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Reviews
Long COVID: Current Status, Challenges and
Future Directions
Liling Huang1,2, Tingting Huang3, Yongqian Liao3, Shaoling He3, Yanling Hu1,4,

Jiannan Lv5, Yuluan Zhang6, Chengqiong Xu3*

Long COVID refers to the persistent symptoms and health issues experienced by patients following infection with the SARS-CoV-2. As t
he pandemic continues, research into Long COVID has gradually become a focal point for the global medical community. Current studie
s suggest that the pathogenesis of Long COVID may be closely related to factors such as immune response, inflammatory reactions, ne
urological damage, and microvascular lesions. The clinical manifestations are diverse and include, but are not limited to, fatigue, dyspn
ea, cognitive impairment, and mental health issues. Epidemiological studies show that there are significant differences in the incidenc
e of Long COVID among different populations, and its effects can be long-lasting, severely affecting patients' quality of life. Currently,
diagnostic methods for Long COVID are still under exploration, with common assessment tools involving clinical interviews and questio
nnaires. In terms of treatment strategies, while no specific treatments exist yet, a comprehensive management approach including sy
mptom relief, rehabilitation training, and psychological support has shown some efficacy. By analyzing the latest research findings, thi
s paper aims to provide references for clinical practice and future research, promoting further understanding and response to Long CO
VID.

Introduction
At the end of 2019, the novel coronavirus (SARS-CoV-2) o
utbreak erupted and rapidly swept across the globe, infli
cting a significant impact on human health and socio-eco
nomics. Although the current COVID-19 pandemic situati
on is generally stable, and the social harm and burden ha
ve eased compared to before, more evidence has emerge
d as the pandemic progresses that some patients still exp
erience a range of long-term symptoms even after their n
ucleic acid tests turn negative following infection with th
e coronavirus. This condition is referred to as "Long COVI
D." According to incomplete statistics from the World He
alth Organization (WHO), it is predicted that there are cu
mulatively 400 million people worldwide suffering from L
ong COVID, causing at least $1 trillion in economic losses
annually, which is approximately 1% of the global econo
mic income. Long COVID is not a specific disease but a co
mplex clinical syndrome characterized by diverse sympto
ms lasting for an extended period, severely affecting the
quality of life of patients and placing a heavy burden on
public health systems. Therefore, Long COVID has becom
e one of the hot topics in current medical research. Stud
ying Long COVID is crucial for understanding the long-ter
m effects of the coronavirus. Research indicates that Lon
g COVID not only affects individuals' physical health but
may also lead to mental health issues such as anxiety and
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depression[1].Currently, research is being conducted glo
bally to explore the epidemiological characteristics, risk f
actors, and impact of Long COVID on different population
s. The results of these studies will provide important evid
ence for policymakers to develop effective interventions
and improve the quality of life for patients.
Although the peak of the COVID-19 pandemic has passed,
its impact on people has not disappeared. Particularly, L
ong COVID has brought a huge burden to public health, a
nd humanity's battle against the coronavirus may well be
a "protracted war." To address the challenges of Long C
OVID, ambitious and coordinated global research and pol
icy strategies are required. Therefore, it is necessary to f
urther study and clarify the mechanisms underlying Long
COVID and propose targeted treatment and long-term m
anagement plans.

Definition of Long COVID
Long COVID, as a professional term, was first introduced in
2020 to describe the phenomenon where various symptoms
persist for weeks or months after a SARS-CoV-2 infection[2].
The specific definition varies among different research
institutions and countries. The World Health Organization
(WHO) defines Long COVID as symptoms or new symptoms
that persist for at least two months following three months
of SARS-CoV-2 infection that cannot be explained by other
diagnoses[3]. The Centers for Disease Control and Prevention
(CDC) in the United States adopts a definition where
symptoms or health problems persist for more than four
weeks after a SARS-CoV-2 infection with no detectable
replicating virus[4].Additionally, the National Institute for
Health and Care Excellence (NICE) in the UK proposes an
alternative definition that covers all symptoms unrelated to
SARS-CoV-2 infection occurring after acute infection,
distinguishing different time points: ongoing COVID-19
symptoms (4-12 weeks later) and COVID-19 syndrome (more
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than 12 weeks later)[5]. On July 31, 2024, the National
Academies of Sciences, Engineering, and Medicine (NASEM)
in the United States introduced a new definition: Long COVID
is an infection-related chronic condition occurring after SARS
-CoV-2 infection, lasting for at least three months with a
continuous, relapsing, and remitting or progressive disease
course, affecting one or more organ systems. It emphasizes
consistency in adults and children, documentation in the
literature, and treatment[6].

