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KEY POINTS

e COVID-19 is predominantly a respiratory disease that affects children less commonly and
less seriously than adults.

e Neurologic manifestations, although more common in adults, are also being seen in chil-
dren infected with the virus, especially those with multisystem inflammatory syndrome in
children.

o Neurologic features of the virus are highly variable, involving the central as well as the pe-
ripheral nervous system.

e Multiple mechanisms of neurologic involvement by the virus have been postulated,
including attachment to the neuronal ACE-2 receptors, via the olfactory nerve or
immune-mediated pathogenesis. These mechanisms lead individually or collectively to
an “endotheliopathy” with resultant neurologic symptoms.

o No specific treatments for the central or peripheral nervous system involvement are avail-
able to date; however, caution must be advised in administering immunotherapy where
required, as this may decrease the body’s innate immunity to fight the virus.

INTRODUCTION

In December 2019, a novel coronavirus, now designated as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), was reported to cause a severe form of pneu-
monia in adults living in the Wuhan province of China in December 2019. The resultant
clinical syndrome, termed COVID-19, has since been declared a pandemic, and cases
have been reported from every country in the world." In this article, the authors
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describe the current state of knowledge regarding the neurologic complications of
COVID-19 in children.

EPIDEMIOLOGY

Although children were initially thought to be immune from COVID-19, it is now known
that children can indeed develop the disease and shed the virus, although a smaller
proportion of the pediatric population suffers from disease-related morbidity and mor-
tality compared with adults.? Children form only about 1% to 5% of all COVID-19 in-
fections worldwide, and 80% of them are either asymptomatic or have mild infection.®
In the largest published cohort thus far, 1% of affected children were less than 10 years
of age and 1% were between 10 and 18 years of age.” The youngest reported patient
was a 1-day-old.® In a study of more than 700 children from China who tested positive
for the SARS-CoV-2 virus, less than 6% had severe symptoms requiring supplemental
oxygen or admission to the hospital.®

In an adult cohort in Wuhan, 36.4% of patients with COVID-19 had neurologic man-
ifestations, including headache, dizziness, stroke, or seizures.” Neurologic manifesta-
tions were mostly noted in those with severe underlying infection, suggested by more
deranged laboratory markers like lymphopenia, D-dimer, and therefore, neurologic fea-
tures may suggest a higher disease burden and possibly a higher viral load. In a Chinese
study of 171 children, no neurologic manifestations were reported, whereas an ltalian
study reported only nonspecific headaches in 4% to 28% of affected children.®® Inci-
dence of neurologic manifestations in children with COVID-19 was reported as 9.2%
in a meta-analysis of 28 pediatric studies, with a total of 199 children included.® How-
ever, with the recently described multisystem inflammatory syndrome in children
(MIS-C), which may be a postinfectious immune response to prior infection, the inci-
dence of neurologic manifestations has reportedly increased to 34%.°

PATHOPHYSIOLOGY

SARS-CoV-2 may enter the central nervous system (CNS) through hematogenous
spread or retrograde transmission (Fig. 1).

SARS-CoV-2 appears to have neurotropic potential similar to SARS-CoV and MERS
(Middle East respiratory syndrome) viruses as well as other respiratory viruses, such as

1. ACE-2 receptor binding directly to neurons and vascular
endothelial cells

2. Retrograde transmission via olfactory bulbs and other cranial
nerves

3. Systemic viremia->release of peripheral cytokines—>
breakdown of blood brain barrier->neuroinflammation

4. Endotheliopathy-due to direct invasion or immune-mediated
cascade

\
3 _ \

"’ P SARS-CoV-2
~

Vascular endothelial cells
—_— N ACE-2 receptor

Fig. 1. Proposed mechanisms of neuroinvasion by SARS-CoV-2.

