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ARTICLE INFO ABSTRACT

Artic{e history: Imaging plays a crucial role in differentiating the spectrum of paediatric acquired demyelinating syn-
Received 30 July 2020 dromes (ADS), which apart from myelin oligodendrocyte glycoprotein antibody associated disorders
Received in revised form (MOGAD) includes paediatric multiple sclerosis (MS), aquaporin-4 antibody neuromyelitis optica spec-

3 October 2020

Accepted 8 October 2020 trum disorders (NMOSD) and unclassified patients with both monophasic and relapsing ADS. In contrast

to the imaging characteristics of children with MS, children with MOGAD present with diverse imaging
patterns which correlate with the main demyelinating phenotypes as well as age at presentation. In this

I:/T(};vgurds: review we describe the common neuroradiological features of children with MOGAD such as acute
MRI disseminated encephalomyelitis, optic neuritis, transverse myelitis, AQP4 negative NMOSD. In addition,
Paediatrics we report newly recognized presentations also associated with MOG-ab such as the ‘leukodystophy-like’
ADEM phenotype and autoimmune encephalitis with predominant involvement of cortical and deep grey
Optic neuritis matter structures. We further delineate the features, which may help to distinguish MOGAD from other
Transverse myelitis ADS and discuss the future role of MR-imaging in regards to treatment decisions and prognosis in
children with MOGAD. Finally, we propose an MRI protocol for routine examination and discuss new

imaging techniques, which may help to better understand the neurobiology of MOGAD.
© 2020 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights reserved.
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the need for immunomodulatory treatment especially in relapsing

Abbreviations cases [3—-5].
Imaging plays a crucial role in differentiating the spectrum of
ADEM Acute disseminated encephalomyelitis ADS, which apart from MOGAD includes paediatric MS, AQP4-ab-
ADEMON ADEM followed by optic neuritis positive NMOSD and other less well-defined subgroups. In addition,
ADS Acquired demyelinating syndrome physicians caring for children with ADS must be aware of the broad
AE Autoimmune encephalitis differential diagnosis mimicking acute demyelinating attacks such
AQP4 Aquaporin-4 as viral encephalitis, CNS vasculitis, CNS-isolated hemophagocytic
AQP4-ON AQP4-ab-associated ON lymphohistiocytosis, brain tumors, and mitochondrial diseases

CNS Central nervous system [6-10].

DTI Diffusion tension imaging Therefore, it is important to delineate the spectrum of MOGAD
FLAIR Fluid-attenuated inversion recovery not only on clinical and laboratory but also on radiological grounds.
LETM Longitudinal extensive transverse myelitis Compared to the imaging characteristics of children with MS, chil-
MDEM Multiphasic disseminated encephalomyelitis dren with MOGAD present with various imaging patterns which

MOG-abs Myelin oligodendrocyte glycoprotein antibodies
MOG-ON MOG-ab-associated ON

MOGAD MOG-ab-associated disorders

MPRAGE Magnetization prepared rapid acquisition gradient
echo

MS Multiple sclerosis

MS-ON  MS associated ON

NMOSD  Neuromyelitis optica spectrum disorders

ON Optic neuritis

™ Transverse myelitis

1. Introduction

Myelin oligodendrocyte glycoprotein antibodies (MOG-abs) can
be detected in children presenting with a range of paediatric ac-
quired demyelinating syndromes (ADS) such as acute disseminated
encephalomyelitis (ADEM), aquaporin-4 (AQP4) antibody negative
neuromyelitis optica spectrum disorders (NMOSD), ADEM followed
by optic neuritis (ADEMON), multiphasic disseminated encepha-
lomyelitis (MDEM), and optic neuritis (ON). Importantly, MOG-abs
are rarely detected in children with multiple sclerosis (MS) [1,2].
Several studies have addressed the clinical and prognostic rele-
vance of MOG-abs. High-titre and transient serum MOG-abs are
predominantly found in young children with ADEM [1]. Children
with high and persisting MOG-abs are at risk of developing further
attacks, in particular episodes of ON. Until recently MOG-ab-
associated disorders (MOGAD) were thought to have a more
benign outcome compared to other recurrent demyelinating dis-
eases including MS or AQP4-ab-positive NMOSD. Nevertheless,
recent findings from adult cohorts indicate that patients with
MOG-abs may acquire neurological deficits over time, suggesting

correspond often with the respective subtype as well as age at pre-
sentation [11,12]. In this review we describe the common neurora-
diological features of the main subtypes of MOGAD in addition to
unusual presentations, delineate the features, which distinguishes
MOGAD from other ADS, and discuss the future role of MR-imaging
in aiding therapy decisions and prognosis in children with MOGAD.

