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Abstract: Accumulating evidence points toward a very high prevalence of prolonged
neurological symptoms among coronavirus disease 2019 (COVID-19) survivors. To date,
there are no solidified criteria for 'long-COVID’ diagnosis. Nevertheless, 'long-COVID' is
conceptualized as a multi-organ disorder with a wide spectrum of clinical manifestations
that may be indicative of underlying pulmonary, cardiovascular, endocrine, hematologic,
renal, gastrointestinal, dermatologic, immunological, psychiatric, or neurological disease.
Involvement of the central or peripheral nervous system is noted in more than one-third of
patients with antecedent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, while an approximately threefold higher incidence of neurological symptoms

is recorded in observational studies including patient-reported data. The most frequent
neurological manifestations of ‘long-COVID’ encompass fatigue; ‘brain fog’; headache;
cognitive impairment; sleep, mood, smell, or taste disorders; myalgias; sensorimotor deficits;
and dysautonomia. Although very limited evidence exists to date on the pathophysiological
mechanisms implicated in the manifestation of ‘long-COVID’, neuroinflammatory and
oxidative stress processes are thought to prevail in propagating neurological ‘long-COVID’
sequelae. In this narrative review, we sought to present a comprehensive overview of our
current understanding of clinical features, risk factors, and pathophysiological processes
of neurological long-COVID’ sequelae. Moreover, we propose diagnostic and therapeutic
algorithms that may aid in the prompt recognition and management of underlying causes of
neurological symptoms that persist beyond the resolution of acute COVID-19. Furthermore,
as causal treatments for ‘long-COVID" are currently unavailable, we propose therapeutic
approaches for symptom-oriented management of neurological ‘long-COVID’ symptoms. In
addition, we emphasize that collaborative research initiatives are urgently needed to expedite
the development of preventive and therapeutic strategies for neurological ‘long-COVID’
sequelae.
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Introduction

Since the outbreak of the coronavirus disease
2019 (COVID-19) pandemic, it has become evi-
dent that the spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) would
have immense repercussions on healthcare sys-
tems and socioeconomic structures worldwide.!
Besides the exorbitant death toll of the pandemic

COVID-19 survivors, increasing attention has
been drawn to the prolonged or late-onset seque-
lae of SARS-CoV-2 infection, which are collo-
quially referred to as ‘long-COVID’ syndrome.?:3
The term ‘long-COVID’ was, in fact, first coined
and disseminated through social media by

across the globe, with the rising number of

patients, who, already during the first months of
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Table 1. Alternative definitions of ‘long-COVID" syndrome.

Nomenclature

Description

Long COVID47

Long-term COVID-19 symptoms characterized by

cyclical, progressive, or multiphasic course.

Long COVID?

Long COVID?

Symptoms persisting for >2months

Signs and symptoms that persist for >4 weeks and can

be attributed to COVID-19 infection.

Long-haul COVID'0
Long-tail COVID

Long post-COVID symptoms®

Post-acute COVID syndrome (PACS)'3

Symptoms persisting for >100days

Symptoms lasting for 12-24 weeks

Persistent symptoms and/or delayed or long-term

complications beyond 4 weeks from symptom onset

Post-acute sequelae of SARS-CoV-2 (PASC)417
Post-COVID-1912

Persistent post-COVID symptoms®

Post-COVID-19 syndrome8.18

Symptoms persisting for>1month
Symptoms persisting for >2months

Symptoms lasting for >24weeks

Signs and symptoms that develop during or after an

infection consistent with COVID-19, present for >12
weeks and are not attributable to alternative diagnoses.

the pandemic, acknowledged a more complex
disease course than laid out in early reports from
Wuhan.*> Subsequently, cognate terms were
introduced,®?® including ‘long-haul’,%10 ‘post-
COVID’,1L12 - ‘post-acute  COVID syndrome
(PACS)’,13 and ‘post-acute sequelae of SARS-
CoV-2 (PASC)’,1# to refer to persistent symp-
toms and/or delayed or long-term complications
beyond acute COVID-19 (Table 1).13 Currently,
despite the emergence of new variants, following
the implementation of mass vaccination cam-
paigns, many countries have witnessed signifi-
cant decreases in the number of new COVID-19
cases and hospitalizations.!>16 Nonetheless,
although cautious optimism has been expressed
for the beginning of the end of the pandemic,
concerns have been raised that ‘long-COVID’
could comprise a ‘next public health disaster in
the making’.?

Consequently, prevention of ‘long-COVID’ ranks
very high on the public health agenda. Currently,
however, there is only scant understanding of the
underlying processes implicated in the pathogen-
esis of ‘long-COVID’ syndrome, a fact that is also
reflected in the tentative definitions and prelimi-
nary classification schemes proposed by national
and international health organizations.1317%:19 To

enable better documentation and characterization
of ‘long-COVID’, the World Health Organization
(WHO) has recently assigned an emergency
use International Classification of Diseases, Tenth
Revision (ICD-10) code (U09.9) referring to
‘Post-COVID conditions, unspecified’.2? In addi-
tion, a clinical case definition was proposed by
the WHO based on Delphi consensus, suggesting
that ‘post COVID-19 occurs in individuals with a
history of probable or confirmed SARS-CoV-2
infection, usually 3 months from the onset of
COVID-19 with symptoms that last for at least 2
months and cannot be explained by an alternative
diagnosis’. According to this definition,

Common symptoms include fatigue, shortness of
breath, cognitive dysfunction but also others, and
generally have an impact on everyday functioning.
Symptoms may be of new onset following initial
recovery from an acute COVID-19 episode or
persist from the initial illness, may fluctuate or
relapse over time.!8

Several limitations of this definition have been
acknowledged, so far, including difficulties in
approaching the diagnostic ‘time-windows* (espe-
cially in asymptomatic patients), the lack of
robust clinical data to define clinical ‘cut-offs’,
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and the low specificity of proposed diagnostic cri-
teria. Nevertheless, as more refined diagnostic
criteria for ‘long-COVID’ are still underway,
there is current consensus that the exclusion of
acute COVID-19 should be regarded as a prereg-
uisite for ‘long-COVID’ diagnosis.!3

