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Abstract

As of May 2022, there have been more than 527 million infections with severe acute respiratory disease coronavirus type
2 (SARS-CoV-2) and over 6.2 million deaths from Coronavirus Disease 2019 (COVID-19) worldwide. COVID-19 is a
multisystem illness with important neurologic consequences that impact long-term morbidity and mortality. In the acutely
ill, the neurologic manifestations of COVID-19 can include distressing but relatively benign symptoms such as headache,
myalgias, and anosmia; however, entities such as encephalopathy, stroke, seizures, encephalitis, and Guillain—-Barre Syn-
drome can cause neurologic injury and resulting disability that persists long after the acute pulmonary illness. Furthermore,
as many as one-third of patients may experience persistent neurologic symptoms as part of a Post-Acute Sequelae of SARS-
CoV-2 infection (Neuro-PASC) syndrome. This Neuro-PASC syndrome can affect patients who required hospitalization for
COVID-19 or patients who did not require hospitalization and who may have had minor or no pulmonary symptoms. Given
the large number of individuals affected and the ability of neurologic complications to impair quality of life and productivity,
the neurologic manifestations of COVID-19 are likely to have major and long-lasting personal, public health, and economic
consequences. While knowledge of disease mechanisms and therapies acquired prior to the pandemic can inform us on how
to manage patients with the neurologic manifestations of COVID-19, there is a critical need for improved understanding of
specific COVID-19 disease mechanisms and development of therapies that target the neurologic morbidities of COVID-19.
This current perspective reviews evidence for proposed disease mechanisms as they inform the neurologic management of
COVID-19 in adult patients while also identifying areas in need of further research.
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Between the beginning of the Coronavirus Disease 2019
(COVID-19) pandemic and May 2022, there have been
more than 527 million confirmed severe acute respiratory
disease coronavirus type 2 (SARS-CoV-2) infections with
over 6.2 million deaths worldwide, and in the USA, the
cumulative rate of COVID-19 hospitalization now exceeds
974 hospitalizations per 100,000 overall population and
2722 hospitalizations per 100,000 among those 65 years
and older [1, 2]. While COVID-19 was initially viewed as a
pulmonary disease, it is now appreciated as a multisystem
illness in which neurologic symptoms and syndromes may
be prominent manifestations. In the acutely ill, COVID-19
can include neurologic complications with implications for
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disease recovery and long-term morbidity, and in the outpa-
tient setting, persistent neurologic symptoms can manifest
as part of Post-Acute Sequelae of SARS-CoV-2 infection
(Neuro-PASC). As a result of the large number of SARS-
CoV-2 infections, neurologic complications of COVID-19
are likely to create a demand for both acute and long-term
neurologic evaluation and management.

In this current perspective, we review the leading neu-
rologic manifestations and complications of COVID-19 as
they occur in patients requiring acute hospitalization and
in patients presenting in the outpatient setting. In addition,
we review the leading neurologic complications that have
been reported with vaccination against SARS-CoV-2. Given
that the pathogenic mechanisms of acute COVID-19 and
Neuro-PASC represent a rapidly evolving and unresolved
area of research, we discuss hypothesized disease mecha-
nisms as they might inform clinical evaluation and man-
agement. The reader should appreciate that many of these
hypothesized mechanisms are a matter of ongoing debate.
Furthermore, we draw from our neurocritical care service
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and Neuro-COVID-19 clinic experience to discuss diagnos-
tic and therapeutic approaches for the acute and post-acute
neurologic management of adult COVID-19 patients and
future directions for investigation.

Neurologic Manifestations
and Complications in Hospitalized COVID-19
Patients

Early in the pandemic, neurologic symptoms and syndromes
were recognized as occurring frequently along with the acute
pulmonary illness of COVID-19 [3-5]. In a study from
our health system, we identified that 42% of hospitalized
COVID-19 patients experienced some neurologic manifesta-
tion at COVID-19 symptom onset, and 63% of patients had
experienced a neurologic manifestation by hospital admis-
sion [5]. By the end of acute illness, 419 out of 509 (82%)
hospitalized patients had experienced some neurologic man-
ifestation as a component of acute COVID-19 [5]. Myal-
gias, headache, encephalopathy, dizziness, dysgeusia, and
anosmia combined accounted for 95.8% of neurologic mani-
festations at COVID-19 onset and 91.4% of manifestations
during the course of acute COVID-19 [5]. While myalgias,
headache, and anosmia/dysgeusia may be distressful to the
patient, they did not impact the course of acute illness, mor-
tality, nor occurrence of severe disability, in our experience.
Therefore, our discussion of the neurologic complications
of COVID-19 in hospitalized patients will focus on those
syndromes that impact mortality or substantial morbidity.
Table 1 summarizes the major acute neurologic syn-
dromes that have been associated with COVID-19 in the
hospitalized population, and Fig. 1 provides examples of
neuroimaging from select neurologic syndromes seen at our
institution. Fortunately, with the exception of encephalopa-
thy, most of these syndromes are infrequent and managed
similarly to patients who do not have COVID-19. Further-
more, some of the neurologic syndromes seen in COVID-19
may contribute to a multifactorial encephalopathy. As such,
we provide additional focus on encephalopathy as the princi-
pal acute neurologic syndrome of COVID-19. Several addi-
tional neurologic syndromes occurring more rarely in acute
COVID-19 will not be discussed in this review, including:
peripheral nerve and plexus syndromes [6], cranial neuropa-
thies [7], compression peripheral nerve injuries after prone
positioning [8], movement disorders [9], myositis/myopathy
[5, 10] and rhino-orbital-cerebral mucormycosis [11, 12].
Neurologic complications seen in hospitalized COVID-
19 patients may co-exist and might arise from common
underlying mechanisms. For example, acute encephalopa-
thy due to sepsis, regardless of the causative infection, can
include contributions from cerebral ischemia (up to 30% in
patients with shock), cerebral microhemorrhages, cerebral
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inflammation, and seizures (approximately 10% of septic
patients undergoing continuous electroencephalography)
[13-15]. Evaluating the patient with neurologic concerns
during acute COVID-19 might result in the identification of
multiple neurologic syndromes that could require diagnostic
evaluation and therapy.

Systemic inflammation and its interaction with throm-
bosis and coagulopathy (thromboinflammation) are pro-
posed central factors in the pathophysiology of COVID-
19, including possible contributions to encephalopathy
and other neurologic complications, such as stroke and
encephalitis. Elevated markers of systemic inflammation
(such as c-reactive protein) and coagulation dysfunction
(both d-dimer and fibrinogen), as well as pro-inflammatory
cytokines (including interleukin-1p, interleukin-6, tumor
necrosis factor, and interferon-y), have been widely reported
in COVID-19, and increasing levels correlate with disease
severity and risk of death [16—18]. COVID-19 may pre-
cipitate a profound inflammatory state akin to the cytokine
storm or cytokine release syndrome described after chi-
meric antigen receptor (CAR) T cell therapy, hemophago-
cytic lymphohistiocytosis, or severe cases of sepsis [16].
A cytokine storm occurs when the immune system transi-
tions from an adaptive response to a state of dispropor-
tionate inflammation that can result in organ dysfunction,
cytokine-driven organ failure, and death. In COVID-19, a
cytokine storm-like state may result either from dysregu-
lated T lymphocytes responding to SARS-CoV-2 infection
or through direct activation of macrophages and monocytes
by SARS-CoV-2 infection of these cells [16, 17]. In the
case of COVID-19 encephalopathy, high levels of periph-
eral inflammation could lead to cerebrovascular endothelial
dysfunction and disruption of the blood brain barrier with
astrocyte and microglial activation and central nervous sys-
tem (CNS) cytokine production. A systemic hyperinflam-
matory state could also contribute to encephalopathy and
stroke through macro- and microvascular thromboses result-
ing from complement activation, platelet over-excitation,
endothelial cell dysfunction, and generation of neutrophil
excitatory traps [18]. While thrombosis seems to predomi-
nant in COVID-19, endothelial injury and inflammation-
mediated consumptive coagulopathy could result in cerebral
microhemorrhages and frank hemorrhagic stroke [18].

The extent and frequency with which systemic inflam-
mation or a cytokine storm-like state may precipitate
inflammation within in the brain itself during COVID-19
remains an area of debate; in fact, some COVID-19 stud-
ies have demonstrated relatively low signs of inflammation
in cerebrospinal fluid (CSF) samples despite considerable
systemic inflammation [19, 20]. Indeed, pro-inflammatory
cytokine levels in critically ill COVID-19 patients are
orders of magnitude lower than those in cytokine storm
due to CAR T cell therapy, severe acute respiratory distress
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syndrome, or severe sepsis [21]. An alternative hypothesis
argues that vascular dysfunction as a direct result of SARS-
CoV-2 endothelial cell infection could produce organ sys-
tem dysfunction. Studies using non-primate animal models
[22, 23], non-human primate models [24], human organoid
models [25], interrogation of in vivo endothelial dysfunction
[26-30], human non-CNS biopsy and post-mortem samples
[31-34], and some human CNS post-mortem samples [23,
33, 35, 36] provide support for the hypothesis of SARS-
CoV-2 endothelial cell infection. This hypothesis holds that
endothelial cell infection would lead to endothelial dysfunc-
tion, endotheliitis, thrombotic microangiopathy, and even
macrothrombosis [33, 37, 38]. However, this hypothesized
mechanism remains controversial, with the conclusions of
some studies that claimed support of endothelial infection
being directly questioned and debated [32, 39-41], and other
studies of human CNS post-mortem tissue failing to find
evidence of neuronal or endothelial infection [42]. Interest-
ingly, in human studies supporting endothelial infection, the
findings supporting infection did not clearly correspond with
the degree of brain injury observed [23, 36]. MRI vessel
wall imaging studies in COVID-19 encephalopathy patients
have demonstrated instances of circumferential enhancement
and thickening of basilar and vertebral arteries supporting
endotheliitis as a possible contributor to encephalopathy and
cerebral infarction [43].

Proposed mechanisms of encephalitis/encephalomyelitis
in COVID-19 may also contribute to encephalopathy and
include SARS-CoV-2 infection of the CNS by transsyn-
aptic propagation (for example, olfactory nerve) or hema-
togenous invasion (vascular endothelial cell or leukocyte
infection), systemic inflammation resulting in blood brain
barrier disruption and astroglial activation, and autoimmune
mechanisms secondary to molecular mimicry [22, 37, 39,
44-48]. The large majority of suspected encephalitis cases
have not detected SARS-CoV-2 RNA in the CSF. Therefore,
encephalitis as a complication of systemic hyperinflamma-
tory pathophysiology or autoimmune mechanisms may be
more frequent than encephalitis caused by direct viral infec-
tion of the CNS [44].

Acute Encephalopathy
Epidemiology and Presentation

Acute encephalopathy is a state of global brain dysfunction
developing over hours to days and presenting with distur-
bances in cognition, attention, awareness, and responsive-
ness [49]. Encephalopathy severity ranges from milder “con-
fusion” (or subsyndromal delirium) to delirium and coma.
Acute encephalopathy is common in hospitalized COVID-19
patients, with studies reporting incidence from 7.5 to 49%

in all hospitalized patients and exceeding 55 to 84% in criti-
cally ill patients [3-5, 50, 51]. In comparison, the incidence
of delirium in hospitalized patients before the COVID-19
pandemic was estimated to be 23% [52]. Furthermore, acute
encephalopathy may be the primary or only symptom lead-
ing to health care presentation for COVID-19 in nearly 15%
of elderly patients [53]. Patients in the delirium portion of
the encephalopathy spectrum may present either agitated
(hyperactive delirium) or somnolent (hypoactive delirium).
COVID-19 patients may be particularly prone to agitated
encephalopathy. Studies have found that 30% to 51.8% of
critically ill COVID-19 patients had at least one episode of
hyperactive delirium, which is substantially higher than the
pre-pandemic incidence of 12.7% in critically ill patients
[50, 54, 55]. The reason behind this high rate of agitation in
COVID-19 patients is unclear; this could be related to the
greater severity of COVID-19 lung injury and higher levels
of ventilatory support, the frequent use of prone positioning,
a relatively higher incidence of young individuals needing
critical care during early COVID-19 surges, crisis staffing
with providers less experienced in effective sedation man-
agement, decreased family visitation, or perhaps biological
mechanisms unique to SARS-CoV-2 infection [50, 55-58].

Numerous studies prior to the COVID-19 pandemic
suggest increased mortality and morbidity associated with
encephalopathy occurrence, and one study suggested that,
even 12 months after critical illness related encephalopathy,
over 30% of patients have cognitive impairments similar to
moderate traumatic brain injury, with both young and old
patients being affected [59]. Consistent with this literature,
our group found that acute encephalopathy in COVID-19
patients was associated with a 2.9 times greater odds of
30-day mortality (22 versus 3%) and a substantially reduced
odds of good functional outcome at hospital discharge (odds
ratio 0.22 for a good functional outcome modified Rankin
score of 0 to 2), even after adjusting for factors including age
and COVID-19 disease severity [5]. We found that greater
severity of COVID-19 pulmonary disease, older age, prior
history of any neurologic disease, chronic kidney disease,
and shorter time from COVID-19 symptom onset to hospi-
talization were predictive of experiencing acute encepha-
lopathy during the COVID-19 hospitalization [5]. Given the
high frequency, relative to other neurologic complications of
COVID-19, combined with the morbidity of acute encepha-
lopathy, encephalopathy related to COVID-19 may represent
the greatest public health burden among the acute neurologic
complications of COVID-19 [5].

