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ABSTRACT

Since the outbreak of the COVID-19 pandemic, there has been a global surge in patients presenting with prolonged
or late-onset debilitating sequelae of SARS-CoV-2 infection, colloquially termed long COVID. This narrative
review provides an updated synthesis of the latest evidence on the neurological manifestations of long COVID,
discussing its clinical phenotypes, underlying pathophysiology, while also presenting the current state of diagnos-
tic and therapeutic approaches. Approximately one-third of COVID-19 survivors experience prolonged neurolog-
ical sequelae that persist for at least 12-months post-infection, adversely affecting patients’ quality of life. Core
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neurological manifestations comprise fatigue, post-exertional malaise, cognitive impairment, headache, lighthead-
edness (‘brain fog'"), sleep disturbances, taste or smell disorders, dysautonomia, anxiety, and depression. Some of
these features overlap substantially with those reported in post-intensive-care syndrome, myalgic encephalomye-
litis/chronic fatigue syndrome, fibromyalgia, and postural-orthostatic-tachycardia syndrome. Advances in data-
driven research utilizing electronic-health-records combined with machine learning and artificial intelligence have
propelled the identification of long COVID sub-phenotypes. Furthermore, the evolving definitions reflect the dy-
namic conceptualization of long COVID in both research and clinical contexts. Although the underlying patho-
physiology remains incompletely elucidated, neuroinflammatory responses, endotheliopathy, and metabolic im-
balances, rather than direct viral neuroinvasion, are implicated in neurological sequelae. Genetic susceptibility has
also emerged as a potential risk factor. While major limitations remain with existing definitions, collaborative
strategies to standardize diagnostic approaches are needed. Current therapeutic paradigms advocate for multimodal
approaches, integrating pharmacological and non-pharmacological interventions along with comprehensive reha-
bilitation programs. Although preliminary evidence of therapeutic efficacy has been provided by a number of
clinical trials, methodological constraints limit the generalizability of this evidence. Preventive measures, notably
vaccination, have proven integral for reducing the global burden of long COVID. Considering the healthcare and
socioeconomic repercussions incurred by long COVID worldwide, international collaborative initiatives are war-
ranted to address the remaining challenges in diagnosing and managing patients presenting with neurological se-
quelae.

Keywords: Long COVID, long-haul, PACS, COVID-19, brain fog, SARS-CoV-2
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INTRODUCTION

The global impact of the Coronavirus Dis-
ease 2019 (COVID-19) pandemic, caused by
the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), has been profound,
resulting in significant mortality and morbid-
ity worldwide, with ramifications extending
to prolonged or late-onset debilitating seque-
lae of SARS-CoV-2 infection, colloquially
termed “long COVID”. At present, the death
toll of the COVID-19 pandemic has exceeded
7 million worldwide (Ely et al., 2024). By
comparison, it is estimated that the global
cases of long COVID surpass 65 million,
based on conservative estimates of a 10 % in-
cidence among the more than 651 million
documented COVID-19 cases globally
(Davis et al., 2023). The incidence of long
COVID has also been reported to be twofold
higher among hospitalized compared to non-
hospitalized patients, with incidence esti-
mates ranging between 50-70 % and 10—
30 %, respectively, while being less frequent
among vaccinated individuals, occurring in
10-12 % of cases (Al-Aly et al., 2022; Davis
et al., 2023).

Currently, long COVID is conceptualized
as a multisystem post-infectious disorder; yet,
the breadth of clinical symptoms and pheno-
types reported by long COVID patients has
posed significant challenges in devising and
implementing reliable definitions for clinical
practice. More than 200 symptoms have been
ascribed to long COVID to date, with signifi-
cant overlap observed between long COVID
and other conditions, including myalgic en-
cephalomyelitis/chronic  fatigue syndrome
(ME/CFS), fibromyalgia (FM), post-intensive
care syndrome (PICS), and postural orthos-
tatic tachycardia syndrome (POTS) (Davis et
al., 2021; Goldenberg, 2024).

While the diagnostic boundaries of long
COVID remain far from sharply defined, sig-
nificant advances have been made in the past
few years. With the accrual of epidemiologi-
cal studies, the clinical evidence regarding
long COVID has begun to consolidate, indi-
cating that fatigue, post-exertional malaise,
concentration and memory difficulties,

recurring headaches, lightheadedness (often
referred to as 'brain fog'), shortness of breath,
cough, sleep disturbances, taste or smell dis-
orders, and gastrointestinal symptoms are
among the most frequently reported (Ely et
al., 2024). The growing body of epidemiolog-
ical data has also prompted a reappraisal of
long COVID, as reflected by the gradual shift
in its definitions—from those initially intro-
duced by the CDC (Centers for Disease Con-
trol and Prevention) and NICE (National In-
stitute for Health and Care Excellence), to
those later proposed by the WHO (World
Health Organization) and more recently by
NASEM (National Academies of Sciences,
Engineering, and Medicine) (Table 1) (Chou
et al., 2024; Ely et al., 2024; Soriano et al.,
2022). Although criticism has been raised that
a robust understanding of long COVID is still
distant as long as its pathophysiology and val-
idated biomarkers remain elusive, these sys-
tematic attempts to refine its definition high-
light the importance of deploying an evi-
dence-based and standardized diagnostic
framework as the first step in the clinical ap-
proach to managing long COVID patients.

In this context, neurological manifesta-
tions are among the most prevalent and disa-
bling sequelae of long COVID, leading to sig-
nificant impairment in patients' quality of life
and posing substantial challenges for
healthcare systems worldwide. Fatigue and
sleep disturbances, along with cognitive im-
pairment, are particularly common, with re-
ported prevalence rates ranging from 20 % to
60 % and 20 % to over 50 %, respectively
(Ahmed et al., 2020; Raman et al., 2021). Psy-
chiatric complications, including anxiety and
depression, are also frequently observed, af-
fecting 20 % to 40 % of long COVID patients,
while headache is recorded in approximately
10% to 20 % of cases (Efstathiou et al.,
2022a-c; Mazza et al., 2020; Membrilla et al.,
2021). Other neurological symptoms, such as
dizziness and balance disorders, are experi-
enced by approximately 10 % to 30 %, while
neuropathic pain is documented in 10 % to
20 % of cases (Malik et al., 2022; Taquet et
al., 2021). Additional neurological symptoms
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Table 1: Comparative analysis of terminology and definitions of long COVID (Chou et al., 2024; Ely et

al., 2024; Soriano et al., 2022)

Terminology Definition
Long COVID or Post-
COVID conditions

Long COVID

Signs and symptoms that persist for >4
weeks after initial SARS-CoV-2 infection
Signs and symptoms that continue or de-
velop after acute COVID-19, including both

Organization

Centers for Disease Control
and Prevention (CDC)
National Institute for Health
and Care Excellence (NICE)

ongoing symptomatic COVID-19 (from 4 to
12 weeks) and post-COVID-19 syndrome

(12 weeks or more)
Post-COVID-19

Signs and symptoms that develop at least 3

World Health Organization
(WHO)

condition months post-acute SARS-CoV-2 infection,
with persistent symptoms lasting at least 2
months, with no alternative diagnosis

Long COVID Signs and symptoms that persist >3 months

after initial SARS-CoV-2 infection

National Academies of Sci-
ences, Engineering, and
Medicine (NASEM)

CDC: Centers for Disease Control and Prevention; NICE: National Institute for Health and Care Excellence; WHO: World Health
Organization; NASEM: National Academies of Sciences, Engineering, and Medicine

reported by long COVID sufferers include
dysautonomia, taste or smell impairment, tin-
nitus, and neuromuscular symptoms, such as
paraesthesias, muscle weakness, myalgia,
twitching, and myoclonic jerks (Davis et al.,
2021; Spinato et al., 2020; Tsivgoulis et al.,
2020, 2021). Collectively, the neurological
manifestations of long COVID are linked to
significant reductions in work capacity and a
substantial and, thus far, incremental socioec-
onomic burden worldwide (Wolff Sagy et al.,
2023).

