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Abstract

Long COVID, or post-acute sequelae of COVID-19 (PASC), represents a
complex condition with persistent symptoms following SARS-Cov-2 infec-
tion. The symptoms include fatigue, dyspnoea, cognitive impairment,
decreased quality of life in variable levels of severity. Potential mechanisms
behind long COVID include vascular damage, immune dysregulation and
viral persistence. Diagnosing long COVID involves medical evaluation by
multidisciplinary team and assessment of persistent symptoms with scoring
systems in development. Treatment strategies are symptom-focused, encom-
passing multidisciplinary care, rehabilitation and tailored exercise pro-
grammes. Pulmonary rehabilitation, an effective and critical component of
long COVID management, has shown promise, particularly for patients with
respiratory symptoms such as dyspnoea. These programmes, which combine
exercise, breathing techniques, education and psychological support,
improve symptoms, quality of life and overall recovery. Innovative technolo-
gies, such as telemedicine, wearable devices, telerehabilitation, are trans-
forming long COVID management. Telemedicine facilitates consultations
and interventions, eliminating healthcare access barriers. Wearable devices
enable remote and continuous monitoring of patients during their rehabili-
tation activities. Telerehabilitation has proven to be safe and feasible and to
have high potential for COVID-19 recovery. This review provides a concise
overview of long COVID, encompassing its definition, prevalence, mecha-
nisms, clinical manifestations, diagnosis and management approaches. It
emphasizes the significance of multidisciplinary approach in diagnosis and
treatment of long COVID, with focus on pulmonary rehabilitation and inno-
vative technology advances to effectively address the management of long
COVID.
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1 | LONG COVID DEFINITION
AND PREVALENCE

COVID-19 is a respiratory viral infection caused by
the severe acute respiratory syndrome coronavirus 2
(SARS-Cov-2). Similar to other respiratory viral infections,
many patients recover within a few weeks. More often
than other respiratory viral infections, some COVID-19
patients exhibit persistent symptoms after recovering from
the initial acute phase of the first 4 weeks. They have
symptoms that last through the next 8 weeks of the recov-
ery phase. They still have persistent symptoms after
12 weeks of being diagnosed with COVID-19. Patients
with such post-COVID conditions are variously referred to
as having long COVID, post-COVID conditions, or post-
acute sequelae of COVID-19 (PASC).!

Common long COVID symptoms include fatigue,
shortness of breath, brain fog, muscle pain and sleep dis-
turbances. These symptoms were first observed in late
2020, 6 months after the overwhelming COVID-19 pan-
demic across the world began.” The cluster of symptoms
were initially found from big data analysis,” then from
cohort study® and clinical observation.™® Fair Health
published a white paper on 15 June 2021.” They studied
longitudinal data from a database of over 34 billion
private healthcare claim records, a total of 1959 982
COVID-19 patients, for the prevalence of post-COVID
conditions 30 days or more after their initial diagnosis.
Among these patients, 23.2% had at least one post-
COVID condition. Post-COVID conditions were found in
a greater extent in patients who had more severe cases of
COVID-19, but also in patients with mild or no symp-
toms. Of patients who were hospitalized with COVID-19,
the percentage that had a post-COVID condition was
50%; of patients who were symptomatic but not hospital-
ized, 27.5%; and of patients who were asymptomatic,
19%.” Meta-analysis showed more than 50 long-term
symptoms/effects of COVID-19 were under the umbrella
of long COVID.® Most recently, a study found six clusters
of long COVID patients, each with distinct profiles of
phenotypic abnormalities, including clusters with distinct
pulmonary, neuropsychiatric and cardiovascular abnor-
malities, and a cluster associated with broad, severe
symptoms and increased mortality.’

As time went by, there were several waves of COVID-
19 infections with different SARS-Cov-2 variants (wild-
type, Delta, Omicron etc.). The spectrum of COVID-19
symptoms changed remarkably. It was reasonable to
presume the prevalence of long COVID would change
as well. Indeed, long COVID was more common in wild-
type and Delta variant infections, and in those who were
unvaccinated at the time of infection.'® After November
2021, when the Omicron variant took over, long COVID

became less common. By mid-June 2023, that percent-
age of long COVID had fallen from initial approximately
20% to 6%, according to CDC.'"! In addition, a large
cohort study showed that patients who were treated
with Nirmatrelvir/ritonavir within 5 days of a positive
SARS-CoV-2 test result had reduced risk of long COVID
symptoms.*?

