
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Neuroscience Letters 743 (2021) 135567

Available online 19 December 2020
0304-3940/© 2020 Elsevier B.V. All rights reserved.

Neurological issues in children with COVID-19 

Jieru E. Lin a,b, Arsenoi Asfour a,b, Taylor B. Sewell c, Benjamin Hooe c, Patrice Pryce c, 
Chelsea Earley a,b, Min Ye Shen a,b, Mallory Kerner-Rossi a,b, Kiran T. Thakur d, 
Wendy S. Vargas a, Wendy G. Silver a, Andrew S. Geneslaw c,* 
a Department of Neurology, Division of Child Neurology, Columbia University Irving Medical Center, New York, NY 10032, United States 
b Department of Pediatrics, Columbia University Irving Medical Center, Morgan Stanley Children’s Hospital, New York, NY 10032, United States 
c Department of Pediatrics, Division of Pediatric Critical Care and Hospital Medicine, Columbia University Irving Medical Center, New York, NY 10032, United States 
d Department of Neurology, Columbia University Irving Medical Center, New York, NY 10032, United States   

A R T I C L E  I N F O   

Keywords: 
COVID-19 
Pediatrics 
Multisystem inflammatory syndrome in 
children (MIS-C) 
SARS-CoV-2 

A B S T R A C T   

Coronavirus disease 2019 (COVID-19) usually leads to a mild infectious disease course in children, but serious 
complications may occur in conjunction with both acute infection and associated phenomena such as the 
multisystem inflammatory syndrome in children (MIS-C). Neurological symptoms, which have been predomi-
nantly reported in adults, range from mild headache to seizure, peripheral neuropathy, stroke, demyelinating 
disorders, and encephalopathy. Similar to respiratory and cardiac manifestations of COVID-19, neurological 
complications present differently based on age and underlying comorbidities. This review provides a concise 
overview of the neurological conditions seen in the context of COVID-19, as well as potential mechanisms and 
long-term implications of COVID-19 in the pediatric population from literature reviews and primary data 
collected at NewYork-Presbyterian Morgan Stanley Children’s Hospital.   

1. Clinical observations in children 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic, causing coronavirus disease 2019 (COVID-19), has affected 
more than 30 million people worldwide [1]. More than 6 million cases 
have been reported in the United States as of September 2020 [1], with 
children comprising 8.4 % of reported cases [2]. Although respiratory 
symptoms and multisystem inflammatory syndrome in children (MIS-C) 
have predominated in both scientific and lay literature, neurological 
phenomena have also been associated with COVID-19. 28 % of pediatric 
COVID-19 patients in the United States experienced headaches [3]. 
Among children diagnosed with MIS-C in New York, 31–47 % experi-
enced neurological symptoms, including headache, altered mental sta-
tus, and encephalopathy [4,5]. Moreover, a multicenter study of 
children diagnosed with MIS-C across the United States found that 5 % 
suffered severe neurological complications, such as seizure, coma, en-
cephalitis, demyelinating disorders, and aseptic meningitis [6]. In the 
United Kingdom, of 27 children with MIS-C, 4 had new-onset neuro-
logical symptoms, including encephalopathy, dysarthria, dysphagia, 
cerebellar ataxia, and peripheral neuropathy leading to global proximal 

muscle weakness and reduced reflexes [7]. These children were between 
8 and 15 years old, all had MRI or CT changes involving the splenium of 
the corpus callosum, and all presented with fever, shock, and rash. 
Reversible lesions of the corpus callosum have been observed in Ka-
wasaki disease [8,9], as well as in other viral and inflammatory en-
cephalopathies [10,11]. However, this UK case series did not include 
detailed information regarding the metabolic derangements experi-
enced by these patients, which makes it somewhat challenging to 
interpret some of the more non-specific neurological symptoms, such as 
headache or fatigue (Fig. 1). 

Encephalopathy has also been noted in infants and toddlers with 
COVID-19. Four out of five children younger than 3 months with posi-
tive nasal swabs for SARS-CoV-2 in a UK COVID-19 unit presented with 
axial hypotonia, drowsiness, or moaning. All five children had normal 
CSF studies, including cell counts, glucose and PCR for SARS-CoV-2, and 
were discharged within 3 days after rapid improvement [12]. At our 
own institution, a 6-week-old infant presented with one day of cough, 
fever, and 10-second episodes of leg stiffening with upward gaze devi-
ation. Other than nasopharyngeal PCR swab positive for SARS-CoV-2 
and an EEG showing temporal sharp waves and vertex delta slowing, 
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all other studies, including CSF and MRI, were unremarkable [13]. Also 
at our own institution, a 33-month old previously healthy boy was 
hospitalized with fever, rash, vomiting, pleural effusions, and decreased 
left ventricular function, and was diagnosed with MIS-C after COVID 
serology testing returned positive [14]. Six days into his hospitalization, 
he became somnolent, diffusely hypotonic, and weak. His CSF was un-
remarkable (including PCR testing for SARS-CoV-2), but EEG showed 
diffuse slowing, and MRI revealed diffusion restriction bilaterally in the 
lateral thalamic nuclei, consistent with a diagnosis of encephalopathy. 
His symptoms, imaging, and EEG findings improved over time and with 
ongoing treatment of MIS-C according to our institutional guideline, 
which involved steroids, intravenous immunoglobulin (IVIG), and 
anakinra. 