2. MR imaging
2.1. Brain

2.1.1. Lesion distribution and characteristics

Radiological features are heterogeneous and differ depending on
the clinical presentation. In paediatric MOGAD ADEM represents the
largest subgroup (40—50%) [1,13]. MRI typically shows bilateral
supratentorial brain lesions mostly affecting the subcortical and
deep white matter and the deep grey matter. Lesions are T2-
hyperintense, large (>2 cm in size), blurred and poorly demar-
cated (Fig. 1A and B) [11,14,15]. Well-demarcated lesions, only small
lesions, or involvement of just one anatomical area in younger
children with ADEM are indicative of MOG-ab-negative disease [14].
Children with MOG-ab-positive MDEM and NMOSD often present
with similar lesion characteristics as ADEM patients, especially if
they are of younger age [16,17]. In young patients (<7 years) with
MDEM, these T2-hyperintense lesions can be diffuse and symmet-
rical, mimicking a leukodystrophy like disease process, but contrast
medium enhancement and often complete resolution on follow-up
scans favours their inflammatory nature (Fig. 1C and D) [18].

2.1.2. Differentiation of MOGAD from AQP4-ab-positive NMOSD
and MS in brain

Children with AQP4-ab-positive NMOSD, similarly to adults, have
lesions following the distribution of AQP4-rich areas in the brain [19].
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Fig. 1. MRI features of MOGAD. (A, B) Cerebral MRI of a 3-year-old boy with ADEM, who presented with fever, headache, dysarthria, gait disorder and right hemiparesis, showing
large and blurred lesions involving both hemispheres and thalami (axial T2). (C, D) Follow-up scans 3 month later showed complete resolution of lesions (axial T2). (E) Juxtacortical
curved lesions involving U-fibres in a 4-year-old-girl with ADEM (axial FLAIR). (F) Callosal lesions in a 4-year-old boy with ADEM (sagittal T2). (G) Well-demarcated, ovoid lesions in
an 11-year-old girl with MS (axial T2). (H, I) Follow-up scans seven years later reveal new lesions and lesions radiating perpendicularly from the ventricular surface (axial T2, sagittal
FLAIR). (J) Extensive and confluent white matter changes in a 4-year-old boy with ADEM, finally diagnosed as ADEMON (axial T2). (K) Cerebral MRI of a 14-year-old girl with
encephalitis who presented to the emergency department with severe headache, mental status changes, and seizures showing pronounced signal alterations of the cortical grey
matter, particularly in the right temporal-parietal lobe (axial FLAIR). She was finally diagnosed as relapsing MOGAD. (L) Bilateral signal alterations in both hippocampi in a 16-year-
old previously healthy boy with severe right-sided headache (coronal FLAIR), categorized as encephalitis with limbic involvement. (M, N) Spinal MRI of a 3-year-old boy with ADEM
and LETM with central grey involvement and a distinctive H pattern in the axial plane (sagittal and axial T2). (O, P) Orbital MRI of a 9-year-old girl with unilateral optic neuritis
showing signal increase, swelling, and contrast enhancement of the right optic nerve as well as of the perioptic nerve sheath (coronal fat-suppressed T2 and coronal fat-suppressed,
postcontrast T1).

Brain lesions are primarily found in the periventricular region of the
third ventricle, in the periaqueductal grey matter, and in the dorsal
brainstem adjacent to the fourth ventricle. However, lesions in these
‘NMOSD-specific’ regions are also present in MOG-ab-positive pa-
tients [12,17,20,21]. Children and adults with MOGAD show poorly
demarcated lesions in the brainstem or cerebellar peduncles, typically
adjacent to the fourth ventricle [12,20,21]. MOGAD and AQP4-ab-
positive disease display different imaging characteristics then MS, but
overlap in brain lesion distribution despite targeting distinct cell
types (oligodendrocytes vs. astrocytes) [20]. Potentially lesion quality,

such as poorly demarcated lesions, frequent in MOGAD, and T1-
hypointense lesions, more frequent in AQP4-ab-positive disease,
distinguishes between the two groups [17,20]. In addition, in AQP4-
ab-positive disease, cortical grey matter is less frequently involved
than in MOGAD [20,22,23].