Neurological manifestations comprise one of
the many facets of ‘long-COVID’ syndrome.?!
In accord with the aforementioned definitions
of ‘long-COVID’, the long-term or late-onset
neurological sequelae of COVID-19 should be
distinguished from the well-characterized acute
neurological manifestations of SARS-CoV-2
infection3:22-2¢ Moreover, as ‘long-COVID’ is
conceptualized as a multi-organ disease, central
nervous system (CNS) and/or peripheral nervous
system (PNS) involvement may present alone or
in conjunction with pulmonary, cardiovascular,
psychiatric, endocrine, hematologic, renal, gas-
trointestinal, dermatologic, or immunological
symptoms.13:25 Similar to WHO, the National
Institutes of Health (NIH) has linked ‘long-
COVID’ to symptoms such as ‘fatigue, shortness
of breath, “brain fog”, sleep disorders, fever, gas-
trointestinal symptoms, anxiety, and depression’,
thereby acknowledging neurological symptoms
as core aspects of ‘long-COVID’.26 Moreover,
recent reports indicate an extremely high preva-
lence of long-term neurological manifestations
among COVID-19 survivors, with nearly one-
third of patients being diagnosed with neurologi-
cal or psychiatric illnesses in the first 6 months
following acute COVID-19.27

At present, neurologists are daily confronted with
an increased demand for ‘long-COVID’ patient
care. Yet, as scarce evidence has been consoli-
dated so far, diagnosing and managing neuro-
logical complications of ‘long-COVID’ calls for
navigation in ‘uncharted waters’. The aim of the
present narrative review is thus to provide a com-
prehensive overview of our current understanding
of the long-term neurological sequelae of COVID-
19, along with a methodological framework for a
systematic diagnostic approach and management
of patients with neurological manifestations of
‘long-COVID’ syndrome.

Methods and data synthesis

We performed a comprehensive literature search
in SCOPUS, Embase, Google Scholar, and
LitCOVID?28 (that includes all COVID-19-related

articles published in PubMed and Medline) up to
10 December 2021, using the following terms in
combination: ‘long COVID’, ‘post COVID’,
‘long haul’, ‘chronic COVID?’, ‘post-acute seque-
lae of SARS-CoV-2’, ‘PASC’, ‘post-acute
COVID syndrome’, ‘PACS’, ‘persisting COVID’,
‘COVID complications’, ‘SARS-CoV-2 compli-
cations’, or ‘lingering COVID’. We also searched
manually the reference lists of all relevant articles.
Both English and foreign language articles were
reviewed. The initial literature search was per-
formed by three independent authors (M-IS, LP,
and EB). Duplicate publications were excluded
from further evaluation (including duplicates
from databases with overlapping records). Given
the lack of standardized definitions for ‘long-
COVID’ syndrome at the time of publication of
most retrieved articles, all studies reporting new,
recurrent, or persistent neurological symptoms
following acute COVID-19 were considered eligi-
ble for inclusion. We included peer-reviewed,
case-control, population-based, cohort studies or
clinical trials in humans, as well as systematic
reviews and guidelines, while thematically irrele-
vant studies, animal studies, editorials, commen-
taries, case reports, and preprints were excluded.
Screening was performed based on title or abstract
from three reviewers (M-IS, LP, and EB) and any
disagreements were resolved wia consensus or
discussion with the corresponding author (GT).
Structured reports of identified studies were
extracted to include author names, title, abstract,
study type, year or publication, and journal. To
evaluate the relevance and strength of the evi-
dence provided by identified studies and their
potential contribution to the present narrative
review, an expert panel was formed, consisting of
(a) senior neurologists (M-IS, LP, EB, MP, GPP,
NG, CK, and SG), with expertise in neurological
complications of COVID-19, including neuro-
vascular (CK, GT, NG, and SG), PNS (MP),
and neurodegenerative sequelae (GPP); (b) sen-
ior psychiatrists with expertise in cognitive impair-
ment and psychiatric complications of COVID-19
(NS and ER); (c) experts in internal and respira-
tory medicine (EB and MGQG); and (d) public or
population health researchers and accredited
experts in COVID-19 and ‘long-COVID’ syn-
drome (EB, ST, and MGQG). Evidence synthesis
was based on expert recommendation to include
articles from the generated databases, while stud-
ies were evaluated based on reporting of relevant
primary data, validity of the methods used, and
novelty and clarity of the results. Given the
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Table 2. Neurological manifestations of ‘long-COVID' syndrome, according to the localization in the nervous

system.

Localization in the nervous system

Neurological symptoms

Central nervous system

Fatigue

‘Brain fog’

Headache

Sleep disorders

Cognitive impairment

Emotional/mood disorders

Dizziness

Dysautonomia

Peripheral nervous system

Muscle weakness

Myalgias

Hyposmia

Hypogeusia

Hearing loss/tinnitus

Sensorimotor deficits (hypoesthesia, dysesthesia, tremor]

nonsystematic nature of the present review, panel
members were allowed to adjudicate on quality
and relevance of recommended studies in their
domains of expertise, prioritizing research that
was considered of high quality, most pertinent,
and insightful. The generated database following
duplicate removal included 38,402 publications,
which were assessed based on extracted data by
the expert panel. Of these, 147 full publications
were selected for inclusion in the present narra-
tive review.

Neurological manifestations of ‘long-COVID’
syndrome

A wide array of neurological manifestations,
involving both the CNS and PNS, have been
described in the context of ‘long-COVID’ syn-
drome (Table 2). It is important to emphasize,
however, that neurological symptoms are often
inextricable from ‘long-COVID’ manifestations
that involve other organ systems, while non-
specific symptoms, including fatigue, ‘brain fog’,
postexertional malaise, and sleep disorders,
may comprise epiphenomena of underlying

respiratory, cardiovascular, endocrine, renal,
hematologic, autoimmune, or psychiatric dis-
eases.$25:29 Ag novel evidence continues to emerge,
the spectrum of clinical characteristics of ‘long-
COVID’ continues to widen. With respect to neu-
rological manifestations, however, there is only
scarce epidemiological evidence to date on the
incidence of neurological disorders in populations
with antecedent SARS-CoV-2 infection.3%3!
Conversely, there are abundant data from obser-
vational studies, including evidence from patient-
led research,3?33 reporting highly variable
prevalence estimates of diverse neurological symp-
toms among ‘long-COVID’ patients.3438 Due to
inherent methodological caveats of most so-far
published studies, including selection and report-
ing biases, lack of standardized neurological
assessment, and lack of adjustment for comorbidi-
ties or concomitant ‘long-COVID’ manifestations
in other organ systems, particular caution is war-
ranted when attempting to characterize neurologi-
cal sequelae of ‘long-COVID’.