Pathogenic Mechanisms
Acute encephalopathy may arise from multiple clinical enti-

ties, most commonly categorized as: hypoxia, sepsis, meta-
bolic derangements, and medications or toxins [60]. Early

@ Springer
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in the COVID-19 pandemic, many clinicians assumed that
encephalopathy in COVID-19 was due to severe hypoxia.
However, observations of encephalopathy in hospitalized
patients despite unremarkable hypoxia, mild encephalopathy
in COVID-19 patients who never required hospitalization,
and COVID-19 patients with “happy hypoxemia,” who were
not encephalopathic despite remarkable hypoxemia, quickly
challenged assumptions that COVID-19 encephalopathy is
simply the result of hypoxia [5, 61, 62]. Since critically ill
COVID-19 patients are exposed to many of the same factors
as other critically ill patients, it is not surprising that multiple
mechanisms may contribute to COVID-19 encephalopathy.
Encephalopathy in critically ill patients without COVID-19
appears to be multifactorial more than 60% of the time, and
defies easy categorization more than 10% of the time [60].
The biological mechanisms that contribute to encephalopa-
thy as a consequence of sepsis or metabolic derangements
are incompletely defined but are likely numerous and over-
lapping. It seems likely that COVID-19 encephalopathy
shares at least some of these underlying mechanisms. Mag-
netic resonance imaging (MRI) in severe COVID-19 patients
has identified acute abnormalities in about half of imaging
studies obtained, and neuroimaging findings suggest cer-
ebrovascular dysfunction, blood brain barrier disruption,
and cerebral inflammation similar to that described in septic
encephalopathy, including leukoencephalopathy, microhem-
orrhages, cerebral infarction, leptomeningeal enhancement
(mostly subtle), and variable parenchymal enhancement
[63—67]. Similar to septic encephalopathy described prior
to the pandemic, in which systemic inflammatory mediators
seem more responsible for brain injury than direct pathogen
invasion, reverse transcription polymerase chain reaction
(RT-PCR) has infrequently (< 5%) detected SARS-CoV-2 in

@ Springer

the CSF of patients with abnormal MRI findings [14, 63, 66,
67]. In fact, the ability of SARS-CoV-2 to invade the brain
and infect brain cells remains an area of debate, with studies
arriving at divergent conclusions [23, 35, 36, 39, 42, 68].
While some post-mortem series reported detectable SARS-
CoV-2 RNA or proteins in the majority of brain samples (for
example, Matschke et al. reported 21 out of 40 [53%] patient
brains positive by either SARS-CoV-2 RNA or protein and
16 out of 40 [40%] patient brains positive by nucleocapsid or
spike protein immunohistochemistry), even in these studies,
the presence of SARS-CoV-2 in the brain did not correlate
with the severity of neuropathologic changes, suggesting
brain injury and neurologic symptoms were due to systemic
processes rather than direct viral injury [35, 68]. Multiple
post-mortem series in COVID-19 have described hypoxic
injury, ischemic lesions, microglial activation, and paren-
chymal and meningeal cytotoxic T lymphocyte infiltration
resembling that described in pre-pandemic septic encepha-
lopathy and acute respiratory distress syndrome [35, 68, 69].

Diagnosis and Treatment

The severity of acute encephalopathy ranges from confusion
to delirium and coma. Delirium is diagnosed in the presence
of acutely disturbed attention and awareness, along with an
additional cognitive disturbance (for example, memory defi-
cit, disorientation, language, visuospatial ability, or percep-
tion). The Diagnostic and Statistical Manual-5 (DSM-5)
defines the criteria for delirium, with milder clinical states
representing subsyndromal delirium (commonly called con-
fusional states or altered mental status) [70]. However, delir-
ium identification using the Confusion Assessment Method
(CAM and CAM-ICU) or Intensive Care Delirium Screen
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«Fig. 1 Neuroimaging case examples of select acute neurologic syn-
dromes. A Acute ischemic stroke. A 66-year-old man presented for
fevers, diarrhea, and dyspnea requiring supplemental oxygen due
to COVID-19. On hospital day three, he developed new onset atrial
fibrillation and later that day an acute left hemiparesis with NIH
stroke scale of 15. Angiography demonstrated a proximal right MCA
occlusion (arrow). Multiple passes with a stent retriever thrombec-
tomy device with aspiration catheter plus eptifibatide infusion could
not establish vessel patency. B Venous sinus thrombosis. A 64-year-
old woman with no medical history presented for 3 days of diarrhea
and headache. She tested positive for SARS-CoV-2. Chest imaging
demonstrated opacities consistent with pneumonia and a large pulmo-
nary embolus involving the left lower lobe, though she did not require
supplemental oxygen. CT venography demonstrated acute occlusive
venous thrombosis of the right transverse and sigmoid sinuses, right
jugular bulb, torcula, posterior half of the straight sinus, and poste-
rior third of the superior sagittal sinus (arrow). MRI demonstrated no
infarction and her neurologic exam was unremarkable. Her headache
resolved after anticoagulation. C and D Intracerebral hemorrhage
secondary to venous infarction. An 18-year-old woman with no medi-
cal history presented for one week of diarrhea, mild cough without
dyspnea, and two days of headache. She tested positive for SARS-
CoV-2 but never required supplemental oxygen. In the emergency
department, she demonstrated fluctuating aphasia and at times was
mute and could not follow commands. CT demonstrated a left tem-
poral hemorrhage with surrounding hypodensity (C, arrow) and CT
angiography (not shown) suggested an overlying thrombosed cortical
vein. MRI demonstrated thrombosis of the left vein of Labbe, tento-
rial, and cortical branch veins (D, arrow) with an associated hemor-
rhagic venous infarct. The aphasia improved with levetiracetam given
in the emergency department, but no seizures were seen on subse-
quent EEG. Her aphasia gradually resolved after anticoagulation and
continuation of levetiracetam. E and F Acute demyelinating encepha-
lomyelitis (ADEM) following SARS-CoV-2 infection. A 47-year-old
man with no medical history presented for lower extremity paresthe-
sia, urinary retention, and lower extremity weakness developing over
3 days. He reported fever and cough 7 to 10 days prior and had tested
positive for SARS-CoV-2. MRI spine demonstrated cervical and tho-
racic non-enhancing T2 hyperintensity with spinal cord expansion
(E, arrow), and MRI brain demonstrated several small non-enhancing
T2 hyperintense white matter lesions (F, arrow). CSF exam showed
201 white blood cells/uL, 201 mg/dL protein, and oligoclonal bands
in CSF and serum; no specific pathologic antibodies were identified.
He developed complete paralysis of the legs with severe left arm
weakness, but he did not require intubation. He received solumedrol
1 g, 0.4 g/kg IVIG, and remdesivir daily for five days. His left arm
briefly improved but again worsened when he developed hypona-
tremia with repeat MRI demonstrating worsened cord edema (not
shown). Symptoms improved with hypertonic saline and maintenance
of normal serum sodium. Surveillance MRI 12 days after admission
demonstrated improved cord swelling but new patchy cervical cord
enhancement. Solumedrol 1 g daily was given for three days with
normalization of left arm strength and some return of leg move-
ment. He continued to improve and was discharge to rehabilitation
on a 12-week taper of prednisone. G Prolonged agitated encepha-
lopathy. A 21-year-old man with no medical history was admitted for
hypoxemic respiratory failure requiring mechanical ventilation due
to COVID-19. He experienced severe agitation requiring midazolam
and hydromorphone with adjunctive ketamine, dexmedetomidine,
valproic acid, and scheduled quetiapine for adequate agitation con-
trol. An MRI brain was obtained when agitation returned on attempts
to wean mechanical ventilation and demonstrated numerous small
areas of subtle contrast enhancement (arrow). CSF exam showed 1
white blood cell/uL, 29 mg/dL protein, and was negative for SARS-
CoV-2 by RT-PCR. He was diagnosed with encephalopathy and
MRI findings were felt to be due to severe systemic inflammation.

He was treated with supportive care and gradual reduction of adjunc-
tive sedation agents. He was discharged to rehabilitation and, after
5 months, was living independently and exercising 45 min daily but
had not returned to work. H and I Post mRNA vaccination ADEM. A
25-year-old female with no medical history presented with a general-
ized seizure 4 days after receiving an mRNA COVID-19 booster vac-
cine. Her neurologic exam was unremarkable following resolution of
the seizure. MRI brain demonstrated a left frontal T2 hyperintensity
(H, arrow) which enhanced after contrast injection (I, arrow). CSF
exam showed 1 white blood cell/uL, elevated IgG synthesis rate of
7.1, elevated IgG index of 1.3, and 12 unique CSF oligoclonal bands.
J and K Post mRNA vaccination transverse myelitis. A 65-year-old
woman with rectal cancer in remission presented with back pain and
saddle anesthesia 7 days after receiving an mRNA COVID-19 vac-
cine. MRI showed cervical to upper thoracic T2 hyperintensity (J,
arrow) with a focus of enhancement at C5 (K, arrow). CSF exam
showed 4 white blood cells/uL, protein 51 mg/dL, normal IgG index
and synthesis rate, and oligoclonal bands present in serum and CSF.
Her symptoms and imaging findings (not shown) completely resolved
after two months of oral prednisone therapy. MCA middle cerebral
artery, ADEM acute demyelinating encephalomyelitis, CSF cerebro-
spinal fluid, IVIG intravenous immunoglobulin

Checklist (ICDSC) are likely more practical than applying
the DSM-5 in clinical scenarios [71]. Coma represents a
severely depressed level of responsiveness that is typically
diagnosed with the Glasgow Coma Score (GCS, score < 8
representing coma) or the Full Outline of UnResponsivenss
(FOUR) score [72, 73]. The Richmond Agitation-Sedation
Scale (RASS) has also been used to identify coma with
RASS scores of —4 (arousable but demonstrates no atten-
tion; no response to voice, but movement or eye opening to
physical stimulation) or -5 (no response to voice or physi-
cal stimulation) [60]. An important caveat when using the
CAM/CAM-ICU and ICDSC is that a transition from a posi-
tive delirium evaluation to an “unassessable” evaluation due
to a decline in consciousness should not be interpreted as
a resolution of delirium; the clinician should evaluate if a
neurologic deterioration has occurred, including a new neu-
rologic insult or a worsening of the processes contributing
to encephalopathy.

We recommend a stepwise approach to the evaluation
of acute encephalopathy in COVID-19, which is generally
similar to the approach in any hospitalized patient with a
consultation for “altered mental status.” Conducting exten-
sive diagnostic batteries in every encephalopathy consulta-
tion would represent an untenable expenditure of resources,
especially during a pandemic, and the large majority of
encephalopathy evaluations do not identify a cause that
requires specific intervention [5].

1. Identification of neurologic emergencies. A timely initial
screening history and exam should be performed. If an
emergency such as acute ischemic stroke is suspected,
then that possibility should be rapidly evaluated.

2. Clinical evaluation: When time-sensitive emergencies are
excluded, a detailed history and physical and neurologic
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examination (with sedation held or minimized) can be
performed. One should appreciate that encephalopathy
is more likely to occur in those with underlying medi-
cal conditions [5]. Particularly when encephalopathy is
present on hospital admission, the development of acute
encephalopathy could be caused by decompensation of
pre-existing conditions (for example, undiagnosed hypo-
or hyperthyroidism) under the acute stress of COVID-19
[5]. In critically ill patients, the neurologic examination
should be performed with the patient receiving as little
sedation as medically tolerable, and ideally after a pro-
longed sedation hold. One prospective study of delirium
in non-COVID critically ill patients receiving nurse-
protocolized light sedation (RASS goal 0 to—2) with
short-acting sedatives found that 12% of patients who
screened positive for delirium by the CAM-ICU while
on sedation subsequently screened negative for delirium
after a sedation hold of up to 2 h [74]. A pooled analysis
of 12,699 delirium assessments in non-COVID patients
found that critically ill patients were significantly more
likely to screen positive for delirium if sedated to a RASS
of —2 than to a lighter RASS of -1 to 0 (77 versus 23%;
p<0.0001) [71]. Therefore, even light sedation may con-
found assessment in a substantial minority of patients.
Coordinating with nursing staff to minimize sedation
for the neurologic evaluation may be beneficial. Corti-
cospinal tract signs including hyperreflexia and extensor
plantar responses are common during encephalopathy.
In severe encephalopathy, motor responses to noxious
stimulation may be absent, and even brain stem reflexes
can become affected in extreme cases of systemic insult.
Focal findings on neurologic examination should lead to
the acquisition of neuroimaging with computed tomog-
raphy or magnetic resonance imaging. In our anecdotal
experience, careful examination for abnormal tendon
reflexes, tone, and myoclonus or ocular clonus may be
of higher yield in COVID-19 patients than most other
critically ill patients. Early in the pandemic, we identi-
fied several critically ill COVID-19 patients with agitated
encephalopathy and signs of serotonergic toxicity (hyper-
reflexia, myoclonus, ocular clonus, rigidity). These cases
occurred in the context of high dose fentanyl infusion for
analgesia and sedation (for example, 300 pg/h) or lower
doses after recent linezolid exposure. Both fentanyl and
linezolid have serotonergic properties, and the serotoner-
gic signs and encephalopathy resolved when fentanyl was
converted to alternative opioids (morphine or hydromor-
phone) without serotonergic properties [9]. In reviewing
a patient’s medication list, most clinicians will recognize
sedatives and anticholinergics as possible contributors to
encephalopathy. However, antibiotic associated encepha-
lopathy from agents including penicillins, cephalosporins
(especially cefepime), quinolones, macrolides, sulfona-
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mides, metronidazole, and isoniazid is probably under-
appreciated [75]. Toxicity from immunosuppressants like
tacrolimus, with our without hypertension, resulting in
posterior reversible encephalopathy syndrome and valp-
roic acid resulting in hyperammonemia may also repre-
sent causes of encephalopathy secondary to easily over-
looked but commonly used medications.