Curvilinear lesions involving subcortical U-fibres seemed to be a
distinguishing feature between MS, AQP4-ab-positive NMOSD, and
MOGAD in a cohort of mostly adult patients, but curvilinear lesions
appear also in young children with MOG-ab-positive ADEM (Fig. 1E)
[11,24]. Lesions in the corpus callosum, absent in certain series [25],
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have also been described in young patients with MOG-ab-positive
ADEM or MDEM (Fig. 1F) [11,15,16,26]. In addition, periventricular
lesions can also be a feature in selected children with MOGAD and
do not distinguish these patients from MS or AQP4-ab-positive
NMOSD. However, ovoid lesions perpendicular to the major axis of
corpus callosum (Dawson finger type lesions) remain characteristic
of MS [11,12].

In general, the presence of MOG-abs pleads against the diagnosis
of MS. Nevertheless, a very small subgroup of children who are
diagnosed with MS does harbour MOG-abs, which are, in general,
transient and decrease to undetectable levels over time [1,2]. These
children have a typical MS-like MRI pattern with well-demarcated
lesions (Fig. 1G, H, and I) and short myelitis, which clearly sets
them apart from non-MS cases [11,21]. It is important to clearly
separate cases initially diagnosed as MS, which show MRI features
not typical for MS and on follow-up MRI resolution of lesions, and
therefore should be categorized as MOGAD (e.g. NMOSD).

In pathological studies on brain biopsies, MOG-ab-positive cases
show both perivenous and confluent white matter demyelination,
with an over-representation of intracortical demyelinated lesions
compared to typical MS [27,28]. The pathology for AQP4-ab-posi-
tive NMOSD is distinct from MOGAD. In AQP4-ab-positive NMOSD a
severe astrocytic damage and oligodendrocyte loss is seen, whereas
in MOG-ab-associated demyelination oligodendrocytes are rela-
tively preserved. Even large demyelinating lesions in MOGAD show
relative preservation of oligodendrocytes [28]. These pathological
findings are in line with resolution of MRI-lesions in MOGAD and
persistence of lesions or cavitation in AQP4-ab-associated disease.

2.1.3. Newly recognized presentations

More recently described phenotypes of MOGAD with charac-
teristic clinical and radiological features include a leukodystrophy-
like phenotype with confluent white matter lesions and autoim-
mune encephalitis (AE) with MOG-abs and predominant involve-
ment of cortical and deep grey matter structures [13,18,21,29]. The
leukodystrophy-like phenotype occurs in particular in very young
children [13,18]. Patients show confluent largely symmetrical white
matter lesions with nodular enhancement (Fig. 1]). Despite reso-
lution of lesions, this phenotype is associated with a poor outcome
[13,18].

In MOG-ab-associated AE, patients fulfil the diagnostic criteria
of possible AE but not the IPMSSG criteria for ADEM. Imaging shows
a range of cortical (Fig. 1K), and adjacent juxtacortical white matter
involvement, partially combined with involvement of deep grey
matter structures, or bilateral limbic areas (Figure 1L) [13,29]. Optic
nerves, deep white matter, periventricular white matter, cere-
bellum, or spine are initially not involved in MOG-ab-associated AE
[29]. Intracranial hypertension can accompany the encephalitis
phenotype in children and adults [13,30]. Children with MOG-
encephalitis seem to have a higher risk of further relapses, and
imaging in children with relapses resembles children with MDEM
or NMOSD [29]. Unilateral cerebral cortical encephalitis with sei-
zures is increasingly recognized in adult patients with MOG-abs
[30—32] resembling children with MOG-encephalitis. Pathological
studies in patients with MOG-ab-positive cortical encephalitis
show subpial demyelination [28].