Taking the foregoing considerations into account,
a number of observational studies have made a
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strong claim that involvement of both CNS and
PNS may occur in patients with ‘long-COVID’
syndrome.3%:3%:39 For example, in a large longitu-
dinal analysis of 1733 consecutive patients
with laboratory-confirmed COVID-19, 76% of
patients reported at 6 months following acute
SARS-CoV-2 infection at least one of the follow-
ing symptoms: fatigue or muscle weakness (63%),
sleep disturbances (26%), smell or taste impair-
ment (11% and 7%, respectively), myalgias (2%),
and headache (2%). Notably in this study, 23%
and 27% of patients reported concomitant symp-
toms of anxiety/depression or pain/discomfort,
respectively.3> Similar results were obtained by a
longitudinal analysis of 2433 patients with ante-
cedent SARS-CoV-2 infection; at 1-year follow-
up, the reported neurological symptoms included
fatigue (30%), myalgia (8%), dizziness (3%),
headache (2%), and taste/smell disorders (1%).5
In an online international survey of 3762 partici-
pants with antecedent COVID-19, however, a
much higher prevalence of neurological manifes-
tations affecting the CNS and PNS was reported.32
In the first 6 months after acute disease, the most
frequently reported symptoms encompassed sen-
sorimotor deficits (91%), cognitive dysfunction
(85%), emotional/mood disorders (88%), sleep
disturbances (79%), headache (77%), memory
impairment (73%), and smell/taste disorders
(58%). Crucially, 65% of the patients reported
persistence of neurological symptoms beyond 6
months, with the most frequent being fatigue
(80%), postexertional malaise (73%) and cogni-
tive dysfunction (58%).

In line with the previous findings, an observa-
tional study including 165 COVID-19 survivors
reported that at 6-month follow-up after hospi-
talization, the most commonly reported symp-
toms were fatigue, memory/attention deficits,
sleep disorders, and myalgias, with each symptom
affecting one-third of patients with antecedent
SARS-CoV-2 infection. Further reported symp-
toms included depression/anxiety (27%), dysp-
nea (21%), visual disturbances (20%), numbness/
tingling (19%), hyposmia/hypogeusia (16%), uri-
nary dysfunction (14%), confusion/dizziness
(13%), headache (10%), postural instability
(9%), and swallowing difficulties (6%). A key
finding of this study was that 40% of patients pre-
sented objectifiable abnormalities on neurological
examination, with the most common being
hyposmia (18%), cognitive deficits (18%), pos-
tural tremor (14%), and motor/sensory deficits

(8%).49 These results thus indicate that objectifi-
able correlates of CNS or PNS involvement are
observed in more than one-third of ‘long-COVID’
patients.

While evidence from observational studies con-
tinues to accrue, a recently published systematic
review and meta-analysis, including data from
47,910 patients, provided prevalence estimates
for long-term COVID-19 effects.*! This meta-
analysis revealed that 80% of patients infected
with SARS-CoV-2 developed one or more long-
lasting symptoms, with the most frequent being
fatigue (58%), headache (44%), and attention
disorder (27%). In addition, the following preva-
lence estimates for neurological manifestations
were reported: ageusia (23%), anosmia (21%),
memory loss (16%), hearing loss or tinnitus
(15%), chills (7%), dizziness (3%), and stroke
(3%). Crucially, psychiatric symptoms, including
anxiety and depression, were observed in 13%
and 12% of patients, respectively, while a lower
prevalence was recorded for mood disorders, dys-
phoria, obsessive-compulsive disorder (OCD),
and posttraumatic stress disorder (PTSD), each
affecting 2% of patients.*!

Perhaps the most robust estimates of incidence
rates of neurological and psychiatric diagnoses in
the 6 months following COVID-19 have been so
far provided by an electronic health records anal-
ysis including 236,379 patients.?” This study dis-
closed an incidence of neurological or psychiatric
diagnoses of 34% in the 6 months following
SARS-CoV-2 infection, with 13% of patients
receiving their first such diagnosis within this
period. Particularly with respect to neurological
sequelae of COVID-19, in terms of predefined
major neurological outcomes occurring within 6
months after acute SARS-CoV-2 infection, the
authors found that the highest incidence was
observed for nerve/nerve root/plexus disorders
(2.9%) and insomnia (2.7%), followed by
ischemic stroke (0.8%), dementia (0.7%), neuro-
muscular junction or muscle disease (0.5%),
intracranial hemorrhage (0.3%), parkinsonism
(0.1%), encephalitis (0.1%), and Guillain—Barré
syndrome (0.1%). Moreover, when the research-
ers compared the probability of major neurologi-
cal outcomes in patients previously diagnosed
with COVID-19 with matched controls diag-
nosed with influenza or with other respiratory
tract infections during the same study period,
they showed a significantly higher risk for all the
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previous neurological outcomes — except for par-
kinsonism and Guillain—Barré syndrome — in
patients who have had COVID-19 compared to
those with influenza, and significantly greater risk
for all outcomes in patients who have had
COVID-19 compared to patients with respiratory
tract infections.?” Nevertheless, as only a small
subset of neurological diagnoses was included in
this electronic health records analysis and signifi-
cant discrepancies between the incidence esti-
mates of this study and previous results from
observational research are noted, further epide-
miological data are urgently needed to enable bet-
ter characterization of neurological manifestations
in the context of ‘long-COVID’ syndrome.