Laboratory studies: Screening serum laboratory stud-
ies that identify high yield toxic and metabolic con-
tributors to encephalopathy should be obtained. These
should include serum chemistry panel, magnesium,
calcium (ionized calcium if critically ill), phosphorus
(patients with irregular nutritional intake can experience
refeeding syndrome), bilirubin, total protein, albumin,
and liver function tests. Oxygen saturation should be
noted and may be combined with a blood gas to assess
for hypoxemia and hypercapnia. Serum ammonia level
should be sent, especially in patients on medications
that can contribute to hyperammonemia (valproic acid,
carbamazepine, topiramate) and in patients with liver
or renal failure. Blood cultures should be sent if bac-
teremia is a clinical concern since multifocal septic
emboli can present as encephalopathy and COVID-19
patients are at risk for superimposed bacterial infections.
Thyroid function tests and serum cortisol are reason-
able studies; however, one should recognize that mild
thyroid abnormalities may only represent the euthyroid
sick syndrome. We also routinely check folate and vita-
min B12 levels since critically ill patients are at risk for
nutritional deficiencies; however, we more often expect
these nutritional deficiencies to represent aggravating
factors rather than a primary cause of encephalopathy.
Additional laboratory studies, like drug levels, could
be sent as guided by the history and examination and
medical record review. Many patients are likely to have
additional laboratory studies available, such as d-dimer
and c-reactive protein. While these assays are frequently
trended in COVID-19 patients and provide a sense of
inflammation severity, their utility in the encephalopathy
evaluation is unclear.

Neuro-imaging studies: We obtain a head CT in most
COVID-19 encephalopathy patients who are able to
transport for the study. Focal findings on the neurologic
examination necessitate neurologic imaging for further
evaluation. However, structural lesions in brain regions
such as the frontal lobes or cerebellum may be more dif-
ficult to detect by physical examination in the encepha-
lopathic patient who has reduced ability to participate in
the exam. A study prior to the COVID pandemic found
that out of 102 medical intensive care unit patients who
received a head CT scan for “altered mental status,” 20
(19.6%) had an acute finding on CT and half of these
were ischemic strokes [76]. However, it is unclear
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if this same degree of diagnostic yield is expected in
acute COVID-19 patients who undergo neuroimaging
for encephalopathy evaluation. In a study of 242 patients
who presented to hospital and had a head CT or brain
MRI within 14 days of COVID-19 diagnosis, the most
common finding was nonspecific white matter microan-
giopathy (55.4%) followed by chronic infarct (19.4%);
only 5.4% were found to have acute or subacute infarcts
and 4.5% were found to have intracranial hemorrhages
[77]. Moreover, all infarcts and hemorrhages were iden-
tified in patients with focal findings on exam, and none
of the 102 patients who had “altered mental status” as
the sole indication for imaging were found to have an
acute or subacute infarct or hemorrhage [77]. Therefore,
it may be reasonable to elect to defer neuroimaging in
the select COVID-19 patient who has a non-focal neuro-
logic exam when a cause for encephalopathy is apparent
without imaging.

5. Additional investigations: At this point in the COVID-19
encephalopathy evaluation, most patients will be iden-
tified as having a likely multifactorial encephalopathy
with components explained by septic, hypoxic, meta-
bolic, or sedation or medication-related encephalopathy.
The pre-pandemic literature on encephalopathy suggests
that the next most frequent group of patients will be
those in which one of these four causes seems to be the
predominant or isolated cause of encephalopathy [60].
In most cases, a short period of clinical and neurologic
monitoring with renewed efforts to optimize systemic
insults and minimize iatrogenic contributors to encepha-
lopathy will suggest whether additional evaluation for
refractory encephalopathy is indicated.

Advanced neuroimaging including MRI brain and vascu-
lar imaging with MR or CT angiography could be consid-
ered in select cases. However, as noted previously, the yield
of these studies is likely low in non-critically ill patients with
a non-focal neurologic examination while the yield may be
modest in the critically ill. Even acute findings on MRI in
the critically ill COVID-19 patient may only represent what
the pre-pandemic literature suggests are expected findings
in patients with septic shock or severe hypoxemia.

Electroencephalography (EEG) should be considered in
patients whose encephalopathy continues to be unexplained,
especially since most seizures in critically ill patients are
non-convulsive. Some non-COVID data suggests that sei-
zures occur in up to 10% of critically ill patients with sepsis
[15]. Among hospitalized patients with COVID-19, sei-
zures appear to be detected at a similar rate of 5.5 to 9.6%
of patients selected for EEG monitoring, and nonconvulsive
seizures without preceding suspicious clinical events occur
primarily in critically ill patients [78—80]. However, several
cohort studies suggest that, overall, seizures may be rarely

detected (<1%) in hospitalized COVID-19 patients [3-5,
51]. Level of consciousness may guide the duration of EEG
to be acquired. In patients able to follow commands, 95%
of seizures will be captured within 24 h of EEG monitor-
ing; meanwhile, 80% of seizures in comatose patients are
captured in the first 24 h of EEG monitoring, suggesting a
longer duration may be needed in comatose patients [81].
The somewhat infrequent occurrence of seizures in COVID-
19 may guide the allocation of limited EEG resources or
inform whether a patient requires transfer to a center with
continuous EEG monitoring.

Sampling CSF may be considered in encephalopathy
cases with unusual presentations on history or exam or in
whom neuroimaging or EEG monitoring reveal unexpected
findings. Since systemic inflammation may disrupt the blood
brain barrier or activate glial cells, a modest CSF protein
elevation may be expected in COVID-19 encephalopathy
without a specific neurologic disease mechanism. Data on
CSF findings in acute COVID-19 is rather limited, though
modest CSF protein elevation and leukocytosis can occur in
individuals who are ultimately diagnosed with an enceph-
alopathy from a systemic etiology. A systemic review of
113 acute COVID-19 patients with CSF analysis demon-
strated protein elevation >45 mg/dL in 59% of patients and
leukocyte elevation > 5 cells/uL in 43.2% of patients with
encephalopathic presentation [82]. Substantial leukocytosis
or presence of oligoclonal bands unique to the CSF would
not be expected without a specific neurologic disease mech-
anism requiring further evaluation. Most case series have
found SARS-CoV-2 RT-PCR to be unrevealing [82], which
is consistent with our own experience of 11 lumbar punc-
tures performed for refractory encephalopathy evaluation
that were all negative for SARS-CoV-2 RT-PCR. As will
be discussed later, rare cases of encephalitis or necrotizing
encephalopathy have been identified in COVID-19.

Unless a specific neurologic disease process like seizures
or encephalitis is found, our experience suggests that the
therapeutic approach for COVID-19 encephalopathy is quite
similar to the approach in non-COVID acute encephalopa-
thy. The treatment of encephalopathy is primarily directed at
supportive care and optimizing the systemic derangements
and iatrogenic exposures contributing to the encephalopa-
thy. However, we feel that there are management points to
emphasize in the COVID-19 patient.

Case series have reported rare COVID-19 patients with
persistent encephalopathy from possible encephalitis or cer-
ebrovascular endotheliitis who may have improved follow-
ing high dose methylprednisolone or other immunomodu-
latory therapy [83—85]. We believe these cases represent
exceptional instances and that, at this time, glucocorticoids
or other immunotherapy should not be regarded as routine
therapies in COVID-19 encephalopathy. However, many
patients with COVID-19 encephalopathy will meet criteria
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for immunotherapy based on the severity of their pulmonary
disease. Immunotherapy for COVID-19 pulmonary disease
is based on the premise of mitigating organ injury by pre-
venting excessive inflammation. However, it can be chal-
lenging to determine when an inflammatory response turns
from an appropriate reaction to SARS-CoV-2 infection to
one that produces more injury than benefit. While it may be
tempting to institute immunotherapy in hopes of addressing
cytokine-driven mechanisms, unintentionally suppressing an
appropriate immune response could be detrimental. Consist-
ent with the risks of instituting immunotherapy too early,
the RECOVERY trial of dexamethasone versus standard
of care in COVID-19 suggested a tendency towards worse
28-day survival in patients who received dexamethasone
before pulmonary disease was severe enough to require sup-
plemental oxygen [86]. In addition to the anti-viral agent
remdesivir, immunotherapies for COVID-19 pulmonary
disease supported by clinical trials include dexamethasone,
baricitinib (Janus Kinase inhibitor, tofacitinib is an alterna-
tive), and tocilizumab (anti-IL-6 receptor monoclonal anti-
body, sarilumab is an alternative) [87]. A detailed review
of the evidence-based treatments for COVID-19 pulmonary
disease is beyond the scope of this current perspective, and
we refer the reader to the “COVID-19 Treatment Guidelines,”
which have been regularly updated by the National Institutes
of Health [87]. Clinical trials of immunotherapy agents in
COVID-19 focused on mortality and time to clinical recov-
ery, rather than any specific neurologic or encephalopathy
end-point. Currently, data directly comparing tocilizumab
versus baricitinib in COVID-19 is limited [88], and the selec-
tion between these agents is driven by patient risk factors (for
example, avoiding baricitinib in patients with known venous
thrombosis given the association of baricitinib with increased
thrombosis risk), though a randomized non-inferiority trial
is underway (ClinicalTrials.gov Identifier: NCT05082714).
One might assume an encephalopathy benefit from these
agents, secondary to their ability to address the underlying
systemic disease process. However, the neurologist should
be aware of the theoretical possibility of encephalopathy
worsening after initiation of tocilizumab. Tocilizumab is a
monoclonal antibody that cannot cross the blood brain barrier
to block interleukin-6 receptors in the brain, even as it blocks
peripheral interleukin-6 receptor sites. Blocking peripheral
interleukin-6 binding could result in an effectively greater
exposure of the brain to interleukin-6 and worsened cytokine-
driven toxicity, even without a change in measured cytokine
levels [89]. In the absence of more data directly comparing
tocilizumab and baricitinib, this theoretical possibility could
be considered when weighing the initiation of tocilizumab
versus baricitinib.

The effects of sedation and other medications as iatro-
genic contributors to encephalopathy should not be over-
looked, especially given the large doses of sedatives often

@ Springer

provided to control agitated encephalopathy in COVID-19
patients. Evidence strongly suggests that benzodiazepine
exposure is a potent risk factor for delirium and that the bur-
den of delirium, as a clinical manifestation of encephalopa-
thy, is associated with greater mortality and worse long-term
cognitive outcomes [50, 59, 71]. A large prospective study
of critically ill patients performed prior to the COVID-19
pandemic demonstrated that the burden of encephalopathy
attributed to sedatives was associated with worse long term
cognitive outcome to a similar degree as the encephalopathy
burden due to sepsis and hypoxia; in fact, the detrimental
effect of sedation was greater than the effect due to meta-
bolic contributors to encephalopathy [60]. Furthermore, that
study suggested sedation was the most frequent contributor
to encephalopathy in critically ill patients [60]. The collec-
tive literature favors minimizing the depth of sedation and
suggests that shorter acting sedatives, such as propofol or
dexmedetomidine, and ketamine have a role in reducing ben-
zodiazepine and opioid consumption, respectively, and may
shorten mechanical ventilation time in critically ill patients
[71]. The consulting neurologist can help to recognize when
critically ill patients are over sedated and can provide assis-
tance in tailoring sedation and agitation management. To
minimize the lingering sedative effects of prolonged benzo-
diazepine infusions, we favor propofol over midazolam infu-
sions, and when propofol is not tolerated, we use adjunctive
ketamine (2.5-5 mcg/kg/min) to reduce the necessary dose
of midazolam. While antipsychotics have been shown to be
ineffective in treating established delirium [71], we utilize
scheduled doses of antipsychotics as an adjunct to specifi-
cally target agitation and avoid a self-propagating cycle of
escalating sedative infusions in response to agitation. We
also utilize dexmedetomidine and ketamine to facilitate
sedation weaning and speed time to ventilator liberation [90,
91]. We have recommended clonidine, guanfacine, valproic
acid, gabapentin, and trazodone in select situations to further
facilitate sedation weaning and to ease the transition off of
dexmedetomidine and ketamine infusions.

