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Abstract

Background and Objectives

Pediatric-acquired demyelination of the CNS associated with antibodies directed against
myelin oligodendrocyte glycoprotein (MOG; MOG antibody-associated disease
[MOGAD]) occurs as a monophasic or relapsing disease and with variable but often
extensive T2 lesions in the brain. The impact of MOGAD on brain growth during mat-
uration is unknown. We quantified the effect of pediatric MOGAD on brain growth
trajectories and compared this with the growth trajectories of age-matched and sex-
matched healthy children and children with multiple sclerosis (MS, a chronic relapsing
disease known to lead to failure of normal brain growth and to loss of brain volume) and
monophasic seronegative demyelination.

Methods

We included children enrolled at incident attack in the prospective longitudinal Canadian
Pediatric Demyelinating Disease Study who were recruited at the 3 largest enrollment sites,
underwent research brain MRI scans, and were tested for serum MOG-IgG. Children sero-
positive for MOG-IgG were diagnosed with MOGAD. MS was diagnosed per the 2017
McDonald criteria. Monophasic seronegative demyelination was confirmed in children with
no clinical or MRI evidence of recurrent demyelination and negative results for MOG-IgG
and aquaporin-4-IgG. Whole and regional brain volumes were computed through symmetric
nonlinear registration to templates. We computed age-normalized and sex-normalized
z scores for brain volume using a normative dataset of 813 brain MRI scans obtained from
typically developing children and used mixed-effect models to assess potential deviation from
brain growth trajectories.

Results

We assessed brain volumes of 46 children with MOGAD, 26 with MS, and 51 with monophasic
seronegative demyelinating syndrome. Children with MOGAD exhibited delayed (p < 0.001)
age-expected and sex-expected growth of thalamus, caudate, and globus pallidus, normalized for
the whole brain volume. Divergence from expected growth was particularly pronounced in the
first year postonset and was detected even in children with monophasic MOGAD. Thalamic
volume abnormalities were less pronounced in children with MOGAD compared with those in
children with MS.
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Glossary

ADEM = acute disseminated encephalomyelitis; ADS = acquired demyelinating syndromes; CAL = Children’s Hospital in
Calgary; CHOP = Children’s Hospital of Philadelphia; CPDDS = Canadian Pediatric Demyelinating Disease Study; EDSS =
Expanded Disability Status Scale; ETL = echo train length; HSC = Hospital for Sick Children; NIHPD = NIH Study of Normal
Brain Development; ON = optic neuritis; PNC = Philadelphia Neurodevelopmental Cohort; POMS = pediatric-onset multiple
sclerosis; TM = transverse myelitis.

Discussion

The onset of MOGAD during childhood adversely affects the expected trajectory of growth of deep gray matter structures, with
accelerated changes in the months after an acute attack. Further studies are required to better determine the relative impact of
monophasic vs relapsing MOGAD and whether relapsing MOGAD with attacks isolated to the optic nerves or spinal cord affects

brain volume over time.

The demyelinating disease associated with antibodies di-
rected against myelin oligodendrocyte glycoprotein (MOG;
MOG antibody-associated disease [MOGAD]) manifests
with either a monophasic or a relapsing course and with
heterogeneous clinical attack phenotypes."”” MOGAD ac-
counts for approximately one-third of all causes of acquired
demyelinating syndromes (ADS) in children, follows a
monophasic course in most individuals, and has an overall
favorable clinical outcome regarding recovery from incident
attack.>* Brain lesion volumes and distributions vary across
different clinical presentations, with absent brain lesions in
some children with optic neuritis (ON) or transverse mye-
litis (TM), multifocal large ill-defined lesions involving
white matter and both cortical and deep gray matter
in children with acute disseminated encephalomyelitis
(ADEM), and a variable pattern of lesions in the cortex,
supratentorial and infratentorial white matter and deep gray
nuclei in children with other presentations. While pediatric
MOGAD shares many clinical attack features seen in
pediatric-onset multiple sclerosis (POMS), there are key
distinctions. Unlike POMS, where multifocal brain lesions at
onset and accrual of new lesions over time are a hallmark of
the disease, with clear disruption of maturational brain
growth,s_8 the variable extent of brain involvement in pedi-
atric MOGAD and the monophasic course without new le-
sions over time in many patients may have a very different
impact of brain health. Furthermore, most children with
MOGAD recover well from attacks, have a low likelihood
of neurologic disability (at least in the first 4 years post-
onset),””!" and do not seem to accrue neurologic disability
independent of relapses.'” It might then be hypothesized that
MOGAD would have a less negative impact age-expected brain
growth.