Our collaborative group has previously
addressed the prevalence, key components,
and pathophysiological mechanisms of long
COVID (Stefanou et al., 2022c). We currently
attempt to provide an updated and compre-
hensive overview of this condition, analyzing
key recent advances in unraveling its underly-
ing pathophysiology as well as potential diag-
nostic and treatment implications. Addition-
ally, we propose a standardized framework
for the clinical approach and management of
patients presenting with neurological mani-
festations of long COVID, along with direc-
tions for future research.

NEUROLOGICAL ASPECTS OF
LONG COVID: PREVALENCE,
RISK FACTORS, AND TEMPORAL
DYNAMICS

In clinical practice, it is apparent that the
neurological manifestations of long COVID,
as well as those affecting other organ systems,
are intertwined, rendering them primarily dis-
cernible for classification purposes. A signif-
icant concern for clinicians is that non-spe-
cific symptoms—such as fatigue, difficulties
with concentration or memory, 'brain fog,'
post-exertional malaise, and sleep disturb-
ances—may represent secondary manifesta-
tions of underlying conditions affecting the
respiratory, cardiovascular, endocrine, renal,
hematologic, gastrointestinal, autoimmune,
or psychiatric systems. Consequently, a me-
ticulous and, in most cases, interdisciplinary
assessment is imperative to prevent the erro-
neous attribution of these neurological symp-
toms to long COVID, when they may in fact
originate from other underlying disorders that
comprise long COVID mimics (Stefanou et
al., 2022c).

Recent meta-analyses have provided de-
tailed prevalence estimates for various neuro-
logical manifestations of long COVID. One
such meta-analysis included 36 studies with a
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total sample size of 11,598 long COVID pa-
tients (Natarajan et al., 2023). Fatigue
emerged as the most frequently reported neu-
rological symptom, documented in 29.2 % of
long COVID cases. Cognitive impairment
was also notably prevalent, with a prevalence
rate of approximately 28.8 %, followed by at-
tention/concentration and memory deficits at
20.2 % and 18.4 %, respectively. Psychiatric
symptoms, including depression, anxiety,
posttraumatic stress disorder (PTSD), and
sleep disturbances, were also frequent among
COVID survivors, with a pooled prevalence
of 21.3 %. Impairments of smell and taste
were significant, with rates around 14.8 %.
Hearing disturbance, headache and dizziness
were reported with pooled prevalence rates of
129%, 105% and 9.1%, respectively.
These estimates were characterized by con-
siderable heterogeneity and broad confidence
intervals, highlighting the significant variabil-
ity among studies (Natarajan et al., 2023).
These findings emphasize the extensive and
varied neurological manifestations observed
in long COVID populations but also point to
the methodological discrepancies present in
the currently published epidemiological stud-
ies.

In line with the previous evidence, a larger
meta-analysis comprising 194 studies and to-
taling 735,006 participants disclosed similar
results, indicating that fatigue ranks among
the most prevalent long COVID symptoms,
affecting nearly one-third of COVID-19 sur-
vivors regardless of hospitalization status
(28.4 % in hospitalized, 34.8 % in non-hospi-
talized, and 25.2% in mixed cohorts)
(O'Mahoney et al., 2023). It should be noted,
however, that contradictory data also exist in
the literature, with some studies identifying
hospitalization as an independent risk factor
for long COVID (Ayoubkhani et al., 2021); a
finding that has been attributed to the signifi-
cant overlap noted between long COVID and
PICS. Remarkably, the pooled prevalence es-
timates of this study align with those from
other meta-analyses, indicating that among
neurological symptoms, generalized pain/
discomfort (27.9 %), sleep disturbances

(23.4 %), cognitive impairments and memory
deficits (19.9 %), concentration difficulties
(18.6 %), PTSD (16.5 %), anxiety and de-
pression (13.9 %), myalgias (10.3 %), and
headache (6.4 %) are the most frequently re-
ported (Efstathiou et al., 2022a; O'Mahoney
et al., 2023). Additionally, disturbances in
taste/ smell, paresthesias, and dizziness were
documented in 6.3 %, 6.2 %, and 6.2 % of pa-
tients, respectively. Although an exhaustive
account of neurological symptoms reported
by long COVID sufferers is neither possible
nor meaningful in the context of the present
review, it is important to note that with the ac-
crual of data, the neurological manifestations
of long COVID are increasingly distinguished
from other nosological entities. Efforts based
on data-driven analyses of electronic health
records (EHRs), employing machine learning
and artificial intelligence, are also expected to
expedite the characterization of long COVID
sub-phenotypes and further refine current def-
initions (Dagliati et al., 2023; Zang et al.,
2024).

In terms of prognostic risk factors, though
no consensus has yet been established in the
literature, a large-scale analysis of EHRs in-
volving 4,676,390 participants indicated that
compared to the general population, individu-
als with long COVID are more likely to be fe-
males (65.1 % vs. 50.4 %), fall within the age
range of 38-67 years (63.7 % vs. 48.9 %), be
overweight or obese (45.7 % vs. 29.4 %), and
have at least one comorbidity (52.7 % vs.
36.0 %) (Jeffrey et al., 2024). Additionally,
these individuals are more likely to have con-
tracted the virus before the Omicron variant
became dominant (44.9 % vs. 35.9 %). Im-
portantly, in a number of large well-designed
real-world studies, vaccination with any
COVID-19 vaccine has been linked to a 50 %
reduction of the risk of developing long
COVID (Catala et al., 2024; Trinh et al.,
2024).

It is crucial to note that COVID-19 vac-
cines have also been associated with a wide
spectrum of neurological adverse events,
ranging from mild neurological symptoms
such as headache, dizziness, and transient
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paresthesia, to more severe complications, in-
cluding cerebral venous sinus thrombosis,
acute ischemic stroke, Guillain-Barré syn-
drome, transverse myelitis, acute dissemi-
nated encephalomyelitis, Bell’s palsy, and ex-
acerbation of underlying neurological disor-
ders (Beatty et al., 2021; Palaiodimou et al.,
2021, 2022; Papadopoulou et al., 2023a, b;
Stefanou et al., 2022a, c). Additionally, com-
plications affecting other organ systems, such
as allergic reactions, anaphylaxis, and myo-
carditis, have been reported (Buoninfante et
al., 2024). While certain idiosyncratic, ge-
netic, and environmental factors may predis-
pose individuals to neurological adverse
events, real-world data emphasize the rarity
of serious adverse effects among patients ex-
posed to various types of COVID-19 vaccines
(Beatty et al., 2021). Indeed, when weighed
against the risks of SARS-CoV-2-related
complications, including long COVID, the
existing literature demonstrates a clear net
benefit of vaccination at the population level
(Catala et al., 2024; Stefanou et al., 2022b,
2023).