Nutritional deficiencies should be considered a poten-
tially treatable contributor to encephalopathy, particularly in
patients with prolonged hospitalization. Thiamine deficiency
is likely chief among these deficiencies for the COVID-19
patient since 20-70% of septic shock patients are biochemi-
cally thiamine deficient [92]. Patients with a history of alco-
holism, poor nutrition, malabsorption, enhanced thiamine
loss (as with dialysis), systemic malignancy, organ trans-
plant, pregnancy, and high levels of metabolic stress are at
risk for thiamine deficiency [92]. Thiamine deficiency can
result in Wernicke encephalopathy with a classic triad of
encephalopathy, gait ataxia, and ocular motor dysfunction.
However, one series of 97 autopsy-proven Wernicke enceph-
alopathy cases demonstrated the complete classic triad in
only 16% of patients and one-third of patients presented
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only with encephalopathy [93]. Given the high risk of occult
deficiency and the relative safety of thiamine supplementa-
tion, our practice is to recommend 100 mg intravenous thia-
mine supplementation daily for encephalopathic COVID-19
patients while critically ill, and at least one time supple-
mentation in non-critically ill encephalopathic COVID-19
patients. When thiamine deficiency is specifically suspected,
thiamine 500 mg intravenously three times daily is given for
several days followed by prolonged daily supplementation.

Lastly, the role of non-pharmacologic management of
encephalopathy is particularly important. Avoiding restraints
when possible, optimizing mobilization, ensuring patients
have their glasses and hearing aids to promote orientation,
and promoting normal sleep—wake cycles are therapies bene-
ficial for delirium reduction, both within and outside the crit-
ical care environment [71]. A unique feature of the COVID-
19 pandemic has been the social isolation of patients due
to visitation restrictions. A large, multicenter observational
study of hospitalized COVID-19 patients found that family
visitation, even if done as a “virtual” video visit, was asso-
ciated with a 27% lower risk of delirium [50]. Since only
17% of patient-hospital days included any type of visitation,
this may represent a modifiable target to treat COVID-19
encephalopathy [50].

Encephalitis and Encephalomyelitis
Epidemiology and Presentation

Both viral and autoimmune causes of encephalitis/encepha-
lomyelitis have rarely been reported in COVID-19 [44, 94].
Viral encephalomyelitis with confirmed SARS-CoV-2 RNA
in the CSF is quite rare [95]. A study from Mayo Clinic
reported 5 patients out of 10,384 (0.05%) patients with
COVID-19 who met clinical diagnostic criteria for post-
infectious autoimmune encephalitis [96]. Although these
five patients were negative for neuronal and glial immu-
noglobulin G in CSF, there have been rare reports of anti-
NMDA receptor and myelin oligodendrocyte glycoprotein
antibody associated cases of COVID-19 related encephalitis
[96-98]. In addition, cases of acute multifocal demyelinating
disease of the CNS consistent with the acute disseminated
encephalomyelitis (ADEM), and the more severe variant of
acute hemorrhagic leukoencephalitis (AHLE), have been
reported in both children and adults following COVID-19
[94]. A systematic review of encephalitis (defined as diag-
nostic studies suggesting CNS inflammation) associated
with COVID-19 that included 138 cases, suggested 0.2% of
hospitalized patients experience encephalitis as a complica-
tion of COVID-19 [44]. However, the incidence could be as
high as 6.7% in critically ill patients, and in 84% of cases,
patients developed severe pulmonary COVID-19 requiring

critical care before encephalitis developed [44]. The sys-
temic review authors acknowledged that publication bias
may inflate the apparent incidence of encephalitis. An epide-
miological study from England that included over 2 million
patients with SARS-CoV-2 infection estimated 123 events
of encephalitis, meningitis, and myelitis per 10 million peo-
ple infected with SARS-CoV-2 [99]. On average, patients
develop encephalitis 14 days after the onset of COVID-
19 symptoms [44, 94]. In the case of ADEM and AHLE,
neurologic symptoms could progress over a period of time
ranging from <24 h to more than 10 days and occurred most
frequently 15 to 30 days after COVID-19 symptom onset
[94]. The mean age of encephalitis patients was 59 years
(range 43 to 80 years) and males and females were equally
affected; however, in ADEM, there may be a male predomi-
nance (61%) [44]. Encephalitis did occur in a minority of
patients with no other COVID-19 symptoms (24%), but
fever and dyspnea were present in most [44]. Decreased
level of consciousness was the most frequent neurologic
symptom among all cases of encephalitis (77%), followed
by altered mental status (72%), seizures (38%), headaches
(27%), and weakness (15%) [44]. Among cases of ADEM,
encephalopathy was also the most frequent symptom (78%)
but focal motor deficits (43%) may be more frequent than in
encephalitis in general [94]. The pooled mortality of patients
with encephalitis was 13.4%, compared to 3.4% in the gen-
eral hospitalized COVID-19 population [44]. In a systemic
review of ADEM cases, functional outcome data was avail-
able in 28 cases of whom 18 (64%) were severely disabled
(modified Rankin Score 4 or more) and 9 (32%) died by the
time of last follow-up [94].

Diagnosis and Treatment

A diagnosis of encephalitis/encephalomyelitis is primarily
suspected based on neuroimaging findings and supportive
CSF studies with the exclusion of alternative diagnoses.
Common MRI findings include diffuse white matter hyper-
intensities with variable contrast enhancement as well as
possible hemorrhagic lesions varying in size from micro-
hemorrhages to frank parenchymal hemorrhages; of note,
some cases of encephalitis with normal neuroimaging have
been reported [44, 94]. A systemic review of 13 studies with
CSF results reported protein (average 64.8 mg/dL, range
38 to 115 mg/dL), red blood cell count (average 329 cells/
pL, range 12 to 1154 cells/uL), and white blood cell count
(average 15 cells/uL, range 6 to 39 cells/uL) were typically
elevated [44]. CSF IgG levels were elevated (83.2 mg/L,
range 5 to 112.5 mg/L) but oligoclonal bands were absent
in the majority of cases. A systemic review of ADEM cases
reported a normal CSF profile in 30% [94]. Multiple stud-
ies suggest that specific causative autoimmune antibodies
are detected in only a small minority of cases [44, 94, 96].
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Since encephalitis seems more frequent in severe COVID-
19 cases, and these patients may have prolonged hospital
courses characterized by persistent systemic inflammation,
it may be challenging to distinguish encephalitis secondary
to intense systemic inflammation versus autoimmune pro-
cesses. At this time, there is no specific proven therapeutic
regimen for COVID-19 encephalitis, regardless of underly-
ing mechanism. Reported options include monotherapy or
combinations of: corticosteroids (for example, methylpred-
nisolone 1 g daily for 5-10 days), intravenous immunoglob-
ulin, plasma exchange, and rituximab [44]. We have used
methylprednisolone 1 g daily for 5 days combined with intra-
venous immunoglobulin or plasma exchange as the initial
approach at our institution, and we preference intravenous
immunoglobulin if active viral infection is felt to be present
or the patient is at high risk for superimposed infections. If
active systemic SARS-CoV-2 infection is a consideration,
then we recommend at least a five-day course of remdesivir,
and one could consider extending that course to 10 days if
active viral infection remains a concern. A complete review
of autoimmune encephalitis is beyond the scope of this
manuscript, and we refer the reader to a recent review [100].

Stroke
Epidemiology and Presentation

Arterial ischemic stroke, cerebral infarction due to venous
thrombosis, and intracranial hemorrhage have been
described in acute COVID-19 [101]. Acute ischemic
stroke appears to be uncommon, with many large cohort
studies reporting incidence rates of approximately 1% and
most cohorts reporting rates less than 3% in hospitalized
patients [5, 51, 102-106]. There appears to be a higher risk
of ischemic stroke in more severe COVID-19; one study
reported a 3.7% incidence in patients requiring mechanical
ventilation versus 0.5% in other hospitalized patients [5].
Cohort studies consistently report hemorrhagic stroke in less
than 1% of hospitalized COVID-19 patients and cerebral
venous thrombus likely occurs in less than 0.1% [5, 105,
107, 108]. Overall, the ratio of ischemic to hemorrhagic
stroke approximates the 80:20 ratio seen in non-COVID-19
related stroke [101]. Stroke may rarely be the initial symp-
tom leading to hospitalization in COVID-19 (0.4% in one
study) [104]. However, among COVID-19 patients with a
stroke, stroke was the reason for hospital presentation in
about 40% and younger patients appear more likely to have
stroke as their initial presentation [101, 104, 106]. Stroke
in COVID-19 seems most likely within the first few weeks
after COVID-19 symptom onset [104, 105]. The stroke
presentation may range in severity from acutely sympto-
matic large vessel occlusions to punctate infarcts found
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during evaluation of other neurologic manifestations, like
headache or encephalopathy, where the symptomatic con-
tribution of the infarct is unclear [109, 110]. Stroke as a
COVID-19 complication seems to uncommonly occur in
patients younger than 50 years old (17.4% of COVID-19
stroke patients in a pooled analysis) with a median age of
approximately 65 years old [103, 105, 106]. Studies are in
disagreement regarding whether patients with COVID-19
and stroke are younger than contemporaneous stroke patients
without COVID-19 [103, 104]. However, an analysis using
“Get With the Guidelines” stroke hospital data from 41,971
acute ischemic stroke patients at 458 centers suggests that
patients with COVID-19 were slightly younger (median 68 [57
to 79] versus median 71 [60 to 81] years), more likely to be
Hispanic, Black, or Asian, and more likely to be on Medicaid
or have no insurance than patients without COVID-19 [111].
In hospital stroke onset was also more frequent in COVID-19
than non-COVID-19 stroke patients (14 versus 3%) [111].

Pathogenic Mechanisms

Cryptogenic, followed by cardioembolic, appears to be the
most common mechanism of ischemic stroke in COVID-
19, with reported rates between 35 to 66% and 22 to 40%,
respectively [101, 104, 105]. A meta-analysis of 67,845
patients suggested that cryptogenic stroke was significantly
more likely in COVID-19 than non-COVID stroke patients
(OR 3.98, 95% CI 1.62-9.77) [112]. Early case series
warned of acute large vessel occlusion in young patients
[110], and a pooled analysis of 126 COVID-19 ischemic
stroke patients demonstrated 11 of 46 (24%) patients younger
than 50 years had a large vessel occlusion [106, 110]. In
general, patients with ischemic stroke and COVID-19 are
more likely to have stroke due to large vessel occlusion than
patients without COVID-19 (30 versus 24%), and therefore,
COVID-19 patients tend to have more severe stroke symp-
toms (median NIH stroke scale 8 versus 4) [111]. Multi-
ple studies of COVID-19 patients with hemorrhagic stroke
demonstrate that the site of hemorrhage is lobar in more
than 60% of cases [101, 105], which seems greater than the
frequency of lobar location in pre-COVID-19 intracerebral
hemorrhage cohorts (high-end estimates approximate 40%)
[113]. This decreased frequency of hemorrhagic stroke in
areas typically associated with hypertension may suggest
that hypertension plays a smaller role in COVID-19 related
hemorrhagic stroke.

The majority of COVID-19 patients who experience acute
stroke have underlying traditional vascular risk factors such
as hypertension (56 to 95%) or diabetes mellitus (34 to 60%)
[101, 103—-106]. Potential contributions from hypercoagu-
lable states or endothelial dysfunction may explain why
cryptogenic stroke etiology appears more likely in COVID-
19 related ischemic stroke [38]. Studies predating the



Therapeutic Approaches to the Neurologic Manifestations of COVID-19

1447

COVID-19 pandemic suggest that infections requiring hos-
pitalization are associated with short-term increased stroke
risk, supporting an association between systemic inflamma-
tion and stroke [103-105, 110, 114, 115]. As another poten-
tial mechanism, some studies have reported newly positive
antiphospholipid antibodies in 50 to 75% of tested patients,
though the significance of these antibodies in the acute set-
ting is unclear [101, 105].

Cardiac dysfunction related to COVID-19 infection could
also represent a stroke mechanism. Cardiac complications
of COVID-19 that increase the risk for cardioembolic stroke
include: myocarditis, stress cardiomyopathy, myocardial
ischemia or infarction, and new arrhythmia [116, 117].
Acute heart failure may be present in 23% of hospitalized
COVID-19 patients with evidence of cardiomyopathy in
33% [117]. A study reviewing echocardiography findings in
901 COVID-19 patients without prior cardiac disease found
abnormalities in 46% and severe ventricular dysfunction in
13% [118]. A meta-analysis estimated an 11% prevalence of
atrial fibrillation in hospitalized COVID-19 patients and up
to 10% of patients with new-onset atrial fibrillation; atrial
fibrillation was sixfold more prevalent in those with severe
compared to non-severe COVID-19 [119, 120].