Despite the differing definitions of Long COVID, it is generally
believed that its core characteristics include: 1. Symptoms th
at appear weeks or months after a SARS-CoV-2 infection. 2. T
hese symptoms persist for at least two months. 3. The sympt
oms cannot be explained by other diagnoses. These definitio
nal differences reflect the varying understanding and focus o
f different organizations on Long COVID, and also demonstrat
e the complexity and variability of this field. The evolution of
the term Long COVID has gone through a process from early
variability to gradual standardization. Initially, due to limited
understanding of the long-term effects of SARS-CoV-2 infecti
on, many different terms were used to describe this phenom
enon. For example, "post-acute sequelae of SARS-CoV-2 infec
tion (PASC)," "post-acute COVID-19 syndrome," and "long-ha
ul COVID" were all terms used in the early stages. As researc
h has progressed and understanding has increased, these ter
ms have gradually been replaced by "long COVID" and "post-
COVID-19 condition," which have been widely recognized an
d used in the academic and healthcare communities. Long C
OVID is a relatively new field of research, and the evolution o
f its terminology reflects the deepening understanding of this
phenomenon.

Epidemiological Characteristics of Long
COVID
Incidence and Epidemiological Data
The incidence of Long COVID varies by region, population cha
racteristics, and study design. According to an observational
cohort study involving over 2 million adults, the prevalence o
f Long COVID is significantly higher in older populations comp
ared to younger groups[7]. Other studies have shown that th
e symptoms of Long COVID manifest with different frequenci
es among various groups; for instance, women and patients
with underlying diseases are more likely to experience Long
COVID symptoms[8]. These epidemiological data provide a cr
ucial foundation for understanding the impact of Long COVID
on different populations.

Risk Factor Analysis
Research indicates that risk factors for Long COVID include ag
e, gender, underlying diseases, and the severity of acute pha
se illness[9]. For example, young women and patients with ca
rdiovascular diseases or diabetes have a higher incidence of L
ong COVID. Additionally, socio-economic factors may also infl

uence the occurrence of Long COVID, such as patients from l
ow-income and marginalized communities being more susce
ptible to its effects[10]. Understanding these risk factors help
s identify high-risk groups and provide them with better med
ical support.

Incidence Among Different Populations

The incidence of Long COVID shows significant variation acro
ss different populations. Studies have found that children an
d adolescents have a relatively lower rate of Long COVID sym
ptoms after infection with the coronavirus, though some still
experience persistent symptoms[11]. In older populations, Lo
ng COVID symptoms are more common and usually more sev
ere[12]. Moreover, certain occupational groups, such as heal
thcare workers exposed to high-risk environments, also have
a significantly increased incidence of Long COVID[13]. These f
indings underscore the importance of developing personalize
d intervention measures for different populations.

Clinical Manifestations of Long COVID
Long COVID exhibits high heterogeneity in its clinical manifes
tations, with over 200 symptoms currently attributed to it. T
he most common complaints include dyspnea, fatigue, brain
fog, olfactory dysfunction, hair loss, and sleep disorders, amo
ng others[14]. Fatigue is considered the most prevalent symp
tom, with many studies indicating that approximately 50% to
80% of Long COVID patients still experience varying degrees
of fatigue after infection[11, 13]. Dyspnea is also a commonly
reported symptom among Long COVID patients, with related
research finding that about 30% to 40% of patients still feel
breathless or have shortness of breath after the acute phase[
12, 15]. Additionally, symptoms such as chest pain and joint
pain often accompany these, affecting patients' daily lives an
d potentially leading to long-term health issues[10, 16]. Ther
efore, assessment and management of these common sympt
oms are particularly important. Based on a two-year follow-u
p study conducted in China, we found that a certain proporti
on of patients still had Long COVID symptoms two years after
infection with the original strain of the coronavirus, and the
prevalence of each symptom changed over time[14]. Some st
udies suggest that Long COVID can manifest as four different
syndromes, including post-intensive care syndrome, post-vira
l fatigue syndrome, and long haul COVID syndrome, among o
thers. This further emphasizes the high heterogeneity and di
versity of Long COVID symptoms[17]. Long COVID represents
a series of long-term health impacts following the acute phas
e of coronavirus infection; it is a complex multi-system diseas
e affecting nearly every organ system and can lead to severe
disability. Figure 1 summarizes the main symptoms and path
ologies, organ function abnormalities, etc., involved in each s
ystem reported in current studies [18-22]. Considering these
systemic symptoms comprehensively helps develop more hol
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istic management strategies for Long COVID.

Figure 1 Multi-organ complications of COVID-19 and long
COVID

Potential Mechanisms of Long COVID
The pathogenesis of Long COVID remains unclear, but it is cu
rrently believed to involve multiple mechanisms (Figure 2), in
cluding alterations in the immune system, persistent presenc
e of the virus, dysbiosis of the microbiome, mitochondrial dy
sfunction and metabolic abnormalities, neuronal and myelin
sheath disturbances, as well as vascular microthrombosis an
d endothelial dysfunction. These are multi-systemic pathoph
ysiological changes.