Regarding the temporal trends of long
COVID, it is important to note that outcomes
arising from a mild disease course typically
tend to subside or return to the premorbid
baseline within the first year for the majority
of patients (Table 2) (Mizrahi et al., 2023).
Nevertheless, research indicates a significant
variability in the prevalence and duration of
neurological long COVID symptoms. For in-
stance, while symptoms comprising smell and
taste disorders tend to improve markedly
within the first weeks to months from contrac-
tion, fatigue is reported by approximately
58 % of patients for several months post-
COVID-19 infection (Davis et al., 2021). In a
recent meta-analysis that included 742 studies
with long-term follow-up data from 7,912
COVID-19 survivors, the most prevalent long
COVID symptoms two years following
SARS-CoV-2 infection were fatigue
(28.0 %), cognitive impairment (27.6 %),
anxiety (13.4 %), depression (18.0 %), sleep
disturbances (20.9 %), and pain (8.4 %)
(Fernandez-de-Las-Pefias et al.,, 2024).

Importantly, a recent meta-analysis that pro-
vided very robust data regarding neurological
manifestations of long COVID, encompass-
ing data from 63 controlled cohort studies
with more than 96 million participants, indi-
cated that although clusters of non-neurologi-
cal long COVID symptoms tend to subside
markedly within 12 months from SARS-
CoV-2 infection (i.e., including urological,
cardiovascular, and gastrointestinal symp-
toms), there was a significantly increased risk
for persisting neurological symptoms at 12-
month follow-up in infected individuals ver-
sus controls (risk ratio: 1.51; 95 % confidence
interval: 1.17 to 1.93) (Franco et al., 2024).
These findings underscore the complex and
highly variable nature of long COVID, with a
significant proportion of patients experienc-
ing protracted recovery periods and long-term
neurological sequalae.

PATHOPHYSIOLOGICAL UNDERPIN-
NINGS OF NEUROLOGICAL MANI-
FESTATIONS OF LONG COVID

The pathophysiology underlying the neu-
rological manifestations of long COVID is
complex and multifactorial, involving both
direct and indirect effects of SARS-CoV-2 on
the central nervous system (CNS) and periph-
eral nervous system (PNS) (Figure 2). Despite
the extensive research on long COVID in the
past few years, the exact mechanisms still re-
main incompletely elucidated. Today, there is
converging evidence suggesting that the long-
term neurological sequelae are primarily
driven by sustained neuroinflammatory re-
sponses, endothelial dysfunction, and meta-
bolic disturbances, rather than direct viral
neuroinvasion. In acute COVID-19, SARS-
CoV-2 can enter the CNS and PNS via hema-
togenous or transsynaptic pathways, facili-
tated by the angiotensin-converting enzyme 2
(ACEZ2) receptor, which is expressed on neu-
rons, astrocytes, and vascular endothelial
cells, and to a lesser extent on skeletal muscle
cells (Perez-Valera et al., 2021; Wang et al.,
2020). In the context of long COVID, how-
ever, direct viral effects are thought to play
a subordinate role, as viral RNA is rarely
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detected in cerebrospinal fluid (CSF) or pe-
ripheral nerve or muscle tissues of sympto-
matic patients (Matschke et al., 2020).
Although hypotheses of persisting SARS-
CoV-2 reservoirs in tissues contributing to
long COVID have been put forth, there is cur-
rently a lack of robust neuropathological evi-
dence to support that these reservoirs encom-
pass either the CNS or the PNS (Hejbgl et al.,
2022; Swank et al., 2023). Recent evidence
indicates that it is highly unlikely that a CNS
reservoir of SARS-CoV-2 contributes to neu-
rological long COVID, as studies investigat-
ing CSF for SARS-CoV-2 nucleocapsid and
spike antigens, have failed to detect evidence
of ongoing viral replication in the CSF of pa-
tients with neurocognitive deficits and long
COVID symptoms. Similarly, although pe-
ripheral nerve and skeletal muscle abnormal-
ities, including myopathic changes and amy-
loid-containing infiltrates, have been docu-
mented in individuals suffering from long

COVID, viral reservoirs within the PNS have
not been reported to date (Appelman et al.,
2024; Suh et al., 2021).

On the contrary, viral reservoirs have
been identified in histopathological and au-
topsy studies in other organ systems in long
COVID sufferers, including the lungs, skin,
breast tissues, and the gastrointestinal tract,
along with several blood compartments, en-
compassing the plasma, granulocytes, and pe-
ripheral blood mononuclear cells (Bussani et
al., 2023; Goh et al., 2022; Natarajan et al.,
2022; Zuo et al., 2024). Interestingly, endo-
theliopathy leading to increased blood-brain
barrier (BBB) permeability has been pro-
posed to comprise a critical pathophysiologi-
cal link between systemic inflammation and
neurological dysfunction in long COVID. For
example, a study employing dynamic con-
trast-enhanced MRI revealed endothelial dys-
function and BBB disruption in a cohort of
long COVID patients with brain fog. In addi-

Table 2: Average duration and prevalence of neurological manifestations of long COVID at 6- and 12-
months post-infection (Arnold et al., 2021; Badenoch et al., 2022; Dorobisz et al., 2023; Li et al., 2023;
Paunescu et al., 2023; Peter et al., 2022; Rivera-lzquierdo et al., 2022; Tana et al., 2022; Vaira et al.,

2020)
LONG COVID AVERAGE
SYMPTOMS DURATION
Fatigue Months to years

Cognitive impairment Months to years

Psychiatric symptoms Months to years

(anxiety/depression,
sleep disturbances, post-
traumatic stress disorder)

Attention/concentration
deficits

Months to years

Memory deficits Months to years

Smell and taste loss Weeks to months
Hearing disturbance Weeks to months
Headache Weeks to months

Dizziness Weeks to months

PREVALENCE AT 6- PREVALENCE AT 12-
MONTH FOLLOW-UP ~ MONTH FOLLOW-UP
50-55 % 40-45 %

25-30 % 15-20 %

20-25 % 15-20 %

20-25 % 15-20 %

15-20 % 10-15 %

10-15 % 5-10 %

5-10 % 2-5%

10-15 % 5-10 %

10-15 % 5-10 %
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Figure 2: Pathophysiological mechanisms implicated in neurological manifestations of long
COVID. The pathophysiology of long COVID is multifactorial, with several mechanisms contributing to
its neurological manifestations. Neuroinflammation is a key feature, driven by persistent immune acti-
vation involving elevated levels of pro-inflammatory cytokines and autoantibodies, leading to chronic
inflammation in both the central and peripheral nervous systems. Reactivation of latent viruses, such as
Epstein-Barr virus, may further exacerbate these inflammatory processes. Endothelial dysfunction plays
a critical role, characterized by damage to the blood-brain barrier (BBB), which increases its permeabil-
ity, allowing inflammatory mediators and immune cells to infiltrate the CNS, potentially leading to cogni-
tive deficits such as brain fog. Metabolic disturbances are observed in regions with a high density of
ACE2 receptors, such as the olfactory bulb, hippocampus, and brainstem, where hypometabolism likely
results from mitochondrial dysfunction and oxidative stress, disrupting cognitive function, mood regula-
tion, and autonomic processes. Autonomic dysfunction is another significant component, marked by
dysregulation of autonomic nervous system functions, including impaired heart rate variability, possibly
due to damage to the brainstem and vagus nerve. The viral reservoir hypothesis posits that while direct
viral persistence in the CNS is rare, SARS-CoV-2 reservoirs in peripheral organs, such as the lungs and
gastrointestinal tract, may perpetuate systemic inflammation, indirectly affecting both the CNS and PNS.
This inflammation can disrupt the brain-gut axis, potentially exacerbating neurological symptoms by
influencing neuroinflammation and gut-derived inflammatory mediators. Finally, genetic susceptibility
may influence the risk of developing long COVID, with variants in immune-regulatory genes such as
OAS1 and TLR4 potentially contributing to prolonged immune responses and viral persistence, though
the exact genetic determinants remain to be fully elucidated. This image was created with BioRender

(https://biorender.com).