More focal intracranial pathology, ranging from relatively benign to 
emergent, has been reported. Idiopathic intracranial hypertension and 
pseudotumor cerebri were noted in a 14-year-old girl with MIS-C and 
respiratory failure [15]. Another case report outlines devastating 
neurological sequelae possibly associated with pediatric COVID-19: a 
previously healthy 16-year-old boy positive for SARS-CoV-2 presented 
with aseptic meningitis, sphenoidal sinusitis, and cavernous sinus 
thrombosis on MRI. He sustained a middle cerebral artery stroke and 
despite adequate treatment for concurrent bacteremia, progressed to 
coma and ultimately brain death due to intracranial hypertension sec-
ondary to stenosis of all cerebral vessels [16]. 

A brief review of our own institution’s records (approved by the 
Columbia University Irving Medical Center Institutional Review Board) 
shows that of 82 children (aged 5 days to 18 years) hospitalized between 
March 11th and June 10th, 2020 with laboratory-confirmed evidence of 
COVID-19, 35 (43 %) developed neurological symptoms. The most 
common symptoms included headache (n = 12, 34 %), fatigue or mal-
aise (n = 9, 25 %), altered mental status (n = 8, 23 %), weakness (n = 5, 
14 %), and seizure (n = 4, 11 %). Of note, 3 patients presented with 
cranial nerve VI palsy. Two of these patients also had intracranial hy-
pertension. Only 2 patients reported dysgeusia or ageusia and only 1 
patient suffered from a stroke. It should be noted that the median patient 
age was 9 years (IQR 4-15), which may affect the types of symptoms 
these patients and their parents can describe. Among patients with 
neurological symptoms, 12 (34 %) had PCR evidence of active SARS- 
CoV-2 infection, 19 (54 %) had a positive antibody test, and 4 (11 %) 
were simultaneously PCR- and antibody-positive. Among patients lack-
ing neurological symptoms, 32 (68 %) had infection detected solely via 
SARS-CoV-2 PCR, whereas 6 (13 %) had a positive antibody test, and 9 
(19 %) had both tests simultaneously positive. No children (0/10) had 
CSF that was positive for viral RNA via PCR testing. 

2. Pathophysiology 

Two cell membrane proteins are the major targets necessary for 

Fig. 1. Hypothesized mechanisms of COVID-19 neurological manifestations. 
Direct viral effects upon the nervous system, endothelial injury, and downstream effects of para- and post-infectious inflammation, have each been proposed as 
potential etiologies of the neurological manifestations of Coronavirus disease 2019 (COVID-19). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) may 
cross into the central nervous system (CNS) via a variety of mechanisms. Endothelial injury may precipitate thrombotic events, as well as release of virus and in-
flammatory mediators. Cytokine release due to pulmonary or systemic infection may instigate neurological sequelae. And, post-infectious inflammation induced by 
SARS-CoV-2 may trigger autoimmune phenomena, such as demyelinating disease and encephalopathy. The multisystem inflammatory syndrome in children asso-
ciated with SARS-CoV-2 may represent a spectrum of para- and post-infectious complications, separate but similar to other inflammatory conditions in children 
known to sometimes present with neurological sequelae. ESR (erythrocyte sedimentation rate); BNP (B-type natriuretic peptide); IL-6 (interleukin 6). 
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SARS-CoV-2 invasion: angiotensin-converting enzyme 2 (ACE2) recep-
tor, and transmembrane serine protease 2 (TMPRSS2) [17]. Both pro-
teins can be expressed within the CNS, although the degree of expression 
is unclear. Animal models have demonstrated that neurons and glial 
cells express ACE2, and some glial cells express TMPRSS2 [18]. Tran-
scriptomic work has shown low but consistent expression in various 
regions of the human brain [19] ACE2 has been demonstrated within 
vascular pericytes in the olfactory bulb [20] as well as the olfactory 
neuroepithelium [21]. In general, human data are lacking at this time. 
Extrapolating from these animal and basic science studies has led to 
proposed mechanisms by which COVID-19 might manifest neurological 
symptoms, including direct infection of the nervous system [22] and its 
vasculature, and inflammatory responses secondary to local and/or 
systemic infection [23,24]. Other proposed mechanisms include more 
indirect effects via cardiovascular complications [21], and cerebral 
hypoxia due to respiratory failure [25]. It is not currently known which 
of these mechanisms predominates in children, and we would stress that 
each is hypothesized and largely untested at this time. 