Pathophysiological mechanisms underlying
neurological manifestations of ‘long-COVID’
The pathophysiological processes implicated in
CNS and PNS manifestations of acute COVID-19
have been extensively studied and reviewed in the
scientific literature.??-23:42:43 Besides severe affection
of the respiratory system, cardiovascular, renal,
and gastrointestinal manifestations, including liver
and pancreatic dysfunction, are well-characterized
complications of acute COVID-19.%* In brief, sev-
eral overlapping pathogenetic mechanisms of neu-
rological manifestations of acute COVID-19 have
been established, including viral neuroinvasion
accompanied by aberrant neuroimmunological
responses, endotheliopathy associated with blood—
brain barrier dysfunction, coagulopathies that
precipitate hypoxic—ischemic neuronal injury, met-
abolic imbalances, oxidative stress cascades, and
cellular apoptosis (Figure 1).245-4° In contrast to
acute neurological manifestations of COVID-19,
however, the biological underpinnings of neuro-
logical ‘long-COVID’ sequelae remain today poorly
characterized. In the absence of diagnostic markers
and robust neuropathological data, most published
articles have so far proposed putative pathophysio-
logical mechanisms for neurological ‘long-COVID’
sequelae while drawing parallels with the patho-
physiology of acute COVID-19.

Direct neurotropic effects of SARS-CoV-2 are
currently assumed to play a subordinate role in
the pathogenesis of ‘long-COVID’, analogous to
the circumscribed role of direct neuroinvasion
in acute COVID-19.5%5! Notably, SARS-CoV-2
cell entry within the CNS and PNS is facilitated
by hematogenous or transsynaptic pathways

via engagement of the angiotensin-converting
enzyme 2 (ACE2) receptor,*” which is located on
the surface of diverse cell types, including neu-
rons, astrocytes, endothelial and smooth muscle
cells of cerebral blood vessels, as well as skeletal
muscle cells.#¢ Even in patients with severe neu-
rological involvement in the setting of acute
SARS-CoV-2 infection, however, SARS-CoV-2
RNA is infrequently detected in cerebrospinal
fluid (CSF) analyses, or in brain and skeletal
muscle biopsies of symptomatic patients.48:52-54
As CSF or neuropathological evidence from
‘long-COVID’ patients is currently missing, the
question of whether cellular SARS-CoV-2 reser-
voirs could perpetuate a chronic SARS-CoV-2
infection within the CNS or PNS remains
unanswered.’®> In analogy to neuropathological
correlates of acute COVID-19,%853 however,
virus-induced neuroinflammatory, prothrom-
botic, hypoxic, metabolic, and apoptotic cascades
are thought to prevail in propagating neurological
symptoms in the context of ‘long-COVID?’.7:50,56

In accordance with the spatial distribution of
ACE?2 receptors in the CNS, which are predomi-
nantly expressed in the olfactory bulb, amygdala,
hippocampus, middle temporal gyrus, posterior
cingulate cortex, and the brainstem,>?->¢ a multi-
tude of neurological symptoms encountered in
‘long-COVID’ patients, including hyposmia,
mood disorders, cognitive impairment, sleep
disorders, and dysautonomia, have been linked
to dysfunction of ‘ACE2-rich’ brain areas.%®
Intriguingly, a similar pattern of hypometabolism
has been recently revealed in neuroimaging stud-
ies using 8F-FDG (fluorodeoxyglucose) brain
positron emission tomography (PET) in ‘long-
COVID’ patients that exhibited hypometabolic
areas extending from the rectal/orbital gyrus,
including the olfactory gyrus, to the temporal
lobe, including the amygdala and the hippocam-
pus, to the hypothalamus and thalamus, and fur-
ther to the brainstem and the cerebellum.>%-%0
With respect to the latter, the imaging evidence of
brainstem and cerebellum involvement is crucial
as it indicates that involvement of these brain
regions may underlie several neurological mani-
festations of ‘long-COVID’ that bear similarities
with the myalgic encephalomyelitis or chronic
fatigue syndrome (ME/CFS), and the postural
orthostatic tachycardia syndrome (POTS).%61,62
Accordingly, it has been suggested that the
reduced glucose metabolism observed in these
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Figure 1. Potential pathophysiological mechanisms implicated in the manifestation of acute and ‘long-COVID’
manifestations in the central nervous system (CNS). (a) In acute COVID-19, SARS-CoV-2 cell entry within the
CNS is facilitated by hematogenous or direct transsynaptic pathways via engagement of the angiotensin-
converting enzyme 2 (ACE2) receptor, which is located on the surface of diverse cell types, including neurons,
endothelial cells, and smooth muscle cells of cerebral blood vessels. SARS-CoV-2-induced cytokine storm
may cause disruption of the tight junctions at the endothelial lining of the blood-brain barrier, which leads

to increased blood-brain barrier permeability and allows the transmigration of virus-infected leukocytes

into the CNS. In addition, the cytokine release precipitates platelet activation and adhesion, which causes
further endothelial impairment and has been linked to the increased thrombotic risk noted in acute COVID-19.
Once cytokines and leukocytes have crossed the blood-brain barrier, they activate microglial cells, which in
turn trigger apoptotic cascades and demyelination. (b) In "long-COVID’, chronic inflammatory and secondary
degenerative processes are thought to prevail in propagating neurological ‘long-term’ sequelae. In ‘ACE2-rich’
brain areas, including areas of the somatosensory cortex, rectal/orbital gyrus, temporal lobe, hypothalamus/
thalamus, brainstem, and cerebellum, '8F-FDG brain PET studies in long-COVID’ patients have revealed
prominent hypometabolism. The reduced glucose metabolism observed in these areas may be further
explained by oxidative stress processes, mitochondrial dysfunction, or impaired cerebral autoregulation, which

are secondary to SARS-CoV-2 infection.

areas may be attributed to pathophysiological
processes, such as oxidative stress, mitochondrial
dysfunction, neuronal degeneration, and impaired
cerebral autoregulation, that are secondary to
SARS-CoV-2 infection.53-65