Monophasic ADS also occur in the absence of MOG-IgG (or
other identifiable antibodies), termed “seronegative mono-
ADS.” We have previously published that even monophasic
demyelination of the CNS during childhood has the potential
to negatively affect brain tissue integrity, as measured by brain
growth trajectories and diffusion tensor imaging.*'®
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Owing to the relatively recent availability of high-quality MOG-
IgG assays'” that enable ascertainment of a MOGAD diagnosis,
long-term outcome data for confirmed MOGAD are limited.
Studies of brain volume in MOGAD are also scarce and limited
by cross-sectional design.">'” No study to date has investigated
the trajectory of brain growth in children with MOGAD.

Leveraging a prospective collection of serial research brain
MRIs, we first assessed the growth trajectories of the whole
brain and deep gray matter structures in children with
MOGAD, compared with age-normalized and sex-normalized
data. We then evaluated whether patients with MOGAD with
ON (and no brain lesions) differed from patients with
MOGAD presenting with ADEM, to evaluate whether the
presence of brain lesions at presentation could affect brain
volume outcome. Finally, we compared the growth trajecto-
ries in children with MOGAD with those of children with
POMS and seronegative mono-ADS.

Methods

Participants

The study cohort was identified from the participants of the
Canadian Pediatric Demyelinating Disease Study (CPDDS).
Between 2004 and 2017, this study enrolled individuals
younger than 16 years (from 2004 to 2014) and younger than
18 years (from 2014 to 2017) who presented with the first
clinical episode of acquired CNS demyelinating syndromes
(ADS) at any of the participating sites (23 pediatric centers in
Canada and 1 in the United States).”* Each site collected serial
MRI scans from children with ADS. To reduce the variability
of MRI metrics related to the use of different scanners, for this
study, we included participants who (1) underwent brain MRI
research scans at the 3 largest CPDDS sites (the Hospital for
Sick Children (HSC) in Toronto, the Alberta Children’s
Hospital in Calgary (CAL), and the Children’s Hospital of
Philadelphia (CHOP)); (2) had serum anti-MOG antibody
testing performed; (3) in case of anti-MOG antibody sero-
negative result, had the first available sample obtained no later
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Figure 1 Flowchart of Patient Recruitment
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than 45 days from initial presentation (to minimize the pos-
sibility of early conversion to seronegative status); and (4)
had diagnosis of monophasic or relapsing MOGAD (MOG-
IgG positive serology as confirmed by a live cell-based assay,
measured at a single site previously described,’ and phenotype
consistent with typical MOGAD), MS,*! or seronegative
mono-ADS (as determined by the absence of clinical or MRI
evidence of relapses or new lesions over follow-up and neg-
ative MOG-IgG) (Figure 1). For each study participant, de-
mographic and clinical information was collected. Disability
outcome was extrapolated from a standardized clinical ex-
amination, collected at each study visit, to create an estimated
Expanded Disability Status Scale (EDSS) score.””

We used normative brain MRI data obtained from 402 chil-
dren (910 total longitudinal scans) from the NIH Study of
Normal Brain Development (NIHPD)>® and 411 children
(529 total longitudinal scans) from the Philadelphia Neuro-
developmental Cohort (PNC)** to establish normative brain
volume vs age trajectories, separated by sex. MRI scans were
also acquired at a single time point from typically developing
healthy children (n = 135) with a history showing negative
results for neurologic, medical, or psychiatric diseases, en-
rolled at the 3 main CPDDS sites of Calgary, Toronto, and
Philadelphia. As per our prior work,”*>*® data from these
local controls acquired on the same scanners of our patient
population allowed us to exclude the presence of scanner-
related differences between the cohorts of healthy children
from the CPDDS, NIHPD, and PNC studies.

Standard Protocol Approvals, Registrations,
and Patient Consents

The study was approved by the research ethics boards of all
participating institutions. Guardians and participants pro-
vided written informed assent/consent.
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Anti-MOG Antibody Testing

Serum samples collected at clinical onset and subsequent
serial study visits were archived. Samples were batch shipped
to the Autoimmune Neurology diagnostic laboratory in Ox-
ford University, and analyzed using a live cell-based assay as
previously described,’ blinded to clinical details.