Figure 2 Hypothesized mechanisms of long COVID pathogenesis

Immune System Alterations

Long COVID represents a set of symptoms and health issues t
hat persist after infection with the coronavirus and is closely
related to changes in the immune system. Research has sho
wn that COVID-19 infection significantly affects the human i
mmune system, leading to various changes in immune respo
nses. Firstly, patients with Long COVID often exhibit immune

dysregulation, including T cell exhaustion and a decrease in C
D4+ central memory cells[23]. This change in immune status
may prevent the body from effectively controlling immune re
sponses, thereby triggering autoimmune reactions and attac
king multiple organs such as the brain, heart, lungs, and kidn
eys. Secondly, the immune system of Long COVID patients re
mains in a highly vigilant state for an extended period, with C
OVID-specific adaptive immune responses lasting for many m
onths, and neutralizing antibody titers and T cell responses c
an last up to 12 months[24]. Additionally, the coronavirus ma
y induce cross-reactions with host self-antigens, leading to th
e production of autoantibodies[25]. Several studies[26, 27] h
ave found elevated levels of autoantibodies against various ti
ssues, organs, and immune regulatory factors in Long COVID
patients. In more than 85% of patients, anti-COVID-19 IgG an
tibodies were detected, positively correlated with the levels
of autoantibodies, and anti-interferon-lambda IgG antibodies
were associated with the persistence of respiratory sympto
ms in Long COVID. The potential autoimmunity is related to t
he humoral response to SARS-CoV-2[28]. Complement activa
tion is also one of the important mechanisms behind Long C
OVID[29]. When the complement system becomes uncontrol
led, it can lead to cellular and vascular damage, which may u
nderlie some of the characteristics of long-term COVID illness
es. Furthermore, studies have noted low levels of protective
antibodies and high levels of autoantibodies in Long COVID p
atients, suggesting increased susceptibility to reinfection[30].
Meanwhile, the coronavirus can hijack all classes of immune
cells through widely expressed integrins and can even target
helper T cells (CD4+), further depleting the immune system[3
1]. In-depth immunophenotypic analysis has revealed signific
ant disturbances in the gene expression of innate immune ce
lls (such as NK cells, low-density neutrophils, and CXCR3+ mo
nocytes) and adaptive immune cells (such as Th cells, Tfh cell
s, and regulatory T cells) in Long COVID patients[32]. When i
mmune cells are stimulated by antigens for an extended peri
od, they can become dysfunctional or exhausted. Studies hav
e found that in severe COVID-19 patients, the absolute numb
ers of antiviral lymphocytes such as cytotoxic T lymphocytes (
CTL) and natural killer cells (NK) are significantly reduced and
functionally exhausted[33]. During COVID-19 infection, man
y immune inhibitory receptors on lymphoid and myeloid cells
are upregulated[33]. This immune suppression and immune
cell exhaustion can promote COVID-19 infection, leading to p
ost-COVID sequelae. After systemic inflammatory response s
yndrome, some balanced compensatory anti-inflammatory
mechanisms will be activated to restore immune homeostasi
s. On the other hand, there is still a possibility that SARS-CoV-
2 could integrate into the host genome, which might lead to
cancer. These mechanisms have also been proven to be relat
ed to tumorigenesis and metastasis[34]. Overall, the occurre
nce of Long COVID is closely related to complex changes in th
e immune system, including immune dysregulation, sustaine
d high alert status, autoimmune reactions, and abnormal acti
vation of the complement system. These changes not only af
fect the patient's short-term recovery process but may also l
ead to long-term health issues.

https://www.icelljournal.com/index.php/iCell/issue/view/2


ICELL JOURNAL | RESEARCH ARTICLE

Xu et al.icll,Vol.1ELJT3204(2024) 1 November 2024 4

Chronic Viral Infection Activation

Studies have indicated that even after symptoms disappear, t
he virus may still persist in the body for a long time and impa
ct health. Additionally, individuals with specific genetic mutat
ions are more likely to suffer from Long COVID. The reactivati
on of certain chronic viruses, such as EBV, CMV, and HIV, ma
y be a potential factor in the development of Long COVID[35].
Chronic viral infections can lie dormant within the host for e
xtended periods and reactivate under certain conditions. This
reactivation may lead the immune system to overreact to th
ese viruses, triggering or exacerbating symptoms of Long CO
VID[36]. EBV is more active in COVID-19 patients and is assoc
iated with various symptoms, including fatigue and brain fog[
26, 37]. Serological evidence of EBV reactivation is independ
ently associated with fatigue and neurocognitive dysfunction
[38]. Furthermore, the reactivation of EBV and other herpesv
iruses (such as HSV-1) overlaps with symptoms in patients wi
th ME/CFS (Myalgic Encephalomyelitis/Chronic Fatigue Syndr
ome), further supporting the potential role of EBV in Long CO
VID symptoms[36, 39]. The impact of chronic viral co-infectio
ns on the development of Long COVID varies and requires fur
ther assessment.

