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Abstract: The COVID-19 virus frequently causes neurological complications. These have been
described in various forms in adults and children. Headache, seizures, coma, and encephalitis are
some of the manifestations of SARS-CoV-2-induced neurological impairment. Recent publications
have revealed important aspects of viral pathophysiology and its involvement in nervous-system
impairment in humans. We evaluated the latest literature describing the relationship between
COVID-19 infection and the central nervous system. We searched three databases for observational
and interventional studies in adults published between December 2019 and September 2022. We
discussed in narrative form the neurological impairment associated with COVID-19, including clinical
signs and symptoms, imaging abnormalities, and the pathophysiology of SARS-CoV2-induced
neurological damage.
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1. Introduction

COVID-19 infection can be associated with a considerable range of neurological dis-
ease, including fatigue, headache, encephalopathy, peripheral neuropathy, coma, neuropsy-
chiatric symptoms, cerebro-vascular disease, and seizures. Numerous recent observational
studies suggest that the new coronavirus is responsible for subjective neurological com-
plaints and objective changes in the central and peripheral nervous system that result in
distinct neurophysiological, imaging, and laboratory abnormalities.

The frequency of new-onset neurological symptoms developing in patients with
SARS-CoV-2 infection is reported variably in the literature. Espiritu et al. found a preva-
lence of 18.4% in a cohort of more than 10,000 patients in the Philippines [1]. In contrast,
Garcia et al. found a much higher incidence (79.4%) of neurological manifestations in a retro-
spective cohort of Mexican patients [2]. It is likely that these differences are, at least partially,
secondary to the subjective nature of some of the self-reported neurological symptoms.

The mortality of patients with COVID-19 and neurological symptoms appears to
be higher than the mortality of patients without neurological manifestation. In a recent
systematic review, Mahdizare estimated a mortality of 29.1% in these patients [3]. Similar
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findings were published by the authors of the GCS-neuroCOVID Consortium and EN-
ERGY Consortium, two large global consortia describing the neurological consequences of
COVID-19 infection [4]. This study established that the presence of objective neurological
signs was associated with 5.9 times higher odds of in-hospital mortality after adjustment
for the hospital site, age, sex, race, and ethnicity [4].

The long-term outcomes after neuroCOVID are poorly explored. Long COVID, a
syndrome characterized by a prolonged disease course, is frequently associated with neu-
rological abnormalities. Persistent and long-lasting symptoms such as fatigue, headache,
and attention disorders have been described as part of this entity [5]. An observational
study showed that more than half of the patients who presented with neurological man-
ifestations associated with SARS-CoV-2 infection had significant residual disability and
impaired cognition [6]. In another study, 53% of the patients with neuroCOVID had a
worse functional status at discharge [7]. Acute stroke, admission to the intensive care unit
(ICU), and older age were predictors of a worse outcome [7]. The significant association
between neurological manifestations and long-term outcomes underlies the importance
of characterizing neurological impairment and recognizing its manifestations early in the
disease course to inform therapeutic decisions in these patients.

Although multiple observational studies have described the neurological manifes-
tations of SARS-CoV-2 infection, systematic and unbiased data in this area are currently
lacking. New initiatives have been created to maintain accurate records of neurologi-
cal pathology post-COVID. The COVID-19 Neuro Databank-Biobank, for example, is a
database currently gathering data on patients with neuroCOVID on a large scale [8]. The
hope is that the availability of accurate data could enable practitioners and policymakers to
make adequate decisions for the affected patients.

This review presents the newest developments in the area of SARS-CoV-2-induced
neurological impairment, together with clinical and pathophysiological descriptors of the
disease process. It is important for health professionals to have this information, given the
high impact of this disease on the active workforce [9].

2. Materials and Methods

We searched MEDLINE, Cochrane Central Register of Controlled Trials (CENTRAL),
and Embase between the 15t of December 2019 and the 1%t of September 2022, without
language restrictions. We included the following search terms: “coronavirus,” “COVID,”
“COVID-19,” “SARS-CoV-2,” “corona,” “neuroCOVID,” “encephalopathy,” “neurological
impairment,” “neurological deterioration,” “encephalitis,” “coma,” and “neurological
symptoms.” We included both observational and interventional studies conducted in
adults. We did not search grey literature (including commercial reports, white papers, and
governmental publications).

We extracted from the included studies information regarding clinical manifestations,
imaging changes, and disease pathophysiology. We referred to adult human subjects only
for the description of clinical findings. Where appropriate, we also included studies of
non-human subjects to illustrate pertinent pathophysiological findings.

We reported the results in narrative form under three headings: clinical manifestations,
neuroimaging, and pathophysiology. We also described patient-related clinical outcomes
where available.

i a7

3. Neurological Impairment in COVID-19
3.1. Clinical Manifestations
3.1.1. Nonspecific Neurological /Neuropsychiatric Symptoms

Fatigue, headache, dizziness, depression, anxiety, and confusion are the most frequent
non-specific symptoms in patients with COVID-19 during acute illness, but also prevail
as long-term symptoms after disease resolution. Attention disorder, sleep abnormalities,
mood disorders, memory loss, and post-traumatic stress disorder (PTSD) have been mostly
described as long-term sequelae.
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Fatigue, although likely underdiagnosed due to its subjective nature, is a very common
symptom during acute illness, its prevalence being estimated at 27% to 32% [10,11]. Af-
ter COVID-19 resolution, fatigue is the most commonly reported symptom, appearing
in up to 58% of patients in a systematic review that included 47,910 post-COVID-19
cases [5]. In a study in which patients were interviewed at a median of 10 weeks
after COVID-19, 52% of the respondents reported persistent fatigue on a standardized
questionnaire. This was not correlated with the severity of the viral illness or with
the changes in biological markers during the acute phase. However, there was a
correlation with female gender and preexisting depression/anxiety disorders [12].
Headache was reported in 25% to 47% of cases during the acute COVID-19 phase [10,11,13].
After illness resolution, different reports suggested variable frequency of this symptom
ranging from 10 to 44% [5,13].

