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Abstract

The COVID-19 pandemic resulting from the SARS-CoV-2 virus is in its third year. There is
continuously evolving information regarding its pathophysiology and its effects on the nervous
system. Clinical neurophysiology techniques are commonly employed to assess for
neuroanatomical localization and/or defining the spectrum of neurological illness. There is an
evolving body of literature delineating the effects of the SARS-CoV-2 virus on the nervous
system as well as para-immunization responses to vaccination against this virus. This review
focuses on the use of neurophysiological diagnostic modalities in the evaluation of potential
acute and long-term neurological complications in patients that experience direct infection with
SARS-CoV-2 and analyzes those reports of para-immunization responses to vaccination against
the SARS-CoV-2 virus. The neurophysiological modalities to be discussed include
electroencephalography (EEG), evoked potentials (EPs), nerve conduction studies and
electromyography (EMG/NCV), autonomic function tests, transcranial magnetic stimulation

(TMS) and Transcranial Doppler ultrasound (TCD).
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1. Introduction

More than two years after the first known COVID-19 case was identified, the global spread of
the SARS-CoV-2 virus and its emergent variants have resulted in significant morbidity and
mortality. While some of the disease burden has been mitigated by the emergence of effective
vaccines, the SARS-CoV-2 virus remains a significant public health threat. This manuscript will
discuss the neurophysiological evaluation of the neurological manifestations of COVID-19,
which is the illness that results from a SARS-CoV-2 viral infection. Specifically, it will review
the clinical neurophysiological evaluation of patients infected with SARS-CoV-2 who
subsequently develop nervous system complications. It will also discuss reports of neurological
illnesses that have been reported as being temporally associated with vaccination against SARS-

CoV-2.

The most common reported neurological manifestations of COVID-19 are mild and include
fatigue, myalgia, dysosmia, dysgeusia and headache (Misra et al., 2021, Wang et al., 2020).
Altered mental status occurs frequently, especially in critically ill patients (Scullen et al., 2020).
More serious and less commonly reported complications include cerebrovascular accidents,
seizures, meningoencephalitis and the Guillain-Barré syndrome (Misra et al., 2021, Wang et al.,
2020, Abdullahi et al., 2020, Favas et al., 2020). Neurological symptoms have also been reported
to linger or develop weeks to months after acute infection. These symptoms, which have
increasingly been recognized as the sequelae of SARS-CoV-2 include persistent dysosmia and
dysgeusia, headache, fatigue, cognitive impairment, dizziness, dysautonomia and peripheral
sensory disturbances (Balcom et al., 2021, Grisanti et al., 2022). Several terms have been used to
refer to these long-term sequelae of COVID-19 (Stefanou et al., 2022). In this review, we have
adopted the term “long COVID.”

This review focuses on the use of common neurophysiological diagnostic modalities in the
evaluation of neurological signs and symptoms associated with the acute phase of COVID-19 as
well as the syndrome designated “long COVID.” This manuscript will also review the
neurological disorders reported as being temporally associated with vaccination against SARS-

CoV-2 given the increasing number of case reports on this subject.



The neurophysiological modalities to be discussed will include electroencephalography (EEG),
evoked potentials (EPs), nerve conduction studies and electromyography (EMG/NCV),
autonomic function tests, transcranial magnetic stimulation (TMS) and Transcranial Doppler
ultrasound (TCD). As previously stated, this manuscript will address the acute phase of COVID-
19, the “long COVID” syndrome and the reported association of clinical neurophysiological

changes purported to be associated with vaccination against SARS-CoV-2.

Notwithstanding, a recent report by Li et al. found no association between vaccines against
SARS-CoV-2 and Bell’s palsy, encephalomyelitis, Guillain-Barré syndrome, and transverse
myelitis whereas an association with all of these except transverse myelitis was noted with a
recent SARS-CoV-2 infection (Li et al., 2022). The peripheral nerve manifestations of COVID-
19 have been summarized in an article by Andalib et al. (Andalib et al., 2021).

2. Methods

English language databases were queried using the terms vaccination, COVID-19, SARS-CoV-2,
clinical neurophysiology, electroencephalography (EEG), nerve conduction studies and
electromyography (EMG/NCV), evoked potentials (EPs), autonomic function tests, transcranial
magnetic stimulation (TMS) and Transcranial Doppler ultrasound (TCD). Most of the literature

retrieved was that of case reports and small case series.
3. Electroencephalography (EEG)
3.1. Indications for EEG in patients with acute COVID-19
EEG is commonly utilized to evaluate inpatients with encephalopathy to assess for subclinical
seizures to ascertain the underlying cause. Several studies and case series discussing EEG

findings in hospitalized patients with COVID-19 since the onset of the pandemic have been

reported. Most EEG studies were performed on critically ill patients who were encephalopathic



and/or comatose (Pellinen et al., 2020, Danoun et al., 2021). The most common indication for
EEG in the context of acute SARS-CoV-2 infection was encephalopathy (61.7-90.4%), followed
by clinical seizures or seizure-like episodes (27.1-34%) (Antony and Haneef, 2020, Roberto et
al., 2020, Kubota et al., 2021). EEG has been also utilized to evaluate patients with cognitive
complaints in long COVID and in those patients reporting encephalopathy or seizures after

vaccination against SARS-CoV-2.

3.2. EEG in the evaluation of neurological complications in acute COVID-19

3.2.1. COVID-related encephalopathy

The most encountered EEG abnormalities associated with acute COVID-19 are those consistent
with a nonspecific encephalopathy. Most published cases were reported in critically ill,
mechanically ventilated patients. Generalized slowing of the EEG background was reported in
91-96.1% of patients in two large case series (Pellinen et al., 2020, Danoun et al., 2021) and in a
meta-analysis of 12 studies (Kubota et al., 2021). Less commonly reported abnormalities, also
indicative of a nonspecific encephalopathy, included generalized periodic discharges (GPDs)
with triphasic configuration, generalized rhythmic delta activity (GRDA), and discontinuous
background and burst-suppression pattern (Pellinen et al., 2020, Danoun et al., 2021, Kubota et
al., 2021, Roberto et al., 2020, Antony and Haneef, 2020). Focal slowing has been reported less
frequently. In a systematic review of 84 studies with 617 patients, focal slowing was present in
17% of patients (Antony and Haneef, 2020). Most studies did not provide details regarding the
distribution of focal slow activity nor did they correlate it with the presence of chronic or acute
findings on brain imaging. However, some studies suggested a frontal predilection for focal slow

activity, a concept that is explored in a subsequent section.

3.2.2. Epileptiform abnormalities and seizures

Lin et al. reported the largest published case series on EEG findings in COVID-19 patients,
including 197 patients from 9 centers in the United States and Europe. Ictal or interictal

epileptiform abnormalities were present in 48.7% of patients and seizures in 9.6%, including



status epilepticus in 5.6% (Lin et al., 2021). Almost all patients had other risk factors for
symptomatic seizures, including metabolic derangements or history of prior central nervous
system disorders (Lin et al., 2021). Hwang et al. reported EEG findings in 192 patients at 4
hospitals in New York, one of the epicenters of the first wave of the pandemic. Epileptiform
abnormalities were present in 39.6%, while seizures occurred in 4.1% (Hwang et al., 2022).
Another large series from New York reported epileptiform discharges in 30% of 111 patients and
seizures in 7%. Most of these patients had no known history of epilepsy but did have clinical
seizures prior to EEG (Pellinen et al., 2020). Comparable findings were reported in a series of
110 patients from Southeast Michigan, with electrographic seizures occurring in 11% of patients
(Danoun et al., 2021). Notably, in all three of these large series, the prevalence of seizures did
not seem to be higher than expected in those critically ill patients or those with severe sepsis,
regardless of underlying etiology. Previous data from continuous EEG monitoring studies in
patients with critical illness or severe sepsis indicate that seizures occur in up to 10-17% of
patients (Oddo et al., 2009, Gilmore et al., 2015), even in the absence of a known primary acute
neurological injury (Lin et al., 2021, Oddo et al., 2009). Seizures in the context of COVID-19
were even less frequent in other smaller series, with some reporting no occurrence of seizures on
EEG (Galanopoulou et al., 2020, Petrescu et al., 2020, Canham et al., 2020). In a French series of
78 patients, epileptiform discharges were reported in 4 patients and seizures in only one patient
(Lambrecq et al., 2021). In a systematic analysis of 86 studies, including 617 patients,
epileptiform discharges were reported in 13%, while status epilepticus was recorded in 1.9% and
3.6% respectively (Antony and Haneef, 2020). The variation in these numbers may be reflective
of the heterogeneity of these cohorts and practice differences influencing the utilization of long-
term EEG monitoring (Lin et al., 2021). In large series, the majority of sporadic interictal
epileptiform abnormalities and seizures were described as focal or multifocal (Lin et al., 2021,
Pellinen et al., 2020, Hwang et al., 2022, Danoun et al., 2021). Most studies did not provide data
regarding the localization of epileptiform discharges. In the series by Hwang et al., interictal
epileptiform discharges were almost in the frontal or temporal regions in almost all patients

(Hwang et al., 2022).

3.2.3. Are there EEG patterns specific for COVID-19 encephalopathy?



One study reported a relatively high occurrence of the alpha coma pattern in a small cohort of
patients with severe encephalopathy (Koutroumanidis et al., 2021). This uncommon pattern
(Kaplan et al., 1999) was reported in five ICU patients out of 19 who underwent EEG evaluation
over a relatively brief period of 6 weeks. The alpha coma pattern is typically associated with
hypoxic-ischemic encephalopathy but may also be observed, albeit less frequently, in the context
of toxic-metabolic encephalopathies. It has also been described in association with lesions of the
pons and midbrain (Kaplan et al., 1999, Loeb and Poggio, 1953, Hauge et al., 1956, Chatrian et
al., 1964, Wilkus et al., 1971, Obeso et al., 1980). The authors speculated that the alpha coma
pattern may be explained by neurotropic effects of SARS-CoV-2 on the ascending reticular
formation (Koutroumanidis et al., 2021, Nuwer, 2021). However, this hypothesis awaits

pathological confirmation.