MRI Acquisition

Participants from the CPDDS followed at HSC were scanned
using either a 1.5T GE Signa Excite scanner with a sagittal, 3D
T1-weighed (T1w), RF-spoiled, gradient-recalled echo sequence
(TR =22 msec, TE = 8 msec, flip angle = 30°, voxel size = 0.98 x
0.98 x 1.5 mm, 110 partitions) and an axial 2D multislice dual-
echo proton density-weighted (PDw)/T2w fast spin-echo se-
quence (TR = 3,500 msec, TE1/TE2 = 15/63 msec, echo train
length [ETL] = 8, voxel size = 0.98 x 0.98 x 2 mm, 85 slices, no
gap) or a 3.0T Siemens TIM Trio scanner with an axial 3D T1w
MPRAGE sequence (TR = 1810 msec, TE = 3.51 msec, TI =
1,100 msec, flip angle = 9°, voxel size = 0.94 x 0.94 x 1 mm), a
PDw fast spin-echo sequence (TR = 2,200 msec, TE = 10 msec,
ETL = 4, voxel size 1 x 1 x 3 mm, 60 slices, no gap), and a T2w
spin-echo sequence (TR = 4,500 msec, TE = 84 msec, ETL = 11,
voxel size 1 x 1 x 3 mm, 60 slices, no gap). CPDDS participants
at the Calgary site were scanned using a 1.5T Siemens Avanto
scanner with a sagittal 3D T1lw FLASH sequence (TR = 22
msec, TE = 8 msec, flip angle = 30°, voxel size 0.98 x 0.98 x
1.5 mm, 128 partitions) and an axial PDw/T2w fast spin-echo
sequence (TR = 3,500 msec, TE1/TE2 = 10/73 msec, ETL = 7,
voxel size = 0.98 x 0.98 x 2 mm, 82 slices, no gap). Participants
from the CPDDS recruited at CHOP were scanned using a 3.0T
Siemens Verio scanner with an axial 3D T1lw MPRAGE se-
quence (TR = 1910 msec, TE = 2.88 msec, T1 = 1,050, flip angle
= 9°, voxel size = 0.94 x 0.94 x 1 mm) a PDw fast spin-echo
sequence (TR = 2,200 msec, TE = 10 msec, ETL = 4, voxel size
1 x 1 x 3 mm, 60 slices, no gap) and a T2w spin-echo sequence
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(TR = 4,500 msec, TE = 84 msec, ETL = 11, voxel size 1 x 1 x
3 mm, 60 slices, no gap).

The NIHPD HCs were scanned at 6 centers on Philips, GE, or
Siemens (Erlangen, Germany) 1.5T scanners. All acquisitions
included a 3D T1w RF-spoiled gradient-recalled echo (1-mm
thick sagittal partitions, TR = 22-25 msec, TE = 10-11 msec,
excitation pulse angle 30°, voxel size = 0.98 x 0.98 x 1.5 mm).
The PNC HCs were scanned at a single study center using a
3.0T Siemens TIM Trio and included a whole-brain, 3D T1w
MPRAGE sequence (TR = 1810 msec, TE = 3.51 msec, TI =
1,100 mseg, flip angle = 9°, voxel size = 0.94 x 0.94 x 1 mm).

Image Processing

The longitudinal automatic image processing pipeline de-
veloped for our prior work (Aubert-Broche et al,, 2013) was
adapted for this dataset. In short, T1w image processing in-
cluded (1) denoising,” (2) intensity inhomogeneity correc-
tion,”® (3) intensity normalization to a range of 0-100, (4)
stereotaxic registration using a 9-parameter transformation,29
(5) brain extraction,® and (6) symmetric (SyN) nonlinear
registration®' to a labeled unbiased stereotaxic template®* for
segmentation. Volumes for whole brain, thalamus, putamen,
caudate, and globus pallidus were calculated. The right and
left volumes of gray matter structures were averaged for
analysis and normalized by the whole brain volume.

Z Scores Computation

Structure volume z scores were used to normalize for the
effect of heathy age-related growth and sex in a pediatric
population. Z scores for each brain structure were computed
by subtracting the mean and dividing by the SD (estimated
from the variance-covariance matrix of the fixed effects and
the residual variance of the random effects) using the age and
sex for the specific participant. The mixed-effects model in-
cluded a bias term to correct for site-related differences in
scanning parameters and field strength between our norma-
tive dataset and the 3 acquisition sites of the CPDDS. Full
details about this methodology and its validation can be found
in previous publications.****

Statistical Analysis

The Z scores of brain and gray matter structures were initially
compared cross-sectionally at baseline between children with
MOGAD, POMS, and seronegative mono-ADS using the
Mann-Whitney U test.