Dizziness or vertigo was reported in 18% to 26% of cases during acute illness, with a
reduction to 3% after the viral infection resolved [5,10,11].

Psychiatric disturbances were also described more frequently during the pandemic.
In a retrospective cohort in the US, the incidence of psychiatric diagnoses in the first
three months after COVID-19 infection was 5.8% in patients without any previous
psychiatric history [14]. In this study, the most frequent disorders were anxiety,
insomnia, and dementia [14].

Depression and/or anxiety ranged from 10% to 38% during the acute infection and
remained at 5%-13% after it resolved [5,10,11,14].

Sleep abnormalities were inconstantly reported in the acute phase. A study using
a simple yes or no questionnaire including 103 patients reported this symptom in
49% of the respondents [11]. In the long term, 11% of patients complained of persistent
sleep disturbance after infection with SARS-CoV-2 [5].

PTSD related to COVID-19 disease was reported in 1% of cases [5]. The common
neurological features of long COVID-19, such as fatigue, brain fog, sleep disturbance,
dizziness, anxiety, and depression, are also found in burnout and PTSD [15,16].
Functional motor disorders (FMD) are a category of abnormalities characterized by
impaired motor control and encompass an overlap of abnormal gait, myoclonus,
jerking movements, tremor, or dystonia [17]. Frequently, fatigue and anxiety are
also part of the disease spectrum [17]. Various authors reported an increase in the
incidence of FMD during the COVID-19 pandemic, possibly in relation to a higher
level of stress [18,19]. Hull et al. reported an increase of 60% in the number of patients
diagnosed with FMD during the pandemic [18]. In a case-control study in Italy, about
one third of patients had worsening of their motor symptoms and 18% had new-
onset symptoms [20]. FMD has also been reported after COVID-19 vaccination, likely
increasing hesitancy to vaccination in the general population [21].

Psychological stress generated by the pandemic-related restrictions or alarming news
in the media likely exacerbate pre-existing anxiety, panic, or depression disorders, thus
potentially impacting the outcomes of numerous COVID-19 patients [22]. Our own
observations are that most patients who manifest post-COVID neuropsychiatric disor-
ders had pre-existing manifestations such as anxiety, depression, or sleep disturbance.
These observations are in line with the findings of Hull et al. that reported a high
prevalence of psychiatric disorders among patients with newly diagnosed FMD [18].
Interestingly, at the same time, a prior psychiatric diagnosis was an independent
risk factor for developing COVID-19, as demonstrated by Taquet et al. in a large
retrospective cohort [14].

3.1.2. Central Neurological Disorders

Encephalopathy was frequently reported in patients with COVID-19, with a preva-
lence of between 8% and 12% [2,3]. The term “encephalopathy” is non-specific and
encompasses alteration of consciousness, confusion, delirium, agitation, or coma.
A subset of patients that have a high incidence of encephalopathy associated with
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COVID-19 are critically ill adults. In those admitted to the ICU, agitation and delirium
have an incidence of more than 60% [23]. An important and fatal manifestation of
cerebral encephalopathy is acute cerebral edema. It has an estimated prevalence of 1%
and was reported to cause tonsillar herniation and death in critically ill patients [3].
Meningitis and encephalitis can present as neurological manifestations associated with
COVID-19. A systematic review showed that the average time from the diagnosis of
the viral infection to the onset of encephalitis was under 15 days [24]. Von Weyhern
identified lymphocytic meningitis and encephalitis on autopsy in six patients that
died of COVID-19 infection [25]. Half of these patients had normal neurology on
admission to the ICU [25]. The exact pathophysiology of these disorders remains
unclear, but a direct invasion of the neurological tissue, molecular mimicry, and
systemic inflammation have been postulated as possible factors [24].

New-onset seizures are also an important feature of neurological dysfunction post
SARS-CoV-2 infection. A recent large observational study reported that acute seizure
activity occurs in less than 5% in patients hospitalized with COVID-19 [10]. In this
cohort, seizures frequently accompanied acute stroke or encephalitis. Data from
the Registry of the Spanish Neurological Society suggest that most seizure episodes
develop in the absence of pre-existent epilepsy [26]. Seizure activity in these patients is
closely correlated with electroencephalographic abnormalities. Santos et al. reported
electrographic seizures in 9.4% of patients admitted with acute SARS-CoV-2 infection,
focal interictal epileptiform discharges in 18.8% of patients, and interictal continuum
patterns in 25% of cases [27]. Clinical epileptic features include, in order of decreasing
frequency, generalized tonic—clonic seizures, focal impaired-awareness seizures, status
epilepticus, and secondary generalized seizures [26].

COVID-19 infection was also associated with cerebro-vascular disease, including
ischemic stroke, intracerebral hemorrhage, and intracerebral thrombosis. These com-
plications have been described in old patients with multiple cerebro-vascular risk
factors, as well as in young patients with no comorbidities. Mahdizare estimates a
pooled prevalence of 2.9% of cerebral ischemia and 2.2% of cerebral thrombosis in
adults with COVID-19 [3]. In a case series, more than two thirds of patients with stroke
associated with SARS-CoV-2 had biochemical evidence of coagulopathy [28]. Cerebral
thrombosis is a rare but severe manifestation on the neuroCOVID spectrum. The
superior sagittal sinus is a frequent situs of thrombosis, accounting for two thirds of
the events [29]. SARS-CoV-2 vaccination was also associated with arterial and venous
thrombosis. Perry et al. found that patients with vaccine-induced thrombotic thrombo-
cytopenia (VITT) had more intracranial thrombosis than those without VITT [30]. In
this cohort, patients with VITT-associated cerebral thrombosis had a higher mortality
or dependency status compared to the non-VITT control group (37% vs. 16%) [30].

