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Abstract
The central nervous system (CNS) undergoes constant immune surveillance enabled via regionally specialized mechanisms. 
These include selectively permissive barriers and modifications to interlinked innate and adaptive immune systems that detect 
and remove an inciting trigger. The end-points of brain injury and edema from these triggers are varied but often follow 
recognizable patterns due to shared underlying immune drivers. Imaging provides insights to understanding these patterns 
that often arise from unique interplays of infection, inflammation and genetics. We review the current updates in our under-
standing of these intersections and through examples of cases from our practice, highlight that infection and inflammation 
follow diverse yet convergent mechanisms that can challenge the CNS in children.

Keywords Demyelination · Autoimmune · Infections · Lymphohistiocytosis · Neuroinflammatory · Encephalopathy

Abbreviations
BBB  Blood–brain barrier
APC  Antigen presenting cell
TLR  Toll-like receptor
PRES  Posterior reversible encephalopathy 

syndrome
ISF  Interstitial fluid
MLV  Meningeal lymphatic vessel
FIRES  Febrile infection-related epilepsy 

syndrome
ICANS  Immune effector cell-associated neuro-

toxicity syndrome
HPeV3  Human Parechovirus 3
HSVE  HSV encephalitis
ADS  Acquired demyelinating syndromes
MOGAD  MOG-IgG-associated disorders
NMOSD  Neuromyelitis optica spectrum disorder
Anti-NMDAR  Anti-N-methyl-D-aspartate receptor
AE  Autoimmune encephalitis
SARS-CoV-2  Severe acute respiratory syndrome coro-

navirus 2
MS  Multiple sclerosis

Introduction

The inciting triggers for brain injury can be varied. However, 
these often converge on common mechanistic end-points due 
to similarities in underlying immune drivers. Our understand-
ing of the initiating event (such as an underlying antibody or 
infection), subsequent immune machinery in play and eventual 
pathology of the generated insult has considerably expanded in 
recent times. The COVID-19 pandemic has further provided 
opportunities to study the interactions between infectious trig-
gers and immune-CNS interfaces. Through this review arti-
cle, we aim to provide updates in our understanding of central 
nervous system (CNS) immune mechanisms and explore imag-
ing similarities and differences across multiple acquired and 
genetic disorders. We highlight that in children, CNS infection 
and inflammation often follow diverse yet unifying pathways.

T cell gateways—brain barriers and T cell 
entry pathways

The understanding of CNS and immune system interactions 
have evolved considerably. We provide a brief overview and 
select updates in blood–brain barrier (BBB) pathways. Prior 
perceptions of an “immune-privileged” brain stemmed from 
a traditional understanding of the blood–brain “barrier” as 
an anatomical non-permissive barrier. The underpinnings 
behind this concept have been challenged with time and 

 * Manohar Shroff 
 manohar.shroff@sickkids.ca

1 Department of Diagnostic Imaging, The Hospital for Sick 
Children, University of Toronto, Toronto, ON, Canada

/ Published online: 19 December 2022

Neuroradiology (2023) 65:425–439

http://crossmark.crossref.org/dialog/?doi=10.1007/s00234-022-03100-x&domain=pdf
http://orcid.org/0000-0002-3791-5920


1 3

CNS immune-privilege has been redefined [1]. The first bar-
rier protecting the brain from the external environment is the 
skull vault. Persistence of embryological pathways can com-
promise and bypass this barrier, forming routes of spread of 
infection or can lead to direct CNS inflammation (Fig. 1). 
Within the brain parenchyma, the BBB forms a stable neu-
rovascular unit tuned to respond to signals from the CNS 
innate machinery and screen for systemic immune cells and 
potential pathogens. Under physiological conditions, tight 
junction proteins in BBB block T cell entry which are thus 
virtually absent from the brain parenchyma [2, 3]. When 
summoned via innate immune responses, the endothelial 
cells of BBB undergo a series of non-disruptive (and even-
tually disruptive) changes that enable T cell entry, and can 
also double up as antigen presenting cells (APCs) to control 
local adaptive immune responses [2, 4, 5]. However, these 
BBB properties are not absolute, vary with age and are even 
regionally different across brain interfaces with blood-CSF, 

blood-meninges barriers being more efficient in trafficking 
T cells [2, 3]. Defects in the BBB and lymphocyte trafficking 
in “early” MS and seemingly BBB-independent mechanisms 
of self-sustained CNS inflammation in the “later” stages 
have emerged as the leading hypothesis in MS [6].