Blood vessel
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influenza, respiratory syncytial virus, Human Herpes Virus (HHV)-6 and -7, echovirus,
and coxsackie virus. Autopsy reports of edema in the medulla oblongata with micro-
scopic evidence of neuronal degeneration in this part of the brain stem may explain
the depressed respiratory drive in infected patients.™" Indirect evidence of neurotropism
with resultant astrocytic and neuronal injury is provided by studies demonstrating
elevated serum levels of biomarkers such as glial fibrillary acidic protein (GFAP) and
neurofilament (nFL). GFAP is a marker of glial activation, whereas nFL is indicative of
neuronal injury.'> More importantly, in vitro replicability of SARS-CoV-2 has been
demonstrated in pulmonary, intestinal, hepatic, renal, and neuronal cells.’®

Evidence for hematogenous spread is obtained from electron microscopic studies
noting the presence of viral particles in the endothelial cells of the brain capillaries.™
Angiotensin converting enzyme 2 (ACE2) has gathered interest as the binding target re-
ceptor of CoV-2 on the vascular endothelium. SARS-CoV-2 differs from SARS-CoV
because of 380 amino-acid substitutions that lead to differences in the viral spike pro-
tein (S), which forms a key part of the receptor binding domain. These changes cause
the novel SARS virus to have greater binding affinity with the ACE2 receptor, which is
expressed on a variety of cells, including neurons.'® The entry of the virus into cells is
facilitated by the interaction between the trimeric viral S protein with the extracellular
domain of the transmembrane ACE2 protein. ACE2, in turn, constitutes an important
mechanism for negative regulation of the renin angiotensin pathway (RAS). The disinhi-
bition of the RAS pathway that is caused by binding of the virus to ACE2 leads to direct
loss of ACE2 receptors and via proteolytic processing and shedding, may drive the sys-
temic manifestations of COVID-19, making it a far more serious disease than SARS-CoV
that primarily led to an acute respiratory distress syndrome phenotype.'®

Retrograde axonal transmission predominantly via the olfactory bulb has been pro-
posed as another potential mechanism to explain the spread of SARS-CoV-2 to the
CNS. Experiments in mice have demonstrated that intranasal infection with SARS-CoV
can lead to disruption of the nasal epithelium and subsequent neuroinvasion.'” The pres-
ence of anosmia in infected individuals may also lend credence to this theory of neuroin-
vasion via the olfactory cells, the only part of the CNS not protected by dura mater.
Retrograde transmission through other cranial nerves has also been postulated via the
tongue through cranial nerve VII, IX, and X to the nucleus of tractus solitarius, the thalamus,
and then the cortex, or through the corneal and buccal epithelium via cranial nerve V.18

In addition to the above proposed mechanisms, the neurologic effects of SARS-
CoV-2 may also be related to release of inflammatory agents that can occur with sys-
temic viremia. These inflammatory chemicals may lead to partial break down of the
blood-brain barrier (BBB), thereby allowing peripheral cytokines to gain access to
the CNS, which in turn can exacerbate or trigger neuroinflammation.’®?° In the pedi-
atric population, this mechanism may assume special importance as a systemic in-
flammatory/autoinflammatory response with multiorgan dysfunction and has been
widely reported.?’?? Therefore, in a sense, the CNS manifestations of SARS-CoV-2
may be due to an “endotheliopathy,”-either because of direct invasion of the endothe-
lial cells in the vasculature of the BBB or because of an immune-mediated cascade
that causes swelling or inflammation of these cells.?®

CLINICAL FEATURES
Central Nervous System

Manifestations described in children and adults

1. Meningitis/encephalitis/encephalopathy: In a meta-analysis of 187 children with
MIS-C, 64 (34%) were reported to have symptoms suggestive of meningitis or
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encephalitis, including headache, positive meningeal signs, and altered mental sta-
tus. Of these children, only 8 had evaluation of the cerebrospinal fluid (CSF). Five of
them showed CSF pleocytosis, but none had SARS-CoV-2 isolated via CSF
reverse transcription-polymerase chain reaction (RT-PCR).'° In another study of
27 children with COVID-19 based in the United Kingdom, 4 (15%) had altered
mentation, encephalopathy, headaches, and brainstem and cerebellar ataxia.?*
One of the youngest reported children with COVID-19-related neurologic involve-
ment was a 6-week-old infant who has episodes of bilateral leg stiffening and sus-
tained upward gaze.?® Several reported cases of adults with altered mental status,
meningismus, seizures, and occasionally focal neurologic deficits, including facial
weakness, diplopia, and oscillopsia, have also been described.?® Some of these
patients demonstrated a positive CSF RT-PCR for SARS-CoV-2.%" Apart from
the neurotropism of the virus itself, another possible mechanism of the encepha-
lopathy may be the severe hypoxia seen in these patients, which may cause cere-
bral vasodilation and eventually diffuse cerebral edema.?®

