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A B S T R A C T

The purpose of this article is to provide a follow-up review of the impact of the SARS-CoV-2 Disease or Coro-
navirus Disease 2019 (COVID-19) pandemic on human health and the role of physical activity (PA) during the 5-
year pandemic. We aim to cover the immune system, the cardiopulmonary system, the musculoskeletal system, 
and the central nervous system (brain function), particularly among older adults, college students, and in-
dividuals with post-acute sequelae of COVID-19 (Long-COVID). The COVID-19 pandemic has given us many 
lessons, learned from the death of six million lives and tremendous disturbance to human life. First, we need to 
continue to investigate cellular and molecular mechanisms that mediate various organistic failures resulting from 

the viral infection. Such investigations are the only way to completely understand the etiology of the diseases and 
to develop new drugs and vaccines. The molecular pathways that transmit the signals of viral infection to each 
organ system are different requiring both basic and clinical research. Available evidence suggests that mito-
chondrial dysfunction, reduced microcirculation and latent immune activation play a major role, eventually 
impairing cardiovascular tolerance and peripheral bioenergetics. Second, the COVID-19 pandemic has man-
ifested major disturbances to human lifestyles with reduced PA and exercise standing out as a major factor. 
Conversely, physical inactivity due to social confinement and mental/psychological stresses has been clearly 
linked to intensified pathogenic symptoms and amplification of adverse effects on multiple physiological sys-
tems. If not intervened, this interaction can lead to Long-COVID, a dangerous futile circle to cause systemic 
failure. Finally, the COVID-19 pandemic has exerted differential impacts on different populations. Thus, the 
strategy to develop and conduct to cope with the negativity of pandemic needs to be specific, flexible and tailored 
to fit different patient populations.
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1. Introduction

Since the publication of our first paper on Sport Medicine and Health 
Science in 2020, 1 which cautioned against a potential second-waive health 
hazard due to physical inactivity resulting from quarantine during 
SARS-CoV-2 Disease or Coronavirus Disease 2019 (COVID-19) develop-
ment, great attention has been paid to the role and benefit of exercise in 
dealing with the pandemic. A total of 10 000 articles has been published 
on this subject since 2000 based on PubMed database alone. Despite 
intense research, vaccine development and clinical practices in its pre-
vention and treatment, COVID-19 virus remains a major threat to human 
health and wellbeing worldwide. Over the past five years, it has become 
increasingly clear that COVID-19 not only can cause major adverse effects 
on organs and tissues, leading to several well-defined acute and chronic 
diseases, but can also negatively influence people's motor behavior, levels 
of habitual physical activity (PA), susceptibility to viral infection, eating 
and nutritional patterns, and psychological status. For example, it is re-
ported that 35% of patients have not returned to pre-COVID-19 PA levels 
one year after infection. 2 The percentage reduction in total daily PA 
among children and adolescents from before to during COVID-19 was
− 20%. 3 The changes were larger for higher-intensity activities (− 32%; 
range − 44% to − 16%), corresponding to a 17-minute (min) reduction in 
children's daily moderate-to-vigorous PA. Furthermore, the pandemic 
caused a negative impact on special populations such as black individuals, 
cigarette smokers, the obese, and low-income people in the United States. 4 

No evidence exists that moderate to vigorous PA may reduce the odds of 
contracting SARS-CoV-2 infection, hospitalization, and mortality due to 
COVID-19 compared to no PA. Especially, when METs ≥ 500 min/week 
expenditures were linked to decreased morbidity and mortality of 
COVID-19 5 Being physically active before and immediately after a severe 
infection episode substantially lowers the risk of developing post-acute 
sequelae of COVID-19 (Long-COVID). 6

While most research on the relationship of PA and COVID-19 caused 
health issues has been focused on behavior changes, a significant portion 
of studies have addressed specific physiological consequences due to 
reduced PA, such as the immune system, 7 cardiac complications, 8 

neurological disorders, 9 diabetes, 10 and mental health. 11 The aged 
population is particularly vulnerable to viral infection and systemic 
damage. Organs and cells harboring angiotensin-converting enzyme 2 
(ACE2) surface receptors are the primary targets of the SARS-Cov-2 
virus; however, once entering the body through the respiratory

system, the virus spreads hematogenously to infect other body organs. 12 

In addition, the emergence of individual studies revealing molecular 
mechanisms underlying Covid virus-induced cellular changes such as 
endocrine-inflammatory responses, 13 mitochondrial dysfunction. 14,15 

Overall, a paucity of data exists investigating cellular mechanisms un-
derlying adverse effects caused by sedentary behavior due to COVID-19 
pandemic.

The goal of this review is to provide a 5-year retrospect on various 
physiological fields potentially affected by insufficient PA and exercise. 
Original authors were called upon to update his/her points of view since 
the last review. Invariably, they provided new perspectives on our un-
derstanding of the viral impact on the systems and areas of effort in 
which we need to defeat the pandemic.

2. Role of the immune system

Since the outset of the pandemic, numerous studies have been pub-
lished analyzing the association between PA and exercise and outcomes 
related to COVID-19 infection. Perhaps the most significant of these 
outcomes are work performed by Sallis and colleagues who leveraged 
Kaiser Permanente electronic health records and their Exercise Vital 
Sign (EVS) self-report data on PA levels. 16 EVS was shown to have good 
validity with accelerometry data, 17 and minutes per week of 
moderate-vigorous PA is used to calculate PA categories.

Using a retrospective cohort study with 48 440 adults, Sallis et al. 
found that patients with COVID-19 who were physically inactive had a 
higher risk for hospitalization (odds ratio 2.3x), admission to the ICU 
(odds ratio 1.7x), and death (odds ratio 2.5x) when compared to those 
meeting recommended PA guidelines ≥ 150 min per week. 18 Benefits, 
even for those individuals engaging in some PA (11–149 min per week) 
compared to those individuals that did not. In a longer (17 vs 10 mos) 
and larger (194 191 patients) follow-up study from this same group. 
Young et al. found that PA-COVID-19 outcome associations were 
consistent across demographic (race/ethnicity, age, BMI, smoking) and 
chronic disease subgroups (diabetes, cardiovascular, renal, cancer, hy-
pertension). 16 COVID-19 vaccinations were just becoming available 
during the latter part of this study, so differences as to whether PA 
improved outcomes among vaccinated individuals were made. These 
findings were corroborated by Munoz-Vergara et al. who found that 
among 61 557 patients, those individuals that adhered to PA guidelines 
pre-pandemic had lower odds of developing or being hospitalized for 
COVID-19. 19 Important to note is that a smaller (n = 209) cohort study 
in Brazil found that PA was not associated with hospital length of stay or 
other clinically relevant outcomes. 20

These largely intriguing findings raise the question ‘What is it about 
physical activity that promotes better COVID-19 infection outcomes?’ The 
question is difficult to address but is likely either a direct effect of PA on 
the immune system or an indirect effect of PA in preventing and treating 
chronic conditions like diabetes, obesity, hypertension, and cardiovas-
cular disease that seem to put people at risk for poorer COVID-19 out-
comes, or both. This section will explore the former, whether PA affects 
immune functioning.