T cell gateways—meningeal lymphatics 
and T cell exit pathways

Recent work on CNS lymphatic networks has provided fur-
ther insights into T cell trafficking. Interlinked discoveries over 
the last decade have confirmed a synergistic clearance system 
between the paravascular space (glymphatic system) and the 
meningeal lymphatic vessels [7–9]. Brain lymphatic vessels 
are harboured within the meninges instead of the parenchyma 
[10]. The parenchyma instead utilizes a brain-wide network of 
CSF-ISF exchange housed in the paravascular space (between 

Fig. 1  Epidermoid cyst and chemical meningitis in a 3-year-old child. 
Sagittal T2 (A), post-contrast T1 (B), axial DWI (C), and ADC maps 
(D), sagittal and axial CT reformats (E, F) images. MR images (A–
D) show a midline mass centered at the anterior skull base and pro-
jecting towards to basifrontal lobe with heterogenous T2 signal (A), 
nodular and rim enhancement (dashed and solid arrows (B), diffusion 

restriction within the lesion (arrow C), and surrounding vasogenic 
edema (arrow D). Possibilities of an abscess and congenital ecto-
dermal inclusion cyst were raised. CT done to assess bony anatomy 
shows a widened remodelled foramen cecum at the anterior skull base 
(arrows E, F). Intraoperatively, this was confirmed to be a ruptured 
epidermoid cyst precipitating a chemical meningitis
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the glia limitans and vascular endothelial membrane, termed 
the glymphatic network) to clear waste products (Fig. 2). While 
major mechanistic drivers of this system remain under debate, 
Aquaporin 4 channels serve a sentinel role in regulating these 
conduits [11, 12]. Further downstream, the meningeal lymphatic 
vessels (MLVs) form the major route of transdural CSF efflux 
and macromolecular clearance. They also serve as T cell “exit 
pathways,” draining them to deep cervical lymph nodes where 
they can further recruit systemic immune cells against CNS 
antigens (Fig. 2) [13, 14]. Evidence for their neuroimmunologi-
cal role is mounting [7, 9, 15]. More recently, MLVs have also 
been implicated in CNS virus drainage and clearance in animal 
models, and accelerated recovery from infections in mice models 
has been noted with treatments promoting MLV expansion [16].

MLV and glymphatic network lack direct physical connec-
tions but evidence suggests that these compartments are func-
tionally linked [17]. Just like the BBB, the glymphatics undergo 
senescence with implications on cognition as well as neurode-
generative disorders, stroke and normal pressure hydrocephalus 
[9]. However, much remains unknown how this may contribute 
to CNS inflammation, particularly in the pediatric context. This 
has nonetheless paved way for newer pathways in understanding 
CNS-immune crosstalk in neuroinflammation.

Innate and adaptive immunity — bridges 
between infection and neuroinflammation, 
and hygiene/old friends hypothesis

The immune system has two interlinked subsystems with spe-
cific molecular and cellular effectors that act synergistically 
to produce the end-product of inflammation. This includes an 
evolutionarily conserved innate immune system based on non-
specific pattern recognition approaches that identify a broad 
category of infections, and an adaptive immune system which 
is armed to produce pathogen specific cascades. We discuss 
these in the context of CNS inflammation.

As a first responder, pathogen sensing in innate immu-
nity occurs via pattern recognition receptors (PRRs), which 
recognize broad sequences in bacteria and viruses termed 
pathogen-associated molecular patterns (PAMPs) that are 
common across these pathogens. PRRs can also recognize 
endogenous signals in “sterile brain inflammation” via dam-
age associated molecular patterns (DAMPs) [18]. PRRs 
include a large family of receptors, the best known being 
the Toll-like receptors (TLRs) which are highly expressed 
on microglia, the sentinel resident CNS innate immune 
cell. Binding of PAMPs to their respective TLR leads to 

Fig. 2  Glymphatic network, meningeal lymphatic vessels, and dorsal 
transdural CSF efflux. CSF efflux can occur via transvenous and trans-
dural routes. We depict the major route of dorsal transdural CSF efflux — 
the meningeal lymphatic vessels and the functionally linked glymphatic 
network. The glymphatic network consists of paravascular spaces (PVS) 
that surround the pial and parenchymal arteries and veins, and forms a 
continuum with the subarachnoid space (SAS). This allows CSF to com-
municate with the parenchymal interstitial fluid (ISF, solid small green 
arrows) via channels in the glia limitans, essential for solute and fluid 
exchange. The ISF drains the parenchymal waste products (amyloid β, 

lactate, other macromolecules) via perivenous paravascular spaces into the 
subarachnoid CSF (dashed small green arrows), thus ensuring CSF-ISF 
homeostasis. The parasagittal dural meningeal lymphatic vessels (MLVs) 
form the major dural efflux pathways and enable further downstream 
clearance of macromolecules. They also play a role in immunomodulation 
by trafficking immune cells (curved large solid green arrows) directly to 
the deep cervical lymph nodes. Ventral pathways (along the major cranial 
nerves, skull base foramina, and olfactory fossa) form the other routes of 
transdural CSF efflux
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microglial activation. This leads to downstream production 
of chemokines and cytokines, and initiation of signaling 
pathways including interferons and complement cascade. 
Certain cytokines, particularly IL-12, subsequently enable 
a transition to adaptive immune response by increasing BBB 
permeability and recruitment of circulating T and B lympho-
cytes [19, 20]. We discuss some of the specialized pathways 
of adaptive immunity under the section “Defects of perforin-
dependent pathway.”