MOGAD with sole localization of lesions in one region like
brainstem do not fit the criteria of the above-mentioned subgroups
but present rare manifestations of the disease [33]. Neither do
children who present with isolated seizures during the first episode
of MOGAD with no or only subtle MRI changes [13,34]. Chronic
lymphocytic inflammation with pontine perivascular enhancement
responsive to steroids (CLIPPERS) with detection of MOG-abs later in
the course has so far only been described in one adult patient [35].
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2.2. Spinal cord

2.2.1. Lesion distribution and characteristics

Spinal cord involvement is often characterized by a longitudinal
extensive transverse myelitis (LETM), defined as a contiguous
lesion extending over three or more vertebral segments. LETM is a
feature of different subgroups of MOGAD such as ADEM and
NMOSD but can also occur as isolated LETM. It mainly affects the
cervical and thoracic, and less often the lumbar, and conus regions
[11]. The grey matter of the spinal cord is preferentially involved
resulting in a characteristic T2-hyperintense line running in the
superior-inferior direction on sagittal images and a distinctive H
pattern in the axial plane (Fig. 1M, N), although the extension of
lesions can change considerably among the different spinal levels
[11,36,37]. Short transverse myelitis (TM) is rarely present in
teenagers, but more frequent in adult patients [11,38].

2.2.2. Differentiation of MOGAD from AQP4-ab-positive NMOSD
and MS in myelitis

The differential diagnosis includes AQP4-ab-positive myelitis,
viral myelitis and spinal cord infarction [37,39]. Contrast enhance-
ment and cavitation favours AQP4-ab-positive myelitis over MOG-
ab-positive myelitis [36,37]. MOG-ab-positive myelitis usually does
not go along with substance defects or spinal cord atrophy. Even
MRI-negative MOG-ab-positive myelitis can occur in children and
adults [40,41]. Multiple lesions with long and short segments and
conus involvement are more frequent in MOG-ab-positive myelitis
than in AQP4-ab-positive myelitis [5,36]. Lumbar involvement is
more frequent in MOGAD compared to AQP4-ab-positive NMOSD
and MS [36,37]. Adult patients with MOG-ab-positive myelitis seem
to present more frequently with short myelitis than children [38].
Multiple short segments are common in MS [36,37].

2.3. Optic nerves

2.3.1. Characteristics of MOG-ab-positive ON

Optic neuritis is frequent in children with MOGAD and up to half
of the patients present with bilateral ON [42]. The percentage of
radiological bilateral ON can be even higher than clinically recorded
[43]. Accordingly, in children with bilateral ON, MOG-abs are pre-
sent in up to 75% [44]. The majority of children with bilateral ON
appears to have a monophasic disease course [44]. A small sub-
group of children with bilateral ON and MOG-abs continues to have
further relapses including NMOSD, ADEM or recurrent ON [4,44]. In
mainly adult patients with chronic relapsing inflammatory optic
neuropathy (CRION), MOG-abs are frequently present and should
be included in the MOGAD [4]. Children with MOG-ab-positive ON
usually show a longitudinally extensive ON (LEON; involving more
than half of the prechiasmatic optic nerve length) with a pre-
dominantly anterior affection of the optic nerve [42,44]. Perineural
enhancement is common (Figure 1P) [42,44]. Chiasma and optic
tract are only infrequently involved [4,43—46].

2.3.2. Differentiation from AQP4-ab-positive and MS associated ON

In a cohort of paediatric and adult patients with a first-episode of
ON, bilateral involvement was more common in MOG-ab-associated
ON (MOG-ON) and AQP4-ab-associated ON (AQP4-ON) than MS
associated ON (MS-ON) [45]. Optic nerve head swelling and retro-
bulbar involvement was more common in MOG-ON, whereas
chiasmal and bilateral optic tract involvement was more common in
AQP4-ON than in MOG-ON and MS-ON. MOG-ON and AQP4-ON had
longer lesion lengths than MS-ON [45]. In a study including 42
children with ON (22 MS-ON, 16 MOG-ON and 4 AQP4-ON), patients
with MS-ON more frequently (95%) showed an abnormal brain MRI
than patients with MOG-ON (6%) and AQP4-ON (25%) [47].
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2.4. Enhancement and diffusion restriction in cerebral and spinal
MRI

Gadolinium enhancement of brain and spine lesions in paedi-
atric MOGAD is less frequent and if present often more diffuse than
in MS or AQP4-ab-positive NMOSD [36,37]. Patients with a
leukodystrophy-like phenotype of confluent white matter lesions
may show a nodular enhancement [13,18]. In adult AQP4-ab-posi-
tive NMOSD ‘cloud-like enhancement’, multiple patchy enhancing
lesions with blurred margin, is frequently seen [48]. Optic nerve,
and as aforementioned, perineural, enhancement is common in
MOG-ON [43—45].

Areas with restricted diffusion suggestive of cytotoxic oedema is
not common in paediatric MOGAD but may be present in younger
patients with ADEM [11,49].

