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Introduction
Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) was first identified as a cluster of 
pneumonia cases in China in December, 2019.1 Early in 
the pandemic, the most severely affected individuals 
with the highest mortality were older adults with signifi-
cant comorbidities. By contrast, children accounted 
for a minority of cases, among which 80% were mildly 
affected or entirely asymptomatic.2 The number of 
children who developed severe disease was reported to 
be low.3

As the pandemic progressed, it became clear that, 
in addition to respiratory involvement, other systemic 
symptoms could develop, including neurological 

symptoms.4 In places where the pandemic was 
widespread, such as northern Italy and New York 
City (NY, USA), clinicians encountered numerous adult 
patients with severe neurological complications from 
acute COVID-19 infection.5 In adults, cytokine storm 
and thrombogenic reactions to SARS-CoV-2 infection 
led to a high incidence of ischaemic stroke and intra-
cerebral haemorrhage.6 By contrast, severe CNS injury 
in children with COVID-19 was rarely reported.

In children, the temporal evolution of COVID-19 can 
involve an inflammatory process during the latent period of 
the disease, termed multisystem inflam matory syndrome 
in children (MIS-C), also known as paed  iatric inflam-
matory multisystem syndrome-temp orally associated with 

Neuroimaging manifestations in children with SARS-CoV-2 
infection: a multinational, multicentre collaborative study
Camilla E Lindan, Kshitij Mankad, Dipak Ram, Larry K Kociolek, V Michelle Silvera, Nathalie Boddaert, Stavros Michael Stivaros*, Susan Palasis*, 
on behalf of the ASPNR PECOBIG Collaborator Group† 

Summary
Background The CNS manifestations of COVID-19 in children have primarily been described in case reports, which 
limit the ability to appreciate the full spectrum of the disease in paediatric patients. We aimed to identify enough 
cases that could be evaluated in aggregate to better understand the neuroimaging manifestations of COVID-19 in the 
paediatric population.

Methods An international call for cases of children with encephalopathy related to severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) infection and abnormal neuroimaging findings was made. Clinical history and associated 
plasma and cerebrospinal fluid data were requested. These data were reviewed by a central neuroradiology panel, 
a child neurologist, and a paediatric infectious diseases expert. The children were categorised on the basis of their 
time of probable exposure to SARS-CoV-2. In addition, cases were excluded when a direct link to SARS-CoV-2 
infection could not be established or an established alternate diagnostic cause could be hypothesised. The accepted 
referral centre imaging data, from ten countries, were remotely reviewed by a central panel of five paediatric 
neuroradiologists and a consensus opinion obtained on the imaging findings.

Findings 38 children with neurological disease related to SARS-CoV-2 infection were identified from France (n=13), 
the UK (n=8), the USA (n=5), Brazil (n=4), Argentina (n=4), India (n=2), Peru (n=1), and Saudi Arabia (n=1). Recurring 
patterns of disease were identified, with neuroimaging abnormalities ranging from mild to severe. The most common 
imaging patterns were postinfectious immune-mediated acute disseminated encephalomyelitis-like changes of the 
brain (16 patients), myelitis (eight patients), and neural enhancement (13 patients). Cranial nerve enhancement could 
occur in the absence of corresponding neurological symptoms. Splenial lesions (seven patients) and myositis 
(four patients) were predominantly observed in children with multisystem inflammatory syndrome. Cerebrovascular 
complications in children were less common than in adults. Significant pre-existing conditions were absent and most 
children had favourable outcomes. However, fatal atypical CNS co-infections developed in four previously healthy 
children infected with SARS-CoV-2.

Interpretation Acute-phase and delayed-phase SARS-CoV-2-related CNS abnormalities are seen in children. Recurring 
patterns of disease and atypical neuroimaging manifestations can be found and should be recognised being as 
potentially due to SARS-CoV-2 infection as an underlying aetiological factor. Studies of paediatric specific cohorts 
are needed to better understand the effects of SARS-CoV-2 infection on the CNS at presentation and on long-term 
follow-up in children. 
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SARS-CoV-2 (PIMS-TS).7 It was within this subcohort of 
COVID-19 cases that neurological manifestations of SARS-
CoV-2 infection were first identified in children.8 A review 
of multiple studies identified an unexpectedly high 
incidence of neurological symptoms (34%) in children with 
MIS-C.9

Reports began to emerge of abnormal neuroimaging 
findings in children with MIS-C.10 These isolated 
reports made it difficult to appreciate what the 
prevalence and patterns of CNS manifestations of 
COVID-19 were in the paediatric population. These 
unknowns, and the limited conclusions that could be 
reached from the existing literature, led the American 
Society of Pediatric Neuro radiology (ASPNR) to initiate 
an international call for cases. This study presents a 
review of cases submitted from ten countries, the 
purpose of which was to identify enough cases that 
could be evaluated in aggregate to better understand 
the neuroimaging manifestations of COVID-19 in the 
paediatric population.

A video abstract of this Article is available online.

Methods
Overview and case collection
The ASPNR distributed a survey and broadcast by email 
to all ASPNR members an international call for cases of 
COVID-19 in children and adolescents aged 0–18 years 

with abnormal neuroimaging. Additionally, calls were 
put out via the ASPNR Twitter feed and during the 
International Pediatric Neuroradiology Training Network 
meetings. The ASPNR survey was created with the 
online survey development tool SurveyMonkey. The UK 
paediatric cases were identified via communication 
through the UK Brain Imaging in COVID-19 Registry 
(UK-BICoRe), an initiative established in April, 2020, and 
supported by the British Society of Neuroradiologists to 
define the spectrum of acute neurological imaging 
abnormalities that arise from SARS-CoV-2 infection.