The trajectories of normalized volumes were assessed using
linear mixed-effect models in children with MOGAD, POMS,
and seronegative mono-ADS with the following formula:

Zij = by +y,; + by Disease Duration;; + &;

where Z;; is the value of the volume z score for time point j of
participant i, Disease Duration; is the time since first de-
myelinating event for time point j of participant i, by is the
model intercept, b; is the model slope, yo; is the coefficient
specific for participant i, and g; is an error term. To assess
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whether abnormal growth could be detected after a single
demyelinating attack, we performed a sensitivity analysis re-
stricted to children with monophasic MOGAD. To exclude a
disproportional contribution of participants with longer
follow-up to the overall growth trajectory, we performed an
additional analysis restricted to the first S years from pre-
sentation (i.e., the median length of follow-up in children with
MOGAD).

The comparison between different diagnostic groups (MOGAD,
MS, and mono-ADS) and between distinct MOGAD subgroups
(that is, participants with MOGAD presenting with ADEM vs
ON and those with brain lesions vs without brain MRI lesions at
presentation) was computed through the inclusion of an addi-
tional group term to the models as follows:

Zi = by +y,; + by Disease Durationy; + by groupi +bs groupi

* Disease Duration;; + &;;

Finally, we binned the volume measurements into 2 groups:
those acquired at early time points (up to 1 year from pre-
sentation) vs later time points (greater than 1 year from on-
set) and compared the trajectories between these 2 disease
stages through the inclusion of a phase term:

Z;j = by +y,; + by Disease Duration;; +b, phase +bs phase

* Disease Duration;; + &;

To account for the presence of multiple comparisons, p values
< 0.001 were considered statistically significant. The analyses
were performed using the statsmodels library®* in Python
version 3.6.5 (Python Software Foundation).

Data Availability
Anonymized derived data used for this article will be made
available by request from qualified investigators.

Results

Participants

A total of 46 children with MOGAD, 26 with POMS, and 51
with seronegative mono-ADS met the inclusion criteria
(Figure 1). Clinical and demographic features of the study
cohort are reported in Table 1.

Brain lesions were observed in 76% of children with MOGAD
on MRI scans acquired at onset, whereas all children with MS
had brain lesions, as did half of the children with seronegative
mono-ADS. Median disability scores in proximity to the
presenting attack (median 8 days from symptoms onset, IQR
4-16) were higher in participants with seronegative mono-
ADS (EDSS 6.5, IQR 3.0-7.5) compared with those with
MOGAD (EDSS 3.0, IQR 1.0-6.5) and MS (EDSS 3.0, IQR
2.0-4.5). At the last clinical follow-up (after a median of
6.8 years from first presentation), scores were low across di-
agnostic groups, with most children with MOGAD only
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Table 1 Demographic and Clinical Characteristics of the Study Cohort

MOGAD

Ms

Mono-ADS

Participants

46

26

51

Age at presentation (median [IQR])

8.34(5.71 to 11.53)

14.64 (13.55to 15.61)

11.83 (8.53 to 13.44)

Female, n (%) 28 (61) 17 (65) 24 (47)

Presenting phenotype, n (%)
ADEM 15(33) 0(0) 8(16)
Monofocal ON 21 (46) 6(23) 15(29)
Monofocal TM 24 1(4) 17 (33)
ON +TM 3(7) 0(0) 1(2)
Other 5011) 19 (73) 10 (20)
Brain lesion at presentation 35 (76) 26 (100) 26 (51)
Thalamic lesions 17 (37) 6(23) 7 (14)
Basal ganglia lesions 11 (24) 3(12) 8 (16)
Clinical relapses 9 (20) 14 (54) 0(0)

Time from presentation to last clinical follow-up (y) (median [IQR])

7.29 (6.20 t0 9.11)

4.84(3.11 t0 6.33)

6.27 (5.01 to 8.97)

EDSS at last clinical follow-up (median [IQR])

1.0(0.0to 1.5)

1.5(1.0to0 2.0)

1.0(0.0 to 2.25)

Time from presentation to first MRI scan analyzed (d) (median [IQR])

