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ACRONYMS AND ABBREVIATIONS

AAL

automated anatomical labelling

ACC

anterior cingulate cortex

AD

axial diffusivity

ADC

apparent diffusion coefficient

ADEM

acute disseminated encephalomyelitis

ADS

acquired demyelinating syndromes

ARR

annualized relapse rate

AQP4

anti-aquaporin 4 antibodies

BAEP

brainstem auditory evoked potential

BDNF

brain derived neurotrophic factor

BOLD

blood-oxygenation level dependent

BRB

Rao’s Brief Repeatable Battery

CA

cornus ammonis

CADSIL

cerebral autosomal dominant arteriopathy
with subcortical infarcts and
leukoencephalopathy

CCPT

Conners Continuous Performance Test

CI

cognitively impaired

CIS

clinically isolated syndrome

CLs

cortical lesions

CLTR

Consistent Long-Term Retrieval

CMV

Cytomegalovirus

CNS

central nervous system

CP

cognitively preserved

CSF

cerebrospinal fluid

CSTs

corticospinal tracts

D

delayed recall

DARTEL

Diffeomorphic Anatomical Registration
using Exponentiated Lie algebra

DG

dentate gyrus

DE

dual-echo

DIR

double inversion recovery

DIS

dissemination in space

DIT

dissemination in time

DMF

dimethyl fumarate

DMN

default mode network

DMT

disease modifying therapies

DTI

Diffusion Tensor Imaging




EBV

Epstein-Barr virus

EDSS

Expanded Disability Status Scale

EEG

electroencephalography

EMA

European Medicines Agency

EP

evoked potentials

EPI

echo-planar imaging

FA

fractional anisotropy

FC

functional connectivity

FDA

Food and Drug Admninstration

FFE

fast field echo

FLAIR

fluid attenuation inversion recovery

fMRI

functional MRI

FSS

Fatigue Severity Scale

FWE

family-wise error

GA

Glatiramer Acetate

GCIPL

ganglion cell and inner plexiform layer

GCL

granule cell layer

GM

grey matter

HATA

Hippocampus-amygdala transitional area

HC

healthy controls

HLA

human leukocyte antigen

'"H-MRS

Proton magnetic resonance spectroscopy

HR

hazard ratio

HSR

Hospital San Raffaele

HSV

herpes simplex virus

IFG

inferior frontal gyrus

IFN-B

interferon-3

IPL

inferior parietal lobule

IPMSSG

International Pediatric Multiple Sclerosis
Study Group

IPS

information processing speed

IQ

intelligence quotient

ISI

interstimulus intervals

ITG

inferior temporal gyrus

IVIG

intravenous immunoglobulin

JCV

John Cunningham virus

KSADS

Schedule for Affective Disorders and
Schizophrenia for School- Age Children-
Present and Lifetime Version

L

Left




LETM

longitudinally extensive transverse
myelitis

LMEM

linear mixed-effects model

LPA

latent profile analysis

LTP

long-term potentiation

LTS

Long-Term Storage

LV

lesion volumes

MADRS

Montgomery-Asberg Depression Scale

MAG

myelin-associated glycoprotein

MD

mean diffusivity

MDEM

multiphasic disseminated
encephalomyelitis

MBP

myelin basic protein

MFG

middle frontal gyrus

MFS

magnetic field strength

MOG

myelin oligodendrocyte glycoprotein

MRI

magnetic resonance imaging

MS

multiple sclerosis

MTG

middle temporal gyrus

MTR

magnetization transfer ratio

NAA

N-acetylaspartate

NAWM

normal appearing white matter

NBV

normalized brain volume

NcGMV

normalized cortical gray matter volume

NEDA

no evidence of disease activity

NGMV

normalized gray matter volume

NMO

neuromyelitis optica

NMOSD

NMO spectrum disorder

NWMV

normalized white matter volume

OCBs

oligoclonal bands

OCT

optical coherence tomography

ON

optic neuritis

OR

odds ratio

PASAT

Paced Auditory Serial Addition Test

PML

progressive multifocal leukoencephalitis

PoCG

postcentral gyrus

PP

primary progressive

RCTs

randomized controlled trials

RD

radial diffusivity

RIS

radiologically isolated syndrome

RNFL

retinal nerve fiber layer




ROI

regions of interest

R

Right

RR

relapsing-remitting

RS

resting-state

RT

reaction times

SCWT

Stroop Color and Word Test

SDMT

Symbol Digit Modalities Test

SEP

sensitive evoked potential

SFG

superior frontal gyrus

SLE

Systemic Lupus Erythematosus

SMA

supplementary motor area

sNfL

serum neurofilament level

SNPs

single nucleotide polymorphisms

SP

secondary progressive

SPART

Spatial Recall Test

SRT

Selective Reminding Test

STG

superior temporal gyrus

STIR

short tau inversion recovery

TBM

tensor-based morphometry

TBSS

tract-based spatial statistics

™

transverse myelitis

TMT

Trail Making Test

TSE

turbo spin-echo

VBM

voxel-based morphometry

VEP

visual evoked responses

WISC-R

Wechsler Intelligence Scale for children

WLG

Word List Generation

WM

white matter

95% CI

95% confidence interval
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Figures

Figure 3.1.1

fMRI patterns of activation and deactivation during CCPT
in HC and pediatric MS patients. Brain regions showing
linearly increasing functional magnetic resonance imaging
(fMRI) activations (A, B) and deactivations (C, D) with
increasing Conner’s Continuous Performance Test (CCPT)
difficulty in healthy controls (HC) (A, C) and pediatric patients
with multiple sclerosis (MS) (B, D) (one-sample t-tests, p <
0.001 uncorrected). Areas showing increased activation with
increasing CCPT load in pediatric MS patients versus healthy
controls are shown in E, while brain areas showing reduced
activation are shown in F. Images are displayed with the
neurological convention (De Meo et al, 2017).

Figure 3.1.2

fMRI patterns of activation and deactivation during CCPT
in CP and CI pediatric MS patients. Brain regions showing
significantly different fMRI activations and deactivations with
increasing Conner’s Continuous Performance Test (CCPT)
difficulty in cognitively preserved (CP) and cognitively impaired
(CI) patients with multiple sclerosis (MS). Results are shown at
p < 0.001, uncorrected. Images are displayed with the
neurological convention (De Meo et al., 2017).

Figure e-3.1.1

Box plots of correct responses in pediatric MS patients.
Correct responses at Conner’s Continuous Performance Test
(CCPT) were reported as percentages. The light gray box plot
represents cognitively preserved (CP) pediatric multiple
sclerosis (MS) patients’ percentage of correct responses; the dark
gray box plot represents the percentage of correct responses in
cognitively impaired (CI) pediatric MS patients (De Meo et al.,
2017).

Figure 3.2.1

Gray matter developmental trajectories estimation and
assessment of deviations from them in pediatric multiple
sclerosis patients. (A.1) Left thalamus gray matter (GM)
developmental trajectories are represented as estimated in the
whole group of HC (means are represented by solid lines and
95% confidence interval by dashed lines). The model was
estimated, for illustrative purpose, from average relative GM
volumes (representing the amount of GM relative to the voxel
size) within the left thalamus mask from Automatic Anatomical
Labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002). Spaghetti




lines for each participant’s measurements over time are also
shown. (A.2) Graphical representation for the pediatric multiple
sclerosis (MS) patients of deviations from the sex- and age-
specific GM developmental trajectories. One male and one
female MS patient whose longitudinal scans were available,
were taken as examples to show their deviation from the
expected values (vertical solid arrows) as assessed at baseline
and at follow-up. From magnetic-field-strength-adjusted
measurements obtained for each MS patient at each time point,
z-scores were computed by subtracting and dividing by the
normative sex- and age-specific estimated mean (solid line) and
standard deviation (SD) respectively. Mean = 1 SD reference
lines are also represented (dotted lines) for comparison. (B) GM
volume deviations from the expected values in pediatric MS
patients (represented in terms of mean z-scores) at baseline (one
sample t-test, p<0.05 FWE corrected). Brain regions
experiencing significantly greater loss of GM are highlighted on
the blue-light blue scale. (C) Longitudinal changes (expressed as
mean estimated z-score changes) in GM volume deviations from
the expected values in pediatric MS patients (one-sample t-test,
adjusted for follow-up duration, baseline EDSS and disease
duration, p<0.001 uncorrected). Brain regions experiencing GM
damage progression are highlighted using the blue/light blue
scale, while those experiencing reduced deviation from the
expected values are highlighted using the red/yellow scale.
Images are presented in neurological convention (De Meo et al,
2019).

Figure 3.2.2

Gray matter growth rate in the whole group of healthy
controls. Relative gray matter (GM) volume change per year in
healthy controls at each age decile, shown separately for males
and females. Brain regions showing a significant increase of
relative GM volume per year are red-yellow, while brain regions
showing a significant negative GM volume change per year are
represented in blue-light blue (linear mixed-effects model,
p<0.001 uncorrected). Images are presented in radiological
convention (De Meo et al., 2019).

Figure 3.3.1

Thalamic segmentation according to geodesic distance from
CSF. An example of thalamic segmentation obtained in a
healthy subject is provided for a sagittal, coronal and axial slice,
respectively (first row). A 3D representation of the same
thalamic segmentation is also provided (second row). The red-




yellow scale shows the different thalamic bands according to the
geodesic distance from the CSF (De Meo et al, 2020b).

Figure 3.3.2

Quantitative MRI metrics in the whole thalamus and
thalamic white matter according to the distance from CSF.
(A) Fractional anisotropy (FA), (B) mean diffusivity (MD) and
(C) T1/T2 ratio values in thalamic concentric bands obtained as
a function of their geodesic distance from CSF are expressed as
mean (solid lines) + standard deviation (shaded area). (D) FA,
(E) MD and (F) T1/T2 ratio values in thalamic white matter
concentric bands obtained as a function of their geodesic
distance from CSF are expressed as mean (solid lines) + standard
deviation (shaded area). Pediatric multiple sclerosis patients are
represented in red and healthy controls in blue. Multivariate
analysis adjusted for age, sex and thalamic volume was
performed to compare thalamic quantitative MRI measures
within each concentric band originating from CSF/thalamus-
interface. For all analyses, statistically significant threshold was
set at p-value <0.05, corrected for multiple comparisons
(Bonferroni correction was applied). An asterisk (*) individuates
the thalamic bands where metrics are significantly different
between pediatric multiple sclerosis patients and healthy
controls (De Meo et al., 2020b).

Figure 3.3.3

T2 hyperintense thalamic lesion volume distribution within
the thalamus. Boxplots show hyperintense focal thalamic
lesions volume normalized for thalamic volume [ml] for each
thalamic concentric band originating from the CSF/thalamus-
interface. Each boxplot includes: the minimum (represented by
the lowest data point excluding the outliers), the maximum
(represented by the largest data point excluding the outliers), the
sample median (the solid line within the box), and the first (the
lower extremity of the box) and third quartiles (the upper
extremity of the box). Outliers are represented as single dot (De
Meo et al., 2020b).

Figure 3.3.4

Mechanisms of thalamic damage at CSF/thalamus interface
and thalamus/WM interface in pediatric patients with
multiple sclerosis. (A) Mechanisms underlying thalamic
damage at CSF/thalamus interface are represented as well as
significant changes in quantitative MRI metrics observed at
CSF/thalamus interface. In the picture, at the bottom is shown
cortical thinning in pediatric multiple sclerosis patients that was
associated with abnormalities in quantitative thalamic MRI
metrics observed at CSF/thalamus interface (highlighted in




blue). (B) Mechanisms of thalamic damage occurring at
thalamus/WM interface are represented in green. In the MRI
image at the top, WM lesions detected in a pediatric MS patient,
which were associated with abnormalities of quantitative MRI
metrics at thalamus/WM interface, are green filled for
exemplificative purpose. At the bottom, pathological changes
likely to underlay the MRI abnormalities detected are
graphically represented (De Meo et al., 2020b).

Figure 4.1.1

Lesion distribution. The pictures are representative of the seven
brain regions considered in the study. Lesions located in the
following compartments (highlighted by white circles and
arrows) could be detected on FLAIR MRI sequences: (A) optic
nerve; (B) periventricular region (one lesion); (C) periventricular
region (three or more); (D) cortical/juxtacortical region; (E)
cerebellum; (F) deep gray matter; (G) brainstem; (H) cervical
cord (De Meo et al, 2021a).

Figure 4.1.2

EDSS score at longest follow-up in pediatric multiple
sclerosis patients. Pediatric multiple sclerosis patients not
worsened at last follow-up are represented in histograms with
gray filling, while those worsened at follow-up are represented
in histograms with black filling (De Meo et al., 2021a).

Figure 4.1.3

Risk of a first relapse in pediatric multiple sclerosis patients
with and without optic nerve lesions. (A) Survival curves of
time from disease onset to first relapse in pediatric multiple
sclerosis patients with and without optic nerve lesions. Pediatric
multiple sclerosis patients with optic nerve lesions are
represented in black while patients without optic nerve lesions
are represented light gray. (B) Survival curves of time from
disease onset to first relapse in pediatric multiple sclerosis
patients on moderate and high efficacy disease modifying
treatments (DMT). Pediatric multiple sclerosis patients on
moderate efficacy DMT are represented in light gray, while
patients on high efficacy DMT are represented in black (De Meo
etal.,2021a).

Figure 4.2.1

Study flow-chart. The diagram illustrates patients’ selection to
obtain the final dataset.

Figure 4.2.2

Kaplan—Meier estimates of the time to reach disability
milestones from birth or disease onset in early vs late onset
pediatric MS patients. Panels on the left represent Kaplan-
Meier estimates of time to reach disability milestones (EDSS 3
in A, EDSS 4 in C and EDSS 6 in E) measured from birth. Panels
on the right represent Kaplan- Meier estimates of time to reach




disability milestones (EDSS 3 in B, EDSS 4 in D and EDSS 6 in
F) measured from MS onset.

Figure 7.1.1

Clinical and demographic features of clinical phenotypes.
Boxplots of age (A), disease duration (B), EDSS (C), age of
onset (D), education (E), Montgomery-Asberg Depression Scale
(F) and Fatigue Severity Scale scores are represented for each
phenotype. In each graph, we reported statistically significant
between-groups comparisons (black horizontal lines) and their
significance level according to the following code: ***=p<.001;
**=p<.0l, *=p<.05. In (H) histograms show the relative
frequencies as percentage of cognitive phenotype within clinical
phenotypes from left to right: early relapsing-remitting multiple
sclerosis (RRMS), RRMS, secondary progressive multiple
sclerosis and primary progressive multiple sclerosis. “Preserved
cognition” is represented in cyan blue, “mild- verbal memory/
semantic fluency” in purple, “mild-multi-domain” in green,
“severe-attention/executive” in yellow and “severe-multi-
domain” in red (De Meo et al, 2021c¢).

Figure 7.1.2

MRI features of cognitive phenotypes. Brain structures
showing differences between each phenotype and healthy
controls are yellow-colored, while those showing differences
between each phenotype and both healthy controls and
“preserved cognition” patients are red-colored (De Meo et al.,
2021c).

Figure e-7.1.1

Latent Profile Analysis results. The figure represents the
cognitive performance of each phenotype: points indicate mean
z-scores obtained at each neuropsychological test and error bars
reflect the 95% confidence interval. “Preserved cognition”
phenotype is represented in cyan blue, “mild-verbal
memory/semantic fluency” in purple, “mild-multi-domain” in
green, “severe-attention/executive” in yellow and “severe-multi-
domain” in red (De Meo et al., 2021c).

Figure 7.2.1

Graphical representation of hippocampal subfields
segmentation. Axial, coronal and sagittal views of hippocampal
subfields obtained in a healthy subject enrolled in the study.
Hippocampal subfields are overlaid on the corresponding T1-
weighted image by using FreeView visualization tool
(https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide/)
(De Meo et al, 2021d).
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Abstract

During this PhD research course, different advanced MRI techniques were applied
in pediatric multiple sclerosis (MS) patients to characterize the neuroanatomical
substrates of cognitive impairment, to explore the complex interplay between gray matter
(GM) maturational processes and disease-related damage and to unravel in vivo potential
pathogenetic mechanisms.

In details, inefficient regulation of the functional interaction between different
areas of sustained attention system due to abnormal white matter (WM) integrity was
identified as a potential substrate of cognitive impairment in pediatric MS patients.

In a longitudinal setting, we observed that pediatric MS patients experienced
failures in GM development in several cortical and sub-cortical regions, as well as GM
atrophy progression in most of these regions. These abnormalities were only partially
related to focal MS lesions, thus suggesting the existence of early neurodegenerative
processes independent from WM lesions. Furthermore, higher IQ, a proxy of cognitive
reserve in pediatric patients, resulted as a protective factor against GM damage, being
associated with reduced deviations from age-expected volumes of specific GM regions at
baseline and during the follow-up.

Focusing on the thalamus, we observed a trend toward thalamic atrophy and we
detected significant microstructural abnormalities as assessed by using different
quantitative MRI measure (fractional anisotropy, mean diffusivity and T1/T2-weighted
ratio). Segmenting the thalamus and thalamic WM into concentric bands originating from
CSF/thalamus interface, we observed significant microstructural abnormalities in bands
nearest to CSF and in those closest to WM. Moreover, the abnormalities detected at
CSF/thalamus interface correlated with cortical thickness reduction, while those at
thalamus/WM interface with WM lesion volume. These findings support the hypothesis
of heterogeneous pathological processes, including retrograde degeneration from WM
lesions and CSF-mediated damage, leading to thalamic microstructural abnormalities,
likely preceding macroscopic tissue loss.

In a longitudinal setting, we identified several predictors of disease course and
prognosis in pediatric MS patients. Shorter time to first relapse was predicted by optic

nerve lesions, while longer time was predicted by high-efficacy treatment exposure.



Lesion location at baseline MRI scan together with disease activity during the first 2 years
of disease significantly accounted for annualized relapse rate over 9-year of follow-up.
The involvement of clinically eloquent sites (such as the optic nerve, brainstem, and
spinal cord) at baseline, together with disability and MRI activity during the first 2 year
of disease were found as significant predictors of 9-year disability.

Finally, analyzing data from the Italian MS Register, we showed that compared
to post-pubertal, pre-pubertal onset pediatric MS patients took longer time from disease
onset to convert to secondary progressive phenotype and to reach irreversible Expanded
Disability Status Scale scores of 3, 4, and 6. These findings highlight a different natural
history of pre- vs post-pubertal onset pediatric MS, pointing towards the existence of
specific pathophysiological mechanisms, combined with a greater capacity of recovery

to counteract damage, in younger pediatric MS patients.
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1. Introduction

1.1 General considerations

Multiple sclerosis (MS) is a chronic immune-mediated disease of the central
nervous system (CNS) resulting in inflammation, demyelination and neurodegeneration.
It represents one of the leading causes of disability in young adults. In about 2-5% of
cases, MS presents with a first demyelinating event before age 18 years old, namely
during childhood or adolescence (i.e., pediatric MS) (Boiko ef al, 2002; Renoux et al,
2007).

MS always needs to be distinguished from other acquired demyelinating
syndromes (ADS), especially in pediatric patients. The overall incidence of ADS in
children and adolescents is estimated to be about 0.87 per 100’000 persons per year (Yan
et al, 2020). Approximately 20% of children with ADS are diagnosed with MS (Fadda et
al, 2018c). The clinical of the ADS varies across studies (Absoud et al, 2011; Banwell et
al,2011; Ketelslegers et al, 2012; Reinhardt et al, 2014): 22—-36% of patients manifest an
optic neuritis (ON), 19-24% acute disseminated encephalomyelitis (ADEM), 3-22%
transverse myelitis (TM), 9—16% another monofocal ADS; and 2—4% neuromyelitis
optica (NMO). Different parameters, including age at ADS onset, sex, clinical
presentation, CSF profile, MRI features and environmental and genetic risk factors,
contribute to the likelihood that an incident demyelinating attack represents the first
episode of MS.

Pediatric MS initially follows a relapsing-remitting (RR) disease course in about
98% of cases, while primary progressive (PP) MS is rare (Waldman et al, 2014).
Compared to adult, pediatric MS is characterized by more active inflammation (clinical
relapses and MRI activity), but also better damage repair (complete recovery and MRI
lesion volume reduction or even disappearance) (Banwell ez a/, 2016; Waldman et al,
2016). MS patients with onset during childhood or adolescence take longer time to reach
irreversible disability and the secondary progressive (SP) stage compared to adult-onset
ones (Harding et al, 2013; Renoux et al., 2007). Nonetheless, due to the early onset,
pediatric patients with MS become disabled at an earlier age compared to their adult
counterparts (Waldman et al., 2016). In addition, pediatric MS has a great impact on brain
integrity, as evidenced by MRI metrics that quantify disruption of tissue microstructure.

Finally, pediatric MS affects age-expected brain volume (Banwell et al., 2016), cognitive
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function and maturation (Amato et al, 2016), mood and behavior (Amato et al., 2016;
Krysko & O'Connor, 2016), and parental quality of life and family functioning
(O'Mahony et al, 2018).

In this perspective, with an increase in diagnostic awareness of pediatric MS, the
paradigm of early treatment has recently emerged as a consensus standard of care in order
to prevent long-term sequelae, also leading to expand the therapeutic opportunity in this
specific population as demonstrated by the increasing number of clinical trials in pediatric
patients carried on in the last decade.

Finally, by virtue of their young age, children with MS have a limited time
between the biologic onset of disease and clinical presentation, yielding the opportunity
to study disease-related mechanisms operative at disease onset. The following chapters
will discuss the current understanding of epidemiology, clinical presentation, diagnosis

and differential diagnosis, therapeutic options and MRI features in pediatric MS.

1.2 Epidemiology

Epidemiological estimates of pediatric MS may vary depending on the
geographical location (Wallin et al, 2019). A positive correlation between MS prevalence
and distance from the Equator both in Southern and Northern hemispheres has been
observed (Wallin et al., 2019), suggesting that both geography and socioeconomic factors
may contribute to the incidence and prevalence of pediatric MS. A recent metanalysis
reported pooled global incidence and prevalence estimates as 0.87 per 100’000
individuals annually and 8.11 per 100’000 individuals, respectively (Yan et al., 2020).
Overall incidence rates ranged from 0.05 (95% confidence interval 0.03-0.08) per 100000
children (Tunisia) to 2.85 (95% confidence interval 2.83-2.86) per 100000 children
(Sardinia). Overall prevalence rates ranged from 0.69 (95% confidence interval 0.58-
0.80) per 100000 children (Japan) to 26.92 (95% confidence interval 26.61-27.23) per
100000 children (Sardinia) (Jeong et al, 2019).

In addition to latitude, different factors influence incidence and prevalence of MS
in pediatric populations including: ancestry, sex and age (Yeh et al, 2009a). The
proportion of Caucasian ethnicity in pediatric MS patients is lower than what is expected
in an adult MS cohort (Boiko et al., 2002; Chitnis et a/, 2009; Kennedy et al, 2006). The

female:male ratio of pediatric MS patients varies by age: form 0.8:1 below the age of 6



years, it increases to 1.6:1 between the ages of 6 and 10 years, and to 2.1:1 for children
over the age of 10 years. Instead, the female:male ratio of adult MS patients is about 3:1
(Banwell et al, 2007a). Incidence of pediatric MS increases with age, most notably after
age 12 years (only <1% of all MS cases present before age 12) (Waldman et al., 2016).
These sex- and age-related effects might be due to influences of sex hormones starting
from puberty (Chitnis et al., 2009), as well as to evolution in the myelination state of

various areas of the CNS.

1.3 Genetic and environmental risk factors

Risk factors for MS include genetic haplotypes, specific single nucleotide
polymorphisms, vitamin D insufficiency, smoking (including second-hand exposure),
obesity (especially during childhood), and viral exposures (Otallah & Banwell, 2018).

1.3.1 Genetic risk factors. Human leukocyte antigen (HLA)-DRBI1*15:01 has
been identified as a genetic risk factor for MS in children and adults (Waldman et al.,
2014). Furthermore, specific non-HLA single nucleotide polymorphisms (SNPs) were
recently found to be associated with higher risk of developing MS in children, with
synergistic roles if they occur in combination (Gianfrancesco et al, 2017). Furthermore,
certain risk alleles, such as AHIl and BDNF, may be associated with relapse rates,
recovery from relapses and disability accumulation in children and adults with MS
(Graves et al, 2017).

Epigenetic abnormalities, which alter gene transcription and cell function, are
increasingly recognized to play a role in MS onset. They represent forms of gene-
environment interactions. Among the many studies on the topic, we cite the increasingly
recognized role of micro-RNA (miRNAs) in modulating MS risk, through an influence
on the expression of genes involved in immune signalling and other cellular functions
(Rhead et al, 2019).

1.3.2 Low Vitamin D levels. Similarly to adult MS patients (Rhead et al, 2016),
low vitamin D levels are associated with an increased risk of developing pediatric MS
(Jacobs et al, 2020). A causal and independent association of low levels of vitamin D and
increased body mass index with the risk of pediatric MS was observed in a recent meta-
analysis after adjusting for sex, ancestry, HLA-DRB1*15:01, and over 100 non-HLA MS

risk variants (Gianfrancesco et al., 2017). Vitamin D levels have also been demonstrated



to affect disease course, with higher levels associated with lower risk of relapses (Mowry
et al,2010).

1.3.3 Obesity. Childhood obesity, especially before the age of 10 years old, is an
independent risk factor for MS (Hedstrom et al, 2012; Jacobs et al., 2020). Even if the
precise biological explanation is still being investigated, several mechanisms have been
proposed (Huitema & Schenk, 2018). Levels of leptin and other adipokines are known to
modulate peripheral immune function (Guillemot-Legris & Muccioli, 2017; Keyhanian
et al, 2019), and they may also influence CNS-resident microglia activation state in
pediatric MS patients (Nyirenda et al/, 2021). Obesity produces low-grade increased
systemic inflammation, likely favoring autoimmune responses (Cook et al, 2000; Valle
et al, 2005). Finally, obesity is associated with lower vitamin D levels, possibly due to
decreased bioavailability (influencing response to vitamin D supplementation) and body
surface-to-volume ratio (influencing vitamin D production from sun exposure)
(Hypponen et al, 2001).

1.3.4 Infections. The role of viral infections acquired during childhood in
determining MS has been widely explored, although only Epstein-Barr virus (EBV)
infection has been consistently associated with increased risk for pediatric and adult-onset
MS (Waubant et al, 2011; Waubant et al, 2016).

1.3.5 Gut microbiota. Alterations of gut microbiota are increasingly implicated in
the etiopathogenesis of MS. In pediatric patients, higher abundance of Actinobacteria has
been observed compared to healthy children, similar to other inflammatory conditions
(Tremlett et al, 2016). In pediatric MS patients, depletion of Fusobacteria correlated with
higher risk of relapses (Tremlett & Waubant, 2018a, b). Furthermore, not only individual
gut microbial species, but also networks of interactions among them showed a significant
association with decreased or increased hazard of clinical and MRI activity (Horton et al,
2021).

1.3.6 Smoking. Smoking and second hand smoke represent risk factors for
pediatric MS (Mikaeloff ef al, 2007). In a recent study, including 81 pediatric MS and
216 mono-ADS patients, the association of second hand smoke with the presence of

HLA-DRB1*15:01 resulted as a risk factor for MS (Lavery et al, 2019).



1.4 Immunopathophysiology in pediatric MS

The peripheral activation of CD4" T cells in response to some stimulating antigen
is likely to represent an early process in the immunopathophysiology of MS (Bar-Or,
2008). Indeed, activated T cells show an increased capability to interact with and
transmigrate across the brain blood barrier, thus leading to CNS perivascular
inflammatory damage (Bar-Or, 2008). This condition cause the exposition of additional
CNS antigen, resulting in the so-called “epitope spreading,” thus propagating a chronic
immune response (Bar-Or, 2008; Chitnis, 2007). To date, the initial antigenic targets in
MS are unknown. The only potential target identified for this early injury in pediatric MS
is represented by the axoglial apparatus (Dhaunchak et a/, 2012).

Several abnormalities in phenotype and function of both effector (Teff) and
regulatory (Treg) T cells have recently been observed in pediatric MS patients (Mexhitaj
et al, 2019). Furthermore, early immune senescence has been hypothesized in pediatric
MS patients, as children with MS compared to their healthy counterpart showed an
increased proportion of memory cells and fewer recent thymic emigrants (Balint et al,
2013). Indeed, in response to myelin peptides, pediatric MS patients compared to adults
with MS and healthy children experienced a higher frequency of proliferating memory
CD4" T cells and higher levels of interleukin-17 secretion, supporting the role of these T
cells in disease-related pathogenetic mechanisms (Vargas-Lowy et al, 2013).

During the last decades, considering the new drugs available in adult MS patients
targeting the CD20 surface molecule (rituximab, ocrelizumab, ofatumumab), the role of
B cells in determining MS pathology has been widely explored. Compared to adult-onset,
pediatric-onset MS patients showed a different B-cell patterns in CSF during an acute
relapse (Balint ez al., 2013). In details, in pediatric MS patients a higher frequency of
non-switched memory B cells and plasmablasts were found, while both pediatric and
adult MS patients showed an expanded circulating CD27 IgD"* naive subset and a
concomitantly contracted CD27" memory B-cell pool (Balint et al., 2013). These results,
indicative of age-independent variations in B-cell phenotype, confirmed the existence of
an altered naive-to-memory cell ratio also in B cell compartment.

Finally, in pediatric MS, elevated plasmablasts in the periphery were observed,
similarly to what occurs in prototypic autoantibody-driven autoimmune disorders,

emphasizing a role for B cells in MS immune pathophysiology (Schwarz et al, 2017).



1.5 Pathology of pediatric MS

Some insight into the pathology of early disease stages is derived from studies of
biopsy tissue from early RRMS cases. Demyelination of both white matter (WM) and
gray matter (GM) is the pathologic hallmark of MS (Bar-Or et al, 2016). Multiple
pathological mechanisms including the effect of cytotoxic cytokines, reactive oxygen or
nitrogen species, the activation of macrophages, microglia and complement components
or demyelinating antibodies are involved in MS-related demyelination (Bar-Or ef al.,
2016). In other cases, signs of oligodendrocyte dystrophy were observed, reflected by
impaired expression of certain myelin proteins, such as myelin-associated glycoprotein
(MAG) or dystrophic changes in most distal oligodendrocyte processes (Lucchinetti et
al, 2000). These different pathological features suggest a pathogenetic heterogeneity of
demyelination in different MS lesions. In this scenario, heterogeneity of MS lesions also
involves remyelination particularly evident in early disease stages and in the cortex
compared to the WM.

A recent systematic analysis of pediatric MS WM lesions (Pfeifenbring et al,
2015) showed that compared to adults, pediatric MS patients experienced a 50% higher
degree of acute damage to axons, with a negative correlation with patients' age at the time
of either biopsy or autopsy. In this same study (Pfeifenbring et al., 2015), prepubertal MS
patients had the highest degree of damage to axons and of macrophage/microglia numbers
in MS lesions, highlighting a clear age dependency for inflammation and innate immune
reaction.

Considering the difficulty in obtaining pathological data, serum neurofilament
level (sNfL) has recently emerged as a biomarker of neuro-axonal damage in MS.
Although highest sNfL was observed in children presenting with ADEM, high sNfL were
associated with a shorter time to clinically-definite MS diagnosis in ADS patients without

ADEM (Wong et al, 2019).

1.6 Clinical manifestations
Optic neuritis (ON), acute transverse myelitis (TM), monofocal or polyfocal
neurologic deficits extrinsic to the optic nerves or spinal cord, or ADEM are usually the

first clinical manifestation of pediatric MS. Children often present with polyfocal



symptoms, whereas monofocal presentations are more common in adolescents and adults
(Yeh et al., 2009a). A polyfocal presentation of MS, characterized by neurologic
symptoms referable to the involvement of multiple areas within the CNS, occurs in 50%
to 70% of children (Mikaeloff et al/, 2004c), whereas 30% to 50% of them present with
monofocal symptoms (Banwell et al, 2007b). Approximately 10% to 23% of children
with MS present with ON (Ghezzi et al, 2002; Verhey et al, 2013), and bilateral ON is
associated with an increased MS risk compared with unilateral ON (Wilejto ez a/, 2006).
Acute isolated TM occurs as a first attack of MS in only 2% to 14% children (Mikaeloff
et al., 2004c; Verhey et al, 2011), more frequently, acute TM represents a monophasic
illness, or when co-occurring with ON, may represent the heralding features of NMO.
Monofocal presentations of motor dysfunction occur in 30% of children with MS with
different symptoms (Waldman et al., 2016).

Another study has been conducted with the aim to recognize the typical
presentation of MS in pre-pubertal patients (Huppke et al, 2014). Compared with post-
pubertal, pre-pubertal children presented more commonly with a polysymptomatic onset
(49% vs. 37%, p = 0.24) and a preponderance of motor (44.7% vs. 26.8%) and brainstem
(42.5% vs. 26.8%) symptoms (comprising diplopia and facial weakness). Sensory
symptoms (46.3% vs. 25.5%) and optic nerve lesions (31.7% vs. 14.9%) predominated in
the post-pubertal group. Statistical significance was achieved for sensory symptoms
(p = 0.04) and near significance for motor (p = 0.08) and optic lesions (p = 0.06). An
encephalitic manifestation (12.8% vs. 2.5%, p = 0.08) and a severe first attack (26.8% vs.
10.5%, p = 0.06) were notably more common in the younger child with near significance
for both. Seizures (6.4%) and sphincter dysfunction (6.4%) at onset were only seen in the
pre-pubertal group.

Over the first 2 years of disease, the initial symptom pattern at onset was
reinforced, reaching significance for all variables except cerebellar involvement. Motor
(68.1% vs. 46.3%, p = 0.039), brainstem (59.6% vs. 39%, p = 0.054), sphincter (17% vs.
2.4%, p=0.024) and cognitive disturbances (25.5% vs. 7.3%, p =0.023) afflicted
significantly more pre-pubertal patients while sensory (40.4% vs. 73.2%, p = 0.002) and
optic nerve lesions (25.5% vs. 46.3%, p = 0.04) more post-pubertal patients. Cognitive

impairment was documented for a quarter of pre-pubertal patients: 66% experienced



concentration problems, 42% a decline in school performance and 42% behavioral

changes and mood swings (Huppke et al., 2014).

1.7 Natural history and long term prognosis

More than 98% of children and adolescents diagnosed with MS follows a RR
course (Waldman et al., 2014), while primary progressive MS is extremely rare in
children (less than 2%) (Renoux et al., 2007). Children who have a progressive course
from onset of a MS-like illness should undergo extensive assessment for alternative
diagnoses, such as mitochondrial, neoplastic, and neurodegenerative disorders.

An MS relapse is characterized by neurologic symptoms that persist for at least
24 hours, separated from a previous attack by a minimum of 28 days (Poser et al, 1983).
A complete recovery after the first demyelinating episode is reported in most of children
(Duquette et al, 1987), who remain clinically stable between subsequent MS relapses.
Annualized relapse rate (ARR), estimated between 0.38 and 0.87 (Ghezzi et al., 2002;
Simone et al, 2002), is higher in children compared with adults (Gorman et al, 2009).
However, children recover significantly better from relapses than adults (Chitnis et al,
2020). Moreover recovery from relapses seems to be more rapid in children than in adult
patients with MS (mean time of relapse-related symptoms: 4.3 weeks in pediatric MS vs.
6—8 weeks in adult MS) (Ruggieri et al, 2004).

High variability in the proportion of pediatric-onset MS patients reaching the
secondary progressive (SP) phase has been observed because of differences in follow-up
duration (Renoux et al., 2007; Simone, 2002).