To better understand whether PA provides a protective effect 
through improving immune function, an understanding of the immune 
response to COVID-19 infection is needed. The COVID-19 spike protein 
interacts with the host ACE-2 receptor and transmembrane serine pro-
tease 2 for the entry of SARS-CoV-2 into the cell cytosol. Initial COVID-
19 infection and tropism largely occur in nasal epithelial cells and lung 
tissue where both proteins are heavily co-expressed. 21,22 Upon infection, 
various Toll-like receptors (TLRs), Retinoic acid-inducible gene-I-like 
receptors (RIG-1)-like receptors, or complement proteins recognize the 
SARS-CoV-2 envelope protein, RNA, or spike protein and initiate the 
innate immune response. 23 In ideal conditions, this recognition quickly 
initiates proinflammatory cytokine (tumor necrosis factor-alpha 
[TNF-α] and interleukin-1 [IL-1]) and interferon [IFN] release by 
infected cells and immune cells such as macrophages, dendritic cells,

List of abbreviations

ACE2 Angiotensin-converting enzyme 2 
APCs Antigen presenting cells 
BDNF Brain-derived neurotrophic factors 
PA Physical activity
EVS Exercise vital sign
HIIT High-intensity interval training 
IFN Interferon
IL-1 Interleukin-1
IL-6, IL-1β, IL-8 Interleukins
MHC Major histocompatibility complex
_ VO 2 max Maximal oxygen consumption
MACs Membrane attack complexes 
NK Natural killer
Long-COVID Post-acute sequelae of COVID-19
POTS Postural orthostatic tachycardia syndrome
RIG-1 Retinoic acid-inducible gene-I-like receptors
COVID-19 SARS-CoV-2 Disease or Coronavirus Disease 2019
TLRs Toll-like receptors
TNF-α Tumor necrosis factor-alpha
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and natural killer (NK) cells and implements various antiviral defenses 
such as granulocyte recruitment, killing/death of infected cells, and the 
formation of various antiviral factors such as membrane attack com-
plexes (MACs) to lyse viral particles and limit viral replication. 
Concurrently, this signaling cascade recruits antigen presenting cells 
(APCs) such as dendritic cells, macrophages, and B cells to initiate the 
adaptive immune response consisting of cytolytic T CD8 + cells and 
antibody-producing B cells. To initiate the adaptive response, recruited 
APCs endocytose viral antigen for proteolytic processing and formation 
of a major histocompatibility complex (MHC) class I and II. 24 MHC I is 
presented along with other APC intrinsic co-stimulators to CD8 + T cells, 
promoting their activation and virus specific cytotoxicity. 25 MHC II is 
introduced to CD4 + or helper T cells, which traffic to lymph tissue to 
promote B cell maturation and ultimately the production of virus spe-
cific antibodies which efficiently neutralize and promote opsonization of 
the target pathogen. 26 This process usually takes 4–7 days to complete 
and as a result, the body is ultimately equipped with highly effective, 
specific, and prolonged immune defenses against SARS-CoV-2. Most 
individuals who have previously been infected with COVID-19 produce 
high levels of IgM, IgG, and IgA antibodies specific to the SARS-CoV-2 
spike protein, a characteristic which is predictive of protection from 

severe infection. 27 Given the prevalence of COVID-19, many individuals 
have already mounted adaptive immune responses and began producing 
COVID-19 antibodies either through prior infection, vaccination, or 
both. Vaccinations have been widely available in several different forms 
that demonstrated effectiveness to protect against COVID-19.

Several possibilities are presented as to how PA might affect the 
virus-specific defenses outlined above. One could argue that exercise 
might increase the risk for COVID-19 due to increased movement of air 
across respiratory epithelial surfaces, however that would not explain 
the improvements in COVID-19 outcomes seen to date. In humans, 
aerobic exercise induces an increase in plasma ACE2 in some in-
dividuals, 28 however, to our knowledge, protein expression in the upper 
respiratory tract has not been examined. One suggested hypothesis is 
exercise-induced activation of ACE-2 pathways in humans leads to 
anti-inflammation which could benefit COVID-19 infection. 29 Animal 
studies have found either an exercise-induced increase 30 or a decrease 31 

in ACE-2 mRNA lung gene expression. Tamura et al. 32 demonstrated an 
exercise-training induced increase in ACE-2 receptor protein expression 
in mice in tissues susceptible to COVID-19 infection, including lung 
tissue which also is not consistent with a potential for improvements in 
COVID-19 outcomes in physically active subjects. To our knowledge, no 
studies exist examining the influence of PA on IFN levels in humans. This 
finding is important because COVID-19 reduces IFN production as part 
of IFN's immune evasion tactics. 33 In the few animal studies performed 
using various models to stimulate IFN, acute strenuous exercise appears 
either has no impact 34 or inhibits 35,36 IFN. Kohut et al. found that 
exhaustive exercise increased alveolar macrophage IFN, but the authors 
hypothesized that increased viral infectivity of macrophages from 

exercised animals was responsible. 37 A limitation of these studies is that 
a) no work has been done on moderate levels of exercise, and b) the 
animal models of exercise used were forced (treadmill) not volitional 
(running wheel).

More general explanations exist as to how PA and exercise might 
impact viral infection and the immune response in general. Exercise is 
known to increase the circulation of immune cells, especially memory and 
effector cells that have higher functionality. Baker et al. recently reported 
that acute exercise was capable of mobilizing SARS-CoV-2 specific CD8 + T 
cells in individuals with natural immunity, and transiently increased 
neutralizing antibodies. 38 A common observation among severe cases of 
COVID-19 is termed NK cell ‘exhaustion’, meaning impaired proliferative 
and cytotoxic function ex vivo, yet transcriptional profiles indicating high 
levels of activation. 39 As such, Bao et al. found that of all leukocyte counts 
in the serum, NK cell count was correlated the most with survival rate and 
least with severity of disease. 40 Also known is that exercise increases NK 
cell numbers and their function. 41 Llaver et al. recently found that 4 weeks

of moderate-intensity continuous training followed by 4 weeks of high 
intensity interval training was capable of improving NK cell cytotoxicity 
and favorable regulation of proteomic pathways associated with various 
aspects of immune function such as transmembrane transport or oxidation 
reduction reactions. 42 This favorable regulation is thought to increase 
immunity by increasing the probability that immune-competent cells will 
encounter their respective antigens (an increase in immunosurveillance), 
thus reducing infection outcomes. While logical, this favorable regulation 
has not been proven experimentally.

PA has also been associated with anti-inflammation, especially 
chronic low-level inflammation. 43 While the mechanisms are unknown 
several factors may contribute to this anti-inflammatory effect 
including, exercise-induced reductions in TOLL-like receptor (TLR) 
expression, increases in interleukin-6, reductions in inflamed body fat, 
and activation of the hypothalamic-pituitary adrenal axis. While some 
level of inflammation is necessary to mount an effective immune 
response, a reduction in exaggerated inflammation, like which occurs 
during COVID-19, may improve symptoms and disease positive course 
change.