2 | MECHANISMS OF LONG COVID
In February 2021, 1 year after the overwhelming COVID-
19 pandemic began, NIH announced the establishment
of the long COVID/PASC initiative, RECOVER Initiative,
to support research that will help better understand long
COVID and identify effective treatments and potential
ways of preventing it.'> At that time, long COVID was
just surfacing and we did not have much of a consensus
for long COVID yet. Medical societies had to come up
with temporary statements or guidelines.'"*'> Long
COVID has a significant impact on individuals’ quality of
life and can also strain healthcare systems. Investigating
the mechanisms of long COVID is needed to guide the
treatment and prevention strategies. To understand
the mechanism of long COVID, a large amount of
research took place.*'® The exact mechanism of long
COVID is not yet fully understood and is an area of ongo-
ing research. Several potential mechanisms have been
proposed, including microvascular and endothelial dys-
function, immune dysregulation and remnants of the
SARS-CoV-2 virus persisting in certain tissues or organs,
including the central nervous system.

COVID-19 has been shown to affect the vascular
system, including blood vessels and endothelial cells.'”
The Spike protein damages vascular endothelium via
the ACE2 receptor.'® Damage to these structures could
lead to endothelial dysfunction, thrombosis and microvas-
cular injuries, contributing to severe complications such as
thromboembolism and multiorgan dysfunction. Studies
suggest that SARS-CoV-2 can directly induce inflamma-
tion, oxidative stress and a procoagulant state.'>*°

Long COVID may involve an immune response that
is dysregulated or prolonged, leading to ongoing inflam-
mation and damage to various organs and systems in the
body. Studies have indicated that the immune response
in long COVID patients may show signs of dysregulation,
with imbalances in immune cell subsets, cytokine pro-
duction and immune cell function. This dysregulation
can contribute to chronic inflammation and tissue dam-
age.”! In addition, studies have shown that long COVID
patients often have elevated levels of inflammatory
markers such as IL-6.>> These markers are indicative of
an immune response that is not resolving as expected.
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It is possible that in some cases, remnants of the
SARS-CoV-2 virus persist in certain tissues or organs,
triggering ongoing immune responses and inflamma-
tion that contribute to long-term symptoms.?® Viral
RNA and antigen have been detected in lung tissue
post-mortem, suggesting potential viral persistence in
this organ.”*** Cardiac tissues have also shown evi-
dence of viral RNA in post-mortem studies, suggesting
potential viral presence in the heart. This has raised
concerns about potential cardiac involvement in long-
term COVID-19 symptoms.’®*’ The gastrointestinal
tract has been shown to be another site of SARS-CoV-2
infection. Studies have detected viral RNA and antigen
in intestinal tissues, suggesting potential viral persis-
tence in the gut.*®*° Furthermore, there is emerging
evidence of potential SARS-CoV-2 presence in central
nervous system. Viral RNA has been detected in brain
samples post-mortem,>**' viral RNA and protein have
been detected in cerebrospinal fluid,** indicating viral
persistence in the central nervous system. Neuroin-
flammation and immune response dysregulation have
also been observed in post-mortem brain samples.*’
This is supported by reports of COVID-19 patients
experiencing symptoms like loss of taste and smell,
headaches, dizziness, cognitive impairment and mood
changes.**

3 | CLINICAL MANIFESTATION
AND DIAGNOSIS

Some common symptoms for long COVID include:
fatigue or extreme tiredness, shortness of breath or dif-
ficulty breathing, brain fog or difficulty concentrating,
chest pain or palpitations, muscle or joint pain, head-
aches, loss of taste or smell, sleep disturbances, and
anxiety or depression (Figure 1). It is important to note

that these symptoms can persist for weeks or even
months after the initial infection and may fluctuate in
severity.*’

Diagnosing long COVID typically involves a compre-
hensive evaluation by healthcare professionals. There is
no specific test for its diagnosis. In the long COVID
clinic, a multidisciplinary team of physicians including
pulmonologists, cardiologists, neurologists, psychiatrists,
rheumatologists and infectious disease specialists are
working together to provide comprehensive care. Blood
work may be done to check for markers of inflammation,
assess organ function, or rule out other medical condi-
tions that could cause similar symptoms. Pulmonary
function test (PFT) measurement including static lung
volumes, expiratory flow rates and DLCO assessment are
regarded as useful tools to assess long-term lung function
sequelae in patients with COVID-19."* Imaging studies,
including chest X-rays or chest CT scans may be per-
formed to evaluate lung parenchyma.'* Electrocardio-
gram or echocardiogram tests may be done to rule out
cardiac conditions. Neurological examinations or tests,
such as brain imaging or nerve conduction studies, may
be conducted to evaluate any potential neurological
involvement.'*