Some studies suggested a frontal preponderance of EEG abnormalities, including slow activity,
periodic discharges, and epileptiform discharges (Galanopoulou et al., 2020, Vellieux et al.,
2020a, Vespignani et al., 2020). This led to the speculation that these findings may be due to
viral neurotropism and the preferential involvement of the frontal lobes via the olfactory bulbs
(Antony and Haneef, 2020, Lambrecq et al., 2021, Vellieux et al., 2020b). However, most of
these studies were limited by a small sample size and lack of a control group (Pellinen et al.,
2020, Danoun et al., 2021). Furthermore, the frontal predominance of some reported EEG
abnormalities may not always signify focal frontal pathology. Certain EEG features commonly
associated with diffuse encephalopathic processes, such as generalized rhythmic delta activity
(GRDA) and generalized periodic discharges (GPDs) with triphasic morphology, often have

frontal predominance (Hartshorn and Foreman, 2019).

At the present time, there is no definite evidence to support the presence of a specific EEG
pattern associated with COVID-19 encephalopathy (Vellieux et al., 2020b). Further investigation
of the prevalence of focal frontal abnormalities and the alpha coma pattern in this population is

warranted.

3.3. EEG in the evaluation of long COVID



Some studies suggest a role for EEG in evaluating patients with chronic cognitive complaints
following COVID-19. In an Italian study, 49 patients who reported cognitive complaints after
resolution of COVID-19 were evaluated using neuropsychological assessment, MRI and QEEG
(Cecchetti et al., 2022). Cognitive deficits, (affecting at least one cognitive domain), were
present in 53% of patients at 2 months and 36% of patients at follow-up within 10 months.
QEEG assessed regional activity and connectivity in different bandwidths, using linear lagged
connectivity (LLC) and cortical current source densities (CSD). Compared to healthy controls,

patients had higher regional current density and connectivity in at the delta band.

A study from Brazil (Andrei Appelt et al., 2022) assessed EEG activity in 53 post-COVID-19
patients and 30 controls at rest and during performance of cognitive tasks including Trail Making
Tests (TMT) Parts A and B. In the first group, at 6-12 months after COVID-19, there was a
decrease in F3-F7 activity during TMT-B, a reduction in signal complexity at F3-F7 at rest, and a
reduction in Fz-F4 activity at rest during TMT-B. However, a notable limitation of this study
was the use of a rather abbreviated EEG montage limited to 5 electrodes. Thus, it is difficult to

drawn definite conclusions from this report.

3.4. EEG in symptomatic patients post-vaccination

There have been multiple reports on the rare occurrence of central nervous system (CNS)
complications related to different types of COVID-19 vaccination, including ChAdOx1 nCoV-
19, mRNA-1273 and BNT162b2. These included acute encephalopathy (Roberts et al., 2021,
Grover et al., 2022, Al-Mashdali et al., 2021, Baldelli et al., 2021) or encephalitis, (Zuhorn et al.,
2021, Torrealba-Acosta et al., 2021, Fan et al., 2022, Kobayashi et al., 2022, Zlotnik et al., 2021,
Takata et al., 2021) which in some cases were associated with seizures including two cases of
new-onset refractory status epilepticus (NORSE), (Fan et al., 2022, Aladdin and Shirah, 2021).
There are also several reports of acute disseminated encephalomyelitis (ADEM) or ADEM-like
presentations (Vogrig et al., 2021, Cao and Ren, 2021, Ozgen Kenangil et al., 2021, Rinaldi et
al., 2021, Kania et al., 2021) and acute necrotizing encephalopathy (Bensaidane et al., 2022,
Siriratnam et al., 2022). In almost all of the aforementioned cases, when EEG findings were

reported, they consisted of nonspecific generalized slow activity (Zuhorn et al., 2021, Torrealba-



Acosta et al., 2021, Fan et al., 2022, Aladdin and Shirah, 2021, Al-Mashdali et al., 2021, Baldelli
et al., 2021, Vogrig et al., 2021, Bensaidane et al., 2022, Siriratnam et al., 2022) or were assessed
as normal (Sluyts et al., 2022, Zlotnik et al., 2021, Takata et al., 2021, Grover et al., 2022). Thus,
these data indicate that there is no specific EEG pattern that affirms an association of vaccination

against SARS-Covid-2 with post-vaccination neurological dysfunction.

3.5. Summary

In conclusion, the most common EEG findings in critically ill patients with COVID-19 are those
consistent with a nonspecific encephalopathy. Interictal epileptiform discharges and seizures
may be observed in a significant percentage of patients including episodes of status epilepticus.
However, based on the available evidence, seizures do not seem to be more prevalent in critically
ill patients with COVID-19 than those with sepsis of other etiologies. EEG is clinically useful in
the evaluation of seizures and encephalopathy of various etiologies, including COVID-19.
Moreover, EEG may also be useful in the evaluation of cognitive complaints in long COVID.

Nonetheless, there is no evidence of specific EEG findings in any of these groups.

4. Evoked Potentials (EPs)

4.1. Indications for EPs in patients with COVID-19

Evoked potential studies are generally employed to evaluate large, myelinated pathways
originating peripherally and traversing the central nervous system. A literature review did not
identify specific signatures unique to COVID-19. Nonetheless, visual, auditory, somatosensory,
and olfactory evoked potentials have been used to investigate symptoms related to COVID-19.

Each of these studies are discussed in sequence.

4.2. Visual Evoked Potentials (VEPs)

Visual evoked potentials (VEP) assess the visual pathways from the cornea to the occipital

cortex, although they are most employed to assess for lesions of the optic tract anterior to the



chiasm. Koskderelioglu et al. assessed 76 patients who recovered from COVID-19 and
compared them to 44 normal controls noting no significant differences between these two groups
although 12 patients with COVID-19 had prolonged P100 latencies representing subclinical
anterior visual pathway dysfunction (Koskderelioglu et al., 2022). Notably, none of these
patients manifested electrophysiological evidence of a peripheral neuropathy. Nagaratnam et al.
reported a case of bilateral optic neuritis following a ChAdOx1 COVID-19 vaccination
(Nagaratnam et al., 2022). Rodrigo-Armenteros et al. reported a case of 62-year-old male, with
left eye amblyopia since childhood who presented with asymptomatic left optic neuropathy and a
prolonged left P100 latency after a COVID-19 infection (Rodrigo-Armenteros et al., 2021). A
small case series from Poland of 4 women with an average 6-year history of relapsing remitting
multiple sclerosis reported that, “Visual evoked potentials (VEP) in all cases showed prolonged
latency of P-100 waves,” although no further clarification was provided (Adamczyk-Sowa et al.,
2021). This finding is of uncertain clinical significance as the prolonged P-100 latencies may
have been present from the antecedent diagnosis of multiple sclerosis. It is noteworthy that none
of these patients manifested brainstem auditory evoked potential abnormalities, which provides
electrophysiological evidence against widespread central nervous system (CNS) demyelination.
Moreover, CNS demyelination associated with COVID-19 may manifest unremarkable VEPs
(Metya et al., 2021). Although there has been some pathological evidence of SARS-CoV-2 virus
neurotropism, it is unclear if the clinical manifestations are due to an autoimmune response to the
virus or a direct result of neuroinvasion (Costello and Dalakas, 2020). Nonetheless, VEPs do not
appear to be able to distinguish myelin dysfunction due to COVID-19 or para-vaccination

demyelination from other causes of central nervous system demyelinating disease.

4.3. Brainstem Auditory Evoked Responses (BAERs)

Dror et al. compared BAERs in 8 asymptomatic COVID-19 positive patients who recovered
from their illnesses to age matched controls noting no differences in transitory evoked
otoacoustic emission, distortion product otoacoustic emissions or BAERs (Dror et al., 2021).
Vecchio et al performed BAERs in 10 who were being evaluated for difficulty weaning off
mechanical ventilation. Four patients were reported to have an increased interpeak III-V wave

latency, suggesting lesions between the caudal pons and midbrain- a finding that may lend



support to the notion of brainstem involvement in severe COVID-19 (Vecchio et al., 2022).
Niguet et al. reported on 17 BAERs that were performed in critically ill COVID-19 patients
because of a persistent lack of clinical and/or EEG reactivity (Niguet et al., 2021). They reported
that “...2 were uninterpretable because of agitation, 6 were normal, and 9 (52,9%) showed
peripheric [sic] disorganization of BAEP (decreased amplitude with difficulties to identify waves
I, ITI, V; since wave I whose generator is peripheral was abnormal, VIIIth nerve was involved),
which was unilateral in 4 cases. None showed specific brainstem dysfunction. These results were
in favor of a preservation of central somatosensory and auditory systems.” Netravathi et al.
examined 29 patients with central nervous system (CNS) demyelination following immunization
against COVID-19 with ChAdOx1-S (n =27) and BBV 152 vaccinations (n=2), 7 of whom
underwent BAERs that were unremarkable (Netravathi et al., 2022). Overall, BAERs appear to
be a relatively insensitive test for the evaluation of suspected COVID-19 infection or para-

immunization demyelination.

4.4. Somatosensory Evoked Potentials (SSEPs)

The most common SSEPs are those of the tibial and median nerves. Tibial SSEPs have an
advantage in that they incorporate the entirety of the spinal cord’s dorsal columns but they are
more likely to be affected by peripheral neuropathy. Thus, most patients admitted to the ICU
undergo median SSEPs, which are less likely to be affected by peripheral neuropathies such as
critical illness neuropathy. Of the 17 patients who underwent median SSEPs as reported by
Niguet et al., “2 were uninterpretable because of agitation, 2 showed peripheral abnormalities of
N9 (generator: brachial plexus), either in latency or amplitude, 1 showed no response
(corresponding to the patient with Guillain-Barré syndrome) and 12 were considered as normal
with N20 latency within the normal ranges” (Niguet et al., 2021). It should also be recalled that
SSEPs assess the peripheral nervous system as well as noted in an 82-year-old woman who
developed, “pure sensitive [sic] chronic inflammatory axonal polyneuropathy (CIAP) in a close
temporal relationship with the administration of the BNT162b2 (Pfizer®) vaccine” (Luca et al.,
2022). These authors reported that somatosensory evoked potentials (SSEPs), presumably tibial
SSEPs, were not recordable but that a spine MRI demonstrated nerve root enhancement from C3

to Th2 and diffuse enhancement of cauda equina nerve roots. In aggregate, SSEPs may detect
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pathology within the large fiber sensory pathways but there does not appear to be a signature

unique to COVID-19 or to temporally associated para-vaccination demyelination.