The hypothesis of a predominant autonomic dys-
function in ‘long-COVID’ has been recently bol-
stered by findings of impaired regulation of heart
rate variability (HRV) in ‘long-COVID’ patients.%®
In a case-control study that included 27 patients
with antecedent SARS-CoV-2 infection and 12
healthy controls, HRV dysregulation was signifi-
cantly associated with foregoing COVID-19, as

well as with the presence of fatigue in ‘long-
COVID?’ patients. In conjunction with the afore-
mentioned evidence of brainstem involvement
from neuroimaging studies, these data suggest
that afferent and efferent pathways of the vagus
and glossopharyngeal nerves, which are also
implicated in acute SARS-CoV-2 infection,%7-68
could be involved in demyelinating or Wallerian
degeneration processes secondary to viral inva-
sion.#> Although further research is needed to
evaluate these hypotheses, neuronal atrophy and
degeneration of other cranial nerves, including
the olfactory nerve and the adjacent olfactory
bulb, have been previously described in patients
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with persisting hyposmia or anosmia following
the resolution of acute COVID-19.42% Important
insights into the role of neuroinflammation in
‘long-COVID’ have recently been provided by a
series of studies, which have signified that abnor-
mal humoral and cellular immune responses,”%7!
systemic inflammatory markers such as interleu-
kin-6 (IL-6),%:%5 and autoantibodies targeting
cellular receptors’? may be implicated in systemic
and neurological ‘long-COVID’ sequelae.
Particularly with respect to neuroinflammatory
processes, a study that appeared recently on a
preprint server, including 56 patients with persist-
ing neurological deficits for more than 6 weeks
after acute SARS-CoV-2 infection, showed a
reduced effector molecule expression in memory
T cells, which was significantly associated with
the severity of cognitive impairment.”® In addi-
tion, prolonged endothelial dysfunction and vas-
cular inflammation have also been linked to
‘long-COVID’ syndrome,’®75> albeit 18F-FDG
PET studies have not revealed areas of brain
hypermetabolism, as would be expected in the
case of wunabating brain inflammation.5%60
Crucially, ongoing blood—brain barrier dysfunc-
tion, as well as a prolonged hypercoagulable state
that could precipitate cerebrovascular disease and
hypoxic—-ischemic neuronal injury, may also be
implicated in neurological manifestations of
‘long-COVID’. Notably, a recent case-control
prospective study reported an independent asso-
ciation between SARS-CoV-2 infection, oxida-
tive stress, and endothelial/vascular dysfunction,
which was associated with impaired cardiac per-
formance and persistence of COVID-related
symptoms 4 months after COVID-19 infection.”
To date, however, there are no available data in
‘long-COVID’ patients with neurological symp-
toms in support of these hypotheses.

Concomitant involvement of other organ systems
should also be considered when addressing the
pathophysiology of neurological ‘long-COVID’
sequelae. While pathophysiological associations
between nonspecific neurological symptoms,
such as fatigue, ‘brain fog’, and postexertional
malaise, and concomitant COVID-19-induced
pulmonary or cardiac changes are well character-
ized,’%77 an involvement of the gastrointestinal
tract and the brain—gut axis have also been
recently proposed as a possible link to neurologi-
cal manifestations of ‘long-COVID’.78:7% In par-
ticular, prolonged SARS-CoV-2 shedding has
been observed in the gastrointestinal tract for up

to 3 months postacute infection, with a recent
study showing persistence of SARS-CoV-2
nucleic acids and proteins in 50% of patients who
underwent intestinal biopsy.8° Bearing the role of
brain—gut axis in the pathogenesis of neurodegen-
erative disorders in mind,®! further research is
warranted to evaluate whether insidious gastroin-
testinal SARS-CoV-2 infection may be causally
linked to neurological ‘long-COVID’ sequelae.

Finally, as a concluding remark on the patho-
physiology of neurological manifestations of
‘long-COVID?’, despite some ominous predic-
tions expressed in the literature for perpetuation
of neurodegeneration following SARS-CoV-2
infection, a recently published longitudinal study
has indicated attenuation of CNS injury, despite
the persistence of neurological symptoms at 6
months after acute COVID-19.82 In this study,
the researchers measured biomarkers of astrocytic
and neuronal injury, including neurofilament
light-chain (NfL), glial fibrillary acidic protein
(GFAp), and growth differentiation factor 15
(GDF-15), in 100 patients with antecedent
SARS-CoV-2 infection and showed that despite
significant elevation of these biomarkers’ concen-
trations during the acute phase of COVID-19, at
6-month follow-up, a normalization of all bio-
markers was noted in all included patients.
Nonetheless, one half of patients reported persis-
tent neurological symptoms at 6 months, with the
most frequent being fatigue in 40%, followed by
‘brain fog’ and cognitive changes in 29% and
25%, respectively. These data suggest that ongo-
ing CNS injury may not necessarily accompany
neurological ‘long-COVID’ sequelae®? and fur-
ther indicate the pivotal role of a systematic
approach for characterization, differential diagno-
sis, and management of ‘long-COVID’ symp-
toms. As acute COVID-19 has been associated
with impaired neurotransmission and upper layer
cortical circuitry dysfunction,®® a prolonged
recovery of neurotransmission could underlie the
prolonged neurological and cognitive deficits
noted in ‘long-COVID’ patients.

Diagnostic approach to neurological ‘long-
COVID’ sequelae

Taken together, the previous data reveal a very
wide spectrum of neurological symptoms among
COVID-19 survivors with only partially eluci-
dated underlying pathophysiological mechanisms.
There is thus a lot of ground still to be covered
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before diagnostic criteria for neurological ‘long-
COVID’ sequelae can be solidified. In the absence
of widely accepted operational definitions for
‘long-COVID?’, the presence of symptoms, signs,
or abnormal findings that persist beyond the reso-
lution of acute COVID-19 and do not return to a
premorbid baseline may be currently considered
as long-term effects of the disease.*1:8% As a conse-
quence, a pragmatic approach to neurological
sequelae of ‘long-COVID’ entails assessment of
change from neurological baseline (Figure 2).
Notably, premorbid neurological disorders have
been shown to confer an increased susceptibility
to ‘long-COVID’.85:86 Thus, exclusion of potential
exacerbations of preexisting neurological or psy-
chiatric disease due to SARS-CoV-2 is required
before ascribing neurological symptoms to ‘long-
COVID’. Moreover, as previously noted, ‘long-
COVID’ comprises a multisystem disease. It is
thus imperative to evaluate potential involvement
of other organ systems that could precipitate sec-
ondary neurological symptoms.8” In addition, it
should be kept in mind that vigilance is warranted
in the differential diagnosis of neurological symp-
toms that manifest in temporal association with
COVID-19. In particular, exclusion of ‘long-
COVID’ mimics is required,®89 including neuro-
logical and non-neurological disorders that may
occur after COVID-19, but be causally unrelated
to antecedent SARS-CoV-2 infection.?°