3.1.3. Peripheral Neurological Disorders

An increasing body of evidence suggests that COVID-19 can also affect the peripheral

nervous system (PNS) in 1.3% to 9.5% of cases [31]. In a retrospective cohort including
1760 patients, 1.8% were diagnosed with PNS; in another large prospective cohort, 1.3% of
patients developed PNS [32,33]. Cranial and peripheral neuropathies, Guillain-Barre
syndrome (GBS), and myasthenia gravis have been described in these patients.

GBS was also described to date in multiple patients infected with SARS-CoV-2. The
majority presented with sensorimotor symptoms at an interval of 10 to 23 days after the
diagnosis of the viral infection [31]. The incidence of GBS varied between 0.06% and
1% [10,31-33]. Overall, the clinical features and the clinical progression do not appear
different from other post-infectious cases of GBS. Other less frequent PNS symptoms
included variated mono- and polyneuropathies, and autonomic dysfunction [31,34].

Myasthenia gravis was described rarely in patients with COVID-19. This association
was mostly reported as case reports or case series with a small number of patients [35].
In a larger observational study, myasthenia had a prevalence of only 0.5% (2 patients
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out of 439) [10]. Other muscles and neuromuscular-junction abnormalities linked to
the diagnosis of COVID-19 were myalgias, myositis, and dermatomyositis [31].

3.1.4. Sensorial Disorders and other Cranial Nerve Dysfunctions

e  We included sensorial abnormalities secondary to SARS-CoV-2 infection under a
separate heading due to their clinical significance in the acute viral disease.

e  Anosmia (total loss of smell), hyposmia (partial loss of smell), and rarely parosmia (abnor-
mal perception of an olfactory stimulus) and their taste-disorder counterparts—ageusia,
hypogeusia, and parageusia—were recognized early in the COVID-19 pandemic as com-
mon symptoms highly suggestive of this etiology. The reported prevalence of these findings
varied considerably between 7% and 80% over the course of the pandemic [3,5,10,31,36].
In the early stages, one of the first Chinese studies reported a prevalence of 5% [37]. Sub-
sequently, another study collecting data from a German population reported that smell
and taste impairment were much more common [38]. In a comprehensive systematic
review including more than 38,000 patients, von Bartheld et al. reported that sensorial
impairment occurred frequently, in 43% of cases for smell impairment and 44.6% of cases
for taste impairment [38,39]. The authors described important epidemiologic differences in
various ethnic groups, independent of the severity of the viral infection. The prevalence of
smell and taste abnormalities in Caucasians was almost three times higher than in Asian
patients [39]. Another difference was related to the SARS-CoV-2 genotype: the wild-type
(Wuhan) variant was associated with the highest prevalence of sensorial disturbances,
whereas the Delta and Omicron variants with a lower prevalence [40]. Smell and taste
disorders were overlapping most frequently (in up to 43% of cases) but could also be
encountered as separate symptoms in up to 22% of cases [10,38,39].

e  Typically, anosmia develops suddenly at a median of 7 days after COVID-19 onset and
persists for 7 to 10 days. Rarely, smell and taste abnormalities can persist for months,
improving progressively. The olfactory impairment is more severe and frequent in
the elderly and can result in long-term disability in this population [36]. Besides
anosmia/hyposmia and ageusia/hypogeusia, qualitative sensorial disturbances are
more difficult to recognize. Parosmia or parageusia and phantosmia and phantageusia
are sensorial perceptions in the absence of stimuli. Ercoli et al. identified phantosmia
and phantageusia in up to one quarter of patients who recovered after COVID-19 [41].

e  Other reported cranial nerve dysfunctions are oculomotor abnormalities, ocular neu-
ropathies, facial palsy, hearing loss, and lower cranial-nerve dysfunction. Hearing
loss was reported relatively frequently during or after COVID-19, with an incidence
of 13% to 15% [5,31]. Sudden unilateral or bilateral neurosensorial hearing loss and
persistent tinnitus have been described by patients [31]. The incidence of Bell’s palsy
almost doubled in 2020 compared to the pre-pandemic period in the same location in
Northern Italy [42]. Another indirect piece of evidence of the link between COVID-19
and facial palsy was added by a study that found unexpectedly high seropositivity for
SARS-CoV-2 among patients with Bell’s palsy [43]. Isolated cranial-nerve dysfunctions
were reported in up to 7% of COVID-19 cases [10].

3.2. Neuroimaging

The imaging findings in patients with neuroCOVID are variable and depend on the un-
derlying pathology. Various modalities such as CT, MRI, or PET were used to describe the radi-
ological findings in patients infected with SARS-CoV-2 presenting neurological abnormalities.

In patients with cerebral ischemia, small acute infarcts, abnormal microangiopathy, and
small areas of hemorrhage have been described on CT [44]. A variety of changes, including
fronto-temporal hypoperfusion, frontal ischemia, and midbrain lesions, was recognized
in patients with cognitive impairment and SARS-CoV-2 infection [45]. In those presenting
with ischemia, all cerebral vessels can be affected by thromboembolic events. In cases with
encephalitis, most studies found no abnormalities on CT or MRI [45]. However, positive
non-specific findings were described sparingly in case reports: some case reports described
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hyperintensity signals of grey matter on MRI distributed in the mesial temporal lobe,
hippocampus, and orbitofrontal cortex [46]. Acute necrotizing encephalopathy has been
described in COVID-19 as multifocal lesions distributed predominantly in the thalamus
and brainstem [46]. In patients with anosmia secondary to SARS-CoV-2, MRI studies
revealed T2/FLAIR hyperintensity of the olfactory bulbs with or without olfactory-cleft
edema [47]. In a series of COVID-19-associated paraspinal myositis, MRI found edema and
enhancement in paraspinal muscles [48].