Although the rate of disability progression varies from individual to individual
regardless of the age at onset, a consistent finding in most pediatric MS retrospective
studies is lower disability scores compared with adult patients with MS while controlling
for disease duration (McKay et al, 2019; Renoux et al., 2007). Despite a slower
development of irreversible disability in pediatric MS patients, the age when these
patients are confronted with disease progression and neurologic deficits is 10 years
younger than for the population with adult-onset MS, a time when one is expected to have
a family and enter the workforce (Chitnis et al, 2011; McKay et al., 2019; Renoux et al.,
2007).



1.8 Cognitive impairment

The onset of disease during the stage of acquisition of higher cognitive functions
expose pediatric patients to a unique vulnerability to cognitive impairment (Amato et al.,
2016). The neuropsychosocial issues of pediatric MS encompass a variety of problems,
including feelings of self-consciousness, worries related to the future, problems with
family and friends, mood disorders, and cognitive impairment. Children experience a
variety of academic difficulties secondary to school absences, severe fatigue, and
cognitive complications (Amato et al., 2016).

Across different test batteries and definitions of cognitive impairment, cognitive
impairment is consistently reported in approximately one-third of patients with pediatric
MS (Amato et al., 2016). In a US cohort the complex attention (29.7%), poor naming
(18.9%), receptive language problems (13.5%), immediate recall of visual information
(8.1%), and delayed recall of visual (11%) and verbal (18.9%) information were found as
the most common affected cognitive domains. In an Italian multicenter study (Amato et
al,2008) the most frequently affected cognitive domains were verbal ability (39%—53%),
visuospatial memory (18%—-56%), complex attention (28%—-50%), and executive
functions (41%).

Considering the impact of cognitive deficits during childhood and adolescence
and moreover their consequences in the adulthood, it appears interesting to analyze the
long-term outcome of cognitive functioning. Information about the long-term cognitive
outcome in pediatric MS patients is scarce (Marin et al, 2013). Most but not all
longitudinal studies to date (Abelev et al, 2014; Amato et al, 2014a; Amato et al, 2010;
MacAllister et al, 2007b; Till et al, 2013) report cognitive worsening, with variable
frequencies. During the short term, most younger individuals with MS appear to remain
relatively stable (Charvet et al, 2014; Till et al., 2013), but a decline within 5 years of
follow-up has been found (Amato et al., 2014a). Further, even during just 1 year of
follow-up, younger individuals with pediatric MS can fail to acquire age-appropriate
gains relative to their peers (Till e al., 2013). At what exact point during childhood or
adolescence the brain is most vulnerable to the cognitive involvement of MS remains
unclear. Those with a younger age at onset could be expected to be at increased risk for
cognitive problems (Hosseini et a/, 2014), but older pediatric patients have been found to

have higher rates of impairment in some reports (Wuerfel et al, 2018).
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A recent study by McKay and colleagues reported that adults with pediatric onset
MS compared to those with adult onset MS performed more slowly on Symbol Digit
Modalities Test (SDMT), a widely used cognitive screening measure that tests
information-processing speed. The Authors demonstrated that early in their course,
patients with pediatric onset MS performed somewhat better than those with adult onset
MS. However, the 2 groups diverged by the time pediatric onset MS patients reached 30
years of age, with slower performance in the pediatric onset MS group relative to the
adult onset MS group, persisting over time. Although patients with pediatric onset MS
had longer disease duration, the findings remained even adjusting the model for disease
duration.

Against this background, it is mandatory the inclusion of neuropsychological
testing and evaluation of school performance in the clinical monitoring of pediatric MS

patients (Amato et al., 2016; Lee & Chitnis, 2016).

1.9 Fatigue and mood disorders

Approximately the 30% of children with MS reports fatigue, described as a
“pervasive sense of lack of energy limiting the child’s participation in school, sport, and
peer-related activities” (Amato et al., 2016; Banwell, 2013). However, due to the
difficulty in the assessment of fatigue in this specific population, discrepancies between
self-reports and parent-reports of the presence and severity of fatigue have been described
(MacAllister et al, 2009), with parents reporting fatigue more frequently than their
children (Goretti et al, 2012; MacAllister et al., 2009). Overall, fatigue is an extremely
relevant symptom in pediatric MS as it affects both mood and cognitive performance
(Goretti et al., 2012).

Given that cognitive impairment affects quality of life and negatively affects
school performance, special attention to school-related accommodations and emotional
well-being is imperative to the multidisciplinary care of children with MS. The Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime
Version (KSADS) revealed that approximately 30% to 48% of children with MS or
related conditions have affective disorders (Amato et al., 2008; Weisbrot et al, 2010).
The most common psychiatric conditions are major depression, anxiety disorder, a

combination of anxiety and depressive disorders, panic disorder, bipolar disorder, and
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adjustment disorder. As well as for fatigue also for mood disorders and behavioral
problems, parents showed higher awareness of these symptoms than the children or

adolescents (Amato et al., 2014a; MacAllister et al, 2007a).
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1.10 Diagnosis

1.10.1 Diagnostic procedures. The diagnosis of MS, in both children and adults,

requires: (1) evidence of dissemination of disease activity within the CNS (dissemination
in space — DIS) and over time (dissemination in time — DIT), (2) clinical symptoms typical
of an MS attack, and (3) the exclusion of MS-mimicking disorders (Filippi et al, 2018;
Lee & Chitnis, 2016). All three aspects must be confirmed.
In general, this is achieved with accurate clinical evaluation, imaging studies of the brain
and/or spine, serologic and CSF analyses, with or without the aid of neurophysiological
exams. Blind application of current diagnostic criteria to MRI findings may lead to a high
number of wrong diagnoses, especially in pediatric patients.

1.10.2 MRI. In children and adolescents with a first demyelinating attack, the
presence of 1 or more not-enhancing 7'-hypointense lesions or 2 or more periventricular
lesions, has been associated with increased likelihood of MS diagnosis (Callen et al,
2009). Subsequently, the concomitant presence of 1 periventricular 7>-hyperintense
lesion and at least 1 T1-hypointense lesion resulted as a strong predictor of subsequent
MS diagnosis (Verhey et al., 2011). The presence of Ti-hypointense lesions is relevant
for distinguishing MS form ADEM as they can be observed in fewer than 20% of children
with ADEM (Deiva et al, 2012).

The International Pediatric Multiple Sclerosis Study Group (IPMSSG) consensus
diagnostic criteria included the 2010 McDonald criteria (Krupp et al, 2013; Polman et al,
2011). Simplifying the requirements for DIS and DIT, these criteria improved early
detection of MS while maintaining specificity and including a specific focus on pediatric
MS.

While clinical and MRI features of adolescent MS patients resemble those of adult
onset patients (Waubant et al, 2009; Yeh et al, 2009c¢), children younger than 11 years
more frequently show large and ill-defined lesions (Banwell ef al, 2007¢; Chabas et al,
2008) that resolve over time early in the disease course (Chabas et al., 2008). These
features, being also likely to represent the initial presentation of myelin-oligodendrocyte
glycoprotein antibody-associated disease (MOGAD), make the 2010 as well as the 2017
criteria less reliably predictive of confirmed relapsing MS in younger children (Fadda et

al, 2018b; Hacohen et al, 2019; Verhey et al., 2013; Wong et al, 2018).
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Furthermore a higher likelihood of ADEM as first demyelinating event is reported
in children younger than 11 years, delaying MS diagnosis in this population, as long as
ADEM needs to be followed by further non-ADEM attacks and/or accrual of clinically
silent new lesions_before applying MS diagnostic criteria (Wong et al., 2018).

Finally, also in pediatric population, it is possible to observe MRI features
consistent with MS in children imaged for indications other than clinical demyelination.
At present, children and adults with radiologically isolated syndrome (RIS), even those
who show new lesions on serial imaging, do not meet criteria for MS unless a clinical
attack occurs. It is important to perform paraclinical testing to evaluate for subclinical
disease or for evidence of a prior attack that was not identified—a key issue in young
children who may not have reported mild symptoms.

1.10.3 Evoked potentials. Multimodal evoked potentials (EP) may aid in the
localization of lesions and confirm an organic basis of clinically ambiguous symptoms.
Moreover, EP can identify clinically silent lesions and thereby could provide objective
support for DIS in space in an individual with suspected MS (Gronseth & Ashman, 2000).
In a retrospective study including 156 pediatric MS patients, 82% of children showed
abnormal EP, thereby objectifying clinical findings as well as revealing clinically silent
or unreported lesions. Altered visual EP (VEP) have been detected in 56% of children,
although only 40% had prior abnormalities in vision, thus providing additional diagnostic
support, particularly in situations in which few MRI abnormalities can be detected
(McDonald et al, 2001; Pohl et al, 2006). In this same pediatric MS cohort (Pohl ef al.,
2006), the combination of brainstem auditory (BAEP) and somatosensory (SEP)
identified clinically silent lesions in 12% of patients. Although this is not a high
percentage, it has to be considered that BAEP and SEP potentially reveal lesions in the
brainstem and spinal cord, areas with limited MRI sensitivity (Comi et al, 1989). This is
especially true for MRI of younger children, in whom movement artifacts are common,
often impeding exact interpretation (Pohl et al., 2006).

1.10.4 Optical Coherence Tomography (OCT). In order to obtain a more accurate
assessment of the optic nerve integrity in MS the OCT has been introduced as a
specialized method to trace and track exclusively the optic nerve also considered as
potential localization for demyelinating lesions used for determination in space (Filippi

et al, 2016). Indeed, VEP (Wilejto ef al., 2006) or optical coherence tomography (OCT)
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features (Waldman et al, 2013; Yeh et al, 2009b) consistent with prior ON can be used
to support a prior demyelinating event, which in combination with MRI evidence of DIT
and DIS can confirm the diagnosis of MS.

The most frequently used OCT measure is represented by the retinal nerve fiber
layer (RNFL) thickness, consisting of the axons of retinal ganglion cells forming the optic
nerve. During an ON attack, RNFL thickness transiently increases (due to inflammation-
mediated edema of the optic nerve) but decreases thereafter by approximately 20%.

The precise timing of OCT measurements within the clinical course is relevant,
as false normal (or even increased) RNFL levels could be gauged during ongoing optic
nerve demyelination also occurring without overt clinical signs of ON. In this perspective
to overcome this issue the combined thickness of the ganglion cell and inner plexiform
layer (GCIPL) has been considered. GCIPL thickness is less prone to fluctuations by an
inflamed optic nerve and may also be useful to trace a past episode of ON or inflammatory
optic nerve demyelination (Aktas & Hartung, 2019).

While there is an abundance of evidence supporting the role of OCT as a surrogate marker
of neuroaxonal injury in adults, fewer studies with this technique have been performed in
children with CNS demyelinating disorders.

The first study conducted in children by Yeh and colleagues (Yeh et al., 2009b)
demonstrated RFNL thinning in children with monophasic and recurrent demyelinating
diseases even in the absence of overt ON, further supporting work that has shown
abnormalities in VEP in children with MS, many of whom did not have a clinical history
of ON (Pohl et al., 2006). However, in pediatric population conflicting results have been
reported. Indeed, Waldman and colleagues (Waldman et al., 2013) demonstrated that
unlike findings in adult-onset MS, children and adolescents with MS did not experience
RNFL thinning.

In this perspective, a recent study aimed at describing the changes in RFNL and
GCIPL thickness in the acute phase following pediatric ON (Wilbur ef al, 2019) found
that children with MS show less RNFL swelling in their ON-affected eyes at onset
compared to children with monophasic demyelination. Lower GCIPL and temporal
RNFL thickness in the clinically unaffected eyes of those children with unilateral ON
suggested the presence of pre-existing neuroaxonal injury in children with MS presenting

with a first episode of ON (Wilbur et al., 2019).
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1.10.5 Cerebrospinal fluid examination. Although not mandatory for MS
diagnosis, CSF analysis plays a relevant role in diagnostic work-up of a first
demyelinating event (Hintzen et al/, 2016). CSF monocytic pleocytosis can be observed
in the 50% of pediatric MS patients, while CSF neutrophils should suggest different
aetiologies such as infection or NMO spectrum disorder (NMOSD) (Chabas et al, 2010;
Huppke et al., 2014; Pohl et al, 2004).

The presence of intrathecal OCBs is strongly supportive of an MS diagnosis and
can be detected in up to 90% of patients (Chabas et al., 2010; Huppke et al., 2014; Pohl
et al., 2004). Two studies have investigated the presence of CSF OCBs in children with
MS aged under and above 11 years; CSF OCBs were detected in about 55% of the
younger group and 70% of the older group (Chabas et al., 2010; Huppke et al., 2014).
Neutrophilic pleocytosis, a higher percentage of monocytes and the absence of intrathecal
immunoglobulin-G synthesis was more frequently found in younger pediatric MS,
suggesting a prominent involvement of the innate immune system; while lymphocytic
pleocytosis and elevated CSF immunoglobulin-G were observed in late onset pediatric
and adult onset MS, suggesting prominent activation of the adaptive immune system
(Chabas et al., 2010).

1.10.6 Autoantibodies. Autoantibodies (anti-aquaporin 4 [AQP4] or anti-MOG
antibodies) should be tested in patients with atypical clinical and MRI features. Anti-
MOG antibodies are detected in approximately 30% of children with ADS, of whom 50%
are younger than 11 years at presentation, whereas a diagnosis of AQP4-NMOSD is made
in less than 5% of children with ADS (Fadda et a/, 2021). However, anti-MOG antibodies
do not exclude MS diagnosis in patients with typical relapses and MRI features as they
can be present also in children with typical RRMS (Hennes et al, 2017).

Anti-MOG antibody—positive children usually experience a monophasic disease,
with clinical relapses occurring more commonly, although not exclusively, in children
with persistent seropositivity. A favorable outcome was demonstrated in the most anti-
MOG antibody—positive children so that presence of anti-MOG antibodies at the time of
incident demyelination should not immediately prompt the initiation of long-term
immunomodulatory therapy (Waters et al, 2020).

1.10.7 Diagnostic criteria. Diagnostic criteria for MS include clinical and

paraclinical laboratory assessments (Poser et al, 1983; Schumacher et al, 1965)
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emphasizing the need to demonstrate DIS and DIT and to exclude alternative diagnoses.
The diagnostic criteria recommended by the IPMSSG guidelines (2013 IPMSSG
diagnostic criteria) enable a MS diagnosis at time of the first attack, if baseline MRI
findings satisfy DIS and DIT, according to the 2010 McDonald criteria for MS from the
International Panel on Diagnosis of MS (Krupp ef al., 2013; Polman et al., 2011).

In 2017, the International Panel on Diagnosis of MS proposed modifications to
the 2010 McDonald criteria with the aim to improve diagnostic accuracy, simplify
application of the criteria, and enhance timeliness of MS diagnosis (Thompson et al,
2018). To date, three different studies (Fadda et al., 2018b; Hacohen ef al., 2019; Wong
et al., 2018) validated 2017 McDonald criteria in pediatric population. The 2017
McDonald diagnostic criteria demonstrated higher accuracy and sensitivity, and slightly
lower specificity, than the 2010 McDonald criteria. The specificity of criteria appeared to
be mainly driven by DIT component as enhancing lesions or CSF oligoclonal bands are
rare in children with monophasic demyelination, including ADEM (Fadda et al., 2018b).
As converse, the DIS component, including symptomatic lesions reduced specificity and
increased sensitivity of 2017 McDonald, being met by 79% of children with ADEM, and
by 20% of participants in the non-ADEM group without MS (Fadda et al., 2018b;
Hacohen et al., 2019). The role of spinal cord lesions in contributing to DIS in the 2017
criteria not meaningfully changed their performance, however providing a more
comprehensive assessment in cases in which there is diagnostic uncertainty (Banwell et
al.,2016). As no differences were observed in the performance of 2017 McDonald criteria
in patients younger or older than 11 years, these diagnostic criteria could be routinely
applied to children irrespective of age of onset, with special care needed in patients
presenting with ADEM (Hacohen et al., 2019; Wong et al., 2018).

Fadda and colleagues (Fadda et al., 2018b), also confirmed that one or more 7'1
hypointense lesions and 72 periventricular lesions are strongly associated with a
diagnosis of MS in children (Verhey criteria) (Verhey et al., 2011). These latter criteria
perform as well as the McDonald 2017 criteria and might be particularly useful given
concerns regarding intracerebral accumulation of gadolinium (Kanda et a/, 2015) and
when CSF OCBs are not available, while testing for anti-MOG antibodies is likely to not
improve performance of diagnostic criteria despite relevant in the assessment of children

with relapsing disease atypical for MS.
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1.10.8 Differential diagnosis. As in adults, the diagnosis of MS requires the

exclusion of other diseases. Several “red flags” should be considered (Venkateswaran &

Banwell, 2010):

Given that primary progressive (PP)MS is exceptionally rare in children,
progressive neurodegeneration without relapses should prompt consideration of
inherited leukodystrophies (metachromatic leukodystrophy - diffuse WM
involvement, adrenoleukodystrophy- posterior WM predominance, Alexander
disease - frontal WM predominance, Krabbe disease - diffuse WM, vanishing
WM disease - diffuse WM disease with areas of WM vacuolation), mitochondrial
or other metabolic diseases;

Although decline in cognitive performance may occur early in the disease, pre-
existing developmental delay is not a typical feature of MS;

A family history of neurodegenerative WM disease should lead to investigation
of affected family members, and consideration of disorders such as cerebral
autosomal  dominant  arteriopathy = with  subcortical infarcts and
leukoencephalopathy (CADASIL - MRI involvement of external capsules and
anterior temporal lobes), Pelizeaus Merzbacher, pigmentary orthochromatic
leukodystrophy, as well as other inherited diseases;

Persistent and prominent headache, joint pain, rashes, or systemic disease should
lead to investigation for Systemic Lupus Erythematosus (SLE);

Persistent headache alone warrants consideration of isolated small vessel
vasculitis (angiogram negative, without systemic disease);

Trigger by infection/trauma should prompt consideration of mitochondrial
diseases and childhood ataxia with cerebral hypomyelination;

Progressive lower limb spasticity, or family history of spastic diplegia, should
lead to investigation of adrenoleukodystrophy, Pelizaeus-Merzbacher and familial
spastic paraplegia, in addition to a new entity of MitCHAP-60 disease, a newly

identified autosomal recessive Pelizacus-Merzbacher-like disease.

Moreover, pediatric MS needs also to be distinguished from other demyelinating

disorders including ADEM, NMOSD and MOGAD.
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rather than a specific disorder. ADEM typically follows a monophasic disease course,

although confirmation of monophasic ADEM is retrospective and requires prolonged

observation. The clinical symptoms and radiologic findings of ADEM can fluctuate in

severity and evolve in the first three months following disease onset. To diagnose

pediatric ADEM, all the sequent criteria are required:

A first polyfocal, clinical CNS event with presumed inflammatory demyelinating
cause;
Encephalopathy defined as an alteration in consciousness (e.g., stupor, lethargy)
or behavioural change unexplained by fever, systemic illness or post-ictal
symptoms;
No new clinical and MRI findings three months or more after the onset;
Abnormal brain MRI during the acute (three-month) phase.
Typically on brain MRI:

= Diffuse, poorly demarcated, large (>1-2 cm) lesions involving

predominantly the cerebral WM;
= Rare 71 hypointense lesions in the WM;
= Deep GM lesions (e.g. thalamus or basal ganglia).

In addition to monophasic ADEM a non-monophasic course has been described

and two main entities have been identified in addition to NMO (Pohl et al, 2016):

Multiphasic disseminated encephalomyelitis (MDEM): 2 episodes consistent with
ADEM, separated by at least 3 months. A third demyelinating event is not more
consistent with this definition, while suggesting a diagnosis of chronic
demyelinating disease.

ADEM ON: ADEM, MDEM, or multiple ADEM attacks followed by ON. This
new entity has been recognized as a relapsing clinical phenotype associated with
anti-MOG anti-bodies.(Huppke et al, 2013)

NMO is an inflammatory CNS syndrome distinct from MS that is associated with
serum AQP4 immunoglobulin G (AQP4-I1gG).

Finally, pediatric MS also need to be distinguished from primary CNS vasculitis

and secondary CNS vasculitis in patients with autoimmune diseases (Banwell et al.,
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2007c). Other possible differential diagnosis also include neoplastic and paraneoplastic

disease (Barraza et al, 2021).
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1.11 Treatment approaches
The treatment of pediatric MS involves the management of acute attacks, the use
of disease modifying treatments (DMT), vitamin D supplementation, symptomatic

management, counselling and support.

1.12 Therapies for acute exacerbations

1.12.1 Methylprednisolone. The initial treatment of an acute demyelinating event
is aimed to rapidly decrease inflammation and promote symptom recovery. Treatment
typically consists of 30 mg/kg/day (up to 1 g/day) for 3—5 days. Clinical trials conducted
in adult patients suggested that equivalent doses of oral corticosteroids might have similar
efficacy to intravenous corticosteroids while improving accessibility to treatment and
comfort for both patients and families (Le Page et al, 2015). Oral corticosteroid taper
after completion of pulse corticosteroid therapy is controversial and not often required
for children who have recovered markedly after intravenous corticosteroid dosing.

1.12.2 Intravenous immunoglobulin (IVIG). Only two trials evaluated the role
of IVIG administration (as an adjunct to intravenous corticosteroids) in the management
of acute relapses in adults MS patients (Soelberg Sorensen ef al, 2004). Refractory cases
of children with ON and ADEM showing improvement form treatment with IVIG (2g/kg
given over 2-5 days) have been described (Shahar et al, 2002; Spalice et al, 2004;
Straussberg et al, 2001). To date, the use of IVIG is limited to attacks that have responded
poorly (poor recovery) to corticosteroids.

1.12.3 Plasmapheresis (plasma exchange). Plasma exchange has been
recognized as well-tolerated second-line treatment option for pediatric patients with
severe acute CNS demyelinating events with limited response to pulse steroids
(Manguinao et al, 2019). Plasma exchange is preferred in the context of severe events,

such as those in the brainstem or spinal cord (Bigi et al, 2014; Manguinao et al., 2019).

1.13 Disease-Modifying Therapies
Treating children with disease-modifying therapies (DMT) has thus far largely
relied on studies conducted on adult MS and case series, consensus, and international

guidelines (Otallah & Banwell, 2018). To date, only one therapy (Fingolimod) has been
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formally approved for pediatric MS on the basis of a phase 3 clinical trial evidence
(Chitnis et al, 2018).

Based on recommendations by international expert panels (Chitnis et al, 2012;
Ghezzi et al, 2010), pediatric MS patients should start DMT treatment soon after
diagnosis, with regular follow-up:

1. To assess clinical response with regular clinical evaluations (every 3—6 months)
and brain MRI (every 6—12 months);

2. To check the tolerability/safety profile (every 3—6 months) periodic assessment

of blood cell count, and liver, thyroid and kidney function should be performed.

1.14 Injectable therapies

Injectable therapies commonly used as first line DMT in pediatric MS patients are
Interferon-p (IFN-B) and Glatiramer Acetate (GA) (Chitnis et al., 2012; Ghezzi et al.,
2010). Several phase 4 observational studies assessed safety and efficacy of IFN-B
(Banwell et al, 2006; Ghezzi et al, 2009; Ghezzi et al, 2016; Mikaeloff et al, 2001; Pohl
et al, 2005; Tenembaum & Segura, 2006; Waubant et a/, 2001) and GA (Bergamaschi et
al, 2009; Ghezzi et al, 2005; Kornek et al, 2003) in this population.

Some studies included children under the age of 10 years or 12 years, analyzing
those subgroups separately: the clinical outcome was not different compared to patients
with a higher age as well as the occurrence of adverse events; the only exception was
increased rate of elevation of liver enzymes in the younger group of patients with MS in
one study of IFN-f (Banwell et al., 2006; Ghezzi et al., 2016). Importantly, based on
results from a recent study (Tenembaum et al, 2013), IFN-B-1a (22 or 44 mg) was
approved by European Medicines Agency (EMA) in children between 2 and 11 years old.
However, studies aimed at exploring pharmacodynamic or pharmacokinetic of IFN-3 and
GA in pediatric MS are not available to date (Ghezzi et al., 2016). A retrospective analysis
of 258 treated pediatric patients with MS revealed that 28% were considered by their
health care practitioners to have refractory disease on their first therapy (mainly IFN and
GA), and were therefore switched to a second therapy after a mean of 1.3 years (Chitnis
et al,2016). Another recent retrospective study including 741 children demonstrated that
newer (oral and intravenous) DMT controlled disease activity better than IFN and GA,

thus resulting in a larger reduction of ARR (rate ratio 0.45, 95% CI 0.29-0.70), new or
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enlarging T2 lesions (hazard ratio 0.51, 95% CI 0.36-0.72), and gadolinium-enhanced
lesions (0.38, 0.23-0.63) (Krysko et al, 2020).

Poor tolerance and low compliance after 1.1 years of treatment, accounted for the
16% of medication switches in this population (Yeh et al, 2011). Self-reported rate of
nonadherence is as high as 41-47% (Schwartz et al/, 2018; Thannhauser et al, 2009), and

adherence was better in therapies with fewer weekly injections (Chitnis et al., 2016).

1.15 Oral therapies

1.15.1 Dimethyl fumarate (DMF). The FOCUS trial of DMF was published in
2018 demonstrating safety data (Alroughani ef a/, 2018). This was an open-label 6-
months phase 2 trial of DMF pharmacokinetics including 22 patients. The FOCUS trial
consisted of an 8-week off-treatment baseline period and a 24-week treatment period.
Form baseline to the final 8 weeks of DMF assumption a significantly reduced incidence
of T>-hyperintense lesions was observed. The most frequently reported adverse events
were gastro-intestinal symptoms and flushing (Otallah & Banwell, 2018).

The CONNECTED study, the 96-week extension to FOCUS, assessed the long-
term safety and efficacy of treatment with delayed-release DMF in pediatric MS patients.
Twelve of the 17 patients completing the study had no new/newly enlarged 7> lesions
from weeks 1624, two (12%) had one, and one each (6%) had two, three, or five or more
lesions [median (range), 0 (0—6)]. Over the full 120-week treatment period, ARR was 0.2,
an 84.5% relative reduction (n = 20; 95% confidence interval: 66.8-92.8; p < 0.0001) vs
the year before DMF initiation. The most frequently reported adverse event was flushing
while no serious adverse events were reported (Alroughani et al, 2021).

A phase III, double-blind, placebo-controlled, three-arm randomized controlled
trial aiming on evaluating safety and efficacy of DMF compared with placebo and
pegylated IFN B-la is currently recruiting patients (ClinicalTrials.gov Identifier:
NCTO03870763).

1.15.2 Fingolimod. On the basis of PARADIGMS Fingolimod has been formally
approved for pediatric MS (Chitnis et al., 2018). This phase 3, 2-year randomized double-
blind, double dummy study including 215 pediatric MS patients, showed significant
reduction of ARR (82%), appearance of new or newly enlarged 7> lesions (53%) and of

gadolinium-enhancing lesions (66%) and reduced rate of brain atrophy at 2-year follow-
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up. Adverse event reported included leukopenia, seizure, and hypersensitivity reactions.
However, the overall incidence of infections was comparable between fingolimod and
interferon, and no association was observed between nadir of absolute lymphocyte counts
and infections (Chitnis et al, 2021).

Recently the Food and Drug Admninstration (FDA) and EMA extended
fingolimod approval to pediatric patients younger than 10 years (Otallah & Banwell,
2018).

1.15.3 Teriflunomide was approved in adult onset MS based on the results of two
placebo-controlled RCTs (Confavreux et al, 2014; O'Connor et al, 2011). There were no
differences in treatment failure rate and ARR between teriflunomide and interferon-p-1a
in adults, which indicated that although newer, teriflunomide has an efficacy similar to
the injectable medications (Vermersch et al, 2014). A phase 3, double-blind, randomized,
placebo-controlled trial evaluating the efficacy, safety, and pharmacokinetics of
teriflunomide in children with relapsing-remitting MS aged 10 to 17 years reached
completion on October 2019 (TERIKIDS, ClinicalTrials.gov identifier: NCT02201108).
Preliminary results were presented at ECTRIMS 2020: teriflunomide reduced the risk of
the time of clinical relapse or switch due to high MRI activity by 43% (p = 0.041) and
the appearance of Gd-enhancing and new/enlarged T2 hyperintense lesions compared
with placebo (1.9 vs. 7.5, p < 0.0001 and 4.7 vs. 10.5, p = 0.0006, respectively). Three
SAEs were observed [pulmonary tuberculosis, acute pancreatitis, and alanine
aminotransferase (ALT) increase].

1.15.4 Cladribine was approved for the treatment of RR and active SP adult onset
MS in March 2019 following two RCTs (CLARITY and ORACLE-MS), and is
recommended for patients who have had an inadequate response to or did not tolerate an
alternate DMT (Giovannoni et al, 2010; Leist ef al, 2014). It has not yet been studied in
pediatric MS.

1.16 Infusion theraphies

1.16.1 Natalizumab has been utilized off label in highly active and refractory
cases of pediatric MS. In a first observational study of pediatric MS patients treated with
monthly infusion 15 relapses were observed in 9 of 101 patients included over a mean

follow-up of 34 months. No cases of progressive multifocal leukoencephalitis (PML)
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were reported, as expected considering the lower frequency of anti-John Cunningham
virus (JCV) antibodies in pediatric patients compared to adults (Chitnis et al., 2016).

In a retrospective single-center study in Germany, 40% of their 144 patients
fulfilled their criteria for highly active MS. These patients demonstrated improved relapse
rates and MRI markers of disease activity on both natalizumab and fingolimod with a
trend toward greater response to natalizumab (Huppke et al, 2019). A recent study
(Margoni et al, 2019) observed a significant reduction in the mean Expanded Disability
Status Scale (EDSS) score after 2 years of treatment with natalizumab and a maintained
no evidence of disease activity (NEDA-3) plus status (no relapse, no disease progression
(EDSS score), no radiological activity and no cognitive decline) in the 80% of patients.

Discontinuation of natalizumab is often associated with rebound clinical and MRI
activity.

1.16.2 Cyclophosphamide is not approved for the treatment of MS, although pulse
cyclophosphamide has been shown to reduce disease activity in adult MS in class I studies
(Weiner et al, 1993). Adults 40 years or under were better responders than those over 40
years (Weiner ef al., 1993). A retrospective study of cyclophosphamide treatment in 17
pediatric patients with severe MS revealed a reduction in the mean ARR while on therapy,
although 75% of patients acquired new lesions on MRI over 12-24 months of treatment
(Makhani, 2009). Adverse effects included nausea and vomiting (88%), anemia (59%)
and reversible alopecia (59%). More-serious adverse effects included infection (three
patients), osteoporosis (two patients), sterility (one male patient) and bladder carcinoma
(one patient who was not prescribed mesna). The total cumulative treatment, which
should be limited to 80g, is typically administered for no more than 24 months. Strategies
for fertility preservation, as are offered to pediatric cancer patients, should be considered
(Ginsberg, 2010).

1.16.3 Rituximab is not approved for the treatment of MS, but beneficial effects
have been reported in a class I phase II study in adult RRMS, showing significant
reduction of brain lesions and clinical relapses (Hauser et al/, 2008). A recent study
investigated the clinical experience of safety and efficacy with rituximab in children with
demyelinating diseases of the CNS. Eight children with NMO, two with RRMS and one
with SPMS received rituximab treatment. The median number of cycles was 3. Most

patients (82%, n = 9) experienced reduction of relapses after initiating rituximab. There
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were no serious infections. Rituximab was not discontinued in any child because of side
effects. Two patients switched treatment therapy after 4.5 and 11 months because of
relapses (Beres et al, 2014).

1.16.4 Ocrelizumab a fully humanized anti-CD20 monoclonal antibody is FDA
approved to treat RRMS or PPMS in adults. To date, there are no published data about
ocrelizumab administration in pediatric MS patients. However, there is an ongoing
retrospective observational study involving both adult and pediatric onset MS on
epidemiological data regarding ocrelizumab use in Latin America (NCT03784547).

1.16.5 Alemtuzumab was FDA approved to treat RRMS in adults in 2014 (Cohen
et al,2012; Coles et al, 2012). The only safety data of alemtuzumab in pediatric patients
come from studies in transplant recipients, reporting mild to serious infections as adverse
events (Das et al, 2017; Kaabak et al, 2013; Kim et al, 2017). There is an ongoing
company-sponsored multicenter open-label trial aimed to study safety and efficacy of

alemtuzumab in pediatric MS patients who have failed at least 2 DMT (NCT03368664).

1.17 Supportive strategies

1.17.1 Vitamin D supplementation. Vitamin D is a commonly available
supplement, and lowered vitamin D (25-OH) levels are frequent (Wilejto et al., 2006) and
have been found to correlate with relapse rate in children with MS (Mowry et al., 2010).
Published recommendations suggest that children and adolescents with MS should begin
vitamin D3 supplementation of 600—1000 IU daily, with the dose increased incrementally
as necessary to obtain a target serum level of 75 nmol/L (30 ng/mL) (Lee & Chitnis,
2016).

1.17.2 Symptomatic Treatment. Even if MS relapses are under control,
intermittent symptoms can be bother some of the child. Symptomatic therapies are likely
underutilized in children with MS. Fatigue is a common complaint, and treatment should
be considered if fatigue is of sufficient severity as to interfere with daily participation in
activities or schoolwork. Lifestyle issues (such as poor sleep hygiene) and
hypothyroidism must be excluded. Treatment with modafinil or amantadine can
ameliorate fatigue, although medication should be taken in the morning or at noon, rather
than in the evening to avoid sleep disruption. Spasticity is a common complaint of adult

MS patients, and is particularly notable in individuals who have entered secondary
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disease progression. Benzodiazepines, localized botulinum toxin injections, and
tizanidine (an alpha-2 adrenergic agonist) may be effective. Tremor or ataxia caused by
cerebellar involvement in MS is difficult to treat. Rehabilitative therapies, adaptive
equipment, and even deep brain stimulation have been used to control functional
impairment from tremors in adult patients with MS.

1.17.3 Counseling and support. The diagnosis of a lifelong, potentially disabling
disease has a profound impact on the patient and family (Krupp et al, 2016). It is
important that a strong therapeutic relationship be established, and that patients also have
the opportunity to discuss their own concerns privately with the healthcare team. A
multidisciplinary team composed of physicians and nurses familiar with demyelination
in children, psychiatry, psychology, ophthalmology, physical and occupational therapy,
and social work is required to address the full spectrum of pediatric MS care (Banwell,

2013).
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1.18 Neuroimaging features of pediatric MS

1.19 General considerations

MRI represents the most relevant paraclinical tool for MS diagnosis, disease
progression monitoring and treatment response assessment. The goals of MRI in MS
include: confirmation of an MS diagnosis before a second clinical attack (Poser et al.,
1983) in individuals with an ADS (Polman et al., 2011; Polman et al, 2005), exclusion of
alternative diagnoses (Miller et al, 2008), and prediction of long-term prognosis.
Furthermore, comparison of serial MRI scans is used to qualitatively evaluate the rate of
new lesions accrual for diagnosis in patients not meeting diagnostic criteria at onset, to
inform on treatment decisions, and to monitor disease evolution apparent by formation of
confluent lesions and atrophy (Banwell et al., 2016).

However, conventional MRI metrics only show weak association with clinical
features of pediatric MS patients. Advanced MRI techniques, providing a better
pathological characterization of disease-related damage, may play a major role in
individuating the substrates of clinical and cognitive outcome in this population.
However, these techniques are not routinely available for clinical use, because they
require standardized acquisition, rigorous image analysis pipelines, MRI scanner quality-
control monitoring, and control or reference data (Verhey & Sled, 2013). A summary of
the main findings obtained by using each advanced MRI technique is reported in the next

paragraphs.

