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ABSTRACT

The impact of multiple sclerosis (MS) and myelin oligodendrocyte glycoprotein (MOG) - associated disorders
(MOGAD) on brain structure in youth remains poorly understood. Reductions in cortical mantle thickness on
structural MRI and abnormal diffusion-based white matter metrics (e.g., diffusion tensor parameters) have been
well documented in MS but not in MOGAD. Characterizing structural abnormalities found in children with these
disorders can help clarify the differences and similarities in their impact on neuroanatomy. Importantly, while
MS and MOGAD affect the entire CNS, the visual pathway is of particular interest in both groups, as most patients
have evidence for clinical or subclinical involvement of the anterior visual pathway. Thus, the visual pathway is
of key interest in analyses of structural abnormalities in these disorders and may distinguish MOGAD from MS
patients.

In this study we collected MRI data on 18 MS patients, 14 MOGAD patients and 26 age- and sex-matched
typically developing children (TDC). Full-brain group differences in fixel diffusion measures (fibre-bundle
populations) and cortical thickness measures were tested using age and sex as covariates. Visual pathway
analysis was performed by extracting mean diffusion measures within lesion free optic radiations, cortical
thickness within the visual cortex, and retinal nerve fibre layer (RNFL) and ganglion cell layer thickness mea-
sures from optical coherence tomography (OCT). Fixel based analysis (FBA) revealed MS patients have wide-
spread abnormal white matter within the corticospinal tract, inferior longitudinal fasciculus, and optic
radiations, while within MOGAD patients, non-lesional impact on white matter was found primarily in the right
optic radiation. Cortical thickness measures were reduced predominately in the temporal and parietal lobes in
MS patients and in frontal, cingulate and visual cortices in MOGAD patients. Additionally, our findings of as-
sociations between reduced RNFLT and axonal density in MOGAD and TORT in MS patients in the optic radi-
ations imply widespread axonal and myelin damage in the visual pathway, respectively. Overall, our approach of
combining FBA, cortical thickness and OCT measures has helped evaluate similarities and differences in brain
structure in MS and MOGAD patients in comparison to TDC.

1. Introduction

(MS) and myelin oligodendrocyte glycoprotein (MOG)-associated dis-
orders (MOGAD), recent phenotypical and pathological literature has

Despite overlap between the clinical symptoms of multiple sclerosis established these entities to be distinct. The impact of paediatric-onset
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MS and MOGAD on the structural integrity of the visual pathway is of
particular interest, given the high likelihood of visual pathway
involvement in both groups: most children with MS and MOGAD have
evidence for either a clinical or subclinical event involving the optic
nerve (Bennett et al., 2015; Ciftci-Kavaklioglu and Yeh, 2020; Eyre et al.,
2018; Wilbur et al., 2019). Direct comparisons establishing similarities
and differences of optic nerve damage on the rest of the brain and visual
pathway in these disorders are greatly needed. Specifically, quantitative
neuroimaging of both white- and grey- matter and retinal structural
metrics from OCT, including retinal nerve fibre layer thickness (RNFLT)
and ganglion-cell-inner-plexiform layer thickness (GCIPLT) may help to
elucidate disease-specific patterns of structural abnormalities in the vi-
sual pathways of children with MS and MOGAD related disorders. Both
disorders often affect the optic nerve, with discernable structural and
functional abnormalities at the level of the retina (Ciftci-Kavaklioglu
and Yeh, 2020). Identifying diagnosis-specific features on structural MRI
may help further understand how MS and MOGAD differentially affect
brain structure especially within the visual pathway.

Microstructural changes to white matter are often evaluated using
diffusion tensor imaging (DTI) (Pierpaoli and Basser, 1996). DTI has
been used extensively to study white matter abnormalities in children
and adolescents with acquired demyelinating disorders within normal
appearing white matter (NAWM), with a focus on global WM abnor-
malities in MS (Akbar et al., 2016; Aliotta et al., 2014; Aung et al., 2018;
Klistorner et al., 2016; Kolasinski et al., 2012; Longoni et al., 2017;
Pagani et al., 2005; Rocca et al., 2014a, 2014b; Till et al., 2011; Tillman
et al., 2012; Vishwas et al., 2013, Vishwas et al., 2010). The widespread
adoption of DTI relates to its high sensitivity to diffusional properties of
white matter, clinically acceptable acquisition times and ease of
modeling. However, it is limited in areas of complex microstructure, and
provides a non-specific understanding of the biological abnormalities of
brain development, such as demyelination, axonal loss, or oedema
(Basser and Pierpaoli, 1996; Beaulieu, 2002; Beaulieu and Allen, 1994;
Vos et al., 2012). Furthermore, most diffusion studies use voxel wise
Tract-Based Spatial Statistics (TBSS; (Smith et al., 2006)), which at-
tempts to improve on partial volume effects by projecting voxel data
onto a ‘skeleton’. However, this step ignores the rich directional infor-
mation of diffusion imaging and is generally thought to be less biolog-
ically plausible (Raffelt et al., 2015). Higher-order diffusion models have
allowed the development of analysis methods which are more sensitive
to crossing fibres and boost specificity to white matter structure (Assaf
and Basser, 2005; Dell’Acqua et al., 2013; Fieremans et al., 2011; Raffelt
et al., 2012; Tournier et al., 2004; Tuch et al., 2003; Wedeen et al., 2005;
Zhang et al., 2012).

Fixel-based analysis (FBA), one example of an advanced diffusion
technique, can be used to quantify both microscopic and macroscopic
changes to white matter fibres (Raffelt et al., 2015). Fixels are individ-
ually oriented fibre-bundle populations in a voxel. FBA is based on
constrained spherical deconvolution (CSD), thus accounting for crossing
fibres and is sensitive to structural intra-axonal volume changes (Raffelt
et al., 2017). FBA includes three metrics: fibre density (FD), which re-
flects microstructural density of fibres/axons within a fibre bundle
(Raffelt et al., 2012), fibre bundle cross section (FC), which assesses
macrostructure and is sensitive to atrophy (Pannek et al., 2018), and a
metric that combines both fibre density and fibre-bundle cross section
(FDC), which is sensitive to both the density of axons and the area that
the fibre bundles occupy (Raffelt et al., 2017). Abnormal white matter
development is characterized by changes in FD, FC, and FDC. A decrease
in FD suggests a decrease in intra-axonal volume fraction, meaning that
the fraction of space occupied by the axons is smaller within a voxel.
Smaller intra-axonal volume fractions may exist due to decreases in
axonal diameter or axonal loss (i.e., less axons occupy this space). If a
decrease in FD is measured while FC does not change it points to a
change in intra-cellular volume, however if both decrease at the same
time axonal loss can be indicated. FDC is reflective of WMs total capacity
and can indicate how FD and FC influence WM change or injury. Fixel
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metrics are sensitive to axonal degeneration and loss and may offer
greater pathologic specificity for axonal abnormalities than standard
diffusion tensor metrics (Raffelt et al., 2017).