Besides the challenges in distinction of ‘true long-
COVID’ from exacerbations or manifestations of
new unrelated underlying disorders, some further
aspects should be taken into account when
approaching ‘long-COVID’ syndrome. First,
there is currently lack of consensus on whether
confirmed COVID-19 in the patient history or
serological evidence of antecedent SARS-CoV-2
infection should be regarded as a prerequisite for
‘long-COVID’ diagnosis, as a substantial pro-
portion of patients infected with SARS-CoV-2
remain asymptomatic or undiagnosed®!*? and
highly variable seroprevalence rates have been
reported during the post-COVID period,?3-9>
which are further confounded by serological
responses to SARS-CoV-2 vaccines.?%97 Second,
there is no consensus on an exact timeframe for
defining ‘long-COVID’ in the literature. Some
authors have proposed that ‘long-COVID’ may
be considered after 2 weeks following acute
SARS-CoV-2 infection,*!:8¢ while a cut-off of 4
weeks after acute infection has been proposed by

the CDC (Centers for Disease Control and
Prevention).!” Conversely, the NICE (National
Institute for Health and Care Excellence) guide-
lines distinguish between ‘ongoing symptomatic
COVID-19°, which can be diagnosed in the
period between 4 and 12 weeks postinfection, and
‘post-COVID-19 syndrome’, which may be diag-
nosed if symptoms persist beyond 12 weeks, with
the latter definition also supported by the WHO
(Table 1).1918 While the issue of when to draw a
line between acute and long-COVID remains
unresolved, the more recent inclusive approach of
WHO®%20 may be currently more appropriate,
until more evidence has been acquired to enable
refinement of operational case definitions. In
addition, the maximum time interval that allows
‘long-COVID’ diagnosis remains to be estab-
lished, with recent evidence pointing toward a
duration of ‘long-COVID’ symptoms of more
than 7 or 12 months after viral infection,>-3298
albeit the duration of ‘long-COVID’ may be cur-
rently underestimated due to the short follow-up
periods of most so-far published observational
studies.?!

Another salient issue that merits mention when
approaching neurological manifestations of ‘long-
COVID?’ is the question of whether neurological
sequelae of intensive care unit ICU) COVID-19
survivors may fall under the scope of ‘long-
COVID’. Most published studies have focused so
far on all hospitalized and/or nonhospitalized
patients, analyzing jointly those with severe and
mild disease.?!:9%100 Nonetheless, criticism has
been raised that attributing ‘long-COVID’ diag-
nosis to formerly critically ill COVID-19 patients
may further confound the characterization of the
syndrome and even jeopardize patient care.100-101
Notably, acute neurological COVID-19 manifes-
tations, including encephalopathy/encephalitis,
delirium, cerebrovascular events, epileptic sei-
zures, hypoxic—ischemic brain injury, and neuro-
muscular disorders,102-104  differ significantly
in incidence and severity between critically ill,
hospitalized nonventilated, and nonhospitalized
patients. 104105 Moreover, severe non-neurological
complications and long-term organ dysfunction,
including respiratory and cardiac failure, have
been significantly associated with the severity
of previous COVID-19.100106 Consequently, it
remains unclear whether, from a pathophysiologi-
cal perspective, long-term symptomatic ICU sur-
vivors and mildly affected COVID-19 patients
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could share the same common denominator of
‘long-COVID’ syndrome. In fact, a growing body
of evidence indicates that long-lasting neurologi-
cal deficits of ICU COVID-19 survivors display
many similarities to postintensive care syndrome
(PICS).27:40,10L107  Thus, further research is
required to identify potential overlaps and enable
distinction between neurological manifestations
of ‘long-COVID’ and PICS.

With respect to potential risk factors for neuro-
logical ‘long-COVID’ sequelae, there are no reli-
able data to date to facilitate identification of
high-risk patients in clinical practice.198 Although,
as stated previously, preexisting neurological mor-
bidity and the severity of antecedent COVID-19
may portend poor long-term neurological out-
come, some studies have reported opposite results
that suggest a particularly high prevalence of long-
term neurological symptoms among previously
healthy individuals, who had not been hospital-
ized for COVID-19.106:109 Discordant findings are
also found in the literature concerning the contri-
bution of demographic factors to ‘long-COVID’.
With respect to age, for example, although a num-
ber of studies support that increasing age confers
an increased susceptibility to long-term seque-
lae,>40:109 other studies reported that younger
patients may be at higher risk of ‘long-COVID’.110
Moreover, a striking prevalence of ‘long-COVID’
symptoms of nearly 43% has been reported in
children with antecedent SARS-CoV-2 infection,
albeit these prevalence estimates remain debata-
ble.l11.112 Similarly, highly disparate findings have
been published regarding the potential sex predis-
position to ‘long-COVID’, with some studies sug-
gesting an association between female sex and
neurological ‘long-COVID’ symptoms, some
detecting no associations with sex, and some
reporting a higher vulnerability of male patients
(in analogy to acute COVID-19) to ‘long-COVID’
sequelae.10%110,113,114 Further potential risk fac-
tors, including coexisting cerebrovascular dis-
ease,’> constitutional factors and psychosocial
stressors, have been described in other studies. A
meaningful interpretation of these data is, how-
ever, currently not possible due the high heteroge-
neity of the so-far available observational studies
and due to considerable methodological con-
straints, including mixed patient populations,
variable follow-up periods, and unstandardized
documentation of risk factors, comorbidities, and
clinical symptoms.29:108,109,115

Notwithstanding the aforementioned limitations
in defining and approaching ‘long-COVID’, our
understanding of long-term neurological sequelae
of COVID-19 has begun to steadily expand.
Emerging studies have provided promising evi-
dence of improvement or even resolution of
neurological symptoms, including hyposmia,!1®
anxiety/depression, cognitive impairment, fatigue,
and overall functional status,!!7-118 at longer fol-
low-up periods, up to 1 year following acute
SARS-CoV-2 infection. It should be noted that in
the upcoming months, the results from interna-
tional registries and NeuroCOVID-19 task forces
are anticipated, which will expectedly shed more
light onto characteristics, risk factors and long-
term outcomes of ‘long-COVID’ patients.!! In
the meantime, standardized approaches for evalu-
ating and reporting neurological manifestations of
‘long-COVID’ syndrome are warranted to allow
for development of operational case definitions,
which will eventually enable better characteriza-
tion and prevention of long-term neurological
COVID-19 sequelae.