Immune responses to vaccination can inform about the generation of 
protective T cells and antibodies. Although not a typical route of entry 
for respiratory viral infections, evidence exists for the beneficial effects 
of exercise on immune responses to vaccination which are generally 
given intramuscularly. As examples, multiple studies have shown 
moderate exercise training to improve the serum antibody response to 
intramuscularly administered vaccinations (i.e., influenza), or a primary 
experimental protein antigen (i.e., keyhole limpet hemocyanin), espe-
cially in those with poorer vaccine responses. 44,45 With respect to 
COVID-19 vaccination, Hallam et al. recently reported that a single 90 
min cardiovascular aerobic exercise session immediately after vaccina-
tion improved IgG responses to the Pfizer mRNA vaccine. 46 In an 
immunocompromised population, Gualano et al. found that physically 
active participants had better responses to COVID-19 vaccination when 
compared to relatively inactive participants. 47 These data support the 
contention that physically active people mount better immune responses 
than sedentary people.

In summary, PA is associated with better outcomes after COVID-19 
infection and regular exercise plays a role in supporting immune func-
tion. Engaging in PA can help strengthen the immune system, making 
immunity more resilient to infections. Present studies show consistent 
exercise enhances the production of antibodies and mobilizes leuko-
cytes, which are essential for fighting off viruses and bacteria. Addi-
tionally, exercise and PA promote better circulation, which allows 
immune cells to move more efficiently throughout the body. As the 
world continues to navigate the challenges of COVID-19, prioritizing PA 
and exercise as part of a healthy lifestyle contributes to overall well-
being and improved immunity.

3. Mechanism(s) responsible for Long-COVID exercise 
intolerance

The COVID-19 pandemic resulted in high morbidity in patients with 
increased risk for severe COVID infections. Key risk factors for morbidity 
with COVID-19 infection include old age, male sex, obesity, pre-existing 
morbidities, and high levels of circulating pro-inflammatory cyto-
kines. 48 Patients with risk factors for severe COVID-19 were often hos-
pitalized and many received ventilator support due to the development 
of respiratory failure. 48 Moreover, the World Health Organization esti-
mates that 10%–20% of COVID-19 survivors worldwide suffer from 

Long-COVID. 49 Long-COVID often involves multiple symptoms 
including exercise intolerance, fatigue, dyspnea, headache, change in 
taste or smell, and stomach pain. 50

One of the most debilitating symptoms of Long-COVID is exercise 
intolerance. Long-COVID exercise intolerance is a complex clinical 
problem broadly defined as the inability to comfortably perform a ses-
sion of muscular exercise due to exacerbation of symptoms. Hallmarks of
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exercise intolerance are dyspnea and fatigue upon exertion. 51

Submaximal and maximal oxygen consumption ( _ VO 2 max) during
exercise is defined by the Fick equation as the product of cardiac output 
and the arteriovenous oxygen difference. Thus, cardiac output is heart 
rate times stroke volume, and the arteriovenous oxygen difference re-
flects the peripheral oxygen extraction and utilization in tissues. 48 

Hence, exercise intolerance in patients is expected to involve limitations 
in ventilatory function, cardiovascular function, and/or peripheral de-
livery and utilization of oxygen. Therefore, the mechanisms responsible 
for Long-COVID exercise intolerance likely involve one or more physi-
ological factors 51 : 1) impaired pulmonary gas exchange and/or dyspnea; 
2) diminished submaximal and/or maximal cardiac output; and/or 3) 
decreased uptake and utilization of oxygen in the working muscles. A 
summary of our understanding of each of these factors follows.

3.1. Pulmonary dysfunction

Although mild cases of COVID-19 may not result in lung injury, 
moderate-to-severe COVID-19 infections can promote significant lung 
damage. 48 Moreover, COVID-19-related lung injury is often exacer-
bated when patients are exposed to prolonged mechanical ventila-
tion. 52,53 Specifically, post-mortem examination of lungs from patients 
who died from COVID-19 infection reveals significant alveolar mem-
brane damage, alveolar and interstitial edema, endothelial cell injury, 
and damage to capillaries surrounding the alveoli. 48 Collectively, these 
COVID-19-related changes in lung structure can negatively impact 
both respiratory mechanics and blood flow to the lung. Further, 
damage to alveoli results in a reduction of the alveolar surface area 
available for the diffusion of gases. Indeed, approximately 40% of 
survivors from severe COVID-19 suffer from impaired pulmonary 
diffusion capacity. 54 It follows that impaired pulmonary diffusion 
could result in exercise-induced hypoxemia, decreased oxyhemoglobin 
saturation, and therefore, a reduction in oxygen content of arterial 
blood. Moreover, studies reveal that > 50% of Long-COVID survivors 
complain of dyspnea upon exertion. 51 Hence, in theory, 
COVID-induced lung injury can contribute to the exercise intolerance 
associated with Long-COVID due to exercise-induced hypoxema 
and/or exertional dyspnea.

To date, limited evidence supports the concept that exercise-induced 
hypoxemia is a key contributor to Long-COVID exercise intolerance. In 
fact, even in Long-COVID patients with below normal pulmonary 
diffusion capacities, frank exercise-induced hypoxemia has not been 
reported in this population. 55–60

Although exercise-induced hypoxemia may not contribute to exer-
cise intolerance in Long-COVID patients, exertional dyspnea is predicted 
to promote exercise intolerance in many patients. 51,61 For example, 
dyspnea upon mild exertion exists in > 50% of Long-COVID pa-
tients. 51,61 Interestingly, many studies involving Long-COVID patients 
do not report a strong correlation between dyspnea and abnormal pul-
monary function tests. 51 This lack of association is surprising given that 
the major receptors responsible for the sensation of dyspnea include 
chemoreceptors, mechanoreceptors, and lung receptors. 62,63 However, 
two recent studies report that dysfunctional breathing (i.e., excessive 
hyperventilation) occurs during exercise in > 88% of Long-COVID pa-
tients. 61,64 Both studies conclude that dyspnea was a major factor in 
limited exercise tolerance in these patients. Regardless of the cause of 
dyspnea in Long-COVID patients, exertional dyspnea is likely a key 
contributor to exercise intolerance in > 50% of Long-COVID patients. 51

3.2. Impaired cardiac function

As introduced earlier, impairments in cardiac output during exercise 
are a potential contributor to exercise intolerance in Long-COVID pa-
tients. Cardiac injury has been reported in a small fraction of COVID 
patients but the mechanisms responsible for cardiac damage are not

fully understood. 65 Regardless of the mechanism(s) responsible for 
COVID-induced cardiac injury, a decreased maximal cardiac output has 
been reported in Long-COVID patients who exhibit exercise intolerance 
(reviewed in Refs. 66,67 ). Indeed, compared to healthy individuals, some 
Long-COVID patients exhibit lower stroke volumes during exercise at or 
near _VO 2 max. 68,69 Nonetheless, not all reports agree that the
Long-COVID decrease in _VO 2 max is due to decreases in stroke volume. 70

The potential contribution of impaired peripheral oxygen consumption 
as a causative for exercise intolerance in Long-COVID patients is dis-
cussed in the next segment.

