101904. [CrossRef]

Dowman, L.; Hill, C.J.; May, A.; Holland, A.E. Pulmonary rehabilitation for interstitial lung disease. Cochrane Database Syst. Rev.
2021. [CrossRef] [PubMed]

McCarthy, B.; Casey, D.; DeVane, D.; Murphy, K.; Murphy, E.; Lacasse, Y. Pulmonary rehabilitation for chronic obstructive
pulmonary disease. Cochrane Database Syst. Rev. 2015, 2, CD003793. [CrossRef] [PubMed]

Lindenauer, PK.; Stefan, M.S.; Pekow, P.S.; Mazor, KM.; Priya, A.; Spitzer, K.A.; Lagu, T.C.; Pack, Q.R.; Pinto-Plata, V.M,;
ZuWallack, R. Association between Initiation of Pulmonary Rehabilitation after Hospitalization for COPD and 1-Year Survival
among Medicare Beneficiaries. JAMA 2020, 323, 1813-1823. [CrossRef]

Sawyer, A.; Cavalheri, V.; Hill, K. Effects of high intensity interval training on exercise capacity in people with chronic pulmonary
conditions: A narrative review. BMC Sports Sci. Med. Rehabil. 2020, 12, 1-10. [CrossRef]

Greulich, T.; Kehr, K.; Nell, C.; Koepke, J.; Haid, D.; Koehler, U.; Koehler, K; Filipovic, S.; Kenn, K.; Vogelmeier, C.; et al. A
randomized clinical trial to assess the influence of a three months training program (Gym-based individualized vs. Calisthenics-
based non-invidualized) in COPD-patients. Respir. Res. 2014, 15, 36. [CrossRef] [PubMed]

Nyberg, A.; Martin, M.; Saey, D.; Milad, N.; Patoine, D.; Morissette, M.C.; Auger, D.; Stal, P.; Maltais, F. Effects of Low-Load /High-
Repetition Resistance Training on Exercise Capacity, Health Status, and Limb Muscle Adaptation in Patients With Severe COPD.
Chest 2021, 159, 1821-1832. [CrossRef] [PubMed]

Alcazar, J.; Losa-Reyna, J.; Rodriguez-Lopez, C.; Navarro-Cruz, R.; Alfaro-Acha, A.; Ara, I.; Garcia-Garcia, EJ.; Alegre, L.M.;
Guadalupe-Grau, A. Effects of concurrent exercise training on muscle dysfunction and systemic oxidative stress in older people
with COPD. Scand. ]. Med. Sci. Sports 2019, 29, 1591-1603. [CrossRef] [PubMed]

Guadalupe-Grau, A.; Aznar-Lain, S.; Mafias, A.; Castellanos, J.; Alcazar, |.; Ara, I.; Mata, E.; Daimiel, R.; Garcia-Garcia, FJ. Short-
and Long-Term Effects of Concurrent Strength and HIIT Training in Octogenarians with COPD. J. Aging Phys. Act. 2017, 25,
105-115. [CrossRef]

Liu, K.; Zhang, W.; Yang, Y.; Zhang, J.; Li, Y,; Chen, Y. Respiratory rehabilitation in elderly patients with COVID-19: A randomized
controlled study. Complement. Ther. Clin. Pract. 2020, 39, 101166. [CrossRef]

Desveaux, L.; Janaudis-Ferreira, T.; Goldstein, R.; Brooks, D. An International Comparison of Pulmonary Rehabilitation:
A Systematic Review. COPD: J. Chronic Obstr. Pulm. Dis. 2014, 12, 144-153. [CrossRef]

Pinckard, K.; Baskin, K.K,; Stanford, K.I. Effects of Exercise to Improve Cardiovascular Health. Front. Cardiovasc. Med. 2019, 6, 69.
[CrossRef] [PubMed]

Thomas, R.J.; Balady, G.; Banka, G.; Beckie, TM.; Chiu, J.; Gokak, S.; Ho, PM.; Keteyian, S.J.; King, M.; Lui, K,; et al.
2018 ACC/AHA Clinical Performance and Quality Measures for Cardiac Rehabilitation: A Report of the American College
of Cardiology/American Heart Association Task Force on Performance Measures. |. Am. Coll. Cardiol. 2018, 71, 1814-1837.
[CrossRef] [PubMed]