5. EMG/NCV

5.1. Indications for EMG/NCYV in patients with COVID-19

Guidon and Amato reported that there is no current evidence of direct viral invasion with
inflammation or degeneration of motor neurons and peripheral nerves as seen in some viral
infection (Guidon and Amato, 2020). Therefore, the indications for EMG/NCVs would be for
peripheral nervous system (PNS) disorders suspected to be related to COVID-19 or associated
with a recent vaccination against SARS-CoV-2. These entities would include neuropathies,
predominantly autoimmune neuropathies, Bell’s palsy as a presumed autoimmune

mononeuropathy, neuromuscular junction disorders, and myopathies.

5.2. EMG/NCY in the acute phase of COVID-19

5.2.1. Guillain-Barré syndrome (GBS)

Caress et al. reviewed available EMG data in 32/37 cases of GBS associated with COVID-19
noting that the AIDP variant was identified in 24 cases, (18 were classified as demyelinating), 5
cases of acute motor sensory axonal neuropathy (AMSAN), 5 cases of the Miller Fisher variant,
1 case of acute motor axonal neuropathy (AMAN) and 2 that were not specifically classified
(Caress et al., 2020). A European experience of 42 cases of Guillain-Barré syndrome (GBS)
reported that patients (80.5%) had electrodiagnostic features of acute inflammatory
demyelinating polyradiculoneuropathy (AIDP) (Uncini et al., 2020). They also noted that five
patients (13.9%) were reported to have the acute motor and sensory axonal subtype although one
of these cases did have some demyelinating features. When parsing isolated case reports, there
does not seem to be a distinction in the distribution of “axonal” versus “demyelinating” variants
between SARS-CoV-2 and other viruses known to be associated with GBS. Interestingly, in a
comparison of 48 cases of AIDP associated with COVID-19 with 49 control AIDP cases,

11



COVID-19 patients were more likely to have increased distal compound muscle action potential
(dCMAP) latencies and that F waves were more often absent (Uncini et al., 2021). The authors
attributed the former finding to additional muscle fiber conduction slowing, possibly due to a
hyperinflammatory state, and the latter to decreased a.-motor neuron excitability due to

immobilization in the ICU.

Thus, EMG/NCYV are useful in the diagnosis of the GBS syndrome but there is no specific
electrophysiological signature specific to COVID-19 or the sequelae of vaccination against
SARS-COV-2. Even when GBS is identified, COVID-19 does not appear to have a predilection

for AIDP over the axonal variants or their subtypes.

5.2.2. Bell’s palsy

Gupta et al. reviewed 20 published cases of COVID-19 positive patients in which Bell’s palsy
was the only major neurological manifestation presenting within several days of the infection
(Gupta et al., 2021). These authors did not include clinical neurophysiological assessments of the
facial nerve in their manuscript. The relationship of Bell’s palsy to vaccination against SARS-
CoV-2 remains controversial with two studies noting that there was no statistically significant
association (Shemer et al., 2021, Tamaki et al., 2021). Shemer et al. found no association
between the BNT162b2 (Pfizer-BioNTech) COVID-19 vaccine and Bell’s palsy, nor did they
find an increased incidence of Bell’s palsy compared to the historical incidence of Bell’s palsy
prior to the current pandemic. These reports are clinically based and did not use
electrodiagnostic assessments as an inclusion criterion for a case of Bell’s palsy. While
electrodiagnostic assessments of infranuclear facial neuropathy are useful for prognostication of
clinical outcome in Bell’s palsy, the literature does not establish specific electrodiagnostic
parameters that distinguish Bell’s palsy resulting from SARS-CoV-2 versus other etiologies
(Grosheva et al., 2008).

5.2.3. Mpyasthenia gravis

12



There is a case report of a 21-year-old woman with a family history of autoimmune diseases who
developed myasthenia gravis [MG] after an infection with the SARS-CoV-2 virus who did not
undergo electrodiagnostic testing (Huber et al., 2020). There are other reports of COVID-19
exacerbating symptoms in persons previously diagnosed with myasthenia gravis (Anand et al.,
2020, Saied et al., 2021). This is consistent with numerous prior reports of myasthenic crises or
exacerbations precipitated by an augmentation of the immune response, which often occurs in
the context of a newly acquired infection. Neither of these reports used clinical neurophysiology
as an inclusion criterion as a case definition. Similarly, there is an isolated case report of MG
that developed after vaccination against SARS-CoV-2 although the authors clearly state that the
literature does not support an association (Lee et al., 2022). These authors reported that a
repetitive nerve stimulation test revealed a significant decrement response in the right orbicularis
oculi but did not state that there was anything unique about the electrodiagnostic findings. As
with Bell’s palsy, there do not appear to be any unique electrodiagnostic features that are
pathognomonic to MG associated with SARS-CoV-2 much less a specific relationship between

vaccination against this virus and the subsequent development of MG.

5.2.4.  Myopathy/Critical lllness Neuropathy/Critical lllness Myopathy

These complications of SARS-CoV-2 have been summarized and include myalgias, which are
most common, inflammatory myopathies and critical illness syndromes such as critical illness
neuropathy/neuropathy (Andalib et al., 2021, Orsucci et al., 2020). Neither of these publications
reported on electrodiagnostic findings pathognomonic to SARS-CoV-2.

Since the first report of critical illness myopathy (CIM) associated with severe COVID-19
(Tankisi et al., 2020), there have been several additional reports suggesting that CIM as well as
critical illness neuropathy (CIN) are common in critically ill COVID-19 patients. Hameed et al.
reported on a case series of 18 mechanically ventilated patients infected with COVID-19 of
whom 82% were diagnosed with myopathy based on low amplitude brief duration motor unit
action potentials (Hameed et al., 2021). Five of these patients had a concurrent axonal
neuropathy. In a Swedish observational study of 111 critically ill patients, 11 developed
CIM/CIN. Unsurprisingly, these patients had severe illness and prolonged ICU stays. In the same
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study, CIN was more frequent in COVID-19 patients than in a non-COVID cohort (Frithiof et
al., 2021). One study evaluated 31 patients on mechanical ventilation underwent periodic muscle
excitability measurements on days 1, 2, 5 and 10 post-intubation, in addition to EMG/NCYV on
day 10. Seventeen patients (55%) developed CIM. Muscle excitability measurements on day 10
distinguished between patients who developed CIM and those who did not, suggesting that
muscle excitability measures may be helpful in establishing the diagnosis of CIM (Rodriguez et
al., 2022). Interestingly, in a study of 12 non-ventilated subjects with COVID-19, subclinical
myopathy was reported to be present in half of these patients (Villa et al., 2021). Versace et al.
described two critically-ill COVID-19 patients with typical neurophysiologic findings of
myopathy, and observed the presence of increased distal CMAP duration that did not change
between distal and proximal stimulation, despite normal distal motor latencies and conduction
velocities. The authors hypothesized that this finding could be explained by decreased muscle
membrane excitability and slowed muscle fiber conduction within the context of a COVID-

associated hyperinflammatory state (Versace et al., 2021b).

5.3. EMG/NCYV in long COVID

EMG/NCV have been used to evaluate patients with persistent fatigue, myalgias, sensory

disturbances and dysautonomia persisting after acute COVID.

In one study (Agergaard et al., 2021), 20 patients with sensory symptoms after acute COVID-19
underwent NCV and quantitative EMG (QEMG) to assess for neuropathy. Although no
electrophysiological evidence of neuropathy was found, 11 patients (55%) were noted to have
myopathic changes in one or more muscles on gEMG, at an average of 210 days after COVID-
19. All these patients endorsed having fatigue and 73% reported myalgias. These authors
hypothesized that myopathy may be a cause of fatigue in long COVID (Agergaard et al., 2021).
This hypothesis was further supported by another study (Hejbol et al., 2022) which reported
qEMG and muscle biopsy findings in 16 patients reporting fatigue, myalgia or weakness
persisting for up to 14 months after COVID-19. Electromyographic findings consistent with

myopathy, (i.e., low amplitude, brief duration motor unit action potentials), were noted in 75% of
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those evaluated whereas histopathological changes were present in all patients, including muscle

fiber atrophy, mitochondrial changes, inflammation, and capillary injury (Hejbol et al., 2022).

While several studies failed to show evidence of large-fiber neuropathy in patients with chronic
sensory complaints in long COVID (Abrams et al., 2022, Agergaard et al., 2021), there is
evidence of small fiber involvement and dysautonomia in some patients, based on skin biopsies

and autonomic function tests. This is discussed in more detail in a subsequent section.

5.4. EMG/NCYV in the evaluation of peri-vaccination complications

With respect to vaccination against SARS-CoV-2, there is an isolated case report of
dermatomyositis, (Camargo Coronel et al., 2022) and another of rhabdomyolysis, (Cirillo et al.,
2022). Neither of these reports stated that the medical literature affirmed an association between
vaccination against SARS-CoV-2 and neither of these reports specified electrodiagnostic

findings unique to vaccination against SARS-CoV-2.