25.57 (10.96 to 184.45)

34.69 (7.30 to 51.13)

10.96 (7.30 to 96.79)

Time from presentation to last MRI scan analyzed (y) (median [IQR])

5.09 (4.00 to 7.04)

4.44 (2.30 to 6.30)

4.09 (3.04 to 6.00)

No. of scans/participant (median [IQR])

7 (510 8)

6(3.5t0 8)

7 (410 8)

Baseline brain volume Z score (median [IQR])

-0.25(-0.80 to 0.30)

-0.15(-0.95 to 0.34)

-0.32(-0.90 to 0.38)

Baseline normalized thalamic volume z score (median [IQR])

-0.55 (~1.07 to -0.15)

-0.70 (~1.26 to 0.08)

-0.25 (-1.00 to 0.35)

Abbreviations: ADEM = acute disseminated encephalomyelitis; ON = optic neuritis; TM = transverse myelitis.

Data are reported as n (%) or as median (IQR).

exhibiting mild abnormalities on neurologic examination
(median EDSS 1, IQR 0-1.5, Table 1).

Cross-sectional Comparison of Baseline Whole
Brain and Deep Gray Matter Structure Volumes
The Z scores (relative to age-matched and sex-matched
controls) of whole brain and deep gray matter structures were
assessed cross-sectionally in local controls (scanned at the
same machine as the patient population) and at the first
available time point for the study participants. The first re-
search scans were obtained after a median (IQR) days from
incident clinical presentation of 27 (11-184) in children with
MOGAD, 35 (7-51) days in children with POMS, and 11
(7-97) days in children with seronegative mono-ADS.

The volume z scores of local controls were not significantly
different from those in the healthy children of the NIHPD
and PNC studies (which constituted the normative dataset),
confirming that results from the study scanners were com-
parable with data from the larger normative datasets (eFig-
ure 1, links.Ilww.com/WNL/C857). Baseline Z scores of
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thalamus (normalized for total brain volume) were reduced
in MOGAD (p < 0.0001), while none of the other structures
were different from controls at baseline in children with
MOGAD (whole brain p = 0.06, caudate p = 0.43, putamen p
=0.03, and globus pallidus p = 0.52) nor in any of the other
patient groups (eFigure 1).

Brain Growth Trajectories in Children

With MOGAD

The z-scored volume trajectories of whole brain and nor-
malized deep gray matter structures of children with
MOGAD, measured over a median of S.1 years (range
0.5-12.4), are reported in Figure 2. No significant differences
from typically developing children were observed in whole
brain volume at presentation (intercept) or over time (slope)
(Table 2). By contrast, thalamic volume normalized to whole
brain volume was smaller during first assessment (negative
intercept) and continued to diverge from the expected tra-
jectory of growth (negative slope) over time. Statistically
significantly negative slopes were observed also for the z
scores of normalized caudate and the globus pallidus volumes.
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Figure 2 Growth Trajectories in Children With MOGAD, MS, and Seronegative Mono-ADS

Normalized putamen Normalized caudate Normalized thalamus Whole brain

Normalized globus pallidus

Seronegative monoADS
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Intercept -0.338  0.017 =41 Intercept  -0.309 0133 4 Intercept  -0.169  0.230
Slope -0.001  0.754  -54 Slope -0.048  <0.001 -5 Slope -0.013  0.122
0 5 10 3 6 9 0.0 25 5.0 7.5 10.0

Intercept -0270 0083 4] Intercept  -0.176 0389 4 Intercept ~ 0.060 0,698
Slope -0.116  <0.001 -5 Slope -0.118  <0.001 -5 Slope -0.094  <0.001
0 5 10 3 6 9 0.0 25 5.0 7.5 10.0

Time from clinical onset (years)

Time from clinical onset (years)

Time from clinical onset (years)

Trajectories of Z scores over time and model fits are plotted for each diagnostic group (from left to right: MOGAD, MS, and seronegative mono-ADS) and for
each structure (from top to bottom: whole brain, normalized thalamus, normalized caudate, normalized putamen, and normalized globus pallidus). The
vertical dashed line marks 1 year from clinical presentation. The solid blue lines indicate the fitted values of the linear mixed-effect model, while the gray
shaded area indicates 95% Cl. The model coefficients for the comparisons between groups are reported in Table 2. NIHPD = NIH Study of Normal Brain
Development; MOGAD = MOG antibody-associated disease; PNC = Philadelphia Neurodevelopmental Cohort; POMS = pediatric-onset multiple sclerosis.
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Table 2 Z Score Trajectories in Children With MOGAD and Comparison With MS and Seronegative Mono-ADS Groups