1.20 'White matter lesions

1.20.1 Lesion appearance on conventional MRI sequences. The MRI appearance
of childhood MS is characterized by multiple WM lesions. The presentation of MS in
adolescents appears similar to adults on MRI, with asymmetric lesions, typically located
in the periventricular (involving the corpus callosum [CC]) and juxtacortical WM, and in
infratentorial areas (often involving the pons and cerebellum). Their shape is usually oval
or elliptical, distributed around a central vein (Ormerod IE, 1987). In children before age
11 years, MRI presentation of MS is characterized by WM T7>-hyperintese lesions
involving the same regions as adolescents, but often also the deep GM. The lesions often
show ill-defined borders or marked perilesional edema (McAdam et al/, 2002), while

contrast enhancement may be seen less often. Furthermore, WM (and GM) lesions tend
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to reduce in volume or disappear altogether over time, suggesting a different pathological
basis for these lesions in children compared to adolescents and adults. Possible
explanations are nonspecific reactive oedema rather than demyelination, less axonal loss
or an enhanced ability to remyelinate in children.

The appearance of giant or tumefactive demyelinating plaques has been reported
in several children (McAdam ef al., 2002). In a study of 20 children with MS, a review
of MRI scans found four children with tumefactive lesions (Hahn et al, 2004) with a
dramatic resolution of the lesion following treatment with corticosteroids. Instead, lesion
enhancement is less frequent in children compared to adults. In details, a French study
including 61 pediatric patients detected enhancing lesions in 13% only of the children
with monophasic illness and 24% of the children ultimately diagnosed with MS at their
first demyelinating attack (Mikaeloff et al, 2004a), while 52% of adult MS patients at
their first acute attack of demyelination have enhancing lesions (Korteweg et al, 2006).
Nonetheless, the timing of MRI scan relative to treatment with corticosteroids was not
described: different therapeutic approach might partly explain findings in pediatric
compared to adult MS, since corticosteroid exposure reduces blood-brain barrier
permeability and thus gadolinium enhancement.

1.20.2 Lesion distribution and burden. Studies performing a direct comparison
of lesion distribution and volume between pediatric and adult MS cohorts are rare (Yeh
et al., 2009c). Compared to their adult counterpart, pediatric MS patients showed a
prominent involvement of infratentorial regions (Ghassemi et al, 2014; Waubant et al.,
2009; Yeh et al., 2009c¢), with pontine lesions being particularly frequent in male pediatric
patients (Ghassemi et al, 2008; Ghassemi et al., 2014). On the other hand, a similar
supratentorial 7> lesion distribution was observed in pediatric compared to adult MS
patients (Ghassemi et al., 2014). These findings imply that lesion accrual may not require
a prolonged period of subclinical disease. Instead, the differences observed in lesion
prevalence and location could reflect immunological differences or differences in the
state of myelination in the pons relative to supratentorial WM between children and
adults. Indeed, myelination proceeds along in a caudo-rostral gradient, completing in the
pons earlier than in supratentorial brain regions (Paus, 2005). Moreover, the myelination

of pons is actually earlier in males compared to females (De Bellis et al, 2001), which is
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consistent with the observation of preferential MRI involvement of this structure in boys
with MS.

Moreover, the longitudinal analysis of lesion volumes revealed that children with
MS actually accrued greater volumes of 7> and 7;-weighted lesions over time than their
adult counterparts (Ghassemi et al., 2014; Yeh et al., 2009¢). Together with a shorter
disease duration (including the subclinical phase), this probably lead to similar lesion
volumes — on average — compared to disease duration-matched adult patients.
Interestingly, the increase in lesion volume differed by brain region. In details, in the
supratentorial region, a smaller fraction of 7>-hyperintense lesion was T1-hypointense in
the children with MS than in the adults, whereas in the infratentorial region, the 71:7>
lesion volume ratio was similar. This finding raises the intriguing possibility that active
primary myelination, as would be expected in the supratentorial regions during childhood
and adolescence, might serve to more effectively remyelinate lesions in this region,
limiting 7-hypointense lesion formation (Ghassemi et al., 2014).

1.20.3 Myelin repair capability. As above specified, overall lesion burden is
similar in pediatric- and adult-onset MS (Ghassemi et al., 2008; Yeh et al., 2009c¢), so
that the lower risk of physical disability cannot be attributed to a lower lesion burden in
children and adolescents. In this perspective, Brown and colleagues investigated the
remyelination capabilities in adult and pediatric MS patients by assessing sequential
magnetization transfer ratio (MTR) within MS lesions. Young adolescents showed a
heightened capacity for remyelination, lost as they enter adulthood, thus demonstrating
the existence of an inverse relationship between age and capacity for remyelination.

These findings, were confirmed by Ghassemi and colleagues (Ghassemi et al,
2015c) that characterized the evolution of normalized 7;-weighted (N 77) intensity of
WM prior to, at the time of, and following recovery of new lesions in pediatric- and adult-
onset MS patients. Reduced remyelination capacity in late adolescence could be caused
by the loss of factors uniquely associated with brain development, which are lost at the
end of adolescence, or by the same processes that produce slow decline in adults.
Moreover, it is possible that patients who develop MS at a younger age may experience
delayed development, retaining remyelination-enhancing developmental factors to an

older age.
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1.21 Normal appearing white matter damage

In MS, regions of normal appearing WM (NAWM) often contain abnormalities,
including axonal spheroids and swellings, mild inflammation, microglial activation,
gliosis, and increased expression of proteolytic enzymes (Moll et al, 2011). These
abnormalities go undetected with conventional MRI, which represents the reason why
only modest correlations between MRI-visible focal WM lesions and neurologic deficits
are reported (Filippi, 2014).

1.21.1 '"H-MR spectroscopy ('H-MRS). 'H-MRS acquires information from
hydrogen nuclei of molecules or metabolites present in tissues, and this metabolic
information has pathologic specificity not obtainable from water proton signals (Ross &
Bluml, 2001). The presence of low N-acetylaspartate (NAA), measured both as an
absolute concentration and as a ratio of NAA/creatin, has been confirmed within lesions,
NAWM, and cortical GM of adult MS patients relative to HC (Caramanos et al/, 2009).
Decreases in NAA resonance intensity of up to 50% can be observed in the NAWM of
adult patients (Fu et al, 1998) and of up to 80% in 7> WM lesions (De Stefano et al,
1995). The loss in neuronal integrity measured by decreased NAA/creatin ratios follows
a gradient around 7> lesions, with greater injury proximal to the lesion relative to the more
distal NAWM (Arnold et al, 1992).

The application of 'H-MRS to children with MS has been limited to 3 studies.
The first study including 8 pediatric MS patients, showed decreased resonances of NAA
and creatin while increased resonances of choline and myoinositol within lesions, in
pediatric MS patients compared to age-matched HC. Otherwise, no differences were
observed in the NAWM 'H-MR spectra of pediatric MS patients and HC (Bruhn et al,
1992b; Oguz et al, 2009). Considering the role of citrullination of MBP in stabilizing
myelin structure (Pritzker et al, 2000a; Pritzker et al, 2000b), another study including 27
pediatric MS patients and 23 HC estimated the resonance of citrulline (Oguz et al., 2009).
The 44% of pediatric MS patients compared to the 13% of HC showed a citrulline peak
both in the NAWM and 7> hyperintense lesions (Oguz et al., 2009), where increased
citrullination results in myelin instability (Pritzker et al., 2000a; Pritzker et al., 2000b).
Finally, '"H-MRS has proven to contribute in differentiating monophasic ADEM from

MS. Indeed, while pediatric MS patients had increased intralesional myoinositol/creatin
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ratio, children with ADEM had a substantial reduction in the myoinositol/creatin ratio
(Ben Sira et al, 2010).

1.21.2 Magnetization Transfer MRI (MT MRI). The application of MT MRI
allows the calculation of MTR, an index of protons bound to brain tissue capability to
exchange magnetization with the surrounding free water, thus providing an estimate of
microstructural integrity.

Only few studies (Mezzapesa et al, 2004b; Tortorella et al, 2006; Yeh et al.,
2009c) evaluated microstructural tissue abnormalities in children with MS using MT
MRI. These studies showed no significant differences in average MTR and histogram
peak height measured in the normal-appearing brain tissue and cervical cord (Mezzapesa
et al., 2004b), in NAWM (Mezzapesa et al, 2004a), and GM (Tortorella et al., 2006)
between pediatric MS patients and age- and sex-matched HC. Lower MTR values were
observed within 7> lesions, NAWM, and GM in 33 adults with pediatric-onset MS
compared to 381 adults with adult-onset disease. These last findings suggested a greater
disruption of microstructural integrity in pediatric-onset MS patients, likely explained by
longer disease duration.

1.21.3 Diffusion Tensor Imaging (DTI). DTI provides an in vivo measure of
water diffusion within an image voxel, allowing to obtain information on brain and spinal
cord microstructural integrity.

Several DTI studies showed structural abnormalities in the NAWM of pediatric
RRMS patients (Rocca et al, 2010; Tortorella et al., 2006; Vishwas et al, 2010). These
findings were confirmed by a subsequent study (Absinta et al, 2011) reporting a similar
extent of DTI abnormalities [reduced fractional anisotropy (FA) and increased mean
diffusivity (MD)] in pediatric and adult patients with the RR phenotype of the disease.
The NAWM DTI abnormalities observed, showed significant correlations with 7> lesion
burden, suggesting a role for Wallerian neurodegeneration from focal WM lesions, in
determining NAWM damage.

Overall, these studies highlighted that a widespread NAWM microstructural
integrity disruption occurs early in the disease course. Moreover, a more severe NAWM
damage, independent form disease duration, has been observed in pediatric- compared to
adult-onset MS patients by using Tract-Based Spatial Statistic (TBSS) . In the perspective

of a different vulnerability to NAWM damage according to the age of onset, a recent
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study (Rocca et al, 2016¢) applied DTI to quantify abnormalities within a subset of brain
WM tracts, considered to be representative of the major interhemispheric,
intrahemispheric, and projection connections, in pediatric MS patients with disease onset
prior to age 12 years. The Authors found that compared to HC, pediatric MS patients had
reduced FA and increased MD in bilateral superior longitudinal fasciculus and CC. Only
NAWM abnormalities in the CC appeared to be correlated with lesion volumes
suggesting that Wallerian degeneration of tracts traversing lesions is only partially
responsible for tissue integrity loss in non-lesional tissue in very young MS patients.
These pathological changes not explained by MS-related macroscopic damage can be
attributed to failure of maturational processes. To point in this same direction, is a recent
study (Longoni et al, 2017) that demonstrated, by applying DTI, failure of WM
maturational changes in pediatric onset MS patients and in patients with a single

demyelinating attack and progressive WM integrity loss in pediatric MS patients.

1.22 Gray matter lesions

Double inversion recovery (DIR) sequence, increasing lesion contrast, has been
optimized for the detection of cortical lesions (CLs) in vivo (Geurts et al, 2005). Although
less sensitive than pathological assessment, DIR sequence allows to detect focal CLs in
the majority of adult MS patients. Interestingly, CLs were found to be less frequent in
pediatric patients (10%), compared to their adult counterparts (66%) (Absinta et al.,
2011). These results were substantially confirmed by other two studies: 12% (Rocca et
al, 2015b) in a group of 41, and 34% (Calabrese ef al, 2012) in a group of 35 pediatric
MS patients. Same as for adults, by using more advanced MRI techniques, such as multi-
contrast 3T (Maranzano ef al, 2019) and 7T (Datta ef al, 2017) MRI, a higher frequency
of CLs was found in pediatric onset MS patients, compared to the above reported findings.
The relationship of CLs count with age at onset and disease duration was also evaluated,
finding that the number of CLs increases with the age at disease onset. Thus, older age at
MS onset may be associated with a higher likelihood of having CLs. Possible explanation
might be a lower propensity for CLs in very young MS patients, greater difficulty in
distinguishing CLs from surrounding cortex in the less mature brain, a reduced
vulnerability of GM where late myelination has not already occurred, or a heightened

capacity to repair CLs in younger MS patients, a resiliency that is lost with increasing
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age. Alternatively, adolescent and adult-onset MS patients might experience a longer

period of lesion accrual during the “pre-clinical” MS phase, whose duration is still
unknown.

1.23 Gray matter damage

Gray matter involvement in adult MS patients has been widely demonstrated by
pathology (Bo et al, 2007) and MRI studies (Calabrese et al, 2009). However, only a few
studies investigated extent and contribution to clinical disability and cognitive
impairment of GM damage in pediatric MS patients, with conflicting findings. By using
'"H-MRS in pediatric MS patients, reduced NAA in cortical GM neighboring MS lesions
was observed (Bruhn et al, 1992a). Subsequent DTI studies described sparing of cortical
GM in pediatric MS patients (Absinta et al, 2010; Tortorella et al., 2006). Finally,
pediatric MS compared with age-matched HC showed 7> hypointensity in the head of the
left caudate nucleus (Ceccarelli ef a/, 2011), reflecting iron deposition in this structure

(Stankiewicz et al, 2007).

1.24 Atrophy and failure of age-expected brain growth

Different MRI technique have been adopted to quantify GM and WM atrophy,
including structure segmentation and voxel-based methods. Voxel-based morphometry
(VBM), spatially normalizing individual GM tissue maps allows group analysis of
specific tissue densities at the voxel level. By warping an individual brain to a common
template space, and calculating Jacobian determinant for each voxel of the deformation
field, tensor-based morphometry (TBM), provides a measure of tissue growth or
shrinkage in each voxel.

One of the first CNS structures known to be affected by atrophy in MS is the
thalamus (Eshaghi ef al, 2018a). Lesions in the basal ganglia and thalami on the initial
MRI have been reported in 25 to 46% of children with MS (Dale et al/, 2000; Mikaeloff
et al., 2004a). Isolated thalamic atrophy, with sparing of cortical GM and of the remaining
deep GM, was observed by applying VBM in a cohort of 28 pediatric MS patients
(Mesaros et al, 2008a). Thalamic atrophy thus identified, correlated with 7> lesion
volume, suggesting that it might at least in part be due to retrograde degeneration after

axonal transection within lesions (Mesaros et al., 2008a). A subsequent TBM study
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(Aubert-Broche et al, 2011) confirmed these findings, showing significant volume loss
in the pulvinar and anterior nuclei of the left and right thalami and in the splenium of the
CC in pediatric MS patients compared to HC (Aubert-Broche ef al., 2011).

Interestingly, a recent longitudinal study (Fadda et al, 2019) showed the presence
of another mechanism of thalamic injury, characterized by an evolving, surface-in pattern
of atrophy. This type of damage was observed since the time of initial clinical
presentation in children with MS but not in children with monophasic demyelination.
Given its distribution, this damaging mechanism might be due to diffusible CSF factors
that exert a neurotoxic action on thalamic neurons, and it might be peculiar of MS,
compared to other inflammatory conditions.

A ROI analysis represents an alternative approach for the quantification of
atrophy. By adopting this techniques, Kerbrat et al. (Kerbrat ef al, 2012) observed lower
global brain volume, after correction for skull size, and lower thalamic volume, after
correction for global brain volume, in pediatric MS patients compared to HC. These
results indicate an even greater loss of thalamic tissue relative to more global brain
measures in pediatric MS. Moreover, they found an inverse correlation between 72 lesion
volume and both brain and thalamic atrophy, confirming a role of lesion-induced damage
in determining GM atrophy in pediatric MS.

Longitudinal studies added more conclusive information. In a study by Yeh et al.
(Yeh et al., 2009¢), the Authors investigated two cohorts of disease duration-matched
pediatric- and adult-onset MS patients. After 20 years of disease duration, they found
similar degrees of brain atrophy in the two groups. It is known that age leads to significant
yearly increases in atrophy. Thus, the finding of similar brain volumes in the two disease-
matched cohorts, despite pediatric-onset patients being about 15 years younger than
adult-onset ones, likely indicates a higher rate of MS-related damage in the first group
(Yeh et al., 2009c¢). These results were confirmed in a subsequent study (Donohue et al,
2014) showing no differences of regional GM atrophy between pediatric- and adult-onset
MS patients matched for disease duration. Moreover, in the same study, pediatric-onset
MS patients were also compared to a different cohort of age-matched adult-onset patients.
The second group had a shorter disease duration than the first, again showing an

accelerated GM atrophy in the pediatric-onset cohort during the course of MS.
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A longitudinal study conducted by Calabrese et al. (Calabrese et al., 2012)
analyzed brain cortex atrophy, in terms of GM fraction, in pediatric and adult patients
with MS within 1 year from clinical onset and thereafter for 3 years. The longitudinal
evaluation of the GM fraction showed reduction over time at similar rates in both cohorts,
independently of patient age, WM lesion load, or WM lesion accumulation. These results
suggest that neuronal loss proceeds linearly over time in all groups, and that MS should
be considered a “simultaneous 2-component” disease in which GM degeneration
proceeds largely independent of WM inflammation.

More recent studies investigated the complex interplay between brain growth and
the disease-related neurodegenerative processes. Aubert-Broche and colleagues (Aubert-
Broche et al, 2014b) demonstrated that the onset of MS during childhood and adolescence
leads to reduced brain volume for two different reasons. First, MS impairs the brain
growth that is observed in age-matched HC (ie, age-expected brain growth). Furthermore,
MS leads to a progressive brain volume loss, due to active disease-related atrophy. The
Authors also demonstrated a disproportionate atrophy of the thalamus, compared to the
whole brain, and that both mechanisms of brain atrophy are active for the thalamus, as
well.

Moreover, a study by Weier et al. (Weier et al, 2016) focused on the cerebellum
showed that the negative impact of inflammation on age-expected brain growth is not just
typical of MS, but it also occurs in monophasic ADS. These results confirm a direct
pathogenetic role of the acute inflammatory process in inciting a reduction or block of
brain growth during childhood. Furthermore, this study confirmed the existence of a
second parallel phenomenon of neurodegeneration determining cerebellum volume
reduction over time, similar to what was previously demonstrated for the whole brain and

the thalamus.

1.25 Functional MRI

The macroscopic and microscopic structural damage detected by applying the
above-mentioned MRI techniques only partially explains the clinical manifestation of M'S
(Filippi & Rocca, 2004; Filippi et al, 2003; Hesselink, 2006). The lack of direct
correlation between structural damage and clinical phenotype could be explained by the

individual capability of response to brain damage in term of both recovery from tissue
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damage (spontaneous remyelination) and cortical plasticity (Tomassini et al, 2012).
Brain plasticity, and the derived functional reorganization, relies on molecular and
cellular mechanisms, including increased axonal expression of sodium channels, synaptic
changes, increased recruitment of parallel existing pathways or “latent” connections, and
reorganization of distant sites (Waxman, 1998). These molecular and cellular alterations
induce changes in systems-level functional responses, which are the proximal effectors
of perception, action and cognition. The application of functional MRI (fMRI), based on
changes in the blood-oxygenation level dependent (BOLD) signal, provides an indirect
measure of neural activity, thus representing a powerful tool to measure brain plasticity
in vivo. The application of functional MRI (fMRI) has shown that plastic cortical changes
do occur after central nervous system (CNS) WM injury of different etiology, that such
changes are related to the extent of WM damage, and that they can contribute in limiting
the clinical consequences of widespread disease-related tissue damage (Rocca & Filippi,
2006, 2007). Conversely, the failure or the exhaustion of the adaptive properties of the
cerebral cortex might be among the factors responsible for the accumulation of “fixed”
neurological deficits in MS patients (Rocca & Filippi, 2006, 2007). Two different
paradigms of fMRI exist: task-dependent fMRI, requiring stimulus presentation; and
resting-state (RS) fMRI, allowing to explore brain networks without performing any
specific tasks.

This technique, widely adopted in adult MS patients has frequently been adopted
also in pediatric MS patients in order to provide a deeper insight in a developing brain

functional strategy against structural damage (see below).

1.26 Correlation with physical disability

In adult patients with CIS, the volume of 7> lesions at the time of the initial
demyelinating event poorly correlates with physical disability. However, when
longitudinally studied, the rate of accumulation of 7> lesions in the first 5 years of disease
shows a positive correlation with subsequent physical disability (as measured by EDSS
scores) 20 years later (Brex et al, 2002).

Correlative and predictive studies in patients with pediatric MS are extremely rare
and provided inconclusive results. Indeed, no significant correlations were found between

physical disability and WM lesion number (Mikaeloff et al, 2004b), DT and MT MRI
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measures of WM and GM damage (Absinta et al., 2010; Tortorella et al., 2006) or
thalamic atrophy (Mesaros et al., 2008a).

Considering that physical disability is mainly driven by motor functioning, by
using fMRI during an active motor task, two studies evaluated cortical activation patterns
and functional connectivity of the motor system in pediatric MS patients (Rocca et al,
2009; Rocca et al., 2010). Compared to age- and sex-matched HC, children with MS
experienced increased activation of contralateral sensorimotor cortex (Rocca et al., 2009).
This increased fMRI activity showed significant correlation with 7> lesion volume,
suggesting that the increased contralateral activation observed could represent an
adaptive mechanism against tissue damage. Furthermore, compared to HC, pediatric MS
patients also experienced reduced functional connectivity between several regions
belonging to the motor network, suggesting that this connectivity downregulation is likely
represent a compensatory mechanism as a functional reservoir to upregulate with the
accrual of tissue loss (Rocca et al., 2009).

By adopting a similar approach, the second study analyzed effective connectivity
abnormalities within the motor network in pediatric MS compared with adult-onset
patients (Rocca et al., 2010). and considered the influence of structural damage of CC
and corticospinal tracts on connectivity (Rocca et al., 2010). A preserved effective
connectivity was observed in children with MS, while increased effective
intrahemispheric and interhemispheric motor network connectivity in adult with MS.
Moreover, these connectivity changes showed significant associations with
microstructural changes within the CC and corticospinal tracts as measured by MD and
FA. Considered together, these findings suggest that the brain plasticity or the functional
reservoir might deplete over time thus leading to accrual of clinical disability.

Finally, a recent study by adopting a multimodal MRI approach by modeling
voxel-wise measures of microstructural integrity of WM tracts and GM volumes with
those of intra- and internetwork functional connectivity (FC) investigated the potential
substrates of short-medium term adaptive mechanisms occurring in pediatric onset MS
patients. Three groups of subjects were enrolled: pediatric onset MS patients in their early
adulthood with no or minimal disability, age- and disability-matched adult onset MS
patients, and HC. Although pediatric and adult onset MS patients showed a similar

macroscopic damage, the Authors observed that pediatric onset MS patients had: (i)
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increased lesion frequency and reduced WM integrity, as assessed by DTI, along the
posterior corona radiate fibers of the corticospinal tract (CST), and (ii) reduced long-
range FC involving default mode network (DMN), a relevant hub for cognitive

functioning.

1.27 Correlation with cognitive impairment
Substantial portions of the following section have been published (Portaccio et al, 2021)

MRI techniques have contributed to improve the understanding of the
mechanisms responsible for the accumulation of cognitive impairment in pediatric
patients with MS.

First, lesion-induced damage plays a role. Higher lesion volumes were associated
with cognitive impairment in pediatric MS patients (Rocca et al, 2014a). Moreover,
anatomo-functional correlations were demonstrated. For instance, the salient involvement
of linguistic abilities in the pediatric population (Amato et al., 2008) is consistent with a
higher infratentorial lesion burden, affecting the afferent and efferent cerebellar pathways
in children. The latter, in turn, was demonstrated to significantly affect performance in
vocabulary tests . Only one study (Rocca et al., 2015b) explored the role of cortical
lesions in determining cognitive impairment in this population, without finding any
association. In another study (Maranzano ef al., 2019), frontal lobe cortical lesion count
was associated with reduced manual dexterity in pediatric-onset MS patients.

However, the correlations between lesion burden and cognitive performance were
only modest in pediatric MS patients. Thus, more advanced MRI technique were applied,
aiming to understand the neuroanatomical substrate of cognitive impairment in pediatric
MS. Till et al. (Till et al/, 2011a) explored the relationship between academic functioning
and WM integrity among children with MS compared with age and sex-matched HC.
These Authors specifically analyzed math performances, since they are strictly related to
efficient (information processing speed) IPS, working memory (e.g., carrying and
borrowing digits), and visual-spatial processing (e.g., alignment of columns), all of which
are commonly affected by pediatric MS. Difficulties in written arithmetic ability were
observed in 26% of patients’ cohort and they were significantly associated with
abnormalities in DTI metrics across all segments of the CC and in right frontal and

parietal regions. A subsequent study (Rocca et al., 2014a) extended these findings,
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associating cognitive impairment in pediatric MS patients with DT MRI abnormalities in
posterior CC and cingulum as well as in bilateral parieto-occipital regions. Importantly,
it should be underscored that — same as for GM atrophy — the abnormalities in NAWM
might be attributed to either direct disease-related damage or failure of WM maturational
processes, or a combination of both. As matter of fact, the onset of MS during childhood
has proven to lead to failure of age-expected WM maturational processes (Longoni et al.,
2017). So far, MRI studies have not been able to separate these aspects.

Moreover, Till et al. (Till et al, 2011b) evaluated the correlation between
normalized brain volume and volumes of key brain areas relevant for efficient
information processing (including the thalamus and CC), with cognitive impairment in
35 patients with pediatric MS. Thalamic volume was found to account for significant
incremental variance in predicting global 1Q, processing speed, and expressive
vocabulary and was the most robust MRI predictor of cognitive impairment relative to
other MRI metrics. Till and colleagues also explored the association of executive
dysfunction with structural MRI abnormalities in pediatric MS patients, finding
significant correlations with thalamic atrophy together with whole brain and frontal lobe
atrophy. Fuentes et al. applied quantitative brain volumetric measures to better
understand the neural correlates of learning and memory functioning in children and
adolescents with MS. The Authors found significant associations of word-list learning
with whole brain volume and hippocampal volume, whereas visual recognition memory
correlated with thalamic volume. These findings were further confirmed in a subsequent
study showing association between thalamic and hippocampal volume with aspect of
episodic memory performance.

Another structure that has been found to be determinant for cognition in pediatric
MS is the amygdala, whose total volume appeared to be associated with a lower level of
competency in functional communication skills in pediatric MS patients (Green et al,
2018). The analysis of the lateralized amygdala volumes revealed that the left amygdala
was associated with both functional communication and social skills, consistent with
literature suggesting the left amygdala has strong connections with emotional and
language domains (Markowitsch, 1998). The volume of the amygdala appeared to be also
associated with visual memory, as shown by the lateralized role of the right amygdala in

memory for visual information (Markowitsch, 1998).

40



The hippocampus is known to play a major role in cognitive processes. However,
only one study (Rocca et al, 2016b) investigated the role of hippocampal damage in
determining cognitive impairment in pediatric MS. In details, compared to cognitively
preserved, cognitively impaired pediatric MS patients experienced atrophy of the right
hippocampus at the level of the subiculum and the dentate gyrus. Moreover, significant
correlations were found between performance at tests of language expression and
comprehension with atrophy of subicular region of the right hippocampal head, cornu
ammonis 1 of the right hippocampal tail and the dentate gyrus of the left hippocampal
body. Furthermore, better performances at tests of attention and phrase comprehension
were associated with an increased volume of the dentate gyrus, bilaterally, suggesting
that hypertrophy of this region might confer protection against the onset of cognitive
deficits.

Moving to the cortex, atrophy of the precuneus was related with reduced cognitive
performance in pediatric MS patients (Rocca et al., 2014a). Indeed, this region is involved
in a wide spectrum of highly integrated tasks, including visuospatial imagery, episodic
memory, and self-processing operations (Absinta et al., 2010).

Finally, the cerebellum represents a strategic node in various segregated networks
(motor, coordination, cognitive—behavioral loops), showing multiple connections to and
from different cortical areas of the forebrain, the thalamus, and the spinal cord. Within
this framework, it is not surprising that cerebellar posterior lobe volume reduction can
adversely impact cognitive function and especially information processing speed and
vocabulary abilities in pediatric MS patients (Weier et al, 2015), which is consistent with
the role of the posterolateral hemispheres of the cerebellum in cognitive processing.

The poor correlation observed between structural MRI measures and cognitive
performance in pediatric MS patients suggested a role for brain plasticity and derived
functional reorganization in determining cognitive functioning in pediatric MS patients.

Considering the difficulty to perform task-dependent studies in the pediatric
population, only few studies adopting active paradigms have been conducted. A study
conducted in cognitively preserved pediatric-onset MS aimed to assess the patterns of
fMRI activity during the Alphaspan task (Barlow-Krelina ef al, 2019), a working memory
paradigm with two levels of executive control demand. Cognitively preserved youth and

young adults with pediatric-onset MS demonstrate greater activation than HC in regions
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implicated in executive control during a working memory task. These results support the
hypothesis of increased brain activity as compensatory mechanism to maintain an
adequate cognitive performance.

More frequent is the application of RS fMRI paradigm in pediatric population.
The analysis of RS FC within brain networks disclosed that functional abnormalities of
the posterior regions of default mode network (in particular precuneus) paralleled
abnormalities detected by structural MRI in pediatric patients with cognitive impairment
(Rocca et al., 2014a; Rocca et al, 2014b). Focusing on the DMN, increased RS FC in the
anterior cingulate cortex was described in cognitively preserved pediatric MS patients,
while cognitively impaired pediatric MS patients showed reduced RS FC in the precuneus
(Rocca et al., 2014a). Moreover, a distributed pattern of RS FC abnormalities within
large-scale neuronal networks occurs in pediatric MS patients and contributes to their
cognitive status (Rocca et al., 2014b).

The pattern of fMRI abnormalities found in pediatric patients with MS with
cognitive impairment differs from that described in adult patients, in whom a consistent
reduced RS FC of the anterior regions of the DMN (Absinta et al., 2010; Bonavita et al,
2011) and an enhanced RS FC of the posterior ones have been described (Bonavita ef al.,
2011; Roosendaal et al, 2010). It could be speculated that the maturation effects might
influence a different functional reorganization in adult vs pediatric patients with MS.
Indeed, the long-range connections between the posterior cingulate cortex and the
anterior prefrontal cortex have been shown to mature with age (being immature in 7-year-
old children) (Fair et al, 2007; Supekar et al, 2010), and to be associated with the
development of cognitive abilities (Paus, 2005).

Similar to structural imaging, the cerebellum is another region whose RS FC plays
a major role in determining cognitive functioning in pediatric MS patients. Indeed,
compared to both HC and cognitively preserved pediatric MS patients, cognitively
impaired patients showed a widespread reduction of RS FC, not only between the dentate
nucleus and the basal ganglia, but also between the dentate nucleus and bilateral regions

located in the parietal, frontal and temporal lobes (Cirillo ef a/, 2015).
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2. AIMS OF THE WORK

Conventional and advanced MRI techniques will be applied in pediatric MS patients in

both cross-sectional and longitudinal settings, with the aim to unravel the pathogenetic

mechanisms of disease, identify the neuroanatomical bases of cognitive impairment,

understand the impact of disease onset during developmental age and describe long-term

prognosis along with prognostic factors.

Specific aims of the present PhD project will be:

1) Cross-sectional settings (or at baseline in longitudinal studies). Comparisons will

be performed in pediatric MS patients vs HC and in pediatric MS patients grouped

by their cognitive performance, disability level or age at disease onset:

1.

ii.

1il.

1v.

V.

vil.

Viil.

to describe sustained attention system activity by using fMRI
during the CCPT;

to assess the role of sustained attention system activity
abnormalities in determining cognitive impairment;

to clarify the role of network structural abnormalities on fMRI
findings by using DTI;

to identify GM regions whose volume showed significant
deviations from normative data in pediatric MS patients;

to test the outside-in CSF-mediated mechanism of damage
investigating  microstructural  integrity  disruption  and
demyelination in the whole thalamus and thalamic WM and in
their segmented portions as a function of distance from CSF, using
DTI measures and T1/T2 ratio;

to investigate the relationship between thalamic abnormalities with
brain WM lesions and cortical thickness;

to identify distinguishing baseline features of pediatric MS patients
experiencing long-term disability worsening;

to identify distinguishing baseline features of pediatric MS patients

with disease onset before and after the pubertal age.
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2) Longitudinal settings.

i

0.

iii.

.

to assess the regional trajectories of GM volume modifications in
pediatric patients with MS compared to those of normally
developing children;

to explore the correlation between GM volume changes observed
in pediatric MS patients with clinical disability and 1Q;

to identify early (at disease onset and within the first 2 years of
disease) clinical and MRI predictors of disease course in pediatric
MS patients;

to describe and compare the natural history of the disease and to
determine prognostic factors for long-term disability in a large

cohort of pediatric MS patients with pre- and post-pubertal onset.
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3. Characterization of pediatric MS by using advanced MRI

technique in cross-sectional and longitudinal setting

3.1 MRI substrates of sustained attention system and cognitive impairment

in pediatric MS patients

The following data have been published (De Meo et al., 2017).

MRI substrates of sustained attention

system and cognitive impairment in
pediatric MS patients

Ermelinda De Meo, MD  ABSTRACT
Lucia Moiola, MD
Angelo Ghezzi, MD
Pierangelo Veggiotti, MD

Objective: To explore the structural and functional integrity of the sustained attention system in
patients with pediatric multiple sclerosis (MS) and its effect on cognitive impairment.

Methods: We enrolled 57 patients with pediatric MS and 14 age- and sex-matched healthy con-
trols (HCs). Patients with >3 abnormal tests at neuropsychological evaluation were classified as
cognitively impaired (Cl). Sustained attention system activity was studied with fMRI during the
Conners Continuous Performance Test (CCPT). Structural integrity of attention network connec-
tions was quantified with diffusion tensor (DT) MRI.

Ruggero Capra, MD
Maria Pia Amato, MD
Elisabetta Pagani, MSc
Agnese Fiorino, PhD
Lorena Pippolo, MD

Maria C. Pera, MD Results: Within-group analysis showed similar patterns of recruitment of the attention network in
Giancarlo Comi, MD HCs and patients with pediatric MS. Diffuse network DT MRI structural abnormalities were found
Andrea Falini, MD in patients with MS. During CCPT, with increasing task demand, patients with pediatric MS
Massimo Filippi, MD showed increased activation of the left thalamus, anterior insula, and anterior cingulate cortex
Maria A. Rocca, MD (ACC) and decreased recruitment of the right precuneus compared to HCs. Thirteen patients

(23%) were classified as Cl. Compared to cognitively preserved patients, Cl patients with pedi-

atric MS had decreased recruitment of several areas located mainly in parietal and occipital lobes
Correspondence to and cerebellum and increased deactivation of the ACC, combined with more severe structural
Dr. Rocea: damage of white matter tracts connecting these regions.

rocca.mara@hsr.it

Conclusions: Our results suggest that the age-expected level of sustained attention system func-
tional competence is achieved in patients with pediatric MS. Inefficient regulation of the functional
interaction between different areas of this system, due to abnormal white matter integrity, may
result in global cognitive impairment in these patients. Neurology® 2017;89:1265-1273
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Introduction

Sustained attention represents a key executive function, underlying higher
attentional processes (divided and selective attention) and global cognitive functioning
(Sarter et al, 2001), whose functional maturation occurs during late childhood and
adolescence, as demonstrated by fMRI (Rubia ef a/, 2010) and electroencephalography
(EEG) (Segalowitz et al, 2010; Travis, 1998) investigations. In this perspective, the onset
of MS in this critical age may have important and distinct consequences for cognitive
abilities.

To evaluate sustained attention and cognitive control capabilities and their
maturation during the developmental age, the CCPT has been frequently used
(Fortenbaugh et al, 2017). Using fMRI during a sustained attention task (Smith et al,
2011), one previous study investigated brain functional changes between childhood and
adulthood, describing an increased activation with development in fronto-temporo-
parieto-cerebellar regions that mediate sustained attention, confirming a continued
functional development of these regions throughout childhood to mid-adulthood.

Recent preliminary evidence in pediatric MS patients have resulted in the
hypothesis that the disease may influence the maturation of brain structures. Using
volumetric MRI, a longitudinal study showed a failure of age-expected brain growth in
these patients (Aubert-Broche et al., 2014b). A DT MRI study found impaired maturation
of WM tracts in patients with very early onset disease (Rocca ef al., 2016c).