ACE2: Angiotensin-Converting Enzyme 2; BBB: Blood-Brain Barrier; CNS: Central Nervous System; COVID: Coronavirus Dis-
ease; EBV: Epstein-Barr Virus; PNS: Peripheral Nervous System; SARS-CoV-2: Severe Acute Respiratory Syndrome Corona-
virus 2; TLR4: Toll-Like Receptor 4; OAS1: 2'-5'-Oligoadenylate Synthetase 1

tion, the exposure of brain endothelial cellsto  adhesion of peripheral blood mononuclear
serum from long COVID patients was found  cells to brain endothelial cells in vitro. These
to induce the expression of inflammatory  findings underscore the role of persistent sys-
markers, accompanied by an increased temic inflammation, endothelial and localized
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BBB dysfunction in neurological long
COVID. In addition, this study suggested that
serum biomarkers indicative of BBB break-
down and neuronal injury, including S1003
and glial fibrillary acidic protein (GFAP) may
hold potential as clinically relevant bi-
omarkers in the near future (Plantone et al.,
2024).

In accordance with the viral reservoir hy-
pothesis, the brain-gut axis is also hypothe-
sized to contribute significantly to the neuro-
logical manifestations of long COVID. Pro-
longed shedding of SARS-CoV-2 in the gas-
trointestinal tract, persisting for several
months post-infection, suggests that chronic
gastrointestinal infection may perpetuate sys-
temic inflammation, thereby exerting late-ef-
fects on the CNS (Gaebler et al., 2021). The
persistence of SARS-CoV-2 nucleic acids and
proteins in intestinal biopsies in 50 % of long
COVID patients suggests that ongoing viral
activity could influence not only direct neuro-
inflammatory but also secondary neuro-de-
generative processes (Gaebler et al., 2021).

Neuroinflammation appears to comprise a
central component of long COVID's patho-
physiology (Yang et al., 2021). Persistent ac-
tivation of the immune system, including ab-
normal humoral and cellular responses —
possibly mediated by mechanisms related to
molecular mimicry — contributes to ongoing
inflammatory processes (Rojas et al., 2023).
To date, elevated levels of pro-inflammatory
cytokines, such as interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a) and interferon-
gamma (IFN-y), have been implicated in both
systemic and neurological manifestations of
long COVID (Figure 3), albeit inconsistently
(Doykov et al., 2020; Yang et al., 2021). Fur-
thermore, auto-antibodies targeting cellular
receptors, which have been observed in long
COVID patients, are considered instrumental
in propagating neuroinflammatory processes
(Wallukat et al., 2021). Crucially, reactivation
of latent pathogens has also been implicated
in the pathogenesis of long COVID, including
reactivation of herpesviruses such as Epstein—
Barr virus (EBV) and human herpesvirus 6
(HHV-6) (Davis et al., 2023).

Metabolic dysfunction is another salient
feature of long COVID. On the macro level,
neuroimaging studies have revealed signifi-
cant hypometabolism in several brain regions
in long COVID patients, including the olfac-
tory bulb, hippocampus, and brainstem — ar-
eas with a high density of ACE2 receptors
(Chen et al., 2021). Although neuroimaging
studies using 18F-FDG PET have not re-
vealed active inflammation in the CNS, ongo-
ing BBB dysfunction and a prolonged hyper-
coagulable state have been suggested to pre-
dispose to hypoxic-ischemic neuronal injury
contributing to metabolic derangement and
sustained neurological symptoms (Blazhenets
et al., 2021; Gued;j et al., 2021). Notably, the
observed patterns of brain hypometabolism
have been shown to extend from the olfactory
gyrus to the temporal lobe, hypothalamus,
thalamus, brainstem, and cerebellum—re-
gions integral to cognitive functions, sleep,
mood, and autonomic regulation (Guedj et al.,
2021). On the micro level, impaired cerebral
autoregulation, mitochondrial dysfunction,
and oxidative stress have all been linked to
hypometabolism and unabating neurological
symptoms (Davis et al., 2023).

Autonomic dysfunction merits mention as
another distinct facet of long COVID.
Dysregulation of heart rate variability (HRV)
has been documented in long COVID pa-
tients, suggesting impaired autonomic control
possibly due to brainstem involvement
(Barizien et al., 2021). Besides central dysau-
tonomia, the afferent and efferent pathways of
the vagus and glossopharyngeal nerves, both
of which are affected in acute SARS-CoV-2
infection, may undergo demyelination or
Wallerian degeneration, resulting in sustained
autonomic dysfunction (Papadopoulou et al.,
2022, 2023a). In fact, the similarities between
long COVID and other post-viral syndromes,
such as ME/CFS, warrant consideration. Both
conditions share common features, including
profound fatigue, post-exertional malaise,
dysautonomia and cognitive impairment—
symptoms often associated with mitochondrial

1471



EXCLI Journal 2024;23:1463-1486 — ISSN 1611-2156

Received: September 27, 2024, accepted: November 12, 2024, published: November 27, 2024

Diagnostic and treatment algorithm for patients with
neurological manifestations of long COVID

Could the neurological symptoms be attributed to exacerbation of
premorbid neurological disease or new COVID-19-unrelated disease?

s

Are neurological symptoms compatible with long COVID?

} Initiate diagnostic work-up and targeted
treatment of suspected comorbidities.

B

Adhere to treatment recommendations for

potential overlap with post-intensive care syndrome (PICS)?

Stratify patients according to severity of foregoing COVID-19. Is there

PICS and initiate early neurorehabilitation.
Consider specific assessment for critical illness
polyneuropathy, myopathy or peristing

L

neurological deficits due to acute COVID-19
complications.

cardiovascular, psychiatric,  gastrointestinal, endocrine,

hematologic or autoimmune disease?

Could neurological symptoms be secondary to underlying respiratory,
renal,

Perform systematic clinical evaluation and
ancillary testing for detection of other organ
system involvement. Consider early referral to

-3

other medical specialties for initiation of
causative treatments.

Use standardized clinical, neurological and functional scales. Tailored

exclusion of underlying CNS or PNS disorders.

Has the diagnosis of long COVID been reached?

neuroimaging and neurophysiological studies may be indicated for the

Consider stratification based on clinical sub—
phenotypes, including ME/CFS, FM or POTS.

Indicate early neurorehabilitation with

multidisciplinary team involvement. Consider
implementation of supportive psychological
interventions and schedule regular follow-up.

Figure 3: Proposed diagnostic and therapeutic algorithm for patients presenting with neurolog-

ical manifestations of long COVID.

PICS: post intensive care unit syndrome; ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome; FM: fibromyalgia;

POTS: postural orthostatic tachycardia syndrome.

dysfunction, vascular abnormalities, and neu-
roinflammation. A notable proportion of long
COVID patients also meet the diagnostic cri-
teria for ME/CFS, suggesting that SARS-
CoV-2 may trigger similar pathophysiologi-
cal processes akin to those induced by other
pathogens known to cause ME/CFS (Davido
et al., 2020).