The persistence or reactivation of SARS-CoV-2 itself is also co
nsidered a significant factor in Long COVID. Viral persistence
refers to the continued existence of the virus in certain parts
of the body after acute infection, potentially leading to subse
quent symptoms. Studies have found that the genetic materi
al of the novel coronavirus can still be detected in some patie
nts with Long COVID, suggesting that the virus may persist in
some tissues and even reactivate[40]. This phenomenon may
be related to the virus's latent mechanism, where some viru
ses may exist at a low level in the body, not completely clear
ed, and reactivate when the body's immunity declines[41, 42]
. This mechanism may explain why some patients still experie
nce recurrent symptoms similar to the acute infection month
s later[43]. The latest research refers to these novel coronavi
ruses that persist in human tissues as "reservoirs." This viral "
reservoir" has the ability to replicate and transcribe, translati
ng viral RNA and proteins into the bloodstream, affecting hos
t immune and inflammatory responses, and triggering sympt
oms in various systems of "Long COVID."[44]

Microbiome Dysbiosis:

Research has found that there are significant changes in the
gut microbiomes of patients with long COVID, and this dysbio
sis may be associated with the persistence of the disease. Stu
dies indicate that gut bacterial imbalances in patients with C
OVID-19 are linked to a variety of post-COVID conditions. Pat
ients with long COVID exhibit abnormalities in their gut micro
biota, characterized by a noticeable decrease in beneficial ba
cteria and an increase in potentially harmful bacteria. Conver
sely, individuals without post-COVID symptoms have a more

diverse and varied gut microbiota, similar to those who have
never been infected[45]. It has been reported that altered gu
t microbiome composition remains closely associated with p
ersistent symptoms in COVID-19 patients up to six months af
ter the clearance of SARS-CoV-2. This suggests that changes i
n the gut microbiome may persist during the recovery proces
s and affect the patient's long-term health status[46]. Compa
red to healthy controls, patients showed significantly reduce
d bacterial diversity and increased relative abundance of opp
ortunistic pathogens, along with decreased relative abundan
ce of beneficial symbionts[47]. This dysbiosis may exacerbate
the severity of COVID-19 by influencing the host's immune r
esponse and inflammation. Changes in the gut microbiome d
ue to SARS-CoV-2 infection may further contribute to the sev
erity of COVID-19 by affecting the host's immune response a
nd inflammation[48, 49]. Causal relationships between the g
ut microbiome and COVID-19 have been supported by Mend
elian randomization studies, indicating that specific microbial
communities are associated with susceptibility to, hospitaliz
ation for, and the severity of COVID-19[50, 51]. The gut micr
obiota of patients with long COVID differs from that of health
y individuals, with long-lasting changes and significant differe
nces in microbial distribution. Potential mechanisms affectin
g the occurrence and progression of long COVID involve the g
ut-lung axis (GLA), the gut-brain axis (GBA), potential pathog
enic bacteria, and microbial metabolites. Prevention and trea
tment methods based on the gut microbiome for long COVID
primarily include probiotics, prebiotics, and fecal microbiota
transplantation (FMT). Clarifying the role of the gut microbio
me in the pathogenesis of long COVID may aid in early diagn
osis and the identification of new biomarkers[52]. Multiple st
udies have shown that the gut microbiomes of COVID-19 pati
ents undergo significant changes, including a reduction in be
neficial symbiotic bacteria and an increase in opportunistic p
athogens[47, 53, 54]. These changes in the gut microbiome o
f COVID-19 patients are linked to the occurrence of long-ter
m complications known as Post-Acute COVID-19 Syndrome (
PACS). In patients with long COVID, characteristics of the gut
microbiome include high levels of Ruminococcus gnavus and
Bacteroides vulgatus, and low levels of Faecalibacterium pra
usnitzii[46]. Since metabolites produced by the microbiome s
erve as regulators of host immunity, metabolism, and hormo
nal signaling, they can activate the immune system and supp
ress pathogens. Therefore, dysbiosis may trigger a series of p
athological processes[55]. Supplementing with probiotics an
d prebiotics can effectively regulate the gut microbiota, enha
nce gut barrier function, reduce pathogen invasion, and mitig
ate lung inflammation and damage through the gut-lung axis[
56].

Mitochondrial Dysfunction and Metabolic Ab
normalities:

These factors are considered important causes leading to sy
mptoms such as fatigue in patients with long COVID. Mitocho
ndrial dysfunction and metabolic abnormalities play a crucial
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role in the mechanism of long COVID. Mitochondria are the c
ell's power plants, primarily generating ATP through oxidativ
e phosphorylation (oxphos) to provide energy. SARS-CoV-2 in
fection directly affects mitochondrial function, leading to sup
pressed gene expression and causing dysfunction in mitocho
ndrial energy production, while also activating immune respo
nses[57]. This energy insufficiency results in symptoms such
as weakness and fatigue in patients[58]. Recently, a team fro
m Children's Hospital of Philadelphia (CHOP) collaborating wi
th the international COVID-19 research group (COV-IRT) disc
overed that SARS-CoV-2 adversely impacts mitochondrial gen
es, leading to multi-organ dysfunction beyond the lungs. This
study provides strong evidence that we should no longer vie
w COVID-19 merely as an upper respiratory tract disease but
rather as a systemic illness affecting multiple organs[57]. SAR
S-CoV-2 infection can disrupt mitochondrial gene expression,
resulting in impaired mitochondrial function in the host. This
long-term impairment of mitochondrial function may lead to
serious post-COVID conditions, such as organ failure. SARS-C
oV-2 infection affects mitochondrial gene expression and fun
ction through multiple mechanisms, including direct interfer
ence with gene expression regulation via viral proteins[59], a
nd indirectly by altering the host's translational efficiency[60]
and immune responses, impacting mitochondrial-related bio
logical processes. Peripheral blood mononuclear cells (PBMC
s) from COVID-19 patients display characteristics of mitochon
drial dysfunction, metabolic alterations, and elevated levels o
f mitochondrial factors. Different subgroups of T-cells exhibit
mitochondrial dysfunction and increased risk of death[33]. T
hus, mitochondrial dysfunction leads to an imbalance in imm
une homeostasis and metabolic reprogramming of infected c
ells, which may contribute to post-COVID conditions. These c
hanges suggest that mitochondrial dysfunction plays a critical
role in the progression of COVID-19, particularly in driving di
sease severity and prognosis[61]. In long COVID patients follo
wing SARS-CoV-2 infection, there are alterations in the mitoc
hondrial membrane potential of peripheral blood leukocytes,
indicating mitochondrial functional abnormalities[14]. These
changes not only affect energy generation in muscle cells bu
t can also lead to multi-organ dysfunction.

Neuropathological and Myelin Disruption

The specific mechanisms of neuropathological and myelin dis
ruption following COVID-19 infection involve direct viral inva
sion, immune-mediated inflammatory responses, and possibl
e disruption of the blood-brain barrier. These mechanisms co
llectively result in widespread neurological damage, including
cognitive decline and sensory disturbances[62-64]. SARS-Co
V-2 can directly invade the nervous system, a fact confirmed
by the presence of the virus in neural cells. Research indicate
s that SARS-CoV-2 can enter the central nervous system (CNS)
through neuronal spread or via the bloodstream, affecting n
eural cells[63]. Moreover, the virus may also directly invade t
he brain through pathways such as the olfactory nerve or trig
eminal nerve[65]. One study showed that among non-severel
y ill survivors of mild-to-moderate COVID-19, the incidence o

f objective cognitive impairment was 40%[66]. Patients recov
ering from mild cases of COVID-19 may experience cognitive
impairments, such as "brain fog," which includes symptoms li
ke slow thinking and difficulty concentrating[67]. Research sh
ows that five months post-discharge, 42.1% of patients had p
rocessing speed deficits, 26.3% exhibited delayed verbal reca
ll deficits, and 21% had both processing speed and verbal me
mory deficits[68]. Additionally, COVID-19 may cause damage
to key areas of the brain, such as the hippocampus and anter
ior cingulate cortex, which could be one of the underlying me
chanisms for cognitive decline[69]. German scientists found t
hrough experiments with mice that after SARS-CoV-2 infectio
n, protein structures within brain neurons undergo changes s
imilar to those seen in diseases like Alzheimer’s and Parkinso
n’s, involving the accumulation of misfolded proteins. This pr
otein buildup could explain the attention and memory disord
ers observed in patients with long COVID[70]. Furthermore, S
ARS-CoV-2 infection can trigger widespread inflammatory res
ponses, including non-specific neuroinflammation and anti-n
euronal autoimmune dysregulation. These inflammatory res
ponses may disrupt the blood-brain barrier, leading to signifi
cant metabolic changes in neurons and surrounding cells, an
d inducing inflammation in cortical neurons[71]. Low levels o
f viral RNA were detected in the brains of a few acutely ill pat
ients, suggesting possible direct or indirect effects of the viru
s on the nervous system[72]. Additionally, studies have indic
ated that CNS damage post-SARS-CoV-2 infection may be rel
ated to factors such as glutamate reuptake in astrocytes, NM
DA receptors and transporters (EAAT2), ROS signaling, NF-κB
signal-triggered astrocyte proliferation, KNDy neurons, and t
he hypothalamic network involving Kiss1 (the GPR54 recepto
r ligand)[64]. It is recommended that comprehensive cognitiv
e assessments be conducted for survivors of COVID-19 upon
admission and discharge, and screening tools such as the Mo
ntreal Cognitive Assessment (MoCA) be used to identify and t
reat cognitive communication skill impairments[73]. Given th
e impact of COVID-19 on the nervous system, large-scale foll
ow-up studies are necessary.

Microthrombosis Formation and Endothelial
Dysfunction

This may lead to damage and dysfunction in multiple organ s
ystems. SARS-CoV-2 enters vascular endothelial cells by bindi
ng to ACE2 receptors through its S protein, and the binding e
fficiency is further enhanced by activation via TMPRSS2[74, 7
5]. By infecting vascular endothelial cells, SARS-CoV-2 trigger
s a series of pathophysiological reactions leading to microthr
ombosis formation and endothelial dysfunction. Researchers
at Hannover Medical School in Germany found the presence
of microthrombi in tissue samples from deceased COVID-19
patients and observed an increase in capillary branches to m
aintain oxygen-rich blood flow[76]. The exact origin of these
microthrombi is not fully understood; however, Pretorius an
d Kell believe that the spike protein used by SARS-CoV-2 to e
nter cells could be a contributing factor in patients with long