3.3. Impaired peripheral oxygen delivery/utilization

Finally, a peripheral limitation to oxygen delivery and utilization has 
also been postulated to contribute to exercise intolerance in Long-
COVID patients. 51 Again, as defined by the Fick equation, _ VO 2 max is
computed as cardiac output X arteriovenous oxygen difference. There-
fore, limitations in the delivery of oxygen to working muscles and/or 
impaired mitochondrial respiration can result in decreases in both ox-
ygen consumption and exercise intolerance. To date, only one study has 
directly measured cardiac output and the arteriovenous oxygen differ-
ence during exercise in Long-COVID patients. This study demonstrated 
that, compared to healthy controls, the reduction in peak _VO 2 in
Long-COVID patients is due to peripheral limitations (i.e., decreased 
arteriovenous oxygen difference) rather than a decrease in cardiac 
output. 70 Two additional studies reported that in Long-COVID patients 
with normal cardiac output during exercise, the oxygen pulse (i.e.,
_ VO 2 /heart rate) was diminished, suggestive of impaired peripheral ox-
ygen delivery and/or extraction. 57,71

Although Long-COVID patients have been postulated to suffer pe-
ripheral limitation due to impaired diffusion of oxygen to muscle fi-
bers, 70 direct experimental evidence to support this conclusion does not 
currently exist. Indeed, a decrease in the arteriovenous oxygen differ-
ence during exercise in Long-COVID patients could be due to either 
diffusion limitations or mitochondrial dysfunction. Although electron 
micrographs of skeletal muscle biopsies from Long-COVID patients show 

a disrupted mitochondrial network in muscle fibers, 72 direct measure-
ments of mitochondrial oxidative phosphorylation in these mitochon-
dria have not been performed; this area is important for future work. 

Predictions of 10%–20% of COVID-19 survivors worldwide suffer 
from Long-COVID; Long-COVID is associated with multiple symptoms 
including exercise intolerance. Proposed mechanisms responsible for 
Long-COVID exercise intolerance include impaired pulmonary gas ex-
change and/or dyspnea, diminished cardiac output, and/or decreased 
uptake and utilization of oxygen in skeletal muscles. Evidence exists to 
support each of these proposed mechanisms for exercise intolerance. 
Specifically, although research does not support the idea that impaired 
pulmonary gas exchange limits exercise tolerance in Long-COVID pa-
tients, > 50% of Long-COVID patients suffer from exertional dyspnea 
and likely contributes to exercise tolerance. Evidence also indicates that 
in select Long-COVID patient populations, a decrease in maximal cardiac 
output (due to the inability to increase augment stroke volume) is 
another potential mechanism that promotes exercise intolerance. 
Finally, data exist that an impaired ability to deliver and/or use oxygen 
in the working muscles is present in some Long-COVID patients. 
Together, these findings indicate that dyspnea likely contributes to ex-
ercise intolerance in > 50% of Long-COVID patients. Nonetheless, other 
mechanisms (decreased cardiac output and peripheral limitations) may 
also contribute to exercise intolerance in some patients.

4. Impact of COVID-19 on musculoskeletal system

Our ability to move, maintain body posture, swallow, and breathe 
depends on our skeletal muscle, the largest organ in our body that makes 
up approximately 40% of our total body mass. 73 Movement is natural to
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us, and our muscles are devised to mechanically comply with our daily 
command. 74,75 Muscles involved in locomotion are continuously 
exposed to stress and strain leading to functional impairment. 76 

COVID-19 is an infectious disease that can lead to Long-COVID. 
Skeletal muscle-related symptoms are common in both acute COVID-
19 and Long-COVID patients. These symptoms include muscle pain 
and weakness (mild to severe), fatigue, and exercise intolerance. 77 

Disability caused by remaining symptoms after the initial SARS-CoV-2 
infection has also been reported. 78

The recently published comprehensive study of global health (Global 
Burden of Disease 2021 Collaborators 1990–2021) loss clearly shows 
that disability has been growing in the last decades mainly due to an 
increase in non-communicable diseases. 79 The Global Burden of Disease 
2021 Collaborators presents, for the first time, estimates of health loss 
due to the COVID-19 pandemic. The emergence of the COVID-19 
pandemic has prompted a reevaluation of global health priorities, 
highlighting the importance of conducting a comprehensive assessment 
of disease impact. 79

Most patients with COVID-19 recover relatively quickly, do not 
require hospitalization, only experience mild symptoms, or are asymp-
tomatic. However, an important proportion of Long-COVID patients 
experience persistent symptoms such as fatigue and dyspnea. 72 The high 
prevalence of skeletal muscle-related symptoms suggests both functional 
and structural alterations in skeletal muscle in COVID-19 patients. 
Structurally speaking, the patients show a very significant reduction in 
skeletal muscle mass that is accompanied by muscle fiber necrosis, signs 
of regeneration, disruption in sarcomeric ultrastructure, myofibrillar 
disarray, and loss of myosin and Z disk organization 77 Functionally 
speaking, the specific muscular alterations found in patients with 
COVID-19 include significant reductions in power and strength related 
to the duration of the hospital stay. 77 Although viral particles have been 
found in skeletal muscle from COVID patients, the low virus levels 
prevent determining whether the SARS-CoV-2 virus directly causes 
muscle atrophy and weakness. 80 Skeletal muscle functional loss resides 
in the muscle itself, but also a significant portion seems accounted for by 
neural changes operating at the peripheral and central levels in 
Long-COVID patients. 81

The molecular mechanism involved in the loss of muscle mass in 
COVID-19 patients includes the activation of calpains and the ubiquitin-
proteasome pathway, 82 alterations in mitochondrial quality control 
(mitophagy) and dynamics (fusion and fission), and inflammation. 72 

The cytokine storm of pro-inflammatory mediators plays an important 
role in developing skeletal muscle atrophy and altered metabolic func-
tion in acute patients with COVID-19. Plasma levels of C-reactive pro-
tein, interleukins (IL-6, IL-1β, IL-8), and TNF-α have been found elevated 
in COVID-19 patients. 77 Increased plasma levels of pro-inflammatory 
proteins are related to increased protein breakdown and inhibited 
muscle protein synthesis. 83 Moreover, skeletal muscle samples from 

people who died of severe COVID-19 show substantial infiltration of 
leukocytes, T-cells, and natural killer cells. This filtration is accompa-
nied by an increase in circulating markers of skeletal muscle breakdown, 
such as creatine kinase. 72

During hospitalization, patients with severe COVID-19 are suscep-
tible to the development of an acute myopathy, known as critical illness 
myopathy. 84 Risk factors for developing this illness include sepsis, res-
piratory failure, the need for mechanical ventilation, and treatment with 
corticosteroids or neuromuscular junction-blocking agents. Neuromus-
cular junction-blocking agents can aid in promoting patient-ventilator 
synchrony and decreasing the driving pressure required during me-
chanical ventilation. These agents are also beneficial during endotra-
cheal intubation to reduce the risk of patient coughing and potentially 
infecting healthcare personnel. 85

Three main factors involved in the development of skeletal muscle-
related symptoms found in Long-COVID patients include: 1) adverse 
effects of medications used in the management of patients (hydrocorti-
sone and neuromuscular junction-blocking agents); 2) muscle disuse and

mechanical unloading, and 3) malnutrition. 72 Physical inactivity im-
pairs muscle function and metabolic health, leading to reductions in
_ VO 2 max, increased fatigability, and exercise intolerance. 74 Skeletal
muscle deconditioning does not require prolonged periods of bed rest. 
The greatest rate of muscle strength weakness and atrophy occurs in the 
earliest stages of bed rest (first five days), plateauing later. 81 

Malnutrition is very prevalent in COVID-19 patients. 86 The 
bioavailability of dietary amino acids, their splanchnic extraction, 
plasma transport, and absorption by the skeletal muscle for the subse-
quent activation of protein synthesis, determines the skeletal muscle 
anabolic response. No consensus exists regarding the most effective 
management strategies to improve exercise tolerance in acute COVID-19 
and Long-COVID patients. Physical therapy has shown effectiveness in 
preventing and ameliorating illness myopathy. 86 Exercise is one of the 
most frequently prescribed therapies both in health and disease. 87 Ex-
ercise training is essential in preserving muscle mass and function 
through the activation of muscle protein synthesis. 88 On the contrary, 
the lack of muscle contractile activity during inactivity, especially in old 
individuals, is a leading cause of anabolic resistance and muscle atro-
phy. 74 Recent work has highlighted the potential effectiveness of 
neuromuscular electrical stimulation on the recovery of ICU-admitted 
patients with COVID-19. 89 Tailored interventions based on a deeper 
understanding of skeletal muscle changes and their root causes are 
necessary to mitigate clinical symptoms and enhance the quality of life 
for patients with acute COVID-19 and Long-COVID.