2.5. Age-related clinical phenotypes and imaging patterns

Age seems to play an important role in the presentation of the
different clinical phenotypes of MOGAD and is linked to distinct
imaging patterns. Younger children (9 years or less) tend to have a
manifestation with poorly demarcated widespread lesions in the
brain. As above-mentioned, lesions involving the corpus callosum -
albeit infrequent -, and curved juxtacortical lesions involving U-
fibres, may also be a feature of younger patients with MOGAD. In
contrast, older children (10 years or older), who commonly present
with ON and/or TM, more often show well-demarcated, no or only
small non-specific lesions in their cerebral MRI [11,50]. These dif-
ferences are also seen when comparing MRI features in paediatric-
onset and adult-onset MOGAD [51]. Probably myelin development
and compaction have a significant influence on the neuroradio-
logical presentation. Studies of normal white matter maturation
using diffusion tensor imaging show region-specific changes in
mean diffusivity and fractional anisotropy from infancy to child-
hood [52,53].

3. MR imaging during disease course and in relapsing cases

In a Dutch study on paediatric ADEM with unknown antibody
status, new lesions and enlargement of existing lesions occurred in
about 50% of MRI studies performed during clinical recovery in the
first three months but was rarely seen three months after the first
onset of ADEM [54]. On follow-up cerebral and spinal lesions
frequently resolve in MOGAD. In relapsing MOGAD, such as MDEM,
new episodes are associated with new MRI lesions. However, few
patients also develop new lesions while they remain asymptomatic
[16]. In relapsing MOGAD localization of lesions can change during
the disease. In younger patients (9 years or less) the brain is more
likely to be affected, whereas in patients older than 9 years optic
nerves are more commonly affected [50]. In patients presenting
with MOG-encephalitis and extensive bilateral cortical involve-
ment, progression towards general cortical atrophy and irreversible
deficits is described [13].

4. Differential diagnosis

Differences in lesion location and quality between MOGAD and
AQP4-ab-positive NMOSD, respectively MS, are summarized in
Table 1. Key imaging features in MOGAD are usually the absence of
destructive lesions and resolution of lesions. Differential diagnosis
includes viral encephalitis, CNS vasculitis, CNS-isolated hemopha-
gocytic lymphohistiocytosis, brain tumors, and mitochondrial dis-
eases (Fig. 2) [6—10].
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Table 1

Comparison of magnetic resonance imaging (MRI) characteristics in paediatric pa-
tients with MOG antibody associated disorders (MOGAD), AQP4 antibody positive
neuromyelitis optica spectrum disorders (NMOSD), and multiple sclerosis (MS).

MRI characteristics MOGAD AQP4-NMOSD MS

Brain

Cortical lesions + (+) et
Juxtacortical lesions ++ ++ +++
Periventricular lesions ++ ++ o+
Callosal lesions + ++ ++
Dawson finger type lesions (+) (+) 4
Deep grey matter lesions ++ + +
Brainstem lesions +4 ++ 4
Poorly demarcated lesions 44+ ++ +
Well-demarcated lesions + ++ .
T1 hypointense lesions + ++ +++
Lesion enhancement + ++ .
Spinal cord

Longitudinal extensive transverse myelitis — +++ +++ +
Cervical involvement 44+ e+ RS
Thoracic involvement 4+ e+ 4t
Lumbar involvement ++ + (+)
Centrally located ++ + (+)
Peripherally located (+) + ++
Optic nerves

Bilateral optic neuritis 44+ ++ +
Longitudinally extensive optic neuritis -+ +++ ++
Anterior optic nerve involvement +++ + 4+
Posterior optic nerve involvement + 4+ ++
Chiasmal involvement + ++ +
Optic tract involvement (+) ++ (+)

(+) rare, + infrequent, ++ frequent, +-++ very frequent
Data summarized from several studies [2,11,12,20,22,25,26,36,37,43—45,51,65,66].

5. Suggested MRI protocol
5.1. Acute attack

Depending on the clinical picture, acute imaging will focus
either on brain or spine, but imaging of the entire neuroaxis is
recommended at the first presentation.