Finally, the extent to which genetic sus-
ceptibility increases the risk for long COVID
remains to date uncertain, despite multiple ge-
netic factors being implicated in its develop-
ment. For example, variants in the OAS1
gene, part of the oligoadenylate synthetase
family, have been linked to prolonged viral
clearance and heightened immune responses,
potentially  precipitating long COVID
(Banday et al., 2022). Additionally, mutations
in the TLR4 and TLR7 genes, which are in-
strumental for virus recognition and immuno-
genicity, have been correlated with severe

manifestations of acute COVID-19 and long
COVID (Naushad et al., 2023). Additionally,
variants in the HLA genes, crucial for im-
mune regulation, alongside mutations in the
CCRS5 gene, which is primarily involved in
immune cell trafficking, are also suggested to
increase the susceptibility to long COVID
(Hoseinnezhad et al., 2024). Genetic links
have also been proposed for the FOXP4 gene,
which is predominantly expressed in immune
cells and endothelial lung cells, and the ACE2
gene, known as the receptor facilitating
SARS-CoV-2 cell entry (Luo et al., 2023;
Taylor et al., 2023). However, other studies
have failed to replicate the previous findings.
Further research is currently underway to un-
cover these genetic associations, with the aim
of facilitating the development of tailored
therapeutic strategies that consider genetic
predisposition to long COVID.
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In parallel, emerging evidence indicates
that COVID-19 induces epigenetic changes
with significant implications for long-term
neurological outcomes. Recent studies have
identified alterations in DNA methylation at
42 CpG sites in individuals recovering from
COVID-19, suggesting dysregulation of gene
expression linked to immune response and
metabolic processes (Figure 3) (Calzari et al.,
2024). Additionally, an increase in stochastic
epigenetic mutations (SEMs) has been ob-
served, reflecting genomic instability, along-
side accelerated biological aging in patients
with long COVID symptoms (Calzari et al.,
2024). Importantly, these epigenetic changes
may be influenced by specific genetic factors,
indicating the possibility of genetically de-
pendent epigenetic alterations. Such modifi-
cations could contribute to the persistence of
neurological symptoms associated with long
COVID, including fatigue and cognitive dys-
function (Shekhar Patil et al., 2024). These
findings highlight the need for further re-
search to clarify the underlying mechanisms
of long COVID and to develop targeted ther-
apeutic interventions for affected individuals.

DIAGNOSTIC APPROACH TO
PATIENTS WITH NEUROLOGICAL
MANIFESTATIONS OF LONG COVID

In the absence of widely accepted guide-
lines specifically tailored to patients with neu-
rological manifestations of long COVID,
symptoms that persist beyond the resolution
of acute SARS-CoV-2 infection and do not
revert to a premorbid baseline are currently
regarded as long-term effects of the disease
(Stefanou et al., 2022c). As an initial step,
evaluation for pre-existing or underlying neu-
rological disorders, along with exclusion of
other systemic disorders (i.e., long COVID
mimics) is crucial before attributing neuro-
logical symptoms to long COVID. According
to current definitions (Table 1), long COVID
is defined as “an infection-associated chronic
condition that occurs after SARS-CoV-2 in-
fection and is present for at least 3 months as
a continuous, relapsing and remitting, or pro-
gressive disease state that affects one or more

organ systems” (Ely et al., 2024). Crucially,
neurological symptoms have not been explic-
itly defined in the context of long COVID,
while current definitions have adopted an in-
clusive approach, that permits diagnosis even
in the presence of “single or multiple” neuro-
logical symptoms, or diagnosable conditions.

Despite several criticisms regarding the
specificity of the recently proposed NASEM
definition, a crucial aspect for clinical prac-
tice remains that diagnosis is established
purely on clinical grounds, given the absence
of reliable biomarkers (Ely et al., 2024). It
should also be noted that neither a confirmed
history of COVID-19 nor serological evi-
dence of prior SARS-CoV-2 infection is pre-
requisite for diagnosing long COVID. This is
due to the significant number of SARS-CoV-
2 infections that either remain asymptomatic
or undiagnosed (Zhao et al., 2020). Further-
more, the seroprevalence rates during the
post-COVID period show considerable varia-
bility and are further complicated by the sero-
logical responses induced by SARS-CoV-2
vaccinations (Krammer et al., 2021).

In a previous work conducted by our
group, we proposed a detailed algorithm for
the clinical approach to patients with neuro-
logical manifestations of long COVID
(Stefanou et al., 2022c). In its latest defini-
tion, NASEM emphasized on the similarities
between long COVID and other infection-as-
sociated chronic conditions, such as ME/CFS
(Ely et al., 2024). Notably, very recent re-
search has also shown that sub-phenotypes of
long COVID (i.e., including ME/CFS) are
steadily emerging, based on data-driven and
machine-learning approaches; advancements
that we have now incorporated into an up-
dated diagnostic framework (Figure 4). For
example, distinct temporal patterns have been
proposed for neurological sub-phenotypes.
We, along with others, argue that neurological
long COVID sequelae, which often bear
strong clinical resemblance to or fulfill the di-
agnostic criteria for ME/CFS, FM, PICS, and
POTS, could benefit from clinical sub-pheno-
typing, thereby facilitating optimal diagnostic
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response. These pathways ultimately lead to the production of inflammatory mediators.
4. Cytokine Production and Release: The activated NF-kB and MAPK pathways drive the production and release of pro-inflammatory cytokines, including IL-6, IL-18, and TNF-
a. These cytokines promote local and systemic inflammation, and their upregulation is characteristic of the cytokine storm.
5. Renin-Angiotensin System (RAS) Involvement: Viral binding to ACE2 reduces its normal function, causing an imbalance in the RAS. Angiotensin Il, acting primarily through
the AT1 receptor, promotes inflammation and oxidative stress. In contrast, the AT2 receptor counteracts these effects by exhibiting anti-inflammatory actions.

6. Nuclear Translocation and Gene Expression: Activated transcriptional factors, including NF-kB and STAT, translocate to the nucleus, where they bind to DNA and initiate
transcription of inflammatory genes.
7. Sustained Inflammatory Gene Expression: The continuous expression of inflammatory genes contributes to chronic inflammation, potentially leading to neurological damage
and exacerbating disease severity in cases of severe infection. This image was created with BioRender (https://biorender.com).
ACEZ2: Angiotensin-Converting Enzyme 2; AT1: Angiotensin Il Type 1 Receptor; AT2: Angiotensin Il Type 2 Receptor; IL-6: Interleukin-6; IL-13: Interleukin-1 beta; MAPK: Mitogen-Activated Protein
Kinase; NF-kB: Nuclear Factor kappa-light-chain-enhancer of activated B cells; PRR: Pattern Recognition Receptor; RAS: Renin-Angiotensin System; STAT: Signal Transducer and Activator of
Transcription; TLR: Toll-Like Receptor; TNF-a: Tumor Necrosis Factor-alpha

Figure 4: Activation of neuroin-
flammatory pathways induced by
SARS-CoV-2 viral infection. This
figure illustrates the sequential
mechanisms involved in neuroin-
flammation following viral entry into
host cells, highlighting the immune
and inflammatory signaling cas-
cades activated.