5. Exercise, COVID-19 and brain health

COVID-19 is a systemic disease, and as predicted, the brain is also 
targeted by this virus. 1 The susceptibility to infection-caused health 
problems is dependent upon genetic, health, environmental, and life-
style factors. A higher level of physical fitness has powerful preventive 
effects in a wide range of diseases, 90 however, COVID-19 infection and 
co-infections with a wide range of health-damaging effects do not spare 
well-trained individuals. The COVID-19-associated inflammatory storm 

not only targets the cardio-pulmonary system but also causes serious 
cerebrovascular alterations, which have worse therapeutic outcomes. 91 

Indeed, COVID-19 viruses can cause large-vessel ischemic stroke, 92 

suggested as a result of inflammatory storm, subsequent hypercoagula-
bility, and vasculitis. 93 COVID-19 increases blood clotting, via cascades 
that include angiotensin II, oxidative stress, and related endothelial 
dysfunction, platelet aggregation, and blood clots. 94 Among other or-
gans, the brain and vessels express a high level of ACE2, which are the 
gates of the virus into cells. Because ACE2 receptors are on the surface of 
endothelial cells, COVID-19 can readily cause endothelial dysfunction 
and related hemorrhage which in the capillaries of the brain is especially 
dangerous. The damage to endothelial changes the permeability and 
exposes cells to inflammatory infiltration and related cell death. The 
consequences of cytokine storm-associated events in the nervous system 

are life-threatening. COVID-19 infections directly affect the health status 
of subjects and easily could cause hospitalization, and a cascade of 
lifestyle-changing events. Turns out that nutritional and exercise and PA 
habits, especially the level of cardiovascular fitness were influencing the 
severity of infections 95 and the efficiency of recovery, namely, more 
exercise was associated with faster recovery. 96

The effects of the pandemic, especially the lockdown on the level of 
physical fitness, brain function, and mental health are well docu-
mented. 97 During the pandemic, Americans ate more fast food, smoked 
more, drank more alcohol, had increased screen time, and performed 
less PA than before the appearance of COVID-19. 98 The results of a 
Brazilian study suggest that physically active elderly subjects suffered 
less from COVID-19-related mood changes than physically inactive 
aged-matched sedentary. 99 Italy was severely hit by COVID-19, showing 
the highest case fatality rate, and was one of the first countries to 
introduce a lockdown, which caused drastic lifestyle changes and the
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development of depressive symptoms. Ricci et al. 100 revealed that dur-
ing lockdown periods both moderate and vigorous PA were important 
protective tools for preserving mental health, and these results further 
underscored the powerful effects of regular exercise on cognitive and 
mental well-being. Indeed, the pandemic-associated increase in physical 
inactivity and other adverse habits and unhealthy lifestyle changes was 
associated with increased mental problems. 98

Exercise is known to have a powerful effect on brain health and is 
associated with exercise-induced beneficial regulation of molecular 
pathways, and the production of neurotrophins, neurotransmitters, hor-
mones, and associated peptides like oxytocin, and serotonin. Moreover, 
exercise helps to maintain structural features of the brain. 101 This exercise 
benefit is partly the opposite of the causative factors of depression, which 
include decreased availability of monoamines (especially serotonin, 
noradrenaline, and dopamine) in the synaptic cleft. 102 Brain-derived 
neurotrophic factors (BDNF) are one of the most well-studied exer-
cise-induced antidepressants. 103 The molecular mechanism by which 
BDNF exerts antidepressant effects is suggested to include neurogenesis, 
brain plasticity, and upregulation of serotonin, dopamine, and irisin. The 
exercise-induced upregulation of peroxisome proliferator-activated 
receptor-gamma coactivator-1alpha, which leads to the activation of iri-
sin precursor Fibronectin type III Domain-Containing protein 5. 104 

Circulating irisin is neuroprotective and activates BDNF, and higher levels 
of irisin are associated with increased memory in healthy subjects. 105 In 
an animal model, supplementation of irisin decreased depression and 
increased mobility. 106

In addition, the gut-brain axis is implicated in the regulation of 
certain cognitive and behavioral functions, and exercise has been pro-
posed in the exercise-mediated antidepressant role, and at least a part is 
due to attenuated serotonin uptake into the gut microbiome. 107 Overall, 
exercise is one of the most powerful tools to cope with neurodegenera-
tive diseases 108 and improve mental health. 109

Vaccination provides significant protection against the very serious 
effects of the COVID-19 virus, but as with all of the vaccinations, COVID-
19 vaccinations also could have side effects. The adenovirus-vectored 
vaccines are very safe and after many millions of shots, very few 

studies have found a causative relationship between COVID-19 vacci-
nation and neurodegenerative disorders. One possible, but not well-
proven relationship to COVID-19 vaccination is to Guillain-Barr�e syn-
drome, 110 an autoimmune disorder with symptoms that include muscle 
weakness.

The COVID-19 pandemic and lockdowns negatively changed the 
lifestyle of billions of people, partly because we were unprepared. On the 
other hand, this experience could be very useful to cope with the next 
epidemics with greater success. Although a high level of physical fitness 
does not appear to prevent infections, an elevated level of the immune 
system, which is a result of regular exercise provides greater protection 
against the severity of infections. Regular exercise and PA are extremely 
important to mental and cognitive health and are a natural means to stay 
healthy even in stressful periods, like a pandemic. Important to note, due 
to the super complexity of exercise-induced adaptation no alternative to 
substitute for exercise exists by any mimetics.

6. The consequences of COVID-19 in older adults

Since the onset of the SARS-CoV-2 pandemic, older adults clearly 
face the most severe consequences of COVID-19. Between 2020 and 
2021, more than 80% of COVID-19-related deaths worldwide occurred 
in individuals 60 years or older, 111 with advancing age being one of the 
most prominent risk factors for severe and critical disease. 112 The 
development of safe and effective SARS-CoV-2 vaccines contributed to 
reducing the contagion in the latest years. 113 However, a concern re-
mains that older adults might experience a reduced response to vacci-
nation. 114,115 highlighting the need for ongoing vigilance and tailored 
strategies to protect this vulnerable population.