The degrees of activation of the two subsystems and roles 
further downstream are highly variable and governed by 
numerous environmental and host factors. Also, genetic vari-
ants and polymorphisms may confer susceptibility to specific 
agents. For example, genetic variants causing TLR3 deficiency 
or defects in TLR3 signaling pathway play a well-established 
role in susceptibility to HSV encephalitis (HSVE) [21]. Finally, 
epidemiological studies lend support to a poorly understood 
mechanism of immune remodelling. Termed the hygiene/old 
friends hypothesis, this suggests that human immune system 
evolved with ancient gut microbes and soil-based helminths 
over millions of years modulating immune system responses. 
This has potential repercussions on immune system-gut micro-
biome interactions and may even shed light on dysregulated 
hyperinflammatory states in SARS-CoV-2 [22, 23].

Patterns of edema and pediatric CNS 
injury—cytokines, vascular compromise, 
and excitotoxicity

Brain edema is a manifestation of parenchymal injury, espe-
cially in the context of infection and inflammation. The pat-
terns of parenchymal edema are often recurrent and lead to 
recognizable MRI phenotypes based on either specific signal 
changes on conventional sequences (cytotoxic, vasogenic, 
intramyelinic) or a distinct topography (excitotoxic, osmotic, 

intramyelinic, interstitial – Fig. 3). Topographical patterns are 
also well described in the context of pediatric viral infections 
and recognizable patterns are likely due to common immuno-
logical determinants [24]. Here, we discuss three entities with 
distinct patterns of brain edema and highlight the divergent 
underlying immune mechanisms—Parechovirus encephalitis, 
cerebral malaria, and claustral injury.

Parechovirus encephalitis

One of the unique patterns of white matter injury seen during 
the neonatal period, first described with human Parechovi-
rus 3 (HPeV3) [25] and subsequently with enterovirus (EV), 
rotavirus, Chikungunya, and in hyperinflammatory states in 
SARS-CoV-2, is characterized by a striking radiating pat-
tern of restricted diffusion involving the periventricular and 
deep white matter often with a frontal predominance (Fig. 4) 
[26–28]. Evolution is typically into gliosis or a cystic PVL-like 
pattern [26]. Involvement of long tracts of corpus callosum, 
optic radiations, internal capsules, and thalami may be seen as 
well. The mechanisms behind this and the sentinel anatomical 
substrate of injury are poorly understood but may be due to 
common immunological signatures across these pathogens and 
unique vulnerabilities of the neonatal brain [29].

The brain pathology in HPeV3 and above-mentioned 
viruses has similarities. Direct CNS invasion by T cells and 
adaptive inflammation is characteristically lacking, also 
reflected in the absence of pleocytosis, bland CSF picture and 
low systemic inflammatory markers in HPeV3 encephalitis 
[30, 31]. Innate immunity via TLRs and activation of microglia 
appears to be the main driver of inflammation [29, 31]. The 
imaging pattern also resembles patterns from deep medullary 
vein engorgement and/or thrombosis, a proposed alternate or 
synchronous mechanism [32]. However, this is not conclusive 
from autopsy evidence and susceptibility weighted imaging 
(SWI) may be normal in many [27, 31].

Fig. 3  Types of cerebral edema. Cerebral edema can arise from distinct 
etiological mechanisms including vascular (PRES, infarction), osmo-
lar (myelinolysis), interstitial (increased ventricular pressures), myelin 

vacuolization (megalencephalic leukoencephalopathy with subcortical 
cysts or MLC), and excitatory (intramyelinic edema) often forming rec-
ognizable patterns of topographical distribution and signal change
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Cerebral malaria

Cerebral malaria also provides an interesting avenue to study 
brain edema patterns. Imaging findings are on a spectrum 
and there are differences between children and adults [33]. 
The basal ganglia, thalami, white matter and cortex are com-
monly involved regions [34]. On diffusion weighted imaging 
(DWI), transient bilateral subcortical white matter restricted 
diffusion sparing the cortex is a common and characteristic 
finding in children (Fig. 4) [35]. This can be seen with or 
without callosal involvement and is associated with better 
outcomes and good neurological recovery [35]. This pattern 
is uncommon in adults who instead display a vulnerability 
of the basal ganglia and thalami [33, 35, 36].