Physicians who submitted cases for review were 
considered part of a multinational, multicentre collab-
orative called the Pediatric COVID Brain Imaging Group 
(PECOBIG), formed for the purposes of this study. 
Collaborating physicians provided the neuroimaging 
studies, clinical data, results of PCR testing of the upper 
respiratory tract, serology for SARS-CoV-2 antibodies, 
cerebrospinal fluid (CSF) analysis (when available), and 
clinical outcomes.

Institutional review board or ethical approval was 
obtained by each collaborator for their case(s) according 
to the respective jurisdictions from where the case(s) 
originated, with written consent obtained in instances in 
which the respective jurisdiction mandated such. A list 
of institutions providing review board approval is given 
in the appendix (p 3).
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Research in context

Evidence before this study
We searched PubMed on May 4, 2020, and again on the 
Oct 1, 2020, with no restriction on language or dates of 
publication. The search terms used included “COVID-19” and 
“SARS-CoV-2” combined with “paediatric” and “neurology” or 
“encephalopathy”. This search yielded 151 publications on 
May 4 and an additional 49 publications on Oct 1. We focused 
on publications that yielded imaging manifestations in these 
cohorts, which were mostly case reports or small case series that 
limited the ability of the full spectrum of disease to be 
appreciated in this patient population.

Added value of this study
This study has allowed the systematic evaluation of 
neuroimaging manifestations in the largest reported cohort of 
children infected with SARS-CoV-2 to date, and includes 
children with acute COVID-19 and those in the postinfectious 
period. Recurring patterns of disease were identified, along with 
more unusual imaging manifestations that we were able to 
recognise due to the large number of cases evaluated 
simultaneously. The neuroimaging manifestations of 
COVID-19 infection in children can range from mild to fatal, 
and pre-existing conditions were usually absent. 
Cerebrovascular complications seem to be less common in 
children than in adults. The most common imaging findings 
observed in children resembled immune-mediated 

parainfectious patterns of disease involving the brain, spine, 
and nerves. An important observation was that cranial nerve 
enhancement did not always correlate with cranial nerve 
deficits. The dominant findings in multisystem inflammatory 
syndrome in children were splenial lesions and myositis of the 
face and neck. This study also describes the development of 
fatal atypical CNS infections in previously healthy children 
infected with SARS-CoV-2.

Implications of all the available evidence
Acute-phase and delayed-phase SARS-CoV-2-related changes in 
the CNS in children were identified in this large case study. 
Different recognisable patterns of brain, cranial nerve, and 
spinal cord involvement were identified, including multifocal 
T2 bright lesions in brain white matter, vasculitic patterns with 
ischaemic lesions, enhancing neuritis or polyradiculitis, venous 
thrombosis, splenial lesions of the corpus callosum, 
longitudinally extensive myelitis, and myositis. These findings 
should be recognised and investigated for possible 
SARS-CoV-2 infection as the underlying aetiological factor. 
COVID-19 CNS disease in children, although less frequent than 
in adults, can occur, with severe CNS involvement in previously 
healthy, typically developing children. Studies of 
paediatric-specific cohorts are needed to better understand the 
effects of SARS-CoV-2 infection on the CNS at presentation and 
on long-term follow-up in children.

For the video abstract see 
https://youtu.be/8S7dkQdOFE8

See Online for appendix

https://youtu.be/8S7dkQdOFE8
https://youtu.be/8S7dkQdOFE8
https://youtu.be/8S7dkQdOFE8
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Case selection criteria
Cases were included if patients were aged 0–18 years and 
had clinical or laboratory evidence of SARS-CoV-2 
infection and abnormal neuroimaging findings on MRI 
or CT that, given the exclusion criteria below, were 
hypothesised to be attributable to SARS-CoV-2 infection. 
Six cases in this study (cases 5, 8, 23, 27, 28 and 30) have 
been submitted separately as case reports to clinical 
journals, but are included in this Article because their 
neuroimaging findings were either not presented or 
were incompletely reported or not identified in other 
reports. The central review committee deemed that said 
findings, in these cases, were essential to include and 
discuss in aggregate within this imaging series. None of 
the images presented in this study have been previously 
published.

Initial reviews assessed the quality of available imaging 
and appropriate imaging sequences, and cases were 
excluded if the imaging dataset was suboptimal for 
accurate case characterisation. Cases were also excluded 
if the link to possible SARS-CoV-2 infection was based on 
contact exposure alone and if a patient did not have 
either a positive result on PCR or serology testing 
for SARS-CoV-2, if the exposure to SARS-CoV-2 was 
considered too remote in time to presentation to be 
causal (>12 weeks from symptom onset in non-MIS-C 
cases), or if imaging abnormalities could be attributed to 
a pre-existing comorbidity or an alternative diagnosis. 
This rigorous exclusion process was done to distil a 
subset of patients in whom a direct clinicoradiological 
link to SARS-CoV-2 could be established. The risk of 
reducing the cohort size of reported cases through 
exclusion of some cases that might have been due to 
SARS-CoV-2 was accepted as reasonable, with the aim of 
maximising homogeneity and reducing selection bias 
within the study cohort.