6. Transcranial Magnetic Stimulation (TMS)

Two studies reported on the use of TMS of the primary motor cortex (M1) in evaluating patients
with long COVID and fatigue and/or cognitive complaints (Versace et al., 2021a, Ortelli et al.,
2021). The first study included 12 patients who underwent neuropsychological evaluation and
TMS. In comparison to 10 healthy controls, “long-COVID” patients demonstrated disruptions of
both short and long interval intracortical inhibition (SICI and LICI), which reflect GABAergic
activity. There was also a slight reduction of short-latency afferent inhibition (SAI), which
reflects cholinergic activity. The findings were interpreted as suggestive of reduced intracortical
GABAergic activity and, to a lesser extent, cholinergic activity which may underlie post-COVID
cognitive deficits and fatigue (Versace et al., 2021a). Ortelli et al. evaluated 67 post-COVID
patients that were compared to 22 healthy controls. The authors interpreted their findings as
being consistent with reduced M1 cortical excitability in post-COVID patients, evidenced by
higher resting motor thresholds (RMTs), lower motor evoked potential (MEP) amplitudes and
longer cortical silent periods. This study also reported impairments of SICI, LICI, and SAI, thus
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lending further support to the notion of altered GABAergic and cholinergic neurotransmission
(Ortelli et al., 2021). In a related follow-up study, these authors opined that the impairment of
executive function and attention and changes in M1 neurophysiology indicated a dysfunction of

frontal lobe networks in long COVID (Ortelli et al., 2022).

7. Autonomic Function Tests

Some studies have evaluated long-COVID patients with peripheral sensory or autonomic
symptoms, which often overlap, and reported evidence of small-fiber neuropathy (SFN) and
dysautonomia. In a study by Abrams et al, skin biopsies were performed in 13 patients with new-
onset paresthesias (including 7 with autonomic symptoms) within 2 months of acute COVID-19
symptoms, that they designated as “mild” in all but one patient. Evidence of SFN was found in 6
patients, two of whom also manifested evidence autonomic dysfunction on autonomic function
testing (Abrams et al., 2022). Another study found a high prevalence of SFN and dysautonomia
(89% and 100% respectively) in a cohort of 9 long-COVID patients manifesting as fatigue,
“brain fog” and orthostatic intolerance (Novak et al., 2022).

Oaklander et al. reported on 17 patients with long COVID and neuropathic symptoms.
Evaluation included skin biopsies (16 patients), EMG/NCV (12) and autonomic function tests
(8). Findings confirming neuropathy on at least one test were found in 59%. Most patients were
diagnosed with small fiber neuropathy and one patient had a multifocal demyelinating

neuropathy, which developed 3 weeks after mild COVID (Oaklander et al., 2022).

One study focused on the findings of autonomic function tests in 27 patients with long COVID
and symptoms suggestive of dysautonomia (Shouman et al., 2021). The testing yielded abnormal
results in 63% of patients. These included abnormalities in the quantitative sudomotor axon
reflex (36%), cardiovagal testing (27%), and cardiovascular adrenergic function (7%). The
criteria for postural orthostatic tachycardia syndrome were met in 22%. Nonetheless, most
patients who reported subjective orthostatic hypotension manifested no evidence of postural

tachycardia or hypotension.
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8. Transcranial Doppler Ultrasound (TCD)

Several factors have been implicated in the causation of stroke in the context of COVID-19,
including vasculitis, hypercoagulable state, and cardiomyopathy. It has been demonstrated that
endothelialitis may be a direct result of viral involvement and/or the ensuing inflammatory
response. TCD is a noninvasive technique that allows for quick evaluation of the hemodynamic
status of cerebral circulation and the detection and monitoring of emboli. Therefore, TCD has
been used in the clinical evaluation of COVID-19 patients and offered insights into the

pathophysiology of neurological sequelae of this disease.

In a small series of 6 patients, TCD identified microemboli in 3 patients who experienced
neurological complications in the acute phase of COVID-19- two with ischemic stroke and one
with persistent encephalopathy (Batra et al., 2021). Another study of 26 critically ill patients with
confirmed or suspected COVID-19 could not confirm the presence of microembolic signals, but
noted the presence of relatively low cerebral blood flow velocities given low arterial oxygen
content and low hematocrit and absence of decreased cardiac output (Ziai et al., 2021).
Conversely, another study found higher basal blood flow velocity in patients with COVID-19
than healthy controls, along with a decrease in vasomotor reactivity (Sonkaya et al., 2021). The

clinical significance of these findings remains to be determined.

Abdo-Cuza et al used TCD to evaluate baseline and post-apnea cerebral hemodynamic patterns
in 25 patients who had recovered from COVID-19 as compared to 26 controls (Abdo-Cuza et al.,
2022). Baseline cerebral hemodynamics were similar but patients with previous COVID-19 had
lower hemodynamic reserve and breath-holding index-changes that could be attributable to
endothelial injury. Notably, these changes did not appear to be related to the severity of the

disease or the presence of neurological symptoms.

While larger studies are not yet available, these data suggest that TCD may be helpful in the
evaluation and follow-up of patients with COVID-19.

9. Conclusion:
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SARS-CoV-2 has the potential to induce a plethora of central and peripheral nervous system
diseases both acutely and chronically. Most of the literature attributes manifestations of COVID-
19 to a parainfectious response rather than a direct invasion of the nervous system. Vaccination
against SARS-CoV-2 has the potential to induce a parainfectious response although Li et al.
found no statistically significant association between vaccination against SARS-CoV-2 and
Bell’s palsy, encephalomyelitis, Guillain-Barré syndrome, and transverse myelitis whereas an
association with all of these except transverse myelitis was noted with a recent SARS-CoV-2
infection (Li et al., 2022). Nonetheless, there is no unique or pathognomonic
electrophysiological signature that distinguishes SARS-CoV-2 from other causes of nervous
system disorders. Thus, clinical neurophysiology should be used as an investigative tool to
determine which portions of the nervous system are affected by SARS-CoV-2 or its
parainfectious response. Disorders suspected to be associated with a recent vaccination against
SARS-CoV-2 should be investigated in a similar manner. Neurophysiologic modalities may also
have a role in the evaluation of “long COVID” as they may provide objective validation of the
patient’s reported symptoms. Overall, clinical neurophysiology studies are useful in assessing
symptomatology related to COVID-19 or vaccination against the SARS-CoV-2 virus but cannot
affirm a causative association. While further studies are warranted, there appears to be an
organic basis to the long COVID syndrome as assessed by clinical neurophysiology.
Notwithstanding, there is no specific electrodiagnostic signature that is pathognomonic for
SARS-CoV-2 infection, a vaccine associated response or one that affirms “long COVID.”
Therefore, clinical neurophysiology should not be used to affirm an association between
COVID-19 or a vaccine against SARS-CoV-2 with a specific clinical diagnosis. Moreover,
clinical neurophysiological abnormalities observed in “long COVID” are not invariably present

and do not necessarily imply causation.
Declaration of Competing Interest

The authors declare that they have no relevant competing financial interests or personal

relationships that could have appeared to influence the submitted manuscript.

18



References

Abdo-Cuza, A.A., Hall-Smith, C., Suarez-Lopez, J., Castellanos-Gutierrez, R., Blanco-Gonzalez,
M.A., Machado-Martinez, R., Pi-Avila, J., Gomez-Peire, F., Espinosa-Nodarse, N., Lopez-
Gonzalez, J.C., 2022. Cerebral Hemodynamic Reserve Abnormalities Detected Via Transcranial
Doppler Ultrasound in Recovered COVID-19 Patients. MEDICC Rev. 24, 28-31.
https://doi.org/10.37757/MR2022.V24.N1.3

Abdullahi, A., Candan, S.A., Abba, M.A., Bello, A .H., Alshehri, M.A., Afamefuna Victor, E.,
Umar, N.A., Kundakci, B., 2020. Neurological and Musculoskeletal Features of COVID-19: A
Systematic Review and Meta-Analysis. Front Neurol. 11, 687.
https://doi.org/10.3389/fneur.2020.00687

Abrams, R.M.C., Simpson, D.M., Navis, A., Jette, N., Zhou, L., Shin, S.C., 2022. Small fiber
neuropathy associated with SARS-CoV-2 infection. Muscle Nerve. 65, 440-443.
https://doi.org/10.1002/mus.27458

Adamczyk-Sowa, M., Mado, H., Kubicka-Baczyk, K., Jaroszewicz, J., Sobala-Szczygiel, B.,
Bartman, W., Sowa, P., 2021. SARS-CoV-2/COVID-19 in multiple sclerosis patients receiving
disease-modifying therapy. Clin Neurol Neurosurg. 201, 106451.
https://doi.org/10.1016/j.clineuro.2020.106451

Agergaard, J., Leth, S., Pedersen, T.H., Harbo, T., Blicher, J.U., Karlsson, P., Ostergaard, L.,
Andersen, H., Tankisi, H., 2021. Myopathic changes in patients with long-term fatigue after
COVID-19. Clin Neurophysiol. 132, 1974-1981. https://doi.org/10.1016/j.clinph.2021.04.009

Al-Mashdali, A.F., Ata, Y.M., Sadik, N., 2021. Post-COVID-19 vaccine acute hyperactive
encephalopathy with dramatic response to methylprednisolone: A case report. Ann Med Surg
(Lond). 69, 102803. https://doi.org/10.1016/j.amsu.2021.102803

Aladdin, Y., Shirah, B., 2021. New-onset refractory status epilepticus following the ChAdOx1
nCoV-19 vaccine. J Neuroimmunol. 357, 577629.
https://doi.org/10.1016/].jneuroim.2021.577629

Anand, P., Slama, M.C.C., Kaku, M., Ong, C., Cervantes-Arslanian, A.M., Zhou, L., David,
W.S., Guidon, A.C., 2020. COVID-19 in patients with myasthenia gravis. Muscle Nerve. 62,
254-258. https://doi.org/10.1002/mus.26918

Andalib, S., Biller, J., Di Napoli, M., Moghimi, N., McCullough, L.D., Rubinos, C.A., O'Hana
Nobleza, C., Azarpazhooh, M.R., Catanese, L., Elicer, 1., Jafari, M., Liberati, F., Camejo, C.,

Torbey, M., Divani, A.A., 2021. Peripheral Nervous System Manifestations Associated with
COVID-19. Curr Neurol Neurosci Rep. 21, 9. https://doi.org/10.1007/s11910-021-01102-5