Data on hemorrhagic stroke in COVID-19 are more limited
than for ischemic stroke. Severe levels of inflammation and
coagulopathy leading to a consumptive coagulopathy, as well
as endothelial injury, could contribute to hemorrhagic stroke
mechanisms. A study using the American Heart Association
COVID-19 Cardiovascular Disease registry reported that
patients with intracranial hemorrhage had higher interleukin-6
levels, were more often on anticoagulation (75 versus 57%),
and more frequently received extracorporeal membrane oxy-
genation (4 versus 0%, ECMO) than COVID-19 patients with-
out ICH, but a very low number of intracranial hemorrhage
patients (0.2% of the registry) precluded statistical analysis of
intracranial hemorrhage risk factors [107]. The Extracorpor-
eal Life Support Organization “ECMO in COVID-19” regis-
try reports a 7% rate of intracranial hemorrhage and 1% rate
of ischemic stroke in COVID-19 patients receiving ECMO
[121]. The anticoagulation used for ECMO combined with
ECMO-induced thrombocytopenia, factor XIII deficiency,
fibrinogen deficiency, and platelet dysfunction may represent
underlying mechanisms [122-124].

Despite these plausible mechanisms, there is some disa-
greement regarding whether COVID-19 actually represents
a risk factor for in-hospital stroke. A large cross-sectional
study of 24,808 hospital discharges in New York reported
only 0.9% of SARS-CoV-2 positive patients presented with
acute ischemic stroke compared to 2.4% of SARS-CoV-2
negative patients in January through April 2020 [102].
On the other hand, a case—control study comparing 86
COVID-19 patients with neuroimaging confirmed stroke
to 499 matched controls suggested that COVID-19 was

independently associated with a nearly 21-fold increased
odds of in-hospital stroke [125].

Diagnosis and Treatment

While acute stroke therapies have not been specifically
tested in the COVID-19 population, there are no data to
suggest the risk—benefit ratio of these interventions differs
for patients with COVID-19. Therefore, the management
of ischemic and hemorrhagic stroke in COVID-19 should
follow the same standards of care as for patients without
COVID-19. This includes a timely evaluation of candidacy
for acute medical and interventional stroke therapies, such
as thrombolysis or thrombectomy in acute ischemic stroke.
Case series of thrombectomy in COVID-19 suggest that
these patients may be more prone to clot fragmentation or
re-occlusion, but at this time, no strategy to thrombectomy
in COVID-19 has been proven superior to conventional
approaches [126, 127]. An analysis of the multicenter “Get
With the Guidelines” ischemic stroke registry data from
February to June 2020 demonstrated that ischemic stroke
patients with COVID-19 experience about the same rates
of thrombolysis (18%) or endovascular therapy (11%) as
patients without COVID-19 [111]. However, the time from
arrival to initiation of thrombolysis (median 58 versus
46 min) and from arrival to endovascular therapy (median
114 versus 90 min) was significantly longer in patients with
COVID-19, and the main source of greater delay in COVID-
19 patients was the need to acquire appropriate personal
protective equipment [111]. Developing local protocols
that speed detection of SARS-CoV-2 infection and facili-
tate infection control measures may be a means to improve
delays in acute stroke therapies. For example, our institution
dedicated a specific negative airflow room adjacent to the
angiography suite to allow for more rapid preparation of
COVID-19 patients to undergo mechanical thrombectomy.

Given the strong association between stroke and typical
vascular risk factors and stroke mechanisms in COVID-
19, the approach to stroke in COVID-19 is similar to the
approach in non-COVID patients. Brain and cerebrovascular
imaging combined with cardiac imaging and serum labora-
tory studies that assess vascular risk factors are used to iden-
tify the mechanism of stroke, which then guides the appro-
priate therapeutic approach for secondary stroke prevention.
Antithrombic therapy for long-term secondary stroke pre-
vention (antiplatelet versus anticoagulation) is selected
based on indications similar to non-COVID patients. Indi-
cations to use therapeutic dose anticoagulation for second-
ary stroke prevention include atrial fibrillation, severe heart
failure, and also the presence of concurrent venous throm-
boses (extremity deep venous thromboses, pulmonary embo-
lism, cerebral venous thromboses). The clinical course of
the patient’s COVID-19 disease could influence selection of
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antithrombotic therapy during the acute time period. There
have been several clinical trials to inform the use of antico-
agulation in COVID-19. In critically ill COVID-19 patients,
therapeutic dose anticoagulation (in the absence of a specific
indication) did not improve survival to hospital discharge,
days free of organ support, or the combined end-point of
major thrombotic event or death compared to thrombo-
prophylaxis dose heparin [128]. There was a reduced inci-
dence of major thrombotic events (6.4 versus 10.4%) but
also an increase in the rate of major bleeding (3.8 versus
2.3%) in therapeutic dose versus thromboprophylaxis dose
heparin [128]. Therefore, in critically ill COVID-19 patients
with stroke, we recommend therapeutic dose anticoagula-
tion over antiplatelet therapy plus thromboprophylaxis only
when there is a specific indication for therapeutic anticoagu-
lation. In contrast, therapeutic dose anticoagulation for up to
14 days is currently recommended over thromboprophylaxis
dose heparin in hospitalized COVID-19 patients not in the
intensive care unit, on low flow oxygen, with a D-dimer
above the upper limit of normal, and with no increased risk
of bleeding because multiple clinical trials suggest mortality,
organ function, and thromboembolism benefits [129-131].
Of note, patients with an indication for dual antiplatelet ther-
apy (for example, stroke due to symptomatic intracranial ath-
erosclerosis) are excluded from this 14-day anticoagulation
recommendation. After the 14 days of anticoagulation for
COVID-19 indication, we recommend continuing antithrom-
botic therapy as dictated by the patient’s secondary stroke
prevention indications.

We do not recommend routinely starting antiplatelet ther-
apy for primary stroke prevention in patients with COVID-
19. The RECOVERY trial demonstrated that adding 150 mg
of aspirin daily to standard care had no mortality benefit and
only a small reduction in thrombosis (4.6 versus 5.3%) that
was offset by an increase in major bleeding (1.6 versus 1.0%)
[132]. However, we do routinely continue antiplatelet and
anticoagulant therapies for indications preceding COVID-
19, provided bleeding risks are not prohibitive. Similarly,
patients may have been on angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers prior to COVID-
19, and we do not routinely discontinue these medications.
Early concerns about angiotensin pathway agents and
adverse outcomes from COVID-19 have not been realized
in observational studies.

Seizures and Status Epilepticus
Epidemiology and Presentation
Multiple cohort studies suggest seizures occur in fewer than

1% of hospitalized COVID-19 patients, but seizures can
infrequently be a presenting symptom of COVID-19 [4, 5].

@ Springer

The reported incidence of seizures or status epilepticus is
substantially greater in patients who undergo electroenceph-
alography (EEG, 5.5 to 9.6%); however, clinician referral for
EEG monitoring likely enriches this incidence compared to
the non-monitored population [78-80]. EEG abnormalities,
including seizures, may also be more frequently identified
in patients who undergo at least 24 h of continuous EEG
monitoring. One study reported a higher incidence of EEG
abnormalities in patients who underwent continuous rather
than single or intermittent routine EEG monitoring (97 ver-
sus 85%) [78]. Altered mental status is the single most fre-
quent reason to evaluate for seizures during COVID-19 (42
to 61%), and the majority of patients who undergo EEG are
mechanically ventilated (about 80%) [78—80]. One study of
those who had EEG demonstrated 13.7% of patients had a
clinical seizure leading to hospitalization and 5.6% had a
clinical seizure during hospitalization but prior to EEG mon-
itoring. The most frequent abnormality detected on EEG was
diffuse background slowing (57 to 88%), followed by epi-
leptiform discharges (13 to 48.7%), and then focal slowing
(17 to 26%) [78-80]. One study found that seizures detected
on EEG were associated with a fourfold increased risk of
mortality; however, a seizure as the presenting symptom of
COVID-19 was not associated with increased mortality [79].

Pathogenic Mechanisms

One study of 197 hospitalized COVID-19 patients who
underwent EEG monitoring found that 74% of patients who
had seizures detected had either a prior history of a CNS dis-
order or an acute or chronic intracranial structural lesion; the
remaining patients with seizures had an acute metabolic risk
factor for seizure development (sepsis, renal failure, severe
hypoxia/anoxia) [79]. In fact, a chronic structural brain
injury was a statistically significant risk factor for detection
of seizures by EEG [133]. These authors interpreted their
findings as suggesting a low likelihood of a direct epilepto-
genic process resulting from SARS-CoV-2 and that seizures
were more likely due to predisposing structural injury or the
systemic effects of severe illness [79]. However, it should be
noted that several authors have suggested that focal slowing
and seizures in COVID-19 disproportionately involve the
frontal regions, which they argue could be related to viral
entry in to the CNS along the olfactory nerve [78].

Diagnosis and Treatment

In most cases of COVID-19, seizures were detected either
when evaluating a patient for encephalopathy, when a clini-
cal episode concerning for seizure had been reported, or
when a patient had known epilepsy or a predisposing struc-
tural lesion [78—80]. There is little evidence that the diagnos-
tic evaluation or therapeutic approach for seizures detected
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in COVID-19 should differ from the approach taken in
other patients. When seizures are detected, a patient should
undergo a diagnostic evaluation to identify the likely cause
of seizures since the therapeutic approach may be affected
by the underlying etiology.

Guillain-Barre Syndrome
Epidemiology and Presentation

Multiple cases of Guillain—Barre syndrome (GBS) follow-
ing SARS-CoV-2 infection have been reported [134, 135].
However, there is debate regarding whether SARS-CoV-2
is a meaningful cause of GBS. An epidemiological study
using the United Kingdom National Immunoglobulin Data-
base found that, compared to the prior four years (1.65-1.88
cases per 100,000 individuals per year), the incidence of
GBS decreased during March through May 2020 (1.6 cases
per 100,000 COVID-19 infections) when the UK was in
“lock-down,” despite escalating cases of COVID-19 [136].
Furthermore, there was no correlation between regional
cases of COVID-19 and regional cases of GBS in the UK
[136]. The authors argued that either SARS-CoV-2 does not
cause GBS and cases of GBS following SARS-CoV-2 infec-
tion were coincidental or the risk of GBS after SARS-CoV-2
is substantially less than the risk related to more established
causal infectious agents (such as Campylobacter jejuni) to
which exposure was reduced by social distancing and isola-
tion. On the other hand, a large study using national health
data from England, with over 2 million patients with SARS-
CoV-2 infection, suggested an excess number of GBS cases
related to SARS-CoV-2 infection (estimated 145 excess
cases per 10 million SARS-CoV-2 infections) [99]. Given
the high incidence of SARS-CoV-2 infection at any point
during the pandemic, combined with the rarity of GBS, it
is difficult to completely excluded the possibility of chance
occurrences. Nevertheless, these epidemiological data are
consistent with multiple large cohort studies of hospitalized
COVID-19 patients in which GBS was a neurologic compli-
cation in 0 t0<0.5% [4, 5, 134].

Reports of GBS following SARS-CoV-2 infection sug-
gest the entire spectrum of GBS may be observed, includ-
ing axonal and demyelinating variants as well as the Miller-
Fischer variant [135]. Similar to pre-pandemic GBS, cases
of GBS associated with COVID-19 appear to principally
develop ascending limb weakness over a few days, start-
ing about one to two weeks after onset of viral symptoms
[135]. One prospective observational study suggested a pre-
dominance of classical sensorimotor GBS variant with par-
esthesia (73%) but with frequent facial weakness (64%) and
autonomic dysfunction (64%) [137]. Respiratory failure has
been reported with COVID-19 associated GBS; however,

this is difficult to distinguish from respiratory failure due to
pulmonary COVID-19 disease itself.

Pathogenic Mechanisms

There is little evidence to suggest GBS related to SARS-
CoV-2 infection represents a different pathogenic mecha-
nism than postinfectious GBS from other causes. A system-
atic review of 77 COVID-19 associated GBS cases with
electromyography demonstrated the most frequent GBS
variant was acute inflammatory demyelinating polyneuropa-
thy (77%), followed by acute motor-sensory axonal neuropa-
thy (13%), and acute motor axonal neuropathy (10%). That
review found most cases (86%) were negative for antigan-
glioside antibodies [135]. A complete review of GBS patho-
physiology, diagnostic approaches, and therapeutic strategy
is outside of the scope of this manuscript, and we refer the
reader to a review of GBS [138].