By applying an active fMRI paradigm aimed at testing sustained attention and
executive functions, this study investigates the recruitment of the sustained attention
system with increasing task demand in pediatric MS patients in comparison to age- and
sex-matched HC to assess whether and how MS onset during childhood compromises this
functional network. Starting from the consideration that abnormalities in sustained
attention are frequently associated to behavioral, learning, emotional and cognitive
difficulties in adolescence and that attention is one of the most frequent areas of
impairment in pediatric MS patients (Amato et al., 2016), we investigated the relationship
between cognitive impairment and sustained attention system recruitment abnormalities
in these patients. To clarify the role of network structural abnormalities on fMRI findings,
we also quantified structural integrity of the connections between brain regions relevant

to the task, using DT MRI.

46



Materials and Methods

Ethics committee approval. Approval was received from the local ethical

standards committee on human experimentation, and written informed consent was
obtained from all participants and their parents prior to study enrolment.

Participants. We enrolled 57 consecutive, right-handed, pediatric patients with RR
MS referred to specialized centers for the diagnosis of pediatric MS. Inclusion and
exclusion criteria are reported in Appendix e-1. Fourteen sex- and age-matched HC with
no previous history of neurological dysfunction and a normal neurological examination
served as the control group.

Clinical and neuropsychological assessment. All patients underwent a

neurological examination with rating on the EDSS and a neuropsychological assessment
using a Neuropsychological Battery for Children, standardized and validated for an
Italian pediatric population with MS (see Appendix e-3.1.1) (Amato et al., 2008;
Portaccio et al, 2009). Global premorbid cognitive functioning with 1Q was assessed
through the Wechsler Intelligence Scale for children (WISC-R) (Wechsler, 1974).
Patients with an abnormal performance in three or more tests were classified as
cognitively impaired (CI) (Amato et al., 2008). As previously described (Sepulcre ef al,
2006), z-scores (based on a population of pediatric HC matched for age and education)
(Fuentes et al, 2012) for each of the previous domains and a global z-score of cognitive
function (obtained by averaging z-scores of all tests) were calculated.

fMRI experimental design. The computerized version of the CCPT was

implemented with the Presentation software (www.neuro-bs.com, version 14.8), as

described in details in Appendix e-3.1.1. All participants were trained to perform the task
before MRI acquisition. Percentages of correct and incorrect responses as well as reaction
times (RT) were recorded. All participants completed the fMRI acquisition without
interruptions.

MRI acquisition and analysis. Appendix e-3.1.1 provides a detailed description

of the MRI acquisition and analysis protocol. From all participants, the following
sequences were obtained: 1) T."-weighted single-shot echo-planar imaging (EPI) scan
during the CCPT task (SPM12); 2) DT MRI scan; 3) dual-echo (DE) turbo spin-echo
(TSE) scan and 4) 3D Ti-weighted fast field echo (FFE) scan. T, hyperintense and T

47



hypointense lesion volumes (LV) were measured on the DE TSE and 3D T1-weighted
scans using a local thresholding segmentation technique (Jim 6, Xinapse Systems).
Normalized brain (NBV), white (WMV) and gray matter (GMV) volumes were measured
on the 3D Ti-weighted scans using the SIENAXx software, after Ti-hypointense lesion
refilling (Chard et a/, 2010).

Analysis of DTI data (FSL software) focused on tracts connecting brain regions
identified by fMRI analysis as key regions involved in CCPT performance, using an
approach similar that applied by previous authors (Aron et a/, 2007; Bonnelle et al, 2012).
Tracts were generated between 3-mm radius ROI based on the peak activation or
deactivation during the CCPT from HC. Fourteen ROI were used and all possible
combinations between them were explored. To overcome the problems associated with
probabilistic tractography due to WM lesions, tract probability maps were obtained from
the HC group and then back-projected in individual space in order to obtain a mean FA

value per tract for all the study participants (Hua et al, 2008).

Statistical analysis. Between-group comparisons of clinical, demographic and
structural MRI parameters were performed using the Pearson chi square test, Mann-
Whitney U-test or Kruskal-Wallis test adjusted for age and sex and corrected for multiple
comparisons, as appropriate. CCPT performance was compared between groups using an
ANOVA, adjusted for age and sex.

A second-level analysis with SPM12 was performed to assess: 1) the average
fMRI activation and deactivation during the CCPT (i.e., average activation of the ISI-1,
ISI-2 and ISI-4 conditions) and the load effect in HC and pediatric MS patients (as a
whole, and according to the presence/absence of cognitive impairment) (one-sample t-
test); 2) the differences in fMRI activation between study groups (two-sample t-test and
full factorial models, age and sex adjusted); and 3) the correlation between fMRI activity
during the load condition and behavioral (accuracy, RT), clinical (EDSS, disease
duration), neuropsychological (global z-score of cognitive performance and z-scores of
single cognitive domains, including attention) and structural MRI variables (T2 LV,
atrophy and FA measures) (multiple regression models, adjusted for age and sex; one
separate model for each variable).

To assess the fMRI abnormalities in a given patient group vs the others included

in the full factorial models, we performed a conjunction analysis (Friston et a/, 1995a),
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which, by testing for the conjunction of different hypotheses (each described as a
contrast), allows to identify where several fMRI clusters were jointly significant, by
evaluating the significance of combined contrasts.

Results were tested both at p <0.001 uncorrected, and at p <0.05, family-wise

error (FWE) corrected.

Results

Clinical, neuropsychological and structural MRI measures. Table 3.1.1

summarizes the main demographic, clinical, and structural MRI measures of pediatric
MS patients and HC. Compared to HC, pediatric MS patients had lower NBV (p=0.01),
GMYV (p=0.02) (Table 3.1.1) and FA values in all tracts analyzed (Table e-3.1.1).
Thirteen (23%) pediatric MS patients were classified as CI. One MS patient scored <70
at IQ and 16 scored in the inferior range (<90). Table 3.1.2 summarizes the results of the
neuropsychological evaluation in MS patients. Thirty-six percent of CI and none of
cognitively preserved (CP) patients had impairment at attention tests. Compared to CP,
CI MS patients had longer disease duration (p=0.03), lower NBV (p=0.03), lower WMV
(p=0.01) and lower FA values in the tracts connecting the left anterior insula to the
anterior cingulate cortex (ACC) (p=0.01) and precuneus (p=0.04) (Table e-3.1.1).
CCPT fMRI task performance. During fMRI, CCPT performance (percentage of

correct and incorrect responses, RT) did not differ between pediatric MS patients and HC.
Compared to CP, CI MS patients had significantly worse performance ( Figure e-3.1.1).
CCPT Task related activations/deactivations. Table e-3.1.2 and Figure 3.1.1

report brain regions significantly activated/deactivated during the CCPT task load
condition in HC and pediatric MS patients. Similar fMRI patterns were detected during
the ISI-1, ISI-2 and ISI-4 conditions, but with different t values (data not shown). Both
groups showed task-related activations in bilateral precentral cortex, supplementary
motor area (SMA), inferior parietal lobule (IPL), middle temporal gyrus (MTG), insula,
basal ganglia and cerebellum as well as the right inferior frontal gyrus (IFG), middle
frontal gyrus (MFG) and calcarine cortex. Both groups also showed deactivations in
bilateral occipital cortex and in regions usually described as part of the DMN, bilaterally,
including the precuneus, angular gyrus, superior temporal gyrus (STG), MFG (mesial

part) and superior frontal gyrus (SFG).
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Compared to HC, pediatric MS patients showed an increased activation of the left
thalamus and left anterior insula and decreased deactivation of the left ACC. Compared
to HC, MS patients also showed an increased deactivation of the right precuneus (Figure
1).

Effect of cognitive impairment. Table e-3.1.3 reports brain regions significantly

activated/deactivated during the CCPT task load condition in CP and CI MS patients,
separately. Table e-3.1.4 and Figure 3.1.2 show the results of between-group
comparisons.

During the CCPT load condition, compared to HC, CP MS had an increased
activation of the left anterior insula and thalamus and a decreased deactivation of the ACC
and right IFG. Compared to HC, CP MS patients also showed an increased deactivation
of the right precuneus and superior parietal lobule (SPL).

Compared to HC, CI MS patients experienced decreased activation of the right
PoCG and increased deactivation of bilateral precuneus. Compared to CI, CP pediatric
MS patients had an increased recruitment of several areas mainly located in the parietal
and occipital lobes and cerebellum (Table e-3.1.4). They also experienced a decreased
deactivation of the ACC.

The conjunction analysis identified the left anterior insula and ACC as areas
significantly more activated with increasing task difficulty in CP MS patients in
comparison to the other study groups. Compared to HC and CP patients, CI MS patients
had lower recruitment of the right PoCG, right lingual gyrus, right precuneus, left IPL
and left SFG.

Analysis of correlations. In pediatric MS patients, significant correlations

(p<0.001 uncorrected, Table 3.1.3) were found between:

increased activation of the left thalamus and lower GMV, higher global cognitive
performance z-scores and higher z-scores in attentive-executive function domain;
increased deactivation of the right precuneus and higher number of incorrect responses at
CCPT and lower FA value of the tract connecting the left anterior insula to ACC.

No correlations were found between fMRI findings and T> LV as well as performance at

the remaining cognitive domains.

Discussion
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Here, we applied an active fMRI paradigm to explore the functional competences
of the sustained attention network in a relatively large cohort of pediatric MS patients,
who underwent a standardized MRI protocol at high magnetic field, and a validated
neuropsychological assessment. Since CI in these patients typically affects multiple
domains, its definition is usually based on the number of failed tests at extended
neuropsychological batteries (Amato et al., 2016). In line with the literature (Amato et
al., 2016), more than 30% of our CI pediatric MS patients was impaired at attention tests.
Despite this could represent a limitation for our study that was mainly focused on
sustained attention, it has to be considered that sustained attention is needed for global
cognitive functioning (Sarter ef al., 2001) and that only some of its subprocesses are
explored by attention tests usually performed (Egeland & Kovalik-Gran, 2010). To
explore the functional competence of the attention system in pediatric MS patients, we
investigated the correlations between fMRI findings and CCPT performance during fMRI
acquisition as well as z-score of the attentional domain. Regretfully, we could not obtain
neuropsychological data from our sample of pediatric HC.

Despite we enrolled only a relatively small number of HC (thus resulting in
limited pieces of information on normal variability of fMRI features of typically
developing youth), the pattern of functional recruitment of the sustained attention
network we found at within-group analysis in pediatric HC and MS patients resembled
that described by previous studies in HC and patients with other neurological diseases
using a similar fMRI paradigm (Strazzer et al, 2015; Tana et al, 2010), and was
characterized by a distributed activation of regions located in the frontal, temporal,
parietal and occipital lobes, and the cerebellum, all contributing to different aspects of
sustained attention. The temporal lobes and parietal cortex mainly integrate polymodal
pieces of information involved in exogenous stimuli processing, whereas frontal regions
and the cerebellum play a role in reorientering attention to an exogenous stimulus. We
also detected a consistent deactivation of regions usually described as part of the DMN
(Raichle et al, 2001), a network of regions characterized by high activity at rest and low
activity during cognitive tasks with focused attention on the external environment. Even
if a longitudinal design is needed to confirm our hypothesis, these results suggest the

achievement of the age-expected level of functional maturation of the network in pediatric
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MS patients, in terms of ability to activate and deactivate the main regions of the network
and topographical representation of these regions.

With increasing CCPT demand, compared to HC, pediatric MS patients showed
an increased activation of the left thalamus, anterior insula and ACC. They also
experienced an increased deactivation of the precuneus. Several studies have
demonstrated that the basal ganglia, in particular the thalamus, play a crucial role in
executive or supervisory mechanisms of attention, including regulation, error monitoring
or processing and sustained vigilance (Fan et al, 2008; Posner et al, 2007). In adult
patients (mean age at evaluation around 19 years) with disease onset during childhood, a
recent study (Akbar et al, 2016a) found that a greater activation of the thalamus in
patients in comparison to HC during an information processing speed task correlated with
better task performance, whereas a RS functional connectivity (FC) study of the DMN
found a reduced FC of the thalamus, which was associated with thalamic atrophy (Akbar
et al, 2016c). In our pediatric MS patients, increased thalamic recruitment during the
CCPT task correlated with preserved cognitive performance (particularly with preserved
performance in attentive-executive functions) and with more pronounced GM atrophy.
Combined with the results of the previous studies (Akbar et al., 2016a; Akbar et al.,
2016c¢), these data suggest that thalamic functional abnormalities tend to occur relatively
early in the course of the disease as a possible response to disease-related structural
damage, in the attempt to preserve cognitive abilities.

Compared to HC, pediatric MS patients had also higher recruitment of the anterior
insula and ACC. Also in this case, such activation helped to distinguish CP MS patients
from the other two study groups. The anterior insula and ACC are among the key regions
of the ‘salience’ network, which functions to identify the most relevant among several
internal and extra-personal stimuli to guide behavior (Seeley et al, 2007). Network-
analysis studies have consistently demonstrated that these two regions are involved in
switching between brain networks (particularly the executive control and DMN) across
task paradigms (Chen ef al/, 2016; Menon & Uddin, 2010). Based on this, a model has
been proposed that posits that the core function of the anterior insula is to first identify
stimuli from the vast and continuous stream of sensory stimuli that impact the senses, and
then facilitate task-related information processing by initiating appropriate transient

control signals to engage brain areas mediating attention, working memory, and higher
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order cognitive processes, while disengaging the DMN. The ACC is involved in a variety
of monitoring, decision-making, and cognitive control processes (Dosenbach et al/, 2007).
Starting from these considerations, the increased recruitment of the insula and ACC
detected in CP pediatric MS patients may represent a key compensatory mechanism for
efficient detection of important environmental stimuli and attention shift towards or away
from internal cues, to maintain adequate performance during a sustained attention task.
Supporting this hypothesis, we found higher integrity of the WM tracts connecting the
left anterior insula to the ACC and precuneus in CP compared to CI MS patients.

Concomitantly with the presence of areas with increased activation in pediatric
MS patients, we also detected a decreased activation of nodal regions of the DMN, such
as the precuneus and SPL, which was due to a higher deactivation in patients in
comparison to controls. This is likely to reflect a maladaptive mechanism in pediatric MS
patients, since it was more pronounced in patients with cognitive impairment and
correlated with a poorer performance (higher number of errors) during the CCPT
execution. Interestingly, while CP MS patients experienced an increased deactivation of
the right precuneus only, CI MS patients had a bilateral deactivation of this region.
Combined with the previous findings (increased recruitment of the ACC in CP MS
patients), these results suggest that an initial increased deactivation of the precuneus
together with a reduced deactivation of the ACC, as experienced in CP MS patients, may
represent a compensatory mechanism allowing the patients to maintain an adequate
cognitive profile. With disease progression (as reflected by the longer disease duration of
CI MS patients) and accumulation of WM damage (as reflected by decreased FA values
in connecting WM tracts in CI MS patients), a more extended pattern of deactivation
(involving the precuneus and SFG), was detected, which represents a maladaptive
mechanism of cortical reorganization, characterized by an alteration of the shift from RS
condition to sustained attention task performance.

Our results confirm the role of abnormalities of the DMN, in particular of its
posterior node centered in the precuneus, in determining cognitive dysfunction in
pediatric MS patients. That the precuneus might be among the first regions affected by
the disease in these patients is in line with previous studies (Akbar et al, 2016b; Rocca et
al., 2014a) which, by integrating measures derived from structural and functional MRI

techniques, have demonstrated functional abnormalities at this level, which tended to co-
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localize with altered structural integrity. Similar to the current findings, a previous RS
fMRI study found structural and functional MRI abnormalities of the posterior node of
the DMN in CI pediatric MS patients and increased RS FC of the ACC in CP patients
(Rocca et al, 2014a). A reduced capability to modulate DMN deactivation with
increasing task complexity has been also demonstrated by studies in adult patients with
MS (Morgen et al, 2007; Rocca et al, 2014c).

Recent theories, which tend to view the brain as a complex dynamic network, have
postulated that abnormalities of interaction over time between the posterior core of the
DMN and fronto-parietal and subcortical networks, in particular the salience network,
might help to explain deficits of cognitive processes after brain damage (Bonnelle et al.,
2012; Chen et al., 2016; Leech & Sharp, 2014; Menon & Uddin, 2010). The correlation
we found between functional abnormalities of these networks and disruption of structural
integrity of critical WM tracts within the networks (in particular the tract connecting the
left anterior insula to the ACC) suggests that in patients with pediatric MS, the
accumulation of disease-related structural damage might cause a disconnection syndrome
resulting in functional and clinical abnormalities. Clearly, longitudinal studies, possibly

enrolling very young participants, are now needed to prove such a hypothesis.
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Table 3.1.1. Main demographic, clinical and structural MRI characteristics and Conner’s
Continuous Performance Test (CCPT) performance of healthy controls and pediatric patients
with multiple sclerosis (MS), as a whole and according to the presence/absence of cognitive
impairment.

Healthy Pediatric *p CP MS CIMS *p
Controls | MS patients | values patients Patients values
Number of
participants 14 37 ) 44 13 )
Girls/Boys 8/6 36/21 %017 30/14 6/7 #%0.40
Mean age (range) 13.6 15.0 012 15.2 15.1 0.58
[years] (8.8-17.9) | (7.6-18.0) ' (11.1-18.0) | (7.6-17.7) :
Median EDSS i 1.0 ) 1.0 1.5 0.37
(range) (0.0-4.0) (0.0-4.0) (0.0-4.0) :
Median disease
1.7 1.4 3.5
duration (range) - ) - i ) 0.03
Iyoars] (0.1-8.1) (0.1-6.8) (0.2-8.1)
?gﬁ?“ T2LV(SD) ; 6.0 (7.8) ; 42(52) | 96(11.6) | 026
Mean T1 LV (SD) i 3.7 (5.0) ] 2.6 (3.0) 65(86) | 031
[ml]
1[‘:5?“ NBVGD) | 1728 (74) | 1660(79) | 001 | 1674(68) | 1612(88) | 0.03
?gﬁ?“ GMV (SD) 882 (67) 830 (55) 0.02 835 (55) 808 (59) 0.12
?gﬁ?“ WMVBD) | g46 37 830 (48) 0.43 839 (38) 803 (46) 0.01
Mean L Anterior
Insula/ACC FA 0.54(0.02) | 0.51(0.04) | 0.02 | 0.52(0.03) | 0.47(0.04) | 0.01
(SD)
Mean L Anterior
Insula/Precuneus | 0.48(0.05) | 0.42(0.14) | 0.04 | 0.47(0.10) = 0.29(0.22) | 0.04
FA (SD)
Mean CCPT
95 93 94 93
correct responses 0.21 0.04
(cange) (%] (82-100) (84-100) (88-100) (87-98)
Mean CCPT
Reaction Time 0.4 (0.1) 0.4 (0.1) 0.55 0.4 (0.6) 0.4 (0.7) 0.41
(SD) [ms]

*Mann Whitney U test;, **Chi square test.

Abbreviations: MS=multiple sclerosis; Cl=cognitively impaired;, CP=cognitively preserved;
EDSS=Expanded Disability Status Scale; LV=lesion volume; SD=standard deviation,
NBV=normalized brain volume; GMV=gray matter volume; WMV=white matter volume, L=left;
ACC=anterior cingulate cortex; FA=fractional anisotropy.
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Table 3.1.2. Neuropsychological tests from patients with pediatric MS.

All pediatric MS Pediatric CP MS Pediatric CI MS

patients patients patients
*Education (years) 8.7 (2.0) 8.6 (1.9) 8.8(2.4)
*Global 1Q 97.8 (18.5) 99.2 (18.4) 92.6 (19.1)
*CDI 7.9 (5.8) 7.6 (5.7) 8.6 (6.4)
*FSS 27.1 (12.1) 27.4 (11.6) 26.0 (14.2)
Memory
PSRT-LTS 0.08 (1.33) 0.38 (1.03) -1.01 (1.73)
PSRT-CLTR 0.07 (1.17) 0.39 (0.95) -1.08 (1.18)
"SRT-D 0.02 (1.26) 0.30 (0.89) -0.96 (1.84)
PSPART -0.30 (1.88) 0.15 (1.59) -1.87 (2.05)
"SPART-D -0.23 (1.44) 0.05 (1.19) -1.19 (1.84)
Abstract/conceptual
reasoning
PMCST -0.31(1.39) -0.16 (1.37) -0.89 (1.44)
Attention/concentration
"SDMT -0.20 (0.99) -0.07 (0.99) -0.66 (0.87)
"TMT-A -0.27 (1.18) 0.01 (0.94) -1.26 (1.47)
"TMT-B -0.40 (1.46) 0.00 (0.96) -1.82 (2.05)
Language
;S;le;‘i‘;‘tti:stverbal -0.25 (0.84) -0.13 (0.81) -0.65 (0.86)
:fsl:"“emic verbal fluency -0.24 (0.85) -0.13 (0.89) -0.65 (0.58)
IPT NA NA NA
"PCT -0.58 (5.74) -0.38 (6.24) -1.30 (3.61)
"Token test -0.88 (1.46) -0.86 (1.35) -0.97 (1.88)
*ODT -0.48 (1.31) -0.27 (1.05) -1.24 (1.84)

“Mean values and standard deviations (SD).

bz-scores and SD based on a population of pediatric healthy controls matched for age and
education (Amato et al., 2008)

MS=multiple sclerosis; [Q=intelligence quotient; CDI=children depression inventory;
FSS=fatigue severity scale; SRT-LTS=selective reminding test long-term storage; SRT-
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CLTR=selective reminding test consistent long-term retrieval; SPART=10/36 spatial recall test;
SDMT=symbol digit modalities test; TMT-A/B=trail making test A/B; SRT-D=selective
reminding test delayed; SPART-D=10/36 spatial recall test delayed;, MCST=modified card
sorting test; IPT=indication of pictures test; PCT=phrase comprehension test; ODT=oral
denomination test; NA: not applicable.
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Table 3.1.3.

Brain  regions

showing

significant

correlations

between

MRI

activations/deactivations during the Conner’s Continuous Performance Test (CCPT) load
condition with clinical, neuropsychological and structural MRI variables in pediatric multiple
sclerosis patients (multiple regression models adjusted for age and sex; p < 0.001 uncorrected,).

Variables

CCPT load activations

CCPT load deactivations

Brain regions

R

Brain regions

R

GMV

L Thalamus

-0.57

L Anterior
insula/L ACC
FA

R Precuneus

-0.55

CCPT
incorrect
responses

R Precuneus

-0.53

Global
cognitive z-
score

L Thalamus

0.63

z-score of
attentive-
executive
functions

L Thalamus

0.49

Abbreviations: L=left; R=right; WMV=white matter volume; GMV=gray
FA=fractional anisotropy;, ACC=anterior cingulate cortex.

matter volume;
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Figure 3.1.1. fMRI patterns of activation and deactivation during CCPT in HC and pediatric MS
patients.

A. Healthy controls B. Pediatric patients with MS

t-values

E. Pediatric patients with MS > Healthy controls F. Pediatric patients with MS < Healthy controls

P v A L R L R I4 A L g R L R l4
b “ 0 ) 0
v -

[EZIES t-values

Brain regions showing linearly increasing functional magnetic resonance imaging (fMRI)
activations (A, B) and deactivations (C, D) with increasing Conner’s Continuous Performance
Test (CCPT) difficulty in healthy controls (HC) (A, C) and pediatric patients with multiple
sclerosis (MS) (B, D) (one-sample t-tests, p < 0.001 uncorrected). Areas showing increased
activation with increasing CCPT load in pediatric MS patients versus healthy controls are shown
in E, while brain areas showing reduced activation are shown in F. Images are displayed with
the neurological convention (De Meo et al., 2017).

Abbreviations: A=Anterior; P=posterior, L=left; R=right.
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Figure 3.1.2. fMRI patterns of activation and deactivation during CCPT in CP and CI pediatric
MS patients.

A. CP multiple sclerosis < HC B. CP multiple sclerosis > HC

oot el

R Precuneus and SPL t-values L Insula, L Thalamus, R IFG, ACC t-values

C Cl multiple scler03|s <HC . CP multiple sclerosis > C| multiple sclerosis

@ & *A [ | I5
L Cerebellum VI, ACC, L PoCG, 0

B Precuneus and R PoCG t va\ues L Putamen R Supramarginal R Lingual t-values

E. CP multiple sclerosis > HC & CI multiple sclerosis F. CI multiple sclerosis < HC & CP multiple sclerosis

* I I R L@ I | aR Lg I
L IPL, RPrecuneus

L Insula RSTG t- values R Lingual R PoCG values

Brain regions showing significantly different fMRI activations and deactivations with increasing
Conner’s Continuous Performance Test (CCPT) difficulty in cognitively preserved (CP) and
cognitively impaired (CI) patients with multiple sclerosis (MS). Results are shown at p < 0.001,
uncorrected. Images are displayed with the neurological convention (De Meo et al., 2017).
Abbreviations: A=Anterior, P=posterior, L=left; B=bilateral; R=right; MS=multiple sclerosis;
CP=cognitively preserved; Cl=cognitively impaired; HC=healthy controls PoCG=postcentral
gyrus; SPL=superior parietal lobule; IPL=inferior parietal lobule; MCC=middle cingulate
cortex; SFG=superior frontal gyrus; IFG=inferior frontal gyrus.

60



Appendix e-3.1.1

Inclusion and exclusion criteria. Patients with acute disseminated

encephalomyelitis were excluded according to published operational criteria (Krupp et
al., 2013). None of the patients had a diagnosis of clinically isolated syndrome at the time
of study inclusion and all of them had at least two clinical attacks and the formation of
new CNS lesions seen on serial MRI, according to revised McDonald’s diagnostic criteria
(Polman et al., 2011). Whenever needed, appropriate genetic testing was performed to
exclude leukodystrophies. MS patients had to be relapse- and steroid-free for at least three
months prior to the study. Exclusion criteria were concomitant therapy with
antidepressants, psychoactive drugs, or a history of other primary neurological or medical
disorders in addition to MS. Participants judged by their neurologist to have primary
psychiatric impairment in addition to their MS were also excluded.

Neuropsychological assessment. All patients underwent a neuropsychological

assessment using a Neuropsychological Battery for Children, standardized and validated
for an Italian pediatric population (Amato et al., 2008), which included: a) global
cognitive functioning with IQ assessed through the Wechsler Intelligence Scale for
children (WISC-R) (Wechsler, 1974); b) verbal learning and delayed recall with the
Selective Reminding Test (SRT, SRT-Delayed); c¢) visuospatial learning and delayed
recall with the Spatial Recall Test (SPART, SPART-Delayed); d) attention and
concentration with the SDMT and the Trail Making Test (TMT-A and TMT-B); e)
abstract reasoning through the Modified Card Sorting Test; f) expressive language
through a Semantic and Phonemic verbal fluency test and an Oral Denomination test; and
g) receptive language using the Token test, the Indication of Pictures from the
Neuropsychological Examination for Aphasia, and the Phrase Comprehension test from
the Battery for the Analysis of Aphasic Deficits. The 5th or 95th percentile of the
corrected scores of a population of pediatric HC matched for age and education was used
as the cut-off values for determining failure in a given test (Amato et al., 2008).

Depression and fatigue were self-assessed by patients and controls using the
Children Depression Inventory (Kovacs et al, 1988) and the Fatigue Severity Scale
(Krupp et al, 1989). Both neurological and neuropsychological assessments were
performed within three days of the MRI study by an experienced observer blinded to the
MRI results.
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fMRI experimental design. The computerized version of the Conners’ Continuous

Performance Test (CCPT) (Homack & Riccio, 2006) was implemented with the

Presentation software (www.neuro-bs.com, version 14.8). Stimuli consisted of

alphabetical letters, presented in a pseudo-randomized sequence, one at a time, at the
centre of the MRI screen. Letters were black on a white background. Stimuli were back-
projected in the scanner room onto a screen, which the subjects viewed through a standard
mirror system located on the scanner’s head coil. A four-button response-box, held with
the right-hand, was used to record responses. Subjects were given standardized
instructions to respond as fast as possible whenever a letter other than X appeared and to
withhold the response when the letter X was shown. The total number of presented stimuli
was 252, and every stimulus remained on the screen for 500 ms (stimulus duration). The
probability of the infrequent stimulus (X) was set at 14.3% (n=36). The test was
administered in 6 stimulation blocks, each lasting 98 seconds. Each block consisted of
three sub-blocks, in which stimuli were presented in random order with different inter-
stimulus intervals (ISI) (fixed at 1, 2 and 4 seconds, respectively). Blocks were
interleaved by rest periods, during which a meaningless image (randomly oriented
geometrical lines) was shown to the subjects for 20 seconds. The total experiment
duration was 11.8 minutes.

MRI acquisition. Using a 3.0 Tesla (Philips Intera) scanner, the following

sequences of the brain were acquired from all subjects during a single session: a) T2*-
weighted single-shot EPI sequence during the CCPT task (repetition time [TR]/echo time
[TE]=2000/30 ms; flip angle=85°; field of view=240 mm2; matrix=128x128; slice
thickness=4 mm; 354 sets of 30 contiguous axial sections); b) pulsed-gradient SE EPI
(TR/TE=8775/58 ms, matrix size=112x88, FOV=240x231 mm2, 55 contiguous, 2.3 mm
thick axial slices) with SENSE (acceleration factor=2) and diffusion gradients applied in
35 non-collinear directions. Two optimized b factors were used for acquiring diffusion
weighted images (bl1=0, b2=900 s/mm2); c) dual-echo (DE) turbo SE
(TR/TE=2599/16,80 ms, echo train length [ETL]=6; flip angle=90°, matrix
size=256x256, FOV=240x240 mm?2, 44 axial 3mm-thick slices); and d) 3D T1-weighted
fast field echo (FFE) (TR/TE=25/4.6 ms; flip angle=30°; matrix size=256x256;
FOV=230x230 mm2; 220 contiguous, axial slices with voxel size=0.89x0.89x0.8 mm).
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For all scans, the slices were positioned to run parallel to a line that joined the most infero-
anterior and infero-posterior margins of the corpus callosum.

fMRI analysis. fMRI data were analyzed using SPM12 software. Prior to

statistical analysis, all images were realigned to the mean image, coregistered with the
3D Tl-weighted scan, normalized to the standard template in the MNI space, and
smoothed with a 10-mm, three dimensional Gaussian kernel. Subjects included in the
subsequent statistical analysis had a maximum cumulative translation less than 3.0 mm
(Iess than 1.0 mm for each of the x, y or z directions separately) or a maximum cumulative
rotation of 0.5° (none of the subjects was excluded). Changes in blood oxygenation level
dependent contrast associated with the performance of the CCPT task were assessed on a
voxel-by-voxel basis, using the general linear model and the theory of Gaussian fields
(Friston et al, 1995b). A first-level design matrix, including motion parameters as
regressors, was built and specific effects were tested by applying appropriate linear
contrasts (activations and deactivations). For each subject, the three task conditions (ISI-
1, ISI-2, and ISI- 4) were contrasted with the rest condition. Areas showing increasing
activation (or deactivation) with increasing task difficulty were identified by creating a
linear contrast (CCPT load) from ISI-4 to ISI-1. Peaks of fMRI activity were localized
using the Automatic Anatomical Labelling toolbox (Tzourio-Mazoyer et al, 2002) in the
MNI standard space.
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Table e-3.1.1. Mean fractional anisotropy (FA) values of the tracts connecting brain regions
identified by fMRI analysis as key regions involved in Conner’s Continuous Performance test

(CCPT) performance.
Mean FA values Healthy Pediatric *p CP MS CIMS *p
(SD) Controls | MS patients | values patients patients values
L Anterior 0.54 0.51 0.02 0.52 0.47 0.01
Insula/ACC (0.02) (0.04) ' (0.03) (0.04) ’
0.60 0.57 0.60 0.56
L ACC/Precuneus (0.02) (0.04) 0.01 (0.02) (0.03) 0.1
0.59 0.56 0.56 0.56
R ACC/Precuneus (0.03) (0.04) 0.006 (0.04) (0.04) 0.07
0.55 0.52 0.52 0.51
L ACC/Thalamus (0.02) (0.03) 0.005 (0.03) (0.04) 0.49
0.55 0.52 0.52 0.51
R ACC/Thalamus (0.02) (0.03) 0.01 (0.03) (0.04) 1.0
L Anterior 0.48 0.42 0.04 0.47 0.29 0.04
Insula/Precuneus (0.05) (0.14) ' (0.10) (0.22) )
L Anterior 0.47 0.45 0.45 0.44
Insula/Thalamus (0.02) 003 | %09 1 g ©.04y | 1000
R Anterior 0.47 0.45 0.008 0.45 0.45 1.0
Insula/Thalamus (0.02) (0.03) ’ (0.02) (0.03) ’
0.57 0.54 0.53 0.54
L MCC/Precuneus (0.02) (0.03) 0.01 (0.03) (0.05) 1.0
0.57 0.53 0.53 0.53
R MCC/Precuneus <0.001 0.39
et (0.02) (0.03) (0.03) (0.04)
0.58 0.55 0.56 0.55
L MCC/Thalamus 0.01 1.0
" (0.02) (0.03) (0.04) (0.04)
0.60 0.56 0.56 0.56
R MCC/Thalamus 0.006 1.0
u (0.03) (0.04) (0.04) (0.05)
L 0.61 0.57 0.57 0.57
Precuneus/Thalamus (0.02) (0.03) 0.007 (0.03) (0.04) 0.92
R 0.64 0.59 <0.001 0.59 0.59 10
Precuneus/Thalamus (0.02) (0.03) ’ (0.03) (0.04) ’

*Adjusted for multiple comparisons (Bonferroni corrected).

Abbreviations: SD=standard deviation; L=left; R=right; ACC=anterior cingulate cortex;
MCC=middle cingulate cortex.
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Table e-3.1.2. Brain regions significantly activated/deactivated during the Conner’s Continuous
Performance test (CCPT) load condition in pediatric healthy controls (HC) and pediatric patients
with multiple sclerosis (MS) (one sample t-test, adjusted for age and sex, p < 0.001 uncorrected),

and between group comparisons (two sample t-test, adjusted for age and sex, p < 0.001).

Group Contrast Brain regions Side | BA | MNIspace | Cluster t
Coordinates | extent k | values
X,y Z
Healthy CCPT load IPL R 40 34 -48 50 448 *13.20
controls activations
SMA L 6 -4-258 436 9.54
R 6 6652 5.54
ACC R 32 62044 5.48
Cuneus R 7 10 -80 46 183 8.83
MFG R 6 34256 136 7.69
MOG R 19 30-74 34 224 7.07
PCG L 6 -42032 75 6.28
PCG R 44 48 1236 22 5.16
SPL L 7 -26-56 50 88 5.80
Cerebellum (crusI) | L 19 -34 -74 -24 6896 | *12.88
ITG L 37 -42 -62 -8 *11.99
Healthy CCPT load SFG L 9 -2032 38 2665 | *15.03
controls deactivations
SFG R 9 183246 58 *6.88
STG R 48 44 -16 4 11132 | *13.80
STG L 22 -66 -38 16 27 *5.42
Hippocampus R 37 28-364 *13.51
MTG L 39 -52-70 20 12.35
Angular gyrus R 39 46 -72 32 25 4.99
ACC L 11 -6322 463 9.72
ACC R 25 4346 6.93
IFG R 32 1850 18 528 8.58
PoCG L 48 -56 -8 20 55 7.45
Precuneus R 23 16 -46 40 21 4.84
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Pediatric CCPT load SMA R 6 2254 1270 | *12.28
MS patients | activations
SMA L 32 -212 46 *12.11
ACC R 24 42038 *9.76
Lingual gyrus L 18 -26 -88 -12 14082 | *19.25
ITG R 19 44 -72 -6 *18.14
10G R 19 38-82-8 *18.14
Insula R 48 34224 1951 | *11.40
PCG R 44 48 8 32 *11.21
PCG L 6 -44 -12 54 1166 | *10.40
PoCG L 6 -502 46 *7.59
Insula L 47 -32224 219 *9.25
Thalamus R 10 8-18 10 740 *8.76
Thalamus L 8 -12-18 8 *7.64
MFG R 46 364236 452 *8.48
MFG L 46 -36 48 30 21 *5.64
STG L -48 12 -4 103 *6.99
Pediatric CCPT load ACC L 23 -4 -46 36 22189 | *16.10
MS patients | deactivations
Precuneus L 7 -2 -64 48 *15.03
Precuneus R 7 8-62 62 *14.80
Angular gyrus L 39 -50 -64 26 *14.60
SFG L 9 -20 30 46 5798 | *14.23
SFG R 9 1838 46 223 *8.31
IFG L 47 -3034-12 *11.11
IFG R 47 4034 -12 247 *9.04
Cerebellum (crus II) | R 38 -76 -38 73 *7.90
Insula R 48 34614 26 *6.02
Insula L 48 -34412 14 *5.91
Pediatric CCPT load Thalamus L 10 -20-20 8 136 4.14
MS patients | activations
> healthy
controls
Thalamus L 8 -12-48 38 4.11
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Insula 47 -3424 6 77 3.70
ACC 23 -2-10 32 15 3.59
Pediatric Precunecus 7 8-62 62 77 3.97
MS patients
< healthy
controls
Precunecus 7 2 -40 56 24 3.50

*n<0.05, family-wise error corrected for multiple comparisons.