1. Viral Entry via ACE2 Receptor:
The SARS-CoV-2 viral particle
binds to the angiotensin-converting
enzyme 2 (ACE2) receptor on the
cell surface, allowing viral RNA to
enter the host cell and initiate infec-
tion.

2. Recognition by Innate Immune
Sensors: Viral RNA within the cell
is detected by pattern recognition
receptors (PRRs), such as Toll-like
receptors (TLRs) and RIG-I-like re-
ceptors, which recognize viral ge-
netic material and activate innate
immune responses.

3. Activation of Inflammatory Sig-
naling Pathways: The binding of
viral RNA to PRRs initiates signal-
ing cascades, including the NF-kB
and MAPK pathways, which are
critical for the host’s inflammatory
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and therapeutic approaches (Dagliati et al.,
2023; Yong and Liu, 2022).

Crucially, clinical practice guidelines,
such as those issued by the European Society
of Clinical Microbiology and Infectious Dis-
eases (ESCMID), propose symptom-oriented
diagnostic and therapeutic approaches for
long COVID patients (Yelin et al., 2022). Ad-
ditionally, other consensus guidelines recom-
mend specific work-up and management
strategies for patients presenting with specific
neurological symptoms, including fatigue, ar-
thralgia or myalgia, headache, cognitive im-
pairment or brain fog, sleep disorders, anxiety
or depression, POTS, dysphagia, olfactory or
gustatory disorders, and post-exertional ma-
laise (Seo et al., 2024; Yelin et al., 2022). We
should also draw attention to the fact that, alt-
hough a substantial number of diverse clinical
outcome assessment tools have been em-
ployed in long COVID research to date, a re-
cent international Delphi consensus study has
managed to identify 19 core outcome meas-
urement instruments for clinical practice and
long COVID research. Nevertheless, alt-
hough several instruments were suggested for
assessing neurological outcomes—including
fatigue, pain, post-exertional malaise symp-
toms, work or occupational impairment, cog-
nitive and mental health—consensus was not
achieved (Gorst et al., 2023). These dispari-
ties in clinical practice are also reflected in
studies, that highlight the major limitations in
capturing long COVID by use of ICD-10
codes (ICD-10: U09.9). In addition, mounting
evidence highlights the pressing need for re-
fining clinical definitions and standardizing
diagnostic approaches (Henderson et al.,
2024; Pfaff et al., 2023).

THERAPEUTIC APPROACH TO
PATIENTS WITH NEUROLOGICAL
MANIFESTATIONS OF LONG COVID

To date, managing neurological symp-
toms in long COVID patients presents signif-
icant challenges for clinicians worldwide and
Is increasingly practiced in interdisciplinary
long COVID clinics across the globe. As pre-
viously discussed, the heterogeneity of

clinical manifestations necessitates individu-
alized approaches, a fact that, in conjunction
with the aforementioned limitations of long
COVID definitions, hinders the development
of ‘one-size-fits-all' recommendations. To
date, the therapeutic approach to long COVID
has primarily focused on non-pharmacologi-
cal therapies due to the limited evidence from
RCTs supporting the effectiveness of pharma-
cological approaches, especially in alleviating
neurological symptoms in long COVID suf-
ferers (Chee et al., 2023).

Among the pharmacological agents inves-
tigated in the context of so-far published
RCTs, several have shown promising results;
yet, were significantly limited by small sam-
ple sizes, heterogeneous populations, selec-
tion or other methodological biases, or their
results have not been replicated to date by
subsequent studies (Table 3). For example,
amantadine was associated with significant
fatigue-relieving effects in an open-label RCT
including 66 patients with fatigue within 30 to
60 days from SARS-CoV-2 infection (33 al-
located to the treatment arm receiving 100 mg
orally twice daily for two weeks vs. 33 in the
control arm receiving no treatment) (Harandi
et al., 2024). However, this RCT had signifi-
cant methodological limitations: (i) it was not
double-blinded; (ii) no placebo was used for
the control group; and (iii) there were statisti-
cally significant between-group differences in
demographics, including patient age and body
mass index. In another small RCT (compris-
ing 25 patients; 10 in the treatment and 15 in
the control arm, respectively), donepezil (5
mg once daily) was found to exert positive ef-
fects on specific memory subtests in long
COVID patients with cognitive impairment
(Pooladgar et al., 2023). Nevertheless, no sig-
nificant overall improvement in memory
scales was recorded over time, with signifi-
cant limitations including the small sample
size, a short follow-up period of 12 weeks,
and a single-blind design. Another random-
ized, double-blind, placebo-controlled trial
demonstrated that famotidine (40 mg twice
daily), a selective histamine H2 receptor an-
tagonist, was both safe and effective in

1475



EXCLI Journal 2024;23:1463-1486 — ISSN 1611-2156

Received: September 27, 2024, accepted: November 12, 2024, published: November 27, 2024

improving cognitive impairment, depression,
and anxiety in long COVID patients
(Momtazmanesh et al., 2023). Nevertheless,
this trial also had a limited sample size (50 pa-
tients; 25 in each group) and brief follow-up
(of 12 weeks); thus, its results warrant repli-
cation in the context of larger RCTs. In addi-
tion, a seminal multicenter, randomized,
quadruple-blind, parallel-group, phase 3 trial
demonstrated that metformin reduced the in-
cidence of long COVID by 41 % during a 10-
month follow-up period compared to placebo.
Participants were obese or overweight adults
with COVID-19 symptoms for <7 days, who
were assigned to receive either metformin
plus fluvoxamine, metformin plus placebo,
ivermectin plus placebo, fluvoxamine plus
placebo, or placebo plus placebo (Bramante et
al., 2023). In total, 1126 participants were in-
cluded (median age, 45; 56 % women, 55 %
had received COVID-19 vaccination) who re-
ceived metformin or matched placebo. The
cumulative incidence of long COVID was
10.4 % (placebo) vs. 6.3 % (metformin), a
difference that translated into a 41 % reduc-
tion with metformin. Notwithstanding the
promising findings of this RCT, crucial meth-
odological considerations include: (i) long
COVID diagnosis was made at the discretion
of a medical provider, rather than by use of
pre-defined diagnostic criteria; (ii) selection
bias due to the inclusion of individuals who
completed the 10-month follow-up; and (iii)
limited generalizability due to the exclusion
of lower-risk groups. Given the aforemen-
tioned limitations, that mainly pertain to the
poorly defined long COVID population of
this trial, metformin is not routinely recom-
mended for long COVID prevention; never-
theless, future well-designed research is re-
quired to shed more light on metformin’s pre-
ventive and therapeutic potential.