Andrei Appelt, P., Taciana Sisconetto, A., Baldo Sucupira, K.S.M., Neto, E.M., Chagas, T.J.,
Bazan, R., Moura Cabral, A., Andrade, A.O., de Souza, L., Jose Luvizutto, G., 2022. Changes in
Electrical Brain Activity and Cognitive Functions Following Mild to Moderate COVID-19: A
one-Year Prospective Study After Acute Infection. Clin EEG Neurosci. 15500594221103834.
https://doi.org/10.1177/15500594221103834

Antony, A.R., Haneef, Z., 2020. Systematic review of EEG findings in 617 patients diagnosed
with COVID-19. Seizure. 83, 234-241. https://doi.org/10.1016/].seizure.2020.10.014

19


https://doi.org/10.37757/MR2022.V24.N1.3
https://doi.org/10.3389/fneur.2020.00687
https://doi.org/10.1002/mus.27458
https://doi.org/10.1016/j.clineuro.2020.106451
https://doi.org/10.1016/j.clinph.2021.04.009
https://doi.org/10.1016/j.amsu.2021.102803
https://doi.org/10.1016/j.jneuroim.2021.577629
https://doi.org/10.1002/mus.26918
https://doi.org/10.1007/s11910-021-01102-5
https://doi.org/10.1177/15500594221103834
https://doi.org/10.1016/j.seizure.2020.10.014

Balcom, E.F., Nath, A., Power, C., 2021. Acute and chronic neurological disorders in COVID-
19: potential mechanisms of disease. Brain. 144, 3576-3588.
https://doi.org/10.1093/brain/awab302

Baldelli, L., Amore, G., Montini, A., Panzera, 1., Rossi, S., Cortelli, P., Guarino, M., Rinaldi, R.,
D'Angelo, R., 2021. Hyperacute reversible encephalopathy related to cytokine storm following
COVID-19 vaccine. J Neuroimmunol. 358, 577661.
https://doi.org/10.1016/].jneuroim.2021.577661

Batra, A., Clark, J.R., LaHaye, K., Shlobin, N.A., Hoffman, S.C., Orban, Z.S., Colton, K.,
Dematte, J.E., Sorond, F.A., Koralnik, I.J., Liotta, E.M., 2021. Transcranial Doppler Ultrasound
Evidence of Active Cerebral Embolization in COVID-19. J Stroke Cerebrovasc Dis. 30, 105542.
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105542

Bensaidane, M.R., Picher-Martel, V., Emond, F., De Serres, G., Dupré, N., Beauchemin, P.,
2022. Case Report: Acute Necrotizing Encephalopathy Following COVID-19 Vaccine. Front
Neurol. 13. https://doi.org/10.3389/fneur.2022.872734

Camargo Coronel, A., Jiménez Balderas, F.J., Quifiones Moya, H., Hernandez Zavala, M.R.,
Mandinabeitia Rodriguez, P., Hernandez Véazquez, J.R., Zamora Zarco, S., Aguilar Castillo,
S.D.J., 2022. Dermatomyositis post vaccine against SARS-COV2. BMC Rheumatol. 6, 20.
https://doi.org/10.1186/s41927-022-00250-6

Canham, L.J.W., Staniaszek, L.E., Mortimer, A.M., Nouri, L.F., Kane, N.M., 2020.
Electroencephalographic (EEG) features of encephalopathy in the setting of Covid-19: A case
series. Clin Neurophysiol Pract. 5, 199-205. https://doi.org/10.1016/j.cnp.2020.06.001

Cao, L., Ren, L., 2021. Acute disseminated encephalomyelitis after severe acute respiratory
syndrome coronavirus 2 vaccination: a case report. Acta Neurol Belg.
https://doi.org/10.1007/s13760-021-01608-2

Caress, J.B., Castoro, R.J., Simmons, Z., Scelsa, S.N., Lewis, R.A., Ahlawat, A.,
Narayanaswami, P., 2020. COVID-19-associated Guillain-Barre syndrome: The early pandemic
experience. Muscle Nerve. 62, 485-491. https://doi.org/10.1002/mus.27024

Cecchetti, G., Agosta, F., Canu, E., Basaia, S., Barbieri, A., Cardamone, R., Bernasconi, M.P.,
Castelnovo, V., Cividini, C., Cursi, M., Vabanesi, M., Impellizzeri, M., Lazzarin, S.M., Fanelli,
G.F., Minicucci, F., Giacalone, G., Falini, A., Falautano, M., Rovere-Querini, P., Roveri, L.,
Filippi, M., 2022. Cognitive, EEG, and MRI features of COVID-19 survivors: a 10-month study.
J Neurol. https://doi.org/10.1007/s00415-022-11047-5

Chatrian, G.E., White, L.E., Jr., Shaw, C.M., 1964. Eeg Pattern Resembling Wakefulness in
Unresponsive Decerebrate State Following Traumatic Brain-Stem Infarct. Electroencephalogr
Clin Neurophysiol. 16, 285-289. https://doi.org/10.1016/0013-4694(64)90111-7

Cirillo, E., Esposito, C., Giardino, G., Azan, G., Fecarotta, S., Pittaluga, S., Ruggiero, L.,
Barretta, F., Frisso, G., Notarangelo, L.D., Pignata, C., 2022. Case Report: Severe
Rhabdomyolysis and Multiorgan Failure After ChAdOx1 nCoV-19 Vaccination. Front Immunol.
13, 845496. https://doi.org/10.3389/fimmu.2022.845496

Costello, F., Dalakas, M.C., 2020. Cranial neuropathies and COVID-19: Neurotropism and
autoimmunity. Neurology. 95, 195-196. https://doi.org/10.1212/WNL.0000000000009921

20


https://doi.org/10.1093/brain/awab302
https://doi.org/10.1016/j.jneuroim.2021.577661
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105542
https://doi.org/10.3389/fneur.2022.872734
https://doi.org/10.1186/s41927-022-00250-6
https://doi.org/10.1016/j.cnp.2020.06.001
https://doi.org/10.1007/s13760-021-01608-2
https://doi.org/10.1002/mus.27024
https://doi.org/10.1007/s00415-022-11047-5
https://doi.org/10.1016/0013-4694(64)90111-7
https://doi.org/10.3389/fimmu.2022.845496
https://doi.org/10.1212/WNL.0000000000009921

Danoun, O.A., Zillgitt, A., Hill, C., Zutshi, D., Harris, D., Osman, G., Marawar, R., Rath, S.,
Syed, M.J., Affan, M., Schultz, L., Wasade, V.S., 2021. Outcomes of seizures, status epilepticus,
and EEG findings in critically ill patient with COVID-19. Epilepsy Behav. 118, 107923.
https://doi.org/10.1016/j.yebeh.2021.107923

Dror, A.A., Kassis-Karayanni, N., Oved, A., Daoud, A., Eisenbach, N., Mizrachi, M., Rayan, D.,
Francis, S., Layous, E., Gutkovich, Y.E., Taiber, S., Srouji, S., Chordekar, S., Goldenstein, S.,
Ziv, Y., Ronen, O., Gruber, M., Avraham, K.B., Sela, E., 2021. Auditory Performance in
Recovered SARS-COV-2 Patients. Otol Neurotol. 42, 666-670.
https://doi.org/10.1097/MAO.0000000000003037

Fan, H.T., Lin, Y.Y., Chiang, W.F., Lin, C.Y., Chen, M.H., Wu, K.A., Chan, J.S., Kao, Y.H.,
Shyu, H.Y., Hsiao, P.J., 2022. COVID-19 vaccine-induced encephalitis and status epilepticus.
QJM. 115, 91-93. https://doi.org/10.1093/gjmed/hcab335

Favas, T.T., Dev, P., Chaurasia, R.N., Chakravarty, K., Mishra, R., Joshi, D., Mishra, V.N.,
Kumar, A., Singh, V.K., Pandey, M., Pathak, A., 2020. Neurological manifestations of COVID-
19: a systematic review and meta-analysis of proportions. Neurol Sci. 41, 3437-3470.
https://doi.org/10.1007/s10072-020-04801-y

Frithiof, R., Rostami, E., Kumlien, E., Virhammar, J., Fallmar, D., Hultstrom, M., Lipcsey, M.,
Ashton, N., Blennow, K., Zetterberg, H., Punga, A.R., 2021. Critical illness polyneuropathy,
myopathy and neuronal biomarkers in COVID-19 patients: A prospective study. Clin
Neurophysiol. 132, 1733-1740. https://doi.org/10.1016/j.clinph.2021.03.016

Galanopoulou, A.S., Ferastraoaru, V., Correa, D.J., Cherian, K., Duberstein, S., Gursky, J.,
Hanumanthu, R., Hung, C., Molinero, I., Khodakivska, O., Legatt, A.D., Patel, P., Rosengard, J.,
Rubens, E., Sugrue, W., Yozawitz, E., Mehler, M.F., Ballaban-Gil, K., Haut, S.R., Moshe, S.L.,
Boro, A., 2020. EEG findings in acutely ill patients investigated for SARS-CoV-2/COVID-19: A
small case series preliminary report. Epilepsia Open. 5, 314-324.
https://doi.org/10.1002/epi4.12399

Gilmore, E.J., Gaspard, N., Choi, H.A., Cohen, E., Burkart, K.M., Chong, D.H., Claassen, J.,
Hirsch, L.J., 2015. Acute brain failure in severe sepsis: a prospective study in the medical
intensive care unit utilizing continuous EEG monitoring. Intensive Care Med. 41, 686-694.
https://doi.org/10.1007/s00134-015-3709-1

Grisanti, S.G., Garbarino, S., Barisione, E., Aloe, T., Grosso, M., Schenone, C., Pardini, M.,
Biassoni, E., Zaottini, F., Picasso, R., Morbelli, S., Campi, C., Pesce, G., Massa, F., Girtler, N.,
Battaglini, D., Cabona, C., Bassetti, M., Uccelli, A., Schenone, A., Piana, M., Benedetti, L.,
2022. Neurological long-COVID in the outpatient clinic: Two subtypes, two courses. J Neurol
Sci. 439, 120315. https://doi.org/10.1016/].jns.2022.120315