FBA enables the identification of white matter structure within a
specific fibre bundle and has previously been used to investigate axonal
density variation in normal development (Dimond et al., 2020). FBA
metrics have demonstrated decreased FD and FDC (Gajamange et al.,
2018) and FC (Storelli et al., 2020) related to diffuse white matter injury
in adult MS. Additionally, alternative higher-order diffusion models
such as neurite orientation and dispersion density imaging (NODDI),
Composite Hindered and Restricted Model of Diffusion (CHARMED)
(Santis et al., 2019), diffusion kurtosis imaging (DKI) (Chuhutin et al.,
2020; Kelm et al., 2016), and DKI combined with biophysical models
(Chuhutin et al., 2020) are useful to measure differences in white matter
microstructure between demyelinating disorders and healthy pop-
ulations (Granberg et al., 2017; Hagiwara et al., 2019). The white matter
tract integrity (WMTI) model, an extension of the DKI model, evaluates
white matter microstructure through quantification of axonal water
fraction (AWF) and tortuosity of the extra-axonal space (TORT) (Fiere-
mans et al., 2011; Veraart et al., 2013). This may be of use in paediatric
MS and MOGAD patients, as previous adult studies have detected axonal
injury along the posterior visual pathway (optic radiations) in MS pa-
tients (Gajamange et al., 2018; Hagiwara et al., 2019). Collectively, FBA
and WMTI diffusion models may improve the specificity for micro-
structural changes, such as the ability to differentiate between abnormal
axons and myelination, within the optic radiation in paediatric MS and
MOGAD patients.

Finally, injury to grey matter, particularly cortical thinning, is well
characterized in adults with MS (De Meo et al., 2019; De Stefano et al.,
2014; Geurts and Barkhof, 2008; Steenwijk et al., 2016; Tsagkas et al.,
2020). Cortical thickness, the distance between the white and grey
matter surfaces (Dahnke et al., 2013), provides information on neural
loss or degradation (Dahnke et al., 2013; Yotter et al., 2011) in MS
(Popescu et al., 2015). Furthermore, grey matter atrophy or cortical
thinning, a central feature of MS (Filippi et al., 2014; Geurts et al.,
2012), presents at an early stage of the disease (Bergsland et al., 2012;
Calabrese et al., 2007). Cortical thinning has been demonstrated in
adults with MS within the frontal and temporal lobes (Sailer et al., 2003;
Steenwijk et al., 2016) and posterior cingulate cortex (Steenwijk et al.,
2016), which has been confirmed using histology (Peterson et al., 2001;
Popescu et al., 2015). Studies that have measured cortical thinning
within the paediatric MS population have focused on visual regions
(Datta et al., 2019; Waldman et al., 2020) or mean whole brain changes
(De Meo et al., 2021), and there are no studies evaluating cortical
thickness in the paediatric MOGAD population.

The aim of this study was to examine the structure of white matter
pathways and cortical thickness in children and adolescents with MS
versus MOGAD including: (a) the whole brain and (b) within visual
pathway structures. We performed a cross-sectional study, comparing
paediatric patients diagnosed with MS or MOGAD to typically devel-
oping children (TDC). Specifically, we conducted whole brain FBA and
cortical thickness analyses, and further performed targeted analyses of
abnormalities in white and grey matter structures of the visual pathway
and in structural OCT evaluations of the RNFLT and GCIPLT. To perform
the targeted analyses while covarying for number of ON episodes, we
extracted optic radiation regions that were lesion-free to investigate
abnormal white matter using FBA metrics and voxel based WMTI met-
rics - AWF and TORT. We hypothesized widespread abnormalities in
both MOGAD, and MS patients compared to healthy youth, but based on
previous research greater differences within white and grey matter in
the visual pathway in MOGAD relative to MS. We hypothesize that the
axonal damage, as assessed by FBA and WMTI metrics, is present in MS
and MOGAD patients and is associated with visual cortex thinning. We
also hypothesized that insult to the anterior visual system — RNFLT and
GCIPLT measured by optical coherence tomography (OCT) — would be
related to WM changes along the posterior visual pathway — optic
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radiation.
2. Materials and methods
2.1. Participants

We recruited children and adolescents presenting to the Neuro-
inflammatory Disorders program at the Hospital for Sick Children
(SickKids) in Toronto with recurrent demyelinating syndromes. We
defined MS following the Revised 2017 McDonald criteria (Thompson
et al., 2018). MOGAD related disorders were identified by serum testing
performed in a commercial laboratory using live, cell-based methods
(Oxford, UK) (Kitley et al., 2014). We defined MOGAD positivity as
having one positive test from a cell-based assay with 30 days (median
43.5 days 12.7 IQR) of their initial inflammatory event. Individuals with
persistently positive MOGAD titres were also identified by serial mea-
sures at baseline and in follow up at a minimum of 6 months after onset
(median 1.2 years 0.6 IQR) (Kitley et al., 2014). A comparison cohort of
age matched TDC and adolescents were also recruited through adver-
tisements. Institutional Research Ethics Board approval and written
informed consent (or assent and informed consent from a parent/legal
guardian depending on child’s capacity to consent) from each partici-
pant was obtained prior to study initiation. All eligible participants
were: (i) between 5 and 18.9 years of age, and (ii) spoke English as their
native language or has had at least two years of schooling in English.
Additional inclusion criteria for patients were (1) presence of an acute
neuroinflammatory event (diagnosis of either MOGAD or MS) and (2)
assessment at greater than 3 months since onset of symptoms or relapse.
Excluded participants had a history of: (i) other neurological conditions,
(ii) major medical comorbidities, (iii) major psychiatric comorbidity,
(iv) learning disability, (v) traumatic brain injury, (vi) alcohol or illicit
drug abuse, or (vii) non-demyelinating aetiologies of white matter
dysfunction (i.e., metabolic disorders, vasculitis, and non-specific MRI
abnormalities), (viii) cerebral palsy, and (ix) patients with <30 days
since last steroid treatment. Additional exclusion criteria included (1)
the need for sedation during imaging and (2) history of claustrophobia.