The proposed cascade of events is initiated via micro-
vascular pathology and RBC sequestration which are the 
pathological hallmarks [37]. This can progress to vary-
ing degrees of microvascular occlusion creating regions 
of hypoperfusion and hypoglycemia. A metabolic failure 
ensues, aggravated by co-existing factors increasing meta-
bolic demands such as seizures and hyperpyrexia [35]. This 

leads to disturbances in glutamate cycling and extracellular 
glutamate excess, excitotoxicity, and intramyelinic edema 
seen pathologically as myelin vacuolation and is reversible 
with timely treatment in keeping with its transient nature 
and better outcomes [35, 37]. In advanced cases, there is 
progression to microvascular thrombi, perivascular hem-
orrhages and BBB disruption, eventually culminating in 
irreversible changes.

Claustral injury and possible immune mechanisms

Another topographically distinct pattern seen on MRI is the 
selective symmetric signal abnormalities within the claustrum 
[38]. Claustrum is a thin strip of gray matter flanked by white 
matter bundles on either side and serves as a major connectomic 
hub with extensive reciprocal connections with the ipsilateral 
cortical structures and basal ganglia (Supplementary Fig. 1).

Claustral lesions were reported as a form of immunotherapy 
responsive injury in viral encephalitis [39, 40]. This description 
has since expanded to other entities including febrile infection-
related epilepsy syndrome (FIRES), autoimmune epilepsy, 

Fig. 4  Patterns of cerebral edema in Parechovirus encephalitis and 
cerebral malaria. Axial DWI T2 (A–D), ADC maps (A′–D′). Case 1: 
a 10-day-old term baby admitted with fever, irritability and seizures. 
Diffusion (A, B) and ADC maps (A′, B′) in this case of Parechovi-
rus encephalitis show radiating stripes of diffusion restriction in the 
periventricular and deep white matter with frontal predominance 
(arrows) and few smaller foci in the occipito-temporal regions. Dif-

fusion restriction is also noted in the genu and splenium of corpus 
callosum (dashed arrows). Case 2: a 10-year-old boy with high-grade 
fever, comatose, and recent travel history. Diffusion (C, D) and ADC 
maps (C′, D′) in this case of cerebral malaria show subcortical pre-
dominant restricted diffusion in the frontoparietal regions bilaterally 
(arrows C, C′). Diffusion restriction in the splenium is noted as well, 
likely from excitotoxic intramyelinic edema (arrows, D, D′)
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acute encephalitis with refractory, repetitive partial seizures 
(AERRPS) in children and as a post-febrile de novo status epi-
lepticus syndrome with reversible lesions in adults [38, 41–43]. 
Novel entities including immune effector cell-associated neu-
rotoxicity syndrome (ICANS) and parainfectious SARS-CoV-2 
phenomenon can also have this pattern, possibly linked to a pre-
ceding cytokine storm and is termed cytokine storm-associated 
encephalopathy (CySE) [38, 44]. Immunotherapy responsive-
ness further supports potential dysregulated cytokine signaling 
as a common link, although reasons for claustrum predilection 
in hypercytokinemia are not well understood.

Autoimmune (anti‑NMDAR and MOG 
encephalitis) and viral encephalitis

Infection and autoimmune encephalitis (AE) remain the most 
common considerations in pediatric encephalitis. In AE, neural 
autoantibodies can be directed against extracellular (cell-surface 
or synaptic) or intracellular antigens (most paraneoplastic or 
onconeural antibodies). Due to logistical challenges in antibody 

detection, updated diagnostic criteria still focus on conventional 
tests and the absence of antibody does not exclude AE [45]. 
Pediatric AE additionally holds unique diagnostic challenges 
in contrast to adults due to multifocal and atypical presenta-
tions rather than well-defined clinical syndromes and overlaps 
with other conditions unique to pediatric cohorts, necessitating 
modifications to criteria for pediatric AE [46].

Medial temporal lobe involvement on MRI often leads to 
search patterns for autoimmune limbic encephalitis and HSVE 
in children. Anti-NMDAR encephalitis is now the leading 
cause of AE in children, and more common than any single 
viral encephalitis [47]. MRI is most commonly normal (~ 65%), 
followed by a limbic encephalitis pattern (Fig. 5) [46]. Other 
patterns include striatal encephalitis with or without limbic  
involvement (Fig. 5), brainstem encephalitis, cerebellitis, or 
isolated cortical involvement.[48] Despite overlaps, tendency 
to spare basal ganglia, hemorrhages, and enhancement can 
help recognize HSVE (Fig. 6) [49]. Also, the presence of dif-
fusion restriction is atypical for anti-NMDAR encephalitis 
and may warrant search for alternate etiologies or explana-
tions [46].