Grosheva, M., Wittekindt, C., Guntinas-Lichius, O., 2008. Prognostic value of
electroneurography and electromyography in facial palsy. Laryngoscope. 118, 394-397.
https://doi.org/10.1097/MLG.0b013e31815d8e68

Grover, S., Rani, S., Kohat, K., Kathiravan, S., Patel, G., Sahoo, S., Mehra, A., Singh, S.,
Bhadada, S., 2022. First episode psychosis following receipt of first dose of COVID-19 vaccine:
A case report. Schizophr Res. 241, 70-71. https://doi.org/10.1016/j.schres.2022.01.025

21


https://doi.org/10.1016/j.yebeh.2021.107923
https://doi.org/10.1097/MAO.0000000000003037
https://doi.org/10.1093/qjmed/hcab335
https://doi.org/10.1007/s10072-020-04801-y
https://doi.org/10.1016/j.clinph.2021.03.016
https://doi.org/10.1002/epi4.12399
https://doi.org/10.1007/s00134-015-3709-1
https://doi.org/10.1016/j.jns.2022.120315
https://doi.org/10.1097/MLG.0b013e31815d8e68
https://doi.org/10.1016/j.schres.2022.01.025

Guidon, A.C., Amato, A.A., 2020. COVID-19 and neuromuscular disorders. Neurology. 94, 959-
969. https://doi.org/10.1212/WNL.0000000000009566

Gupta, S., Jawanda, M.K., Taneja, N., Taneja, T., 2021. A systematic review of Bell's Palsy as
the only major neurological manifestation in COVID-19 patients. J Clin Neurosci. 90, 284-292.
https://doi.org/10.1016/j.jocn.2021.06.016

Hameed, S., Khan, A.F., Khan, S., 2021. Electrodiagnostic findings in COVID-19 patients: A
single center experience. Clin Neurophysiol. 132, 3019-3024.
https://doi.org/10.1016/j.clinph.2021.10.001

Hartshorn, J.A., Foreman, B., 2019. Generalized periodic discharges with triphasic morphology.
J Neurocrit Care. 12, 1-8. https://doi.org/10.18700/jnc.190079

Hauge, T., Loken, A.C., Lundervold, A., 1956. Unusual EEG in unconscious patient with brain
stem atrophy. Electroencephalogr Clin Neurophysiol. 8, 665-670. https://doi.org/10.1016/0013-
4694(56)90095-5

Hejbol, E.K., Harbo, T., Agergaard, J., Madsen, L.B., Pedersen, T.H., Ostergaard, L.J.,
Andersen, H., Schroder, H.D., Tankisi, H., 2022. Myopathy as a cause of fatigue in long-term
post-COVID-19 symptoms: Evidence of skeletal muscle histopathology. Eur J Neurol. 29, 2832-
2841. https://doi.org/10.1111/ene.15435

Huber, M., Rogozinski, S., Puppe, W., Framme, C., Hoglinger, G., Hufendiek, K., Wegner, F.,
2020. Postinfectious Onset of Myasthenia Gravis in a COVID-19 Patient. Front Neurol. 11,
576153. https://doi.org/10.3389/fneur.2020.576153

Hwang, S.T., Ballout, A.A., Sonti, A.N., Kapyur, A., Kirsch, C., Singh, N., Markowitz, N.,
Leung, T.M., Chong, D.J., Temes, R., Pacia, S.V., Kuzniecky, R.I., Najjar, S., 2022. EEG
Abnormalities and Their Radiographic Correlates in a COVID-19 Inpatient Cohort. Neurol Clin
Pract. 12, 52-59. https://doi.org/10.1212/cpj.0000000000001136

Kania, K., Ambrosius, W., Tokarz Kupczyk, E., Kozubski, W., 2021. Acute disseminated
encephalomyelitis in a patient vaccinated against SARS-CoV-2. Ann Clin Transl Neurol. 8,
2000-2003. https://doi.org/10.1002/acn3.51447

Kaplan, P.W., Genoud, D., Ho, T.W., Jallon, P., 1999. Etiology, neurologic correlations, and
prognosis in alpha coma. Clin Neurophysiol. 110, 205-213. https://doi.org/10.1016/s1388-
2457(98)00046-7

Kobayashi, Y., Karasawa, S., Ohashi, N., Yamamoto, K., 2022. A case of encephalitis following
COVID-19 vaccine. J Infect Chemother. https://doi.org/10.1016/j.jiac.2022.02.009

Koskderelioglu, A., Eskut, N., Ortan, P., Ozdemir, H.O., Tosun, S., 2022. Visual evoked
potential and nerve conduction study findings in patients recovered from COVID-19. Neurol Sci.
43, 2285-2293. https://doi.org/10.1007/s10072-021-05816-9

Koutroumanidis, M., Gratwicke, J., Sharma, S., Whelan, A., Tan, S.V., Glover, G., 2021. Alpha
coma EEG pattern in patients with severe COVID-19 related encephalopathy. Clin
Neurophysiol. 132, 218-225. https://doi.org/10.1016/j.clinph.2020.09.008

Kubota, T., Gajera, P.K., Kuroda, N., 2021. Meta-analysis of EEG findings in patients with
COVID-19. Epilepsy Behav. 115, 107682. https://doi.org/10.1016/j.yebeh.2020.107682

22


https://doi.org/10.1212/WNL.0000000000009566
https://doi.org/10.1016/j.jocn.2021.06.016
https://doi.org/10.1016/j.clinph.2021.10.001
https://doi.org/10.18700/jnc.190079
https://doi.org/10.1016/0013-4694(56)90095-5
https://doi.org/10.1016/0013-4694(56)90095-5
https://doi.org/10.1111/ene.15435
https://doi.org/10.3389/fneur.2020.576153
https://doi.org/10.1212/cpj.0000000000001136
https://doi.org/10.1002/acn3.51447
https://doi.org/10.1016/s1388-2457(98)00046-7
https://doi.org/10.1016/s1388-2457(98)00046-7
https://doi.org/10.1016/j.jiac.2022.02.009
https://doi.org/10.1007/s10072-021-05816-9
https://doi.org/10.1016/j.clinph.2020.09.008
https://doi.org/10.1016/j.yebeh.2020.107682

Lambrecq, V., Hanin, A., Munoz-Musat, E., Chougar, L., Gassama, S., Delorme, C., Cousyn, L.,
Borden, A., Damiano, M., Frazzini, V., Huberfeld, G., Landgraf, F., Nguyen-Michel, V.H.,
Pichit, P., Sangare, A., Chavez, M., Morelot-Panzini, C., Morawiec, E., Raux, M., Luyt, C.E.,
Rufat, P., Galanaud, D., Corvol, J.C., Lubetzki, C., Rohaut, B., Demeret, S., Pyatigorskaya, N.,
Naccache, L., Navarro, V., Cohort, C.-N.S.G., 2021. Association of Clinical, Biological, and
Brain Magnetic Resonance Imaging Findings With Electroencephalographic Findings for
Patients With COVID-19. JAMA Netw Open. 4, e211489.
https://doi.org/10.1001/jamanetworkopen.2021.1489

Lee, M.A., Lee, C., Park, J.H., Lee, J.H., 2022. Early-Onset Myasthenia Gravis Following
COVID-19 Vaccination. J Korean Med Sci. 37, €50. https://doi.org/10.3346/jkms.2022.37.e50

Li, X., Raventos, B., Roel, E., Pistillo, A., Martinez-Hernandez, E., Delmestri, A., Reyes, C.,
Strauss, V., Prieto-Alhambra, D., Burn, E., Duarte-Salles, T., 2022. Association between covid-
19 vaccination, SARS-CoV-2 infection, and risk of immune mediated neurological events:
population based cohort and self-controlled case series analysis. BMJ. 376, e068373.
https://doi.org/10.1136/bmj-2021-068373

Lin, L., Al-Faraj, A., Ayub, N., Bravo, P., Das, S., Ferlini, L., Karakis, 1., Lee, J.W., Mukerji,
S.S., Newey, C.R., Pathmanathan, J., Abdennadher, M., Casassa, C., Gaspard, N., Goldenholz,
D.M., Gilmore, E.J., Jing, J., Kim, J.A., Kimchi, E.Y., Ladha, H.S., Tobochnik, S., Zafar, S.,
Hirsch, L.J., Westover, M.B., Shafi, M.M., 2021. Electroencephalographic Abnormalities are
Common in COVID-19 and are Associated with Outcomes. Ann Neurol. 89, 872-883.
https://doi.org/10.1002/ana.26060

Loeb, C., Poggio, G., 1953. Electroencephalograms in a case with ponto-mesencephalic
haemorrhage. Electroencephalogr Clin Neurophysiol. 5, 295-296. https://doi.org/10.1016/0013-
4694(53)90017-0

Luca, A., Squillaci, R., Terravecchia, C., Contrafatto, F., Reggio, E., Nicoletti, A., Zappia, M.,
2022. Pure sensitive chronic inflammatory axonal polyneuropathy following Pfizer COVID-19
vaccine. Neurol Sci. 43, 1431-1433. https://doi.org/10.1007/s10072-021-05696-z

Metya, S., Shaw, S., Mondal, S., Chakraborty, B., Das, S., Roy, S., Das, M.K., Kanjilal, S., Ray,
B.K., Dubey, S., 2021. MRI-negative myeloradiculoneuropathy following Covid-19 infection:
An index case. Diabetes Metab Syndr. 15, 102305. https://doi.org/10.1016/].dsx.2021.102305

Misra, S., Kolappa, K., Prasad, M., Radhakrishnan, D., Thakur, K.T., Solomon, T., Michael,
B.D., Winkler, A.S., Beghi, E., Guekht, A., Pardo, C.A., Wood, G.K., Hsiang-Yi Chou, S., Fink,
E.L., Schmutzhard, E., Kheradmand, A., Hoo, F.K., Kumar, A., Das, A., Srivastava, A.K.,
Agarwal, A., Dua, T., Prasad, K., 2021. Frequency of Neurologic Manifestations in COVID-19:
A Systematic Review and Meta-analysis. Neurology. 97, €2269-¢2281.
https://doi.org/10.1212/WNL.0000000000012930