Therapeutic approach to neurological
‘long-COVID’ sequelae

While focusing on neurological manifestations of
‘long-COVID’ syndrome, it should be highlighted
that as ‘long-COVID’ comprises a multisystem
disease, comprehensive patient evaluation and
interdisciplinary collaboration are fundamental
for optimal patient care. As post-COVID-19 clin-
ics continue to expand worldwide,!2%121 it has
become apparent that the clinical management of
‘long-COVID’ demands both specialized exper-
tise and a whole-patient perspective.8? Several
national and international medical societies
have issued diagnostic algorithms and treatment
guidelines to facilitate ‘long-COVID’ patient
care.19:87:122 Particularly with respect to neurolog-
ical manifestations of ‘long-COVID’, however,
there is a striking gap in the scientific literature as
to what concerns treatment recommendations for
neurological ‘long-COVID’ sequelae. Here, we
propose a practical algorithm for diagnosis and
management of patients presenting with neuro-
logical symptoms in the context of ‘long-COVID’
syndrome (Figure 2).

As previously discussed, nonspecific neurological
symptoms may be causally linked to other persist-
ing organ system dysfunction due to COVID-19,
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including respiratory, cardiovascular, psychiatric,
endocrine, renal, hematologic, or autoimmune
disease.®:25:29 Thus, early patient referral to other
medical specialties and initiation of appropriate
targeted treatments should be promptly consid-
ered.?! It is important to note that the use of
standardized clinical, neurological, and func-
tional scales is pivotal for initial patient assess-
ment and follow-up.!23-126 Crucially, clinical
evaluation should entail a thorough assessment of
respiratory and cardiac function, as ‘silent
hypoxia’, cardiac arrhythmias, and heart failure
are frequently encountered in ‘long COVID’
patients.!27:128 Moreover, particularly in patients
presenting with fatigue, dyspnea, and postexer-
tional malaise or autonomic dysfunction, assess-
ment of oxygen saturation at rest and post
exertion, performance of the 6-Minute Walk
Test, and measurement of blood pressure (in
lying position and while standing) are recom-
mended.87:122:129 With respect to neurological and
neuropsychological scales, assessment of the
fatigue severity scale,?l:130 depression scale,!3!
anxiety, PTSD and apathy scales,!32:133 smell
identification tests,!3* neurological impairment
scales,!23 cognitive assessment, and specific scales
depending on the neurological symptoms and
signs of ‘long-COVID’ patients may be consid-
ered. In addition, a functional status scale has
been recently introduced to aid monitoring of
functional status in ‘long-COVID?’, but its utility
in clinical practice awaits validation.!3>

After initial clinical assessment, tailored ancillary
testing, including blood tests, respiratory and car-
diac function tests, neuroimaging, CSF and elec-
trophysiological studies, may complement the
neurological examination and should be decided
on an individual patient basis.!3¢ With respect to
blood testing, assessment of full blood count,
electrolytes, liver and renal function parameters,
troponin, C-reactive protein, creatine Kkinase,
D-dimer, brain natriuretic peptides, ferritin, and
thyroid hormonal status has been recommended
for initial patient screening.!%:87 In addition, chest
X-ray, electrocardiogram (ECGQG), and urine tests
may be indicated depending on the findings of the
clinical examination.87:122 Taken together, these
recommendations underline that early identifica-
tion and treatment of comorbidities comprise a
cornerstone for the management of patients with
neurological ‘long-COVID’ sequelae. Moreover,
tailored neuroimaging and neurophysiological

studies may be indicated for the exclusion of seri-
ous neurological CNS or PNS disorders, albeit
previously published guidelines on ‘long-COVID’
emphasize that overinvestigation should be
avoided.87:137

After excluding serious comorbidities or ongoing
complications of COVID-19, management of
neurological manifestations of ‘long-COVID’
should be pragmatic and symptom-ori-
ented.?1:8%:137 To date, there is very limited evi-
dence that pharmacological approaches could be
effective in the treatment of neurological ‘long-
COVID’ sequelae.?87 Recently, results from a
randomized, multicenter, double-blind, placebo-
controlled trial that included 200 patients with
post-COVID fatigue were published.!3® In this
randomized-controlled clinical trial (RCT), sup-
plementation with systemic enzyme complex
(ImmunoSEB™) and probiotic complex
(ProbioSEB CSC3™) resulted in a significantly
greater attenuation of physical and mental fatigue
scores in treated patients compared with patients
allocated to the placebo group. Despite this
promising preliminary evidence, however, due to
several methodological limitations, these findings
warrant replication in future, larger, well-designed
RCTs. In addition, some expert recommenda-
tions have been recently published arguing that
supplementation of vitamins, including vitamin
B2, E, and C, and administration of antioxidants,
including coenzyme Q10, alpha lipoic acid,
L-carnitine, or L-creatine,?:13° may hold some
therapeutic potential. Nevertheless, their utility in
patients with neurological manifestations of ‘long-
COVID’ remains to be verified in the context of
prospective RCTs. In addition, as neurological
‘long-COVID’ sequelae have prompted compari-
sons with ME/CFS, it should be noted that previ-
ous RCTs on ME/CFES have failed to detect any
consistent benefit from pharmacological treat-
ments (including antidepressants), while highly
discordant results have been obtained from non-
pharmacological therapies (including cognitive-
behavior therapy, graded-exercise-related
therapies, rehabilitation, and acupuncture).!40-141
Crucially, although the role of antidepressants
has been appraised after results from recent RCT's
were published, indicating positive effects from
the use of fluvoxamine on the course of acute
COVID-19,142,143 only small anecdotal, nonrand-
omized studies have so far provided some prelim-
inary positive evidence from antidepressant use in
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post-COVID depression.14* Thus, the question of
whether repurposing of antidepressants would be
meaningful for patients with neuropsychiatric
symptoms post-COVID, including mood disor-
ders and fatigue, remains to be established in pro-
spective, well-designed RCTs.