L=left; R=right; BA=Brodmann area; IPL=inferior parietal lobule; SMA=supplementary motor
area;, MFG=middle frontal gyrus; MOG=middle occipital gyrus;, PCG=precentral gyrus;
PoCG=postcentral gyrus; SPL=superior parietal lobule; ITG=inferior temporal gyrus;
SFG=superior frontal gyrus; STG=superior temporal gyrus;, MTG=middle temporal gyrus,
ACC=anterior cingulate cortex,; IFG=inferior frontal gyrus, IOG=inferior occipital gyrus.
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Table e-3.1.3. Brain regions significantly activated/deactivated during the CCPT load condition
in cognitively preserved (CP) and cognitively impaired (CI) pediatric patients with multiple
sclerosis (MS) (one-sample t-test, adjusted for age and sex, p < 0.001 uncorrected).

Group Contrast Brain regions | Side | BA | MNIspace | Cluster t
coordinates | extentk | values
X, Y, Z
Pediatric CP | - CCPT load ITG R | 19 | 44-72-4 | 12783 | *16.79
MS patients activations
10G R 19 32-84-10 *16.52
Cerebellum | 3458 -30 *16.03
(crus )
SMA R 6 42556 1043 *11.75
SMA L 32 -2 1246 *10.29
MCC R 24 22240 *10.63
Insula R 48 36224 665 *7.53
IFG R 48 5412 28 *5.19
PCG R 44 48 8 32 553 *9.49
MFG R 6 38054 *6.82
MFG R 46 3458 18 179 *7.23
Insula L 47 -32224 169 *9.24
PCG L 6 -46 -6 50 570 *9.21
Thalamus R 10-16 12 415 *8.24
Thalamus L -12-18 8 63 *7.26
IPL L 3 -54 -26 44 80 *5.32
Pediatric CP CCPT load ACC L 23 -4 -44 44 9238 *13.63
MS patients deactivations
PCC 23 -4 -46 34 *13.49
Precuneus 7 2 -52 34 *9.39
Precuneus L 7 -4 -56 34 *9.37
Insula R 48 40-14 16 461 *8.5
SFG R 9 1836 44 85 *7.57
SFG L 9 -2230 48 3454 *13.06
ACC L 10 -8482 *10.43
Angular gyrus L 39 -50 -64 26 1258 *12.59
MOG L 39 -42-76 32 *12.05
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IPL L 40 -50-54 48 *7.21
IFG 47 -3034 12 886 *10.82
IFG R 47 3836-10 126 *9.11
Angular gyrus R 39 48 -68 38 440 *9.88
MOG 39 52-68 28 *9.15
Parahippocampal 35 22-16-22 370 *9.67
gyrus
MTG R 20 48 8 -30 211 *7.18
MTG L 20 -482 -28 2013 *9.81
PoCG L 4 -48 -12 30 *6.79
Cerebellum R 36 -78 40 63 *8.16
(crus II)
Pediatric CI CCPT load Cerebellum R 37 38 -56 -28 4182 *18.23
MS patients activations (crus )
Cerebellum L 37 -34 -54 -24 *12.91
(lobule VI)
IFG R 48 58142 28 6.95
MOG R 18 28-924 45 6.13
SMA R 6 2-260 108 5.60
SMA L 6 0252 5.56
Insula R 47 36300 9 5.28
PoCG L 6 -46 -14 56 16 5.26
MFG R 6 30260 8 5.24
Thalamus R 6-18 12 7 4.93
PCG R 44 46 6 30 16 4.86
Pediatric CI CCPT load Insula R 48 38-12 14 12233 | *29.45
MS patients deactivations
PoCG R 5 12 -40 62 *19.56
ACC L 23 -2 -44 54 *8.54
Precuneus R 7 12 -50 34 *7.24
Precuneus L 7 -12-52 34 *6.23
MTG R 20 40 8 -32 138 13.7
Hippocampus R 37 32-36-4 68 4.82
SFG L 9 -14 56 20 448 11.57
SFG R 32 18 38 38 59 10.03
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SFG L 32 -16 36 36 951 11.06
ACC L 25 -22838 10.25
MOG L 39 42 -68 26 858 10.89
Angular gyrus L 39 -52-66 26 9.69
Hippocampus R 20 38-20-18 206 8.01
MFG R 10 468 -4 36 7.42
Cerebellum R 30 -80 -42 23 5.54
(crus II)

*n<0.05, family-wise error corrected for multiple comparisons.

L=left; R=right; BA=Brodmann area; IPL=inferior parietal lobule; SMA=supplementary motor
area; MCC=middle cingulate cortex; MFG=middle frontal gyrus; MOG=middle occipital gyrus;
PCG=precentral gyrus;, PoCG=postcentral gyrus; SPL=superior parietal lobule; ITG=inferior
temporal gyrus;, SFG=superior frontal gyrus; STG=superior temporal gyrus; MTG=middle
temporal gyrus; ACC=anterior cingulate cortex; IFG=inferior frontal gyrus; 10G=inferior

occipital gyrus.
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Table e-3.1.4. Brain regions showing significant differences of fMRI activations/deactivations
during the CCPT load condition between cognitively preserved (CP), cognitively impaired (CI)
pediatric multiple sclerosis (MS) patients and pediatric healthy controls (full factorial model
adjusted for age and sex, p < 0.001 uncorrected).

MNI space Cluster T
Contrast Mechanism Brain regions | Side | BA | coordinates
%Y, Z extent k | values
CP MS Increased
patients < HC deactivation Precuneus R 7 8-62 62 35 3.73
SPL R 7 16 -64 62 3.48
CP MS Increased
patients > HC activation Thalamus L -12-48 46 4.41
Insula L 48 -3424 6 48 3.83
Reduced IFG R | 46 | 363228 20 3.46
deactivation
ACC L 23 -2-832 29 3.64
CIMS Decreased
patients < HC activation PoCG R 3 36-36 60 30 3.53
Increased Precuneus R | 7 | 124252 131 4.03
deactivation
Precuneus L 7 -6 -62 58 67 3.76
CIMS >HC - - - - - - -
CPMS>CI Increased .
MS patients activation Lingual gyrus R 19 26 -64 0 64 4.05
PoCG L 43 -60 -18 34 24 3.71
Putamen L 48 24 8 -4 22 3.67
Cuneus L 18 0-8822 17 3.65
Supramarginal | o4 | 65 4036 | 12 3.61
gyrus
Cerebellum
(lobule V) L 19 | -30-70-22 14 3.57
Reduced ACC L | 23 | 02438 66 4.12
deactivation
CIMS>CP ) i ) ) ) ) )
MS patients
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CPMS>HC Increased
& CI MS .. Insula 48 -360-12 63 3.09
. activation
patients
STG 42 56 -30 16 25 2.83
Reduced ACC 32 | 63034 10 2.68
deactivation
CIMS <HC Reduced
& CP MS activation IPL 40 -30-42 54 11 2.99
Lingual gyrus 19 24 -66 0 21 2.71
PoCG 3 46 -26 52 24 2.81
Increased SFG 40 | 22440 10 3.06
deactivation
Precuneus 7 12 -40 52 21 2.70

Abbreviations: L=left; R=right; BA=Brodmann area; IPL=inferior parietal lobule;
IFG=inferior frontal gyrus;, PoCG=postcentral gyrus; ACC=anterior cingulate cortex;
SPL=superior parietal lobule; SFG=superior frontal gyrus.
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Figure e-3.1.1. Box plots of correct responses in pediatric MS patients.
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Correct responses at Conner’s Continuous Performance Test (CCPT) were reported as
percentages. The light gray box plot represents cognitively preserved (CP) pediatric multiple
sclerosis (MS) patients’ percentage of correct responses; the dark gray box plot represents the
percentage of correct responses in cognitively impaired (CI) pediatric MS patients (De Meo et
al, 2017).
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3.2 Dynamic gray matter volume changes in pediatric multiple sclerosis: a

3.5 year MRI study

The following data have been published (De Meo et al., 2019).

Dynamic gray matter volume changes in pediatric
multiple sclerosis
A 3.5 year MRI study

Ermelinda De Meo, MD, Alessandro Meani, MSc, Lucia Moiola, MD, Angelo Ghezzi, MD, Correspondence
Pierangelo Veggiotti, MD, Massimo Filippi, MD, and Maria A. Rocca, MD Dr. Rocca

® rocca.mara@bhsr.it
Neurology™ 2019;92:e1709-¢1723. doi:10.1212/WNL.0000000000007267

Abstract

Objectives Editorial

To assess, using MRI, the spatial patterns of gray matter (GM) atrophy in pediatric patients Evolution of regional brain

with multiple sclerosis (MS), their dynamic changes over time, and their clinical relevance. atrophy in children with
multiple sclerosis: Gray

Methods matters

Sixty-eight pediatric patients with MS (30 with a clinical and MRI follow-up after 3.5 years) and Page 694
26 healthy controls (HC) underwent clinical and MRI evaluation. To overcome difficulties in

obtaining longitudinal scans in pediatric HC, a group of 317 pediatric HC from an NIH-funded

MRI Study of Normal Brain Development was used to estimate GM developmental trajec-

tories. In pediatric patients with MS, deviations from normative GM volume values at the voxel

level were assessed at baseline and during the follow-up, using linear mixed-effects models.

Correlations between GM volume deviations and disability, IQ, and white matter (WM) lesion

volumes (LV) were estimated.

Results

Pediatric patients with MS showed failures in GM development in several cortical and sub-
cortical regions, as well as GM atrophy progression in most of these regions, which were only
partially related to focal WM LV. Significant correlations were found between regional GM
atrophy (particularly of deep GM regions) and disability, whereas higher IQ was associated with
reduced deviations from age-expected GM volumes of specific GM regions at baseline and
during the follow-up.

Conclusions

Impaired GM maturation occurs in pediatric patients with MS, which is only partially driven by
WM inflammation, suggesting that early neurodegenerative phenomena contribute to dis-
ability. High IQ, a measure of reserve, may offer protection by promoting remodeling of GM
pruning in this young age.
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Introduction

Widespread focal demyelinating lesions in the myelin-rich WM are one of the
pathological hallmarks of MS However, it is now well-established that the GM is not
spared by the disease, even during the earliest phases (Reich et a/, 2018). Early GM tissue
loss (i.e., atrophy), measured using MRI, has been associated with long-term
accumulation of disability and cognitive impairment in MS patients (Filippi et al, 2013).
Studying the dynamics of GM atrophy development during the first stages of the disease
may therefore provide important clues about the factors responsible for long-term clinical
outcomes. The most suitable patient groups for such studies are those who present with
clinically isolated syndromes and pediatric patients.

Given the rarity of pediatric MS, MRI studies of this population are relatively
scarce. Cross-sectional investigations have demonstrated reduced volumes of the
thalamus (Aubert-Broche et al., 2011; Mesaros et al., 2008a) and whole brain (Kerbrat et
al., 2012) in pediatric MS patients compared to age- and sex-matched HC. During
childhood and adolescence, subtle modifications of brain structures related to
maturational phenomena occurring in the brain WM and GM (myelination and synaptic
pruning) have been demonstrated using volumetric MRI measurements in healthy youths
(Giorgio et al, 2010). Thus it is possible that disease onset during such a critical period
of life might affect the physiological trajectories of maturation. In line with this
hypothesis, a two-year longitudinal study (Aubert-Broche et al., 2014b) showed that
disease onset during childhood leads to a failure of age-expected primary brain growth
and subsequent brain atrophy.

Several studies in both adult and pediatric MS patients have consistently shown
regional variations in atrophy development, with the early involvement of deep GM
nuclei, followed by several cortical regions located in the frontal, parietal and temporal
lobes (Ceccarelli et al, 2008; Eshaghi et al, 2018b; Rocca et al., 2016b). Whether this
regional pattern is partially due to a failure of region-specific age-related brain growth in
pediatric patients has not yet been investigated.

Starting from these considerations, this longitudinal study investigates the
complex interplay between brain growth and disease-related pathology on the regional
trajectories of GM volume modifications in pediatric patients with MS. To explore the

influence of WM inflammation on our findings, the relationship between GM volume and
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focal T2-hyperintense WM lesions was assessed. To determine the clinical relevance of
GM volume changes, their correlation with clinical disability and IQ (Deary et al, 2010)

was studied.

Materials and Methods

Ethics committee approval. Approval was received from the local ethical

standards committee on human experimentation, and written informed consent was
obtained from all participants and their parents prior to study enrollment.
Participants. Sixty-eight right-handed pediatric patients with RRMS were enrolled and
underwent baseline clinical and MRI evaluation. Thirty of them were re-assessed with
clinical and MRI evaluation after a median follow-up of 3.5 years (range=1.2-6.3 years).
Twenty-eight patients refused the follow-up evaluation, and the remaining 10 had the
baseline evaluation performed only recently (less than one year of follow-up).

For all evaluations, MS patients had to be relapse- and steroid-free for at least one
month prior to clinical and MRI assessment. In addition, they had to be in stable treatment
for MS from at least six months.

Patients with acute disseminated encephalomyelitis were excluded according to
published operational criteria (Krupp et al., 2013). None of the patients had a diagnosis
of a clinically isolated syndrome at the time of study inclusion and all of them had at least
two clinical attacks and the formation of new CNS lesions on serial MRI. Whenever
needed, appropriate genetic testing was performed to exclude leukodystrophies.
Exclusion criteria were concomitant therapy with antidepressants, psychoactive drugs, or
a history of other primary neurological or medical disorders in addition to MS.
Participants judged by their neurologist to have primary psychiatric impairment in
addition to MS were also excluded.

To overcome the difficulty of obtaining longitudinal MRI scans from pediatric
HC, two groups of pediatric HC were selected for comparison of MRI volumes: 1) a
group of 26 sex- and age-matched HC recruited at Hospital San Raffaele (HSR) with no
previous history of neurological dysfunction and a normal neurological exam, studied on
the same MRI scanner of MS patients at baseline; and 2) a group of 317 pediatric HC
from an NIH-funded MRI Study of Normal Brain Development (NIH HC) with

longitudinal MRI assessments for brain volume quantification (median follow-up: 3.6,
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range=0.9-5.4 years) (Evans & Brain Development Cooperative, 2006). The data from
the NIH-funded MRI Study of Normal Brain Development were downloaded in June
2016. MRI data from all available healthy participants were initially downloaded, then an
images quality check for motion and other artifacts was performed. From the 317 NIH
HC considered suitable for the analysis, a subset was followed-up once (N=163; median
follow-up: 2.0, range=0.9-4.3 years) and another twice (N=154; median follow-up:
3.9, range=2.0-5.4 years) aged from 4.2 years at the first MRI scan up to 22.3 years at the

last MRI scan. All the study participants enrolled were Caucasian.

Clinical assessment. All patients underwent a neurological examination with
rating on the EDSS at baseline and follow-up. At baseline, patients also underwent an
assessment of premorbid IQ through the Wechsler Intelligence Scale for children (WISC-
R) (Wechsler, 1974).

MRI acquisition. Scans from pediatric MS patients and pediatric HC acquired at
HSR were obtained using a 3.0 Tesla scanner (Intera, Philips Medical Systems, Best, The
Netherlands) under a program of regular maintenance (no major scanner hardware or
software upgrades occurred during the study) at baseline and follow-up. The following
brain MRI images were acquired: a) dual-echo (DE) turbo spin-echo (TSE)
(TR/TE=2599/16,80 ms, ETL=6; flip angle=90°, matrix size=256x256, FOV=240%240
mm2, 44 axial 3mm-thick slices), and b) 3D TI1-weighted fast field echo (FFE)
(TR/TE=25/4.6 ms; flip angle=30°; matrix size=256x256; FOV=230%230 mm2; 220
contiguous, axial slices with voxel size=0.89%0.89%0.8 mm3). For all scans, the slices
were positioned to run parallel to a line that joins the most infero-anterior and infero-
posterior parts of the corpus callosum (CC), with careful repositioning at follow-up.

Scans of the NIH HC were obtained at six pediatric centers on GE and Siemens
1.5 Tesla scanners. The standardized MRI protocol included: a) DE TSE (TR/TE=3500/5-
119 ms; ETL=8; flip angle=90°; matrix size=256x256; FOV=256x224 mm?2; 2-mm-thick
axial slices); b) whole brain 3D T1W RF-spoiled gradient echo sequence (TR=22-25 ms,
TE=10-11 ms, flip angle=30°, FOV=256x (160-180) mm2, matrix=256%256, slice
thickness=1.0 mm). Additional details on acquisition parameters and participants are
described in Evans et al. (Evans & Brain Development Cooperative, 2006).

Lesional analysis. MRI analysis was performed by a single experienced observer,

unaware of to whom the scans belonged. T2-hyperintense and T1-hypointense lesion
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volumes (LV) were measured on the DE and 3D T1-weighted scans respectively, using a
local thresholding segmentation technique (Jim 6, Xinapse Systems, Colchester, United
Kingdom). The 3D T1-weighted images were coregistered and resliced to match the T2-
weighted scans before identification and segmention of the T1-hypointense lesions and
underwent lesion refilling before GM volumetric analysis (Chard et al., 2010).

GM volume analysis. Regional GM growth modeling in HC and the evaluation of

deviations from normative data in MS patients required the alignment of participant’s
images to MNI standard space. Taking into account the longitudinal consistency of MRI
scans belonging to the same participant, within-subject serial longitudinal registration as
implemented in SPM 12 was used to align the available 3D T1-weighted images (either 2
or 3) (Ashburner & Ridgway, 2012). For each participant, this step creates an image of
the Jacobian determinants of the transformation between each timepoint and the mid-
point average template. Then, mid-point average templates and baseline scans (for
participants who had only a single scan available) were used for groupwise alignment:
first, they were segmented into different tissue types via the Segmentation routine
(Ashburner & Friston, 2005). Then, GM and WM segmented images of all participants,
in the closest possible rigid-body alignment with each other, were used to produce initial
GM and WM templates and to drive the deformation to the templates. At each iteration,
the deformations, calculated using the Diffeomorphic Anatomical Registration using
Exponentiated Lie algebra (DARTEL) registration method (Ashburner, 2007), were
applied to GM and WM, with an increasingly good alignment of participant morphology,
to produce templates. Finally, an affine transformation that maps from the population
average template to MNI space was calculated. With the aim of transforming each
timepoint of each participant into standard space, the mid-point average templates were
intensity modulated using the Jacobian determinant (obtained by applying serial
longitudinal registration), and then each group of timepoints, including baseline scans,
was spatially normalized (DARTEL registration), modulated and smoothed with a 4 mm
Gaussian kernel using the DARTEL tool “Normalize to MNI Space”. The result of this
pre-processing procedure was a modulated, smoothed and normalized GM image for each
participant at each timepoint; these were subsequently used to estimate regional GM
volume developmental trajectories in HC and evaluate potential deviations in MS

patients.
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Statistical analysis. Between-group comparisons of demographic, clinical and

structural MRI parameters at baseline and their changes over time were performed using
the Pearson’s chi-square test, Mann-Whitney U-test, two-sample t-test and linear mixed
effects models (for longitudinal data) as appropriate. T2 and T1 lesion volumes
underwent logarithmic transformation, to reduce skewness.

To estimate normative sex- and age-expected GM growth curves, using Matlab’s
“fitlme” function (Statistics and Machine Learning Toolbox), the following(Aubert-
Broche et al., 2014b) linear mixed-effects model (LMEM) was fitted voxel-wise to HC
preprocessed GM maps:

Y;j = Bo + bio + (B + bin)Ages; + B,Sex; + BsAgeySex; + BuAgef + BsMFS; + &;
where Yij represents the GM amount at voxel level, Ageij the mean-centered age, Sexi
the sex (binary variable) of participant i at time point j. Another binary variable to account
for differences in magnetic field strength (MFSi) and acquisition protocol was also added
to overcome potential biases. A bivariate normal distribution was assumed for the vector
of random effects (bi0, bil), independent of the homoscedastic normal error term. To
explore the influence of MFS on HC developmental trajectories estimate, in comparison
to the effect of interests, we derived partial correlation r maps for each regressor and
compared the overall distributions of their absolute values by a Wilcoxon signed-rank
test.

At each HC age decile, the first-order derivative of the model was evaluated to
test for nullity of the growth rate in healthy males and females. As previously suggested
(Aubert-Broche ef al, 2017), to provide a standardized measure of the deviation from the
normative expected value of each participant’s GM volume at each time point, a z-score
map was computed from each GM map using the estimated sex- and age-specific,
population-averaged, marginal mean and standard deviation. The procedure is illustrated
in Figure 3.2.1A for the left thalamus (as an example).

At baseline, linear models (SPM12) were applied to estimate for the whole group
of pediatric MS patients (n=68) mean z-scores and their correlation (considering those
regions significantly divergent from sex- and age-specific expected values in pediatric
MS patients) with disease duration, EDSS, premorbid IQ full-scale and subscales, as well
as T2 LV and T1 LV (Menary et al, 2013). Mean z-scores between patients with (n=30)

and without (n=38) follow-up evaluation were also compared. In patients with a follow-
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up evaluation (n=30), linear models, adjusted for follow-up duration, baseline EDSS and
disease duration, were applied to estimate changes over time of z-scores and their
correlation (for those regions showing significant decreased or increased deviations from
normative values) with baseline premorbid IQ full-scale and subscales as well as changes
in T2 LV and T1 LV. Intracranial volume was not included in these models because
previous studies showed that the growth of brain and skull dissociates to a small but
significant extent in children with MS, making skull-based normalization unreliable
(Aubert-Broche et al, 2014a).

Results were tested at p < 0.05, family-wise error (FWE) corrected for multiple
comparisons. However, in consideration of the small number of pediatric MS patients
enrolled, and in particular of those provided with a longitudinal assessment, in order to
increase the power of detection, as explorative analysis the results were also tested at
p<0.001 uncorrected.

Data availability. The dataset used and analyzed during the current study are

available from the corresponding author on reasonable request.

Results

Clinical and lesional MRI data. Demographic, clinical and lesional MRI data from

the three study groups at baseline and their longitudinal changes are summarized in Table
3.2.1. At baseline, all pediatric MS patients were receiving disease modifying treatments
(Interferon Beta=41 (60%), Glatiramer Acetate=16 (24%); natalizumab=11(16%)).
Except for IQ sub-scale score, at baseline no differences were found for all variables
explored when comparing pediatric MS patients with and those without follow-up.
Sixteen (23%) pediatric MS patients showed a low IQ(Wechsler, 1974) (range 70-90),
including 5 patients with and 11 without follow-up. In the group of pediatric MS patients
with follow-up, median EDSS scores remained stable over time (p=0.28). None of the
patients changed treatment during the follow-up. During the follow-up, pediatric MS
patients had a median annualized relapse rate of 0 (range: 0-1.23). T2 LV did not change
significantly over time (p=0.06), whereas a significant increase in T1 LV was found
(p=0.03).

Effect of MFS on HC developmental trajectories. MFS showed the lowest
absolute r-values (median (IQR) absolute r-values: Age= 0.16 (0.09-0.25), Sex= 0.17
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(0.13-0.21), AgexSex=0.11 (0.09-0.14), Age2= 0.32 (0.20-0.39), MFS= 0.07(0.03-0.11);
p<0.0001).

HC developmental trajectories. GM volume developmental trajectories as

estimated in all HC are shown separately for males and females in Figure 3.2.2. In line
with previous studies, different GM developmental trajectories were found in males and
females (Lenroot et a/, 2007). Developmental trajectories were also different in the main
brain regions (Giedd, 2004), confirming the existence of a heterocronic maturational
process. Brain regions showing negative GM volume change per year (growth rate)
reached their maturational peak first, while brain regions showing a positive growth rate
continued their maturation across the whole age range explored, in line with the inverted-
U shape developmental trajectory previously described (Gogtay et al, 2004). At 7.3 years
(first decile of HC age distribution) both males and females experienced positive GM
volume growth rate in cortical and subcortical regions and cerebellum, only excluding
small areas of the occipital and parietal lobes. At 12.1 years, under hormonal pubertal
influence (Herting & Sowell, 2017), male and female developmental trajectories started
to diverge: males showed positive GM volume growth rate in frontal and temporal
regions, basal ganglia and cerebellum, while females showed smaller regions of positive
GM volume growth rate in the same brain regions and negative growth rate in the parietal
lobe. At 14.9 years, males showed positive GM volume growth rate in temporal regions,
basal ganglia and cerebellum and negative growth rate in parietal lobe, while females
showed positive GM volume growth rate in the thalamus, hippocampus and small
cerebellar regions and negative growth rate in brain regions belonging to the frontal,
parietal, temporal and occipital lobes. Such a pattern was evident in males at 18.1 years,
when females experienced a negative GM growth rate in frontal, temporal, parietal and
occipital lobes and in the cerebellum.

Pediatric MS patients: baseline. Compared to sex- and age-expected GM volume

developmental trajectories as estimated in the HC cohort, pediatric MS patients showed
significant GM volume deviations (reduction from the expected values) in several cortical
and subcortical regions, including the basal ganglia, and several regions located in the
frontal, parietal, temporal and occipital lobes and cerebellum (Table 3.2.2 and Figure

3.2.1B). No GM regions with positive deviations from normative values were detected.
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No differences were found when comparing pediatric MS patients with and without
follow-up (data not shown).

Table 3.2.3 summarizes the correlations between GM volume z-scores and
clinical and lesional MRI variables in pediatric MS patients. Significant correlations
(p<0.001) were found between:

- higher EDSS and more severe GM damage in the bilateral thalamus, left

caudate nucleus, left IFG and right precuneus;

- longer disease duration and more severe GM damage in the cingulate cortex,
frontal and temporal regions;

- higher IQ scores (in terms of both full-scale and subscales) and less severe GM
damage in the cingulate cortex, thalamus, and several regions located in the
frontal, temporal, parietal and occipital lobes and cerebellum,;

- higher T2 and T1 LV and more severe GM damage in the thalamus, caudate
nucleus and several regions located in the frontal and temporal lobes,

bilaterally.

Pediatric MS patients: longitudinal GM volume changes. During the follow-up,
pediatric MS patients showed both increases and decreases of their deviations from the
sex- and age-expected GM volume values (estimated on normally developing participants
as explained above). In detail, pediatric MS patients showed progression of GM atrophy
in the bilateral thalamus and putamen, SMA, precuneus, superior, middle and inferior
frontal gyri, cingulate cortex, precentral gyrus (PCG) and PoCG, insula, hippocampus,
parahippocampal gyrus, paracentral lobule, IPL, rolandic operculum, calcarine cortex and
cuneus, in left Heschl gyrus, amygdala, superior and middle occipital gyrus, fusiform
gyrus and cerebellum, and in the right supramarginal gyrus and superior parietal lobule
(Table 3.2.4 and Figure 3.2.1C). Pediatric MS patients, over time, also showed reduced
deviation from the sex- and age-expected GM volume values in the left IPL, SPL,
supramarginal gyrus, angular gyrus, PoCG, middle temporal gyrus (MTG) and cerebellar
crus I and in right inferior temporal gyrus (ITG), superior, middle and inferior occipital
gyrus (Table 3.2.4 and Figure 3.2.1C).

Table 3.2.5 summarizes significant correlations between GM volume changes and

premorbid IQ as well as changes in lesional MRI variables (p<0.001):
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- higher baseline premorbid 1Q (full scale and sub-scales) scores were
significantly correlated with lower progression rate of GM volume loss in the
cingulate cortex and in brain regions located in frontal, parietal, occipital and
temporal regions;

- T2 LV and T1 LV changes were significantly correlated with progression of
GM atrophy in the bilateral thalamus, PoCG and left PCG.

Discussion

The determination of the patterns of GM volume modifications in pediatric
patients with MS is challenging due to the complex interplay between brain development
processes, brain plasticity and disease-related damaging phenomena.

Previous studies (Aubert-Broche et al., 2014a; Aubert-Broche et al., 2017) that
aimed to compare the developmental trajectories of children affected by demyelinating
syndromes (including both monophasic acute demyelinating diseases and MS) to those
of healthy children have analyzed brain and GM volumes as a whole. However, studies
in growing healthy children have shown that brain development is structurally and
functionally a non-linear process (Gogtay et al., 2004), and that individual GM regions
follow temporally distinct maturational trajectories (Wierenga et al, 2014). To determine
whether the physiological processes involved in maturation are affected in MS and
whether susceptibility to disease-related processes differs between the main GM regions,
we used a voxel-wise technique to analyze high-resolution images of the brain and trace
the spatial patterns of GM volume modifications in a relatively large group of pediatric
MS patients.

Previous MRI studies in healthy children have applied different measures to
identify, in vivo, processes involved in GM modification during development, and how
these processes are influenced by evolutionary (Geschwind & Rakic, 2013; Rakic, 1995),
genetic (Chen et al, 2013) and cellular factors (Chenn & Walsh, 2002), resulting in unique
trajectories across the lifespan. GM volume modifications assessed at the voxel level
during development have been attributed to dynamic synaptic reorganization,
characterized by synapse number reduction and reduced complexity of axons

ramifications (so-called synaptic pruning) as well as continued intracortical myelination
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and the expansion of subcortical WM (Gennatas et al, 2017; Sowell et al, 2004; Stiles &
Jernigan, 2010).

To determine whether GM changes detected in pediatric MS patients were due to
failure of normal age-related brain growth or to abnormal volume loss, we first estimated
physiological variations of GM volume trajectories during development from a large
cohort of pediatric HC, including participants studied on the same scanner as the MS
patients as well as those from the Pediatric MRI Data Repository created by the NIH MRI
Study of Normal Brain Development. In line with previous imaging studies (Wierenga et
al., 2014), we detected a heterochronic process of maturation (Gogtay et al., 2004; Sowell
et al, 2001), comprising an initial increase, followed by GM volume reduction (Lenroot
et al., 2007), resulting in different ages for peak GM volume. As previously shown in a
two-year longitudinal study (Tiemeier et al, 2010), this inverted U-shape GM
maturational trend was also seen in the cerebellum. Additionally, different GM
maturation trajectories were detected for males and females (Aubert-Broche et al., 2014a;
Lenroot et al., 2007), underpinning the importance of considering sex in the analysis of
pediatric patients. Also in line with previous studies (Gogtay ef al., 2004), we confirmed
the dynamic progression of GM region development, in which higher-order association
areas mature after lower-order sensorimotor regions, following a functional order and a
phylogenetically based principle according to which evolutionarily older cortical areas
mature first. Specifically, brain regions showing a negative growth rate first, such as those
in the parietal cortex, are thought to mature earlier than frontal regions, reflecting the
temporal achievement of the main milestones in cognitive and functional development.

Once the GM volume developmental trajectories of the HC cohort were
established, we estimated the deviations of pediatric MS patients from the expected
values at the voxel level, as well as their change over the follow-up period. In line with
previous studies demonstrating a failure of whole-brain age-expected brain growth
(Aubert-Broche et al., 2014a; Aubert-Broche et al., 2017), we found a failure from the
sex- and age-expected GM developmental trajectories in pediatric MS patients in several
cortical regions belonging to the frontal, temporal, parietal, occipital lobes and
cerebellum, as well as subcortical regions comprising the thalamus and caudate nucleus.
The analysis of correlations showed that highly interconnected brain regions, such as the

basal ganglia (Cavanna & Trimble, 2006), and late developing areas, such as anterior
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fronto-temporal regions (Ziegler et al, 2017), were more influenced by the presence of
focal WM lesions and by the prolonged exposure to disease-related processes (as reflected
by the correlation with disease duration). Based on this, it is tempting to speculate that
MS-related damage may lead to a failure of brain development by depriving late-
developing regions of the afferent input needed for their proper maturation, possibly as a
consequence of Wallerian degeneration phenomena due to focal lesions along WM tracts.
The possibility of impaired maturation of WM tracts connecting these regions should also
be considered, as suggested by a recent diffusion tensor MRI investigation in very young
pediatric MS patients (below the age of 12 years), which detected an age-dependent
regional vulnerability to MS pathology in the WM (Rocca et al., 2016c¢).

Of note, we also identified several regions with significant deviations from sex-
and age-expected GM volume values where differences were not associated with focal
WM lesions. This suggests that other processes, not strictly related to the presence of
focal inflammatory-demyelinating lesions in the WM, lead to GM alterations in the early
stages of the disease. Early GM involvement in MS patients has also been seen in previous
studies of adult patients with early RRMS and radiologically isolated syndromes
(Giorgio et al, 2011).

To better characterize abnormalities of GM volume, we also explored the
trajectories of their evolution over a 3.5 year follow-up in a subgroup of MS patients who
had a longitudinal MRI assessment. This analysis showed that in pediatric MS patients
there were continued deviations from the expected maturation trajectories in the majority
of GM areas, including several cortical and subcortical regions. The correlations with the
increase in T2 LV confirmed, once again, that only for some of these regions (the
thalamus and a few regions located in the precentral and postcentral gyri) maturational
trajectory deviation was influenced by the accumulation of focal WM lesions. Combined
with the results of baseline assessment, these findings suggest the existence of at least
two mechanisms explaining GM damage: the first, more related to the inflammatory WM
lesion-dependent component of the disease, mainly occurs at the earliest stages of the
disease and involves highly-connected regions, while the second is characterized by a
primary involvement of the GM. Even though this aspect was not investigated in the

current study, focal lesions within the GM are unlikely to explain these volumetric
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abnormalities, since they have been found to be relatively rare in pediatric MS patients
(Absinta et al., 2011; Rocca et al., 2015b).

The longitudinal analysis also allowed the identification of a few areas in which
deviations from normal maturational trajectories tended to reduce over time. In the
absence of a pathological assessment, we can only speculate on the possible reasons for
this. Clearly, it may simply reflect reaching of a plateauing limit of tissue loss, which
might occur with different timing in different GM structures. Alternatively, it is tempting
to hypothesize that by virtue of their young age, high brain plasticity potential (Rocca et
al., 2010) and remyelination capabilities (Ghassemi et a/, 2015a), pediatric patients may
benefit from some reparative mechanisms that help to preserve the GM. In line with this,
a previous two-year study which has analyzed T1-weighted signal intensity recovery in
newly-formed WM lesions in pediatric and adult MS patients showed greater lesional
recovery in pediatric patients, which was suggestive of a greater reparative capacity.

To determine the clinical relevance of the GM changes, we explored their
correlations with disability and premorbid 1Q. In contrast to a previous cross-sectional
study by our group (Mesaros et al., 2008a) that found no correlation between GM atrophy
and clinical disability (likely due to the smaller number of patients and different method
of analysis), in the current investigation failure of GM development in key brain regions,
such as the thalamus, caudate nucleus, precuneus and frontal regions, was associated with
the severity of clinical disability. This is in agreement with many studies performed in
adult patients with MS, including a recent one (Azevedo et al, 2018; Eshaghi et al.,
2018b) that demonstrated such an association in all clinical phenotypes of the disease,
including clinically isolated syndrome patients.