A recent study from the NIH RECOVER Initiative
developed a scoring system to provide an easy way to
identify long COVID patients.'® According to a study of
nearly 10 000 Americans, researchers identified 12 ‘core
symptoms’, including postexertional malaise, fatigue,
brain fog, dizziness, gastrointestinal symptoms, palpita-
tions, changes in sexual desire or capacity, loss of or
change in smell or taste, thirst, chronic cough, chest
pain and abnormal movements. By assigning points to
each of the 12 symptoms, the team gave each patient a
score based on symptom combinations. Then they iden-
tified a meaningful threshold of the score to diagnose
patients with long COVID."°

FIGURE 1 Long COVID General ag: Central Nervous System
symptoms. Fatigue or extreme tiredness, * Fatigue @@5 * Brainfog
ostexertional malaise, shortness of »  Pastexerdanal malaise > Cagnlive Impalrment
P . T i * Anxiety or depression *  Memory problem
breath or difficulty breathing, brain fog “
or difficulty concentrating, cognitive . .
Pulmonary Gastrointestinal

impairment, palpitations, chest pain,
muscle or joint pain, loss of taste or
smell, sleep disturbances, anxiety or
depression, decreased quality of life are
the most common long COVID
symptoms. These symptoms can persist
for weeks or months after the initial
SARS-Cov-2 infection and may fluctuate
in severity.

¢ Chronic cough
* Shortness of breath
* Dyspnea on exertion

* Diarrhea
* Constipation
* Acid reflux

Cardiovascular A A Musculoskeletal
* Palpitation Y Y * Joint pain
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4 | MANAGEMENT OF
LONG COVID

Long COVID recovery can vary from person to person.
Some individuals experience a gradual improvement over
time, while others may have periods of improvement fol-
lowed by relapses or fluctuations in symptom severity."”
One barrier to developing guidelines for long COVID is
the lack of understanding of the mechanism of long
COVID. In England, the National Institute for Health
and Care Excellence (NICE) published a rapid guideline
in December 2020 for managing the long-term effects of
COVID-19.>® In the United States, as of July 2021, ‘long
COVID’, also known as post-COVID conditions, can be
considered a disability under the Americans with Disabil-
ities Act (ADA).>’ In China, it was reported that the
improvement of PFT was observed after 6 months to
1 year for severe COVID-19 patients. Symptoms such as
dyspnoea were improved over time and 6-min walk dis-
tance test (6MWD) improved continuously.*® COVID-19
survivors had longitudinal improvements in physical and
mental health; however, the burden of symptomatic
sequelae remained fairly high. COVID-19 survivors had a
remarkably lower health status than the general popula-
tion 2years afterwards.’® Systematic study of long
COVID is needed to develop an evidence-based approach
for the treatment of long COVID patients.** The current
treatment for long COVID, focuses on managing and
alleviating symptoms to improve quality of life.*"** There
is not a single treatment that is effective for all long
COVID symptoms (Figure 2). Nothing was approved by
the FDA for long COVID treatment either.

Primary care visit
(dn * Post-COVID assessment

[y ] Telemedicine visit
4SS . Ppost-COVID assessment

Multidisciplinary care
% *  Pulmonologist
* Cardiologist
@@ * Neurologist
* Psychiatrist
* Rheumatologist

FIGURE 2

Collaboration among multidisciplinary team mem-
bers at the long COVID Clinic may be necessary to
address specific symptoms or organ system involvement.
Among these, psychological support has a significant
impact in long COVID patients. Mental health support,
such as counselling or therapy, can be beneficial in man-
aging some psychological aspects. In the case of long
COVID patients with neurological and cognitive issues,
many of them have brain fog, poor memory, headaches,
numbness and tingling in their extremities, loss of taste,
or loss of smell. They may get speech therapy or occupa-
tional therapy, as in patients with cognitive decline
caused by other medical conditions.**