Optic neuritis events were defined as inflammatory episodes of
decreased visual acuity lasting longer than 24 h and associated with
either prolonged p100 on Visual Evoked Potential testing (using elec-
troencephalogram), increased retinal nerve fibre layer (RNFL) thickness
(RNFLT) on OCT (a surrogate for optic swelling), or MRI evidence of
inflammation in the corresponding optic nerve. Relapses were defined
as neurological events lasting longer than 24 h presumed to be inflam-
matory in origin accompanied by objective neurological findings and/or
MRI abnormalities consistent with inflammation and corresponding to
the neurological findings.

2.2. Imaging data

All participants were scanned on a 3T Siemens Prisma system
(Siemens Medical Solutions, Erlangen, Germany) at SickKids in Toronto.
We acquired the following MRI sequences: (i) an axial turbo spin-echo
proton density [1x1x3mm; repetition time (TR) = 2200ms; echo time
(TE) = 10ms; turbo factor 4]; (ii) an axial T2-weighted turbo spin-echo
[1x1x3mm; TR = 4500ms; TE = 84ms; turbo factor 11]; (iii) an axial T1-
weighted, 3D magnetization prepared rapid gradient echo (MPRAGE)
sequence [0.9x0.9x1.0mm; TR = 1910ms; TE = 3.51ms; flip angle = 9
deg, TI = 1100ms]; (iv) a sagittal 3D FLAIR sequence [1x1x1mm; TR =
6000ms; TE = 356ms; TI = 2200ms] and (v) three sets of diffusion-
weighted images using a single shot spin echo-sequence with an echo
planar imaging readout [TR = 3800ms; TE = 73.0ms; FOV =
244x244mm, 70 slices, slice thickness = 2.0mm, no gap, bandwidth =
1952 Hz/pixel, 2 x phase encoding polarities (anterior-posterior) along
35, 45 and 66 directions for b-values of 1000, 1600 and 2600s/mm?].
Participants had the option to watch a movie of their choice through
video goggles to prevent excessive head movement during the scan.
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2.3. Data and Code availability statement

In accordance with terms of consent given by participants or legal
guardians, raw data utilized in this study are not available for sharing.
Even so, processed data (mean values within regions of interest) are
available upon request. Code utilized for data analysis are publicly
available and provided on the software packages’ websites (URLs pro-
vided in text when applicable). This policy is in accordance with the
Research Ethics Board at the SickKids in Toronto.

2.4. OCT data

Each participant had spectral domain OCT conducted on the same
day as the MRI using an OCT scanner (Carl Zeiss Meditac) by a trained
technician. Serial optic disc and macula 200x200 cube scans were
recorded with good centration, quantifying a 6x6x2mm volume. OCT
scan quality scores of greater than 7 were considered acceptable and
with no overt movements as detected by observing blood vessel
discontinuity in the OCT face image. RNFLT and GCIPLT were assessed
by quadrants and by average thickness; the average of all anatomic
quadrants is reported for average RNFLT (um) and GCIPLT (um).

2.5. Imaging data Pre-processing

2.5.1. Tissue segmentation and lesion masks

For participants with demyelinating syndromes (MS or MOGAD),
lesions were segmented at the McConnell Brain Imaging Centre, The
Neuro (Montreal, QC, Canada) using an automatic change detection
naive Bayesian algorithm that classifies tissue using changes within T1,
T2, proton density-weighted and FLAIR images (Elliott, 2016). After
automatic lesion segmentation, lesions were then reviewed and manu-
ally corrected, if necessary, by trained personnel with expertise in
demyelinating lesion identification. T1-weighted images were also used
to segment tissue (white and grey matter) using a random forest clas-
sifier within the brain tissue segmentation pipeline (BISON), which is
part of the MNI tools (https://bic-mni.github.io/). The T1-weighted
images for each participant were registered to their corresponding
diffusion space with a 12-parameter affine transformation using
Advanced Normalization Tools (ANTs) (Avants et al., 2014). We would
like to note that lesions within MOGAD tend to resolve over time in
many cases. However, the majority of our MOGAD patients had brain
lesions during our study and therefore felt that the total lesion volume
could be of utility in these children.

2.5.2. Diffusion-weighted MRI pre-processing

Diffusion-weighted images were processed using the DESIGNER
pipeline (Ades-Aron et al., 2018) (https://github.com/NYU-Diffusi
onMRI/DESIGNER or https://hub.docker.com/r/dmri/neurodock).
Diffusion-weighted pre-processing steps included: denoising using
Marchenko-Pastur principal component analysis technique (Veraart
etal., 2016b, Veraart et al., 2016a), Rician bias correction within MRtrix
(Version 3.0 rc2; https://mrtrix.readthedocs.io/en/latest/index.html)
(Tournier et al., 2019), Gibbs’ ringing correction (Kellner et al., 2016),
EPI distortion correction using topup (Andersson et al., 2003) in FMRIB’s
Software Library (FSL) version 5.0.11, eddy current and motion
correction using eddy in FSL (Version 5.0.11) (Andersson and Sotir-
opoulos, 2016), and signal outlier detection (Collier et al., 2015).

2.5.3. FBA of diffusion-weighted data

The following FBA steps were processed within MRtrix (Version
3.0.2) (Tournier et al., 2019). Response functions for white matter, grey
matter and cerebrospinal fluid were generated for each participant using
a fully automated unsupervised algorithm that has been successfully
used with lesion data (Dhollander et al., 2019, 2017, 2016; Mito et al.,
2018a, Mito et al., 2018b). A group averaged response function for each
tissue type was created using TDC; patients were left out due to their


https://bic-mni.github.io/
https://github.com/NYU-DiffusionMRI/DESIGNER
https://github.com/NYU-DiffusionMRI/DESIGNER
https://hub.docker.com/r/dmri/neurodock
https://mrtrix.readthedocs.io/en/latest/index.html

S. Bells et al.

pathology. All DWIs and masks were upsampled to 1.3mm? prior to fibre
orientation distribution (FOD) estimation using multi-shell multi-tissue
constrained spherical deconvolution (MSMT-CSD; (Jeurissen et al.,
2014)). To achieve FOD amplitude correspondence between partici-
pants, global intensity normalisation was performed within MRTrix and
applied to all participants’ white matter FODs. A FOD template was
created from 30 participants (15 TDC and 15 patients with the smallest
lesion load (8MS and 7 MOGAD)) (Raffelt et al., 2012, Raffelt et al.,
2011). All participants’ FOD images and brain masks were non-linearly
registered to the FOD template (Raffelt et al., 2012, Raffelt et al., 2011).
The apparent fibre density (AFD) metric is estimated from the FOD
template, which identifies the number and orientation of fixels in each
voxel (Smith et al., 2013). Subsequently, fixel-based metrics FD, FC and
FDC were calculated (Raffelt et al., 2017).