Case review
Image review was done jointly with the submitting 
radiologist or clinical team and the central review panel 
of five practicing paediatric neuroradiologists (CEL, 
KM, VMS, SMS, and SP) with 100 years of combined 
experience in tertiary-level paediatric neuroradiology. We 
used the virtual platform Zoom for reviewing the original 
anonymised DICOM dataset. A consensus opinion on 
imaging findings was obtained with agreement from a 
minimum of four reviewers required for an imaging 
finding to be documented.

Descriptive statistics were used to assess the incidence 
and prevalence of imaging abnormalities of the CNS.

Case categorisation
To appropriately understand the neuroimaging findings 
that can be encountered throughout the clinical course of 
COVID-19, a clinical categorisation scheme was created 
by four of the authors (CEL, DR, LKK, and SMS; 
appendix p 1). Cases were allocated into one of 

four categories, by agreement in all cases, by physicians 
with expertise in child neurology, a paediatric infectious 
disease physician, and a paediatric neuroradiologist 
(CEL, DR, LKK, and SMS), based on accepted clinical 
and laboratory data parameters for SARS-CoV-2 infection 
and the US Centers for Disease Control and Prevention 
(CDC) guidelines. The categorisation was done according 
to the temporal and clinical relationship of symptoms to 
the patient’s suspected SARS-CoV-2 exposure, based on 
understanding of the clinical spectrum of COVID-19 in 
children and interpretation of molecular and serological 

Figure 1: ADEM-like brain changes
(A, B) A 1-year-old boy (case 2) with acute COVID-19 showed confluent areas of 
high signal in the subcortical white matter on coronal FLAIR imaging (A; arrows), 
and reduced diffusion on DWI trace (B; arrows). (C, D) A 13-year-old boy (case 4) 
showed similar changes on FLAIR imaging with associated mass effect in the 
right frontal lobe (C; arrow). This area showed some subtle enhancement on 
postcontrast T1-weighted imaging (D; arrow).(E, F) In a 4-year-old boy (case 38) 
with an indeterminate timepoint of exposure to SARS-CoV-2, ADEM-like 
changes were seen on coronal T2-weighted images (E; arrow) and axial FLAIR 
images (F; arrows). This child was positive for antibodies to myelin 
oligodendrocyte glycoprotein. ADEM=acute disseminated encephalomyelitis. 
DWI=diffusion-weighted imaging. FLAIR=fluid-attenuated inversion recovery. 
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assay results. The data form used to report case data 
for the purposes of the study is presented in the 
appendix (p 1).

Role of the funding source
The funders of the study had no role in study design, data 
collection (beyond funding from the ASPNR for the initial 
SurveyMonkey call), data analysis, data interpretation, or 
writing of the report. All authors had access to all the data 
in the study and had final responsibility for the decision to 
submit for publication.

Results
Between the survey dates of April 30 and Sept 8, 2020, 
we received 429 initial responses from 32 countries. 
The numbers of survey responses, case submissions, 
reviews, inclusions, and exclusions are presented in the 
appendix (p 2). 60 children with neurological symptoms 

underwent formal review by the central review panel. 
Following an analysis of clinical data and image reviews, 
17 children were excluded on the basis of clinical 
or radiological exclusion criteria, and five cases were 
withdrawn. 38 children were included and formed the 
basis of this study. The cases represented contributions 
from France (n=13), the UK (n=8), the USA (n=5), 
Brazil (n=4), Argentina (n=4), India (n=2), Peru (n=1), 
and Saudi Arabia (n=1). Patient demographics are shown 
in the appendix (p 3).

Cases were grouped into four categories: acute 
COVID-19 (category 1; 12 [32%] children); asymptomatic 
acute or subacute COVID-19 (category 2; eight [21%] 
children); MIS-C (category 3; 11 [29%] children); or 
indeterminate (category 4; seven [18%] children).

Category 1 comprised 12 children with clinical and 
laboratory findings in keeping with acute COVID-19, 
11 (92%) of whom had positive upper respiratory PCR 
testing and one of whom had acute clinical symptoms 
and positive IgM serology compatible with recent 
SARS-CoV-2 infection. The clinicoradiological findings 
including comorbidity data and clinical follow-up are 
summarised in the appendix (pp 4–5).

The most frequent imaging findings in category 1 
were compatible with autoimmune manifestations, 
observed in six (50%) of 12 patients, as follows. Patchy 
T2 hyperintensity involving grey and white matter 
with or without abnormal enhancement and diffusion 
restriction was seen in four (33%) patients (cases 1–4; 
figure 1A–D).This imaging pattern is referred to herein 
as acute disseminated encepha lomyelitis (ADEM)-like; 
this descriptive terminology is used to refer to an 
imaging phenotype analogous to an ADEM-like pattern, 
but does not imply that the patients met the clinical 
definition for ADEM per se.11 Two children (cases 2 
and 3) with the ADEM-like imaging pattern had 
T2 signal changes in the splenium of the corpus 
callosum which, given that these patients had seizures 
at presentation, was thought to be compatible with this 
clinical presentation. One patient (case 4) also developed 
long-segment myelitis with predominant central cord 
T2 hyperintensity (appendix p 6). In the two other 
patients (cases 6 and 7) with autoimmune manifest-
ations, we observed enhancement of the cranial nerves 
or cauda equina, or both, referred to under the general 
term neuritis (figure 2A–F).

Case 5 had an unusually aggressive myelitis. Initially 
subtle T2-signal prolongation within the medulla and the 
cervical and thoracic spinal cord on MRI at the time of 
presentation rapidly progressed within 4 days to marked 
cord oedema with enhancement, reduced diffusivity, and 
haemorrhage. MRI 3 weeks later showed severe cord 
atrophy with unusual, persistent, and prominent restricted 
diffusion of the spinal cord (figure 3A–H).