https://www.icelljournal.com/index.php/iCell/issue/view/2


ICELL JOURNAL | RESEARCH ARTICLE

Xu et al.icll,Vol.1ELJT3204(2024) 1 November 2024 6

COVID. They found that adding spike proteins to the plasma
of healthy volunteers in the laboratory was sufficient to indu
ce the formation of these abnormal clots[77]. A study by Aca
demician Zhong Nanshan and Professor Wang Jian’s team at
Guangzhou Lab revealed that abnormal expression and activ
ation of the store-operated calcium channel SOCC and mech
anosensitive ion channel Piezo1 play a critical role in SARS-Co
V-2 spike protein-induced pulmonary vascular endothelial inj
ury and vascular remodeling, providing new mechanisms and
targets for prevention and treatment of pulmonary vascular
diseases caused by SARS-CoV-2[78].

Multiple studies have shown that the spike protein of SARS-C
oV-2 can significantly downregulate the level of ACE2 recept
ors on host cells and thereby inhibit mitochondrial function[7
9, 80]. This downregulation directly affects the dysfunction o
f vascular endothelial cells. Infected endothelial cells release
large amounts of inflammatory cytokines, which are associat
ed with the "cytokine storm" in COVID-19 and can further pr
omote endothelial dysfunction. SARS-CoV-2 infection activat
es the endothelial-to-mesenchymal transition (EndMT) proce
ss, causing endothelial cells to lose their specificity and gain
mesenchymal characteristics, ultimately leading to thrombos
is and fibrotic damage[81]. Studies have shown that patients
with long COVID harbor a unique form of microthrombi—am
yloid fibrin microclots (fibrinaloids)—which can obstruct capil
laries, restrict red blood cell passage and gas exchange, there
by causing a range of symptoms[82]. There is a close relation
ship between microthrombosis formation and endothelial cel
l injury. Endothelial cell injury can lead to microthrombosis, a
nd microthrombosis can cause further damage to endothelial
cells. Elevated levels of various endothelial markers such as
CD31, VEGFR-2, ICAM-1, VCAM-1, E-selectin, P-selectin, and
vWF have been observed in the lung tissues and circulatory s
ystems of COVID-19 patients, supporting the importance of p
ulmonary endothelial cells in local and systemic pathophysiol
ogy[83]. The specific process of endothelial cell injury followi
ng SARS-CoV-2 infection involves binding to ACE2 receptors,
downregulation of ACE2 receptors, endothelial cell dysfuncti
on, inflammatory activation, and mitochondrial remodeling.
These processes collectively promote the formation of micro
thrombi, exacerbating disease severity and potentially leadin
g to multi-organ dysfunction and death[84-86]. Endothelial c
ell dysfunction and inflammatory responses triggered by SAR
S-CoV-2 infection lead to platelet aggregation and subsequen
t microvascular thrombosis in the cardiovascular system, whi
ch can eventually result in heart failure[84]. Further studies s
how that SARS-CoV-2 infection can lead to systemic vascular
coagulopathy or vascular injury, causing disseminated intrava
scular coagulation (DIC), especially evident in severely ill pati
ents. In such cases, microthrombi are widely present in small
blood vessels, leading to organ failure and multisystem comp
lications[87]. Research indicates that systemic microvascular
embolism may be one of the causes of symptoms of long CO
VID, such as fatigue, muscle pain, and brain fog. The Europea
n Society of Cardiology also recommends screening for micro
thrombi and endothelial dysfunction in patients with long CO

VID[88]. In clinical practice, it is important to focus on screeni
ng and management of these potential complications to ena
ble timely intervention and symptom relief. Overall, accordin
g to current research, the causes of post-COVID conditions m
ay be numerous, and these mechanisms may overlap to varyi
ng degrees, ultimately contributing to the occurrence and de
velopment of post-COVID conditions. Of course, the above p
ossible mechanisms are speculations based on basic or clinic
al research by researchers, and the true pathogenesis of post
-COVID conditions requires further investigation.

Diagnostic Methods for Long COVID

Currently, the diagnosis of Long COVID mainly relies on clinic
al manifestations and evidence of previous SARS-CoV-2 infect
ion, without necessarily requiring confirmation of infection t
hrough prior polymerase chain reaction or antigen testing re
sults. Nevertheless, due to the diverse and nonspecific natur
e of Long COVID symptoms, there are currently no specific la
boratory tests or biomarkers available for diagnosing Long C
OVID. Diagnostic methods for Long COVID involve multiple as
pects, including laboratory tests, imaging examinations, and
clinical symptom assessment.