2.1. Direct viral injury to neural cells 

The virus has been hypothesized to directly invade olfactory nerves 
and cross into the CNS via the cribriform plate [26]. This has been 
experimentally demonstrated in other coronaviruses, such as Human 
Coronavirus OC43 (HCoV-OC43), which rapidly spreads throughout 
mouse CNS after intranasal inoculation, causing encephalitis and tran-
sient flaccid paralysis [27]. Similarly, severe acute respiratory syndrome 
coronavirus (SARS-CoV-1), which has 79 % homology with SARS-CoV-2 
and very similar receptor-binding domain structure [28], rapidly 
spreads throughout the brains of transgenic mice after intranasal inoc-
ulation [29]. SARS-CoV-1 has also been frequently found in brain au-
topsy specimens of patients who succumbed to the SARS outbreak of 
2003 [30]. Hypotheses based upon mechanisms of CNS damage by other 
viruses include delivery of virus by retrograde and anterograde trans-
port through trigeminal and vagus nerves, dissemination from infected 
leukocytes after passing through the blood-brain barrier (BBB), and 
deployment from the epithelial or endothelial cells of the CNS vascu-
lature and BBB after infection [31–33]. The development and mainte-
nance of the BBB are supported and regulated by astrocytes, pericytes, 
microglia and extracellular matrix. The BBB and its constituent neuro-
vascular units change both morphologically and on the molecular level 
with age [34]. These age-based changes represent another potential 
mechanism for differences in neurological effects between children and 
adults. The effect of direct SARS-CoV-2 infection on the BBB thus pro-
vides an interesting area of study. In particular, microglial development 
across the lifespan may provide insight into the mechanism of neuro-
plasticity and damage in childhood, given that microglia take on a 
phenotype consistent with a proinflammatory response as humans age 
[35]. 

Furthermore, the capillaries of the circumventricular organs are 
physiologically fenestrated, which could lead to vulnerability to both 
direct viral infection and inflammatory insults in the neurons and 
neuroglia in these areas [31,32]. However, this mechanism in particular 
should lead to caution when interpreting reports of viral antigen within 
CNS samples. Migration of immune cells that have engulfed any 
SARS-CoV-2 particles before entering the CNS could result in detection 
of viral material within the nervous system. Thus, the presence of 
SARS-CoV-2 RNA or protein fragments in the CNS does not necessarily 
imply neuroinvasive or neurotropic properties, nor causality of neuro-
logical symptoms. Underscoring this detail is that none of the pediatric 
patients at our institution (and to our knowledge, few if any in the 
literature) had detectable SARS-CoV-2 PCR from CSF samples. While 
quantitative reverse-transcriptase PCR (qRT-PCR) assays for 
SARS-CoV-2 are widely used and have standard curves indicating limits 
of detection (100 % sensitivity with 100.5 viral RNA copies per μL) [36], 
it should be noted that these tests are validated for use in respiratory 

samples and not in CSF. If SARS-CoV-2 is present in CSF in patients with 
neurological manifestations, it remains to be determined whether suf-
ficient viral copies are present for detection, and whether lumbar 
puncture is performed at an optimal time to detect these viral copies. 
Other testing modalities, such as antibody detection, may in fact be more 
appropriate. 

2.2. Vascular endothelial injury 

COVID-19 has also been associated with cerebrovascular phenomena 
[37]. As outlined above, SARS-CoV-2 interacts with the ACE2 receptors 
expressed on vascular endothelial cells, which are expressed in varying 
levels in the CNS. These interactions between the virus and ACE re-
ceptors may trigger both pro-inflammatory and pro-coagulable states by 
initiating vasculitis and disruption of vascular integrity, perpetuating 
exposure of thrombogenic basement membrane, and activation of the 
clotting cascade [37,38]. Additionally, ACE-2 receptors in the CNS 
regulate the sympathoadrenal systems. Viral interference with ACE2 
function in the CNS vasculature may disrupt the autoregulation of 
intracranial and systemic blood pressure [39]. While reports of throm-
botic events in COVID-19 abound, with particular alarm raised 
regarding younger patients [24,40,41], it is unclear whether rates of 
ischemic stroke even in older adults are greatly elevated after adjusting 
for other, conventional cardiovascular risk factors such as hypertension 
and diabetes [42]. Regardless, these vascular phenomena have also been 
documented in children and young adults without past medical history 
[23], including one toddler with a pontine stroke at our own institution 
(unpublished data), but this association has yet to be confirmed by large 
studies or registries. 