Nagaratnam, S.A., Ferdi, A.C., Leaney, J., Lee, R.L.K., Hwang, Y.T., Heard, R., 2022. Acute
disseminated encephalomyelitis with bilateral optic neuritis following ChAdOx1 COVID-19
vaccination. BMC Neurol. 22, 54. https://doi.org/10.1186/s12883-022-02575-8

Netravathi, M., Dhamija, K., Gupta, M., Tamborska, A., Nalini, A., Holla, V.V., Nitish, L.K.,
Menon, D., Pal, P.K., Seena, V., Yadav, R., Ravindranadh, M., Faheem, A., Saini, J.,
Mahadevan, A., Solomon, T., Singh, B., 2022. COVID-19 vaccine associated demyelination &

23


https://doi.org/10.1001/jamanetworkopen.2021.1489
https://doi.org/10.3346/jkms.2022.37.e50
https://doi.org/10.1136/bmj-2021-068373
https://doi.org/10.1002/ana.26060
https://doi.org/10.1016/0013-4694(53)90017-0
https://doi.org/10.1016/0013-4694(53)90017-0
https://doi.org/10.1007/s10072-021-05696-z
https://doi.org/10.1016/j.dsx.2021.102305
https://doi.org/10.1212/WNL.0000000000012930
https://doi.org/10.1186/s12883-022-02575-8

its association with MOG antibody. Mult Scler Relat Disord. 60, 103739.
https://doi.org/10.1016/j.msard.2022.103739

Niguet, J.P., Tortuyaux, R., Garcia, B., Jourdain, M., Chaton, L., Preau, S., Poissy, J., Favory, R.,
Nseir, S., Mathieu, D., Kazali Alidjinou, E., Delval, A., Derambure, P.; Lille Intensive Care and
Neurophysiology COVID-19 study group, 2021. Neurophysiological findings and their
prognostic value in critical COVID-19 patients: An observational study. Clin Neurophysiol. 132,
1009-1017. https://doi.org/10.1016/.clinph.2021.02.007

Novak, P., Mukerji, S.S., Alabsi, H.S., Systrom, D., Marciano, S.P., Felsenstein, D., Mullally,
W.J., Pilgrim, D.M., 2022. Multisystem Involvement in Post-Acute Sequelae of Coronavirus
Disease 19. Ann Neurol. 91, 367-379. https://doi.org/10.1002/ana.26286

Nuwer, M.R., 2021. Alpha coma in COVID encephalopathy. Clin Neurophysiol. 132, 202-203.
https://doi.org/10.1016/].clinph.2020.10.005

Oaklander, A.L., Mills, A.J., Kelley, M., Toran, L.S., Smith, B., Dalakas, M.C., Nath, A., 2022.
Peripheral Neuropathy Evaluations of Patients With Prolonged Long COVID. Neurol
Neuroimmunol Neuroinflamm. 9. https://doi.org/10.1212/NXI1.0000000000001146

Obeso, J.A., Iragui, M.1., Marti-Masso, J.F., Maravi, E., Teijeira, J.M., Carrera, N., Teijeria, J.,
1980. Neurophysiological assessment of alpha pattern coma. J Neurol Neurosurg Psychiatry. 43,
63-67. https://doi.org/10.1136/jnnp.43.1.63

Oddo, M., Carrera, E., Claassen, J., Mayer, S.A., Hirsch, L.J., 2009. Continuous
electroencephalography in the medical intensive care unit. Crit Care Med. 37, 2051-2056.
https://doi.org/10.1097/CCM.0b013e¢3181a00604

Orsucci, D., Ienco, E.C., Nocita, G., Napolitano, A., Vista, M., 2020. Neurological features of
COVID-19 and their treatment: a review. Drugs Context. 9. https://doi.org/10.7573/dic.2020-5-1

Ortelli, P., Ferrazzoli, D., Sebastianelli, L., Engl, M., Romanello, R., Nardone, R., Bonini, L.,
Koch, G., Saltuari, L., Quartarone, A., Oliviero, A., Kofler, M., Versace, V., 2021.
Neuropsychological and neurophysiological correlates of fatigue in post-acute patients with

neurological manifestations of COVID-19: Insights into a challenging symptom. J Neurol Sci.
420, 117271. https://doi.org/10.1016/1.jns.2020.117271

Ortelli, P., Ferrazzoli, D., Sebastianelli, L., Maestri, R., Dezi, S., Spampinato, D., Saltuari, L.,
Alibardi, A., Engl, M., Kofler, M., Quartarone, A., Koch, G., Oliviero, A., Versace, V., 2022.
Altered motor cortex physiology and dysexecutive syndrome in patients with fatigue and
cognitive difficulties after mild COVID-19. Eur J Neurol. 29, 1652-1662.
https://doi.org/10.1111/ene.15278

Ozgen Kenangil, G., Ari, B.C., Guler, C., Demir, M.K., 2021. Acute disseminated
encephalomyelitis-like presentation after an inactivated coronavirus vaccine. Acta Neurol Belg.
121, 1089-1091. https://doi.org/10.1007/s13760-021-01699-x

Pellinen, J., Carroll, E., Friedman, D., Boffa, M., Dugan, P., Friedman, D.E., Gazzola, D.,
Jongeling, A., Rodriguez, A.J., Holmes, M., 2020. Continuous EEG findings in patients with
COVID-19 infection admitted to a New Y ork academic hospital system. Epilepsia. 61, 2097-
2105. https://doi.org/10.1111/epi.16667

24


https://doi.org/10.1016/j.msard.2022.103739
https://doi.org/10.1016/j.clinph.2021.02.007
https://doi.org/10.1002/ana.26286
https://doi.org/10.1016/j.clinph.2020.10.005
https://doi.org/10.1212/NXI.0000000000001146
https://doi.org/10.1136/jnnp.43.1.63
https://doi.org/10.1097/CCM.0b013e3181a00604
https://doi.org/10.7573/dic.2020-5-1
https://doi.org/10.1016/j.jns.2020.117271
https://doi.org/10.1111/ene.15278
https://doi.org/10.1007/s13760-021-01699-x
https://doi.org/10.1111/epi.16667

Petrescu, A.M., Taussig, D., Bouilleret, V., 2020. Electroencephalogram (EEG) in COVID-19: A
systematic retrospective study. Neurophysiol Clin. 50, 155-165.
https://doi.org/10.1016/j.neucli.2020.06.001

Rinaldi, V., Bellucci, G., Romano, A., Bozzao, A., Salvetti, M., 2021. ADEM after ChAdOx1
nCoV-19 vaccine: A case report. Mult Scler. 13524585211040222.
https://doi.org/10.1177/13524585211040222

Roberto, K.T., Espiritu, A.I., Fernandez, M.L.L., Gutierrez, J.C., 2020. Electroencephalographic
findings in COVID-19 patients: A systematic review. Seizure. 82, 17-22.
https://doi.org/10.1016/].seizure.2020.09.007

Roberts, K., Sidhu, N., Russel, M., Abbas, M.J., 2021. Psychiatric pathology potentially induced
by COVID-19 vaccine. Progr Neurol Psychiatry. 25, 8-10. https://doi.org/10.1002/pnp.723

Rodrigo-Armenteros, P., Uterga-Valiente, J.M., Zabala-Del-Arco, J., Taramundi-Argueso, S.,
Anton-Mendez, L., Gomez-Muga, J.J., Garcia-Monco, J.C., 2021. Optic neuropathy in a patient
with COVID-19 infection. Acta Neurol Belg. https://doi.org/10.1007/s13760-021-01600-w

Rodriguez, B., Branca, M., Gutt-Will, M., Roth, M., Soll, N., Nansoz, S., Cameron, D.R.,
Tankisi, H., Tan, S.V., Bostock, H., Raabe, A., Schefold, J.C., Jakob, S.M., Z'Graggen, W.J.,
2022. Development and early diagnosis of critical illness myopathy in COVID-19 associated
acute respiratory distress syndrome. J Cachexia Sarcopenia Muscle. 13, 1883-1895.
https://doi.org/10.1002/jcsm.12989

Saied, Z., Rachdi, A., Thamlaoui, S., Nabli, F., Jeridi, C., Baffoun, N., Kaddour, C., Belal, S.,
Ben Sassi, S., 2021. Myasthenia gravis and COVID-19: A case series and comparison with
literature. Acta Neurol Scand. 144, 334-340. https://doi.org/10.1111/ane.13440

Scullen, T., Keen, J., Mathkour, M., Dumont, A.S., Kahn, L., 2020. Coronavirus 2019 (COVID-
19)-Associated Encephalopathies and Cerebrovascular Disease: The New Orleans Experience.
World Neurosurg. 141, e437-e446. https://doi.org/10.1016/j.wneu.2020.05.192

Shemer, A., Pras, E., Einan-Lifshitz, A., Dubinsky-Pertzov, B., Hecht, 1., 2021. Association of
COVID-19 Vaccination and Facial Nerve Palsy: A Case-Control Study. JAMA Otolaryngol
Head Neck Surg. 147, 739-743. https://doi.org/10.1001/jamaoto.2021.1259

Shouman, K., Vanichkachorn, G., Cheshire, W.P., Suarez, M.D., Shelly, S., Lamotte, G.J.,
Sandroni, P., Benarroch, E.E., Berini, S.E., Cutsforth-Gregory, J.K., Coon, E.A., Mauermann,
M.L., Low, P.A., Singer, W., 2021. Autonomic dysfunction following COVID-19 infection: an
early experience. Clin Auton Res. 31, 385-394. https://doi.org/10.1007/s10286-021-00803-8

Siriratnam, P., Buzzard, K., Yip, G., 2022. Acute haemorrhagic necrotizing encephalopathy in
the setting of SARS-CoV-2 vaccination: a case report and literature review. Acta Neurol Belg.
https://doi.org/10.1007/s13760-021-01862-4