3.3. Pathophysiology

The pathophysiology of the neurological injury following acute COVID-19 infection is
not entirely elucidated. It is likely that the virus can damage the neuronal tissue directly or
through secondary injury (Figure 1).

SARS-CoV2 o Q‘o\eas

——>Thrombus_ A
&8 ® -
Psychological stress

L
Endothelial lesion

Prefrontal cortex

Fornix

Thalamus

BBB-CSF /v
SARS-Cov2 < Neurons

via ACE2

Transcnbnal
Amygdala

Hippocampus

> Cytokines

Figure 1. Main mechanisms involved in brain injury following COVID. BBB—blood-brain barrier,
CSF—cerebrospinal fluid, ACE2—angiotensin-converting enzyme 2 receptor.

The direct invasion of the CNS leading to meningitis or encephalitis, entities that
have been described in patients with COVID-19, could be an important pathogenic mech-
anism [49]. A systematic review including 14 studies found a prevalence of 6% of CSF
positivity for SARS-CoV-2 [50]. At the same time, not all patients with the virus present in
the CSF had a positive COVID-19 nasal swab, suggesting that the virus may have a different
infective pattern in the CNS [50]. The SARS-CoV-2 virus can interact with neurons via the
ACE II receptors presenting in CNS, especially in circumventricular organs, the subfornical
organ, paraventricular nucleus, nucleus of the tractus solitaries, and rostral ventrolateral
medulla [51]. It can also reach neurons by blood through a malfunctioning blood-brain
barrier (BBB), by neuronal retrograde transport, through the olfactory epithelium and
transcribrial plate into the CSF, and lymphatics [52,53]. Although poorly documented, CSF
dissemination can be responsible for frontal-lobe injuries or brainstem with respiratory
pattern dysfunction. Other studies identified markers of BBB destruction and inflammatory
proteins but failed to find viral particles in the CSF [54].

A secondary neuronal injury could be induced by hypoxia, microthrombosis, or
cytokine storm [45,55,56]. For example, proposed pathophysiological mechanisms for
persistent fatigue, a common sequela of COVID-19, are cerebral hypoxemia, inflammation,
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and mitochondrial dysfunction. Some authors suggested that fatigue could also be a
reflection of metabolic-reserve exhaustion [45].

These mechanisms seem to be of lesser importance given that hypoxia secondary to
other non-viral causes of acute respiratory distress syndrome (ARDS) is not associated with
neurological impairment. Microthrombosis seems to be induced by endothelial impairment
and coagulation disturbances present in SARS-CoV-2 infection [56]. Brain endothelial-cell
lesions could be mediated by the SARS-CoV-2 MFRO protease that cleaves NF-kB essential
modulator (NEMO), an important modulator of apoptosis and antiviral type I interferons.
In a study on mice brains, NEMO dysfunction induced microvascular pathology [57].

Other types of systemic cytokine storm encountered in burns, acute pancreatitis, or
trauma are not always associated with neurological features. The cytokine release during
COVID-19 is not greater than in the conditions mentioned above. Another secondary injury
could be mediated by glial-cell activity. Although these cells are primarily responsible
for protecting the brain from systemic inflammation, they have been also implicated in
mediating neuronal injury secondary to SARS-CoV-2 [55,58]. A maladaptive glial response
like the one previously described in neuropsychiatric pathologies was hypothesized to act
as a mediator for abnormal neurological COVID-19 aftermath [58]. Another connection
between long neuroCOVID and mental-health disorders could be the functional impairment
of the glial cells and the tau protein, known to occur in PTSD [59-61].

4. Conclusions

COVID-19 infection is frequently associated with neurological impairments that can
range from mild to severe. The pathophysiology of COVID-19-related neuronal-tissue
injury is not well understood; however, several mechanisms such as neuron direct injury
by SARS-CoV-2, microvascular pathology, glial-cell dysfunction, hypoxia, and cytokine
release have been reported as involved. In addition, the psychological stress conjoined
with the one accompanying SARS-CoV-2 infection is likely an important determinant of
brain injury.

Future studies are required to describe in depth the pathophysiology and risk factors
for the neurological impairment associated with COVID-19.

Author Contributions: All authors researched, edited, and approved the final manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Patient consent was waived due to the descriptive nature of the publication.

Data Availability Statement: Data used for this review are publicly available from the sources
described in the methods section.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Espiritu, A.L; Sy, M.C.C.; Anlacan, VM.M.; Jamora, R.D.G.; Macalintal, C.M.S.A.; Robles, ].B.; Cataniag, P.L.; Flores, M.K.C,;
Tangcuangco-Trinidad, N.J.C.; Juangco, D.N.A.; et al. COVID-19 outcomes of 10,881 patients: Retrospective study of neurological
symptoms and associated manifestations (Philippine CORONA Study). J. Neural Transm. 2021, 128, 1687-1703. [CrossRef]
[PubMed]

Garcia, S.; Cuatepotzo-Burgos, EM.; Toledo-Lozano, C.G.; Balderrama-Soto, A.; Alcaraz-Estrada, S.L.; Montiel-Lopez, L.; De la
Vega-Bravo, A.H.; Mondragon-Teran, P.; Santosbefia-Lagunes, M.; Escarela-Serrano, M.; et al. Neurological Manifestations and
Outcomes in a Retrospective Cohort of Mexican Inpatients with SARS-CoV-2 Pneumonia: Design of a Risk Profile. Healthcare
2021, 9, 1501. [CrossRef] [PubMed]