Beyond pharmacotherapy, dietary supple-
ments and vitamins hold a significant role in
the therapeutic management of long COVID
patients, as demonstrated by findings from re-
cently published RCTs (Table 3). In an RCT
of 50 long COVID patients, L-arginine and
vitamin C supplementation was associated

with improvement in physical performance,
endothelial function, and fatigue reduction
(Pizzorno, 2023). Nonetheless, the study's
small, single-center design limits its generali-
zability, underscoring the need for larger,
multi-center trials with extended follow-up to
confirm these results and elucidate potential
underlying mechanisms. Similarly, the effi-
cacy of the synbiotic SIM01 was investigated
in an RCT including 463 long COVID pa-
tients (Lau et al., 2024). This trial demon-
strated that SIMOL1 is effective in alleviating
neurological symptoms (including fatigue,
memory loss, concentration impairment)
compared to placebo; albeit with the signifi-
cant limitation of poorly defined long COVID
symptoms, underscored by the absence of
standardized global assessment tools. Fur-
thermore, the impact of ImmunoSEB and Pro-
bioSEB CSC3 on long COVID fatigue was
evaluated in an RCT comprising 200 patients,
with significant improvements in fatigue and
quality of life reported after 14 days of inter-
vention compared to placebo, although the
study's short duration, lack of psychiatric his-
tory data, and absence of long-term follow-up
were notable limitations (Rathi et al., 2021).
Building on the insights gained from re-
cent RCTs evaluating pharmacological inter-
ventions for long COVID, a complementary
body of research has focused on non-pharma-
cological treatments (Table 4). For example,
some benefits have been shown for High Def-
inition transcranial Direct Current Stimula-
tion (HD-tDCS), with an RCT of 70 long
COVID patients demonstrating significant re-
ductions in fatigue; though the study's limita-
tions included a lack of adjustment for
COVID-19 baseline parameters and absence
of Magnetic Resonance Imaging (MRI) to
guide HD-tDCS (Santana et al., 2023). In an-
other RCT including 114 long COVID pa-
tients (randomly assigned 1:1), Cognitive-Be-
havioral Therapy (CBT) effectively reduced
severe fatigue with benefits lasting up to six
months, despite limitations such as lack of
blinding and reliance on self-reported out-
comes (Kuut et al., 2023). Other approaches
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Table 3: Summary of randomized-controlled clinical trials on pharmacological interventions for neurological manifestations of long COVID

STUDY

Effect of aman-
tadine on long

COVID fatigue

Effect of
donepezil hy-
drochloride on
long COVID
memory Im-
pairment

Effect of fa-
motidine on
cognitive and
behavioral dys-
function in long
COVID pa-
tients

Effects of L-ar-
ginine plus vit-
amin C supple-
mentation on
physical perfor-
mance, endo-
thelial function,
and persistent
fatigue in long
COVID

AUTHORS/YEAR
Harandi et al., 2024

Pooladgar et al.,
2023

Momtazmanesh et
al., 2023

Tosato et al., 2022

POPULATION
Patients with long
COVID fatigue. All
patients completed
the Fatigue Severity
Scale (FSS) ques-
tionnaire at baseline
and after two weeks
Patients with long
COVID memory im-
pairment, assessed
at baseline, one
month, and three
months using the
Wechsler Memory
Scale-Revised test.
(WMS-R)

Patients with con-
firmed COVID-19 di-
agnosis and cogni-
tive impairment
(MMSE <23 or MoCA
<22)

Patients aged 20-60
years with previous
confirmed SARS-
CoV-2 infection, long
COVID diagnosis,
and persistent fa-
tigue

SAMPLE SIZE
66 patients
(n=33 interven-
tion, n=33 con-
trol)

25 patients
(n=10 interven-
tion, n=15 con-
trol)

50 patients
(n=25 interven-
tion, n=25 con-
trol)

50 patients
(n=25 interven-
tion, n=25 con-
trol)

INTERVENTION

Amantadine 100 mg orally
twice daily for two weeks

Donepezil hydrochloride 5
mg daily (half tablet for the
first five nights, then one
full tablet each night there-
after)

Famotidine 40 mg twice
daily for 12 weeks

L-arginine (1.66 Q) plus lip-
osomal vitamin C (500 mg)
daily for 28 days

COMPARATOR
No treatment

No treatment

Placebo (identical
to famotidine)

Placebo for 28 days

OUTCOME
Significant improve-
ment in fatigue in the
amantadine group
compared to the con-
trol group

No statistically signif-
icant improvements
in overall memory
scales, but notable
efficacy in specific
memory subtests

Famotidine was safe
and effective in treat-
ing cognitive impair-
ment, depression,
and anxiety symp-
toms induced by
COVID-19

Improved walking
performance, muscle
strength, endothelial
function, reduced fa-
tigue, and restored
serum L-arginine
concentrations
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STUDY
Outpatient
treatment of
COVID-19 and
incidence of
long COVID
over 10
months
(COVID-0OUT)

A synbiotic
preparation
(SIM01) for
long COVID
(RECOVERY)

Effect of sys-
temic enzymes
and probiotics
on long COVID
fatigue

AUTHORS/YEAR

Bramante et al.,
2023

Lau et al., 2024

Rathi et al., 2021

POPULATION
Adults aged 30-85
years with over-
weight/obesity (BMI
225 or 223 for
Asian/Latino) with
COVID-19 symptoms
for fewer than 7 days
and a positive SARS-
CoV-2 PCR or anti-
gen test

Patients aged 18
years and older with
previous COVID-19
diagnosis and at
least one symptom
from the post-acute
COVID-19 syndrome
14-item question-
naire (PACSQ-14)
for 4 weeks or more
after infection

Patients aged 18-75
with long COVID fa-
tigue (based on
Chalder Fatigue
scale)

SAMPLE SIZE
1126 patients

(n=564 interven-

tion, n=562 con-
trol)

463 patients

(n=232 interven-

tion, n=231 con-
trol)

200 patients

(n=100 interven-

tion, n=100 con-
trol)

INTERVENTION
Metformin titrated over 6
days: 500 mg on day 1,
500 mg twice daily on days
2-5, then 500 mg in the
morning and 1000 mg in
the evening until day 14

Oral synbiotic preparation
(SIM01): 20 billion colony-
forming units of three bac-
terial strains (B. adolescen-
tis, B. bifidum, B. longum)
with three prebiotic com-
pounds (galacto-oligosac-
charides, xylo-oligosaccha-
rides, resistant dextrin), ad-
ministered as 10 billion col-
ony-forming units in sa-
chets twice daily for 6
months

ImmunoSEB (500 mg/cap-
sule) + ProbioSEB CSC3
(5 billion CFUs/capsule) for
14 days

COMPARATOR
Placebo for 14 days

Placebo (1 mg vita-
min C and inert
starch filler in sa-
chets) twice daily
for 6 months

Placebo for 14 days

OUTCOME
Outpatient treatment
with metformin re-
duced long COVID
incidence by 41 %,
with an absolute re-
duction of 4.1 %
compared to placebo

SIMO1 was effective
in alleviating multiple
symptoms of long
CoVID

Significant resolution
of long COVID fa-
tigue and improved
quality of life in the
intervention group

FSS: Fatigue Severity Scale; WMS-R: Wechsler Memory Scale-Revised; MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; BMI: Body Mass Index; PACSQ-14: Post-
Acute COVID-19 Syndrome 14-item Questionnaire; CFUs: colony forming units
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Table 4: Summary of randomized-controlled clinical trials on non-pharmacological interventions for neurological manifestations of long COVID

STUDY

Effect of non-invasive
Brain Stimulation for fa-
tigue in long COVID

Efficacy of Cognitive-
Behavioral Therapy
(CBT) targeting severe
fatigue following
COVID-19

Effect of Hyperbaric Ox-
ygen Therapy (HBOT)
on neurocognitive
symptoms of long
COVID

Clinical effectiveness of
an online supervised
group physical and
mental health rehabilita-
tion program for adults
with long COVID (RE-
GAIN Study)

AUTHORS/
YEAR
Santana et
al., 2023

Kuut et al.,
2023

Zilberman
Itskovich et
al., 2022

McGregor et
al., 2024

POPULATION

Patients aged 18-80 years,
diagnosed with long COVID-
related fatigue, followed in
an outpatient clinic