The first long COVID symptomatic treatment guide-
line, treatment of fatigue, was issued by the American
Academy of Physical Medicine and Rehabilitation.** For
patients with only mild fatigue who can still keep up with
essential activities like work and school, activity pro-
grammes may begin with a gradual return to daily rou-
tines. As long as they have no setbacks, patients can also
start with light aerobic exercise that increases in intensity
and frequency over time. If symptoms do not worsen,
they can ramp up exercise by about 10% every 10 days.**
Gradual return to activity as tolerated could be helpful
for most patients. In summary, structured rehabilitation
programmes may be recommended to help improve
physical and cognitive function. These programmes can
include exercises, breathing techniques, physical and
occupational therapy, as well as neurologic rehabilitation
for cognitive symptoms.*>*® Creating a comprehensive,
patient-centred, multidisciplinary rehabilitation plan
may be helpful for patients.*’

Pulmonary rehabilitation program
S0
Q) —

Wearable device
Telerehabilitation

{7 (J

2

©

Management of long COVID. Multidisciplinary care, rehabilitation, tailored exercise programs, and psychological support

are important for long COVID recovery. Pulmonary rehabilitation is an effective intervention for patients with respiratory symptoms such as

dyspnoea. Innovative technologies, such as telemedicine, wearable devices, telerehabilitation, can facilitate healthcare access for long

COVID-19 patients. Telerehabilitation is proven to be safe and feasible in alleviating persistent symptoms and improving quality of life in

long COVID-19 patients.
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5 | ROLE OF PULMONARY
REHABILITATION IN LONG COVID

Pulmonary rehabilitation plays a significant role in the
management of chronic lung disease patients, particu-
larly for patients experiencing respiratory symptoms and
reduced lung function.*® Pulmonary rehabilitation pro-
grammes are designed to improve respiratory function,
enhance exercise tolerance and enhance overall quality
of life. These programmes typically involve a combina-
tion of exercise training, breathing exercises, education
and psychological support. The exercise component may
include aerobic exercises, strength training and flexibility
exercises tailored to the individual’s needs and capabili-
ties. Breathing exercises can help with lung capacity,
breath control and relaxation.

Pulmonary rehabilitation showed a promising posi-
tive effect on long COVID patients.*** A Systematic
Review and Meta-Analysis showed that pulmonary reha-
bilitation could improve exercise capacity measured by
6MWD among patients with mild-to-moderate lung
impairment after COVID-19.°" In patients with long
COVID, exercise capacity, functional status, dyspnoea,
fatigue and quality of life improved after 6 weeks of per-
sonalized interdisciplinary pulmonary rehabilitation.>*
Two randomized controlled trials that included 72 and
140 post-acute COVID-19 patients, respectively, showed
that respiratory techniques have superior benefits beyond
natural recovery to improve pulmonary function, exercise
performance, quality of life and anxiety, especially in
combination with group psychological interventions.”
Findings for this Year in Review revealed that exercise
interventions and pulmonary rehabilitation show prom-
ise for improving functional exercise capacity, dyspnoea
and fatigue in people with long COVID.>* Of note, the
pulmonary rehabilitation programmes should be individ-
ualized and adapted to accommodate the needs of the
patient as our experience accumulates.”

6 | EMERGING TECHNOLOGIES
IN LONG COVID MANAGEMENT

During the COVID-19 pandemic, telemedicine experienced
an unprecedented growth. Telemedicine has become more
widely accepted and used by patients and healthcare pro-
viders as a means to deliver healthcare remotely, reducing
the risk of virus transmission. Enhanced telemedicine plat-
forms and apps have been developed, offering better video
and audio quality, secure data transmission and user-
friendly interfaces. Moreover, wearable device technology
has allowed for remote monitoring of patients’ vital signs
and health conditions, enabling early intervention and

WILEYL s

better disease management. Telemedicine has bridged
healthcare access gaps in rural areas, where access to
healthcare facilities is limited.

For COVID-19 patients, wearable devices are designed
for monitoring a set of physiological parameters that are
critical for them, such as body temperature, heart rate,
heart rate variability, blood oxygen saturation, respiratory
rate, blood pressure and cough. This physiological infor-
mation can be further used to potentially estimate lung
function using artificial intelligence (AI) and sensor fusion
techniques. A prototype comprises both hardware and a
smartphone app has shown promising results for COVID-
19 patients and can also be used for long-term monitoring
of long COVID patients.’®*’” With the advances in technol-
ogy, the general population now has the capability to con-
tinuously track vital signs, exercise output and advanced
health metrics, further enhancing personal healthcare
management.® In this regard, wearable devices have revo-
lutionized the personal healthcare.