Ari, M.M.; Mohamadi, M.H.; Mehr, N.S.; Abbasimoghaddam, S.; Shekartabar, A.; Heidary, M.; Khoshnood, S. Neurological
manifestations in patients with COVID-19: A systematic review and meta-analysis. J. Clin. Lab. Anal. 2022, 36. [CrossRef]
Chou, S.H.-Y,; Beghi, E.; Helbok, R.; Moro, E.; Sampson, ].; Altamirano, V.; Mainali, S.; Bassetti, C.; Suarez, J.I.; McNett,
M.; et al. Global Incidence of Neurological Manifestations Among Patients Hospitalized with COVID-19—A Report for the
GCS-NeuroCOVID Consortium and the ENERGY Consortium. JAMA Netw. Open 2021, 4, €2112131. [CrossRef]


http://doi.org/10.1007/s00702-021-02400-5
http://www.ncbi.nlm.nih.gov/pubmed/34448930
http://doi.org/10.3390/healthcare9111501
http://www.ncbi.nlm.nih.gov/pubmed/34828547
http://doi.org/10.1002/jcla.24403
http://doi.org/10.1001/jamanetworkopen.2021.12131

Brain Sci. 2022, 12, 1531 8 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lopez-Leon, S.; Wegman-Ostrosky, T.; Perelman, C.; Sepulveda, R.; Rebolledo, P.A.; Cuapio, A.; Villapol, S. More than 50
long-term effects of COVID-19: A systematic review and meta-analysis. Sci. Rep. 2021, 11, 16144. [CrossRef]

Chaumont, H.; Meppiel, E.; Roze, E.; Tressiéres, B.; de Broucker, T.; Lannuzel, A. Long-term outcomes after NeuroCOVID: A
6-month follow-up study on 60 patients. Rev. Neurol. 2022, 178, 137-143. [CrossRef] [PubMed]

Beghi, E.; Helbok, R.; Oztturk, S.; Karadas, O.; Lisnic, V.; Grosu, O.; Kovacs, T.; Dobronyi, L.; Bereczki, D.; Cotelli, M.S.; et al.
Short- and long-term outcome and predictors in an international cohort of patients with neuro-COVID-19. Eur. |. Neurol. 2022,
29,1663-1684. [CrossRef] [PubMed]

NUY Langone Health. COVID-19 Neuro Databank-Biobank. Available online: https://med.nyu.edu/departments-institutes/p
opulation-health/divisions-sections-centers /biostatistics / research /neuro-databank-biobank (accessed on 1 October 2022).
Brown, L.; Haines, S.; Amonoo, H.L.; Jones, C.; Woods, J.; Huffman, ]J.C.; Morris, M.E. Sources of Resilience in Frontline Health
Professionals during COVID-19. Healthcare 2021, 9, 1699. [CrossRef]

Khedr, E.M.; Abo-Elfetoh, N.; Deaf, E.; Hassan, H.M.; Amin, M.T.; Soliman, R.K.; Attia, A.A.; Zarzour, A.A.; Zain, M.; Mohamed-
Hussein, A.; et al. Surveillance Study of Acute Neurological Manifestations among 439 Egyptian Patients with COVID-19 in
Assiut and Aswan University Hospitals. Neuroepidemiology 2021, 55, 109-118. [CrossRef]

Liguori, C.; Pierantozzi, M.; Spanetta, M.; Sarmati, L.; Cesta, N.; Iannetta, M.; Ora, J.; Mina, G.G.; Puxeddu, E.; Balbi, O.; et al.
Subjective neurological symptoms frequently occur in patients with SARS-CoV2 infection. Brain Behav. Immun. 2020, 88, 11-16.
[CrossRef]

Townsend, L.; Dyer, A.H.; Jones, K.; Dunne, J.; Mooney, A.; Gaffney, E; O’Connor, L.; Leavy, D.; O’'Brien, K.; Dowds, J.; et al.
Persistent fatigue following SARS-CoV-2 infection is common and independent of severity of initial infection. PLoS ONE 2020,
15, €0240784. [CrossRef]

Fernandez-De-Las-Pefias, C.; Navarro-Santana, M.; Gémez-Mayordomo, V.; Cuadrado, M.L.; Garcia-Azorin, D.; Arendt-Nielsen,
L.; Plaza-Manzano, G. Headache as an acute and post-COVID-19 symptom in COVID-19 survivors: A meta-analysis of the
current literature. Eur. J. Neurol. 2021, 28, 3820-3825. [CrossRef] [PubMed]

Taquet, M.; Luciano, S.; Geddes, J.R.; Harrison, PJ. Bidirectional associations between COVID-19 and psychiatric disorder:
Retrospective cohort studies of 62 354 COVID-19 cases in the USA. Lancet Psychiatry 2021, 8, 130-140. [CrossRef]

Michelen, M.; Manoharan, L.; Elkheir, N.; Cheng, V.; Dagens, A.; Hastie, C.; O'Hara, M.; Suett, J.; Dahmash, D.; Bugaeva, P; et al.
Characterising long COVID: A living sys-tematic review. BM] Glob. Health 2021, 6, e€005427. [CrossRef] [PubMed]

Shimohata, T. Neuro-COVID-19. Clin. Exp. Neuroimmunol. 2022, 13, 17-23. [CrossRef]

Lidstone, S.C.; Costa-Parke, M.; Robinson, E.J.; Ercoli, T.; Stone, J. Functional movement disorder gender, age and phenotype
study: A systematic review and individual patient meta-analysis of 4905 cases. J. Neurol. Neurosurg. Psychiatry 2022, 93, 609-616.
[CrossRef]

Hull, M.; Parnes, M.; Jankovic, J. Increased Incidence of Functional (Psychogenic) Move-ment Disorders in Children and Adults
Amid the COVID-19 Pandemic: A Cross-sectional Study. Neurol. Clin. Pr. 2021, 11, e686—e690. [CrossRef]

Garg, A.; Goyal, S.; Comellas, A.P. Post-acute COVID-19 functional movement disorder. SAGE Open Med Case Rep. 2021,
9,2050313X211039377. [CrossRef]

Brandao, PR.P; Grippe, T.C.; Pereira, D.A.; Munhoz, R.P; Cardoso, F. New-Onset Movement Disorders Associated with
COVID-19. Tremor Other Hyperkinetic Mov. 2021, 11, 26. [CrossRef]