Clinical Diagnostic Criteria

Long COVID refers to a series of long-term symptoms experie
nced by patients after acute COVID-19 infection. According t
o existing research, the clinical diagnostic criteria for Long CO
VID typically include persistent symptoms such as fatigue, dy
spnea, cognitive impairment, sleep disorders, muscle or joint
pain, etc., lasting at least four weeks after infection[89]. Addi
tionally, patients may experience neurological symptoms suc
h as headaches, loss of taste or smell, which can persist for m
onths or even longer after the acute phase[90]. To better ide
ntify patients with Long COVID, clinicians need to consider a
patient's medical history, symptom presentation, and potenti
al influencing factors such as comorbidities, age, and gender[
91]. Currently, there are no unified international diagnostic s
tandards, but guidelines from different countries are graduall
y moving towards establishing systematic assessment tools t
o assist clinicians in making accurate diagnoses[92].

Laboratory Tests and Imaging Evaluation

In the diagnosis of Long COVID, laboratory tests and imaging
evaluations play an essential auxiliary role. Laboratory tests h
elp rule out other potential diseases and assess the patient's
overall health status. For example, blood tests can detect infl
ammatory markers, immune function, and nutritional status,
which may correlate with the severity of Long COVID sympto
ms[93]. Studies have shown that elevated levels of interleuki
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n-6 (IL-6), C-reactive protein (CRP), and tumor necrosis factor
alpha (TNF-α) may serve as potential diagnostic biomarkers f
or Long COVID. Patients with neurological symptoms of Long
COVID exhibit higher levels of neurofilament light chains and
glial fibrillary acidic protein, whereas those with pulmonary s
ymptoms have higher levels of transforming growth factor b
eta[94]. Compared to COVID-19 survivors without Post-Acute
Sequelae of SARS-CoV-2 Infection (PACS), survivors with PAC
S exhibit higher levels of CRP (standardized mean difference [
SMD] = 0.20; 95% CI: 0.02-0.39), D-dimer (SMD = 0.27; 95% C
I: 0.09-0.46), and lactate dehydrogenase (LDH) (SMD = 0.30;
95% CI: 0.02-0.66). Sensitivity analysis also showed that lymp
hocyte counts (SMD = 0.30; 95% CI: 0.12-0.48) and IL-6 (SMD
= 0.30; 95% CI: 0.12-0.49) were significantly higher in PACS c
ases than in non-PACS cases[95]. Chinese research teams hav
e identified 23 protein biomarkers associated with Long COVI
D for the first time. These biomarkers help identify high-risk
populations for Long COVID early and provide targets for the
development of new interventions[96]. In a multicenter stud
y analyzing the differences in biomarkers between Long COVI
D patients, those infected but without sequelae (recovery co
ntrol), and those not infected with COVID-19 (healthy control)
, it was found that Long COVID patients exhibit abnormal T-c
ell activity, reactivation of several latent viruses (including Ep
stein-Barr virus and other herpesviruses), and a significant de
crease in cortisol levels. Machine learning analysis models co
uld distinguish Long COVID patients from others with 94% ac
curacy[97]. Prothrombin time (PT) and activated partial thro
mboplastin time (APTT) were shortened, fibrinogen (FIB) leve
ls were elevated, platelet count (PLT) was increased, and the
proportion of elevated D-dimer (D-D) was 20% in Long COVID
patients; inflammatory markers were normal in over 90% of
patients. This suggests that despite inflammatory markers be
ing largely normal, abnormal coagulation function persists, w
hich may be an important mechanism behind the persistent s
ymptoms in Long COVID patients[98, 99]. Furthermore, imagi
ng evaluations such as chest CT scans can be used to assess l
ong-term lung damage, particularly in the context of acute C
OVID-19 infection, where some patients may develop compli
cations such as pulmonary fibrosis[100]. Neuroimaging exam
s, such as MRI, can help identify neurological damage associa
ted with Long COVID[101]. Combining these examination res
ults, doctors can gain a more comprehensive understanding
of the patient's health status and formulate personalized tre
atment plans.

Other Auxiliary Diagnostic Tools

In addition to clinical diagnostic criteria and laboratory tests,
other auxiliary diagnostic tools are also significant in assessin
g Long COVID. For example, physiological function tests can e
valuate a patient's exercise tolerance and lung function, whic
h is crucial for understanding the patient's daily living capabil
ities and recovery status[102]. Psychological assessment is al
so essential as many Long COVID patients report mental heal
th issues such as anxiety and depression; psychological asses

sment can help identify and manage these issues[103]. Besid
es, symptom monitoring tools such as questionnaires can eff
ectively collect information on symptom changes and quality
of life in patients, assisting doctors in making more precise ev
aluations[104]. In summary, the diagnosis of Long COVID req
uires a combination of various methods to ensure a compreh
ensive assessment of the patient's health status.

Treatment Strategies for Long COVID

Long COVID refers to the persistent symptoms experienced b
y some COVID-19 patients after acute infection, affecting the
ir quality of life and daily functioning. Treatment strategies fo
r Long COVID are increasingly garnering attention, primarily f
ocusing on symptomatic treatment and supportive care, adv
ancements in pharmacological therapy, and rehabilitation tre
atments alongside lifestyle interventions. Typically, treating L
ong COVID requires a multidisciplinary approach involving int
ernists, pulmonologists, cardiologists, neurologists, rehabilita
tion specialists, and psychologists.