Patients with symptomatic,
laboratory-confirmed SARS-
CoV-2 infection, severe fa-
tigue starting or increasing
after COVID-19, functionally
impaired, 3-12 months post-
COVID-19

Patients aged =18 years
with post-COVID-19 cogni-
tive symptoms affecting
quality of life, persisting for
more than three months fol-
lowing a positive RT-PCR
test

Adults aged 26-86 years,
discharged from hospital 23
months previously after
COVID-19 admission, with
ongoing substantial COVID-
19-related physical and/or
mental health sequelae

SAMPLE
SIZE

70 patients
(n=35 inter-
vention,
n=35 con-
trol)

114 pa-
tients (n=57
interven-
tion, n=57
control)

73 patients
(n=37 inter-
vention,
n=36 con-
trol)

585 pa-
tients
(n=298 in-
tervention,
n=287 con-
trol)

INTERVENTION

Active High Definition
transcranial Direct
Current Stimulation
(HD-tDCS) for two
sessions per week
over five weeks (10
sessions)

CBT targeting perpet-
uating factors of fa-
tigue, delivered over
17 weeks

HBOT: 40 daily ses-
sions, five sessions
per week over two
months

REGAIN program:
Online, home-based,
supervised group ex-
ercise and psycho-
logical support ses-
sions, weekly for
eight weeks

COMPARATOR

Sham HD-tDCS for
two sessions per
week over five
weeks (10 ses-
sions)

Care as usual
(CAU) for 17
weeks

Sham HBOT: 40
daily sessions, five
sessions per week
over two months

Best practice usual
care: A single 30-
minute online ses-
sion of advice and
support with a
trained practitioner

OUTCOME

Active HD-tDCS re-
sulted in significantly
greater reduction in
fatigue compared to
sham HD-tDCS

CBT was effective in
reducing fatigue, with
positive effects sus-
tained at 6-month fol-
low-up

HBOT improved cog-
nitive, psychiatric, fa-
tigue, sleep, and pain
symptoms, inducing
neuroplasticity in long
COVID patients

The REGAIN program
was clinically effective
at improving health-
related quality of life
at three and 12
months compared to
usual care

HD-tDCS: High Definition Transcranial Direct Current Stimulation; CBT: Cognitive-Behavioral Therapy; CAU: Care As Usual; HBOT: Hyperbaric Oxygen Therapy; RT-PCR: Reverse Transcription
Polymerase Chain Reaction; REGAIN: Rehabilitation Exercise and Psychological Support After COVID-19 Infection
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have provided some preliminary findings of
potential efficacy, such as Hyperbaric Oxy-
gen Therapy (HBOT), which was found in an
RCT of 73 patients to be associated with sig-
nificant improvement in cognitive and psy-
chiatric symptoms, though the small sample
size and need for optimization of treatment
protocols limit the generalizability of these
findings (Zilberman-Itskovich et al., 2022).
Additionally, the REGAIN (Rehabilitation
Exercise and psycholoGical support After
COVID-19 Infection) program, an online, su-
pervised rehabilitation intervention, showed
significant improvements in health-related
quality of life compared to usual care, albeit
with limitations related to blinding and selec-
tion/reporting biases (McGregor et al., 2024).

While no consensus has been reached re-
garding the optimal treatment of long COVID
to this day, prevention of long COVID has
steadily come into focus. Full vaccination
protocols are crucial, based on a growing
body of evidence that vaccination signifi-
cantly reduces the risk of severe illness and
subsequent development of long-term seque-
lae (Seo et al., 2024). Recent research also
highlights the necessity of keeping vaccina-
tion up to date, including receiving booster
doses, to optimize immune protection (Ceban
et al., 2023; Watanabe et al., 2023). Simulta-
neously, early administration of antiviral
agents to high-risk individuals diagnosed with
COVID-19, in accordance with current clini-
cal practice guidelines, has been demon-
strated to diminish disease severity and lower
the risk of enduring long COVID sequelae
(Seo et al., 2024).

In conclusion, the development of stand-
ardized treatment guidelines for managing the
neurological manifestations of long COVID
remains to date largely elusive. The variabil-
ity in patient presentations and the evolving
landscape of long COVID definitions present
substantial obstacles to the implementation of
uniform protocols. The diverse symptomatol-
ogy of long COVID, coupled with incon-
sistent definitions and diagnostic criteria,
complicates efforts to establish comprehen-
sive treatment guidelines. Additionally, many

recent RCTs have been constrained by small
sample sizes and short follow-up periods,
facts that limit the generalizability and long-
term applicability of their findings. This on-
going uncertainty highlights the need for fur-
ther research and the development of compre-
hensive clinical guidelines to effectively ad-
dress the complex and diverse manifestations
of long COVID.

CONCLUDING REMARKS

This narrative review provides an updated
overview of the neurological manifestations
of long COVID, illustrating its broader rami-
fications on a global healthcare and socioeco-
nomic scale. Despite substantial research pro-
gress, the absence of a standardized diagnos-
tic framework significantly impedes the de-
velopment of comprehensive clinical practice
guidelines. Currently, the heterogeneity in
clinical phenotypes and disease trajectories
among patients necessitates multidisciplinary
approaches and personalized treatment strate-
gies. Given the significant overlap of long
COVID with conditions such as ME/CFS,
FM, PICS, and POTS, patients presenting
with neurological symptoms may signifi-
cantly benefit from clinical sub-phenotyping,
aiming both to improvement of diagnostic and
treatment strategies.

With respect to the therapeutic landscape,
current evidence supports a multimodal ap-
proach that integrates both pharmacological
and non-pharmacological strategies. Recent
RCTs have demonstrated the potential effi-
cacy of various treatments, from immuno-
modulators and anti-inflammatory agents to
extensive neurocognitive and physical reha-
bilitation programs, advocating for a shift to-
ward an integrative patient management par-
adigm. However, the limited scale and meth-
odological constraints of these studies restrict
the generalizability of the available results,
emphasizing the necessity for larger, well-de-
signed RCTs to validate these preliminary
findings and expedite the development of ro-
bust treatment guidelines. Importantly, while
treatment alternatives await validation, pre-
vention of long COVID has come to the
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foreground, both through vaccination as well
as implementation of antivirals in selected
high-risk populations. We emphasize that
vaccination campaigns should continue una-
bated, as they are considered integral to re-
ducing the global burden of long COVID, in-
cluding its long-term neurological manifesta-
tions.

As a concluding remark regarding the cur-
rent state of epidemiological data, there is
congruent evidence that approximately one
third of COVID-19 survivors will experience
prolonged neurological sequelae that persist
for at least 12 months post-infection. Extend-
ing the tentative inference of a 10 % incidence
of long COVID among the more than 651 mil-
lion documented COVID-19 cases globally,
the estimated cases of neurological manifes-
tations related to long COVID likely exceed
20 million worldwide (Davis et al., 2023).
Considering the detrimental effects on indi-
viduals’ quality of life, as well as the immense
repercussions on population health and the in-
cremental productivity losses worldwide,
joint international initiatives are warranted to
address the current challenges in defining, di-
agnosing, and managing long COVID
(Carlile et al., 2024). Finally, in addressing
neurological symptoms, standardized ap-
proaches are crucial to allow for better delin-
eation of this chronic post-infectious disorder.
Such collaborative strategies are integral to
support policymakers in allocating healthcare
resources and devising prevention and treat-
ment agendas aimed at mitigating the gallop-
ing burden of long COVID globally.
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