MOGAD vs normal trajectories MOGAD vs MS MOGAD vs monoADS
Coef. (std.err.) p Value Coef. (std.err.) p Value Coef. (std.err.) p Value
Whole brain
Intercept -0.216 (0.140) 0.123 0.039 (0.232) 0.868 -0.049 (0.193) 0.798
Slope -0.006 (0.003) 0.066 -0.007 (0.006) 0.253 0.001 (0.005) 0.868
Normalized thalamus
Intercept -0.844 (0.127) <0.001 0.173(0.241) 0.473 0.426 (0.200) 0.033
Slope -0.038 (0.008) <0.001 -0.141 (0.014) <0.001 0.027 (0.011) 0.018
Normalized caudate
Intercept -0.042 (0.129) 0.744 0.119(0.219) 0.587 0.391(0.182) 0.032
Slope -0.030 (0.006) <0.001 0.020 (0.011) 0.078 0.001 (0.009) 0.896
Normalized putamen
Intercept -0.338(0.141) 0.017 0.026 (0.244) 0.914 0.510 (0.203) 0.012
Slope -0.001 (0.004) 0.754 -0.047 (0.011) <0.001 -0.012 (0.009) 0.151
Normalized globus pallidus
Intercept -0.270 (0.156) 0.083 0.094 (0.263) 0.720 0.329(0.218) 0.132
Slope -0.116 (0.010) <0.001 -0.002 (0.018) 0.924 0.022 (0.015) 0.145

These abnormal trajectories were confirmed in the analysis
restricted to the first S years from presentation (eTable 1,
links.lww.com/WNL/C858).

The z-scores of thalamus, caudate, and globus pallidus vol-
umes in children with MOGAD showed a steeper divergence
from normality in the first year after presentation, followed by
a slower progressive divergence over the subsequent follow-
up (Table 3). The divergence from expected growth of nor-
malized thalamus, caudate, and putamen remained significant
when the analysis was restricted to the 37 children with
monophasic MOGAD (15 of whom presented with ADEM,
13 with monofocal ON, S with myelitis, 2 with ON + TM, and
2 with other phenotypes, Figure 3).

Comparison of Trajectories Between Children

With MOGAD, MS, and Seronegative Mono-ADS
Participants with POMS had a greater divergence over time from
age-expected growth trajectories of normalized thalamus and
putamen compared with those with MOGAD, while no signifi-
cant difference was detected in the intercept or slope for the
whole brain, globus pallidus, or caudate (Figure 2, Table 2). A
direct comparison between the growth trajectories during the
first year from presentation showed a more pronounced di-
vergence from normative growth of the caudate in children with
MOGAD compared with those with MS, while more severe
deviation from normal was observed during the subsequent
follow-up for the thalamus and globus pallidus among pa-
tients with MS (eTable 2, links.lww.com/WNL/C858). The
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comparison of the growth trajectories between children with
MOGAD and seronegative mono-ADS did not show sig-
nificant differences.

Brain Growth Trajectories in Children With
MOGAD With and Without Brain Lesions

at Presentation

Findings similar to the ones observed in the whole MOGAD
cohort (smaller normalized thalamic volume at onset and
negative slopes for normalized thalamus, caudate, and globus
pallidus) were also observed in the analysis restricted to the 34
children with MOGAD who had brain lesions at onset (14 of
whom presented with ADEM, Table 4 and eFigure 2, links.
Iww.com/WNL/C857).

However, when considering the 11 children with normal brain
MRI at onset (10 of whom presented with monofocal ON and
1 with simultaneous ON and myelitis), only the trajectory of
normalized globus pallidus was significantly divergent from
normal, although the small number of children in this group
limited power. Directly comparing the results between pa-
tients with MOGAD with and without brain lesions did not
reveal statistically significant differences between groups
(Table 4). Of note, only 1 of the 12 children without brain
lesions at presentation developed new brain lesions at 3
months of follow-up and continued to have stable MRI
findings for the subsequent 11 years. Of the 34 children with
abnormal brain MRI at presentation, 8 acquired new lesions
over follow-up.