Next, whole-brain probabilistic fibre tractography on the FOD tem-
plate was performed (20 million streamlines, termination cut-off 0.6,
angle 22.5, max length 250mm, min length 10mm) using the iFOD2
algorithm (Tournier et al., 2010). The tractogram was then filtered to
reduce the number of streamlines to 2 million using spherical-
deconvolution informed filtering of tractograms algorithm (SIFT2;
(Smith et al., 2013)) to reduce global reconstruction biases. Prior to
statistical analysis, a fixel-fixel connectivity matrix was computed and
fixel metrics were smoothed.

2.5.4. WMTI analysis of diffusion-weighted data

The following steps were processed using the tool from https://gith
ub.com/NYU- DiffusionMRI/Diffusion-Kurtosis-Imaging. The WMTI
model consists of two microstructural environments (intracellular and
extracellular) and its parameters are calculated using weighted linear
least squares from the multi-shell pre-processed diffusion data (Ades-
Aron et al., 2018; Fieremans et al., 2011). Subsequently, the following
WMTI metrics were calculated (Fieremans et al., 2011; Veraart et al.,
2013):

i. AWF is the ratio of water in the intra-axonal space to the total
amount of water in a voxel, where decreases are presumed to
represent axonal loss.

ii. TORT is the ratio of axial extra-axonal diffusivity to the perpendic-
ular extra-axonal diffusivity, which is presumed to be a marker of
myelin content.

Each participant’s metric map of AWF and TORT was transformed to
the population template space applying the FOD-drive transformations
used in the previous FBA section.

2.5.5. Cortical thickness processing

Structural T1-weighted images were processed and analysed using
the Computational Anatomy Toolbox (CAT12) (Gaser, C. Structural
Brain Mapping, Group, Jena University Hospital, Jena, Germany; https
://www.neuro.uni-jena.de/cat/) implemented in Statistical Parametric
Mapping (SPM12; Wellcome Trust Centre for Neuroimaging, London,
UK; https://www. fil.ion.ucl.ac.uk/spm/software/ spm12/). Processing
and analysis steps were followed according to the pre-set parameters
with the standard protocol described in the manual (https://www.
neuro.uni-jena.de/cat12/CAT12-Manual.pdf). These steps included a
statistical quality control step for inter-subject homogeneity and overall
image quality of the T1-weighted images. Total intracranial volume
(TIV) was calculated for use as a covariate in FBA statistical analysis to
account for relative differences in head size which may vary during
development. A mesh of the central surface (surface between the
boundaries of grey matter/cerebro spinal fluid (CSF) and white/grey
matter) was created using a projection-based distance method allowing
for cortical thickness estimates (Dahnke et al., 2013). Cortical thickness
estimations were resampled and smoothed using a 15mm full-width-
half-maximum Gaussian kernel prior to group analysis.
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2.6. Statistical analysis

2.6.1. Demographics

Independent Kruskal-Wallis tests were utilized to compare age, total
intracranial volume (TIV), time since diagnosis, age of disease onset,
Expanded Disability Status Scale (EDSS), RNFLT, GCIPLT and lesion
volume between groups, while chi-squared tests were utilized to
compare sex, number of clinical events, optic neuritis (ON) episodes,
time between last ON episode and OCT acquisition. If the Kruskal-Wallis
test was deemed to be significant a post-hoc pairwise multiple com-
parison Dunn Test adjusted with the Bonferroni method was performed
to determine which groups are different. Analysis was conducted in R
version 4.0.2 (R Core Team, 2020).

2.6.2. Whole brain FBA

Whole brain tractogram statistical analyses on fixel images, in study
specific template space, were done using an intrinsic normalisation of
the connectivity-based fixel enhanced (CFE) method (Raffelt et al.,
2015; Smith et al., 2019) within MRtrix. The advantage of this method is
that it considers crossing fibres, using tractography, and it includes in-
formation along white matter pathways during its statistical inference
estimation. Group differences in fixel metrics (FD, FC and FDC) between
TDC and patients were estimated at each white matter fixel using a
General Linear Model (GLM) with age, sex and TIV as nuisance cova-
riates. Statistical significance using an intrinsic normalisation was
assessed using 5000 permutations and family-wise error (FWE) cor-
rected p < 0.05 (Nichols and Holmes, 2002).

2.6.3. Cortical thickness

Surface-based statistical analysis was performed within CAT12/
SPM12 (Gaser, C. Structural Brain Mapping, Group, Jena University
Hospital, Jena, Germany; https://www.neuro.uni-jena.de/tfce; Well-
come Trust Centre for Neuroimaging, London, UK; http:// https://www.
fil.ion.ucl.ac. uk/spm/software/spm12/). Group differences within
cortical thickness measures were estimated using analysis of variance
(ANOVA) with age and sex as nuisance covariates. We tested group
differences using a threshold of p < 0.05 with FWE correction for mul-
tiple comparisons. Further, if a significant group effect was found, post-
hoc pairwise t-tests were computed to detect differences between groups
(threshold-free cluster enhancement (TFCE) correction for multiple
comparisons) (Smith and Nichols, 2009).

2.6.4. Region of Interest analyses of white matter metrics within the optic
radiations

We performed further region of interest analyses focused on the optic
radiations bilaterally. The Johns Hopkins University (JHU) DTI-based
white matter atlas (ICGM-DTI-81) (Mori et al., 2008) was non-linearly
registered to each participant’s diffusion space and then transformed
to FOD template space to extract bilateral optic radiation regions of
interest. Lesion masks for each patient were subtracted from their optic
radiation region of interest to ensure only normal appearing white
matter was analysed. Mean FD, FC, FDC, AWF and TORT were calcu-
lated within each optic radiation and independent Kruskal-Wallis tests
were utilized to compare means between groups (R version 4.0.2 (R Core
Team, 2020)).

3. Prediction of white matter metrics in the optic radiations
using cortical and OCT thickness metrics

Linear mixed effects modelling fit by restricted maximum likelihood
was used to assess whether cortical thickness in the primary visual
cortex (V1) and OCT measures (RNFLT and GCIPLT) predict white
matter metrics (FD, FC, FDC, AWF and TORT) in the optic radiations.
Separate models were run for each patient group based on presumed
visual pathway differences. The linear mixed effects models were
generated using lmer function in R (Im4; (Bates et al., 2014)) in
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conjunction with the package sandwich and jtools for robust standard
errors (HC3) and p-values were generated. Sex, age, and time since
diagnosis were set as fixed factors and participant as a random effect in
the model. In addition: (a) models with cortical thickness as a predictor
included hemisphere as a covariate, and (b) models with OCT metrics
(RNFLT and GCIPLT) as a predictor included number of ON events and
disease modifying therapies (DMT) as a covariate. The variance inflation
factors (VIF) for all predictor variables in the model were calculated to
check for multi-collinearity. All calculated VIFs were below the common
threshold, thus no parameters were excluded due to collinearity
(O’Brien, 2007). Individual predictors were mean centred to facilitate
model convergence prior to model fitting. Normality of model residuals
were checked to confirm goodness of fit and residuals were plotted to
ensure homoscedasticity prior to using results in the final model. Final
model selection was decided using Bayesian Information Criterion (BIC).
Correction for multiple comparisons was conducted using the false dis-
covery rate method with a threshold of 0.05.