Fasano, A.; Daniele, A. Functional disorders after COVID-19 vaccine fuel vaccination hesitancy. J. Neurol. Neurosurg. Psychiatry
2022, 93, 339-340. [CrossRef]

Jones, E.A K,; Mitra, A K,; Bhuiyan, A.R. Impact of COVID-19 on Mental Health in Adoles-cents: A Systematic Review. Int. .
Environ. Res. Public Health 2021, 18, 2470. [CrossRef] [PubMed]

Helms, J.; Kremer, S.; Merdji, H.; Clere-Jehl, R.; Schenck, M.; Kummerlen, C.; Collange, O.; Boulay, C.; Fafi-Kremer, S.;
Ohana, M.; et al. Neurologic Features in Severe SARS-CoV-2 Infection. N. Engl. ]. Med. 2020, 382, 2268-2270. [CrossRef]
[PubMed]

Siow, L; Lee, K.S.; Zhang, ].].Y,; Saffari, S.E.; Ng, A. Encephalitis as a neurological complication of COVID-19: A systematic review
and meta-analysis of incidence, outcomes, and predictors. Eur. |. Neurol. 2021, 28, 3491-3502. [CrossRef] [PubMed]

Von Weyhern, C.H.; Kaufmann, I.; Neff, E.; Kremer, M. Early evidence of pronounced brain involvement in fatal COVID-19
outcomes. Lancet 2020, 395, €109. [CrossRef]

Fernandez, S.E; Sanchez, J.R.P,; Pérez, G.H.; Pérez, M.R.; Castro, C.G.; Monteiro, G.C.; Vélez-Santamaria, V.; Garcia-Azorin, D.;
Ezpeleta, D. Seizures and COVID-19: Results from the Spanish Society of Neurology’s COVID-19 registry. J. Clin. Neurosci. 2022,
101, 112-117. [CrossRef]

De Lima, ES.; Issa, N.; Seibert, K.; Davis, J.; Wlodarski, R.; Klein, S.; E1 Ammar, F; Wu, S.; Rose, S.; Warnke, P; et al. Epileptiform
activity and seizures in patients with COVID-19. ]. Neurol. Neurosurg. Psychiatry 2021, 92, 565-566. [CrossRef]

Morassi, M.; Bagatto, D.; Cobelli, M.; D’Agostini, S.; Gigli, G.L.; Bna, C.; Vogrig, A. Stroke in patients with SARS-CoV-2 infection:
Case series. . Neurol. 2020, 267, 2185-2192. [CrossRef]

Hameed, S.; Wasay, M.; Soomro, B.A.; Mansour, O.; Abd-Allah, F; Tu, T.; Farhat, R.; Shahbaz, N.; Hashim, H.; Alamgir, W.; et al.
Cerebral Venous Thrombosis Associated with COVID-19 Infection: An Observational, Multicenter Study. Cerebrovasc. Dis. Extra
2021, 11, 55-60. [CrossRef]


http://doi.org/10.1038/s41598-021-95565-8
http://doi.org/10.1016/j.neurol.2021.12.008
http://www.ncbi.nlm.nih.gov/pubmed/35000793
http://doi.org/10.1111/ene.15293
http://www.ncbi.nlm.nih.gov/pubmed/35194889
https://med.nyu.edu/departments-institutes/population-health/divisions-sections-centers/biostatistics/research/neuro-databank-biobank
https://med.nyu.edu/departments-institutes/population-health/divisions-sections-centers/biostatistics/research/neuro-databank-biobank
http://doi.org/10.3390/healthcare9121699
http://doi.org/10.1159/000513647
http://doi.org/10.1016/j.bbi.2020.05.037
http://doi.org/10.1371/journal.pone.0240784
http://doi.org/10.1111/ene.15040
http://www.ncbi.nlm.nih.gov/pubmed/34327787
http://doi.org/10.1016/S2215-0366(20)30462-4
http://doi.org/10.1136/bmjgh-2021-005427
http://www.ncbi.nlm.nih.gov/pubmed/34580069
http://doi.org/10.1111/cen3.12676
http://doi.org/10.1136/jnnp-2021-328462
http://doi.org/10.1212/CPJ.0000000000001082
http://doi.org/10.1177/2050313X211039377
http://doi.org/10.5334/tohm.595
http://doi.org/10.1136/jnnp-2021-327000
http://doi.org/10.3390/ijerph18052470
http://www.ncbi.nlm.nih.gov/pubmed/33802278
http://doi.org/10.1056/NEJMc2008597
http://www.ncbi.nlm.nih.gov/pubmed/32294339
http://doi.org/10.1111/ene.14913
http://www.ncbi.nlm.nih.gov/pubmed/33982853
http://doi.org/10.1016/S0140-6736(20)31282-4
http://doi.org/10.1016/j.jocn.2022.05.013
http://doi.org/10.1136/jnnp-2020-324337
http://doi.org/10.1007/s00415-020-09885-2
http://doi.org/10.1159/000516641

Brain Sci. 2022, 12, 1531 90f 10

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

Perry, R.J.; Tamborska, A.; Singh, B.; Craven, B.; Marigold, R.; Arthur-Farraj, P; Yeo, ].M.; Zhang, L.; Hassan-Smith, G;
Jones, M.; et al. Cerebral venous thrombosis after vaccination against COVID-19 in the UK: A multicentre cohort study. Lancet
2021, 398, 1147-1156. [CrossRef]

Taga, A.; Lauria, G. COVID-19 and the peripheral nervous system. A 2-year review from the pandemic to the vaccine era. J.
Peripher. Nerv. Syst. 2022, 27, 4-30. [CrossRef]

Rifino, N.; Censori, B.; Agazzi, E.; Alimonti, D.; Bonito, V.; Camera, G.; Conti, M.Z.; Foresti, C.; Frigeni, B.; Gerevini, S.; et al.
Neurologic manifestations in 1760 COVID-19 patients admitted to Papa Giovanni XXIII Hospital, Bergamo, Italy. J. Neurol. 2021,
268, 2331-2338. [CrossRef] [PubMed]