Brain MRI should be performed using a magnetic field strength of
at least 1.5 T, preferably 3.0 T, with a slice thickness of at least 3 mm
for 2D sequences. The minimum requirements for clinical routine
brain MRI sequences should include (i) T2-weighted spin-echo (SE)
sequences in axial plane, (ii) T2 fluid-attenuated inversion recovery
(FLAIR) sequences in another plane than T2-SE or (even better) in
three-dimensional (3D) acquisition, (iii) T1-weighted SE sequences
in at least axial plane or ideally 3D (MPRAGE, Magnetization Pre-
pared Rapid Acquisition Gradient Echo) before, and (iv) after
contrast agent administration, and (v) axial diffusion-weighted
imaging. Sequences dedicated to the optic nerves, including se-
quences with fat saturation in frontal plane, are important in the
event of a clinical picture of optic neuritis.

Spinal imaging should include sagittal and axial T2-weighted
sequences, and sagittal and axial T1-weighted sequences, only af-
ter gadolinium administration if combined with brain MRI. The
entire spinal cord should be studied. Additional axial images of the
spinal cord should be performed in areas affected by lesions.

The MAGNIMS (Magnetic Resonance Imaging in MS) network
consensus guidelines on the use of MRI in MS provide similar
protocols with detailed descriptions [55].

To allow for advanced MRI analyses in research settings, additional
sequences can be acquired including 3D T1-weighted MPRAGE se-
quences for volumetric measurements, diffusion-weighted protocols
for diffusion tensor imaging analyses, echo-planar imaging sequences
for the acquisition of resting state data to analyse functional con-
nectivity alterations, and quantitative multi-parameter mapping
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Fig. 2. Differential diagnosis of MOGAD (selected examples).

sequences to study quantitative microstructural measures of brain
tissue such as iron and myelin content [56]. These advanced se-
quences take longer time and are therefore not part of the routine MRI
protocol, but can be added for dedicated research questions.

5.2. Follow-up

Depending on the clinical course, follow-up imaging 3—6
months after the baseline scan is recommended. As younger chil-
dren may need sedation for longer MRI protocols, a reduction of
sequences may be considered to allow for shorter MRI protocols,
e.g. imaging may be restricted to brain or spine. Axial T2-FLAIR/T2-
weighted sequences are recommended in brain MRI, spinal imag-
ing should at least include sagittal T2-weighted sequences.

In younger patients with resolution of symptoms and a so far
monophasic course, the risks of sedation have to be weighed
against the value of an additional MR-imaging study. The applica-
tion of intravenous gadolinium should be restricted for the differ-
ential diagnosis at the initial episode, but not for routine follow-up
studies, as evidence for cerebral gadolinium deposition exists [57].
The application of intravenous gadolinium may be considered for
new clinical episodes.

6. Future directions

MR-imaging can point to MOGAD even before results of
antibody-testing are available, or uncover unusual features in pa-
tients with MOGAD such as leukodystrophy-like lesions or cortical
involvement. As some of these radiological phenotypes are asso-
ciated with a worse outcome, MRI may influence treatment de-
cisions and can provide prognostic clues.

New aspects of paediatric demyelinating disorders such as
MOGAD may be detected with emerging imaging techniques such
as diffusion tension imaging (DTI) and volumetric analysis helping
to better understand the pathobiology of the disease.

Investigating DTI measures (e.g. fractional anisotropy and mean
diffusivity) in children with monophasic ADS, it was shown that

non-lesional, normal-appearing white matter did not demonstrate
age-expected maturational change [58]. Importantly, while there
was no suggestion of progressive loss of tissue integrity, these
monophasic patients failed to ‘catch-up’ to normal diffusivity tra-
jectories after the second year post-ADS, indicative of both an acute
and long-lasting impact of transient demyelinating illness on non-
lesional white matter integrity [58].

Volumetric studies show that in paediatric MS patients, brain
volume loss is present already at first clinical presentation, and that
increased disease activity is associated with more severe brain
volume loss [59]. Longitudinal volumetric analyses in children with
autoimmune encephalitis revealed significant brain volume loss
and failure of age-expected brain growth [60]. Likewise, volume
loss and failure of age expected brain growth was also observed in
children with ADEM and other monophasic ADS presentations [61],
(Bartels et al. in preparation). Both MOG-antibody positive and
negative ADEM patients show brain volume loss and failure of brain
growth. Patients with relapsing MOGAD (MDEM) have more pro-
nounced brain volume loss compared to monophasic patients.