General intelligence is influenced by genetic factors, with an effect of heritability
that increases with age (about 30% in early childhood to 80% in adulthood) (Deary ef al.,
2010). Higher IQ has been linked to higher brain volume, higher GM volume, greater
cortical thickness, neural efficiency and WM integrity (Deary et al., 2010). Using
regional methods of analysis, a network of brain regions mostly located in the frontal and
parietal lobes as well as specific regions in the temporal and occipital lobes, have been
related to individual intelligence (Jung & Haier, 2007). In line with this, at baseline we
found a relationship between higher premorbid IQ and GM volume preservation in the

cingulate cortex, thalamus and other strategic brain regions belonging to the frontal,
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parietal, temporal lobes and cerebellum. Consistent with our results, the volume of these
regions has been related not only to general intelligence, but also to verbal and non-verbal
intelligence (Ramsden et al, 2011). Higher IQ was also found to be protective against
tissue loss during the follow-up in the cingulate cortex, precuneus, and several regions
located in the frontal and temporal lobes and the cerebellum, which might be due to GM
pruning which selectively eliminates GM that does not effectively contribute to cognition,
as suggested by a study in healthy children (Wilke et a/, 2003).

This study is not without limitations. First, only part of our patients underwent a
clinical and MRI follow-up assessment. Although the number of patients assessed at
follow-up may seem small (n=30), it should be considered that the prevalence of pediatric
MS is relatively low. Second, due to the lacking of this information for all the study
participants we did not consider the socio-economical features of our cohort despite their
importance in cognitive reserve. Finally, the stability of disability during the study period
did not allow any analysis of prediction of disability worsening. As a consequence, a
longer follow-up is needed to ascertain the clinical relevance of GM volumetric
abnormalities in pediatric MS patients.

Our results demonstrate that in pediatric MS patients, the expected resilience to
CNS injury and greater repair potential (Ghassemi et al., 2015a) are not sufficient to
prevent GM atrophy. Since at least part of GM damage in these patients is related to focal
WM inflammation, our findings emphasize the importance of therapeutic strategies
focused on neuroprotection and neurorepair, to prevent disability accrual over the long

term.
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Table 3.2.1. Main demographic, clinical and lesional MRI characteristics of pediatric multiple
sclerosis (MS) patients and healthy controls enrolled at Hospital San Raffaele (HSR HC) and
healthy controls from NIH-funded MRI Study of Normal Brain Development (NIH HC).

Pediatric MS

Pediatric MS

Pediatric MS

HSR NIH . P . . p
patients patients patients

HC 1 HC Ghole group) YU | with FU | without FU | Y21U¢S
Number of 26 317 68 - 30 38 -
participants

*0.57

Female/male 15/11 | 166/151 40/28 %§0.92 18/12 22/16 *0.86
i | okl | e | ]
[years] (0.9-5.4) (1.2-6.3)
Mean age (SD) 15.4 10.8 15.1 £§0.58 15.5 14.7 ~0.15
[years] (3.8) (3.7) (2.2) ’ (1.7) (2.5) '
vty I R N YA B I U B SO
[years] (0.4-2.3) (0.3-2.3) (0.6-2.3)
Mean total IQ ) i 98.59 ) 102.82 94.63 ~0.06
score (SD) (16.41) (17.24) (14.81) '
Mean verbal 1Q ) i 97.93 ) 101.64 94.47 ~0.12
score (SD) (17.43) (17.67) (16.75) '
Mean performance ) ) 99.10 ) 104.61 93.97 ~0.02
1Q score (SD) (17.58) 17.17) (16.63) '
Median EDSS at ) i 1.5 ) 1.0 1.5 40.09
baseline [IQR] (1.0-1.5) (1.0-1.5) (1.0-2.0) ’
Median EDSS at ) i i ) 1.0 ) %0 28
follow-up [IQR] (1.0-1.5) '
Mean T2 LV at ) i 5.9 ) 5.1 6.5 2021
baseline (SD) [ml] (7.3) (6.7) (7.7) ’
Mean T2 LV at ) i i ) 6.7 ) #%0() 06
follow-up (SD) [ml] (8.9) ’
Mean T1 LV at ) i 33 ) 2.7 3.7 016
baseline (SD) [ml] (4.4) (3.6) (5.0) ’
Mean T1 LV at ) ) ) ) 4.2 ) #%0() 3
follow-up (SD) [ml] (5.6) ’

Sp values for between-groups comparison HSR HC vs pediatric MS patients; “two-sample t-test;
*Chi square test; °comparison performed on log-transformed data; #Mann Whitney U test;
**time-effect in linear mixed effect models for longitudinal data.
Abbreviations: MS=multiple sclerosis, SD=standard deviation;, IQR=interquartile range;
FU=follow-up,; 1Q=intelligence quotient; EDSS=Expanded Disability Status Scale; LV=lesion

volume.
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Table 3.2.2. Brain regions showing significant negative deviations from the sex- and age-
expected gray matter volume developmental trajectories (z-scores<(0) in pediatric multiple
sclerosis patients (p < 0.05 FWE corrected for multiple comparisons).

Brain Regions Side | BA MNI (i(’)(;l,‘(ii)nates g‘ltlé;ttef( Valtues ZE\S/Ici)arI;s
(SE)
Hippocampus L 28 -20  -33 2 154 10.97 | -1.41(0.13)
Hippocampus R 28 12 -32 10 83 10.06 | -1.14(0.11)
Calcarine cortex L 17 9 86 -3 844 10.28 | -0.93 (0.09)
Calcarine cortex R 17 I5 -66 14 130 7 -0.76 (0.11)
Superior occipital gyrus L 17 -12 93 4 127 9.81 -0.82 (0.08)
Cerebellum lobule VIII L - -8 -66 -33 179 9.72 -0.95 (0.10)
Cerebellum lobule VIII R - 10 -70 -36 111 8.17 -0.90 (0.11)
Thalamus L - -18 32 2 546 9.6 -1.33(0.14)
Thalamus R - 9 30 9 559 9.67 -1.01 (0.10)
Lingual gyrus L 27 | -12 36 O 424 9.46 -1.12(0.12)
Middle temporal gyrus L 37 | -66 -50 -6 498 8.23 -0.81 (0.10)
Middle temporal gyrus R 21 64 -39 4 693 9.39 -0.92 (0.10)
Precuneus L 27 | -12 36 2 296 9.39 -1.10(0.12)
Precuneus R 27 14 36 6 117 7.68 -0.85(0.11)
Superior temporal pole R 38 57 10 -2 113 9.38 -0.87 (0.09)
Heschl gyrus L 48 | -36  -21 6 44 9.37 -0.96 (0.10)
Insula L 48 | 36 20 6 119 8.58 -0.90 (0.11)
Insula R - 50 10 -6 78 9.25 -0.91 (0.10)
Fusiform gyrus L 19 | -30 -60 -15 469 9.23 -0.85(0.09)
Superior frontal gyrus L 8 0 28 52 137 9.18 -0.88 (0.10)
Superior frontal gyrus R 9 14 46 42 195 7.23 -0.82 (0.11)
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Superior parietal lobule 7 -30 -64 52 185 9.08 -0.96 (0.11)
Caudate nucleus - -10 3 20 459 7.2 -0.95 (0.13)
Caudate nucleus - 12 18 9 733 9.06 -1.03 (0.11)
Amygdala 34 16 2 -16 42 9.02 -0.77 (0.08)
Parahippocampal gyrus 27 -16 32 -4 179 8.96 -1.15(0.13)
Parahippocampal gyrus 34 16 3 -18 84 8.09 -0.78 (0.10)
Inferior temporal gyrus 20 -40 27 -21 623 8.94 -0.78 (0.09)
Inferior temporal gyrus 20 64 -44 -8 328 7.21 -0.68 (0.09)
Inferior parietal lobule 40 -30 45 39 480 8.76 -0.71 (0.08)
Superior parietal lobule 39 48 -56 44 119 8.24 -0.78 (0.09)
Precentral gyrus 6 -36 26 66 131 8.57 -0.70 (0.08)
Precentral gyrus 6 27 24 69 310 8.75 -0.78 (0.09)
Angular gyrus 7 33 58 51 264 8.67 -0.81 (0.09)
Cuneus 19 9 87 24 211 8.27 -0.79 (0.10)
Cuneus 18 9 72 21 154 8.65 -0.69 (0.08)
Postcentral gyrus 6 =30 27 69 80 8.21 -0.73 (0.09)
Middle occipital gyrus 17 -12 93 2 175 8.47 -0.75 (0.09)
Middle occipital gyrus 19 36 82 21 158 7.38 -0.77 (0.10)
Cerebellum Crus II - -34 -63 -38 24 7.68 -0.86 (0.11)
Cerebellum Crus II - 10 -72 -36 82 8.45 -0.86 (0.10)
Rolandic operculum 48 56 9 2 200 8.42 -0.86 (0.10)
Middle frontal gyrus 46 -32 45 10 129 6.79 -0.61 (0.09)
Middle frontal gyrus 46 45 50 10 653 8.36 -0.94 (0.11)
Anterior cingulate cortex 32 9 45 6 496 8.26 -0.83 (0.10)
Middle cingulate cortex 23 9 -16 38 126 6.92 -0.55 (0.08)
Inferior frontal gyrus - -48 18 0 222 8.2 -0.77 (0.09)
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Inferior frontal gyrus R - 54 30 -6 241 7.45 -0.80 (0.11)

Cerebellum lobule VI L 37 -30 -58  -16 197 8.15 -0.75 (0.09)
Gyrus rectus L 11 2 33 -14 75 7.99 -0.70 (0.09)
Gyrus rectus R 11 14 16 -10 186 7.85 -0.86 (0.11)
Cerebellum lobule VII L - -15 -70  -40 43 7.93 -0.76 (0.10)

Superior temporal gyrus L 41 -44 32 15 304 7.61 -0.92 (0.12)

Superior temporal gyrus R 22 63 -16 14 305 7.39 -0.94 (0.13)

Supramarginal gyrus L 48 -63 45 27 135 7.59 -0.83 (0.11)
Supramarginal gyrus R 40 34 38 45 212 7.4 -0.73 (0.10)
Cerebellum crus I L - 36 -62 36 238 7.5 -0.97 (0.13)
Inferior occipital gyrus L 19 36 -75  -10 94 7.03 -0.62 (0.09)
Inferior occipital gyrus R 19 44 80 -2 50 7.02 -0.73 (0.10)

Abbreviations: R=right; L=left; MNI=Montreal Neurological Institute; BA=Brodmann area;
SE=standard error.
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Table 3.2.3. Brain regions showing significant correlations between z-scores (deviations from
the sex- and age-expected gray matter volume trajectories) with clinical and lesional MRI
variables in pediatric multiple sclerosis patients at baseline (multiple regression models. p<0.001
uncorrected).

Variables Brain Regions Side r
EDSS Inferior frontal gyrus L -0.46
Caudate L -0.45
Thalamus L -0.42
Thalamus R -0.38
Precuneus R -0.42
Disesase duration Anterior cingulate cortex L -0.47
Anterior cingulate cortex R -0.53
Middle cingulate cortex L *-0.48
Middle cingulate cortex R *-0.49
Supramarginal gyrus R -0.49
Precentral gyrus L -0.48
Inferior frontal gyrus R -0.44
Insula R -0.38
Heschl gyrus R -0.44
Superior temporal gyrus L -0.44
Superior frontal gyrus L -0.42
Postcentral gyrus R -0.42
Fusiform gyrus L -0.41
IQ total score Rectus gyrus L *0.60
Middle frontal gyrus R 0.51
Middle frontal gyrus L 0.52
Superior frontal gyrus L *0.58
Superior frontal gyrus R *0.59
Cerebellum Crus I L 0.55
Fusiform gyrus L 0.55
Precuneus L 0.55
Postcentral gyrus L 0.55
Lingual gyrus R 0.54
Inferior frontal gyrus R 0.54
Middle cingulate cortex L 0.51
Middle cingulate cortex R 0.53
Anterior cingulate cortex L 0.52
Anterior cingulate cortex R 0.53
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Supplementary motor area L 0.49
Fusiform gyrus R 0.48
Inferior temporal gyrus L 0.44
Inferior temporal gyrus R 0.47
Cerebellum lobule IV-V R 0.46
Thalamus R 0.45

Middle temporal gyrus L 0.45
Amygdala R 0.44
Hippocampus R 0.43

IQ verbal score Middle frontal gyrus L 0.54
Middle frontal gyrus R *0.62
Rectus gyrus L *0.57
Rectus gyrus R 0.49
Anterior cingulate cortex L 0.44
Anterior cingulate cortex R *0.57
Middle cingulate cortex L 0.50
Middle cingulate cortex R *0.57
Precuneus L *0.57
Precuneus R 0.46
Superior frontal gyrus L 0.55
Superior frontal gyrus R 0.54
Middle frontal gyrus R 0.51
Cerebellum Lobule VI L 0.50
Fusiform gyrus L 0.50
Postcentral gyrus L 0.49
Middle temporal gyrus R 0.49
Inferior frontal gyrus L 0.47
Inferior frontal gyrus R 0.49
Cerebellum Crus I L 0.47
Posterior cingulate cortex L 0.46
Supplementary motor area L 0.46
Inferior temporal gyrus L 0.46
IQ performance score Superior frontal gyrus L *0.59
Superior frontal gyrus R 0.45
Precentral gyrus R 0.57
Middle frontal gyrus R 0.55
Lingual gyrus R 0.55
Fusiform gyrus L 0.53
Rolandic operculum R 0.51
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Rectus gyrus

0.49

L
Thalamus R 0.49
Middle cingulate cortex L 0.47
Middle cingulate cortex R 0.48
Precuneus R 0.48
Calcarine cortex R 0.48
Cerebellum Crus II L 0.48
Cerebellum Crus II R 0.47
Cerebellum Lobule VI L 0.48
Inferior frontal gyrus L 0.47
Inferior frontal gyrus R 0.46
Inferior temporal gyrus L 0.47
Inferior temporal gyrus R 0.47
Cerebellum Crus I L 0.47
Cerebellum Crus I R 0.46
Supplementary motor area L 0.47
Postcentral gyrus L 0.47
Anterior cingulate cortex L 0.46
T2 lesion volume Thalamus R *-0.55
Thalamus L *-0.54
Heschl gyrus R -0.48
Caudate nucleus L -0.42
Inferior frontal gyrus L -0.40
T1 lesion volume Thalamus R *-0.59
Thalamus L *-0.58
Heschl gyrus R -0.49
Caudate nucleus L -0.48
Calcarine cortex L -0.48
Inferior frontal gyrus L -0.45
Superior temporal gyrus R -0.44

*0<0.05 FWE corrected.

Abbreviations: EDSS: Expanded Disability Status Scale; IQ=intelligence quotient; R=right;

L=left.
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Table 3.2.4. Brain regions showing significant increased and decreased z-scores (deviations from
the sex- and age-expected gray matter volume developmental trajectories) during the follow-up
in pediatric multiple sclerosis patients (p<0.001 uncorrected).

MNI coordinates Cluster ¢ Mean estimated
Contrast Brain Regions Side | BA extent z-score changes
x.y,2) Kk values (SE)
Pediatric Thalamus L - [ 12 33 4 912 | *7.29 | -0.34(0.05)
MS: Thalamus R - 10 30 6 | 1081 | *9.26 | -0.35(0.04)
progression Supplementary
of deviation D or area 6 | 3 3 51| 657 | *7.92 | -0.13(0.02)
from the Sunl ‘
expected uppiementary R 6 9 9 57| 927 | *899 | -0.09(0.01)
GM values motor area
Precuneus L - -10 -36 4 290 *8.8 -0.33 (0.04)
Precuneus R 23 16 -56 22 350 7.2 -0.14 (0.02)
Lingual gyrus L - 9 36 3 186 *8.7 -0.27 (0.03)
Lingual gyrus R - 10 30 -3 92 7.36 -0.19 (0.03)
Postcentral gyrus L 48 -66 -14 20 377 6.4 -0.23 (0.04)
Postcentral gyrus | R 3 [ 38 <16 38 | 694 | *8.63 | -0.13(0.01)
Precentral gyrus L 6 -26 -14 52 324 *7.65 -0.13 (0.02)
Precentral gyrus R - 38 -15 39 677 *8.6 -0.12 (0.01)
Hippocampus L - -12 -36 6 402 *7.42 -0.31 (0.04)
Hippocampus R [ 27 [ 12 33 38 253 | *8.04 | -0.24(0.03)
Anteriorcingulate |y | o 1o 30 20 | 249 | s11 | -012(0.02)
cortex
Anteriorcingulate | p | 5 | g 30 21 | 788 | *775 | -0.15(0.02)
cortex
Middle cingulate | | 0 44 | 1001 | 683 | -0.15(0.02)
cortex
Middle cingulate | | g 0 51| 902 | 679 | -0.14(0.02)
cortex
Posterior cingulate | | 56 | 6 30 22| 337 | 666 | -0.20(0.03)
cortex
Posterior cingulate | p | 56 | § 38 2| 8 | 623 | -0.17(0.03)
cortex
Insula L | 48 | 32 20 16 | 452 *7.5 -0.16 (0.02)
Insula R | 48 [ 40 6 15| 251 5.65 -0.16 (0.03)
Caudate nucleus L - -16 -6 24 376 6.4 -0.21 (0.03)
Caudate nucleus R - 18 16 15 766 *7.49 -0.25 (0.03)
Putamen L - [28 9 4] 401 7.1 -0.18 (0.03)
Putamen R | 48 | 32 14 2| 585 6.15 -0.15 (0.02)
Nucleus Pallidus L | 48 [ 24 0 3 110 | 695 -0.14 (0.02)
Nucleus Pallidus R - 30 -10 -3 57 5.22 -0.16 (0.03)
Supramarginal = p |40 | 30 36 45 | 97 | 689 | -0.09(0.01)
gyrus
Superior frontal -y 16 | 4 g 60 | 289 | 54 | -0.07(0.01)
gyrus
Superior frontal g 16 | 29 6 68| 372 | 679 | -020(0.03)
gyrus
Middle frontal L 6 | 24 -12 51| 317 6.61 -0.15 (0.02)
gyrus
Middle frontal R 9 | 39 10 58| 744 5.49 -0.19 (0.04)
gyrus
Paracentral lobule L 6 -4 -15 64 143 6.6 -0.13 (0.02)
Paracentral lobule R 4 8 30 54 137 5.77 -0.10 (0.02)
Rolandic L | 48 | 32 30 18| 158 | 655 | -0.15(0.02)
operculum
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Rolandic R | 48 | 42 4 15| 193 6.36 -0.17 (0.03)
operculum
Heschl gyrus L 48 | 32 26 8 56 6.34 -0.18 (0.03)
Amygdala L - [30 2 21| 129 | 633 -0.21 (0.03)
Calcarine cortex L 17 -21 -63 10 444 6.09 -0.09 (0.01)
Calcarine cortex R 17 20 -52 10 466 6.23 -0.14 (0.02)
Cuneus L 18 | 8 80 16| 142 | 493 -0.05 (0.01)
Cuneus R - 15 56 21 | 211 6.11 -0.13 (0.02)
Fusiform gyrus L 35 | 22 3 38| 206 | 6.05 -0.20 (0.03)
Inferior frontal L | 48 | 44 14 4 | 94 | 475 | -0.16(0.03)
gyrus
Inferior frontal R | 4 | 36 20 30| 158 | 597 | -0.07(0.01)
gyrus
Inferior parictal L 40 | 27 51 39| 101 5.97 -0.10 (0.02)
lobule
Inferior parictal R 3| 28 38 51 51 5.15 -0.08 (0.01)
lobule
Middle occipital L 19 | 27 80 16 | 464 58 -0.07 (0.01)
gyrus
Cerebel\l};ﬁl lobule |1 - | 36 52 44| 146 5.52 -0.14 (0.03)
Superior occipital | 19 | 26 68 27 91 5.39 -0.11 (0.02)
gyrus
Parahippocampal L 27 | 20 32 -8 170 5.17 -0.18 (0.04)
gyrus
Parahippocampal | p | 7 | 51 3 g 70 5.01 -0.19 (0.04)
gyrus
S“pe“‘l’;otlzmp"ml L 38 | 40 18  -18| 55 4.94 -0.12 (0.02)
Cerebell\l}lf\r} lobule |1 18 | 9 54 20| 87 4.94 -0.17 (0.03)
Cerebe”&m lobule | - 4 51 46| 163 4.92 -0.12 (0.02)
Superior parictal R 7 | 28 50 66 65 4.68 -0.12 (0.03)
lobule
o Inferior temporal | 37 | 56 54 18| 332 | %735 0.18 (0.02)
Pediatric gyrus
MS: Inferior parietal
redaction of bt L 40 | 50 46 50 | 257 | 6.67 0.15 (0.02)
deviation Supramarginal L | 40 | -58 -38 38 411 | 0.10(0.02)
from gyrus
expected Postcentral gyrus | L 2 [ 39 38 60| 109 | 634 0.11 (0.02)
GM val i ipi
values | Superiorocelpital || g | 30 g0 39 | 272 | 631 | 0.14(0.02)
gyrus
Middle occipital R -] 30 87 33 4.68 0.11 (0.02)
gyrus
Superior parictal L 7 | 30 64 52| 127 | 5.66 0.13 (0.02)
lobule
Angular gyrus L 39 | 48 58 40 81 5.43 0.11 (0.02)
Inferior occipital R - 50 72 -12| 65 5.33 0.16 (0.03)
gyrus
Middle temporal L 21 | 58 51 6 63 5.07 0.11 (0.02)
gyrus
Cerebellum Crus1 | L 19 | 39 68 20| 124 | 504 0.10 (0.02)
Lingual gyrus R 18 [ 20 99 9 37 4.64 0.06 (0.01)
*n<0.05 FWE corrected.

Abbreviations: R=right; L=left; MNI= Montreal Neurological Institute; BA=Brodmann area;

GM=gray matter: MS=multiple sclerosis;, SE=standard error.
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Table 3.2.5. Brain regions showing significant correlations between gray matter volume changes
over time with baseline premorbid Intelligence Quotient (full scale and sub-scales) and T2 and
T1 lesions volume changes in pediatric multiple sclerosis patients (multiple regression model
adjusted for disease duration, follow-up duration and baseline Expanded Disability Status Scale
score (p<0.001 uncorrected).

Variables Brain region Side r
IQ total score Precentral gyrus L 0.49
Anterior cingulate cortex L 0.51
Middle frontal gyrus L 0.62
Superior frontal gyrus L 0.57
Superior frontal gyrus R 0.63
Inferior frontal gyrus L 0.45
Inferior frontal gyrus R 0.54
Precuneus L 0.61
Precuneus R 0.53
Cerebellum Crus I L 0.56
Postcentral gyrus L 0.38
Insula L 0.50
Postcentral gyrus R 0.59
Inferior temporal gyrus L 0.57
Inferior temporal gyrus R 0.63
IQ verbal score Middle frontal gyrus L 0.56
Inferior frontal gyrus L 0.63
Precuneus L 0.53
Precuneus R 0.53
Postcentral gyrus L 0.57
Anterior cingulate cortex L 0.53
Anterior cingulate cortex R 0.52
Middle cingulate cortex L 0.59
Precentral gyrus L 0.54
Precentral gyrus R 0.44
Superior frontal gyrus L 0.65
Superior frontal gyrus R 0.66
Middle temporal gyrus L 0.60
Insula L 0.51
Cerebellum Crus I L 0.59
IQ performance score Superior frontal gyrus L 0.59
Superior frontal gyrus R 0.43
Middle frontal gyrus R 0.45
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Inferior frontal gyrus R 0.59

Anterior cingulate cortex L 0.52

Fusiform gyrus L 0.57

Lingual gyrus R 0.58

Calcarine cortex R 0.50

Middle cingulate cortex L 0.41

Middle cingulate cortex R 0.45

Inferior temporal gyrus R 0.46

T2 lesion volume changes Precentral gyrus L -0.63
Postcentral gyrus R -0.61

Thalamus L -0.54

T1 lesion volume changes Postcentral gyrus L -0.71
Thalamus R -0.70

Abbreviations: IQ=intelligence quotient; R=right; L=left.
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Figure 3.2.1. Gray matter developmental trajectories estimation and assessment of deviations
from them in pediatric multiple sclerosis patients.
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(A.1) Left thalamus gray matter (GM) developmental trajectories are represented as estimated in
the whole group of HC (means are represented by solid lines and 95% confidence interval by
dashed lines). The model was estimated, for illustrative purpose, from average relative GM
volumes (representing the amount of GM relative to the voxel size) within the left thalamus mask
from Automatic Anatomical Labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002). Spaghetti lines
for each participant’s measurements over time are also shown. (4.2) Graphical representation
for the pediatric multiple sclerosis (MS) patients of deviations from the sex- and age-specific GM
developmental trajectories. One male and one female MS patient whose longitudinal scans were
available, were taken as examples to show their deviation from the expected values (vertical solid
arrows) as assessed at baseline and at follow-up. From magnetic-field-strength-adjusted
measurements obtained for each MS patient at each time point, z-scores were computed by
subtracting and dividing by the normative sex- and age-specific estimated mean (solid line) and
standard deviation (SD) respectively. Mean = 1 SD reference lines are also represented (dotted
lines) for comparison. (B) GM volume deviations from the expected values in pediatric MS
patients (represented in terms of mean z-scores) at baseline (one sample t-test, p<0.05 FWE
corrected). Brain regions experiencing significantly greater loss of GM are highlighted on the
blue-light blue scale. (C) Longitudinal changes (expressed as mean estimated z-score changes)
in GM volume deviations from the expected values in pediatric MS patients (one-sample t-test,
adjusted for follow-up duration, baseline EDSS and disease duration, p<0.001 uncorrected).
Brain regions experiencing GM damage progression are highlighted using the blue/light blue
scale, while those experiencing reduced deviation from the expected values are highlighted using
the red/yellow scale. Images are presented in neurological convention (De Meo et al., 2019).
Abbreviations: MS=multiple sclerosis;, GM=gray matter, A=Anterior, P=posterior; L=left;
R=right.
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Figure 3.2.2. Gray matter growth rate in the whole group of healthy controls.

Age Males Females

7.3

8.7

9.9

10.9

121

134

14.9

3
S
S
S
B
&
&

16.3

18.1

-1.11 -0.07 0.06 2.24
Relative gray matter volume change (x10-2) per year

Relative gray matter (GM) volume change per year in healthy controls at each age decile, shown
separately for males and females. Brain regions showing a significant increase of relative GM
volume per year are red-yellow, while brain regions showing a significant negative GM volume
change per year are represented in blue-light blue (linear mixed-effects model, p<0.001
uncorrected). Images are presented in radiological convention (De Meo et al., 2019).
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3.3 1In vivo gradients of thalamic damage in pediatric multiple sclerosis: a

window into pathology

The following data have been published (De Meo et al., 2020b).
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In vivo gradients of thalamic damage in
paediatric multiple sclerosis: a window
into pathology

Ermelinda De Meo,'? Loredana Storelli,' Lucia Moiola,? Angelo Ghezzi,*
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The thalamus represents one of the first structures affected by neurodegenerative processes in multiple sclerosis. A greater thalamic
volume reduction over time, on its CSF side, has been described in paediatric multiple sclerosis patients. However, its determinants
and the underlying pathological changes, likely occurring before this phenomenon becomes measurable, have never been explored.
Using a multiparametric magnetic resonance approach, we quantified, in vivo, the different processes that can involve the thalamus
in terms of focal lesions, microstructural damage and atrophy in paediatric multiple sclerosis patients and their distribution accord-
ing to the distance from CSF/thalamus interface and thalamus/white matter interface. In 70 paediatric multiple sclerosis patients
and 26 age- and sex-matched healthy controls, we tested for differences in thalamic volume and quantitative MRI metrics—includ-
ing fractional anisotropy, mean diffusivity and T1/T,-weighted ratio—in the whole thalamus and in thalamic white matter, global-
ly and within concentric bands originating from CSF/thalamus interface. In paediatric multiple sclerosis patients, the relationship
of thalamic abnormalities with cortical thickness and white matter lesions was also investigated. Compared to healthy controls,
patients had significantly increased fractional anisotropy in whole thalamus (f# = 0.145; P=0.03), reduced fractional anisotropy
(f = 0.219; P=0.006) and increased mean diffusivity (£ = 0.178; P =0.009) in thalamic white matter and a trend towards a
reduced thalamic volume (f = 0.027; P =0.058). By segmenting the whole thalamus and thalamic white matter into concentric
bands, in paediatric multiple sclerosis we detected significant fractional anisotropy abnormalities in bands nearest to CSF (f* =
0.208; P=0.002) and in those closest to white matter (f range = 0.183-0.369; P range = 0.010-0.046), while we found signifi-
cant mean diffusivity (f2 range = 0.101-0.369; P range = 0.018-0.042) and T,/T,-weighted ratio (f2 = 0.773; P=0.001) abnor-
malities in thalamic bands closest to CSF. The increase in fractional anisotropy and decrease in mean diffusivity detected at the
CSF/thalamus interface correlated with cortical thickness reduction (r range = -0.27-0.34; P range = 0.004-0.028), whereas the
increase in fractional anisotropy detected at the thalamus/white matter interface correlated with white matter lesion volumes (r
range = 0.24-0.27; P range = 0.006-0.050). Globally, our results support the hypothesis of heterogeneous pathological processes,
including retrograde degeneration from white matter lesions and CSF-mediated damage, leading to thalamic microstructural abnor-
malities, likely preceding macroscopic tissue loss. Assessing thalamic microstructural changes using a multiparametric magnetic res-
onance approach may represent a target to monitor the efficacy of neuroprotective strategies early in the disease course.
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Introduction

Neurodegeneration is one of the pathological hallmarks of MS (Filippi et al,
2019b). Quantification of atrophy using MRI-based techniques is accepted as an in-vivo
measure of neurodegeneration (Rocca et al, 2017), as it has shown a good correlation
with pathological findings (Filippi et al, 2012) and contributes to explain disease clinical
severity (Eshaghi ef a/, 2018c). Several combined clinical-MRI studies have consistently
demonstrated that GM atrophy is more clinically relevant than WM atrophy in MS,
contributing to differentiate the main disease clinical phenotypes (Eshaghi et al., 2018c)
and to predict long-term clinical outcomes (Filippi et al., 2013).

Multiple sclerosis-related GM atrophy develops following a trajectory that starts

from the deep GM nuclei and spreads, over time, to many cortical GM regions (De Meo
et al., 2019; Eshaghi et al., 2018c¢). In this scenario, the thalamus is one of the first GM
structures affected from the beginning of the disease, including patients with clinically
isolated syndromes (CIS) (Azevedo et al., 2018; Eshaghi et al., 2018c) and pediatric MS
(Aubert-Broche et al., 2014b; Mesaros et al, 2008b; Till et al., 2011b). Although thalamic
atrophy represents an early phenomenon in the disease course, before it could be
detectable several subtle microstructural changes are likely to occur.
Due to its central location between the WM and the CSF interface, as demonstrated in
pathological studies (Minagar et al/, 2013), the thalamus may be susceptible to both
retrograde Wallerian degeneration from WM lesions (Vercellino et al, 2009) and CSF
immune cytotoxic factor-mediated damage (Gilmore et al, 2009). In addition, intrinsic
thalamic pathology may disrupt its complex organization and dense pattern of
connections.

As support of the hypothesis of thalamic neuronal loss not related to direct
demyelination within this structure (Evangelou et a/, 2001), a DT MRI study has shown
a tract-specific pattern of cortico-thalamic neurodegeneration in adult patients with M'S
(Bisecco et al, 2015), which was attributed to Wallerian or transsynaptic degeneration.
On the other side, recent quantitative MR-based studies have demonstrated a gradient of
microstructural integrity disruption in the periventricular WM and deep GM (Brown et
al,2017; Liu et al, 2015; Pardini et al, 2016) as well as of volume loss within the thalamus
(Fadda et al, 2019), supporting the existence of an outside-in CSF-mediated

pathophysiological mechanism of damage. Another study, performed using ultra-high
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field quantitative imaging in adult MS patients suggested that heterogeneous processes
contribute to thalamic microstructural changes reflecting alterations in myelin and iron
content, with focal lesions being mainly driven by CSF-mediated factors and thalamic
atrophy being associated with WM lesions.

The assessment of the mechanisms contributing to thalamic microstructural
integrity abnormalities in patients with pediatric MS offers the unique opportunity to
unravel the earliest pathogenetic mechanisms in this condition. With this goal, we applied
a multiparametric MR approach to quantify, in-vivo, the different processes that can
involve this structure in terms of focal lesions, microstructural damage and atrophy.

To test the outside-in CSF-mediated mechanism of damage, microstructural
integrity disruption and demyelination were investigated both in the whole thalamus and
thalamic WM and in their segmented portions as a function of distance from CSF, using
DTI measures and 7;/7> ratio. This latter method, which is based on the calculation of the
ratio of 7;- and T>-weighted image signal intensities obtained using conventionally
acquired MRI sequences, is thought to provide an indirect evidence of myelin content
(Glasser et al, 2016; Nieuwenhuys & Broere, 2017; Righart et al, 2017), being
particularly attractive for pediatric patients (Soun et a/, 2017), as it does not increase the
duration of MRI acquisition. In order to provide possible causal inferences of thalamic
microstructural damage and processes occurring in WM (i.e., accumulation of focal
lesions) or at the interface with the CSF (i.e., cortical atrophy), we also investigated the
relationship between thalamic abnormalities and brain WM lesions and cortical thickness.
We hypothesized that both these processes may contribute to explain thalamic

microstructural abnormalities in such an early stage of the disease.

Materials and Methods

Ethics committee approval. Approval was received from the local ethical

standards committee on human experimentation, and written informed consent was
obtained from all participants and their parents prior to study enrollment.

Participants. We enrolled 70 consecutive, right-handed, pediatric patients with relapsing-
remitting MS (Polman et al., 2011) referred to specialized centers for the diagnosis of
pediatric MS. Patients with ADEM or ADEM-like presentation were excluded according
to published operational criteria (Krupp et al., 2013). None of the patients had a diagnosis
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of a CIS or anti-myelin oligodendrocyte glycoprotein disease at the time of study
inclusion and all of them had at least two clinical attacks and the formation of new CNS
lesions on serial MRI.

Patients had to be relapse- and steroid-free for at least one month prior to clinical
and MRI assessment. Whenever needed, appropriate genetic testing was performed to
exclude leukodystrophies. Exclusion criteria were concomitant therapy with
antidepressants, psychoactive drugs, or a history of other primary neurological or medical
disorders in addition to MS. Participants judged by their neurologist to have primary
psychiatric impairment in addition to MS were also excluded. On the day of MRI
acquisition, all patients underwent a neurological examination with rating on the
Expanded Disability Status Scale (EDSS) (Kurtzke, 1983).

Twenty-six sex- and age-matched HC with no previous history of neurological
dysfunction and a normal neurological examination served as the control group.

MRI acquisition. Using a 3.0 Tesla Philips Intera MR scanner with 8-channel head

coil (Philips Medical System, Best, The Netherlands), the following sequences of the
brain were acquired from all subjects during a single session: a) 3D T1-weighted turbo
field echo (TFE) (TR/TE=25/4.6 ms; echo train length [ETL]=1; flip angle=30°; matrix
size=256x256; field of view [FOV]=230x230 mm2; 220 contiguous, axial slices with
voxel size=1x1x1 mm); b) dual-echo (DE) turbo spin echo (SE) (TR/TE=2599/16.80 ms,
ETL=6; flip angle=90°, matrix size=256x256, FOV=240x240 mm?2, 44 axial 3mm-thick
slices); c¢) pulsed-gradient SE EPI (TR/TE=8775/58 ms, matrix size=112x88,
FOV=240x231 mm2, 55 contiguous, 2.3 mm thick axial slices) with SENSE
(acceleration factor=2) and diffusion gradients applied in 35 non-collinear directions.
Two optimized b factors were used for acquiring diffusion weighted images (b1=0,
b2=900 s/mm?2). For all scans, the slices were positioned to run parallel to a line that
joined the most infero-anterior and infero-posterior margins of the corpus callosum.