Frontera, J.A.; Sabadia, S.; Lalchan, R.; Fang, T.; Flusty, B.; Millar-Vernetti, P.; Snyder, T.; Berger, S.; Yang, D.; Granger, A.; et al.
A Prospective Study of Neurologic Disorders in Hospitalized Patients with COVID-19 in New York City. Neurology 2020,
96, e575-e586. [CrossRef]

Dani, M.; Dirksen, A.; Taraborrelli, P.; Torocastro, M.; Panagopoulos, D.; Sutton, R.; Lim, P.B. Autonomic dysfunction in ‘long
COVID': Rationale, physiology and management strategies. Clin. Med. 2021, 21, e63—-e67. [CrossRef] [PubMed]

Restivo, D.A.; Centonze, D.; Alesina, A.; Marchese-Ragona, R. Myasthenia Gravis Associated with SARS-CoV-2 Infection. Ann.
Intern. Med. 2020, 173, 1027-1028. [CrossRef] [PubMed]

Walker, A.; Pottinger, G.; Scott, A.; Hopkins, C. Anosmia and loss of smell in the era of COVID-19. BM]J 2020, 370, m2808.
[CrossRef] [PubMed]

Mao, L; Jin, H.; Wang, M.; Hu, Y,; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic Manifestations of
Hospitalized Patients with Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683-690. [CrossRef]

Butowt, R.; Von Bartheld, C.S. Anosmia in COVID-19: Underlying Mechanisms and Assessment of an Olfactory Route to Brain
Infection. Neuroscientist 2021, 27, 582—603. [CrossRef]

Von Bartheld, C.S.; Hagen, M.M.; Butowt, R. Prevalence of Chemosensory Dysfunction in COVID-19 Patients: A Systematic
Review and Meta-analysis Reveals Significant Ethnic Differences. ACS Chem. Neurosci. 2020, 11, 2944-2961. [CrossRef]

Coelho, D.H.; Reiter, E.R.; French, E.; Costanzo, R.M. Decreasing Incidence of Chemosensory Changes by COVID-19 Variant.
Otolaryngol. Neck Surg. 2022, 3, 1945998221097656. [CrossRef] [PubMed]

Ercoli, T.; Masala, C.; Pinna, L; Orofino, G.; Solla, P.; Rocchi, L.; Defazio, G. Qualitative smell/taste disorders as sequelae of acute
COVID-19. Neurol. Sci. 2021, 42, 4921-4926. [CrossRef]

Codeluppi, L.; Venturelli, F,; Rossi, J.; Fasano, A.; Toschi, G.; Pacillo, F.; Cavallieri, F; Rossi, P.G.; Valzania, F. Facial palsy during
the COVID-19 pandemic. Brain Behav. 2021, 11, e01939. [CrossRef] [PubMed]

Islamoglu, Y.; Celik, B.; Kiris, M. Facial paralysis as the only symptom of COVID-19: A prospective study. Am. J. Otolaryngol.
2021, 42, 102956. [CrossRef] [PubMed]

Radmanesh, A.; Raz, E.; Zan, E.; Derman, A.; Kaminetzky, M. Brain Imaging Use and Findings in COVID-19: A Single Academic
Center Experience in the Epicenter of Disease in the United States. Am. ]. Neuroradiol. 2020, 41, 1179-1183. [CrossRef] [PubMed]
Manca, R.; De Marco, M.; Ince, P.G.; Venneri, A. Heterogeneity in Regional Damage Detected by Neuroimaging and Neuropatho-
logical Studies in Older Adults with COVID-19: A Cognitive-Neuroscience Systematic Review to Inform the Long-Term Impact
of the Virus on Neurocognitive Trajectories. Front. Aging Neurosci. 2021, 13, 646908. [CrossRef] [PubMed]

Garg, RK,; Paliwal, VK; Gupta, A. Encephalopathy in patients with COVID-19: A review. ]. Med Virol. 2021, 93, 206-222.
[CrossRef]

Chetrit, A.; Lechien, ].R.; Ammar, A.; Chekkoury-Idrissi, Y.; Distinguin, L.; Circiu, M.; Saussez, S.; Ballester, M.-C.; Vasse, M.;
Berradja, N.; et al. Magnetic resonance imaging of COVID-19 anosmic patients reveals abnormalities of the olfactory bulb:
Preliminary prospective study. . Infect. 2020, 81, 816-846. [CrossRef]

Mehan, W.; Yoon, B.; Lang, M.; Li, M.; Rincon, S.; Buch, K. Paraspinal Myositis in Patients with COVID-19 Infection. AJNR Am. ].
Neuroradiol. 2020, 41, 1949-1952. [CrossRef]

Azzolino, D.; Cesari, M. Fatigue in the COVID-19 pandemic. Lancet Healthy Longev. 2022, 3, e128-e129. [CrossRef]

Salman, M.A.; Mallah, S.I.; Khalid, W.; Moran, L.R.; Abousedu, Y.A.; Jassim, G.A. Characteristics of Patients with SARS-CoV-2
Positive Cerebrospinal Fluid: A Systematic Review. Int. J. Gen. Med. 2021, 14, 10385-10395. [CrossRef]

Duvernoy, H.M.; Risold, P.-Y. The circumventricular organs: An atlas of comparative anatomy and vascularization. Brain Res. Rev.
2007, 56, 119-147. [CrossRef]

Baig, A.M.; Sanders, E.C. Potential neuroinvasive pathways of SARS-CoV-2: Deciphering the spectrum of neurological deficit
seen in coronavirus disease-2019 (COVID-19). J. Med. Virol. 2020, 92, 1845-1857. [CrossRef] [PubMed]