Candelaria, D.; Randall, S.; Ladak, L.; Gallagher, R. Health-related quality of life and exercise-based cardiac rehabilitation in
contemporary acute coronary syndrome patients: A systematic review and meta-analysis. Qual. Life Res. 2020, 29, 579-592.
[CrossRef] [PubMed]


http://doi.org/10.14336/AD.2014.0500183
http://www.ncbi.nlm.nih.gov/pubmed/24900941
http://doi.org/10.1001/jamainternmed.2018.4869
http://doi.org/10.1016/j.jamda.2020.11.007
http://www.ncbi.nlm.nih.gov/pubmed/33296679
http://doi.org/10.1007/s40279-020-01309-5
http://doi.org/10.1519/JSC.0000000000003936
http://www.ncbi.nlm.nih.gov/pubmed/33555822
http://doi.org/10.1113/JP278627
http://doi.org/10.1249/MSS.0000000000001764
http://doi.org/10.1002/acr2.11128
http://doi.org/10.1093/rheumatology/keab029
http://doi.org/10.1016/j.psychsport.2021.101904
http://doi.org/10.1002/14651858.CD006322.pub3
http://www.ncbi.nlm.nih.gov/pubmed/25284270
http://doi.org/10.1002/14651858.CD003793.pub3
http://www.ncbi.nlm.nih.gov/pubmed/25705944
http://doi.org/10.1001/jama.2020.4437
http://doi.org/10.1186/s13102-020-00167-y
http://doi.org/10.1186/1465-9921-15-36
http://www.ncbi.nlm.nih.gov/pubmed/24666558
http://doi.org/10.1016/j.chest.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33316237
http://doi.org/10.1111/sms.13494
http://www.ncbi.nlm.nih.gov/pubmed/31169924
http://doi.org/10.1123/japa.2015-0307
http://doi.org/10.1016/j.ctcp.2020.101166
http://doi.org/10.3109/15412555.2014.922066
http://doi.org/10.3389/fcvm.2019.00069
http://www.ncbi.nlm.nih.gov/pubmed/31214598
http://doi.org/10.1016/j.jacc.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29606402
http://doi.org/10.1007/s11136-019-02338-y
http://www.ncbi.nlm.nih.gov/pubmed/31691204

Int. J. Environ. Res. Public Health 2021, 18, 5329 16 of 16

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Spruit, M.A.; Rochester, C.L.; Pitta, F.; Kenn, K.; Schols, A.M.; Hart, N.; Wouters, E.F; Nava, S.; Dreher, M.; Janssen, D.J.; et al.
Pulmonary rehabilitation, physical activity, respiratory failure and palliative respiratory care. Thorax 2019, 74, 693—699. [CrossRef]
Whelton, PK.; Carey, R.M.; Aronow, W.S.; Casey, D.E.; Collins, K.J.; Himmelfarb, C.D.; DePalma, S.M.; Gidding, S.; Jamerson,
K.A.; Jones, D.W,; et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ ASH/ASPC/NMA /PCNA guideline for the
prevention, detection, evaluation, and management of high blood pressure in adults a report of the American College of
Cardiology/American Heart Association Task Force on Clinical pr. Hypertension 2018, 71, E13-E115. [CrossRef] [PubMed]
Pedralli, M.L.; Marschner, R.A.; Kollet, D.P.; Neto, S.G.; Eibel, B.; Tanaka, H.; Lehnen, A.M. Different exercise training modalities
produce similar endothelial function improvements in individuals with prehypertension or hypertension: A randomized clinical
trial. Sci. Rep. 2020, 10, 1-9. [CrossRef] [PubMed]

Pelliccia, A.; Sharma, S.; Gati, S.; Back, M.; Borjesson, M.; Caselli, S. 2020 ESC Guidelines on sports cardiology and exercise in
patients with cardiovascular disease. Eur. Heart J. 2020, 42, 17-96. [CrossRef]

Vina, ].; Sanchis-Gomar, F.; Martinez-Bello, V.; Gomez-Cabrera, M.C. Exercise acts as a drug; the pharmacological benefits of
exercise. Br. . Pharmacol. 2012, 167, 1-12. [CrossRef]

Chen, Z.; Lan, W,; Yang, G.; Li, Y.; Ji, X;; Chen, L.; Zhou, Y.; Li, S. Exercise Intervention in Treatment of Neuropsychological
Diseases: A Review. Front. Psychol. 2020, 11, 569206. [CrossRef]

Marques-Aleixo, I.; Beleza, J.; Sampaio, A.; Stevanovig, J.; Coxito, P.; Gongalves, I.; Ascensao, A.; Magalhaes, J. Preventive and
Therapeutic Potential of Physical Exercise in Neurodegenerative Diseases. Antioxid. Redox Signal. 2021, 34, 674-693. [CrossRef]
[PubMed]

Jia, R.-X,; Liang, J.-H.; Xu, Y.; Wang, Y.-Q. Effects of physical activity and exercise on the cognitive function of patients with
Alzheimer disease: A meta-analysis. BMC Geriatr. 2019, 19, 1-14. [CrossRef]

Fu, Q.; Levine, B.D. Exercise in the postural orthostatic tachycardia syndrome. Auton. Neurosci. 2015, 188, 86-89. [CrossRef]
[PubMed]

Fu, Q.; VanGundy, T.B.; Shibata, S.; Auchus, R.J.; Williams, G.H.; Levine, B.D. Exercise Training Versus Propranolol in the
Treatment of the Postural Orthostatic Tachycardia Syndrome. Hypertension 2011, 58, 167-175. [CrossRef] [PubMed]

Eory, A.; Békési, D.; Rozsa, S. Physical Exercise as a Resilience Factor to Mitigate COVID-Related Allostatic Overload.
Psychother. Psychosom. 2021, 90, 200-206. [CrossRef] [PubMed]