Conventional MRI analysis. In MS patients, T2-hyperintense and 7;-hypointense

lesion volumes (LV) were measured on the DE and 3D T1-weighted scans respectively,
using a local thresholding segmentation technique (Jim 8, Xinapse Systems, Colchester,
United Kingdom). Normalized brain (NBV), WM (NWMYV) and GM (NGMV) volumes
were measured on the 3D 7;-weighted scans using the SIENAx software, after T1-

hypointense lesion refilling (Chard et al., 2010).
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Cortical surface reconstruction. Cortical surface reconstruction and mean cortical

thickness measurement were performed using the FreeSurfer software, version 6.0.0
(http://surfer.nmr.mgh.harvard.edu/) on 3D T;-weighted scans. Topological defects in
cortical surface reconstruction caused by WM and/or leukocortical lesions were corrected
by adding control points or modifying the WM mask, as needed.

T/T, ratio image reconstruction. To obtain 7;/7> ratio maps, 3D 7;-weighted and

T>-weighted images were pre-processed and combined using an in-house dedicated
pipeline adapted from Ganzetti et al.(Ganzetti ef al, 2014). This includes bias correction
and intensity calibration on each of the two MRI sequences and the subsequent
calculation of their ratio. In details, 3D 7;-weighted and 7>-weighted image intensities
were first scaled according to the vendor-specific image scaling factor detected in Philips
images to obtain the original pixel floating-point values. These parameters were available
in public tags of the Philips MR DICOM for each sequence (Chenevert et al, 2014). T>-
weighted image was then co-registered to the 3D T1-weighted image space through a
rigid-body transformation using FLIRT tool (FSL Library) and both sequences underwent
the intensity N4 bias field correction from the ANTs toolbox
(http://stnava.github.io/ANTs/) (Glasser et al, 2014; Glasser & Van Essen, 2011;

Tustison et al, 2010). After correcting for intensity non-uniformity, 3D 7;-weighted and
co-registered 7>-weighted images were further processed to normalize their histograms
using a linear scaling procedure described in Ganzetti et al. (Ganzetti et al., 2014): the
intensity histograms were adjusted using the lowest and the highest intensity peaks
derived from the ocular and temporal muscles masks extracted on both 7;- and 7>-
weighted images (calibrated images). After intensity calibration, the ratio between these
images was calculated, thus 77/7> ratio maps were obtained. The entire pipeline was
implemented in Matlab® environment.

DTI analysis. Diffusion weighted images were first corrected for distortions
caused by the eddy currents and for head movements
(http://white.stanford.edu/newlm/index.php/DTI_Preprocessing). Then, using the FSL -
FMRIB's Diffusion Toolbox (FDT tool), DT measures were estimated for each voxel by
linear regression (Basser et al, 1994), and FA and mean diffusivity (MD) maps were
derived. The tract-based spatial statistics (TBSS) pipeline (Smith et al, 2006) was then

used to generate skeletonized WM maps. All subjects’ FA data were aligned into a
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common space using nonlinear registration. The mean FA image was then thinned to
create a mean FA skeleton which represents the center of all tracts common to the group.
Each subject’s aligned FA and MD data were then projected onto this skeleton. Finally,
WM skeleton was back-projected in the subject space for thalamic analysis.

Thalamic analysis. Thalamic segmentation was performed using FIRST toolbox

on 3D T;-weighted images. Global thalamic volume was computed as the mean of the
right and left thalamic volumes obtained from the FIRST segmentation, corrected for
boundary voxels and normalized by the head-scaling factor derived from SIENAXx.

The thalami masks were co-registered to 77/7> ratio, DTI maps and TBSS
skeleton. For DT MRI metrics, the WM skeleton obtained with the TBSS procedure was
superimposed on the thalamus mask of each patient previously co-registered on DTI
maps, in order to obtain thalamic WM segmentation in DTI space. To test the hypothesis
of a damaging process within the thalamus driven by CSF-mediated factors, the binary
mask of the CSF obtained from FreeSurfer segmentation was also resampled onto 7/7>
ratio, DTT maps and TBSS skeleton. We applied a dilation of 1 voxel on the CSF mask
using DilM (part of the FSL Software Library) to obtain the intersection between the
thalamus and the dilated CSF masks. This intersection was the seed region to calculate
the geodesic distance of each thalamic voxel and thalamic WM voxel from CSF, in the
three dimensions. According to this procedure, the thalamus was divided in 15 concentric
bands each including all voxels at the same geodesic distance from CSF (Figure 3.3.1).
To minimize partial volume effects, the first and the last bands were excluded from the
analysis (Liu ef al., 2015). For each participant, FA, MD and 7,/T> ratio measures were
estimated within each band. In pediatric MS patients, 7> hyperintense thalamic LV was
also estimated. All the co-registration and segmentation procedures were visually

checked to avoid any potential errors.

Thalamic atrophy. To assess thalamic atrophy at individual level, we calculated
age- and sex-adjusted z-scores of thalamic volume, based on pediatric HC. To define
thalamic atrophy, we set a cut-off at z-score < -1.96 (Hanninen ef al, 2019).

Statistical analysis. Between-group comparisons of demographic, clinical and

MRI parameters were performed using Pearson’s chi square tests, Mann-Whitney and
linear models, as appropriate, according to normality distribution assessment performed

by using Shapiro-Wilk test.

107



Age- and sex-adjusted multivariate analysis was performed to compare cortical
thickness, thalamic volume and thalamic quantitative MRI measures (including thalamic
volume as covariate) between pediatric MS patients and HC. Linear mixed effects models
were used to assess the relationship between 7> thalamic LV within each band and its
distance from CSF. To assess the influence of thalamic atrophy on quantitative MRI
metrics, we re-run the analysis excluding pediatric MS patients with thalamic atrophy at
individual level. To provide a measure of effect size for multiple regression models, we
also estimated Cohen’s f°.

Multiple linear regression models adjusted for age, sex and thalamic volume were
performed to assess the relationship between thalamic abnormalities with clinical
features, brain WM lesions and cortical thickness. To identify the most relevant
associations, multivariate analysis with stepwise variable selection was performed
(p=0.10 for entry and p = 0.05 to remain in the multivariate model).

Bonferroni correction was applied to control for type I error in the comparison of
quantitative MRI variables, accounting for the overall number of pairwise contrasts
performed. The same correction procedure was separately used for the association of
quantitative MRI variables with cortical thickness and WM LV. For all analyses,
statistically significant threshold was set at p-value<0.05.

Data availability. The dataset used and analyzed during the current study are

available from the corresponding author on reasonable request.

Results

Clinical and conventional MRI measures. Table 3.3.1 summarizes the main

demographic, clinical and conventional MRI features of pediatric MS patients and HC.
Compared to HC, pediatric MS patients had lower NBV, NWMYV and cortical thickness,
as well as a trend towards a reduced normalized thalamic volume (=0.027; p=0.058).

Thalamic global quantitative MRI analysis. Considering the whole thalamus,

compared to HC, pediatric MS patients showed increased mean FA (0.35 + 0.03 vs 0.33
+0.02; /?=0.145; p=0.030) and no significant differences for MD (0.76 + 0.04 vs 0.78 +
0.08; *=0.008; p=0.470) and T1/T2 ratio (1.03 £0.12 vs 1.03 + 0.15; /*=0.000; p=0.910).
Considering thalamic WM, compared to HC, pediatric MS patients showed reduced FA
(0.32 £ 0.02 vs 0.34 + 0.02; £°=0.219; p=0.006), increased MD (0.70 = 0.04 vs 0.67 +
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0.03; /2=0.178; p=0.009) and no significant differences for T1/T2 ratio values (1.03 +
0.14 vs 1.03 £ 0.12; /°=0.000; p=0.819).

Thalamic laminar quantitative MRI analysis. Figure 3.3.2 shows the results of the

laminar analysis of quantitative MRI measures within the thalamus as a function of
geodesic distance from CSF. Both pediatric MS patients and HC had a progressive
increase of FA and 7,/7 ratio and decrease of MD from the regions closest to
CSF/thalamus-interface to those closest to thalamus/WM-interface. An analogous trend
of these quantitative measures was observed in the thalamic WM, except for MD, which
increased from the inner to the outer bands. Quantitative MRI abnormalities were
observed at both thalamic interfaces, as detailed below.

Laminar quantitative MRI analysis of whole thalamus. Compared to HC, pediatric

MS patients showed higher FA values in the band closest to CSF/thalamus-interface and
in those closest to thalamus/WM-interface. They also had lower MD and 77/7> ratio
values in the band closest to CSF/thalamus-interface. These findings support
microstructural abnormalities at both CSF/thalamus-interface and thalamus/WM-
interface and demyelination/iron deposition at CSF/thalamus-interface.

Laminar quantitative MRI analysis of thalamic WM. Compared to HC, pediatric

MS patients showed reduced FA in the three bands closest to thalamus/WM-interface and
increased MD in the three bands closest to CSF/thalamus-interface. No significant
differences were found in 77/7> ratio values. These findings support demyelination,
neuronal loss and reduction of fiber density at both CSF/thalamus-interface and
thalamus/WM-interface.

Thalamic focal lesion distribution. 7>-hyperintense focal thalamic LV decreased

in function of geodesic distance from the CSF (p<0.001) (Figure 3.3.3).
Thalamic atrophy effect. Twelve pediatric MS patients had thalamic atrophy at

individual level. By re-running the previous analyses excluding these patients with
thalamic atrophy, results of between-group comparisons did not change (data not shown).

Correlation analysis. Table 3.3.2 summarizes significant correlations between

thalamic quantitative MRI measures and clinical and conventional MRI measures in
pediatric MS patients.

At multivariate analysis, the following correlations were found:
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- FA and MD abnormalities detected in thalamic WM vs a younger age at disease
onset and longer disease duration;
- FA increase in the bands closest to thalamus/WM-interface vs higher global
T>- and T;-LV;
- FA and MD abnormalities in the bands closest to CSF/thalamus-interface vs
lower cortical thickness.
In Figure 3.3.4, a graphical and integrated model of thalamic damage is proposed. Table
3.3.3 summarizes the main abnormalities of quantitative MRI metrics and their possible

underlying pathological substrates.

Discussion

In this study, we combined several quantitative MR techniques, sensitive towards
different pathological substrates of MS, to obtain in vivo information on the possible
pathological mechanisms of thalamic damage in pediatric patients with MS.

The analysis of the thalamus as a whole showed that pediatric MS patients had a
trend towards a reduction of thalamic volume and significantly higher thalamic FA values
compared to HC. Both increased (Bisecco et al., 2015; Ciccarelli ef al, 2001; Tovar-Moll
et al,2009) and decreased (Cappellani e al, 2014; Deppe et al, 2016; Mesaros et al, 2011)
thalamic FA values have been observed in previous studies in MS patients compared to
healthy subjects. The architectural complexity of the thalamus, which comprises both
nuclear complexes and WM fibers, contributes to explain these conflicting results
(Minagar et al., 2013).

To better understand thalamic microstructural abnormalities, we repeated the
assessment of quantitative MRI metrics considering thalamic WM only. In line with
previous studies conducted in adult MS patients (Benedict et al, 2013; Bergsland et al,
2018; Schoonheim et al, 2015), such an approach showed reduced FA and increased MD
in the thalamic WM in pediatric MS patients compared to HC.

These results, which were not due to the presence of thalamic atrophy, support the
notion that microstructural damage is likely to precede atrophy in MS (Deppe et al.,
2016). Despite microstructural abnormalities within the thalamus are likely to represent
the first MR detectable sign of an ongoing damaging process, its determinants remain

largely unknown. To provide additional insights into the mechanisms associated with

110



thalamic damage, we integrated the whole thalamic with a laminar analysis, by studying
thalamic quantitative MRI metrics according to their geodesic distance from the
CSF/thalamus-interface. In this way, we were able to investigate both the effect of CSF
immune cytotoxic factors and of WM lesion-related Wallerian degeneration on thalamic
damage.

In support of the hypothesis of a CSF immune-cytotoxic factor-mediated
mechanism (Liu et al., 2015; Louapre et al, 2017), we found a dependency of thalamic
T> LV from the distance from CSF and a disruption of microstructural integrity together
with evidence of demyelination in the same regions, as reflected by increased FA, reduced
MD and reduced 7/7> ratio values. The preferential location of 7> lesions in thalamic
regions nearest the CSF/thalamus interface agrees with pathological evidences describing
subependymal GM lesions extending over a relatively large area in MS (Gilmore ef al.,
2009; Vercellino et al., 2009). Inflammatory processes have been found not only in
lesions but also in the normal appearing deep GM (Vercellino et al., 2009), leading to
diffuse oxidative injury and neurodegeneration (Haider et al, 2014).

These inflammatory processes originating from the CSF are likely to mediate
changes of thalamic FA through different mechanisms, including microglial activation
(Davalos et al, 2005; Nimmerjahn et al, 2005), an altered metabolism, as described in
previous studies using MRI and Positron Emission Tomography (Ciccarelli ef al., 2001,
Herranz et al, 2016), and mitochondrial dysfunction, induced by the increased CSF levels
of C16:0 and C24:0 ceramides detected in MS patients (Vidaurre et al, 2014).

We also found reduced 7/7> ratio values, likely reflecting reduced intrathalamic
myelin content, iron deposition (Grydeland ef al/, 2013) and altered dendrite density
(Righart et al., 2017).

Thalamic abnormalities in the bands nearest to CSF/thalamus interface
significantly correlated with cortical thinning, suggesting a shared mechanism of damage
for subpial and subependimal pathology, likely coming from the CSF. Indeed, as cortical
pathology appears mainly represented by an extensive subpial demyelination (Junker et
al, 2020), also thalamic demyelination has been demonstrated to occur more frequently
in the paraventricular nuclei of the thalamus (Gilmore et al., 2009). Both subpial and
subependimal demyelination have been associated with the presence of B lymphocyte

follicles (Minagar et al., 2013). The latter may release soluble factors in the CSF (Lisak
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et al, 2012), damaging GM tissue directly or indirectly by microglia activation (Howell
etal,2011).

From the MRI point of view, significant association between cortical thinning and
periventricular damage has been demonstrated both in CIS and in relapsing-remitting MS
patients (Jehna et al, 2015). Furthermore, the notion of a common CSF-mediated
mechanism of damage in the thalamus and cortex is in line with the results of a recent 7T
quantitative MRI study which found a gradient of demyelination and iron deposition
across the cortex with a prominent involvement of the outer layers, extending to deeper
cortical laminae with disease progression and affecting the whole cortical width in
secondary progressive MS (Mainero et al, 2015). In summary, the preferential location
of lesions at the CSF/GM interface, together with the gradient of thalamic and cortical
damage diminishing from the CSF/GM interface inwards, suggest a shared mechanism
of damage originating from the CSF.

In support of the hypothesis of thalamic WM lesion-related Wallerian
degeneration, we found increased FA in thalamic bands nearest to thalamus/WM
interface that correlated with brain 7> LV. Neuronal loss outside demyelinated regions
has been attributed to anterograde and retrograde neuronal degeneration due to lesions in
connected fiber tracts (Kolasinski et al, 2012). The loss of afferent and efferent pathways
results not only in neuronal loss but also in dendritic attenuation (Mukherjee et al, 2002).
These microstructural changes can lead to increased anisotropy of thalamic
microstructure, as demonstrated in vivo by FA increase we observed in thalamic bands
nearest to thalamus/WM interface. Additionally, the intrinsic connections of the thalamus
might show an increase of their coherence following damage to the WM fibers connecting
the thalamus to the cortex, resulting in the increased FA (Ciccarelli et al., 2001). In line
with this, previous studies found correlations between WM lesions and thalamic atrophy
(Mesaros et al., 2008b) or microstructural damage (Bisecco et al., 2015).

The dual-mechanism of thalamic damage evidenced by the laminar analysis was
confirmed when the analysis was repeated considering the thalamic WM only.
Pathological studies aimed at specifically exploring thalamic WM are still lacking, but
WM damage is a hallmark of MS. Changes in WM fiber density and integrity have
frequently been associated with FA decrease and MD increase (Kolasinski et al., 2012;

Moll et al., 2011). These abnormalities in DT metrics have been detected by previous
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MRI studies analyzing thalamic WM in adult MS patients and have been associated with
cognitive deficits (Benedict et al., 2013; Bergsland et al., 2018; Schoonheim et al., 2015).
In this study, we detected decreased FA in bands nearest to thalamus/WM-
interface and increased MD in those nearest to CSF/thalamus-interface. Considering the
sub-nuclei distribution within the thalamus and the differential susceptibility to MS-
related injury according to axonal diameter (Minagar et al., 2013), it is tempting to make
a few speculations. The increased MD in the bands nearest the CSF/thalamus-interface
might be attributed to an anterograde trans-neuronal damage, reflecting the presence of
more space between axons, as potentially derived from the death of neuronal cells located
at the CSF/thalamus-interface. Reduced FA in the bands closest to thalamus/WM-
interface might be attributed to retrograde degeneration, being FA more representative of
WM fiber-density and, above all, of the integrity of connections. Thus, decreased FA
might be the expression of Wallerian degeneration, as described in pathological studies
for fiber tracts connecting the lateral thalamic nuclei with the cortex (Kipp et al, 2015).
This study is not without limitations. First, it is cross-sectional. As a consequence,
we cannot speculate any causal relation between the different measures analyzed. Second,
due to the difficulty in the enrollment of pediatric healthy subjects in MRI studies, we
only have 26 HC, potentially limiting the extent of normal variability in quantitative MRI
metrics, especially in developing subjects. Third, we did not have CSF biomarkers to
correlate with the MRI abnormalities detected. However, it is difficult to obtain this kind
of data because, if lumbar puncture is not strictly necessary for the diagnosis, it is not
routinely performed in pediatric MS patients. From a technical point of view, the lower
resolution of 7>-weighted images with respect to the 3D 7;-weighted MRI could increase
partial volume effects on 77/7> ratio maps. The use of isotropic acquisitions for both 7>-
and T;-weighted MRI is preferable for future studies. Finally, we did not explore the
correlations between thalamic damage and cognitive performance, despite the well-
known key role of the thalamus for cognitive functioning. This was done on purpose,
considering thalamic segmentation according to geodesic distance from the
CSF/thalamus-interface not appropriate to investigate this aspect. As a matter of fact, a
segmentation method aimed at isolating function-specific compartments is needed to

explore this topic. However, this was beyond the scope of the current investigation.
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In conclusion, our findings underscore the existence of heterogeneous
pathogenetic mechanisms involving the thalamus in pediatric MS. In line with the finding
in a longitudinal study (Fadda et al., 2019) of volume loss at both CSF/thalamus interface
and thalamus/WM interface, we demonstrated the existence of microstructural alterations
in the same regions. The abnormalities we detected — also present in patients without
thalamic atrophy — are likely to represent subtle and early changes preceding tissue loss.
Our data suggested that microstructural changes at CSF/thalamus interface could be due
to CSF immune cytotoxic factors, while those at thalamus/WM interface to WM lesions.
Monitoring thalamic abnormalities could represent an early biomarker for diffuse damage
and an ideal MRI outcome in clinical trials aimed at testing neuroprotective strategies

especially in pediatric MS in whom more subtle changes need to be analyzed.
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Table 3.3.1. Main demographic, clinical and conventional MRI characteristics of healthy
controls and pediatric patients with multiple sclerosis.

Healthy Pediatric multiple P
Controls sclerosis patients values
Number of participants 26 70 -
Girls/Boys 16/10 44/26 0.94**
. 15.7 15.6
Median age (IQR) [years] (13.6-17.5) (14.0-16.7) 0.20*
. 1.5
Median EDSS (range) - (0.0-4.0) -
Median disease duration (range) ) 1.7 i
[years] (0.1-8.1)
Median 7: LV (IQR) [ml] - 2.9 (1.3-6.3) -
Median 7; LV (IQR) [ml] - 1.7 (0.7-3.8) -
Mean NBV (SD) [ml] 1704 (90) 1665 (81) 0.02§
Mean NGMYV (SD) [ml] 849 (42) 831 (49) 0.15§
Mean NWMYV (SD) [ml] 855 (68) 834 (55) 0.01§
Mean normalized thalamic volume
(SD) [ml] 11.1 (1.0) 10.4 (2.0) 0.06§
Median T2 thalamic LV (normalized
for thalamic volume) (IQR) ml - 0.0 (0.0-0.8) -
Mean cortical thickness (SD) [mm] 2.4(0.1) 2.3(0.1) 0.04§

*Mann Whitney U test;, **Chi square test, §linear regression models, age- and sex-adjusted.
Abbreviations: EDSS = Expanded Disability Status Scale; IOR = interquartile range; LV = lesion
volume,; SD = standard deviation; NBV = normalized brain volume;, NGMV = normalized gray
matter volume; NWMYV = normalized white matter volume.
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Table 3.3.2. Analysis of correlation between thalamic quantitative MRI measures abnormalities
and clinical, lesional and cortical thickness measures (multiple regression model adjusted for
age, sex and thalamic volume (p<0.001).

Variables | | nalamic FA MD T1/T2 ratio | WM FA WM MD
regions
P
r p r p r value r P r P
values values s values values
Disease Whole %
duration | thalamus ) ) ) ) - } ) - 0.32 1 0.009
Age at Whole - - - ; - | 028 [ 0.026* | -0.26 | 0.035*
onset thalamus
Thalamic
band 2 - - - - 0.34 | 0.003 - - - -
Thalamic
T: LV band 10 0.27 | 0.027 - - - - - - 0.25 | 0.050
Thalamic «
band 14 0.24 | 0.050 - - - - - - - _
Thalamic
T: LV band 10 0.35 | 0.006 - - - - - - - -
Thalamic
band 12 0.26 | 0.047 - - - - - - - -
Thalamic
band 13 0.26 | 0.040 - - - - - - - -
Thalamic «
band 14 0.27 | 0.036 - - - - - - - -
Mean Thalami
cortical ¢ -0.27 | 0.028* | 0.034 | 0.004* - - - - - _
. band 2
thickness

*associations statistically significant at the multivariate analysis.
Abbreviations: FA = fractional anisotropy;, MD = mean diffusivity; LV = lesion volume; WM =
white matter.
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Table 3.3.3. Summary of thalamic abnormalities in pediatric multiple sclerosis patients and their
pathological correlates according to the tissue compartment explored.

Tissue compartment

Thalamic abnormalities in
pediatric multiple sclerosis
patients

Pathological correlates

‘Whole thalamus

FA increase (Thalamic band 2,
9,10,12,13,14)
MD decrease (Thalamic band 2)

Microglial  activation and
subsequent ~ morphological
changes (Davalos et al., 2005)
Metabolic changes leading to
mitochondrial dysfunction
and cell swelling (Hannoun et
al,2012; Vidaurre et al., 2014)
Dendritic attenuation due to
loss of afferent and efferent
connections leading to a de-
differentiation of synaptic
spines (Ciccarelli et al., 2001;
Mukherjee et al., 2002)

T1/T: reduction (Thalamic band
2)

Reduction of myelin content
(Glasser & Van Essen, 2011)
Inflammation-related iron
deposition (Grydeland et al.,
2013)

Reduction of dendrite density
(Righart et al., 2017)

Thalamic WM

FA decrease (Thalamic band
12,13,14)

Fiber density reduction (Kipp
etal.,2015)

MD increase (Thalamic band
2,3,4)

Axonal loss and myelin
content reduction (Kolasinski
etal.,2012)

Abbreviations: WM = white matter;, FA = fractional anisotropy;, MD = mean diffusivity.
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Figure 3.3.1. Thalamic segmentation according to geodesic distance from CSF.

Distance from CSF

An example of thalamic segmentation obtained in a healthy subject is provided for a sagittal,
coronal and axial slice, respectively (first row). A 3D representation of the same thalamic
segmentation is also provided (second row). The red-yellow scale shows the different thalamic

bands according to the geodesic distance from the CSF (De Meo et al., 2020b).
Abbreviations: A=anterior;, P=posterior;, R=right; L=lefi.
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Figure 3.3.2. Quantitative MRI metrics in the whole thalamus and thalamic white matter
according to the distance from CSF.

‘Whole thalamus Thalamic WM
*
*
047 FA *
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0.90
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@ Pediatric multiple sclerosis patients

[l Healthy Controls

(A) Fractional anisotropy (FA), (B) mean diffusivity (MD) and (C) T1/T2 ratio values in thalamic
concentric bands obtained as a function of their geodesic distance from CSF are expressed as
mean (solid lines) + standard deviation (shaded area). (D) FA, (E) MD and (F) T1/T2 ratio values
in thalamic white matter concentric bands obtained as a function of their geodesic distance from
CSF are expressed as mean (solid lines) + standard deviation (shaded area). Pediatric multiple
sclerosis patients are represented in red and healthy controls in blue. Multivariate analysis
adjusted for age, sex and thalamic volume was performed to compare thalamic quantitative MRI
measures within each concentric band originating from CSF/thalamus-interface. For all
analyses, statistically significant threshold was set at p-value <0.05, corrected for multiple
comparisons (Bonferroni correction was applied). An asterisk (*) individuates the thalamic bands
where metrics are significantly different between pediatric multiple sclerosis patients and healthy
controls (De Meo et al., 2020b).

Abbreviations: WM=white matter; FA=fractional anisotropy;, MD=mean diffusivity.
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Figure 3.3.3. T> hyperintense thalamic lesion volume distribution within the thalamus.

T2-hyperintense focal thalamic lesions volume distribution
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Boxplots show hyperintense focal thalamic lesions volume normalized for thalamic volume [ml]
for each thalamic concentric band originating from the CSF/thalamus-interface. Each boxplot
includes: the minimum (represented by the lowest data point excluding the outliers), the maximum
(represented by the largest data point excluding the outliers), the sample median (the solid line
within the box), and the first (the lower extremity of the box) and third quartiles (the upper
extremity of the box). Outliers are represented as single dot (De Meo et al., 2020b).
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Figure 3.3.4. Mechanisms of thalamic damage at CSF/thalamus interface and
thalamus/WM interface in pediatric patients with multiple sclerosis.

CSF/thalamus-interface B Thalamus/WM-interface
A
Mithochondial dysfunction CSF immunocytotoxic factor Wallerian and transsynaptic
! mediated degentarion from white matter
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(A) Mechanisms underlying thalamic damage at CSF/thalamus interface are represented
as well as significant changes in quantitative MRI metrics observed at CSF/thalamus
interface. In the picture, at the bottom is shown cortical thinning in pediatric multiple
sclerosis patients that was associated with abnormalities in quantitative thalamic MRI
metrics observed at CSF/thalamus interface (highlighted in blue). (B) Mechanisms of
thalamic damage occurring at thalamus/WM interface are represented in green. In the
MRI image at the top, WM lesions detected in a pediatric MS patient, which were
associated with abnormalities of quantitative MRI metrics at thalamus/WM interface, are
green filled for exemplificative purpose. At the bottom, pathological changes likely to
underlay the MRI abnormalities detected are graphically represented (De Meo et al.,
2020b).

Abbreviations: WM = white matter; FA = fractional anisotropy; MD = mean diffusivity.
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4. Assessment of clinical and MRI predictors of long-term disease

course in pediatric MS

4.1 Early predictors of 9-year disability in pediatric multiple sclerosis

The following data have been published (De Meo et al., 2021a).

RESEARCH ARTICLE

Early Predictors of 9-Year Disability in
Pediatric Multiple Sclerosis

Ermelinda De Meo, MD,"? Raffaello Bonacchi, MD," Lucia Moiola, MD,>
Bruno Colombo, MD,? Francesca Sangalli, MD,2 Chiara Zanetta, MD,®

Maria Pia Amato, MD,*® Vittorio Martinelli, MD,> Maria Assunta Rocca, MD @,"%3 and

Massimo Filippi, MD 123,67

Objective: The purpose of this study was to assess early predictors of 9-year disability in pediatric patients with multi-
ple sclerosis.
Methods: Clinical and magnetic resonance imaging (MRI) assessments of 123 pediatric patients with multiple sclerosis
were obtained at disease onset and after 1 and 2 years. A 9-year clinical follow-up was also performed. Cox propor-
tional hazard and multivariable regression models were used to assess independent predictors of time to first relapse
and 9-year outcomes.
Results: Time to first relapse was predicted by optic nerve lesions (hazard ratio [HR] = 2.10, p = 0.02) and high-efficacy
treatment exposure (HR = 0.31, p = 0.005). Predictors of annualized relapse rate were: at baseline, presence of cere-
bellar (3 = —0.15, p <0.001), cervical cord lesions (B = 0.16, p =0.003), and high-efficacy treatment exposure
(B = —0.14, p = 0.01); considering also 1-year variables, number of relapses (3 = 0.14, p = 0.002), and the previous
baseline predictors; considering 2-year variables, time to first relapse (2-year: p = —0.12, p = 0.01) entered, whereas
high-efficacy treatment exposure exited the model. Predictors of 9-year disability worsening were: at baseline, pres-
ence of optic nerve lesions (odds ratio [OR] = 6.45, p = 0.01); considering 1-year and 2-year variables, Expanded Dis-
ability Status Scale (EDSS) changes (1-year: OR = 26.05, p <0.001; 2-year: OR = 16.38, p =0.02), and > 2 new
T2-lesions in 2 years (2-year: OR = 4.91, p = 0.02). Predictors of higher 9-year EDSS score were: at baseline, EDSS
score (B = 0.58, p <0.001), presence of brainstem lesions (8 = 0.31, p = 0.04), and number of cervical cord lesions
(B = 0.22, p =0.05); considering 1-year and 2-year variables, EDSS changes (1-year: § = 0.79, p <0.001; 2-year:
B =0.55, p <0.001), and > 2 new T2-lesions (1-year: p = 0.28, p = 0.03; 2-year: § = 0.35, p = 0.01).
Interpretation: A complete baseline MRI assessment and an accurate clinical and MRI monitoring during the first
2 years of disease contribute to predict 9-year prognosis in pediatric patients with multiple sclerosis.

ANN NEUROL 2021;89:1011-1022
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Introduction

During the last decades, pediatric MS (i.e., clinical onset before age 18) has been
increasingly recognized, representing from 3 to 10% of the total MS population (Banwell
et al., 2007a; Mikaeloff et al., 2004a; Renoux et al., 2007). However, only a few
longitudinal studies (Iaffaldano et a/, 2017; Mikaeloff et al, 2006) have been conducted
in these patients.

A higher clinical activity, with higher relapse rate especially during the first years
from disease onset (Benson ef al, 2014; Gorman et al., 2009), paralleled by a higher MRI
activity (Waubant et al., 2009), was reported for pediatric-onset compared to adult-onset
MS patients. In details, MS patients with disease onset in childhood or adolescence not
only experienced more frequent involvement of infratentorial regions on MRI, but also
had higher lesion burden both at disease onset and on follow-up (Waubant et al., 2009).
However, little is known about how these early clinical and MRI features may influence
the long-term clinical outcome of these patients.

In pediatric patients with a clinically isolated syndrome (CIS) some clinical
factors contributed to predict the conversion to clinically defined MS (Iaffaldano ef al.,
2017). In particular, multifocal onset and female sex were associated with a higher risk
of a short-term second clinical attack, while exposure to disease modifying treatments
(DMT) was protective (laffaldano et al., 2017). In the same cohort, the occurrence of a
relapse after MS diagnosis was the only significant predictor of Expanded Disability
Status Scale (EDSS) worsening after 10 years (Iaffaldano et al., 2017).

In adult patients with MS, MRI has a fundamental role not only in disease
monitoring but also in predicting clinical course, but data are lacking for pediatric
patients. For adult patients at their first demyelinating attack, asymptomatic infratentorial
(Minneboo et al, 2004; Swanton et al, 2009; Tintore et al, 2010), spinal cord (Arrambide
et al, 2018; Brownlee et al, 2017; Swanton et al., 2009) and gadolinium-enhancing (Gd)-
lesions (Di Filippo et al, 2010; Swanton et al., 2009) were associated with the
development of clinical disability (measured using the EDSS) over the first 5-7 years after
a first clinical attack.

Considering the paucity of approved DMT in pediatric MS patients as well as
safety concerns about new highly-active drugs, it appears extremely relevant to identify

risk factors for disease progression in these patients.
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Against this background, the aim of this study was to identify early (at disease onset and
within the first 2 years of disease) clinical and MRI predictors of disease course in
pediatric MS patients, by studying a large cohort of these patients. Easily obtainable and
reproducible MRI measures were investigated (number and distribution of T7>-
hyperintense lesions, number and distribution of Gd-lesions, including the cervical cord;
presence of tumefactive lesions, number of black holes), in order to guarantee immediate

clinical applicability.

Methods

Ethics committee approval. Approval was received from the local ethical

standards committee on human experimentation, and written informed consent was
obtained from all participants and their parents prior to study enrollment.

Subjects. A cohort of 123 pediatric patients with relapsing-remitting MS (Krupp
et al., 2013; Polman et al., 2011; Thompson et al., 2018), followed at San Raffaele
Hospital, Milan, Unit of Neurology, was analyzed. We included pediatric MS patients at
their first demyelinating attack with an available neurological evaluation and 1.5 Tesla
brain and cervical cord MRI scan within 3 months from disease onset. Exclusion criteria
were: clinical presentation with symptoms of encephalopathy referable to acute
disseminated encephalomyelitis according to published operational criteria (Krupp et al.,
2013) and a history of other neurological/medical disorders in addition to MS.

Clinical assessment. Neurological evaluations (with EDSS score rating) at disease

onset and after 1 and 2 years were collected, together with the last available clinical visit
(median follow-up duration 9.4 years, interquartile range 6.9 — 12.9 years). DMT
exposure and relapses during the whole follow-up period were recorded. DMT were
grouped into moderate- (any preparation of interferon-beta and glatiramer acetate) and
high-efficacy (natalizumab and immunosuppressants) treatments. Disability worsening
was classified as a confirmed (at a following visit 12 months apart) (Kalincik et al/, 2015)
EDSS increase of at least 1.5, 1.0, and 0.5 points for baseline EDSS scores of 0, 1.0 to
5.0, and more than 5.5, respectively.

MRI assessment. Brain (n=123) and cervical cord (n=115) 1.5 Tesla MRI scans

obtained in a clinical setting for diagnostic and follow-up purposes were evaluated by an

experienced neurologist. In particular, the MRI scan performed at disease onset
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(baseline), and — when available — yearly brain MRI scans at 1 and 2 years, were analyzed.
The number, distribution and feature (tumefactive vs non-tumefactive appearance) of 7>-
hyperintense lesions were recorded on baseline images, together with the number of new
lesions on 1- and 2-year scans. For this purpose, multi-planar fluid attenuation inversion
recovery (FLAIR) and 7>-weighted images of the brain, and short tau inversion recovery
(STIR) and/or T>-weighted images of the cervical cord were used. The number of black
holes at baseline, and the number and distribution of Gd-lesions on baseline, 1- and 2-
year-scans were measured on post-contrast, turbo-spin echo T7;-weighted scans.
Regarding the distribution of lesions, the involvement of the following CNS regions was
evaluated (Figure 4.1.1): periventricular WM (two cut-offs were used: at least one, and
three or more lesions according to the better accuracy observed of three or more lesions
in identifying MS patients) (Barkhof er al, 1997; Ruet et al, 2014), deep GM,
cortical/juxtacortical GM/WM, brainstem, cerebellum, optic nerve (as evaluable in
conventional T2-weighted sequences), and cervical cord.