Symptomatic Treatment and Supportive Car
e

Symptomatic treatment forms the cornerstone of managing
Long COVID, aiming to alleviate a variety of symptoms such a
s fatigue, dyspnea, and cognitive impairments. Supportive ca
re encompasses psychological support, nutritional guidance,
and adjustments to lifestyle, helping patients better cope wit
h prolonged symptoms. Research indicates that individualize
d symptomatic treatment can significantly improve the qualit
y of life for patients. For instance, addressing fatigue sympto
ms involves recommending a balanced regimen of moderate
exercise and rest, which helps restore physical strength and i
mproves mental state[105]. Additionally, psychological supp
ort is crucial for patients with Long COVID, as many may suff
er from anxiety and depression following acute infection, nec
essitating professional psychological intervention and suppor
t[106].

New Developments in Pharmacological Ther
apy

In terms of pharmacological therapy, researchers are explori
ng the efficacy of various medications in treating symptoms
of Long COVID. Recent studies suggest that certain anti-infla
mmatory drugs and immunomodulators may be effective in
alleviating symptoms associated with Long COVID. For examp
le, inhaled corticosteroids have been proposed for use in imp
roving chronic cough and dyspnea related to respiratory sym
ptoms[107]. Furthermore, antiviral drugs are also under inve
stigation, although there is currently no definitive evidence o
f their effectiveness in treating Long COVID, their potential a
pplications remain noteworthy[108]. Overall, research into p
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harmacological treatments is ongoing, and more therapeutic
options may be proposed in the future.

Rehabilitation Treatments and Lifestyle Inter
ventions

Rehabilitation treatments are an indispensable component o
f managing Long COVID, aimed at restoring function and enh
ancing quality of life through structured rehabilitation progra
ms. Research demonstrates that physical therapy and exercis
e interventions can effectively improve the physical and men
tal states of patients with Long COVID[105]. For example, aer
obic exercises and strength training are widely recommende
d for Long COVID patients, as they can strengthen cardioresp
iratory capacity and muscular strength. Additionally, lifestyle
interventions such as healthy eating habits and regular sleep
schedules have proven to positively impact Long COVID symp
toms. Adjusting lifestyle not only enhances physical health b
ut also promotes mental well-being, thus better equipping p
atients to deal with long-term symptoms[109]. Close collabor
ation between patients and professional rehabilitation teams
is key to achieving optimal outcomes during the rehabilitatio
n process.

Research Challenges

The mechanisms behind long COVID are not yet well underst
ood and require further investigation. Multiple proposed me
chanisms still lack sufficient evidence, and the specific mecha
nisms underlying different symptoms or organ damage need
more in-depth study. Secondly, there is a lack of specific diag
nostic methods; diagnosis primarily relies on symptom prese
ntation, which can lead to misdiagnosis or missed diagnoses.
There is a need to develop more accurate diagnostic method
s to identify and treat patients with long COVID early. Thirdly,
treatment protocols for long COVID lack evidence-based me
dical support, and treatment options and drug choices are li
mited. More clinical trials are needed to evaluate the efficacy
and safety of different treatment approaches. Fourthly, the
epidemiological characteristics, risk factors, and natural cour
se of long COVID require further research. Larger-scale, multi
center studies are necessary to better understand the epide
miological characteristics and influencing factors of long COV
ID. Lastly, the long-term impact of long COVID on children an
d adolescents needs attention. Currently, there is little resear
ch on long COVID in children and adolescents, and further inv
estigation into its pathogenesis, clinical manifestations, and t
reatment strategies is needed.

Future Research Directions

The impact of different variants of the novel
coronavirus on long COVID

It is necessary to study the pathogenicity and immune escap
e mechanisms of different variants and their impact on long
COVID.

Characteristics of long COVID in asymptomat
ic and mild cases

Attention should be given to the incidence and clinical manif
estations of long COVID in asymptomatic and mildly infected
individuals, as well as differences compared to severe cases.

Interactions between different symptoms of
long COVID.

It is necessary to study the mechanisms of interaction betwe
en different symptoms and their impact on patient prognosis.

Genetic studies of long COVID

It is necessary to study the genetic susceptibility to long COVI
D and the relationship between relevant genes and disease p
rogression.

Application of advanced technologies such a
s artificial intelligence, deep sequencing, and
machine learning in long COVID research.

These technologies can be used for large-scale data analysis
and prediction, as well as the development of new diagnostic
and therapeutic tools.

Development of personalized treatment pla
ns for long COVID

Treatment should be individualized based on the specific circ
umstances of each patient to improve treatment outcomes a
nd quality of life.

Conclusion

Long COVID is a complex clinical syndrome that faces many c
hallenges in terms of understanding its pathogenesis, diagno
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sis, treatment, and management. Through interdisciplinary a
nd cross-regional cooperation, conducting in-depth research
on long COVID will help us better understand its pathogenesi
s, epidemiological characteristics, and clinical manifestations,
providing scientific basis for clinical practice and policy-maki
ng, ultimately reducing the harm caused by long COVID to pa
tients and society.
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