Hence, pending evidence from ongoing RCT's on
neurological ‘long-COVID’ sequelae,!1%145 the
therapeutic approach of patients with prolonged
neurological symptoms following SARS-CoV-2
infection remains today supportive. Specifically
with respect to neurorehabilitation, the Stanford
Hall consensus statement recommends early ini-
tiation of rehabilitation for patients with moder-
ate-to-severe neurological symptoms to maximize
functional recovery.!2¢ Crucially, neurorehabili-
tation strategies require involvement of multi-
disciplinary care teams, including neurologists,
psychiatrists, psychologists, physiotherapists, and
occupational therapists.!3¢ In addition, involve-
ment of geriatric specialists is of particular strate-
gic importance to mitigate the global burden of
‘long-COVID?’, especially in the frail elderly pop-
ulation.!46:147 Finally, the implementation of psy-
chological interventions for people experiencing
debilitating ‘long-COVID’ symptoms is of para-
mount importance for the restoration of health
and well-being amid the ongoing COVID-19
pandemic.148

Discussion

In this narrative review, we presented a compre-
hensive overview of the so-far documented
neurological manifestations of ‘long-COVID’
syndrome, along with the currently proposed
pathophysiological mechanisms for propagation
of neurological ‘long-COVID’ sequelae. In accord
with the presented literature, manifestations of
‘long-COVID’ may affect any part of the human
nervous system, while the most frequent neuro-
logical symptoms among ‘long-COVID’ patients
encompass fatigue; ‘brain fog’; headache; cogni-
tive impairment; sleep, mood, smell, or taste dis-
orders; myalgias; sensorimotor deficits; and
dysautonomia. Currently, there are insufficient
data to allow unequivocal inferences regarding
the neuropathological constituents of ‘long-
COVID’, albeit neuroimmunological and ongo-
ing oxidative stress processes are thought to
prevail in the propagation of neurological symp-
toms in ‘long-COVID’ patients.”>%5¢ Moreover,

in analogy to acute COVID-19, while autopsy
studies have revealed vascular-related and infec-
tion-related secondary inflammatory damage in
brain tissue, histopathological studies are urgently
needed to assess whether such long-lasting effects
could represent the histopathological substrate of
‘long-COVID’ neurological sequelae.14°

Conversely, based on the so-far published epide-
miological data several inferences can be drawn.
First, neurological ‘long-COVID’ sequelae, with
clinically objectifiable correlates of CNS or PNS
involvement, seem to affect at least one-third of
patients with antecedent SARS-CoV-2 infec-
tion.27-40 Nonetheless, a threefold higher inci-
dence is documented in observational studies
including self-reported data from COVID-19 sur-
vivors.32:34-38,150 Second, there is a substantial
overlap between neurological and psychiatric
‘long-COVID’ symptoms. In a significant pro-
portion of ‘long-COVID’ patients, however, con-
comitant respiratory, cardiovascular, endocrine,
renal, hematologic, or autoimmune disease may
underlie the manifestation of nonspecific neuro-
logical ‘long-COVID’ symptoms.8252° Third,
there is preliminary evidence indicating an
increased risk of neurological long-term sequelae
among patients with antecedent SARS-CoV-2
infection compared with patients infected with
other respiratory tract viruses, including influenza
but also other coronaviruses such as SARS-CoV
and Middle East respiratory syndrome coronavi-
rus (MERS-CoV).2%151.152 Thus, further research
is required to delineate the pathophysiological
underpinnings of long-term SARS-CoV-2 effects
in the nervous system, which may ultimately facil-
itate development of targeted therapies for neuro-
logical ‘long-COVID’ sequelae.

Several key aspects regarding the diagnostic and
therapeutic approach to neurological ‘long-
COVID’ sequelae can also be summarized based
on the present review. First, there is an urgent
need for establishment of operational ‘long-
COVID’ case definitions that should be
integrated in the design of prospective RCTs.
Second, stringent documentation of clinical
symptoms/signs, risk factors, foregoing COVID-
19 complications, and comorbidities is required
for a systematic approach and management of
‘long-COVID’ patients. Third, multidisciplinary
collaboration is essential to provide comprehen-
sive and integrative ‘long-COVID’ patient care.87
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Fourth, early neurorehabilitation should be rec-
ommended for patients experiencing long-lasting
neurological symptoms after the resolution of
acute COVID-19.126 Fifth, it should be empha-
sized that due to the nonsystematic nature of the
present review, despite expert consensus on the
included literature, selection bias cannot be
excluded and a systematic review of the literature
is warranted to broaden our understanding on
neurological ‘long COVID’ sequelae. Finally,
although there is a current paucity of evidence on
nonpharmacological and pharmacological thera-
pies for ‘long-COVID’, preliminary data suggest
that supplementation with antioxidants may hold
some therapeutic potential in ‘long-COVID’
fatigue.21:139 Future RCTs are thus warranted to
evaluate the potential utility of pharmacological
and nonpharmacological interventions in ‘long-
COVID?’ patients.

In conclusion, neurologists are confronted today
with an unprecedented need to comprehend and
manage neurological ‘long-COVID’ sequelae.
These challenging times call for international col-
laborations between medical societies, swift and
transparent communication of research data, and
further mandate basic research to gain insight into
the pathophysiological correlates of ‘long-COVID’.
In addition, considering the increasing societal
demand for evidence-based interventions for ‘long-
COVID’ patients, it is time for scientists to join
forces for the development of preventive and thera-
peutic strategies for COVID-19 survivors, with the
aim to mitigate the community-wide toll of an
impending ‘long-COVID’ pandemic.
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