Diagnosis and Treatment

GBS should be considered in the patient presenting with
progressive extremity weakness and is in the differential of
new onset or progressive bulbar dysfunction, suggesting a
Miller Fisher GBS variant. GBS associated with COVID-
19 should be considered if respiratory insufficiency seems
disproportionate to pulmonary findings. Case series of GBS
associated with COVID-19 suggest a CSF profile of absent
or low white cell count with elevated protein, similar to other
causes of GBS; a systemic review found that the CSF was
negative for SARS-CoV-2 RNA in all samples tested [135].
As with other causes of GBS, both intravenous immuno-
globulin and plasma exchange are reported therapies [135].
Given the limited available data, it is difficult to comment on
whether the clinical severity or prognosis of GBS related to
COVID-19 differs from GBS due to other causes. Cases of
functional recovery from GBS after COVID-19 have been
reported [134].

Neurologic Manifestations of Post-Acute
Sequelae of SARS-CoV-2 Infection
(Neuro-PASC)

Long lasting COVID-19 symptoms, or so-called long-
COVID, have been recognized since May 2020, and became
initially known through patient-reported symptom trackers
and online patient groups [139]. Based on the definition
from the Center for Diseases Control (CDC), symptoms per-
sisting >4 weeks after COVID-19 onset are now called Post-
Acute Sequelae of SARS-CoV-2 infection (PASC) [140].
Long COVID, or PASC, remains a debilitating multi-system
syndrome affecting a heterogenous population. It is likely
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that approximately one-third of COVID-19 survivors will
develop PASC. Estimates of PASC range from 13 to 57% of
patients [141-145]. The Government Accountability Office
(GAO) report estimated that as of February 2022, there were
up to 23 million people in the USA with Long Covid (up
to 30% of all cases), pushing about 1 million people out of
work [146]. Since Neuro-PASC symptoms, including cogni-
tive dysfunction, are likely a significant factor in the ability
to return to work, PASC is expected to have a significant
impact on the US workforce and economy. Neuro-PASC
may affect patients who have been hospitalized for severe
COVID-19 pneumonia (post-hospitalization Neuro-PASC
(PNP)) as well as those with mild or no initial respiratory
presentation of COVID-19 (non-hospitalized Neuro-PASC
(NNP)). PASC may still occur after breakthrough cases of
COVID-19 in vaccinated individuals, although vaccinated

Fig.2 Symptoms of post-acute
sequelae of SARS-CoV-2
(PASC). PASC can lead to
symptoms involving multiple
organ systems and varies by
individual patient. Common
symptoms include cognitive
dysfunction (often called "brain
fog" by patients), dizziness, and
anosmia. Treatment depends on
the systems involved and often
involves a multidisciplinary
approach

Fluctuating heart
rate and blood

pressure

Muscle aches
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patients are at slightly lower risk of PASC as compared to
un-vaccinated individuals (HR =0.85, 95% CI 0.82-0.89)
[147].

A study of 273,618 COVID survivors found patients who
developed PASC were more likely to be younger, female,
and have had severe illness [143]. A survey of 4182 people
who tested positive for SARS-CoV-2 also found that patients
with PASC were more likely to be female and have required
hospital assessment [141], but reported PASC was more
common in an older population. Expanded results of the
same survey found that persons who are vaccinated are half
as likely to get long-COVID as compared to unvaccinated
persons [148]. Other risk factors for PASC may include
high levels of SARS-CoV-2 RNA at diagnosis, a variety of
autoantibodies, and Epstein-Barr virus (EBV) reactivation
[149]. Moreover, one study suggested EBV reactivation is
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~ E seen in 66% of long Covid subjects vs. 10% of control sub-
é ) ug jects [150]. Incidentally, there are currently no pharmaceu-
o) ge ticals licensed to specifically treat EBV reactivation.
g"'—g 8;: % Many patients with long COVID suffer from a wide array
s g < s of neurologic symptoms affecting their cognition and quality
é i % g of life, as well as their ability to work (Fig. 2 and Table 2).
g -?ED g g % Our study of the first 100 non-hospitalized “long-haulers”
? 2 T;g 5 seen in a Neuro-COVID-19 clinic showed that they are
2|2EEZZ d predominantly female [61]. The most frequent
A younger and pre y q

comorbidities were depression/anxiety (42%) and autoim-
mune disease (16%). The main neurologic manifestations
were “brain fog” (81%), headache (68%), numbness/tingling
(60%), dysgeusia (59%), and anosmia (55%). In a follow-up
study, there was no significant change in the frequency of
most neurologic symptoms at a median of 14.8 months from
disease onset [151].

viral invasion, immune dys-
regulation or microthrombi

nitis, BPPV, PPPD. Direct
have been postulated

Post-viral vestibular neuro-

Pathogenesis

Cognitive Dysfunction
Epidemiology and Presentation

Cognitive dysfunction is one of the most debilitating symp-
toms of Neuro-PASC and a main reason for consultation
to our Neuro-COVID-19 clinic. Many patients use the col-
loquial term of “brain fog” to describe their difficulties in
carrying out usual functions at work, multitasking, or fol-
lowing conversations. They also describe phenomenon such
as forgetting why they are in a room, repeating oneself, and
word finding difficulties. At 12 months post hospitalization
for severe COVID-19 pneumonia, 50% of patients without
prior history of dementia or cognitive abnormality had cog-
nitive impairment [152]. Another study showed that 8% of
COVID-19 survivors had persistent cognitive dysfunction
[143]. Being hospitalized for severe COVID may age the
brain by 20 years, but even patients with asymptomatic
Covid-19 may have prolonged cognitive dysfunction [153].
One study showed lower Montreal Cognitive Assessment
(MoCA) scores in patients with asymptomatic COVID-19
than healthy controls [154]. A meta-analysis of predomi-
nantly hospitalized patients reported 18% of patients report
persistent concentration difficulties and 19% reported mem-
ory loss at one year post Covid [155].

MRI brain with internal audi-
tory canal and VNG

Neurodiagnostic testing

Vertigo (7.2%), hearing loss
(7.6%), tinnitus (4.8%)

Frequency

Presentation
tinnitus

Pathogenic Mechanisms

The mechanism of persistent cognitive dysfunction in
Neuro-COVID is likely a complex interplay of fatigue,
sleep disruption, aberrant immune response, and potential
persistent infection [156, 157]. Lack of oxygen does not
seem to be responsible as impaired cognition can occur in
patients with mild COVID-19 who were never hypoxic.

magnetic resonance angiography, EEG electroencephalogram, CSF cerebrospinal fluid, POTS postural orthostatic tachycardia syndrome, VNG videonystagmography, BPPV benign paroxysmal

NIH National Institutes of Health, PROMIS Patient Reported Outcome Measurement Information System, MoCA Montreal Cognitive Assessment, MR/ magnetic resonance imaging, MRA
positional vertigo, PPPD persistent postural perceptual dizziness, SSRI selective serotonin reuptake inhibitor, SNRI serotonin and norepinephrine reuptake inhibitor

Audio-vestibular symptoms Vertigo, hearing loss, and

Table 2 (continued)
Neuro PASC symptom
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The role of SARS-CoV-2 as a neurotropic virus is still
debated. Proposed mechanisms of the virus invading the
brain through the olfactory bulb are theoretical, and, to date,
the frequency and significance of direct viral invasion of
the brain are debated. Moreover, olfactory neurons, which
constitute a direct route to the brain by anterograde axonal
transport, do not appear to express the obligatory entry pro-
teins for SARS-CoV-2. Some studies report SARS-CoV-2 is
rarely detected in brain samples, possibly due to low levels
of ACE2 expression on brain cells [158]. However, brain-
stem dysfunction has also been posited as a possible etiol-
ogy of long COVID as there are more ACE2 receptors in
the pons and medulla compared to other brain regions [159].

There is evidence for local immune overactivation in
the CSF even in the absence of SARS-CoV-2 in the CSF
in patients with Neuro-COVID [160]. However, despite a
relative overactivation of the immune response, there is
also impairment in the normal function. Monocytes remain
de-differentiated instead of following appropriate signals
to turn into macrophages or dendritic cells as they would
normally. T cells become “exhausted,” indicating they are
less able to kill infected cells. These findings suggest a
dysregulation of the immune response by the virus.

Vascular dysfunction and thrombosis may also play a
role in cognitive dysfunction. SARS-CoV-2 infection has
been shown to lead to endotheliitis, inflammation of the
endothelium of the blood vessel where ACE2 receptors are
present. As the vascular endothelium is present throughout
the body, this may be a mechanism by which COVID-19 can
cause dysfunction in all major organs. The vascular endothe-
lium serves not only as a structural support but also plays
a dynamic role in hormonal and cytokine signaling [161].
Finally, there is evidence of microthrombi in the brain on
autopsy in patients who have died of COVID-19 [68]. We
do not know if this may also occur in patients with mild or
moderate COVID-19.

Diagnosis and Treatment

We recommended to screen for and rule-out alternate causes
of cognitive dysfunction including B12 or folate deficiency,
HIV infection, syphilis, thyroid dysfunction, and obstruc-
tive sleep apnea. A study analyzing MRI brains of 401
patients who tested positive for SARS-CoV2 before and
after their infection found that patients who had COVID-
19 had a 0.2-2% brain tissue loss in the parahippocampal
gyrus, orbitofrontal cortex, and insula [162]. These are all
areas that are involved in the sense of smell and could atro-
phy in patients who have anosmia. A study of two patients
post-SARS-CoV2 infection reported hypometabolism of the
olfactory/rectus gyrus on 18F-FDG brain PET, but the long-
term consequence of this finding is uncertain [163]. Conven-
tional MRI brain may not show abnormalities given these

mild changes. A study in patients with cognitive symptoms
after mild COVID-19 showed that cerebrospinal fluid studies
were abnormal in 10/13 (77%) of post-COVID-19 patients
with cognitive symptoms [164]. One patient had two well-
defined oligoclonal bands in the CSF that were not present
in the serum and 8 patients had matched bands in serum and
CSF which are nonspecific. Two patients (15%) had mildly
elevated protein. CSF AP42 and Ap40 have been described
as abnormal in neuro-PASC, indicating impaired amyloid
processing suggesting a possible degenerative component
in this population [165]. Serum neurofilament, a marker of
neuronal damage, has been shown to be elevated in hospi-
talized COVID-19 patients, although this test is not widely
available for clinical use due to need for specialized lab
equipment [166].

Tests such as the NIH Toolbox and MOCA are useful
screens for cognitive dysfunction in COVID-19 [167]. In
particular, the NIH Toolbox tests screen for impairment in
four different cognitive domains including working memory,
executive function, processing speed, and attention. Scores
are based on a large normative US population and a T score
of 50 is the average expected result and accounts for age,
education, gender, and race. We refer patients with NIH
toolbox T scores below 40 (> 1 standard deviation below
average) on any of the tests to a cognitive neurologist or
neuropsychologist for further evaluation of their cognitive
problems, followed by referral to precision cognitive reha-
bilitation. Medications for Alzheimer’s Disease including
donepezil and memantine have not been studied in neuro-
PASC cognitive dysfunction.

Fatigue
Epidemiology and Presentation

Fatigue is one of the most frequently reported symptoms in
long COVID. Persistent fatigue following SARS-CoV-2 infec-
tion is common and independent of severity of initial infection
[168]. At an average of 48 days post discharge, 72% of hos-
pitalized patients reported ongoing fatigue [169]. In another
study, at 12-week follow-up, 39% of hospitalized patients
reported ongoing fatigue [170]. Around 13% of all COVID-
19 survivors have persistent fatigue at 6 months [143]. In our
Neuro-COVID-19 clinic, 85% of non-hospitalized Neuro-
PASC patients complained of fatigue [61], which persisted
an average of 14.8 months after COVID-19 symptoms onset
in a follow-up study [151].

Pathogenic Mechanisms

PASC symptoms resemble the prominent fatigue and cogni-
tive complaints seen after mild traumatic brain injury, and
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in patients with myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS) [171-173]. Yet, despite two decades of
research, the etiology of chronic fatigue syndrome remains
unclear. Unlike chronic fatigue syndrome, which likely has
multiple different etiologies, PASC has a known single viral
trigger. The mechanisms leading to post-COVID fatigue are
likely similar to that of cognitive dysfunction, although the
fatigue can also present as early physical tiring.
Post-COVID fatigue may also, in part, be a result of dys-
function in sleep and wakefulness centers in the brainstem
leading to insomnia. In our study, the rate of insomnia in
long COVID patients increased from 16% pre-COVID to
33% post-COVID [61]. Alterations in the sleep cycle may
also lead to immune dysregulation and impair the body’s
ability to clear SARS-CoV-2, thus extending the cycle.

Diagnosis and Management

Patients seen in our Neuro-COVID-19 clinic had significantly
worse than expected quality of life due to fatigue as assessed
by Patient Reported Outcome Measurement Information
System (PROMIS) [174]. PROMIS inventories are validated
for clinical use to assess how much fatigue interferes with a
patient’s daily life. Scores are expressed as T-scores with a
score of 50 representing the normative mean/median of the
US reference population with a standard deviation of 10.