6.1. Acute SARS-CoV-2 infection in older adults

Immunosenescence, non-communicable diseases, sarcopenia, multi-
morbidity, and frailty increase both the incidence of COVID-19 in-
fections and severity. 116–118 Besides biological factors, a significant 
share of the COVID-19 impact in older adults is attributed to social 
vulnerability, including social isolation, living in long-term care facil-
ities, limited access to technology, low income, and poor educa-
tion. 119,120 Atypical presentation of COVID-19 has frequently led to 
delayed recognition and intervention. 121,122 When severe cases were 
identified, access to noninvasive ventilation and intensive care unit 
(ICU) were often restricted during peak periods of the pandemic, with 
chronological age used as the sole factor for determining eligibility for 
intensive care, overlooking frailty, and other health considerations. 123 

COVID-19 hospital and ICU admissions have been associated with 
incident sarcopenia, 86 malnutrition, 124,125 and progression of 
frailty, 126,127 which increases complications, 126,128 prolonged length of 
stay, 129–131 readmissions, 132 disability, 133 and mortality. 125,126,134–138 

To reduce the impact of SARS-CoV-2 infection among older adults, the 
recommendation is for comprehensive geriatric assessments to be 
prioritized, moving beyond mere age considerations. These assessments 
should involve complete evaluations of frailty, nutritional status, and 
physical function, tracing personalized care strategies to meet individual 
needs. Moreover, tailored programs aimed at reducing immobility, 
deconditioning, functional impairment, and disability following hospi-
talization for COVID-19 should be implemented. 139–141

6.2. Impact of Long-COVID on older adults

Both mild and severe COVID-19 may be followed by signs and 
symptoms persisting weeks to months after resolution of the acute 
infection phase. Long-COVID 142,143 pathogenesis is not fully understood 
and is likely multifactorial, involving persistent viral reservoirs, immune 
system dysregulation, organ damage, and psychosocial factors. 142,143 In 
older adults, the effects of Long-COVID can be particularly pronounced 
due to pre-existing physiological vulnerabilities and the higher preva-
lence of chronic conditions. 144–146 Prolonged inflammatory response 
and immune dysregulation leave older individuals more prone to 
chronic inflammation, which manifests as fatigue, muscle weakness, and 
cognitive disturbances 147–151 Direct damage inflicted by SARS-CoV-2 to 
lungs, heart, and kidney exacerbates existing conditions, resulting in 
breathlessness, palpitations, and renal dysfunction. 12,152 Endothelial 
dysfunction can hesitate into vascular inflammation and thrombosis, 
impairing blood flow and oxygenation, thereby contributing to fatigue 
and exercise intolerance. 153,154

Available evidence supports tailored interventions aimed at facili-
tating recovery and rehabilitation after acute COVID-19. 155 Compre-
hensive nutritional assessment and therapy should be implemented to 
tackle malnutrition, treat sarcopenia, and prevent functional decline. 
Some bioactive foods and supplements may help mitigate post-acute 
symptoms. 156–158

6.3. The indirect effects of SARS-CoV-2 pandemic in older adults

Even in older adults who never contracted COVID-19 infection, the 
measures implemented to prevent the spread of the virus such as social 
distancing, lockdowns, and isolation, as well as the fear of the contagion, 
heavily impacted physical and psychological health. 156,159

Reduced mobility, unhealthy behaviors, and decreased access to 
regular healthcare services and planned surgery have led to a deterio-
ration in physical health for many, exacerbating chronic conditions and 
hindering routine medical management. 160–163 The isolation from 

family, friends, and community networks took a significant toll, 
contributing to the increase in the incidence of sleep disturbances, 
feelings of loneliness, anxiety, and depression among older
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adults. 164–166 These contributing factors led to increased frailty, dete-
rioration of physical function, and disability, and overall worsening of 
quality of life. 167–169 Moreover, reduced activity levels and decreased 
physical performance have a negative impact on the immune system, 
thereby reducing the response to COVID-19 vaccines. 170

Lifestyle changes and impact on quality of life are highly dependent 
on both personal and environmental factors. Among possible coping 
mechanisms, COVID-19 pandemic contributed to raise awareness on the 
importance of PA and exercise, and, to some extent, increased positive 
behaviors. 171 However, reduced social support and isolation, frailty, 
living in disadvantaged areas without facilities, and home confinement 
were particularly relevant in determining decreased PA levels. 172,173 

Moreover, COVID-19 restrictions had a considerable impact on exercise 
detraining both in patients undergoing specific rehabilitation and in 
those practicing PA. 174,175

To prevent social isolation among older adults in the post-pandemic 
world, fostering community engagement is essential through safe and 
organized social activities that encourage interaction and rebuilding 
social networks. Addressing mobility decline requires accessible, 
tailored physical therapy and exercise and PA programs catering to 
varying levels of ability and mobility, ensuring older adults can safely 
improve their physical health.

6.4. Exercise programs for older adults in the post-pandemic era: one size 
does not fit all

The development of exercise programs for older adults in the post-
pandemic era should consider not only the diverse health needs, but 
also economic disparities and social vulnerabilities, as well as the resi-
dential context. Studies highlighted the protective role of PA for over-
coming the physical and mental consequences of isolation during 
COVID-19 pandemic 176,177 and post-acute sequelae of the 
infection. 155,178

Community-based interventions have emerged as a crucial strategy 
to enhance the health and well-being of older adults. 179 These programs 
aim to foster social connections while promoting physical health, 
thereby addressing the isolation and sedentary lifestyles that were 
exacerbated during the pandemic. By providing accessible, tailored 
physical activities, these interventions play a pivotal role in encouraging 
older adults to remain active and engaged in their communities, 
contributing to improved physical resilience and mental health 
outcomes.

Home-based exercises offer a safe and accessible option ensuring 
continuity in PA and exercise 180,181 Supervised exercises, conducted by 
healthcare professionals, provide tailored support and adjustments 
crucial for managing complex health conditions, whereas unsupervised 
exercises encourage independence and self-management, and are suit-
able for those with mild limitations. 182 Group exercise offers a dynamic 
and supportive environment, motivating individuals to achieve their 
fitness goals while fostering a sense of community and accountability. 

COVID-19 revealed that higher familiarity with technology was 
associated with greater resilience during the pandemic. Technology-
based methods, including mobile apps and tele-exercise programs, 
have emerged as important tools, offering guided workouts that older 
adults can follow from anywhere and bridging the gap between tradi-
tional in-person sessions and the need for remote options. 183–186

The availability and nature of PA and exercise programs vary 
significantly across the world due to differences in healthcare systems, 
economic resources, and public health strategies. Within individual 
countries, living in rural areas may be a barrier to the implementation of 
effective and continuous PA programs in older adults. 187 During the 
latest years, COVID-19 has been a major factor in exacerbating 
inequality, especially in the most vulnerable social groups. 188 Current 
evidence highlights that PA is associated with lower odds of SARS-CoV-2 
infection, lower chances of developing severe COVID-19, enhanced ef-
ficacy of vaccines, and benefits in recovering from the infection. 189