Fig. 5  Anti-NMDAR encephalitis: Case 1: axial FLAIR images (A–D) 
and Case 2 axial FLAIR (E), axial and coronal T2 (F, G), axial chest 
CT (H). Case 1: a 12-year-old girl presenting with increased forget-
fulness, drop in grades, and bouts of violent behaviour for 3 months. 
Axial FLAIR images show limbic and striatal involvement. There is 
hyperintensity involving the hippocampus, amygdala, and parahip-
pocampal gyri bilaterally (arrows A,dashed arrows B). Involvement 
of the basal ganglia (arrows C, D) and perisylvian regions (arrows B) 

is noted as well. No diffusion restriction or enhancement was noted. 
CSF was positive for anti- NMDAR antibodies. Case 2: a 14-year-old 
girl with mediastinal teratoma and anti-NMDAR encephalitis pre-
senting acutely with 2-day history of behavioural changes. Imaging 
shows asymmetrical (left > right) but bilateral involvement of the hip-
pocampi (arrows E–G). Chest CT shows a heterogeneously enhancing 
mass lesion in the anterior mediastinum (arrow, H), biopsy was sug-
gestive of a teratoma
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Limbic encephalitis can be imaging negative, unilateral, 
or bilateral. However, upgraded criteria for “definite” auto-
immune limbic encephalitis require bilateral involvement 
in the absence of neural autoantibodies to avoid a potential 
misdiagnosis [45]. MRI also serves to exclude other poten-
tial mimics including demyelination, vasculitis, and infec-
tious and parainfectious etiologies in which imaging is more 
commonly abnormal.

HSVE is also a potent trigger for autoimmunity includ-
ing anti-NMDAR encephalitis and acquired demyelinating 
syndromes (ADS). Post-HSVE, and in some post Japanese 
encephalitis, there can be recurrent anti-NMDAR enceph-
alitis in up to 20% of the children who typically present 
with new-onset choreoathetosis [45]. Similar overlaps may 
occur in the setting of ADS (MOG, NMOSD, MS) and anti-
NMDAR encephalitis [45, 50]. The MRI patterns in post-
HSVE-triggered AE are more commonly abnormal and have 
florid abnormalities including leukodystrophy-like pheno-
types (Fig. 6) [50]. The mechanisms are possibly related 
to molecular mimicry, bystander activation, and epitope 
spreading [51].

Lastly, MOG encephalitis (MOGE) has emerged as one 
of the most common forms of pediatric AE and is within 
the expanding spectrum of MOG-IgG-associated disorders 
(MOGAD) [46, 52]. Interesting differences between adult 
and pediatric cohorts have emerged. Adult MOGE patterns 
include unilateral cortical involvement often limited to a par-
ticular lobe and considered a relatively benign phenotype 
[52]. Pediatric MOGE findings are on a spectrum and exhibit 
greater imaging variability including higher incidence of 
bilateral lesions, tumefactive demyelination (TD), subcorti-
cal and limbic involvement, leptomeningeal lesions, and can 
have diffusion changes (Fig. 7) [52]. TD can appear similar 
to phenotypes described with MS in children [53].

Genetic triggers of inflammation

Dysfunctions of diverse protein pathways can trigger brain 
inflammation, including proteins related to nuclear cargo 
trafficking, mitochondrial function, perforin regulation, and 
interferon signaling [54–57]. We discuss two prototypical 

Fig. 6  Herpes simplex virus encephalitis (HSVE) and post-HSVE 
anti-NMDAR encephalitis. Case 1: axial T2 (A, C), axial post-con-
trast T1 (B), and axial non-contrast CT (D); Case 2: axial FLAIR (E, 
F, H) and axial DWI (G). Case 1: a 10-year-old with characteristic 
findings of HSVE including severe swelling and T2 hyperintensity of 
the right temporal lobe (arrows A) extending to the perisylvian region 
(arrow C) with mild enhancement (arrow D). Hyperdensity and 
parenchymal hemorrhage are noted on the CT (arrow D). Case 2: an 
8-year-old presenting with fever, seizures, and altered consciousness. 

There are multifocal areas of parenchymal swelling, FLAIR hyperin-
tensity, and diffusion restriction in right temporal (arrows E, G) and 
left temporo-occipital lobes (dashed arrows E, G). The right tempo-
ral horn is effaced. CSF PCR was positive for HSV. Follow-up imag-
ing 6 weeks later shows gliosis and cystic encephalomalacia (arrows 
F). Imaging 2 months later (H), now presenting with new movement 
disturbance, shows extensive confluent FLAIR hyperintensity of the 
white matter and a leukodystrophy-like picture (asterisks H). CSF 
was positive for anti-NMDAR antibodies
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pediatric inflammatory syndromes due to RANBP2 and  
perforin-dependent pathway mutations, and highlight mecha-
nisms by which they compromise innate and adaptive immu-
nity respectively.