In four (33%) previously healthy children (cases 8–11) 
in category 1, fulminant co-infections ended in rapid 
demise despite aggressive treatment. Case 8 first 

Figure 2: Neuritis
(A, B) A 5-year-old boy (case 6) with acute COVID-19 presented with acute facial paralysis in conjunction with 
respiratory failure. He had marked enhancement and thickening of multiple cranial nerves, for example the 12th nerve 
on the left (A; arrowhead) and the seventh nerves bilaterally (B; arrowheads). (C–F) A 9-year-old boy (case 7), also with 
acute COVID-19, showed similar cranial nerve enhancement of his third nerves (C; arrowheads) as well as his seventh 
and eighth nerves (D; arrowhead [shown on patient’s right side]) and his sixth nerves bilaterally (D; circles). This child 
also had enhancement of the cauda equina (E; arrowheads) as well as his cervical spine nerve roots (F; arrowheads). 
(G, H) A 13-year-old boy (case 33) with labyrinthitis with enhancement of the basal turn of the cochlea (G; arrowhead) 
and partial obliteration of his horizontal semicircular canal (H; arrowhead). All panels show T1 postcontrast images 
except for panel H (fast-spin echo T2 image). 
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developed a small left frontal infarct.12 Rapid clinical 
deterioration with meningitis and hydrocephalus 
occurred within 3 days, progressing to fatal cerebral 
oedema and herniation 3·5 weeks after presentation 
(figure 4A–C). Cerebellar biopsy showed SARS-CoV-2 
viral inclusions on electron microscopy, and tuberculosis 
granulomata. Images of the cervical spine showed a 
fulminant myelitis (figure 3I, J). Case 9 presented 5 days 
after varicella zoster virus (VZV) infection with acute 
encephalopathy and fever. Pulmonary infiltrates typical 
of COVID-19 were present on CT, and sepsis and 
neurological decline ensued. MRI showed an atypical 
pattern of cerebral microhaemorrhages and multiple 
foci of infarction (figure 4D–F). Meticillin-resistant 
Staphylococcus aureus (MRSA) and VZV were positive 
in blood and CSF cultures. Case 10 was a child who 
developed an unusual choroid plexitis and fulminant 
CNS tuberculosis with ventriculitis, hydrocephalus, and 
focal cerebral abscesses (figure 4G–J). Case 11 presented 
with complicated sinusitis and developed meningitis, 
inflammatory vasculitis, and multiple infarcts in the 
setting of sepsis (figure 4K–O), and Fusobacterium 
necrophorum and Streptococcus constellatus were cultured 
from blood and CSF.

Four children in category 1 had thromboischaemic 
disease, of whom three (cases 8, 9, and 11) had co-
infections. The other patient (case 12), in whom 
co-infection was absent, was 27 weeks pregnant at 
presentation and developed an occipital infarction in 
the setting of unusually severe posterior reversible 
encephalopathy syndrome (figure 5A, B).

Among the 12 cases in category 1, one (8%) child with 
necrotising myelitis is permanently quadriplegic (case 5), 
all four (33%) patients with co-infections died, and 
seven (58%) were clinically normal at discharge. The 
child born to the patient in case 12 was clinically normal 
for age and has not been tested for SARS-CoV-2 infection.

Category 2 (asymptomatic acute or subacute COVID-19) 
was formed of eight patients who did not present with 
clinically acute COVID-19 symptoms (based on CDC 
criteria) but had upper respiratory PCR tests that showed 
SARS-CoV-2 infection (cases 13–20). Five (63%) children 
in this category were found to be serologically positive for 
COVID-19 exposure. One child tested negative and two 
were not tested for serology. Clinicoradiological findings, 
including comorbidity data and clinical follow-up, are 
presented in the appendix (p 7). Imaging abnormalities 
were as follows: two (25%) patients (cases 13 and 14) had 
ADEM-like changes in the brain and long-segment 
central cord myelitis; one (13%) patient (case 15) had 
long-segment central cord myelitis and no brain imaging; 
one (13%) patient (case 16) had ADEM-like changes in the 
brain and was diagnosed with anti-N-methyl-D-aspartate 
receptor (anti-NMDAR) autoimmune encep halitis; 
four (50%) patients (cases 14 and 17–19) had neuritis 
manifesting as cauda equina enhancement with variable 
enhancement of cranial or spinal nerves (one of whom 