2. Seizures: In a multicenter Italian study on children with SARS-CoV-2, 3% of chil-
dren were noted to have seizures, with 60% of these children having an underlying
diagnosis of epilepsy.?® The seizures were not associated with fever in all cases. A
detailed description of seizure semiology or duration was not provided in these
cases either. In a case series of 8 critically ill pediatric patients, a 10-month-old
was described who had intussusception, multiorgan dysfunction disseminated
intravascular coagulation, toxic encephalopathy, and status epilepticus.*° Seizures
were also reported along with fever, cough, and vomiting, in a 2-year-old girl with
RT-PCR-confirmed COVID-19 by nasopharyngeal swab.*'

3. Stroke: Acute cerebrovascular disease in COVID-19 may manifest as intraparen-
chymal hemorrhage, large vessel occlusion, or venous sinus thrombosis. A 16-
year-old boy with aseptic meningitis, cavernous sinus thrombosis, followed by
left middle cerebral artery stroke and eventual death was described in the French
literature.? However, it is not clear if arterial strokes are predominantly due to large
or small vessel disease. It is postulated that SARS-CoV-2 leads to vessel throm-
bosis secondary to endothelial dysfunction, stasis, platelet activation, or
inflammation.®3

4. Possible developmental delay: Vertical transmission of the virus from mother to
fetus has not been demonstrated; however, the effects of fetal exposure to chronic
maternal viremia in utero on long-term neurodevelopmental outcomes are un-
known at this time."®

5. Loss of sense of smell and taste (anosmia and ageusia): Anosmia is commonly seen
in the adults who have milder disease. A reported incidence of 34% to 89% has
been noted in studies involving adults. Anosmia and ageusia have also been occa-
sionally reported in the pediatric population.®*°® The incidence in children was esti-
mated to be about 0.5% in a meta-analysis of 199 children.® Another case series
reported children presenting solely with anosmia and ageusia in the absence of
any other manifestations of the disease.*®

Manifestations described only in adults so far

6. Acute disseminated encephalomyelitis (ADEM) and myelitis: Two case reports have
described adults with encephalopathy and focal neurologic deficits (one with
dysphagia and dysarthria; the other with seizures), normal CSF, and hyperinten-
sities on MRI.%"-2 Both patients improved with immunotherapy (steroids and intra-
venous immunoglobulin [IVIg], respectively). A case report from Wuhan, China
described the only case of COVID and myelitis with acute flaccid paraparesis,
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incontinence, hyporeflexia, and a sensory level in the thoracic spine.®® MRI was not
performed in this case because of high infectivity during the pandemic.

7. Acute necrotizing hemorrhagic encephalopathy: A single case of symmetric, multi-
focal involvement of the brain parenchyma, including the thalamus, in an adult pa-
tient has been described.*° This is a known, rare entity seen postviral infections,
usually in the pediatric age group and is thought to occur secondary to a cytokine
storm with breakdown of BBB.

8. Neuropsychiatric disorders (including neurocognitive) and dementia-like syndrome:
Presenting as altered mental status, this manifestation was described in a surveil-
lance study of 153 patients with neurologic features from the United Kingdom.*

Peripheral Nervous System

Manifestations described in children and adults

1. Guillain-Barre syndrome (GBS): Several case reports have been published
describing classic GBS a few days to weeks after a severe infection with SARS-
CoV-2. Common presenting symptoms included lower limb/all limb weakness,
paresthesia, and ataxia.*? Electrophysiological studies were consistent with demy-
elinating disease or axonal disease. Two such cases have also been described in
children.*34* These children were 11 and 15 years old, respectively, and developed
weakness about 3 weeks after upper respiratory infection symptoms, and both
cases had nerve conduction velocity studies consistent with GBS.