2.3. Inflammatory and autoimmune injury 

The severity of COVID-19 and its sequelae correlate with aberrant 
and excessive inflammation mediated by innate and adaptive immune 
activation [43,44]. These para- and post-infectious inflammatory re-
sponses could potentially manifest as neurological symptoms. MIS-C is 
thought to be the consequence of hyperinflammatory responses after 
SARS-CoV-2 infection in genetically susceptible individuals [45]. In-
vestigations of MIS-C have reported neurological symptoms in 12–58 % 
of affected children [46], but have rarely delved into the types of 
symptoms or whether they are out of proportion with illness severity. It 
does seem apparent that the metabolic and antibody responses present 
in children with SARS-CoV-2 and MIS-C differ, with the MIS-C group 
displaying different inflammatory profiles, antibody subtypes, and 
lower neutralizing antibody activity [47,48]. Children with delayed type 
I and type III interferon (IFN) responses after coronavirus infection may 
have a higher risk of developing cytokine storm and MIS-C [48]. High 
levels of interleukin-1β (IL-1β), IL-6, IL-8, IL-10, IL-17, IFN-γ, and dif-
ferential T and B cell subset lymphopenia distinct from Kawasaki disease 
were observed in children during the acute phase of MIS-C [49]. Despite 
similarities in presentation between MIS-C and Kawasaki disease, this 
difference in immunophenotypes may explain the observed discrep-
ancies in ethnic and age susceptibilities between the two diseases [5,50]. 
This hypothesized mechanism differs from the antibody-dependent 
enhancement (ADE) observed in Dengue virus, Human Immunodefi-
ciency Virus, Ebola virus, Middle East Respiratory Syndrome Corona-
virus (MERS-CoV), and SARS-CoV-1 [51]. In this model, pre-existing 
immunoglobulins with affinity for both virus and Fc receptors may 
function as a bridge to facilitate viral uptake and systemic dissemination 
after replication [52]. Although antibodies to the S proteins of 
SARS-CoV-1, MERS-CoV, and SARS-CoV-2 can cross-react, the low 
overall spread of the prior two illnesses makes investigating rates of ADE 
in world regions that suffered from these outbreaks challenging [53]. 
Arguing against ADE, however, is the observation that worsening of 
COVID-19 has not been reported in patients who received convalescent 
plasma, and that world regions that did undergo prior outbreaks of novel 
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coronaviruses have not generally experienced more severe COVID-19 
than the rest of the world. [1,54]. 

The immune system hyperactivity that seems to characterize MIS-C 
is associated with high levels of inflammatory markers, such as C-reac-
tive protein (CRP), erythrocyte sedimentation rate, fibrinogen, D-dimer, 
ferritin, IL-6, and and pro-calcitonin [4,5,49]. High levels of acute innate 
inflammatory markers have been associated with severe neurological 
insults in adult COVID-19 [55,56]. Pro-inflammatory cytokines, 
including IL-1β, IL-6, TNFα, and IL-17, can disrupt the BBB [57], activate 
glial cells, and further instigate neuroinflammation [55,56], leading to 
neuronal hyperexcitation and seizures [58], functional disturbance, fa-
tigue, encephalopathy, loss of synapses, and even neuronal death [59]. 
Recent data have emerged linking severe COVID-19 in adults with au-
toantibodies against members of the type-I IFN family, which neutral-
ized and prevented these cytokines from binding to their target receptors 
[60]. In some cases, these autoantibodies were present prior to infection, 
implying that some patients may have particular genetic or immune 
susceptibility to severe COVID-19. Whether this mechanism extends to 
other antibody-mediated phenomena, such as neurological injury, re-
mains to be determined. Molecular mimicry may play a role in auto-
immunity, and recent work has indicated that the SARS-CoV-2 spike 
protein is cross-reactive with myelin basic protein and S100B, among 
other proteins [58]. Lymphopenia may be the result of either bone 
marrow suppression [61,62] or migration into target tissues. Hypoxia, 
whether due to pulmonary or systemic disease, can also trigger an in-
flammatory CNS response without direct viral infection [63]. Chronic 
sequelae may ensue, as has been observed after past viral pandemics 
[64]. Neuroinflammation may precipitate depression and 
post-traumatic stress disorder (PTSD) by upregulating tryptophan 
degradation, resulting in a sequential decrease in 5-hydroxytryptamine 
and serotonin level, as well as dysregulating N-methyl-D-aspartate re-
ceptor activities [65]. 