Figure 3: Acute necrotising 
myelitis
(A–H) A 3-year-old girl 
(case 5), who was living in a 
household with multiple 
family members who had 
COVID-19, presented with 
acute SARS-CoV-2 infection 
with positive PCR result. 
Symptoms included acute 
respiratory failure, confusion, 
limb weakness, and vomiting. 
Initial T2-weighted 
imaging (A) showed central 
cervical cord signal 
abnormality (green 
arrowhead) extending up to 
the obex (pink arrowhead) but 
sparing the medulla. 
No enhancement was seen in 
the cervical and thoracic cord 
on the initial T1-weighted 
postcontrast imaging (B). 
4 days later, more extensive 
myelitis was seen with new 
involvement of the medulla on 
T2 imaging (C; arrowhead), 
new reduced diffusion seen on 
diffusion trace images 
(D; arrowheads), and 
progressive enhancement 
seen on T1 postcontrast 
imaging (E; arrowheads). 
3·5 weeks later, marked cord 
atrophy and necrosis were 
seen on sagittal T2 imaging 
(F; green arrowheads) with 
resolution of the medullary 
signal change (pink 
arrowhead). Persistent and 
varied areas of reduced 
diffusion were seen on sagittal 
apparent diffusion coefficient 
maps (G; arrowheads) in 
addition to enhancement on 
T1 postcontrast sagittal 
imaging (H; arrowhead), 
suggesting ongoing active 
disease. (I, J) For comparison, 
a second case of severe 
myelitis in a 5-year-old girl 
(case 8) with acute COVID-19 
is shown. Sagittal T2-weighted 
(I) and sagittal T1-weighted 
(J) images show profound 
cord swelling (arrowheads).  
This child (case 8) died with 
biopsy-proven tuberculous 
granulomata and electron 
microscopic evidence of 
SARS-CoV-2 viral inclusions in 
the brain. SARS-CoV-2=severe 
acute respiratory syndrome 
coronavirus 2.
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[case 14] also had myelitis and ADEM-like changes); 
and one (13%) patient (case 20) had extensive superior 
sagittal sinus thrombosis with parasagittal venous infarcts 
(figure 5C, D). Regarding outcomes, the child with 
COVID-19 and anti-NMDAR encephalitis did poorly and 
remained intubated in the PICU 6 months following 
presentation. The other seven (88%) had favourable 
outcomes.

Category 3 comprised 11 patients who met the criteria for 
MIS-C (cases 21–31). Their clinicoradiological findings, 
including comorbidity data and clinical follow-up, are 
summarised in the appendix (p 8). The imaging findings 
of these 11 patients were as follows: seven (64%) patients 
(cases 21, 23, and 26–30) had splenial lesions of the corpus 
callosum in isolation or in combination with other brain 

abnormalities (figure 6A, B); seven (64%; cases 21–27) had 
ADEM-like brain findings; two (18%; cases 24 and 29) had 
cranial nerve enhancement; one (9%; case 31) had cauda 
equina enhancement, one (9%; case 25) had myelitis; 
one (9%; case 27) had multiple punctate foci of 
susceptibility-induced signal drop-out in the brain, con-
sistent with microthrombi, that improved on follow-up 
MRI done 3 weeks after the initial study (figure 5E); and 
four (36%; cases 22, 23, 28, and 30) had enhancing myositis 
of the facial or neck musculature (figure 6C, D). Follow-up 
was favourable in all cases, with five (45%) clinically 
normal and six (55%) clinically improved at discharge, 
most with minor residual symptoms.

Category 4 (indeterminate cases) included seven patients 
who had had a positive SARS-CoV-2 serology test and 
positive neuroimaging findings (cases 32–38). They 
presented at varying times during the course of the global 
pandemic, and may or may not have had PCR testing 
initially. Early on in the pandemic PCR testing was not 
always available. After extensive discussion with the case 
contributors, alternative causes for their presentation have 
been excluded to the best of our ability. Clinicoradiological 
findings, PCR testing availability, and clinical follow-up 

Figure 4: Fatal co-infections
(A–C) 5-year-old girl (case 8) presented with fever, headache, and seizures. Initial 
MRI showed an acute small left frontal infarct on axial FLAIR imaging (A; arrow). 
5 days later she had extensive leptomeningeal enhancement in the basilar 
cisterns and perisylvian regions on postcontrast T1-weighted imaging 
(B; arrows). Findings progressed and, 3 weeks after presentation, markedly 
reduced diffusion on diffusion trace imaging (C; arrows) and oedema of the 
brain parenchyma were observed. The patient’s brain biopsy was positive for 
SARS-CoV-2 viral inclusions on electron microscopy and positive for tuberculosis 
granulomata despite no tuberculosis contact. (D–F) A 5-year-old girl (case 9) 
presented with encephalopathy and acute respiratory distress and became septic 
with meticillin-resistant Staphylococcus aureus and varicella zoster virus 
infections, both of which were culture positive in the blood and CSF. She had 
multiple small foci of reduced diffusion on axial diffusion trace imaging, 
in keeping with microinfarcts (D, E; arrows), some of which had associated 
microhaemorrhage (F; arrow). This patient died 15 days after symptom onset. 
(G–J) A 6-year-old boy (case 10) with no previous comorbidities presented with 
scattered T2 hyperintensities in the supratentorial white matter. He also had 
marked choroid plexitis (G; arrowheads) and foci of ring enhancement on T1 
postcontrast imaging, in keeping with small abscesses (H; circles). There was 
minimal ependymal enhancement (H; arrowhead). Reduced diffusion was noted 
in the affected choroid and abscesses (not shown). 2 weeks later, axial 
T2-weighted imaging showed extensive and rapid progression involving 
multiple supratentorial and infratentorial compartments with ependymal 
invasion around the fourth ventricle (I; arrowhead), the basal ganglia, and the 
lateral ventricles (J; arrowhead). These areas also showed enhancement and 
reduced diffusion (not shown). Mycobacterium tuberculosis infection was 
confirmed at open biopsy. (K–O) A 16-year-old boy (case 11) presented with 
encephalopathy, fever, sinusitis, and meningismus, and Fusobacterium 
necrophorum and Streptococcus constellatus co-infections in the blood and CSF. At 
presentation he had multivessel stenoses on his magnetic resonance angiogram, 
most markedly involving the anterior and middle cerebral arteries (K; arrows), 
and there was associated vessel wall enhancement on postcontrast arterial wall 
imaging (L; arrow) and multiple vascular territory infarcts on the apparent 
diffusion coefficient map and diffusion-weighted trace image (M, N; arrows), 
features all in keeping with multivessel vasculitis. This condition progressed to 
multiple regional infarctions as shown on CT at day 5 (O; arrows). FLAIR=fluid-
attenuated inversion recovery.
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data are presented in the appendix (p 9). Imaging 
abnormalities were as follows: four (71%) of the 
seven patients had neuritis (cases 33–36); two (29%) had 
ADEM-like brain manifestations, of whom one also had 
myelitis (case 37) and the other (case 38) developed anti-
myelin oligodendrocyte glycoprotein (MOG) antibodies 
(figure 1E, F); one (14%) patient (case 36) had cerebellitis 
in addition to cranial neuritis; and one (14%; case 32) had 
vasculitis and a midbrain infarct unrelated to a co-infection 
(figure 5F–J). Outcomes at follow-up were favourable, 
with three (43%) children clinically normal and four (57%) 
having improved with residual neurological symptoms.