Neurology | Volume 101, Number4 | July 25,2023

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

e431


http://links.lww.com/WNL/C858
http://links.lww.com/WNL/C858
http://links.lww.com/WNL/C857
http://links.lww.com/WNL/C857
http://neurology.org/n

e432

Table 3 Z Scores for Early vs Late Trajectory in MOGAD

First year postonset After first year FU First year vs late FU
Coef. p Value Coef. p Value Coef. p Value
Whole brain
Intercept -0.315 0.038 -0.203 0.164 0.053 0.066
Slope 0.033 0.489 -0.007 0.097 -0.063 0.194
Normalized thalamus
Intercept -0.506 0.001 -0.973 <0.001 -0.406 <0.001
Slope -0.647 <0.001 -0.019 0.007 0.620 <0.001
Normalized caudate
Intercept 0.199 0.220 -0.113 0.382 -0.329 <0.001
Slope -0.563 <0.001 -0.016 0.006 0.542 <0.001
Normalized putamen
Intercept -0.281 0.076 -0.352 0.018 -0.076 0.044
Slope -0.166 0.007 -0.001 0.913 0.184 0.004
Normalized globus pallidus
Intercept 0.023 0.902 -0.524 0.002 -0.551 <0.001
Slope -0.528 0.001 -0.064 <0.001 0.476 0.002

The accelerated decline in growth during the first year post-
onset in thalamic, caudate, and globus pallidus volumes was
observed only in children with MOGAD and brain lesions,
while no significant differences between early and later follow-
up could be documented among participants with normal
brain MRI at presentation (eTable 3, links.lww.com/WNL/
C858).

Effect of Age at Onset and Presenting
Phenotype on Growth Trajectories in Children
With MOGAD

The inclusion of age at onset in the models did not reveal
significant effects on the intercept or slopes of any of the
structures examined (eTable 4, links.lww.com/WNL/C858).
When assessing the growth trajectories in children with dis-
tinct phenotypes, both children with MOGAD presenting
with ADEM (n = 15) and those presenting with monofocal
ON (n = 21) showed reduced intercepts for normalized
thalamic volumes and divergence from age-expected growth
for thalamus, caudate, and globus pallidus. A direct compar-
ison between the 2 groups did not show significant differences
despite a tendency for steeper thalamic and putamen slopes in
the ADEM group (eTable S).

Discussion

In this prospective cohort of children followed up from in-
cident demyelinating episode for up to 12 years, we observed
that MOGAD is associated with reduced age-expected growth
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of multiple deep gray matter structures, disproportionately to
the whole brain. Of note, we found a steeper divergence from
the expected volume trajectories in the first year postonset,
which was followed by a slower rate of progressive deviation
from normal growth over the subsequent follow-up.

We also observed reduced cross-sectional Z scores at pre-
sentation with negative intercepts for normalized thalamic
volume in children with MOGAD. While, on one hand, these
findings might suggest that the onset of thalamic injury can
even precede the incident clinical demyelinating event, on the
other hand, they more likely could be explained by very rapid
changes in thalamic volume in the first weeks after clinical
presentation, resulting in negative values extrapolated at time
zero. The median time from onset to first analyzed research
MRI scan was 26 days, which while brief could conceptually
be of sufficient duration as to have affected the linear ex-
trapolations of volumes to time zero. Acquisition of research
brain imaging was not always feasible on the days immediately
after presentation when children were acutely ill, particularly
given that sedation was not part of our research protocol.

We demonstrated impaired gray matter volume and growth
even in patients with monophasic MOGAD, which aligns with
previous studies showing that even a single attack of de-
myelination can impair maturational brain gromh.6’13 The
observation of a steeper divergence from expected growth in
the first year postonset suggests a disproportionate impact of
the presenting attack on volume trajectories in children with
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Figure 3 Growth Trajectories in Children With Monophasic MOGAD
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MOGAD. This concept of “attack-mediated brain insult” is
consistent with the current observation that neurologic
deficits in MOGAD are also closely linked to attacks and that
neurologic deficits do not seem to accrue independent of
relapses, in contrast to what is seen in MS. Brain volume loss
might instead relate to retrograde and anterograde de-
generation mediated by lesions in the white matter that then
affect deep gray nuclei volume. In line with this hypothesis,
white matter lesion load has been repeatedly associated
with reduced brain volume in MS, particularly thalamic
volume,**>*¢ and has been associated with reduced gray
matter volume in a recent cross-sectional study in adults with
MOGAD." Total T2 lesion volume has been shown to
typically reduce dramatically over time in pediatric and adult
MOGAD, which differs from the increasing accrual of new
lesions and the limited regression of established lesions in
MS.>*” Hence, we hypothesize that more direct attack-
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mediated damage of gray matter structures and the WM
pathways subserving them in MOGAD could contribute to
the observed early acute injury and volume abnormalities,
with a less injurious impact over time.