However, not only did restrictions and lockdowns decrease opportu-
nities to engage in PA, but also PA and exercise are overlooked by public 
health research and policies and poorly implemented in primary care 
settings, despite guidelines issued by scientific societies. 190 In Italy, PA 
was included in the National Prevention Plan 2020–2025. However, 
Italian older adults are significantly less active than their European 
peers, and national data highlight significant disparities between 
northern, central, and southern regions, and inequalities according to 
the level of education (https://www.istat.it/it/files/2022/12/Sport-a 
ttivit&agrave;-fisica-sedentariet&agrave;-2021.pdf). In the United 
States, a mix of healthcare interventions, community-based programs, 
and technology-driven solutions to support older adults during and after 
the pandemic has been proposed. However, access to PA and exercise 
programs varies significantly by State, location, income, internet access, 
as well as social and environmental conditions (e.g., limited space at 
home). 189

Although physical literacy is increasing globally, structured pro-
grams currently fail to be included in public health policies, especially 
for older adults. The design of specific measures must consider not only 
the health and personal needs of individuals, but also potential eco-
nomic, geographical, and social limitations, in order to overcome in-
equalities and make PA and exercise programs available for all in the 
post-pandemic future. Hybrid models combining in-person and virtual 
components offer a flexible and comprehensive approach, accommo-
dating personal preferences and public health guidelines. Multicompo-
nent interventions, which integrate PA and exercise with cognitive and 
social activities, enhance physical function and improve quality of life, 
highlighting the importance of personalized, adaptable exercise regi-
mens in the post-pandemic era. 191

7. PA among college students during/long-COVID-19 pandemic

7.1. PA and healthy diet: two pillars of wellness

The U.S. Department of Health and Human Services PA guidelines 
recommend individuals engage in at least 150-min/week of moderate-
intensity, or 75-min/week of vigorous-intensity PA, or a combination 
of the two, to achieve health benefits. 192 Most universities and colleges 
announced campus closure in March 2020, and this restrained students' 
physical activities. 193 In addition, students spent less time on 
transportation-related physical activities (e.g., walking, biking, etc.) and 
sports-related exercises. During home confinement, significant de-
creases in the frequency (− 35%), duration (− 34%), and intensity 
(− 42.7%) of PA worldwide were reported. 193 For example, only 10% 

and 30% of Canadian university students met the guidelines of 150-min 
of moderate-vigorous PA and 8-h or less of sedentary activity, 194 and 
university students reduced moderate (− 29.5%) and vigorous (− 18.3%) 
PA during the confinement and increased sedentary time (+52.7%) in 
Spain. 195 PA frequency decreased at vigorous, moderate, and light in-
tensity levels, while sedentary behavior increased by 2.66-h per day in 
southern Texas. 196

Decreased PA and increased sedentary behavior are linked to mul-
tiple adverse health outcomes, including poor dietary behaviors, meta-
bolic disorders, overweight and obesity, as well as mental health issues. 1 

A high prevalence of depression, anxiety, and stress was observed 
among university students due to a reduction in social interactions and 
the transition to online learning, particularly among female and grad-
uate students. 197 These behaviors, in turn, lead to emotional and binge 
eating disorders, 198 which can result in increased energy intake and the 
development of higher fat mass and lower muscle mass, overweight and 
obesity. 199 A notable increase in meals cooked at home, alcohol con-
sumption, and food insecurity (e.g., unable to afford healthy food and 
daily meals) 196 was also reported. Poor sleep, snacking after dinner, lack 
of dietary restraint, pre-existing overweight status, emotional eating due 
to stress and decreased PA and exercise are risk factors for weight gain 
during the pandemic. 200
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7.2. Post-pandemic era: A delayed recovery for PA

Most higher education institutions started to lift the restrictions 
resuming in-person classes and campus activities from Fall 2021 to 
Spring 2022 depending on institutional and regional guidelines; how-
ever, PA and exercise levels have not returned to pre-pandemic levels in 
early 2022. 201 Although the campus recreation center and gym were 
back in operation, both male and female students continued to experi-
ence reduced PA levels during a phase of gradually easing national re-
strictions. 202 This delayed recovery has led to decreased PA and exercise 
and increased unhealthy eating habits (e.g., binge eating), and these 
changes have had lasting detrimental effects on their overall health and 
wellness. 203 Long-term negative impacts on physical fitness were 
observed in young adults, by reducing their anaerobic and aerobic ca-
pacities, explosive powers, and upper-body strength, and these effects 
persisted even a year after the lockdowns. 204 In addition, weight gain 
persisted in almost half of the students who continued to follow un-
healthy dietary behaviors and inadequate PA, and the increased 
post-pandemic body mass index was shown to be linked with this 
excessive weight gain. 205

7.3. A new trend of PA among college students

Outdoor activities such as running, cycling, and yoga became pop-
ular alternatives for maintaining physical fitness while adhering to 
safety protocols. 206 College students prefer engaging more in outdoor 
activities such as hiking, biking, jogging, and walking, which allow for 
social distancing while still being physically active. As a transition to 
counteract the pandemic lockdown, most universities offered recrea-
tional or fitness services and outdoor activities that help students to 
enhance their overall wellness and fitness through more engaged 
physical activities. 207

High-intensity interval training (HIIT) offers numerous physiological 
benefits, enhancing aerobic and anaerobic capacities, improving car-
diovascular and mitochondrial functions, and aiding in weight man-
agement while preserving muscle mass. 208 HIIT and mind-body 
activities (e.g., yoga) were increased by 18.2% and 80.0%, respec-
tively, among Spanish university students during the pandemic. 195 HIIT 
has gained popularity among students due to its flexibility, minimal 
need for expensive gym equipment, and the increased demand for home 
workouts and technology integration. The combination of aerobic and 
resistance exercise training (e.g., HIIT) also showed improvements in 
physical fitness and mental health in college students after the 
lockdown. 209

In fact, college students reported having more flexibility and positive 
exercise mindsets during COVID-19 to explore various exercises they 
enjoy for their workout routines. 210 Many students reported engaging 
more in walking, muscle-strengthening exercises, and yoga/Pilates/- 
stretching at home, while a few participated in informal sports practice, 
play, and recreational activities. 206 While virtual PA and exercise 
training classes offered students convenience and flexibility, as well as 
improvements in physical fitness and performance for both male and 
female students, a study on web-based physical education courses dur-
ing the lockdown, Xia et al. reported an increase in overweight and 
obesity rates among male students. 211 The use of wearable technology in 
fitness, such as fitness trackers, smartwatches, and virtual reality fitness 
programs grew rapidly during and post-pandemic, 212 and these tools can 
provide motivation, track progress, and offer interactive workout 
experiences.