2. Nonspecific peripheral nervous system: Global proximal muscle weakness and hy-
poreflexia were described in 15% and 7% of the children, respectively, in a small
UK-based study.?*

3. Muscle injury and rhabdomyolysis: There have been 2 case reports of adolescents
presenting with rhabdomyolysis as one of the initial symptoms, one presented with
isolated rhabdomyolysis and later developed other symptoms, while the other had
associated fever and shortness of breath from the onset of the disease. There has
been at least 1 pediatric case of rhabdomyolysis albeit a 16 year old.*® Cases with
rhabdomyolysis with elevated creatine kinase resulting from muscle injury have
also been described in adults as a late manifestation of COVID-19.46:47

Aside from the clinical manifestations of the disease itself, it should also be recog-
nized that the features and impact of the disease may be different in patients with un-
derlying comorbidities. Patients with neuromuscular disease should be considered at
a higher risk of complications, because of possible involvement of breathing and swal-
lowing muscles.*® Infection with SARS-CoV-2 may also cause exacerbation or pro-
gression of underlying myasthenia gravis and spinal muscular atrophy.*® A French
study described a 17-year-old girl with underlying severe neonatal encephalopathy
and epilepsy, who presented with severe respiratory distress secondary to COVID-
19. The decision to withdraw care and not intubate was made because of underlying
severe comorbidities and poor quality of life.>?

INVESTIGATIONS
MRI of the Brain

MRI of the brain in children with neurologic manifestations of COVID-19 has been re-
ported to demonstrate acute lesions in the splenium of the corpus callosum.?* Such
lesions may be representative of intra-myelin edema and as such may occur in a va-
riety of disorders, including other forms of viral encephalitis, demyelination, or CNS
malignancies, such as lymphoma.®® Larger case series in adults who have
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involvement of the CNS in COVID-19 point to the presence of acute/subacute infarcts,
leukoencephalopathy involving the subcortical and deep white matter, cortical abnor-
malities on fluid-attenuated inversion recovery sequences, microhemorrhages, and
leptomeningeal enhancement as the more common features. Posterior reversible en-
cephalopathy syndrome-like features, acute hemorrhagic necrotizing encephalopa-
thy, and dural venous sinus thrombosis were less frequently reported, and only
15% patients had normal imaging.®' However, because large case series of this na-
ture are lacking in children, it cannot be stated with certainty if similar findings are likely
to be present in the pediatric age group. It is possible that certain radiological findings
may only be present in adults with COVID-19. For instance, although a temporary in-
crease in the size of the olfactory bulbs, signal changes, and contrast uptake has been
reported in certain adults with COVID-19-related anosmia, no such changes could be
documented in children with anosmia.®? A few reports commenting on the use of other
imaging modalities, such as PET, are emerging in adults but not yet in the pediatric age
group.®®

Electroencephalography

EEG features of COVID-19 appear to be nonspecific and consist of generalized
slowing.?*

Cerebrospinal Fluid Studies

CSF has been reported to be acellular in most reported cases, with negative SARS-
CoV-2 cultures and no other evidence of inflammatory disease process, such as
presence of oligoclonal bands. RT-PCR presence of SARS-CoV-2 in CSF has been re-
ported to be positive in rare cases of adults with encephalitis, but no such cases have
been reported yet in children.*?

Histopathology

Histopathological correlates are now emerging, and cases with ADEM-like pathologic
condition are being reported with axonal injury, perivascular lymphocytic infiltration,
neuronal loss, and interstitial inflammatory changes.®*

TREATMENT OPTIONS
Treatment of Neurologic Complications of COVID-19

No specific treatment exists for the neurologic manifestations, and the treating physi-
cian must depend on symptom-based management. IVIlg and plasmapheresis have
been used in the treatment of ADEM and GBS, as they are in non-COVID-based sit-
uations. Antiepileptics must be used for the management of seizures. Critically ill chil-
dren may require management of airway and circulation issues in a critical care unit.

Treatment of Other Neurologic Conditions During the COVID-19 Pandemic

Medications used for migraines in pediatric patients are considered safe for use during
the pandemic, with the initial reservations regarding the use of nonsteroidal anti-
inflammatory drugs, including ibuprofen, having been dismissed by the World Health
Organization and European Medicines Agency.>>°¢

Treatment of Patients with Underlying Neuroimmunologic Disorders

An important consideration is the treatment of patients with underlying neuroimmuno-
logic diseases, including multiple sclerosis and neuromyelitis optica spectrum disor-
der. It is not entirely clear if these patients are at a higher risk of severe COVID-19
infection and complications compared with the general population and depending
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on the specific medications they are on. Alemtuzumab, cladribine, fingolimod, and
B-cell-depleting agents (used in individuals with multiple sclerosis) may increase
risk of infection, whereas glatiramer, dimethyl fumarate, and teriflunomide should
not.*> In general, it has been proposed that steroids, IVlg, and plasmapheresis are
safe to administer during the pandemic in the case of an exacerbation of the underly-
ing condition. Patients who are already on immunosuppressive therapy should
continue the same therapy during the pandemic and even if they develop mild symp-
toms. Those with a severe COVID-19 infection may need to stop immunosuppres-
sants, but this is best determined based on the specific situation and underlying
factors.