When evaluating a patient with PASC and fatigue in
the clinic, screening for other comorbid causes for fatigue
including for insomnia, sleep apnea, depression and thyroid
dysfunction is important. Patients with sleep dysfunction
may be referred to cognitive behavioral therapy for insom-
nia (CBT-I). Medications such as amantadine (100 mg upon
awakening and 100 mg at noon) and modafinil 100-200 mg
daily may be helpful for more severe cases of fatigue. Aman-
tadine was originally developed as an antiviral mediation
against influenza, although it is no longer used for this pur-
pose. Amantadine has a metabolite that is similar to amphet-
amine and boosts brain levels of dopamine, a neurotrans-
mitter linked to arousal. Side effects of amantadine include
worsening anxiety and insomnia, and therefore should not
be used after noontime, as well as extremity swelling and
retiform rash. Other stimulants, modafinil and armodafinil,
are weak dopamine reuptake inhibitors, and can be used
clinically as awake-promoting agents.

Finally, screening for depression and anxiety is impor-
tant as around 40% of patients with long-COVID endorse
depression or anxiety [61, 175]. For patients with comorbid
depression, bupropion XL 150-300 mg daily may be ben-
eficial as this is also a norepinephrine—dopamine reuptake
inhibitor that can improve energy. For patients with anxiety,
CBT and selective serotonin reuptake inhibitors (SSRI) such
as escitalopram 10 mg daily may be useful.
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Anosmia/Dysgeusia
Epidemiology and Presentation

Anosmia is one of the distinguishing factors of COVID-19
compared to other viral upper respiratory tract infections.
Most patients develop some degree of anosmia, though they
may not subjectively identify it. In a study by Hannum et al.,
77% of patients with COVID-19 had impaired smell when
tested, while only 44% of patients self-reported anosmia
[176]. Dysgeusia, or impaired sense of taste, often coin-
cides with impaired sense of smell, but at times, patients
may report one or the other and not both. The incidence of
impairment in smell or taste may be up to three times higher
in Western countries than East Asia [177]. The reason for this
is unclear and may be due to polymorphisms in the ACE2
receptor or differences in ACE2 expression levels in various
tissues in different populations [178].

For most patients, anosmia and dysgeusia typically
resolves within a few days to 2 weeks. Although it can
persist for much longer and it is yet to be determined if
COVID-19 can cause permanent hyposmia or dysgeusia. In
one study, 14/44 (31%) patients had impaired smell or taste
at 244 days post infection [179].

Phantosmia, or detecting smells that are not really pre-
sent, as well as parosmia, alteration in smell, occur fre-
quently Neuro-PASC patients [179]. It is unclear if phan-
tosmia and parosmia are due to initial damage or signs of
early recovery, as these symptoms may be reported later in
the disease course.

Pathogenic Mechanisms

Anosmia in COVID-19 is likely due to injury to the nasal
epithelium/supporting cells of olfactory bulb. MRIs have
shown abnormalities in olfactory bulbs in patients with anos-
mia; however, pathologic samples do not support direct viral
invasion of the olfactory bulb [180]. This lack of evidence
that SARS-CoV-2 can infect the olfactory bulbs further sup-
ports that SARS-CoV-2 is not likely a neurotropic virus.
However, SARS-CoV-2 has been found in the sustentacular
cells in olfactory epithelium, cells that support the olfactory
sensory neurons [181, 182].

Diagnosis and Treatment

For patients with anosmia >4 weeks, olfactory training
should be encouraged. Olfactory training, or repeatedly
smelling various strongly-scented odors, may speed smell
recovery process [183]. This is typically done at least twice
a day for 3—6 months. Patients should think of a memory
of that odor while smelling the scent and take 10 s breaks
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between scents. They may start with odors such as rose,
lemon, and clove. This may help reorganize nerve connec-
tions. Other scents can be added after 1 month. The typi-
cal timeframe of recovery is poorly known. Patients should
ensure home smoke and carbon monoxide detectors are
working. Patients with anosmia should be screened for con-
comitant mood disorders as one study found that anosmia/
ageusia was an independent risk factor for depression or
suicidal ideation [184].

Intranasal and oral steroids have shown mixed results. One
study assessed systemic prednisone plus a nasal irrigation
with betamethasone, ambroxol, and naphazoline vs. untreated
controls and found improvement in olfactory scores in the
treatment group, although this was not a controlled study
[185]. In another study, there was improvement in smell and
taste recognition after five days of intranasal fluticasone spray
and oral triamcinolone paste [186]. A third study showed
no difference between mometasone furoate nasal spray plus
olfactory training vs. olfactory training alone, therefore ques-
tioning the impact of inhaled nasal steroids [187].

Dysautonomia
Epidemiology and Presentation

Dysautonomia involves the malfunction of the sympathetic
and parasympathetic nervous system. Symptoms include
heart rate and/or blood pressure variability, orthostasis, blad-
der and/or bowel dysfunction, and fatigue. In our study, 30%
of patients reported heart rate or blood pressure variability
[61]. In a study of 20 COVID-19 patient with autonomic
symptoms, 60% were unable to return to work at 6—-8 weeks
[188]. Postural Orthostatic Tachycardia Syndrome (POTS)
is the most common symptom experienced followed by neu-
rogenic syncope and orthostatic hypotension. Orthostatic
cerebral blood flow velocity (CBFv) on tilt table testing has
been shown to be lower in PASC patients compared to con-
trols, consistent with cerebrovascular dysregulation [189].

Pathogenic Mechanisms

Damage to the autonomic nervous system typically occurs
at the autonomic ganglia. Damage to the vagus nerve is also
possible [68]. Autoantibodies have been previously associ-
ated with orthostasis and postural orthostatic tachycardia
syndrome (POTS), but no clear antibodies associated with
post-Covid dysautonomia have been established.

Diagnosis and Treatment

POTS is diagnosed by an increase in heart rate of 30 beats per
minute (bpm), or over 120 bpm, within 10 min of standing,

in the absence of orthostatic hypotension. Orthostatic hypo-
tension is diagnosed if the systolic blood pressure drops
20 mmHg or diastolic pressure drops 10 mmHg after 3 min of
standing. If the diagnosis is unclear, patients with symptoms
of tachycardia, orthostasis, and blood pressure fluctuations
should undergo autonomic testing such as tilt-table test, where
available. Patients with confirmed POTS may benefit from a
beta-blocker such as propranolol or ivabradine, a heart failure
drug which can lower heart rate without reducing blood pres-
sure [190]. Patients with orthostasis should maintain proper
hydration, use compression stockings, abdominal binders, and
participate in graded exercise programs on their back [191].
Midodrine or fludrocortisone may be helpful for orthostasis
[191]. There is little data on use of IVIg or steroids for post-
COVID dysautonomia. Only one of three patients treated with
steroids noted improvement [188].

Headaches
Epidemiology and Presentation

Headaches are common at presentation and in long-COVID.
Headaches are present in 47% of COVID-19 patients at
onset and 10% at 30 days [192]. The quality of post-COVID
headache can be tension-type or migraine-like and is often
persistent. It can occur at the time of initial infection or be
delayed [193]. In a survey of 262 COVID positive patients,
COVID headaches were more often bilateral, long-lasting,
and resistant to analgesics. Patients with pre-existing head-
ache disorders noted a change in the quality of their head-
aches post-COVID [194]. About one in five patients who
present with headache during the acute phase of COVID-19
develop chronic daily headaches [195].

Pathogenic Mechanisms

The COVID-related cytokine release is one of the likely
mechanisms for headaches via irritation of meninges.
Additionally, SARS-CoV-2 binding of ACE2 leads to an
increased production of angiotensin II which is known
to increased calcium gene related peptide (CGRP) [196].
CGRP is a key neuropeptide leading to trigemino-vascular
activation resulting in headache [197].

Diagnosis and Treatment

MRI brain with and without contrast and vessel imaging is
indicated in patients with confusion, headaches, and focal
neurologic deficit. Patients with pre-existing headache
disorders are prone to have an increase in their baseline
headaches.

A five-day course of indomethacin 50 mg twice a day
has been shown to reduce post-COVID headaches by about
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50%. Migraine specific treatments including nortriptyline,
propranolol, topiramate, gepants, and CGRP antagonists
have not yet been studied systematically for post-COVID
headache [198]. We frequently use nortriptyline 25 mg
nightly for treatment of post-COVID headache in our Neuro-
COVID-19 clinic.

Numbness/Tingling
Epidemiology and Presentation

In our study, 60% of patients seen in the neuro-COVID
clinic reported numbness or tingling. Another study
showed 8/9 (89%) of patients with PASC had small fiber
neuropathy, although no systematic studies have been done
[189]. Small fiber neuropathy may be due to inflammation
triggered by infection and can be seen in a range of mild
to severe COVID-19. There is also evidence for autoim-
mune neuritis based on an autopsy study with perivascular
macrophage infiltrates in the nerves [199]. Critical illness
neuropathy is not necessarily unique to COVID but rather
can be seen in any prolonged ICU stay.

Diagnosis and Treatment

In a review of 17 post-Covid patients without prior neu-
ropathy referred for peripheral neuropathy evaluation, 17%
had abnormal electrodiagnostic tests, 63% had abnormal
skin biopsies confirming small fiber neuropathy, and 50%
had abnormal autonomic testing [199].

Treatment with neuropathic pain agents including
gabapentin may be helpful [200]. Five patients who
received repeated intravenous immunoglobulins reported
an improvement in sensory symptoms [199]. There is need
for further study as patients who did not receive immuno-
therapy also reported improvement over time.

Audio-Vestibular Symptoms
Epidemiology and Presentation

According to a systematic review of post-COVID audio-
vestibular symptoms, 4.8% of patients experience tinnitus,
7.6% have hearing loss, and 7.2% have vertigo, or a spinning
sensation. This same review also concluded that these symp-
toms are not clearly related to COVID-19 [201]. Vestibular
symptoms are less reported than other neurologic symptoms
of PASC, but tend to be quite debilitating when they do
occur. Post COVID-19 vestibular neuronitis and BPPV have
been reported [202, 203]. In our experience, some patients
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may report a persistent feeling of unsteadiness with normal
vestibular testing, similar to Persistent Postural Perceptual
Dizziness (PPPD). This syndrome is typically provoked by
an event affecting the vestibular system.

Pathogenic Mechanisms

Similar to other neuro-COVID syndromes, direct viral inva-
sion, immune dysregulation, or microthrombi have been pos-
tulated as causes of audio-vestibular symptoms following
COVID-19.

Diagnosis and Treatment

After exclusion of alternate etiology such as vestibular
migraines, Meniere’s disease, stroke, or demyelinating dis-
ease, patients should be referred to vestibular therapy. MRI
brain with internal auditory canal and videonystagmogra-
phy (VNG) may be helpful to determine etiology. Anti-
vertiginous drugs such as meclizine, antihistamines, and
benzodiazepines are useful in vestibular neuritis. Benzodi-
azepines and vestibular suppressants such as meclizine are
not helpful in PPPD. Studies have shown SSRI or seroto-
nin and norepinephrine reuptake inhibitors (SNRI) reduce
symptoms in 60-70% of patients with PPPD. Those with
persistent symptoms despite vestibular therapy should be
referred to neuro-otology or ENT for further testing.

Experimental Therapies

There are 26 ongoing studies for post-Covid syndromes
[190]. However, due to the limited knowledge and lack
of completed, successful studies for treatment in neuro-
PASC, many doctors and patients have sought alternative
routes for treatment. Treating a new syndrome can be
daunting, but treating the individual symptoms based on
known principles can bring as much or more success than
any experimental treatment.

Low dose naltrexone (LDN) has gained clinical interest
over the past decade as a treatment that may improve over-
all sense of wellbeing, fatigue, and pain. LDN has been
used in chronic fatigue syndrome, fibromyalgia, multiple
sclerosis, and other autoimmune diseases with success in
a few studies [204, 205]. LDN is proposed to reduce lev-
els of pro-inflammatory cytokines TNF-alpha and IL-6.
However, a recent study showed no difference in quality
of life in glioma patients taking LDN [206]. There is an
ongoing clinical trial researching LDN 4.5 mg daily in
long-COVID [207].

Fluvoxamine has been used in the acute COVID-19
inpatient setting with improvement in outcomes, but there
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is no current evidence for use in long-COVID [87]. Flu-
voxamine is an SSRI that may lower pro-inflammatory
cytokines including IL-6 and TNF-a through the sigma-1
receptor on the endoplasmic reticulum [208]. In addition,
treatments including steroids, ivermectin, CCR-5 inhibi-
tors, aspirin, and statins have been proposed. Ivermectin
has been shown to be ineffective in acute COVID-19 in
multiple studies. Cryotherapy, acupuncture, lymphatic
drainage massages, cupping, IV glutathione, hyperbaric
oxygen chambers, and infrared saunas have not yet been
studied for PASC.