Acute necrotising encephalopathy 1 (ANE1)—
immune mechanisms and imaging

A prototypical example of a dysregulated interplay between 
infection, inflammation and genetics is acute necrotising 
encephalopathy 1 (ANE1). It is a febrile encephalopathy 
syndrome, often preceded by a non-specific infectious trig-
ger, in which autosomal dominant mutations in Ran-binding 
protein 2 (RANBP2) or NUP358 render the CNS vulnerable 
to specific patterns of injury [58, 59].

The preceding infectious trigger, most commonly viral, 
need not have CNS affinity. These patients lack evidence of 
direct viral infiltration and an exaggerated immune response 
and cytokine storm is a common theme across the cases 
[36, 37]. Reminiscent of our prior discussions, systemic 
dyscytokinemia leads to an impaired BBB and initiation of 

an innate immune response. Much remains unknown of the 
further downstream CNS effects and how regionally specific 
patterns of brain injury emerge when co-existent RANBP2 
mutations are present.

There have been recent developments in this understand-
ing, specifically the role of RANBP2 as a small ubiquitin-
related modifier (SUMO) pathway protein (Fig. 8). SUMO 
family proteins reversibly attach and stabilize target pro-
teins (termed SUMOylation) to enable them to conduct 
vital cellular processes. In the context of CNS inflamma-
tion, RANBP2-mediated SUMOylation of specific proteins 
(Argonaute or AGO proteins) enables them to silence ANE-
related cytokine mRNAs (IL-6 and TNFα) [60], STAT1 
activity and type 1 interferon innate immune responses 
[61–63]. Failed silencing of IL-6 and other mRNAs may 
lead to persistent cytokine production and CNS injury 
(Fig. 8). These mechanisms are still being elaborated and 
may provide therapeutic targets in future [61, 64].

MRI in ANE1 reveals characteristic imaging findings 
with multifocal bilateral involvement of thalami, brainstem, 
periventricular white matter, and cerebellum. Diffusion 

Fig. 7  MOG-IgG-associated disorders (MOGAD) and tumefactive 
demyelination in MS. Case 1: axial FLAIR (A), axial post-contrast 
FLAIR (B), and post-contrast T1 (C), axial T2 and post-contrast 
FLAIR-cropped to orbits (D); Case 2: axial DWI (E, G), axial T2 
(F), axial post-contrast T1 (H); Companion case: axial FLAIR (I), 
axial post-contrast T1 (J). Case 1: A 6-year-old, with low grade fever, 
headaches, and MOG encephalitis. There is unilateral localized cor-
tical swelling and FLAIR hyperintensity involving the right mesial 
parietooccipital cortex (arrow, A), right hippocampus (not shown), 
cortical-subcortical (arrow, C), and leptomeningeal enhancement 
(arrow, B). Bilateral optic nerve head swelling and enhancement is 

noted (arrow, D). Case 2: A 10-year-old presenting with second epi-
sode of fever, somnolence, and seizures in a month. Mild patchy dif-
fusion restriction in the right parietal cortex (oval outline) with no 
convincing FLAIR hyperintensity or enhancement (not shown). EEG 
showed focal right parietal focal slow waves, CSF showed significant 
pleocytosis. Recurrent acute presentation after 1  week shows tume-
factive lesions with  T2 hypointense rims, edema (arrows, F), and 
irregular ring-like enhancement (arrows, H). Companion case of 
MS (I, J) with tumefactive demyelination in MS with open rings of 
enhancement (arrow, J)
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restriction, hemorrhagic foci, and enhancement from BBB 
breakdown are often co-existent (Supplementary Fig. 1). 
ANE1 has a non-genetic non-recurrent counterpart, termed 
ANE (without the numeric suffix) with some differences in 
regional lesion burden in comparison to ANE1 with the lat-
ter involving additional sites including claustrum and exter-
nal capsule, medial temporal lobes, and spinal cord [58]. The 
differences in this distribution are still poorly understood.

There may be additional genetic drivers of ANE1 [65]. 
RANBP2-negative families with recurrent ANE are known, 
both from the original cohort and subsequently [58, 66] with 
these children being younger, more commonly boys and with 
worse outcomes in comparison to RANBP2-positive ANE1 
[66]. While additional genetic loci still remain unknown, ANE-
like imaging findings have been described with mutations in 
NUP214 (a functionally similar nucleoporin to RANBP2/
NUP358) [54, 67], SCN1A, and carnitine palmitoyltransferase 
II (CPT2) polymorphisms [55, 68, 69].