The BBB was previously mentioned in the discussion of direct viral 
injury, but it also may be involved in inflammatory models of COVID-19 
neurological manifestations. ACE2 is involved in the crosstalk between 
astrocytes and endothelium for BBB maintenance via posttranslational 
modification of occludin (a component of the tight junction) and its 
subcellular accumulation in lipid rafts [66,67]. Vessel-associated 
microglia maintain BBB integrity directly via tight-junction proteins 
and indirectly via interplay with its cellular and non-cellular compo-
nents. Microglia activated by systemic inflammation are known to play 
an important role in disruption of the blood brain barrier [68]. In 
particular, the BBB is involved in multiple pathophysiological processes 
in neurodegenerative diseases and neurodevelopment [69], implying 
differential effects based upon patient age. 

Guillain-Barré syndrome (GBS), a peripheral nervous system (PNS) 
demyelinating disease mediated by post-infectious autoimmune re-
sponses, has been associated with SARS-CoV-2 [70] and was responsive 
to typical intravenous immunoglobulin treatment [70,71]. Interestingly, 
the SARS-CoV-2 spike protein binds to sialic acid-containing glycopro-
teins and gangliosides on cell surfaces. Molecular mimicry between 
SARS-CoV-2 and gangliosides on the peripheral nerves may lead to 
autoimmunity [71]. Other coronaviruses have been documented in the 
acute brain lesions of patients with multiple sclerosis (MS) [72], and 
antibodies against Human Coronavirus (HCoV)-OC43 and HCoV-229E 
were isolated from CSF in MS patients [73]. T-cells cross-reacting with 
coronavirus and myelin basic protein may also contribute to demye-
lination [72]. 

3. Conclusions and future directions 

Multiple reports in both adults and children have associated COVID- 
19 with a variety of central and peripheral neurological insults, ranging 
from mild symptoms such as headache and anosmia, to severe mani-
festations like stroke, seizure, and encephalopathy. While there may be 
commonalities among the effects of SARS-CoV-2 upon pediatric versus 

adult populations, based only upon the staggering numbers of deceased 
and debilitated adults compared to the overall small number of affected 
children, it seems apparent that this disease affects adults and children 
differently. Some of this difference may be attributed to the generally 
milder course of pulmonary disease and fewer comorbidities in children. 
However, the ongoing development of a child’s nervous system, with 
differential expression of cell receptor targets over time, suggests that 
there are likely windows of susceptibility to the various infectious and 
post-infectious mechanisms of COVID-19-related neurological injury. 
This necessitates studying these complications in the pediatric popula-
tion, in conjunction with but separately from adults, as many aspects of 
the illness course may differ greatly. Indeed, the Global Consortium 
Study of Neurological Dysfunction in COVID-19 (GCS-NeuroCOVID), a 
multi-center investigation with which we partner, is engaged in pre-
cisely this type of research [18]. 

As opposed to the adult population, in whom pulmonary disease 
predominates, severe childhood COVID-19 seems more typified by an 
immune-mediated inflammatory response, with or without associated 
MIS-C. Our own institution’s data supports this: two-thirds of patients 
with neurological manifestations had positive COVID-19 antibody 
testing, whether in isolation or in combination with PCR testing; 
whereas two-thirds of patients without neurological manifestations had 
only positive PCR testing, which is likely more indicative of active 
infection. Like many immune-mediated illnesses, symptoms may persist 
long after the acute viral trigger has cleared and may manifest in sur-
prising ways. Underlying CNS or PNS diseases could be exacerbated via 
pathophysiological pathways involving inflammation, microglia acti-
vation, or concurrent viral or bacterial infections. The gut microbiome 
has been implicated in a range of neuropsychiatric diseases, including 
autism disorder, depression, attention deficit hyperactivity disorder, 
PTSD, multiple sclerosis, and certain types of leukodystrophy [74,75], 
with unresolved mechanisms in each. Disruptions of normal microbiota 
may similarly be involved in the neurological sequelae of COVID-19 
infection. 

The long-term impact on neurodevelopment after COVID-19 de-
serves further investigation. The timeline for resolution of neurological 
injury and emergence of long-term dysfunction, should it present, is still 
largely unclear, as this disease has been known to the world for less than 
a year. As time elapses and we broaden our understanding of this pro-
tean disease, we can only hope to offer patients both treatment for their 
symptoms and insight regarding their prognoses. 
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