The utilization of wearable devices in pulmonary
rehabilitation presents an exciting frontier filled with
promising opportunities. For example, these wearable
devices hold the potential to enhance medication adher-
ence. Additionally, these wearable devices are able to
continuously monitor various physiological parameters
of patients during their rehabilitation activities. Data can
be stored on a smartphone and readily shared with
healthcare providers. With this information in hand, phy-
sicians will be able to tailor medications and activity
levels specifically for the individual patients. Therefore,
telerehabilitation emerges as a potentially sustainable
solution to address the growing burden of chronic respi-
ratory diseases worldwide.”

In long COVID, fully remote telerehabilitation has
proven to be safe and feasible and to have high potential
for COVID-19 recovery, offering benefits to medically
complex patients including those with barriers to health-
care access.” Telerehabilitation improved 6MWD, dys-
pnoea, performance and physical components of quality
of life in long COVID patients.”’ Incorporating remote
8-week supervised home-based respiratory muscle train-
ing programmes has been effective in improving quality
of life in individuals with long COVID patients.®* The
effectiveness of telerehabilitation in alleviating the symp-
toms of long COVID is promising.”®> A systematic review
of six articles collectively provided information on
140 patients, with variables measured including dys-
pnoea, fatigue, physical performance and quality of life,
suggesting that the application of telerehabilitation holds
great promise as an effective tool for mitigating the per-
sistent symptoms in long COVID patients.®® In addition,
virtual reality applications exhibit promise as an attrac-
tive and safe tool for implementing rehabilitation,
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enhancing performance during exercise and benefiting
patients with both respiratory and cognitive symp-
toms.** It is important to conduct higher-quality clinical
trials and systematic reviews, which are essential for
providing the best available evidence on the effective-
ness of telerehabilitation.®’

The number of patients with long COVID continues
to increase considerably, bringing the substantial health-
care, social and economic burdens. Current research
offers many insights into the mechanisms, and possible
treatments for long COVID. Pulmonary rehabilitation
remains an effective and critical treatment for long
COVID-19 patients. The rise in technologies such as tele-
medicine and wearable devices for remote and continu-
ous monitoring increase the healthcare accessibility for
the general population, especially those who have limited
access to medical care. The effectiveness of telerehabilita-
tion in alleviating the symptoms and improving quality
of life for long COVID patients is promising.

7 | FUTURE DIRECTIONS AND
CLINICAL IMPLICATIONS

As technology continues to evolve, future directions in
long COVID management may involve refining wearable
devices to capture a broader spectrum of physiological
data, enabling more comprehensive health monitoring.
Additionally, integrating advanced machine learning algo-
rithms could enhance the predictive capabilities of wear-
ables for personalized treatment plans. Robust clinical
trials and systematic reviews are essential for standardiz-
ing and establishing the effectiveness of telerehabilitation
interventions. Widespread adoption of these technologies
could revolutionize post-COVID care, providing scalable
and patient-centric approaches to address the persistent
symptoms and improve the overall quality of life for indi-
viduals affected by long COVID.

8 | CONCLUSIONS

In conclusion, long COVID represents a multifaceted
challenge necessitating a comprehensive, multidisciplin-
ary approach for effective management. The intricate
interplay of vascular damage, immune dysregulation, and
potential viral persistence underscores the complexity of
this condition. Pulmonary rehabilitation emerges as a
cornerstone in the treatment paradigm, showcasing sig-
nificant efficacy, particularly in addressing respiratory
symptoms. The integration of innovative technologies,
including telemedicine and wearable devices, marks a
transformative shift in healthcare delivery for long

COVID patients. As ongoing research refines diagnostic
criteria and therapeutic strategies, the future holds prom-
ise for personalized, technology-driven interventions that
enhance patient outcomes and overall quality of life in
the persistent aftermath of COVID-19.

DATA SOURCE

The electronic database PubMed was searched using the
following terms: long COVID, post-acute sequelae of
COVID-19 (PASC), post-COVID condition, aetiology,
management, pulmonary rehabilitation, wearable device.
Search filters were combined and restricted to English and
human. The search was performed in September 2023.
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