Discussion
Early in the COVID-19 pandemic, children seemed to be 
largely unaffected by the disease relative to adults, 
typically being asymptomatic or having mild symptoms.13 
However, as the pandemic progressed, cases of children 
more severely affected emerged, some manifesting with 
a Kawasaki-like syndrome labelled MIS-C.14 However, 
neurological complications in children were rarely 
reported—a stark difference from what was observed in 
adults.15 We suspect that children who were neurologically 
impaired through COVID-19 earlier in the pandemic 
might not have been identified because of an absence of 
available PCR testing or because the atypical or delayed 
symptoms shown by children were not immediately 
identified as COVID-19 related. To understand the 
neuroimaging manifestations encountered in the context 
of the temporal nature of symptoms in children and the 
variations in available testing, we divided cases into four 
categories. We identified several consistent neuroimaging 
patterns in children infected by SARS-CoV-2 in the acute, 
subacute, and postinfectious phases.

Throughout all phases and presentations of COVID-19, 
the most prevalent neuroimaging manifest ations 
observed in children resembled an immune-mediated 
parainfectious pattern of disease involving the brain, 
spine, cranial nerves, and nerve roots. These manifest-
ations were observed in 13 (65%) of 20 patients in 
categories 1 and 2. Throughout all four categories, this 
neuroimaging manifestation was found in 28 (74%) of 
38 children. Brain manifestations were most commonly 
ADEM-like in appearance, with patchy or confluent 
areas of T2 hyperintensity in the grey and white matter, 
with or without reduced diffusion or enhancement, the 
exact pathophysiology of which remains to be clarified.

Of the 16 patients with ADEM-like appearances, anti-
MOG antibody testing was available in 11, with 
negative results in ten. Two patients with ADEM-like 
neuroimaging had CNS-directed antibodies: one was 
positive for anti-NMDAR (case 16) and one for anti-
MOG antibodies (case 38). Case 16, in category 2, was a 
14-year-old girl who presented with fever, seizures, and 
encephalopathy, and developed anti-NMDAR auto-
immune encephalitis. Immune-mediated encepha litis 
is known to occur in the setting of viral illness, and case 

reports in adults have noted an association between 
anti-NMDAR encephalitis and COVID-19.16 Case 38 was 
a 4-year-old boy in category 4 who presented with 
seizures and limb dysfunction, and was found to have 
anti-MOG antibodies. Given that neurological illnesses 
related to anti-MOG and anti-NMDAR antibodies can 
appear in post-viral illness, these two cases raise the 
likelihood that COVID-19 also has an association 
with immune-mediated CNS pathology. Except for the 
one child who developed anti-NMDAR encephalitis, 
all patients with ADEM-like imaging had favourable 
outcomes.

Figure 5: Vasculitic and thrombotic findings
(A, B) A 15-year-old girl (case 12) presented 27 weeks pregnant with fever, seizures, and hypertension, and COVID-19 
pneumonia. Her CT at presentation (A) showed low-density areas in multiple locations (arrows). MRI 7 days later 
(B) showed small focal infarcts and a larger left occipital infarct (arrows) on diffusion trace imaging, findings 
compatible with unusually severe posterior reversible encephalopathy syndrome. (C, D) A 15-year-old girl (case 20) 
with subacute COVID-19 and no classical respiratory symptoms presented with fever, confusion, and headache. 
Complete occlusive thrombosis of the superior sagittal sinus was shown by the large filling defect in the postcontrast 
sagittal T1-weighted image (C; arrowheads), with resultant bilateral haemorrhagic venous infarcts on axial FLAIR 
images (D; arrows). (E) A 15-year-old girl (case 27) with multisystem inflammatory syndrome in children who also 
developed multiple microthrombi, as shown on SWI. The microthrombi were relatively clinically silent and showed 
partial resolution at 3 weeks with full clinical resolution of symptoms at 3 months after presentation. (F–I) A 2-year-old 
girl (case 32, indeterminate category) presented with fever and pharyngeal pain with an acute left midbrain infarction 
(arrow) shown on the apparent diffusion coefficient map (F; arrow). She had a thrombus in the feeding anterior 
perforator vessel on SWI (G; arrow) and marked associated vessel wall enhancement on postcontrast T1 arterial wall 
imaging (H, arrow; I, circle). FLAIR=fluid-attenuated inversion recovery. SWI=susceptibility-weighted imaging.
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Myelitis in isolation or in combination with brain 
abnormalities was seen in eight (21%) cases. It most 
commonly appeared as T2 hyperintense cord signal 
abnormality predominantly within the central cord grey 
matter, similar in appearance to other demyelinating 
myelopathies such as ADEM, neuromyelitis optica, 
anti-MOG-associated encephalomyelitis, and idiopathic 
transverse myelitis (appendix p 6). This pattern of spinal 
cord pathology has previously been reported in case 
reports of children and adults with COVID-19.17,18