Courel-Ibafiez, J.; Martinez-Cava, A.; Moran-Navarro, R.; Escribano-Penas, P.; Chavarren-Cabrero, J.; Gonzalez-Badillo, J.J.;
Pallarés, J.G. Reproducibility and Repeatability of Five Different Technologies for Bar Velocity Measurement in Resistance
Training. Ann. Biomed. Eng. 2019, 47, 1523-1538. [CrossRef] [PubMed]

Pallarés, ].G.; Cava, A.M.; Courel-Ibafiez, J.; Gonzalez-Badillo, ].J.; Moran-Navarro, R. Full squat produces greater neuromuscular
and functional adaptations and lower pain than partial squats after prolonged resistance training. Eur. J. Sport Sci. 2020, 20,
115-124. [CrossRef]

Martinez-Cava, A.; Hernandez-Belmonte, A.; Courel-Ibafiez, J.; Conesa-Ros, E.; Moran-Navarro, R.; Pallarés, J.G. Effect of Pause
Versus Rebound Techniques on Neuromuscular and Functional Performance After a Prolonged Velocity-Based Training. Int. J.
Sports Physiol. Perform. 2021, 1, 1-7. [CrossRef]

Moran-Navarro, R.; Courel-Ibafiez, J.; Martinez-Cava, A.; Conesa-Ros, E.; Sanchez-Pay, A.; Mora-Rodriguez, R.; Pallarés, J.G.
Validity of Skin, Oral and Tympanic Temperatures During Exercise in the Heat: Effects of Wind and Sweat. Ann. Biomed. Eng.
2019, 47, 317-331. [CrossRef]

Rodrigo-Carranza, V.; Gonzélez-Mohino, F.; Turner, A.P.; Rodriguez-Barbero, S.; Gonzalez-Ravé, ]. M. Using a Portable Near-
infrared Spectroscopy Device to Estimate The Second Ventilatory Threshold. Int. |. Sports Med. 2021. [CrossRef]
Molina-Molina, A.; Ruiz-Malagon, E.J.; Carrillo-Pérez, F.; Roche-Seruendo, L.E.; Damas, M.; Banos, O.; Garcia-Pinillos, F.
Validation of mDurance, a Wearable Surface Electromyography System for Muscle Activity Assessment. Front. Physiol. 2020, 11,
11. [CrossRef]

Rigamonti, L.; Albrecht, U.-V,; Lutter, C.; Tempel, M.; Wolfarth, B.; Back, D.A. Potentials of Digitalization in Sports Medicine.
Curr. Sports Med. Rep. 2020, 19, 157-163. [CrossRef] [PubMed]


http://doi.org/10.1136/thoraxjnl-2018-212044
http://doi.org/10.1161/HYP.0000000000000065
http://www.ncbi.nlm.nih.gov/pubmed/29133356
http://doi.org/10.1038/s41598-020-64365-x
http://www.ncbi.nlm.nih.gov/pubmed/32376984
http://doi.org/10.1093/eurheartj/ehaa605
http://doi.org/10.1111/j.1476-5381.2012.01970.x
http://doi.org/10.3389/fpsyg.2020.569206
http://doi.org/10.1089/ars.2020.8075
http://www.ncbi.nlm.nih.gov/pubmed/32159378
http://doi.org/10.1186/s12877-019-1175-2
http://doi.org/10.1016/j.autneu.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25487551
http://doi.org/10.1161/HYPERTENSIONAHA.111.172262
http://www.ncbi.nlm.nih.gov/pubmed/21690484
http://doi.org/10.1159/000514331
http://www.ncbi.nlm.nih.gov/pubmed/33691321
http://doi.org/10.1007/s10439-019-02265-6
http://www.ncbi.nlm.nih.gov/pubmed/30980292
http://doi.org/10.1080/17461391.2019.1612952
http://doi.org/10.1123/ijspp.2020-0348
http://doi.org/10.1007/s10439-018-02115-x
http://doi.org/10.1055/a-1343-2127
http://doi.org/10.3389/fphys.2020.606287
http://doi.org/10.1249/JSR.0000000000000704
http://www.ncbi.nlm.nih.gov/pubmed/32282462

	Introduction 
	Definition of the Post-COVID-19 Syndrome 
	Clinical Manifestations of Post-COVID-19 Syndrome 

	Physiopathology of the Post-COVID-19 Syndrome 
	Immune System 
	Cardiopulmonary Sequelae 
	Neurological and Biopsychosocial Disturbances 

	Treatment of the Post-COVID-19 Syndrome 
	The Potential Role of Exercise in Post-COVID-19 Syndrome 
	Exercise Is Beneficial for Immunological Health 
	Exercise Helps to Manage and Mitigate Physical Syndromes 
	Exercise Is an Effective Treatment for Pulmonary Complications 
	Exercise Improves Cardiovascular Health 
	Exercise Stimulates Brain Plasticity and Increases Psychological Well-Being 
	The role of Advanced Training Methods for Health 

	Concluding Remarks 
	References