4. Results
4.1. Demographics, OCT, and lesion volumes

Table 1 provides participant clinical and demographic characteris-
tics. Patient and TDC did not significantly differ in sex or TIV, while
patient groups did not significantly differ in time since diagnosis, EDSS,
number of clinical events, DMT, total number of ON episodes or the time
between last ON episode and OCT acquisition. MS patients were older at
study enrolment than MOGAD patients (p = 1.0e-04; Table 1) and age of
first symptom onset of MOGAD patients was earlier than MS patients (p
= 4.0e-05; Supplementary Fig. 1).

MOGAD patients had significantly lower average RNFLT than TDC
(p = 7.8e-05), yet RNFLT of MS patients did not significantly differ from
TDC (p = 0.134) or MOGAD (p = 0.117). GCIPLT was lower in MOGAD
patients compared to TDC (p = 2.4e-05), but GCIPLT of MS patients did
not significantly differ from TDC (p = 0.133) or MOGAD (p = 0.065).

Table 1
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Boxplots of age (A), age of onset (B), TIV (C), RNFLT (D) and GCIPLT for
each group are available in Supplementary Fig. 1.

All MS patients (18/18) had lesions found throughout the brain
compared to 11/14 MOGAD patients with lesions distributed
throughout the brain. Total lesion volume differed between MS and
MOGAD patients (2546mm°® vs. 68mm?>, p = 2.75e-06). 13/18 MS pa-
tients had lesions within the optic radiation compared to 2/14 MOGAD
patients. Lesion volume in the optic radiation among MS patients was
greater than MOGAD patients (516mm3 vs. 130mm3, p = 5.77e-03).

4.2. Measuring differences in white matter using whole brain FBA

Fixel based differences between patients and TDC are shown in
Fig. 1. On average MS patients displayed lower FD compared to TDC
(Table 2). These differences were observed within multiple focal por-
tions of the splenium, CST, fornix, corpus collosum, pons, medulla, and
bilateral inferior longitudinal fasciculus (ILF) (Fig. 1, A: top panel - FD).
In contrast, MS patients had fewer FC fixels that were significantly lower
compared to TDC. These FC differences were observed primarily in the
left CST (Fig. 1, A: middle panel - FC). While microstructural FD and
macrostructural FC differences overlapped across some fibre tracts,
microstructural differences were more pronounced along projection fi-
bres, such as CST, and appeared in both hemispheres. Finally, when
macro- and microstructural fibre differences were taken together in the
FDC metric, MS patients demonstrated lower total intra-axonal volume
occupied by fibre bundles in projection fibres (e.g., CST, brainstem, and
optic radiation) and association fibres (e.g., ILF) in comparison to TDC
(Fig. 1, A: bottom panel - FDC).

Fewer differences in fixel metrics were observed between MOGAD
patients and TDC. MOGAD patients demonstrated lower FD within the
right optic radiation only, specifically within the medial section
extending to the cortex (Fig. 1, B: top panel - FD). MOGAD patients and
TDC did not differ in fibre-bundle cross-section (FC). Finally, MOGAD
patients demonstrated lower FDC in the right optic radiation and sple-
nium compared to TDC (Fig. 1, B: bottom panel - FDC). Furthermore,

Clinical and demographic characteristics: for children and adolescents with recurrent demyelinating syndromes, including multiple sclerosis (MS) and myelin
oligodendrocyte glycoprotein associated disorders (MOGAD). Table also includes characteristics of typically developing children (TDC) group. (OCT: optical coherence
tomography). Table include mean values and standard deviations in brackets. p-values were adjusted using Bonferroni.

MS MOGAD TDC H-statistic Chi-square p-value
n 18 14 26
Sex (female/male) 12/6 11/3 16/10 - 1.2 0.55
Age at Assessment (years) 16.8(1.1) 11.8(2.8) 14.8(2.6) 16.10 - 3.2e-04
Range (14.2-18.1) (7.5-17.8) (9.1-19.1)
Time since diagnosis (years) 2.4(2.7) 3.0(2.1) - 0.03 - 0.87
Range (0.1-6.1) (0.5-11.7) -
Age of Onset (years) 14.4(1.6) 10.5(3.4) - 16.83 - 4.0e-05

Range (11.7-17.4) (2.9-13.8)

Number of Clinical Events 2.1(1.5) 2.8 (2.3) - - 10.7 0.10
Range (1-5) (1-9) -
Number of Optic Neuritis Episodes (ON) 0.6(0.7) 1.1(0.8) - - 6.4 0.09
Range (0-2) (0-3) - - - -
Unilateral ON 6 1 - - - -
Bilateral ON - 10 - - - -
Time between ON and OCT (years) 0.6(1.6) 0.64(1.2) - 0.16 - 0.69
Range (0.2-3.9) (0.45-3.6)
Expanded disability status scale (EDSS) 1.5 1.0 - 7.0 0.2
Range (0-4.5) (0-3) -
Disease Modifying Therapies 11/18 8/14 - 0.87 0.83
Total intracranial volume (cm®) 1373(29) 1382(42) 1440(28.7) 59 - 0.48
Range (1148-1587) (986-1609) (1131-1715)
Lesion Volume (mm?®) 2546(1972) 68.0(567) - 10.8 - 1.0e-03
Range (0-35046) (0-7998) -
Retinal Nerve Fibre Layer Thickness (um) 86.5(13.6) 78(16.7) 95.5(10.7) 18.0 - 1.3e-04
Range (66-110) (49-99) (82-126)
Ganglion Cell Layer Thickness (um) 76.2(11.9) 64.9(12.0) 84.4(5.12) 20.1 - 4.3e-5
Range (54-91) (51-86) (70-92)
Time between Steroid treatment and MRI (years) 3.8(3.12) 2.2(3.3) - -
Time between Disease Modifying Therapy and MRI (years) 1.19(1.81) 0.53(2.72) - -
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Fig. 1. Whole-brain fixel-based analysis (FBA) revealed reductions in fixel metrics for paediatric patients with demyelinating syndromes when compared to typically
developing children (TDC). All maps are superimposed on a study-specific template and colour-coded by effect size (F-statistic, thresholded at FWE-p < 0.05).
Analysis accounted for effects of sex, age, and total intracranial volume. (A) MS patients revealed reductions in fibre density (FD), fibre-bundle cross section (FC) and
fibre-density and fibre-bundle cross-section (FDC) when compared to TDC (B) MOGAD patients revealed reductions in FD and FDC when compared to TDC.

when lesion free MOGAD patients (3/14) were excluded from fixel
analysis the right optic radiation was the only area that passed multiple
comparisons.