There were two atypical cases of severe myelitis, both 
seen in the acute phase of the disease (category 1). Case 5 
is of a child with no pre-existing conditions or other 
comorbidities who developed a clinically catastrophic 
myelitis, resulting in permanent quadriplegia. This 
unusual case was recently published in a single series 
clinical case report;17 however, the neuroimaging findings 
were not expounded upon and are worthy of review here. 
The initial MRI revealed only subtle T2 hyperintensity in 
the medulla and the cervical and thoracic cord. These 
changes evolved rapidly over a 4-day period with 
the development of marked cord oedema, intense 
enhancement, diffusion restriction, and haemorrhage. 
On imaging follow-up several weeks later, severe cord 
atrophy with persistent and striking reduced diffusion 

was noted, suggesting a progressive acute necrotising 
myelitis manifesting over an extended period and a 
distinctly different pathological process from the typical 
pattern of myelitis seen in the majority of our cases. 
The second case of severe myelitis was in case 8, 
a child who succumbed secondary to SARS-CoV-2-related 
encephalitis and fulminant tuberculosis. To our 
knowledge, only one other case of acute necrotising 
myelitis in a patient with COVID-19 (a 69-year-old 
woman) has been reported in the literature,19 and none 
have been reported in children so far. The underlying 
pathological mechanism remains to be clarified; cytokine 
storm secondary to SARS-CoV-2 has been postulated.

Neuritis, consisting of enhancement of cranial and 
spinal nerves or the cauda equina, was found in 12 (32%) 
cases in this study. Similar cranial nerve abnormalities 
have been reported in adults with acute COVID-19.20 
Notably, in cases of cranial nerve involvement by 
SARS-CoV-2 infection, imaging findings are not always 
congruous with clinical symptoms. Of the nine cases 
of cranial neuritis noted across all four categories, 
seven (78%) had involvement of at least one specific 
cranial nerve without corresponding nerve palsy. The 
finding of cranial nerve enhancement on MRI should 
alert the clinician to possible SARS-CoV-2 infection as a 
consideration. Taste and smell dysfunction in adults with 
COVID-19 is well documented and there have been 
similar case reports in children.21 Anosmia was reported 
in only one patient in our cohort (case 34) and we did not 
observe signal abnormalities or enhancement of the 
olfactory nerves or surrounding tissues during imaging 
review. Labyrinthitis was present in one child in the 
indeterminate category (case 33). Given the frequency 
of cranial nerve involvement within our cohort, such 
involvement would not be an unexpected finding in the 
setting of COVID-19 infection. Labyrinthitis has not yet 
been reported in children with COVID-19. Cauda equina 
enhancement was observed in eight (21%) of 38 children. 
Most of these cases presented with neurological 
correlates supportive of Guillain-Barré syndrome. Cauda 
equina enhancement has also been reported in adults 
with SARS-CoV-2 infection.22

Children with COVID-19 and co-infections were the 
most severely ill patients in our series and all died. All 
co-infections occurred in the acute phase of COVID-19 
and none of the children had pre-existing conditions. 
Two of these children (cases 8 and 10) developed 
fulminant M tuberculosis infections of the CNS and had 
no known tuberculosis exposure. Case 10 also showed 
striking plexitis. SARS-CoV-2 infection causes a break-
down of the blood–CSF barrier in the choroid plexus, 
and this mechanism might facilitate entry of tuberculosis 
into the CSF in children with SARS-CoV-2 infection, 
potentiating the CNS infection.23 The third case (case 9) 
was co-infected with MRSA and VZV and had scattered 
microbleeds or microthrombi and small foci of ischaemic 
injury. These findings are atypical for VZV-related CNS 

Figure 6: Myositis and splenial lesions
(A) Axial T2-weighted image in a 14-year-old boy (case 26) with the classic 
appearance of a splenial lesion (arrowhead) in post-COVID-19 MIS-C. This lesion 
showed reduced diffusion at presentation (arrowhead), as shown by the 
diffusion trace image in the same patient (B). Four patients with MIS-C were also 
noted to have myositis, which could be focal (C; oval), as seen in an 8-year-old 
boy (case 28), or diffuse (D; arrows), as seen in a 9-year-old boy (case 23) on axial 
T2-weighted fat-saturated images. MIS-C=multisystem inflammatory syndrome 
in children.
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infection, which usually manifests with a focal, medium-
sized vessel vasculopathy and basal ganglia infarcts. 
The fourth case (case 11) was co-infected with 
F necrophorum and S constellatus in the blood and CSF, 
developed meningitis, vasculitis, and died from multi-
focal cerebral infarctions, despite aggressive treatment. 
These four cases emphasise the potential for SARS-CoV-2 
to impede the host’s normal immune responses such 
that co-infections can work synergistically, contributing 
to a more severe clinical evolution of infection.24,25