Adaptive immunity, defects of perforin‑dependent 
pathway, and primary HLH

Adaptive immunity consists of highly specialized pathways 
to remove the inciting trigger. Upon presentation of the 
target cell to cytotoxic T lymphocytes (CTLs), two highly 
specialized pathways may be engaged to eliminate infected 
cells – death-receptor pathway and perforin-dependent path-
way (Supplementary Fig. 2) [70]. Perforin is a specialized 
pore-forming granzyme (a protease released by cytoplas-
mic granules) that is upregulated in deployed CTLs and 
mediates cell death through exocytosis and release in to 
the target cell. The series of steps from formation of these 
granzymes in T cells to the final degranulation and release 
at the target cell involve complex synergistically acting 
processes orchestrated through multiple genes (Fig. 9) [70, 
71]. Genetic defects of the perforin pathway lead to primary 
hemophagocytic lymphohistiocytosis (HLH), characterized 

Fig. 8  Nuclear pore complex and proposed role of RANBP2 
SUMOylation in silencing inflammation. A Nuclear pore com-
plex (NPC) is a large macromolecular structure embedded within 
the nuclear envelope and is formed by multiple proteins called 
nucleoporins (or NUPs). The proteins are organized in to substruc-
tures—including a central core (or inner ring) flanked on either side 
by cytoplasmic and nuclear rings. Nuclear pore complexes serve as 
conduits for import and export of cargo across the nuclear membrane. 
B Argonaute or AGO proteins are an extremely conserved family 
of proteins involved in messenger RNA (mRNA) silencing by ena-
bling the attachment of a silencing RNA (in this context micro-RNA 

or miRNA-induced silencing complex, RISC) to the target mRNA 
(IL-6 mRNA). To do this, they require a stable attachment to the 
IL-6 mRNA. They achieve this stable attachment through RANBP2-
mediated SUMOylation during their passage through the NPC. The 
SUMOylated AGO-IL-6 mRNA complex then attaches to miRNA-
induced silencing complex, terminating IL-6 production. C It is 
unclear how a RANBP2 mutation affects this interaction but a failure 
of attachment of miRNA-induced silencing complex to an unstable 
AG0-IL-6 mRNA complex may enable persistent cytokine production 
and hypercytokinemia
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by uncontrolled immune T cell activation [71]. CNS involve-
ment is characterized by disruptive BBB changes and T cell 
infiltration.

Despite the variability in the underlying genetic defect 
(Fig. 9), pediatric CNS HLH demonstrates regionally dif-
fering but recurring imaging patterns including multifocal 
cerebral and cerebellar lesions (Fig. 10), CLIPPERS-like 
presentation, and cerebellitis [57]. The diagnosis can be 
challenging in cases where presentations are CNS-isolated 
or precede systemic involvement and can have a relapsing 
phenotype. MRI patterns overlap with infections and ADS 
including NMOSD, MOG-AD, and tumefactive MS must 
be kept in mind in patients with multifocal lesions which 
remain poorly responsive to immune therapy [57].

COVID‑19 neurological syndromes — 
an imaging perspective

Neurological injury in COVID-19 has been a matter of 
much speculation with competing theories proposing a 
direct neuropathic effect from neuroinvasion versus an 

immune-mediated brain inflammation. Much of the evi-
dence has pointed to the latter [72, 73]. Despite the detec-
tion of viral inclusions in CNS [74] and SARS-CoV-2 RNA 
in CSF [73], autopsy studies have highlighted neuroimmune 
activation as a major cause for brain injury [75]. Studies of 
CSF cytokine profiles in patients with SARS-CoV-2-related 
encephalitis highlight an underlying cytokine-mediated CNS 
dysfunction akin to ICANS [72].

Consistent with the above observations, clinicoradio-
logical peripheral and central nervous system syndromes in 
children with COVID-19 are predominantly of neuroinflam-
matory origin. The spectrum includes non-specific encepha-
lopathy, ADEM, Guillain-Barré syndrome (Fig. 11), ANE, 
and AE (limbic encephalitis, cortical lesions, rhomben-
cephalitis, cerebellitis) [73, 74, 76, 77].

In pediatric cohorts, the most common parenchymal MRI 
pattern is that of single to multifocal lesions with an appear-
ance reminiscent of ADEM with or without associated myeli-
tis [74, 76, 78, 79]. There have been challenges in defining 
prevalence of antibody-positivity in this setting. Most system-
atically organized cohorts report antibody positivity as a rare 
finding [73, 74, 79–81], except for a single pediatric cohort 

Fig. 9  Role of specific proteins in target cell apoptosis and associated 
genetic defects in Perforin-dependent pathway. Abbreviations: LYST: 
lysosomal trafficking regulator, eSCRT: endosomal sorting complex 

required for transport, AP3B1: adaptor protein 3, CHS: Chediak–
Higashi syndrome, HPS2: Hermansky – Pudlak syndrome type 2 
adapted from [70, 71]
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study where the prevalence was 21% [76], likely due to dif-
ferences in study design. Anti-MOG positivity rates in SARS-
CoV2-associated ADEM have also been reported as rare when 
compared to other pediatric ADEM cohorts [79]. Antibody-
positive acquired demyelinating syndromes (MOG-AD, 

NMOSD) and AE (NMDAR, MOGE) in SARS-CoV2 have 
presentations similar to established clinical phenotypes with 
these antibodies. Optic neuritis and multifocal ADEM-like 
lesions represent the most common imaging patterns related 
to anti-AQP4 and anti-MOG antibodies respectively [76].