4.3. Measuring differences in grey matter using cortical thickness analysis

We observed a group effect within TDC, MS and MOGAD participants
using an ANOVA in cortical thickness within frontal, visual and parietal
cortices (p < 0.001) (Supplementary Fig. 2). In post hoc analysis, MS
patients had lower cortical thickness in frontal, temporal (right hemi-
sphere) and parietal (left hemisphere) cortices compared to TDC (p <
0.05, TFCE-corrected; Fig. 2A). While MS patients had similar cortical
thickness to TDC within the visual cortex, MOGAD patients demon-
strated a significantly thinner cortex within V1 (p < 0.05, TFCE-correct;
Fig. 2B) compared to TDC. MOGAD patients also demonstrated a
significantly thinner cortices in the frontal lobe and anterior cingulate
cortex (ACC) compared to TDC (Fig. 2B). When including MOGAD pa-
tients with and without lesions, we saw no difference in cortical areas
with significant thinning. No significant differences in cortical thickness
were evident between MS and MOGAD patients.

4.4. Measuring white matter within the optic radiations.

Mean FD, FC, FDC, AWF and TORT values differed between patients
and TDC within normal appearing WM (NAWM) of the optic radiations
(Table 2). Pairwise Dunn tests demonstrated lower fixel metrics (FD, FC
and FDC) in both MOGAD and MS patients compared to TDC (Table 2).
MS and MOGAD patients also displayed lower TORT than TDC (p = 7.8e-
09 and p = 3.8e-06, respectively). All three groups had similar mean
AWF values within the NAWM of the optic radiations (Table 2). Finally,
the two patient groups did not differ from each other in any of the fixel
metrics or TORT (Table 2).

4.5. Predictive models of optic radiation using V1 cortical thickness and
OCT in patient groups

In the MS group, reduced V1 cortical thickness measures predicted
lower FC (p = 0.015) and TORT (p = 0.05) along the optic radiation,
after adjusting for age, sex, and time since diagnosis (Table 3; Supple-
mentary Fig. 2). There were no significant relationships between V1
cortical thickness and FD, FDC or AWF in MS patients, after adjusting for
age, sex, and time since diagnosis (Table 3). In the MOGAD group, no
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Table 2

Comparison of the optic radiation diffusion metrics between typically devel-
oping children (TDC) and children and adolescents with recurrent demyelin-
ating syndromes, including patients with multiple sclerosis (MS) and myelin
oligodendrocyte glycoprotein associated disorders (MOGAD). Diffusion metrics:
fibre density (FD), fibre cross-section (FC), fibre density and cross-section (FDC),
axonal water fraction (AWF) and tortuosity (TORT). p-values were adjusted
using false discovery rate (FDR).

Metrics MS MOGAD TDC H- p-value
statistic
FD 0.421 0.416 0.45 329 <0.001
(0.007) (0.008) (0.003)
—4.69 <0.001
—4.82 <0.001
0.21 0.8
FC —0.026 0.011 0.094 21.0 0.00003
(0.019) (0.029) (0.017)
-3.35 0.0012
-4.16 0.000095
—0.466 0.64
FDC 0.419 0.529 0.482 31.5 <0.001
(0.012) (0.015) (0.009)
—4.38 0.000018
—4.91 0.0000027
—0.152 0.88
AWF 0.341 0.346 0.347 5.73 0.056
(0.003) (0.003) (0.002)
—0.348 0.728
-2.32 0.06
-1.68 0.094
TORT 2.11 2.15 2.39 43.3 <0.001
(0.039) (0.042) (0.017)
—4.84 0.0000038
-5.95 0.0000000078
-0.616 1

significant relationships were found between V1 cortical thickness and
any fixel or WMTI metrics (Table 3; Supplementary Table 2).

In the MS group, lower RNFLT predicted lower TORT within the
optic radiation (p = 0.034), after adjusting for age, sex, time since
diagnosis and number of ON events (Table 4; Supplementary Figure 4).
There was no significant relationship between RNFLT and FD, FC, FDC
or AWF in MS patients, after adjusting for age, sex, time since diagnosis
and number of ON events. In the MOGAD group, lower RNFLT predicted
lower FC (p = 0.041) (Table 4, Supplementary Figure 4), after adjusting
for age, sex, time since diagnosis and number of ON episodes. In
contrast, lower RNFLT predicted higher AWF (p = 0.047) in MOGAD
patients (Supplementary Figure 4), after adjusting for age, sex, and time
since diagnosis. We found no significant relationship between RNFLT
and diffusion metrics (FD, FDC and TORT) in MOGAD patients after
adjusting for age, sex, time since diagnosis and number of ON events.
Models including number of ON events as a covariate did not produce a
better fit for all models except for FC in MOGAD patients (Supplemen-
tary Tables 3 and 4). There was no significant relationship between
GCIPLT and all diffusion metrics (FD, FC, FDC, AWF and TORT) in both
MS and MOGAD patients, after adjusting for age, sex, time since diag-
nosis and number of ON events (Supplementary Tables 5 and 6).

5. Discussion

This is the first study to evaluate the visual pathway from anterior
(retina) to posterior (visual cortex) regions in both paediatric MOGAD
and MS patients. In this study, we found differences in the voxel-wise
and fixel-based MRI parameters evaluated in both MS and MOGAD pa-
tients when compared with TDC. First, compared to TDC, MS patients
showed evidence of (a) multiple discrete areas of reduced FD including
the CST and ILF, and (b) decreased cortical thickness in the parietal and
temporal cortices. Second, compared to TDC, MOGAD patients showed
evidence of (a) reduced FD localized to optic radiation, and (b)
decreased cortical thickness in the visual, superior frontal and cingulate
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cortices. When we solely focused on the optic radiations in a region of
interest analysis, we observed reduced FD and lower TORT (an estimate
of myelin volume) in both patient groups relative to TDC.