Sluyts, Y., Arnst, Y., Vanhemelryck, T., De Cauwer, H., 2022. COVID-19-booster vaccine-
induced encephalitis. Acta Neurol Belg. 122, 579-581. https://doi.org/10.1007/s13760-022-
01898-0

Sonkaya, A.R., Oztrk, B., Karadas, O., 2021. Cerebral hemodynamic alterations in patients with
Covid-19. Turk J Med Sci. 51, 435-439. https://doi.org/10.3906/sag-2006-203

25


https://doi.org/10.1016/j.neucli.2020.06.001
https://doi.org/10.1177/13524585211040222
https://doi.org/10.1016/j.seizure.2020.09.007
https://doi.org/10.1002/pnp.723
https://doi.org/10.1007/s13760-021-01600-w
https://doi.org/10.1002/jcsm.12989
https://doi.org/10.1111/ane.13440
https://doi.org/10.1016/j.wneu.2020.05.192
https://doi.org/10.1001/jamaoto.2021.1259
https://doi.org/10.1007/s10286-021-00803-8
https://doi.org/10.1007/s13760-021-01862-4
https://doi.org/10.1007/s13760-022-01898-0
https://doi.org/10.1007/s13760-022-01898-0
https://doi.org/10.3906/sag-2006-203

Stefanou, M.1., Palaiodimou, L., Bakola, E., Smyrnis, N., Papadopoulou, M., Paraskevas, G.P.,
Rizos, E., Boutati, E., Grigoriadis, N., Krogias, C., Giannopoulos, S., Tsiodras, S., Gaga, M.,
Tsivgoulis, G., 2022. Neurological manifestations of long-COVID syndrome: a narrative review.
Ther Adv Chronic Dis. 13, 20406223221076890. https://doi.org/10.1177/20406223221076890

Takata, J., Durkin, S.M., Wong, S., Zandi, M.S., Swanton, J.K., Corrah, T.W., 2021. A case
report of ChAdOx1 nCoV-19 vaccine-associated encephalitis. BMC Neurol. 21, 485.
https://doi.org/10.1186/s12883-021-02517-w

Tamaki, A., Cabrera, C.I., Li, S., Rabbani, C., Thuener, J.E., Rezaee, R.P., Fowler, N., 2021.
Incidence of Bell Palsy in Patients With COVID-19. JAMA Otolaryngol Head Neck Surg. 147,
767-768. https://doi.org/10.1001/jamaoto0.2021.1266

Tankisi, H., Tankisi, A., Harbo, T., Markvardsen, L.K., Andersen, H., Pedersen, T.H., 2020.
Critical illness myopathy as a consequence of Covid-19 infection. Clin Neurophysiol. 131, 1931-
1932. https://doi.org/10.1016/j.clinph.2020.06.003

Torrealba-Acosta, G., Martin, J.C., Huttenbach, Y., Garcia, C.R., Sohail, M.R., Agarwal, S.K.,
Wasko, C., Bershad, E.M., Hirzallah, M.1., 2021. Acute encephalitis, myoclonus and Sweet
syndrome after mRNA-1273 vaccine. BMJ Case Rep. 14. https://doi.org/10.1136/bcr-2021-
243173

Uncini, A., Foresti, C., Frigeni, B., Storti, B., Servalli, M.C., Gazzina, S., Cosentino, G., Bianchi,
F., Del Carro, U., Alfonsi, E., Piccinelli, S.C., De Maria, G., Padovani, A., Filosto, M., Ippoliti,
L., 2021. Electrophysiological features of acute inflammatory demyelinating polyneuropathy
associated with SARS-CoV-2 infection. Neurophysiol Clin. 51, 183-191.
https://doi.org/10.1016/j.neucli.2021.02.001

Uncini, A., Vallat, J.M., Jacobs, B.C., 2020. Guillain-Barre syndrome in SARS-CoV-2 infection:
an instant systematic review of the first six months of pandemic. J Neurol Neurosurg Psychiatry.
91, 1105-1110. https://doi.org/10.1136/jnnp-2020-324491

Vecchio, E., Gallicchio, L., Caporusso, N., Recchia, V., Didonna, L., Pezzuto, G., Pisani, L.,
Petruzzellis, A., Delmonte, V., Tamma, F., 2022. Neurophysiological Aspects in SARS-CoV-2-
Induced Acute Respiratory Distress Syndrome. Front Neurol. 13, 868538.
https://doi.org/10.3389/fneur.2022.868538

Vellieux, G., Rouvel-Tallec, A., Jaquet, P., Grinea, A., Sonneville, R., d'Ortho, M.P., 2020a.
COVID-19 associated encephalopathy: Is there a specific EEG pattern? Clin Neurophysiol. 131,
1928-1930. https://doi.org/10.1016/j.clinph.2020.06.005

Vellieux, G., Sonneville, R., Vledouts, S., Jaquet, P., Rouvel-Tallec, A., d'Ortho, M.P., 2020b.
COVID-19-Associated Neurological Manifestations: An Emerging Electroencephalographic
Literature. Front Physiol. 11, 622466. https://doi.org/10.3389/fphys.2020.622466

Versace, V., Sebastianelli, L., Ferrazzoli, D., Romanello, R., Ortelli, P., Saltuari, L., D'Acunto,
A., Porrazzini, F., Ajello, V., Oliviero, A., Kofler, M., Koch, G., 2021a. Intracortical GABAergic
dysfunction in patients with fatigue and dysexecutive syndrome after COVID-19. Clin
Neurophysiol. 132, 1138-1143. https://doi.org/10.1016/j.clinph.2021.03.001

Versace, V., Sebastianelli, L., Ferrazzoli, D., Saltuari, L., Kofler, M., Loscher, W., Uncini, A.,
2021b. Case Report: Myopathy in Critically 11l COVID-19 Patients: A Consequence of
Hyperinflammation? Front Neurol. 12, 625144. https://doi.org/10.3389/fneur.2021.625144

26


https://doi.org/10.1177/20406223221076890
https://doi.org/10.1186/s12883-021-02517-w
https://doi.org/10.1001/jamaoto.2021.1266
https://doi.org/10.1016/j.clinph.2020.06.003
https://doi.org/10.1136/bcr-2021-243173
https://doi.org/10.1136/bcr-2021-243173
https://doi.org/10.1016/j.neucli.2021.02.001
https://doi.org/10.1136/jnnp-2020-324491
https://doi.org/10.3389/fneur.2022.868538
https://doi.org/10.1016/j.clinph.2020.06.005
https://doi.org/10.3389/fphys.2020.622466
https://doi.org/10.1016/j.clinph.2021.03.001
https://doi.org/10.3389/fneur.2021.625144

Vespignani, H., Colas, D., Lavin, B.S., Soufflet, C., Maillard, L., Pourcher, V., Paccoud, O.,
Medjebar, S., Frouin, P.Y., 2020. Report on Electroencephalographic Findings in Critically Il
Patients with COVID-19. Ann Neurol. 88, 626-630. https://doi.org/10.1002/ana.25814

Villa, D., Ardolino, G., Borellini, L., Cogiamanian, F., Vergari, M., Savojardo, V., Peyvandi, F.,
Barbieri, S., 2021. Subclinical myopathic changes in COVID-19. Neurol Sci. 42, 3973-3979.
https://doi.org/10.1007/s10072-021-05469-8

Vogrig, A., Janes, F., Gigli, G.L., Curcio, F., Negro, I.D., D'Agostini, S., Fabris, M., Valente,
M., 2021. Acute disseminated encephalomyelitis after SARS-CoV-2 vaccination. Clin Neurol
Neurosurg. 208, 106839. https://doi.org/10.1016/j.clineuro.2021.106839

Wang, L., Shen, Y., Li, M., Chuang, H., Ye, Y., Zhao, H., Wang, H., 2020. Clinical
manifestations and evidence of neurological involvement in 2019 novel coronavirus SARS-CoV-
2: a systematic review and meta-analysis. J Neurol. 267, 2777-2789.
https://doi.org/10.1007/s00415-020-09974-2

Wilkus, R.J., Harvey, F., Ojemann, L.M., Lettich, E., 1971. Electroencephalogram and sensory
evoked potentials. Findings in an unresponsive patient with pontine infarct. Arch Neurol. 24,
538-544. https://doi.org/10.1001/archneur.1971.00480360072009

Ziai, W.C., Cho, S.M., Johansen, M.C., Ergin, B., Bahouth, M.N., 2021. Transcranial Doppler in
Acute COVID-19 Infection: Unexpected Associations. Stroke. 52, 2422-2426.
https://doi.org/10.1161/STROKEAHA.120.032150

Zlotnik, Y., Gadoth, A., Abu-Salameh, 1., Horev, A., Novoa, R., Ifergane, G., 2021. Case Report:
Anti-LGI1 Encephalitis Following COVID-19 Vaccination. Front Immunol. 12, 813487.
https://doi.org/10.3389/fimmu.2021.813487

Zuhorn, F., Graf, T., Klingebiel, R., Schabitz, W.R., Rogalewski, A., 2021. Postvaccinal
Encephalitis after ChAdOx1 nCov-19. Ann Neurol. 90, 506-511.
https://doi.org/10.1002/ana.26182

Highlights

1. Several neurophysiological techniques are useful in evaluating neurological symptoms related
to SARS-CoV-2 infection but cannot affirm a causative association.

2. There is no specific electrodiagnostic signature that is pathognomonic for SARS-CoV-2
infection, possible vaccination side effects against SARS-CoV-2 or "long COVID".

3. However, clinical neurophysiology modalities have a role in the evaluation of "long COVID"
as they may provide objective validation of the patient's reported symptoms.

27


https://doi.org/10.1002/ana.25814
https://doi.org/10.1007/s10072-021-05469-8
https://doi.org/10.1016/j.clineuro.2021.106839
https://doi.org/10.1007/s00415-020-09974-2
https://doi.org/10.1001/archneur.1971.00480360072009
https://doi.org/10.1161/STROKEAHA.120.032150
https://doi.org/10.3389/fimmu.2021.813487
https://doi.org/10.1002/ana.26182