CNS complications of stroke and cerebral haemorrhage 
are well documented in adults.26 We found seven (18%) 
cases in our cohort that had findings that could be 
characterised as thromboembolic or vasculitic, occurring 
across all four categories and often manifesting in the 
setting of confounding comorbid conditions such as co-
infections. Case 12 was an adolescent who was 27 weeks 
pregnant and developed hypertension and encephal-
opathy. Imaging showed bilateral deep white matter 
punctate foci of parasagittal diffusion restriction and 
an occipital lobe infarct, which were atypically severe 
manifestations of posterior reversible encepha lopathy 
syndrome. Similar COVID-19-related atypical manifest-
ations of posterior reversible encephalopathy syndrome 
have been reported in critically ill patients.27 Case 20 in 
category 2 is the only instance of venous thrombosis 
in our paediatric series. Neuroimaging revealed extensive 
thrombosis of the superior sagittal sinus and bilateral 
parasagittal haemorrhagic venous infarcts. Venous 
thrombosis, including of dural sinuses, has been reported 
in adults, and the mechanism through which SARS-CoV-2 
infection promotes a thrombophilic state has not been 
completely elucidated, whether related to the cytokine 
storm inducing a procoagulable state or due to direct 
procoagulant effects of the virus itself.28 A pattern of 
scattered punctate foci of susceptibility-induced signal 
drop throughout the brain was seen in a child with MIS-C 
(case 27). Similar findings have been reported in adults 
with acute SARS-CoV-2 infection and are associated 
with acute critical illness, increased mortality, and poor 
functional outcome.29,30 Microhaemorrhages have also 
been described in adults with COVID-19-related neuro-
inflammatory syndromes.31 It is also reported that 
thrombotic microangiopathy related to direct or indirect 
damage by SARS-CoV-2 to the vascular endothelium can 
occur.32 In our case, the punctate signal abnormalities 
largely resolved within 3 weeks, suggesting microthrombi 
as the most likely aetiology. The child was clinically 
normal at the 3-month follow-up. The only case of arterial 
infarction unrelated to co-infection arose in case 32. 
Vessel wall enhancement compatible with vasculopathy 
was seen around a thrombosed vessel, resulting in a 
small midbrain infarct. Case reports of COVID-19-
associated cerebral vasculopathy can be found in the 
paediatric literature.33

Regarding the 11 children with MIS-C, the most 
frequent brain abnormalities were lesions in the 

splenium of the corpus callosum. These abnormalities 
were unrelated to seizure activity and identified in 
seven (64%) of 11 children in this category. They appear 
as discrete, ovoid, T2 hyperintense foci in the splenium, 
sometimes extending into the adjacent white matter, 
with variable associated restricted diffusion. Splenial 
lesions have been reported in other cases of MIS-C 
in the literature10,34,35 as well as in other infections.36,37 
It has been postulated that these lesions represent 
intramyelinic oedema as a result of cytokine-mediated 
glutamate release.38 Another frequent finding, observed 
in four (36%) patients with MIS-C, was myositis of the 
visualised musculature of the neck or face. Myositis has 
been observed in adults with COVID-19.39 Interpreting 
neuroradiologists should be aware of the presence of 
myositis as the cause of reported neck swelling in 
children with MIS-C.

Regarding outcomes within our entire cohort, most 
children did well with COVID-19 and were either normal 
or had some mild residual neurological deficits at last 
follow-up. However, all children with co-infections died, 
and two children (one with anti-NMDAR autoimmune 
encephalitis and one with acute necrotising cord myelitis) 
were severely impaired at last follow-up.

The limitations of this study include its retrospective 
nature, the selection bias of cases identified through 
voluntary submissions (which were likely to be more 
on the severe end of the spectrum of disease), and 
the variability in diagnostic, treatment, and imaging 
approaches at different international institutions. This 
variability also includes that associated with the non-
standardised clinical evaluation in terms of timing 
and disability measures or neurocognitive testing. 
Limitations of assay availability and performance should 
also be considered. In addition, cases might have been 
erroneously excluded on the basis of the patient having 
imaging abnormalities that could be ascribed to a pre-
existing morbidity but that were in fact related to 
SARS-CoV-2 infection. Long-term follow-up was absent 
in some cases, preventing us from fully elucidating the 
neurological sequelae of SARS-CoV-2 infection.

This is the largest study to date of CNS imaging 
manifestations of SARS-CoV-2 infection in children. 
Mild to severe COVID-19 occurred in healthy children 
without pre-existing conditions. Outcomes were usually 
favourable but fatalities and severe residua were also 
observed. Consistent disease patterns emerged, of which 
ADEM-like abnormalities of the brain and spinal cord 
and neuritis were the most common. Cranial nerve 
enhancement was found to occur without correlative 
cranial nerve deficits. Cerebrovascular manifestations 
were less frequently encountered in children compared 
with SARS-CoV-2 CNS complications reported in adults. 
Vascular complications were seen most often in the 
setting of comorbid conditions and consisted of regional 
and small infarcts, arteritis, and thrombosis. Fulminant 
atypical co-infections occurred in previously healthy 
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children with acute symptomatic SARS-CoV-2 infections 
and were fatal in all instances. Finally, in children with 
MIS-C, the most common findings were splenial lesions 
and myositis of the neck and face.

Despite its limitations, this international collaboration 
has revealed that children can present with positive 
neuroimaging findings with or without the classic 
symptoms of COVID-19. Knowledge of the neuroimaging 
patterns of COVID-19 is important, as these patterns 
could be the first indication of SARS-CoV-2 infection in 
children with neurological abnormalities.
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