Fig. 10  CNS-isolated HLH at presentation in a 12-year-old child with 
PRF1 gene mutations. Fig 10a. Axial FLAIR (A1-6) and post-contrast 
T1 images (B1-2) showing multiple hyperintense lesions involving the 
cerebellum (solid white arrows) and brainstem (dashed white arrows) 
with areas of homogenous and nodular enhancement within. There is 
mass effect on the 4th ventricle, dilated temporal horns (black arrow, 
A6) and hydrocephalus. Fig 10b. CNS HLH at 5 months on treatment 

with progression and new lesion. Axial FLAIR (A1-2) and post-contrast 
T1 images (B1-2) showing interval decrease in the size and enhance-
ment of the posterior fossa lesions (black arrows, A2, B2) with new 
FLAIR hyperintense lesion centered within the right parietal lobe with 
homogenous enhancement (dashed white arrow). Colour-coded CBV 
perfusion maps showing no increased perfusion within the new (white 
arrow) or prior lesions (black arrow)

Fig. 11  Guillain-Barré Syn-
drome in COVID-19. Sagittal 
post-contrast T1 cervical (A, 
B) and lumbar spine (C), axial 
FLAIR (D), coronal T1 (E), and 
SWI (F). A 2-year-old previ-
ously healthy boy presenting 
with progressive lower and 
upper extremity weakness and 
hypotonia, ataxia, and febrile 
illness 2 weeks prior. Serology 
for COVID IgG was positive. 
CSF showed elevated protein. 
On MRI, there is multilevel 
enhancement of the exiting 
nerve roots in the cervical 
spine (A, B) and cauda equina 
(C). Asymmetrical patchy 
FLAIR hyperintensities in the 
peridentate regions (D) which 
persist after 1 year of follow-up. 
A branching T1 hyperintensity 
with blooming (arrow, F), 
favored to represent a small 
thrombosed vein
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On limited follow-up, relapses have not been reported 
in antibody positive ADS. Interestingly, studies assessing 
pediatric ADEM SARS-CoV2 cohorts demonstrated better 
steroid responsiveness and outcomes [76] when compared to 
adult counterparts which were associated with severe infec-
tions, hemorrhage, high morbidity, and mortality [79].

Pediatric SARS-CoV2-related neuroinflammatory disease 
can also occur in the setting of multisystem inflammatory 
syndrome in children (MIS-C), alternatively termed pediat-
ric inflammatory multisystem syndrome temporally associ-
ated with SARS-CoV-2 (PIMS-TS) [82].The reported preva-
lence of neurological abnormalities is low (12–20%) [77, 
82, 83] and may be associated with higher systemic inflam-
matory markers [82]. Neuroinflammation in this setting is 
characterized by encephalopathy and broad neurological 
symptoms, often with involvement of the peripheral nervous 
system. Work-up demonstrates increased systemic inflamma-
tory markers, a frequently normal CSF and imaging findings 
different from acquired demyelinating syndromes [76, 77, 
82, 83]. MRI abnormalities are infrequent, although when 
present, central splenial T2-hyperintensity with restricted 
diffusion is described, reported at a variable prevalence of 
11–64% [74, 76, 82, 83]. Signal changes can extend to the 
rest of the corpus callosum and adjacent white matter and 
show complete reversibility. In most cohorts of MIS-C, this 
is reported as an isolated finding occurring independently of 
seizures, except in a single study where co-existent ADEM-
like lesions were present in a similar prevalence [74]. Evi-
dence from CSF and systemic cytokine profiles, and simi-
larities to cytotoxic lesions of corpus callosum (CLOCCs) 
suggests intramyelinic edema from excitotoxic injury as the 
likely causal mechanism [83].

In smaller numbers, vascular phenomena have also been 
reported in MIS-C- including infarcts, parenchymal hemor-
rhage, cerebral venous thrombosis, and microhemorrhages 
from thrombotic microangiopathy [74, 77, 82]. Vascular 
manifestations are an important subset of CNS injury in 
adult SARS-CoV2 cohorts. These are well described in 
children as well, but overall burden is likely lower [74, 77].

Conclusion

We elaborate how innate and adaptive immune mechanisms 
play a role in pediatric CNS inflammation. Inflammatory, 
infectious, and genetic disorders may utilize common 
immune mechanisms to produce overlapping yet distinct 
patterns of CNS injury. These imaging patterns are closely 
linked to shared immune drivers. We corroborate this 
through an imaging review and discuss the recent updates 
in our understanding of these mechanisms.
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