Li, Z,; Liu, T; Yang, N.; Han, D.; Mi, X,; Li, Y.; Liu, K.; Vuylsteke, A.; Xiang, H.; Guo, X. Neuro-logical manifestations of patients
with COVID-19: Potential routes of SARS- CoV-2 neuroinvasion from the periphery to the brain. Front Med. 2020, 14, 533-541.
[CrossRef] [PubMed]

Jarius, S.; Pache, E.; Kortvelyessy, P.; Jel¢i¢, 1; Stettner, M.; Franciotta, D.; Keller, E.; Neumann, B.; Ringelstein, M.; Senel, M.; et al.
Cerebrospinal fluid findings in COVID-19: A multicenter study of 150 lumbar punctures in 127 patients. ]. Neuroinflammation
2022, 19, 19. [CrossRef]

Verkhratsky, A.; Li, Q.; Melino, S.; Melino, G.; Shi, Y. Can COVID-19 pandemic boost the epidemic of neurodegenerative diseases?
Biol. Direct 2020, 15, 28. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(21)01608-1
http://doi.org/10.1111/jns.12482
http://doi.org/10.1007/s00415-020-10251-5
http://www.ncbi.nlm.nih.gov/pubmed/33026520
http://doi.org/10.1212/WNL.0000000000010979
http://doi.org/10.7861/clinmed.2020-0896
http://www.ncbi.nlm.nih.gov/pubmed/33243837
http://doi.org/10.7326/L20-0845
http://www.ncbi.nlm.nih.gov/pubmed/32776781
http://doi.org/10.1136/bmj.m2808
http://www.ncbi.nlm.nih.gov/pubmed/32694187
http://doi.org/10.1001/jamaneurol.2020.1127
http://doi.org/10.1177/1073858420956905
http://doi.org/10.1021/acschemneuro.0c00460
http://doi.org/10.1177/01945998221097656
http://www.ncbi.nlm.nih.gov/pubmed/35503739
http://doi.org/10.1007/s10072-021-05611-6
http://doi.org/10.1002/brb3.1939
http://www.ncbi.nlm.nih.gov/pubmed/33159420
http://doi.org/10.1016/j.amjoto.2021.102956
http://www.ncbi.nlm.nih.gov/pubmed/33592554
http://doi.org/10.3174/ajnr.A6610
http://www.ncbi.nlm.nih.gov/pubmed/32467191
http://doi.org/10.3389/fnagi.2021.646908
http://www.ncbi.nlm.nih.gov/pubmed/34149394
http://doi.org/10.1002/jmv.26207
http://doi.org/10.1016/j.jinf.2020.07.028
http://doi.org/10.3174/ajnr.A6711
http://doi.org/10.1016/S2666-7568(22)00029-0
http://doi.org/10.2147/IJGM.S333966
http://doi.org/10.1016/j.brainresrev.2007.06.002
http://doi.org/10.1002/jmv.26105
http://www.ncbi.nlm.nih.gov/pubmed/32492193
http://doi.org/10.1007/s11684-020-0786-5
http://www.ncbi.nlm.nih.gov/pubmed/32367431
http://doi.org/10.1186/s12974-021-02339-0
http://doi.org/10.1186/s13062-020-00282-3
http://www.ncbi.nlm.nih.gov/pubmed/33246479

Brain Sci. 2022, 12, 1531 10 of 10

56.

57.

58.

59.
60.

61.

Ostergaard, L. SARS-CoV-2 related microvascular damage and symptoms during and after COVID-19: Consequences of capillary
transit-time changes, tissue hypoxia and inflammation. Physiol. Rep. 2021, 9, e14726. [CrossRef]

Wenzel, J.; Lampe, J.; Miiller-Fielitz, H.; Schuster, R.; Zille, M.; Miiller, K.; Krohn, M.; Kérbelin, J.; Zhang, L.; Ozorhan, U.; et al.
The SARS-CoV-2 main protease MP™ causes microvascular brain pathology by cleaving NEMO in brain endothelial cells. Nat.
Neurosci. 2021, 24, 1522-1533. [CrossRef]

Steardo, L., Jr.; Steardo, L.; Verkhratsky, A.; Scuderi, C. Post-COVID-19 neuropsychiatric syndrome: Is maladaptive glial recovery
to blame? Acta Physiol. 2021, 233, €13717. [CrossRef]

Li, B.; Zhang, D.; Verkhratsky, A. Astrocytes in Post-traumatic Stress Disorder. Neurosci. Bull. 2022, 38, 953-965. [CrossRef]
Han, F; Xiao, B.; Wen, L. Loss of Glial Cells of the Hippocampus in a Rat Model of Post-traumatic Stress Disorder. Neurochem. Res.
2015, 40, 942-951. [CrossRef]

Perez Garcia, G.; De Gasperi, R.; Gama Sosa, M.A.; Perez, G.M.; Otero-Pagan, A.; Pryor, D.; Abutarboush, R.; Kawoos, U.; Hof,
PR.; Dickstein, D.L.; et al. Laterality and region-specific tau phosphorylation correlate with PTSD-related behavioral traits in rats
exposed to repetitive low-level blast. Acta Neuropathol. Commun. 2021, 9, 33. [CrossRef]


http://doi.org/10.14814/phy2.14726
http://doi.org/10.1038/s41593-021-00926-1
http://doi.org/10.1111/apha.13717
http://doi.org/10.1007/s12264-022-00845-6
http://doi.org/10.1007/s11064-015-1549-6
http://doi.org/10.1186/s40478-021-01128-3

	Introduction 
	Materials and Methods 
	Neurological Impairment in COVID-19 
	Clinical Manifestations 
	Nonspecific Neurological/Neuropsychiatric Symptoms 
	Central Neurological Disorders 
	Peripheral Neurological Disorders 
	Sensorial Disorders and other Cranial Nerve Dysfunctions 

	Neuroimaging 
	Pathophysiology 

	Conclusions 
	References