8. Exercise and PA with Long-COVID

Many individuals recovering from COVID-19 disease have symptom 

persistence for long periods or are referred to as Long-COVID. Reported 
Long-COVID symptoms include cough, fatigue, chest tightness and pal-
pitations, breathlessness, myalgia, metabolic disorders, dyspnea,

arthralgia, and cognitive impairment. 213–215 Risk factors for COVID-19 
infection, severity, and disease-related death include sex, age, 
ethnicity, disability status, and pre-existing comorbidities, including 
cardiovascular disease, respiratory disease, hypertension, and obesity. 
These risk factors also apply to the risk of acquiring Long-COVID. 213,215 

Severe health conditions present in Long-COVID patients include car-
diac injury and sustained cardiovascular abnormalities, 227 reduced 
functional reserve, compromised respiratory function, 216,217 and en-
cephalopathy or encephalitis. 224 Treatment and management of 
Long-COVID requires a multi-disciplinary approach and is individual-
ized based on the types and severity of the symptoms. 213,218–222

8.1. Exercise and PA health benefits

Countless scientific investigations have established acute and 
chronic health benefits from PA and exercise. 223 However, physical 
inactivity is associated with a higher risk of severe COVID-19 outcomes 
while high fitness levels are shown to reduce hospitalization due to 
COVID-19, 18,224 In healthy populations, exercise and PA are known to 
improve and enhance the same physiological systems that demonstrate 
dysfunction in patients with Long-COVID. 224,225 For example, PA and 
exercise are known to enhance the immune health, musculoskeletal 
health, pulmonary function, cardiovascular health, nervous system, 
cognitive function, and psychological well-being. 224,225

As viral infections recruit and activate inflammatory cells associated 
with tissue damage or dysfunction, exercise and PA act as modulators in 
the immune system reducing the risk of systemic inflammatory pro-
cesses. Other PA and exercise health benefits include reduced respira-
tory infections and recovery rates following infection. 219 Exercise 
rehabilitation has shown health benefits in Long-COVID symptoms 
including positive changes in dyspnea, fatigue, depression, aerobic 
fitness, vital capacity, and quality of life. 225,226

8.2. Special considerations

The use and safety of PA and exercise during COVID rehabilitation 
and/or as treatment for Long-COVID have been extensively studied. 
Because of the pathophysiology and symptoms of Long COVID, exercise 
intolerance is likely present. Aerobic capacity, muscle strength, and 
orthostatic tachycardia are reported among non-hospitalized patients 
with Long-COVID. 227,228 Individuals have reduced functional capacity, 
oxygen consumption efficiency, anaerobic threshold, oxidative capacity, 
and also experience below normal limits in autonomic nervous system 

measures and function. 228,229 These findings suggest mitochondrial 
pathology, ultimately reducing exercise performance. 229

When using PA and exercise as a rehabilitation strategy for Long-
COVID, one must consider the patient's physical and mental function, 
social status, and available individual resources. For instance, one must 
consider 222 : heart health, including myocarditis, risk for cardiovascular 
disease, and postural orthostatic tachycardia syndrome (POTS); envi-
ronmental attributes, including venue, infection protection initiatives, 
and available equipment; skeletal muscle health, including myopathy, 
deconditioning, and functional impairment; mental health, including 
post-traumatic stress disorder, brain fog, and timing; comorbidities, 
including respiratory conditions, cardiovascular disease, and type 2 
diabetes; functional status, including pre-COVID-19 health status, pre-
vious experience with exercise; lung health, including presence of 
fibrosis, bronchopulmonary dysplasia, pulmonary embolism; and social 
factors, such as social distancing, lockdowns and isolation, and the fear 
of contagion.

Return to sport, exercise, or PA and exercise programming is indi-
vidually based on the persistence and intensity of symptoms during 
COVID or Long-COVID. Physician clearance must be considered if car-
diac arrhythmia is present. Respiratory symptoms are carefully moni-
tored, especially in patients who have underlying pulmonary diseases. 
An increased risk for venous thromboembolism is a concern during
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COVID-19 and Long-COVID, and prolonged sitting is minimized while 
avoiding high-intensity exercise without proper progression 
programs. 220

Athletes of all levels must consider the type of PA or exercise training 
when returning from a COVID-19 infection, and decisions are guided by 
clinical symptoms. In addition, injury risk is likely elevated due to ex-
ercise or physical inactivity and deconditioning that took place during 
the presence of COVID-19 and Long-COVID symptoms. 219,228 Symp-
tomatic athletes should only perform low-intensity PA or exercise. A 
gradual return to PA and exercise is emphasized and pre-COVID-19 PA 
and exercise patterns may take months to attain. High-intensity exercise 
should be avoided because of increased injury risk, respiratory infection, 
and potential cardiac complications. 219

PA should be discontinued if fluctuation in internal temperature (> 
37.2 ◦ C) is experienced, exacerbation of respiratory symptoms, fatigue is 
persistent after rest, the presence of chest tightness, pain, cough, dizzi-
ness, headache, heart palpitations, gait instabilities, or profuse 
sweating. 230

8.3. Exercise and PA recommendations

Scientists and clinicians have developed recommendations regarding 
the use of PA and exercise as part of rehabilitation for COVID-19 and 
Long-COVID. The use of respiratory rehabilitation prior to starting PA or 
exercise is a consideration and should be completed just above low in-
tensity levels. 219,230 The benefits of PA and exercise with and without 
respiratory therapies have been investigated 228–232

Once physician clearance has been obtained, the basic frequency, 
intensity, time, type principles (FITT) to transition into an active life-
style should be followed. 225,233,234

1) Frequency: Start 2 sessions per week, build to 3–5 sessions per week.
2) Intensity: Start low intensity, build to moderate intensity.
3) Time: Start 15–30 min/session, build to 20–60 min/session.
4) Type: Aerobic, resistance, respiratory, flexibility, and balance 

exercises.
5) Recumbent or semi-recumbent exercise is recommended in patients 

unable to tolerate upright exercise.

Recent data suggests recommendations for the different types of 
exercises or PA, including exercises to strengthen respiratory muscles as 
follows. 218

1) Aerobic training: 40%–60% maximum heart rate or 4–6 RPE Borg 
Scale

2) Resistance training: Upper and lower body exercises, 30%–80% of 1 
RM, 8–12 reps

3) Respiratory training: Commercial handheld resistance, 3 sets of 10 
breaths, 60% maximal expiratory mouth pressure, 1 min rest be-
tween sets, 2 times/day

4) Cough exercise: 3 sets of 10 active coughs
5) Diaphragmatic muscle training: 30 maximum voluntary diaphrag-

matic contractions in the supine position with medium weight on 
anterior abdomen

6) Stretching exercise: Supine or lateral decubitus position with knees 
bent, shoulder flexion, horizontal extension, abduction, and external 
rotation.

One should always keep in mind that PA and the type of exercise 
programming prescribed does depend on the amount of post-exertional 
malaise commonly seen in Long-COVID. 228,235

9. Conclusions

Debate still exists as to whether the COVID-19 pandemic that has 
killed six million people and infected many more has officially ended. A

considerable number of patients who contracted SARS-CoV-2 virus are 
affected by persistent multi-systemic symptoms, referred to as Long-
COVID. How to deal with this multifaceted health threat becomes a 
major challenge to doctors, researchers and health practicians. This 5-
year pandemic has given us many lessons, which may be summarized 
in part from the current retrospective review. First, we need to continue 
to investigate cellular and molecular mechanisms that mediate various 
organistic failures resulting from the viral infection and the only way to 
completely understand the etiology of the diseases and to develop new 

drugs and vaccines. Available evidence suggests that mitochondrial 
dysfunction, reduced microcirculation and latent immune activation 
play a major role, eventually impairing cardiovascular tolerance and 
peripheral bioenergetics. Second, the COVID-19 pandemic has man-
ifested major disturbances to human lifestyles with reduced PA and 
exercise standing out as a major factor. If not intervened in, this inter-
action can lead to Long-COVID, a dangerous, futile circle that can cause 
systemic failure. Finally, the COVID-19 pandemic has exerted differen-
tial impacts on different populations Thus, the strategy to develop and 
conduct to cope with the negativity of pandemic needs to be specific, 
flexible and tailored to fit different patient populations.
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