Notably, in the MS group, but not the MOGAD group, reduced
cortical thickness in the visual cortex predicted lower FC and TORT in
the optic radiations. With regards to measures of retinal atrophy, RNFLT
predicted lower FC in the optic radiations in MOGAD and lower TORT in
MS patients. Implications of these findings are discussed below.

5.1. White matter damage in paediatric demyelinating disorders measured
using FBA

Our findings are consistent with previous DTI work demonstrating
that children and adolescents with demyelinating syndromes (i.e., MS,
acquired demyelinating syndrome and acute disseminated encephalo-
myelitis) display compromise in normal-appearing white matter (Akbar
et al., 2016; Longoni et al., 2017). Here, we extend this work using
whole brain fixel-based measures to assess specific fibre-bundle micro-
and macrostructural changes within our patient population when
compared to TDC. White matter injury or loss is characterized by de-
creases in FD, FC, and the combination of the two (FDC). A decrease in
FD suggests a decrease in intra-axonal volume fraction, meaning that the
fraction of space occupied by the axons is smaller within a voxel. Smaller
intra-axonal volume fractions may be caused by axons decreasing in
diameter or axonal loss (i.e., fewer axons occupying this space). We
found regional decreases in FD across multiple white matter pathways,
namely in the CST, brainstem tracts, ILF, and optic radiations in MS
patients. When we ran the analysis excluding the single MS patient that
was scanned<3 months (0.22 years) from their acute optic neuritis and
clinical event, we saw no difference in fixel and WMTI metrics. In
MOGAD patients, on the other hand, differences were limited to the
optic radiations. When including MOGAD patients with and without
lesions, we also saw a difference in the splenium. Consistent with pre-
vious diffusion studies in paediatric MS (Datta et al., 2019) and MOGAD
(Bells et al., 2019) populations and in line with our hypotheses, we
observed lower FD and FDC within the visual pathway in both patient
populations compared to TDC. Few differences from TDC were observed
in FC in our MS or MOGAD patients.

In TDC, increased axonal packing reflects age-related maturation in
the CST and ILF microstructure (Chang et al., 2015; Dimond et al., 2020;
Lebel and Deoni, 2018). We observed lower FD within the CST in MS
patients when compared to TDC, whereas no differences in the CST were
seen in a previous DTI study (Waldman et al., 2020). This may relate to
the higher tissue specificity of FBA vs DTI metrics. Consistent with a
previous adult MS study, we found decreased FD and FDC within the ILF
in MS patients (Gajamange et al., 2018). Overall, our FBA demonstrated
widespread FD reduction in paediatric MS patients, while regional FD
loss, mainly in the posterior visual pathway, was evident in MOGAD
patients.

5.2. Cortical thinning in paediatric demyelinating disorders

Consistent with previous studies of adults with MS (Steenwijk et al.,
2016; Tsagkas et al., 2020) and in children and adolescents (Muthura-
man et al., 2020; Tsagkas et al., 2020), we observed reduced cortical
thickness in the temporal poles. We also observed reduced cortical
thickness in superior frontal cortex and parietal cortex. The reasons for
the observed thinning demonstrated in the temporal pole and
precentral-gyrus in our cross-sectional study are unknown: other liter-
ature suggests that thinning may represent a combination of a disease-
specific effect and altered growth trajectory, as grey matter regions
develop non-linearly (Gogtay et al., 2004; Vijayakumar et al., 2016) and
have unique growth trajectories (Tamnes et al., 2017; Wierenga et al.,
2014). Supporting this, a longitudinal study in children with MS (De
Meo et al., 2019) suggested cortical thinning was associated with (1)
altered growth trajectory in frontal, temporal, parietal, and occipital
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Fig. 2. Surface-based morphometry analysis revealed reductions in cortical thickness for (A) MS and (B) MOGAD patients when compared to typically developing
children (TDC). Results were thresholded at voxel level with p < 0.05 and corrected with cluster level non-stationary cluster extent and superimposed on a template
reconstruction of brain surface in MNI space. Analysis accounted for effects of sex and age.

Table 3

Results from linear mixed effects models including cortical thickness. The
Imer function automatically performed t-tests using Satterthwaite approxima-
tions to estimate degrees of freedom. Values describe relationships between
diffusion white matter measures (FD, FC, FDC, AWF and TORT) and grey matter
cortical thickness (CTh) measures in MS and MOGAD patients. (FD: fibre den-
sity, FC: fibre cross-section, FDC: fibre density and cross-section, AWF: axonal
water fraction, TORT: tortuosity).

Table 4

Results from linear mixed effects models including retinal nerve fibre layer
thickness. The Imer function automatically performed t-tests using Sat-
terthwaite approximations to estimate degrees of freedom. Values describe re-
lationships between diffusion white matter measures (FD, FC, FDC, AWF and
TORT) and retinal nerve fibre layer thickness (RNFLT) measures in MS and MOG
patients. (FD: fibre density, FC: fibre cross-section, FDC: fibre density and cross-
section, AWF: axonal water fraction, TORT: tortuosity).

Patient Group WM metrics CTh CI (95%) Pagj-value Patient Group WM metrics RNFLT CI (95%) Dadj-value
MsS FD 0.011 —0.006,0.028 0.22 MS FD 0.017 —0.0045,0.039 0.15
MOGAD FD 0.003 —-0.011,0.016 0.71 MOGAD FD 0.007 0.037,0.46 0.66
Ms FC 0.048 0.012,0.084 0.015 Ms FC 0.028 —0.042,0.097 0.46
MOGAD FC 0.030 —0.014,0.075 0.20 MOGAD FC 0.007 0.017,0.14 0.041
MsS FDC 0.021 —0.007,0.049 0.15 MS FDC 0.002 —0.015,0.071 0.22
MOGAD FDC 0.011 —0.014,0.036 0.39 MOGAD FDC 0.036 —0.0058,0.078 0.13
Ms AWF 0.004 —0.004,0.012 0.35 Ms AWF 0.002 —0.012,0.015 0.80
MOGAD AWF 0.005 —0.003,0.012 0.24 MOGAD AWF —0.014 —0.024,-0.0050 0.020
MS TORT 0.082 0.003,0.160 0.051 MsS TORT 0.130 0.022,0.23 0.037
MOGAD TORT 0.026 —0.034,0.089 0.43 MOGAD TORT 0.059 —0.093,0.21 0.47
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poles; (2) white matter lesions in highly connected cortical areas that
develop later, such as anterior fronto-temporal regions and to a lesser
extent the precentral-gyrus; and (3) time since diagnosis (Ziegler et al.,
2017). We found no differences in cortical thickness within the primary
visual cortex (i.e., V1) between MS patients and TDC, which will be
discussed below in the context of relations with the rest of the visual
pathway (i.e., optic radiations and retinal thickness). Longitudinal
studies with larger cohorts are needed to fully understand the rela-
tionship between altered cortical thickness, disease-specific effect, and
growth trajectory.