Acute Neurologic Complications
of SARS-CoV-2 Vaccination

Rare cases of thrombotic events with thrombocytopenia,
including cerebral venous thrombosis (up to 70% of throm-
boses), have been reported in patients vaccinated with the
adenovirus-vector SARS-CoV-2 vaccines (AstraZeneca and
Johnson & Johnson) but not with the mRNA-based vaccines
[209]. It is believed that DNA from adenovirus vectors binds
to platelet factor 4 (PF4) and triggers autoantibody produc-
tion, resulting in a vaccine-associated immune thrombotic
thrombocytopenia (VITT) developing most often 1 to 2 weeks
after vaccination [209]. Patients with cerebral venous throm-
bosis present with the typical signs and symptoms of that
condition (headache in 90%), and the PF4 antibody test is
confirmatory of VITT [209]. Since the mechanism resem-
bles heparin-induced thrombocytopenia, recommended treat-
ment is anticoagulation with a non-heparin anticoagulant and
intravenous immunoglobulin (1 g/kg daily for 2 days) [209].
Plasma exchange may be used for refractory cases. In the
USA, the overall risk of VITT is about 1.9 cases per million
Johnson & Johnson doses, but the risk is 7 cases of VITT per
million doses in women aged 18 to 49 years [210]. Despite
this risk, the Advisory Committee on Immunization Practices
found the benefits of continued vaccination using Johnson &
Johnson exceed the risks [210].

Post-authorization safety surveillance has identified a
potential association between GBS and the adenovirus-
vector SARS-CoV-2 vaccines. In the USA, the estimated
incidence of GBS following the Johnson & Johnson vaccine
is 9.8 cases per million doses, which corresponds to a four-
fold increase above the background rate of GBS [211]. The
median time from vaccination to GBS onset was 13 days
and nearly all cases began within 42 days [211]. Most cases
were of serious severity (93.8%), and there was a male pre-
dominance [211].

It is especially important for patient education to note that
the risks of neurologic complications from SARS-CoV-2
infection itself likely exceed the risks associated with vacci-
nation. A study using national health data from England with

over 20 million doses of AstraZeneca (adenovirus-based)
vaccine, 12 million doses of Pfizer (mRNA-based) vaccine,
and 2 million patients with SARS-CoV-2 infection compared
the excess incidence of neurologic complications following
vaccination and SARS-CoV-2 infection. AstraZeneca vac-
cination result in an estimated 38 excess cases of GBS per
10 million doses compared to 145 excess cases of GBS per
10 million SARS-CoV-2 infections, and there was no statis-
tically significant association between GBS and Pfizer vac-
cination [99]. While the Pfizer vaccine was associated with
60 excess cases of hemorrhagic stroke per 10 million doses,
this was offset by 163 excess cases of myasthenic disorder
and 123 excess cases of encephalitis per 10 million SARS-
CoV2 infections [99]. Data from the US Vaccine Adverse
Event Reporting System similarly suggests that the risks of
neurologic complications from SARS-CoV-2 infection far
exceed the risks associated with vaccination [212].

Directions for the Future: Clinical Care,
Research, and Education on Neurologic
Manifestations of COVID-19

The COVID-19 pandemic is evolving very rapidly in
unpredictable ways all over the world due to low rates of
vaccination and the emergence of new SARS-CoV-2 vari-
ants. Therefore, we focus on delineating the most urgent
and important future directions for clinical management,
research, and education.

Risk Factors for Hospitalization and Long COVID
Syndrome

While some individuals remain asymptomatic after SARS-
CoV-2 infection, others develop severe pneumonia requir-
ing mechanical ventilation. Furthermore, people often fully
recover from a mild case of COVID-19, but others develop
lingering and debilitating neurologic manifestations of
Long-COVID. Therefore, further research is needed on the
risk factors of severe disease and Long-COVID syndrome
in diverse populations.

Clinical Characterization of Neuro-PASC

Unfortunately, the definition of PASC is imprecise, as it encom-
passes all post-acute sequela lasting >4 weeks from symptom
onset and does not differentiate between post-hospitalization
and non-hospitalized patients. Therefore, an 80-year-old man
with multiple co-morbidities who has cognitive problems
post-hospitalization for severe COVID-19 pneumonia requir-
ing mechanical ventilation complicated by encephalopathy,
and a previously healthy 20-year-old woman with persis-
tent “brain fog” after mild initial SARS-CoV-2 infection are
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both considered to have Neuro-PASC using the NIH defini-
tion. Since the two populations of post-hospitalization and non-
hospitalized Neuro-PASC patients are very different, this has
caused significant confusion and decreased scientific rigor in
the field. Indeed, most publications have lumped those two
populations of patients together [142]. Clinical studies should
aim at improving the scientific rigor of the Neuro-PASC field
by differentiating post-hospitalization Neuro-PASC (PNP) from
non-hospitalized Neuro-PASC (NNP) patients.

The Case for SARS-CoV-2-Negative “Long Haulers”

In view of the limited availability of SARS-CoV-2 naso-
pharyngeal testing by RT-PCR in some geographic locations
during the first year of the pandemic, and the low sensitivity
of the first commercially available serological test for SARS-
CoV-2 Nucleocapsid antibodies (Abbott), it has been estimated
that approximately 10 million people in the USA may have
developed long COVID symptoms in 2020 but did not have
a positive test result of SARS-CoV-2 infection [213]. Those
individuals, predominantly females in their forties, have unfor-
tunately experienced rejection and stigma from medical pro-
viders as well as from the majority of post-Covid clinics in the
USA [61, 214-216]. However, we argue that those patients
fall within the categories of “probable” or “suspected” SARS-
CoV-2 infections according to WHO case definitions and their
post-viral syndrome should be managed symptomatically simi-
larly to the Long COVID syndrome [217].

Peripheral Biomarkers of CNS Injury

Many Neuro-PASC patients have normal brain imaging and
CSF studies. However, there is emerging data on blood-
based biomarkers of CNS injury in the acute phase of both
severe and mild-to-moderate COVID-19 that assess the
nature of CNS injury in acute infection. Plasma neurofila-
ment light chain (pNfL) is an intra-axonal structural protein
which has been validated as a biomarker for neuroaxonal
damage, and plasma glial fibrillary acidic protein (pGFAP)
is an astrocytic cytoskeletal protein which is upregulated in
activated astrocytes [218, 219]. Both biomarkers have been
shown to increase in the acute phase of severe COVID-19,
indicating CNS injury associated with neuronal damage and
astrocytic activation [220-223]. Furthermore, elevation of
serum (s)GFAP and (s)NfL has been observed in acute mild
to moderate cases of COVID-19 [166, 224-226]. However,
whether SARS-CoV-2 directly infects the brain parenchyma
remains unclear [68]. Collectively, these findings suggest
that CNS damage may occur in COVID-19 patients present-
ing with a wide range of acute disease severity that is likely
independent of direct viral CNS infection. The dynamic evo-
lution of those biomarkers in Neuro-PASC and how they
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related to quality of life or cognitive function measures over
time is not known and should be measured prospectively.

Pathogenic Mechanisms of Neuro-PASC
and Interventions

Immunity against viral pathogens requires robust activa-
tion of T cells, and there are ample examples that periph-
eral T cell activation is critical to help clear viral infections
with CNS manifestations. However, most T cell studies in
COVID-19 have focused on hospitalized patients with pneu-
monia [227]. The rapidly waning T and B cell responses
after vaccination, breakthrough infections, and need for
booster shots has become painfully apparent, underscoring
our persistent knowledge gaps and urgent need for further
research on the immune response to SARS-CoV-2 [228].
Pilot studies on the characterization of the T cell response
in Neuro-PASC patients and its impact on neuropsychiatric
symptoms show an emerging pattern consistent with con-
tinuous antigenic stimulation or persistent infection with
SARS-CoV-2 [157, 229]. Such persistent infection may
lead to auto-immunity, driven either by auto-antibodies or
auto-reactive T cells. Future research should focus on iden-
tification of potential hidden reservoirs of SARS-CoV-2
including nasopharyngeal olfactory mucosae, endothelial
cells of micro-vessels in the CNS and the gut in PNP and
NNP patients [157]. Identification of such reservoirs could
justify therapeutic interventions with monoclonal antibodies
or antiviral medications.

Sleep/Fatigue/Cognition Axis

Neuro-PASC patients suffer from intense fatigue, sleep dif-
ficulties, and cognitive dysfunction. Future research should
focus on the interplay of sleep and circadian rhythms dis-
ruption and fatigue, and their impact on quality of life and
cognitive measures.

Changing Spectrum of Acute and Chronic COVID-19
Presentations Caused by Viral Variants After
Vaccines/Booster

SARS-CoV-2 continues to evolve. Omicron and its associ-
ated variants of SARS-CoV-2 have become the dominant
strain worldwide, causing a steep increase in the number of
confirmed infections [230]. While Omicron is more infec-
tious than the initial Wuhan strain, it appears to be less
pathogenic during acute infection [230]. Whether these
variants causes similar or different Neuro-PASC manifesta-
tions than the initial strain and whether these will be altered
when infection is contracted after vaccination require further
study.
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Role of Global Neurology in a Global Pandemic

Multiple factors have shaped the COVID-19 pandemic in
various geographic locations, including access to intensive
or specialized care and medications, rate of vaccination,
socio-economic factors, age and genetic background of the
populations, and local viral variants. All of those may have a
profound impact on the acute and chronic neurologic mani-
festations of COVID-19 and may shed light on pathogenic
mechanism of Neuro-PASC.

Unsanctioned Use of Experimental Medications
and Role of Social Media

While research takes time and patients are often desperate
for treatments that could alleviate their symptoms, a word
of caution is necessary to avoid the use of unnecessary,
unproven or potentially toxic medications. Such potential
“cures” are often amplified on social media, and patients
may fall prey to unscrupulous providers selling expensive
and uninterpretable blood tests that they use to justify cock-
tails of drugs that are neither FDA-approved nor evidence-
based for COVID-19. Instead, patients should be encouraged
to participate to clinical treatment trials for COVID-19 held
by academic institutions.

Need for Dedicated Research Funding and Peer
Review for Neuro-PASC Research

While COVID-19 in primarily a respiratory disease, the
most frequent and debilitating manifestations of PASC are
neurological, as is the case for the majority of patients seen
at the Comprehensive COVID-19 Center of our institution
[231]. Although the NIH has organized the RECOVER
study [232], media outlets have reported on frustration over
the slow pace of enrollment and lack of transparency in the
selection process of participating sites expressed by NIH
officials, COVID-19 experts and patients alike [233-236].
A panel of physicians, scientists, public health experts, and
patients advocates have recommended that the NIH earmark
dedicated funding for research on neuropsychiatric mani-
festations of COVID-19 in a manner that facilitates investi-
gators outside of the RECOVER study group contributing
urgently needed knowledge in a nimble and timely fashion
based on their own patient populations and expertise [234].
Immediate creation of a specialized NIH study section com-
prising subject experts who review competitive, independent
COVID-19 grant applications could help address existing
frustrations over the pace of research. This would be analo-
gous to the Neuro-AIDS and end organ disease (NAED)
study section created by the NIH early in the AIDS pan-
demic, which specifically adjudicates research grant appli-
cations on neurologic complications of HIV—an important

public health concern but also a virus affecting far fewer
people in the USA than SARS-CoV-2 does today.

Education of Medical Students, Residents,
and Fellows

As of May 2022, over 80 million people in the USA have
survived COVID-19 and approximately 23 million have
developed some manifestations of PASC affecting the
nervous system [146]. This makes Neuro-PASC, the third
most frequent neurologic disorder in this country after
tension headache and migraine, and far ahead of stroke,
Alzheimer’s, spinal cord, and traumatic brain injury [237].
Patients with Neuro-PASC may present with cognitive dys-
function, headache, vestibular problems, sleep difficulties,
neuromuscular and vascular complications as well as dysau-
tonomia, which constitute the commonly considered “bread
and butter” of neurology [238]. Since COVID-19 is very
likely to become endemic and a persistent disease, the clini-
cal management of Neuro-PASC patients should be taught
to medical students and neurology trainees. Furthermore,
since Neuro-PASC in non-hospitalized patients has many
of the hallmarks of an autoimmune disease, clinicians in
Neuroimmunology or Multiple Sclerosis fellowships should
participate in the care of these patients in specialized out-
patient clinics.

Conclusion

It is apparent that the neurologic manifestations and compli-
cations of COVID-19, both during acute illness and during
the subsequent chronic phase of Neuro-PASC, are extremely
diverse and likely to represent an ongoing challenge to the
field of neurology as COVID-19 becomes an endemic ill-
ness. While there has been an unprecedented explosion
in research productivity in response to the pandemic, our
knowledge of the mechanisms underlying the neurologic fea-
tures of COVID-19 is far from complete. Although we have
leveraged existing knowledge from disease and symptom
management that predated the pandemic, the large burden
of neurologic morbidity represented by COVID-19 demands
the development of adequate funding mechanisms and infra-
structure to support Neuro-PASC research and clinical care,
which will allow the development of specific therapeutics
that can mitigate the extensive personal and public health
consequences of the pandemic.
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