Future studies might also identify functional network alterations
and changes of tissue parameters such as lipid, iron and myelin
content using quantitative MRI [62,63]. These techniques can pro-
vide quantitative histological measures of brain tissue and allow
specific monitoring of myelination longitudinally and noninvasively
[64]. Therefore, conventional imaging techniques, showing forma-
tion and resolution of lesions, together with advanced imaging
techniques, which provide quantitative parameters for maturational
changes, white matter integrity or atrophy, appear to be valuable
outcome measures for future clinical trials.

7. Conclusions

The spectrum of MRI findings in paediatric MOGAD is wider than
initially thought. Standard imaging at disease onset and follow-up
will identify new aspects of this disease entity demanding adap-
tion of the currently developed classification and search for MOG-
abs in unusual demyelinating or encephalitic syndromes. New
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imaging techniques might help to better understand the neurobi-
ology of MOGAD, age-related differences, and varying outcomes.
Furthermore we want encourage the leading European institutions
dealing with paediatric MOGAD to use similar MR-imaging pro-
tocols in order gain more insights in this complex disease and to
establish MRI markers for future treatment trials.

(A, B) Cerebral MRI of a 3-year-old boy with ADEM, who pre-
sented with fever, headache, dysarthria, gait disorder and right
hemiparesis, showing large and blurred lesions involving both
hemispheres and thalami (axial T2). (C, D) Follow-up scans 3 month
later showed complete resolution of lesions (axial T2). (E) Juxta-
cortical curved lesions involving U-fibres in a 4-year-old-girl with
ADEM (axial FLAIR). (F) Callosal lesions in a 4-year-old boy with
ADEM (sagittal T2). (G) Well-demarcated, ovoid lesions in an 11-
year-old girl with MS (axial T2). (H, I) Follow-up scans seven years
later reveal new lesions and lesions radiating perpendicularly from
the ventricular surface (axial T2, sagittal FLAIR). (J) Extensive and
confluent white matter changes in a 4-year-old boy with ADEM,
finally diagnosed as ADEMON (axial T2). (K) Cerebral MRI of a 14-
year-old girl with encephalitis who presented to the emergency
department with severe headache, mental status changes, and sei-
zures showing pronounced signal alterations of the cortical grey
matter, particularly in the right temporal-parietal lobe (axial FLAIR).
She was finally diagnosed as relapsing MOGAD. (L) Bilateral signal
alterations in both hippocampi in a 16-year-old previously healthy
boy with severe right-sided headache (coronal FLAIR), categorized
as encephalitis with limbic involvement. (M, N) Spinal MRI of a 3-
year-old boy with ADEM and LETM with central grey involvement
and a distinctive H pattern in the axial plane (sagittal and axial T2).
(0, P) Orbital MRI of a 9-year-old girl with unilateral optic neuritis
showing signal increase, swelling, and contrast enhancement of the
right optic nerve as well as of the perioptic nerve sheath (coronal fat-
suppressed T2 and coronal fat-suppressed, postcontrast T1).

(A) Cerebral MRI of a 5-year-old boy with viral encephalitis
(FSME), presenting with fever, headache, nausea, vomiting, and
tonic-clonic seizures. (B) MRI of a 12-year-old girl with CNS
vasculitis, presenting with episodes of impaired unilateral vision
and hemiparesis. Magnetic resonance angiography and CSF pleo-
cytosis pointed to the diagnosis of CNS vasculitis. After further
stroke-like episodes, she was started on cyclophosphamide, leading
to significant improvement. (C) MRI of a 9-year-old girl with pos-
terior reversible encephalopathy syndrome, presenting with
headache, vomiting, and tonic-clonic seizures. She had nephritis
with transient arterial hypertonia. (D) MRI of a 10-year-old boy
with anaplastic astrocytoma. (E) So-called ‘UNOs’ (unidentified
neurofibromatosis objects), respectively focal altered signal in-
tensity (FASI), in a 2-year-old-girl with neurofibromatosis type 1. (F)
MRI of a 5-year-old boy with atypical presentation of X-linked
adrenoleukodystrophy. (G) Bilateral basal ganglia lesions in a 9-
month-old-boy with mitochondrial disease (M. Leigh) and com-
plex I deficiency. (H) Cerebral MRI of a 10-year-old boy who pre-
sented with irritability, vomiting, double vision, and vertigo
showing hazy bilateral lesions in the white matter and thalami. A
high titre of aquaporin-4 antibodies was detected and he was
diagnosed with neuromyelitis optica spectrum disorder. (A-D, axial
FLAIR; E-H, axial T2).
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