The magnitude of the longitudinal divergence of age-expected
thalamic growth in children with MOGAD was 3.7 times
smaller than the one measured in children with POMS and
thus possibly associated with milder clinical correlates. Fur-
thermore, patients with POMS experienced a more linear
trajectory of divergence from expected thalamic growth
compared with those with MOGAD, with differences be-
coming more noticeable at later follow-up points. This is
consistent with ongoing disease activity at the tissue level,
as evidenced by the chronic active lesions that are linked to
progressive tissue injury in MS.*® Such lesions do not ap-
pear to be characteristic of MOGAD,*® although pathologic
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Table 4 Z Scores for MOGAD With and Without Brain Lesions at Presentation

MOGAD with brain
lesions, n =34

MOGAD without brain
lesions, n =11

MOGAD with brain
lesions vs MOGAD without brain lesions

Coef. p Value Coef. p Value Coef. p Value

Whole brain

Intercept -0.183 0.169 -0.446 0.266 0.263 0.418

Slope -0.006 0.094 -0.004 0.494 -0.001 0.846
Normalized thalamus

Intercept -0.956 <0.001 -0.474 0.005 -0.482 0.097

Slope -0.042 <0.001 -0.017 0.119 -0.025 0.149
Normalized caudate

Intercept -0.016 0.916 0.225 0.408 0.209 0.491

Slope -0.032 <0.001 -0.020 0.044 -0.012 0.384
Normalized putamen

Intercept -0.431 0.010 -0.075 0.793 -0.355 0.289

Slope -0.001 0.968 -0.005 0.561 0.005 0.619
Normalized globus pallidus

Intercept -0.421 0.021 -0.048 0.858 -0.468 0.189

Slope -0.124 <0.001 -0.081 <0.001 -0.044 0.058

studies, particularly in children, are limited. Whole-brain
volume trajectories were not significantly different between
children with MOGAD and POMS. Of note, we detected
an almost significant divergence from expected whole brain
growth in children with MOGAD, which may have con-
tributed minimizing the difference in trajectory compared
with children with POMS, and the limited sample size of
this study might have reduced the ability to accurately
capture smaller volume differences.

While we expected that age at onset would influence growth
trajectories, with younger age rendering a child more sus-
ceptible to disease-mediated impact, we did not find this as-
sociation to be statistically significant, possibly due to the size
of our sample. Larger studies are required to discern charac-
teristics that enhance vulnerability or, conversely, support the
resilience of brain development and clarify whether the overall
younger age of children with MOGAD could contribute to a
different outcome of brain volume abnormalities compared
with children with MS.

An inherent challenge facing longitudinal and multisite cohort
studies is the need for multiple MRI scanners. We addressed
this important issue, with extensive efforts to model scanner
effects and adjust for such contributions.”®>* A second chal-
lenge in the study of pediatric MOGAD, POMS, and sero-
negative mono-ADS is the rarity of these illnesses in children,
which results in a relatively small number of study partici-
pants. Thus, for example, few children with MOGAD in our
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cohort had a relapsing disease course, and the demographic
and clinical features of these relapsing patients were skewed
toward older age at onset and more frequent presentation
with monofocal ON (which are recognized characteristics of
relapsing MOGAD). For these reasons, we believed that our
study cohort was underpowered to formally compare the
growth trajectories of children with monophasic vs relapsing
disease. International collaborative studies are required to
further elucidate the precise impact of multiple episodes of
demyelination on brain development and their implications
for long-term clinical outcomes, and one hopes that efforts to
establish methods for comparative analytics of MRI scans
obtained on scanners by different manufacturers and of scans
acquired at different field strengths will permit such multisite
efforts.

In conclusion, we demonstrate the negative impact on
brain development of even a single episode of de-
myelination in a cohort of children with MOGAD. Future
collaborative efforts are needed to power more compre-
hensive analyses of different clinical presentations, age at
onset, and relapsing vs monophasic courses. Such studies
should also assess the important topic of potential pro-
tective effects of acute and chronic therapies on brain
maturation and growth.
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