Drug Interactions Between COVID-19 Therapy and Drugs Used in Neurologic
Conditions

Treatments for the COVID-19 disease are constantly evolving, and several medica-
tions have been suggested and studied. In general, they include anti-inflammatory
agents (usually corticosteroids), antivirals (remdesivir, favipiravir), and in most cases,
anticoagulation drugs (usually aspirin or clopidogrel).>” Other medications, like
hydroxychloroquine and ivermectin, were also suggested at the beginning of the
pandemic, but their efficacy in this infection is not well proven. Some patients on chlo-
roquine have been shown to have seizures.®® Chloroquine and hydroxychloroquine
have also been shown to prolong QTc and should be used with caution in patients
on tricyclic antidepressants (used in children with migraine or depression), which
have the same side effect.

Hydroxychloroquine, chloroquine, and remdesivir carry the risk of drug interactions
and enzymatic induction/inhibition when combined with carbamazepine, phenytoin,
phenobarbital, and primidone, which are commonly used antiepileptic agents.?® Rito-
navir, also used in some cases, can lead to induction of CYP450.5° Azithromycin
should be used with caution in patients with myasthenia gravis, as it may exacerbate
symptoms or cause new-onset myasthenia gravis.®® Tocilizumab and anakinra have
not been associated with any CNS side effects or interactions with any drugs. Patients
with preexisting neurologic conditions requiring infliximab can generally be continued
without significant adverse effects or increased risk for COVID-19. However, enough
data are not available, and registries are required to collect more information.

DIFFERENTIAL DIAGNOSIS

There is an extensive list of differential diagnoses for the neurologic complications of
the virus. It includes several other respiratory viruses, as well as noninfectious causes
that may be associated with each symptom. It is important, however, to consider
COVID-19 or a COVID-19 postinflammatory syndrome, such as MIS-C, when evalu-
ating a patient with any of the manifestations described above. It is important to
note that the sensitivity and specificity of the testing process are not 100%, leading
to possible missed diagnoses. In addition, case reports of different and novel findings
are being published on a daily basis.

SUMMARY

The COVID-19 pandemic has affected upwards of 93 million people worldwide,
causing more than 2 million deaths so far (as of January 15, 2021). It has affected
adults more than children; however, the disease affects people of different age groups
in a dissimilar manner, resulting in protean manifestations. The proportion of children
with CNS and peripheral nervous system involvement in those infected with COVID-19
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may be low; however, the sheer number of patients infected with the virus could make
the absolute number of patients with these complications exceptionally large. There-
fore, continued collection of accurate data, detailed descriptions of various neurologic
manifestations, along with efforts to isolate the virus from CSF and autopsy samples
will provide more answers in the future. Up until that point, management decisions will
have to be made according to available evidence on a case-by-case basis.

CLINICS CARE POINTS

Management of neurologic complications of COVID-19 is similar to that of non-COVID-19-
affected patients, including intravenous immunoglobulin and plasmapheresis for
inflammatory demyelination and antiepileptic drugs for seizures.

Medications for migraines are generally considered to be safe. There are no limitations to
using nonsteroidal anti-inflammatory drugs in severe acute respiratory syndrome
coronavirus 2-infected patients.

In  those with underlying neuroimmunologic conditions, steroids, intravenous
immunoglobulins, and plasmapheresis are safe to administer during the pandemic in the
case of an exacerbation of the underlying condition. Patients who are already on
immunosuppressive therapy should continue the same therapy during the pandemic and
even if they develop mild symptoms of COVID-related disease. Those with severe COVID-19
infection may need to temporarily suspend immunosuppressants, but this is best determined
based on the specific situation and underlying factors.
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