5.3. Comparing white matter, cortical thickness, and retinal nerve fibre
layer thickness in the visual system

Although we did not observe differences in cortical thickness within
the primary visual cortex (V1) of MS patients compared to TDC, MS
patients exhibited lower FC and TORT within the optic radiations, which
were associated with thinner V1 cortex. Our results are consistent with
previous paediatric MS studies showing that lower cortical thickness in
the visual cortex correlates with diffusion tensor metrics (Datta et al.,
2019; Waldman et al., 2020) and provide further evidence linking
abnormal structure within the optic radiation and cortex. The lack of a
significant relationship between FD within the optic radiation and
cortical thickness in the visual cortex of MOGAD patients may indicate
white matter injury to the visual pathway may not have long term
consequences on the visual cortex and/or that other factors are relevant
here. Such as, reorganisation of V1 after injury that can only be deter-
mined from retinotopic mapping within each patient.

Despite finding no significant differences between MS patients and
TDC in RNFLT, we found abnormalities within the optic radiation to be
significantly associated with thickness of the RNFL in these patients. Our
findings add to a growing body of research suggesting a relationship
between RNFLT and white matter compromise in paediatric MS patients
(Datta et al., 2019; Waldman et al., 2020). While previous studies have
shown RNFLT abnormalities in children with MOGAD (Eyre et al., 2018;
Song et al., 2019), the relationship between structural MRI metrics,
specifically in the optic radiations, has not yet been elucidated. Others
have shown associations between RNFLT, optic radiation abnormalities
and cortical thickness in adult and paediatric patients with MS and have
noted these abnormalities associated primarily with the presence of ON
(Balk et al., 2015; Chen et al., 2018; Datta et al., 2019; Klistorner et al.,
2014; Ngamsombat et al., 2020). In our MOGAD cohort, the association
between optic radiation FC and RNFLT is consistent with these studies
and might support trans-synaptic degeneration of the retro-geniculate
visual pathways secondary to ON (Eyre et al., 2018). Notably, RNFL
thinning predicted lower FC in the optic radiation, even after accounting
for ON episodes, hinting at the presence of ongoing pathological pro-
cesses above and beyond the acute inflammatory insult. Interestingly, in
our MOGAD patient group we found that lower RNFLT predicted higher
AWF. A decrease in AWF is thought to reflect axonal degeneration (de
Kouchkovsky et al., 2016), but has been shown to increase due to an
acute inflammatory demyelinating phase associated with extensive
infiltration and proliferation of microglia (Guglielmetti et al., 2016).
This may represent low grade, ongoing inflammation, which is currently
undetectable using conventional MRI, or, alternatively, the dynamic
changes related to acute inflammation in the recovery phase, as we
included some patients as 30 days after an episode of ON. Longitudinal
studies are needed to gain clarity on this relationship.

Despite finding differences between MOGAD patients and TDC in
GCIPLT, we found abnormalities within the optic radiation were not
significantly associated with thickness of the GCIPL in these patients.
Furthermore, in our MS patient group no significant association was
found between GCIPLT and WM structural abnormalities within the
optic radiation.
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5.4. Limitations and future directions

Limitations of this study include its cross-sectional design, the small
sample size, and heterogeneity in factors such as disease modifying
therapies (DMT) and number of ON episodes within the two patient
populations. Unfortunately, due to the cross-sectional design of the
study and the clinical presentation of multiple ON episodes in some
patients, it would be difficult to use clinical markers such as visual acuity
at nadir or EDTs in our current study. Future studies that include these
measures across the course/duration of the patient’s disease would be
needed. We note that the results provide insights into axonal abnor-
malities in these populations, though the small population limits
generalizability. However, we highlight that despite the small sample
size; we observed differences in fixel metrics specifically along the optic
radiation, which may be of pathological significance in these disorders.
Due to known age-related factors, we were careful to perform our ana-
lyses using age- and sex-matched controls. Both the fixel and cortical
thickness analysis were performed using age- and sex-matched controls
and age was used as a covariate in these analyses. Furthermore, NAWM
can be downstream or upstream from lesions in WM tracts, and therefore
affected by anterograde or retrograde axonal degeneration. Future
studies are needed to separate NAWM into tracts affected by lesions
(with lesions themselves removed) and tracts unaffected by lesions. In
our linear mixed models, predictors of cortical thickness were FC and
TORT in MS patients but not in MOGAD related disorders, likely due to
the relatively small sample of MOGAD patients. Furthermore, when
evaluating fixel data we interpreted loss of FD as a proxy for axonal loss,
and decreased FC as a proxy for shrinkage of the fibre bundle. However,
other processes such as inflammation and edema could confound or
dilute the relationship between WMTI and FBA measures, thus, to
improve interpretability validated both measures against direct mea-
surements of axons and myelin (i.e., through animal models) are needed.
Furthermore, longitudinal studies that measure WMTI and fixel metrics
along disease progression are needed to understand the effect MS and
MOGAD have on these measures and how they correspond to OCT
RNFLT along the patient’s disease course. These analyses were beyond
the scope of this clinical cohort comparison study.

Finally, longitudinal studies will help clarify the relationship be-
tween abnormalities in optic radiation axons and visual cortex in chil-
dren and adolescents with demyelinating disorders.

6. Conclusion

We found different white and grey matter microstructure abnor-
malities in children and adolescents with MS and MOGAD. MS patients
exhibited more widespread white matter abnormalities; MOGAD pa-
tients exhibited white matter changes primarily within the optic radia-
tion. Furthermore, the pattern of cortical thinning differed in MS and
MOGAD patients: it was seen in the temporal and parietal areas in MS
patients, and the cingulate, frontal, and visual cortices in patients with
MOGAD related disorders. Finally, our findings of associations between
lower RNFLT and axonal integrity in both MS and MOGAD patients
when compared to TDC in the optic radiations suggest widespread
axonal and myelin damage in the visual pathway. This may be associ-
ated with cortical thinning in MOGAD patients. Our approach of
combining FBA, cortical thickness and RNFLT measures — white and
grey matter markers — has helped to distinguish patterns of structural
abnormality associated with MS and MOGAD patients. Future longitu-
dinal studies should focus on characterising clinical trajectories of each
disorder, identifying distinct phenotypes and their impact on develop-
mental plasticity, and leveraging biomarkers to improve clinical practice
and treatment.
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