Statistical analysis. Chi-squared and Mann-Whitney U tests were used as

appropriate to investigate differences in demographic, clinical and MRI measures at
baseline, 1- and 2-years, between patients who had worsened and those who had not at
last follow-up. The same comparison was also performed for clinical measures at last
follow-up. Differences in demographic, clinical and MRI measure between patients who
dropped out and those who remained through-out the follow up period, as well as between
patients starting moderate- and high-efficacy DMT, were also analyzed.

Stepwise Cox proportional hazard models were used to identify the independent
predictors of time to first relapse. Multivariable linear regression models were used to
identify independent predictors of annualized relapse rate (ARR) and of EDSS score at
last follow-up. Multivariable logistic regression models were used to investigate
independent predictors of disability worsening at last follow-up. Separate models were
built using clinical and MRI data available at each of the follow-up time points. Baseline
EDSS, age at onset, sex and the exact interval in years between onset and the last follow-
up visit were included in the models as potential confounders. A stepwise variable
selection procedure was used. This procedure is a combination of forward and backward
selection where in each step, every variable is considered for addition to or subtraction

from the set of covariates based on an F-test with a p-value for inclusion of 0.15.
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In summary, three different models were constructed for each outcome variable:
- baseline model (n=123): baseline clinical and MRI (brain and cervical cord)
variables were included. MRI measures were number, location and feature of
T2-lesions, number and distribution of Gd-lesions, and number of black holes;
- 1l-year model (n=115): baseline predictors plus the number of relapses and time
to first relapse within the first year, and the change in EDSS score and brain
MRI variables (new T2- and Gd-lesions) after 1 year were included in the
model;
- 2-year model (n=105): baseline and 1-year predictors, plus the number of
relapses and time to first relapse within the first 2 years, and the change in
EDSS score and brain MRI variables (new T2- and Gd-lesions) after 2 years
were included;
For each multivariable linear regression model R? is reported, as the proportion of the
variance of dependent variable determined by the independent variable(s) included in the
model. For multivariable logistic regression models, the model fit is reported using model
C-statistic and accuracy. Statistical analysis was performed with R software (version
3.6.1). Statistical significance is reported as p < 0.05.

Data availability. The dataset used and analyzed during the current study is

available from the corresponding author on reasonable request.

Results

Clinical features and course. One-hundred and twenty-three (89 females, 34

males) pediatric MS patients with baseline clinical and MRI evaluations were included.
Of them, 115 underwent clinical and MRI follow-up evaluations exclusively after 1 year,
105 after 1 and 2 years. No significant differences in demographic, clinical and MRI
features were observed between patients who dropped out and those who remained in the
follow-up period (data not shown). Over the 9-year follow-up period, 13/123 (11%)
pediatric patients experienced disability worsening and one of them developed SP MS,
while no significant EDSS changes were observed in the whole group (EDSS at last
follow-up 1.0, range: 0.0 - 7.0, p=0.89). Figure 4.1.2 summarizes EDSS scores in patients

worsened and not worsened at last clinical follow-up.
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Baseline clinical and MRI features. Baseline clinical and MRI features of the

study cohort are summarized in Table 4.1.1. Optic nerve involvement was observed in
15/19 (74%) patients experiencing clinically-manifest optic neuritis and in 10/104 (10%)
patients asymptomatic for optic neuritis. No significant differences were found between
patients worsened and not-worsened at follow-up except for the mean number of cervical
cord Gd-lesions. Table 4.1.2 summarizes the main clinical and MRI changes occurring
after 1 and 2 years of follow-up. All the patients enrolled started a DMT at diagnosis
(63% interferon-beta; 13%  glatiramer acetate; 19%  natalizumab; 5%
immunosuppressant). Compared to pediatric MS patients starting moderate efficacy
DMT, patients starting high efficacy DMT were older (p=0.01), had higher EDSS score
(p=0.006) and more extensive brain and cervical cord MRI involvement (p ranging from
<0.001 to 0.04) (See Table e-4.1.1 in Supplementary materials for all comparisons). Four
patients switched from moderate to high efficacy DMT during the first 2-year follow-up
period. During the 9-year follow-up period 30/123 (24%) patients switched to higher

efficacy treatment, of which five worsened clinically.

1-year clinical and MRI features. During the first year from the disease onset
(n=115), 31 patients (27%) had at least one clinical relapse, five patients (4%) disability
worsening, 51 (44%) at least one new T2-lesion and 29 (25%) at least one Gd-lesion, on
brain MRI.

2-year clinical and MRI features. During the second year from the disease onset

(n=105), 24 patients (23%) had at least one clinical relapse, five patients (5%) disability
worsening, 53 (50%) at least one new T2-lesion and 30 (29%) at least one Gd-lesion, on
brain MRI. Totally, during the first 2 years from the disease onset (n=105), 38 patients
(36%) had at least one clinical relapse, 10 patients (10%) disability worsening, 53 (50%)
at least one new T2-lesion and 30 (29%) at least one Gd-lesion on brain MRI.

Worsened patients at 9-year follow-up had a higher number of new brain T2-
lesions and greater EDSS change at 1 and 2 years compared to not worsened ones. No
significant differences were found in terms of relapses. See Table 4.1.2 for all
comparisons.

Early predictors of time to first relapse and ARR. The median time from disease
onset to first relapse was 1.7 years (range 0.2-13.7). Optic nerve involvement (hazard

ratio [HR]=2.10, 95%-confidence interval [CI]=1.12-3.91, p=0.02) and high efficacy
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DMT exposure (HR=0.31, 95%CI=0.12-0.72, p=0.005) were the independent predictors
of time to first relapse (Figure 4.1.3). Among patients with MRI optic nerve involvement
but asymptomatic for optic neuritis, only 1/10 (10%) patients experienced clinically-
manifest optic neuritis as first relapse. At baseline, the presence of cerebellar lesions and
the exposure to high efficacy DMT predicted lower ARR, while that of cervical cord
lesions was associated with higher ARR. In the 1-year model, the same baseline variables
were confirmed as predictors of ARR. Furthermore, a positive association between the
number of relapses during the first year of disease and ARR was observed. In the 2-year
model, the time to first relapse and the number of relapses during the first 2 years were
the independent predictors of ARR, together with the baseline predictors except for high
efficacy DMT exposure. Table 4.1.3 summarizes the results of ARR models.

Early predictors of 9-year disability worsening (Table 4.1.4). At baseline, the

presence of lesions in optic nerve and brainstem was associated with a higher probability
of 9-year EDSS worsening. In the 1-year model, EDSS change during the first year of
disease was the only independent predictor of 9-year disability worsening. In the 2-year
model, EDSS change during the first 2 years of disease as well as the detection of at least
two new brain T2-lesions during the same period were the independent predictors of 9-
year disability worsening.

Early predictors of EDSS score at 9-year follow-up (Table 4.1.5). At baseline,

EDSS score, the presence of brainstem lesions, and the number of cervical cord lesions
predicted a higher 9-year EDSS score; while the presence of brain or cervical cord Gd-
lesions was associated with a lower 9-year disability. In the 1-year model, baseline EDSS
score, brainstem and brain Gd lesions (these last ones, although not-reaching statistical
significance) confirmed their role. Furthermore, 1-year EDSS change and detection of at
least two new brain 7>-lesions were associated with higher EDSS score at 9 years. In the

2-year model, the EDSS change at two years joined the one-year model predictors.

Discussion

This longitudinal study was aimed to assess the relevance of specific early clinical
and MRI features for 9-year clinical outcomes in pediatric MS patients. The purpose was
to aid in the definition of prognosis and in the selection of a personalized treatment plan

as soon as possible.
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Time to first relapse was selected as the first outcome measure, considering the
existing differences between pediatric and adult MS patients: in particular, the higher
disease activity as well as the longer time to clinical worsening in pediatric MS patients
(Renoux et al., 2007). In the present study, optic nerve involvement on brain MRI was
the only independent predictor of a shorter time to first relapse. Apparently, this result
may contrast with previous findings that CIS patients presenting with optic neuritis have
a lower number of asymptomatic brain lesions on MRI, and thus a better prognosis,
compared to other CIS presentations (Tintoré et a/, 2005; Tintore et al, 2015). However,
our finding has a number of explanations. First, we only included patients with a diagnosis
of MS, and by consequence an abnormal brain MRI scan. Indeed, in the previous studies,
the benign prognosis of patients presenting with optic neuritis was driven by the subgroup
without significant brain MRI lesions, which was not obviously represented in our study
(Fisniku et al, 2008; Tintore et al., 2015). Second, optic nerve involvement on MRI may
have different implications, compared to clinically-manifest optic neuritis (Davion et al,
2020; London et al, 2019). Importantly, this results does not seem to be affected by
selection bias, given only one patient (out of 10) with MRI optic nerve involvement but
asymptomatic for optic neuritis experienced clinically-manifest optic neuritis as the first
relapse (Zimmermann et al, 2018). Finally, optic nerve involvement on MRI at the time
of diagnosis may be associated with a shorter asymptomatic period, because the lesion is
usually clinically manifest, and earliest phases of disease have been associated with a
higher clinical activity in pediatric MS patients (Gorman et al., 2009).

The exposure to high efficacy DMT was the only independent predictor of longer
time to first relapse. This is not surprising given the differences in efficacy profile and
time needed to obtain clinical and MRI benefits reported for the distinct DMT classes
(Davis et al, 2017; Ghezzi et al, 2019; Killestein & Polman, 2011). This result is also
particularly encouraging given these patients had more severe clinical and MRI disease
parameters at onset, compared to patients receiving moderate efficacy DMT.

The second outcome variable, ARR over the first 9 years of disease, was in part
predicted by baseline lesion distribution. In details, cerebellar lesions were associated
with lower ARR, while cervical cord lesions with higher ARR. These associations
remained also significant when short-term follow-up variables were included in the

multivariable models. Considering the typical involvement of infratentorial regions and
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higher ARR of pediatric compared to adult MS patients (Absinta et al., 2010), the
association of lesions in cerebellum with lower ARR may be puzzling. However, recent
studies demonstrated that the cerebellum differentiates itself from other infratentorial
structures in MS, by showing similar lesions frequencies compared to supratentorial
regions (Weier et al., 2016). This finding, considering the preferential lesion location in
pediatric MS patients in those regions with more complete myelin maturational processes
(Absinta et al., 2010), could be attributed to a later cerebellar maturation (compared to
the remaining infratentorial structures) occurring during late childhood and adolescence
(De Meo et al., 2019; Simmonds et al, 2014; Weier et al., 2016). In this perspective, it is
tempting to speculate that the relationship between cerebellar lesions and lower ARR
could be due to later myelination in the cerebellum (Weier et al., 2016). Indeed, the later
myelination may protect this region at younger ages, which have been associated with a
higher ARR compared to adolescence, when brain maturation is more advanced, and
disease features become more similar to adults (e.g., lower ARR). The association
between spinal cord lesions and ARR confirms the results of previous studies in adult
patients with MS, in which the presence of asymptomatic spinal cord lesions was
significantly predictive of an increased risk of future relapse (Zecca et al, 2016).
Furthermore, the presence of asymptomatic spinal cord lesions was previously found to
be a significant predictor of a first clinical attack in radiologically isolated syndrome
(Okuda et al, 2011; Okuda et al, 2014; Sombekke et al, 2013) and of conversion to
clinically defined MS in CIS patients (Sombekke et al., 2013).

In addition, some short-term follow-up measures significantly contributed to
explain 9-year ARR. We found a consistent association between the number of relapses
over the first 2 years and time to first relapse with ARR. These data suggest the
persistence of inflammatory activity over the first years of disease in spite of DMT be
highly indicative of a more active disease, with a higher ARR over 9 years. In light of
these findings, close observation of clinical and radiological disease activity during the
first 2 years of disease helps in the definition of an early personalized therapeutic strategy,
considering long-term benefits and risks ratio (Freedman, 2008). Once again, a protective
role was found for high efficacy DMT exposure over the first year of disease. However,
this effect was lost in the 2-year model, underscoring the existence of an early critical

window in which the biology of disease can be modified for longer-term benefit (Harding
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et al,2019). Moreover, the protective role of high efficacy DMT exposure might partially
be conveyed by the number of relapses in the first two years of disease.

With the aim of exploring disability accrual, we investigated 9-year EDSS
worsening and score According to recent data suggesting disability regression post
progression is quite frequent among younger MS patients (Kalincik et al., 2015), we
considered 12-month confirmed disability in order to reduce a potential overestimation
of disability accrual. Our results confirmed the predictive role of baseline EDSS score
and of clinically-eloquent site involvement (such as optic nerve, brainstem and spinal
cord) for these 9-year outcomes. Regarding the former, the notion that higher baseline
EDSS scores are associated with a higher risk of subsequent clinical worsening has also
been reported for adult MS patients (Cree et al, 2016). Regarding the latter, different
explanations may be valid for each CNS regions. For the optic nerve, there are no
previous studies aimed at directly exploring the prognostic value of MRI abnormalities
of this compartment. Nevertheless, both symptomatic and asymptomatic lesions of the
optic nerve were associated with retinal neuro-axonal loss on optical coherence
tomography in CIS patients (London et al., 2019). In turn, different optical coherence
tomography metrics have been associated with long-term clinical disability (Martinez-
Lapiscina et al, 2016; Rothman et al, 2019). Accordingly, our results provided an
evidence of a direct association of MRI lesions in this clinically-eloquent area with long-
term disability, underscoring the role of neuroaxonal degeneration in clinically-eloquent
areas of the CNS as an important driver of disability in MS (Ferguson et al, 1997;
Minneboo et al, 2009; Saidha et al, 2015; Trapp et al, 1998). In line with this hypothesis,
we found an association between 9-year disability worsening and baseline brainstem
(presence of lesions) and spinal cord (number of not-enhancing lesions) involvement,
which contain long-distance WM pathways critical for balance and locomotion. Although
there are no available longitudinal studies in pediatric patients, a significant association
was found between lesions in the brainstem and spinal cord with short-term (Arrambide
etal.,2018; Brownlee et al., 2017; Brownlee et al, 2019; Minneboo et al., 2004; Swanton
et al., 2009; Tintore et al., 2010) and long-term EDSS changes in adult CIS patients.

In the opposite direction, we found that Gd-lesions on baseline MRI have a
protective role against 9-year disability in pediatric-onset MS patients. This result, in line

with recent long-term studies (Cree et al., 2016; Goodin et al, 2012), contrasts with
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findings observed in adult MS patients, in whom Gd-lesions were a negative prognostic
factor for long-term clinical disability (Brownlee et al., 2019). However, pediatric MS
patients are known to have more frequent Gd-lesions than adults (Waubant et al., 2009),
with a frequency that reduces with age (Filippi ef al, 2001). This trend is paralleled by a
decrease in remyelination capability with age (Brown et al, 2014; Ghassemi et al, 2015b;
Ghassemi et al., 2015c), which underlays the shorter time needed to reach clinical
disability in adult compared to pediatric patients (Renoux et al., 2007). Indeed, a more
severe acute inflammatory activity at disease onset could stimulate myelin repair and
delay chronic inflammation processes typical of the progressive phase of disease (Mahad
et al, 2015). As a matter of fact, increased levels of neural growth factors and increased
regulatory T lymphocyte levels (Steinman, 2014) have been found during relapses. In this
perspective, our findings underscore once again the pathophysiological differences
between pediatric and adult MS patients. In addition, they point at the existence of an
early critical window, in which treatment strategies need to be optimized as soon as
possible, in order to protect patients’ brain from the establishment of chronic
neuroinflammatory processes, which probably represent the main determinant of
disability accrual.

Finally, we also explored the role of a short-term follow-up in the prediction of 9-
year clinical disability. As we could expect, same as for baseline EDSS, also its short-
term increase provided a significant contribution in determining 9-year outcome. These
results, together with the association found between 9-year clinical disability and the
detection of at least two new T2-lesions at 2 years, underscore the relevance of clinical
and MRI monitoring during the first years of disease in predicting long-term disease
evolution (Rotstein et al, 2015). It is interesting to observe that, opposite to data in adult
MS patients, there was no association between high efficacy DMT exposure and 9-year
disability in pediatric MS patients. This finding underscores the existence of distinctive
pathophysiological mechanisms of damage and repair in pediatric MS, which likely
explain the more favorable clinical course in spite of higher disease activity.

This study has a few limitations. First, an inherent limitation to all longitudinal
observational studies is drop-out of subjects over time, although relatively low in the
present study. The second one is represented by the absence of a standardized MRI

protocol, which did not allow us to quantify brain and spinal cord atrophy, known to play

132



an important role in determining clinical disability. In addition, optic nerve lesion
assessment was performed on conventional brain MRI sequences, which have suboptimal
sensitivity despite their common use for this purpose in a real-world setting. Third, we
have no cognitive data for our cohort. Further long-term longitudinal studies, including
cognitive data, should improve the identification of early prognostic predictors, given the
paramount importance of long-term cognitive outcomes for pediatric MS patients.

In conclusion, by using clinical and easy obtainable MRI measures, we identified
early predictors of 9-year disease course. High efficacy DMT exposure over the first year
of disease reduced disease activity over the 9-year follow-up. Baseline cervical cord,
brainstem and optic nerve involvement by lesions have a major role in predicting 9-year
outcomes, both in term of disease activity and disability worsening, underscoring the need
for complete CNS MRI assessment at baseline. In addition, an accurate clinical and MRI
monitoring during the first 2 years of disease has proven to represent a powerful tool for

counseling patients about long-term prognosis and personalizing treatment strategies.
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Table 4.1.1. Main baseline clinical and MRI features of the study cohort grouped by clinical

status at 9 years follow-up.

Pediatric
All pediatric Pediatric multiple
multiple multiple sclerosis sclerosis D
sclerosis patients not- patients values
patients worsened at FU worsened at
FU
Number of patients 123 110 13 -
Girls/Boys 89/34 78/32 11/2 0.47
Mean age (range) [years] 14.4 (7.3-17.9) 14.4 (7.3-17.9) 14.3 (9.8-17.0) 0.91
Median EDSS (range) 1.5 (0.0-6.0) 1.5 (1.0-4.0) 1.0 (0.0-6.0) 0.15
Treatment n (%) 77(63)/16(13)/ 68(62)/13(12)/ 9(69)/3(23)/ 0.26
IFN/GA/NAT/IS 23(19)/7(5) 23(21)/6(5) 0(0)/1(8)
Clinical Presentation n (%)
Polyfocal 35(28) 30(29) 5(38) 0.88
Visual 14 (11) 10 (9) 4 (31) 0.12
Brainstem 32 (26) 31 (29) 1(8) 0.13
Sensitive 30 (24) 28 (25) 2 (15) 0.92
Pyramidal 9(7) 8 (6) 1(8) 0.67
Cerebellar 2(2) 2(2) 0(0) 1.00
ﬁeizzs“(‘;‘;‘ger) of brain T2- 30.5 (3-180) 29.5 (3-167) 42.0 (3-180) 0.55
T2-lesion location n (%)
Optic nerve 25 (20) 20 (18) 5(3%) 0.10
Periventricular (1 lesion) 99 (80) 89 (81) 10 (77) 1.00
Periventricular (>=3 lesions) 84 (68) 75 (68) 9 (69) 0.70
Cortical/juxtacortical 69 (56) 62 (56) 7 (54) 1.00
Deep gray matter 38 (31) 34 (31) 431 1.00
Cerebellum 63 (51) 54 (49) 9 (69) 0.13
Brainstem 68 (55) 59 (54) 9 (69) 0.21
Cervical spinal cord 67 (63) 61 (55) 6 (46) 0.80
Presence of black holes n (%) 51 (41) 47 (43) 4(31) 0.66
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Mean number of black holes

spinal cord lesions (range)

(cange) 3.2 (0-35) 3.1 (0-35) 4.1(0-21) 0.66
gze)sence of tumefactive lesions n 25 (20) 23 (21) 2(15) 1.00
gze)sence of brain Gd+ lesions n 71 (58) 65 (59) 6 (46) 0.78
i‘gseizzsn(‘;?lgeer) of brain Gd+ 3.0 (0-23) 3.0 (0-23) 5.5 (0 - 20) 0.87
preceatseniatspmicond | o0 | oy | oo | on
codime g | 1109 | 1009 | s0e | 05
Mean number of Gd+ cervical 0.2(0-3) 0.3(0-3) 0 (NA) 0.05

Abbreviations: EDSS=Expanded Disability Status Scale;
IFN=interferon, GA=glatiramer acetate; NAT=natalizumab; IS=immunosuppressant.

Gd+=gadolinium enhancing;
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Table 4.1.2. Main clinical and brain MRI changes over the follow-up period grouped by clinical

status at 9 years.

Co . Pediatric Pediatric
All ped.latrlc multiple multiple
multiple . L . y/
. sclerosis patients sclerosis
sclerosis . values
atients not-worsened at patients
P FU worsened at FU
Median follow-up duration (IQR) | " 4 69.12.9) | 83(6:58-13.6) | 100(8.1-10.7) | 032
[years]
Mean time to first relapse (SD) |, 5, 5 23(2.5) 22 (2.4) 0.23
[years]
Annualized relapse rate (SD) 0.3(0.4) 0.3 (0.4) 0.3 (0.3) 0.75
Median  EDSS —at - followup | - 500.70) | 1.000-40) | 250.0-70 | <0001
(range)
Mean number of I-year new T2 | 4 5 1.3(0-15) 2.0(0-6) 0.05
lesions (range)
Mean number of 1-year new Gd+ | ¢ 1) 0.5(0-5) 1.3(0- 10) 0.54
lesions (range)
Mean number of 1-year relapses 0.3(0-3) 0.3(0-3) 0.5(0-2) 033
(range)
1-year EDSS change
(range) -03(-3-2) -0.4 (-3-1.5) 04(-1-2) <0.001
Mean number of 2-year new T2
lesions 2.0(0-15) 1.9 (0-15) 3.1(0-7) 0.01
(range)
Mean number of -year new Gd+ | ¢ _13) 0.7(0-8) 2.1(0-13) 0.38
lesions (range)
Mean number of 2-year relapses 0.7 (0 - 6) 0.7 (0 - 6) 0.9(0-2) 0.10
(range)
2-year EDSS change (range) -0.2(-2.5-2) -04(-25-1) 0.7 (-0.5-2) <0.001
Abbreviations:  SD=standard  deviation;, EDSS=FExpanded Disability  Status Scale;

Gd+=gadolinium enhancing.
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Table 4.1.3. Multivariable linear regression models investigating early clinical and MRI
predictors of annualized relapse rate (ARR) in pediatric multiple sclerosis patients.

2 .
Coefficient 95% CI p R (adjusted
values R%)
Baseline (n=123) 0.17 (0.15)
Presence of cerebellar lesions -0.15 -0.25,-0.05 <0.001
Presencf, of cervical spinal 016 0.05, 0.26 0.003
cord lesions
High vs moderate efficacy
DMT -0.14 -0.25,-0.03 0.01
Baseline — 1 year (n=115) 0.26 (0.22)
Number of 1-year relapses 0.14 0.05, 0.23 0.002
Presence of cerebellar lesions* -0.16 -0.26, -0.06 0.002
Presencf, of cervical spinal 015 0.05,0.25 0.004
cord lesions*
High vs moderate efficacy
DMT -0.12 -0.23, 0.01 0.04
Baseline - 2 year (n=105) 0.26 (0.22)
Time to first relapse -0.12 -0.20, -0.02 0.01
Number of 2-year relapses 0.06 0.01,0.12 0.02
Presence of cerebellar lesions* -0.12 -0.22,-0.01 0.03
Presence of cervical spinal 0.10 0.00, 0.21 0.04

cord lesions*

Abbreviations: Cl=confidence interval; Gd+=gadolinium enhancing; DMT=disease modifying

treatments; *at baseline.
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Table 4.1.4. Multivariable logistic regression models investigating early clinical
predictors of EDSS worsening after 9 years.

and MRI

years

Odds ratio 95% CI C-statistic | Accuracy
values

Baseline (n=123) 0.79 91%
Presence of optic nerve

. 6.45 1.48,30.49 0.01
lesions
Presence of brainstem 6.17 0.97,12248 |  0.10
lesions
Baseline - 1 year (n=115) 0.90 93%
1-year EDSS change 13.40 3.27,96.81 <0.001
Baseline - 2 year (n=105) 0.96 90%
1-year EDSS change 26.05 4.32,345.76 <0.001
2-year EDSS change 16.38 1.99, 228.36 0.02
>=2 new T2 lesions in 2 491 0.73, 46.58 0.02

Abbreviations: EDSS: Expanded Disability Status Scale; Cl=confidence interval.
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Table 4.1.5. Multivariable linear regression models investigating early clinical and MRI
predictors of EDSS score at 9 years.

Coefficient 95% CI b R’ (aﬁi;‘“ed

Baseline (n=123) 0.42 (0.39)
Baseline EDSS 0.58 0.41, 0.75 <0.001

Presence of brainstem lesions 0.31 0.01, 0.61 0.04

i\i:il(:l;)ser of cervical spinal cord 0.22 20,02, 0.46 0.05

Dumber of G cervical spinal 0.41 0.77,-005 | 0.02

Presence of brain Gd-+lesions -0.29 -0.60, 0.01 0.05

Baseline - 1 year (n=115) 0.66 (0.64)
Baseline EDSS 0.96 0.80, 1.12 <0.001

1-year EDSS change 0.71 0.54, 0.89 <0.001

>=2 new T2 lesions in 1 year 0.28 0.03, 0.52 0.03

Presence of brain Gd+lesions* -0.22 -0.46, 0.03 0.08

Brainstem lesions* 0.17 -0.07,0.41 0.15

Baseline - 2 year (n=105) 0.73 (0.71)
Baseline EDSS 0.97 0.83,1.13 <0.001

1-year EDSS change 0.79 0.62, 0.96 <0.001

2-years EDSS change 0.55 0.21, 0.88 <0.001

>=2 new T2 lesions in 2 years 0.35 0.11, 0.60 0.01

Presence of brain Gd+lesions* -0.19 -0.44, 0.06 0.13

Abbreviations: EDSS: Expanded Disability Status Scale; Cl=confidence interval;
Gd+=gadolinium enhancing, *at baseline.
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Figure 4.1.1. Lesion distribution.

Optic nerve Periventricular 1 lesion Periventricular >3 lesions Cortical/Juxtacortical

Cerebellum Deep gray matter Brainstem Cervical spinal cord

The pictures are representative of the seven brain regions considered in the study. Lesions located
in the following compartments (highlighted by white circles and arrows) could be detected on

FLAIR MRI sequences: (A) optic nerve; (B) periventricular region (one lesion);, (C)
periventricular region (three or more); (D) cortical/juxtacortical region; (E) cerebellum; (F)

deep gray matter; (G) brainstem, (H) cervical cord (De Meo et al., 2021a).
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Figure 4.1.2. EDSS score at longest follow-up in pediatric multiple sclerosis patients.

EDSS at last follow-up
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Pediatric multiple sclerosis patients not worsened at last follow-up are represented in histograms
with gray filling, while those worsened at follow-up are represented in histograms with black
filling (De Meo et al., 2021a).

Abbreviations: EDSS = Expanded Disability Status Scale.
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Figure 4.1.3. Risk of a first relapse in pediatric multiple sclerosis patients with and without optic

nerve lesions.
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(4) Survival curves of time from disease onset to first relapse in pediatric multiple sclerosis
patients with and without optic nerve lesions. Pediatric multiple sclerosis patients with optic
nerve lesions are represented in black while patients without optic nerve lesions are represented
light gray. (B) Survival curves of time from disease onset to first relapse in pediatric multiple
sclerosis patients on moderate and high efficacy disease modifying treatments (DMT). Pediatric
multiple sclerosis patients on moderate efficacy DMT are represented in light gray, while patients
on high efficacy DMT are represented in black (De Meo et al., 2021a).
Abbreviations: ON=optic nerve; DMT= disease modifying treatments.
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Supplementary materials

Table e-4.1.1. Main clinical and MRI features of the study cohort grouped by exposure to
moderate vs high efficacy disease modifying treatments.

Pediatric multiple

Pediatric multiple

sclerosis patients sclerosis patients P

on moderate on high efficacy values

efficacy DMT DMT
Number of patients 93 30 -
Girls/Boys 67/26 22/8 1.00
Mean age (range) [years] 14.1 (7.3-17.9) 15.4 (10.9-17.9) 0.01
Median EDSS at baseline (range) 1.5 (0.0-6.0) 2.0 (1.0-4.0) 0.006
Median EDSS at 9-year follow-up 1.0 (0.0-7.0) 1.5 (1.0-4.0) 021
(range)
Clinical Presentation n (%)
Polyfocal 23 (25) 12 (40) 0.16
Visual 12 (13) 2(7) 0.54
Brainstem 26 (28) 6 (20) 0.53
Sensitive 22 (24) 8 (20) 0.92
Pyramidal 7(8) 2(7) 1.00
Cerebellar 2(2) 0(0) 1.00
Mean number of brain T2-lesions 22.9 (1-81) 52.9 (3-180) 0.008
(range)
T2-lesion location n (%)
Optic nerve 15 (16) 10 (33) 0.07
Periventricular (1 lesion) 69 (74) 30 (100) 0.004
Periventricular (>=3 lesions) 56 (60) 28 (93) 0.006
Cortical/juxtacortical 46 (49) 23 (77) 0.02
Deep gray matter 26 (28) 12 (40) 0.31
Cerebellum 42 (45) 21 (70) 0.03
Brainstem 46 (49) 22 (73) 0.04
Cervical spinal cord 45 (48) 22 (73) 0.04
Presence of black holes n (%) 31 (33) 20 (67) 0.003
Mean number of black holes (range) 1.3(0-21) 6.7 (0-35) 0.001
Presence of tumefactive lesions n (%) 13 (14) 12 (40) 0.005
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Presence of brain Gd+ lesions n (%) 45 (48) 26 (87) 0.001
Mean number of brain Gd+ lesions 1.7(0-15) 6.4 (0-23) <0.001
(range)
Presence of cervical spinal cord Gd+
lesions n (%) 12 (13) 12(40) 0.006
M(?an number of cervical spinal cord 0.8 (0-6) 1.6 (0-5) 0.02
lesions (range)
Mean n}lmber of Gd+ cervical spinal 0.2(0-2) 0.5(0-3) 0.002
cord lesions (range)

Abbreviations: EDSS=Expanded Disability Status Scale; Gd+=gadolinium enhancing;

DMT=disease modifying treatments.
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4.2 Comparing natural history of pre- and post-pubertal onset multiple

sclerosis

Part of the following data have been published (De Meo, 2021).

Abstract

Objectives. To describe and compare disease course and prognosis of early (i.e.,
disease onset before age 11 years) and late (i.e., disease onset after age 11 years) onset
pediatric MS.

Methods. Prospectively-collected clinical information from the Italian Multiple
Sclerosis Register of 1993 pediatric MS patients, of whom 172 with early onset, was
analyzed. Cox models adjusted for sex, baseline Expanded Disability Status Scale score
and disease-modifying treatments exposure were used to assess the risk of reaching
irreversible Expanded Disability Status Scale scores of 3, 4, and 6, and conversion to SP
phenotype in early vs late onset pediatric patients. Prognostic factors were also evaluated.

Results. A greater proportion of males, isolated brainstem involvement, and
longer time interval between first and second clinical episode was observed in early vs
late onset pediatric patients. Compared to late onset, early onset pediatric patients took
longer time from disease onset to convert to SP phenotype and to reach all three disability
milestones. Recovery from first demyelinating event, time to first relapse, annualized
relapse rate during the first 3 years of disease and disease-modifying treatments exposure
were independent predictors for long-term disability in early onset pediatric patients. In
late onset pediatric patients, isolated optic neuritis, brainstem symptoms or progressive
course at disease onset were additional predictors for long-term disability.

Interpretation. These findings may point towards the existence of specific
pathophysiological mechanisms, as well as towards a greater neurorepair capacity to

counteract damage, in early onset pediatric MS patients.
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Introduction

Pediatric MS (MS), with disease onset before 18 years of age, represents 3-10%
of all MS cases (Renoux et al., 2007). MS onset before puberty (i.e,, by convention,
before age 11 years) is, however, extremely rare, as it occurs in 0.2-0.6% of all cases
(Chabas et al., 2008). Only a few studies were conducted in this specific population, all
suggesting epidemiological (Renoux et al., 2007), clinical (Ruggieri et al, 1999) and MRI
(Weygandt et al, 2015) differences between pediatric MS with onset before and after
puberty. In this study, we are going to define the two groups as “early” and “late” onset
pediatric MS, respectively.

Sex distribution was reported to be even (Huppke et al., 2014) or to show male
predominance (Ruggieri et al., 1999) in early onset pediatric MS patients, as opposed to
female preponderance in late onset ones. However, according to other studies, the
female:male ratio might be similar in early vs late onset pediatric MS (Renoux et al.,
2007). Type of onset is also different in early onset pediatric MS patients, with a higher
likelihood of brainstem involvement (Ghassemi et al., 2008; Huppke et al., 2014; Renoux
et al., 2007), polyfocal deficits and encephalopathy compared to older patients (Banwell
et al, 2009). Particularly, this last feature is likely to delay MS diagnosis in this
population, as long as ADEM needs to be excluded for applying MS diagnostic criteria
(Wong et al., 2018). The 2017 McDonald criteria for MS diagnosis (Thompson et al.,
2018) can be used for early onset pediatric MS patients, albeit with reduced sensitivity
(Fadda et a/, 2018a; Hacohen et al., 2019; McLaughlin et a/, 2009). A relapsing-remitting
disease course was reported in more than 98% of pediatric MS cases (Waldman et al.,
2016). Moreover, compared to adults, pediatric MS patients have a higher relapse rate,
significantly associated with younger age at disease onset (Benson et al., 2014; Gorman
et al.,2009).

Compared to late onset, early onset pediatric MS patients show several MRI
differences, likely reflecting different pathological substrates (Chabas et al., 2008). In
very young patients, initial 7>-hyperintense lesions are usually ill-defined and tend to
vanish on follow-up imaging (Chabas et al., 2008). Furthermore, a higher rate of deep
GM involvement and fewer enhancing lesions are reported (Waubant et al, 2011;
Weygandt et al., 2015). Different cerebrospinal fluid (CSF) profiles may indicate some

differences in pathogenic mechanisms. Neutrophilic pleocytosis, a higher percentage of
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monocytes and the absence of intrathecal immunoglobulin-G synthesis was more
frequently found in early onset pediatric MS, suggesting a prominent involvement of the
innate immune system; while lymphocytic pleocytosis and elevated CSF
immunoglobulin-G were observed in late onset pediatric and adult onset MS, suggesting
prominent activation of the adaptive immune system (Chabas et al., 2010).

Although several differences were described between early and late onset
pediatric MS, there is still limited information deriving from long-term, longitudinal
studies in early onset pediatric MS. The main aims of the present study were to describe
and compare the natural history of the disease and to determine prognostic factors for

long-term disability in a large cohort of early onset and late onset pediatric MS patients.

Methods

Ethics committee approval. The Italian iMedWeb network was approved by the

Policlinico of Bari Ethics Committee and by the local ethics committees in all
participating centers. Written informed consent was obtained from all participants and
their parents prior to inclusion in the Italian MS Register (Trojano et al, 2019).

Population and definition of cases. Registered cases of definite MS with disease

onset between January 1st, 1961, and April 30th, 2018, were included, maintaining a
sufficient follow-up time before the study end date of May 15, 2021. Pediatric onset cases
were defined as disease onset before the age of 18 years, in accordance with the definition
proposed by the International Pediatric MS Study Group (Krupp et al., 2013). Patients
with fewer than 3 EDSS measurements, with missing MS diagnosis or onset date, or
crucial errors in records were excluded. Figure 4.2.1 shows study flow-chart. According
to these criteria from 3332 pediatric onset (i.e., before age 18 years) (Krupp et al., 2013)
MS patients, a cohort of 1993 pediatric onset MS patients was selected from the Italian
MS Register (Trojano et al., 2019). Patients were divided into early and late onset
subgroups, based on disease onset before or after/equal age 11 years, respectively (Chabas
et al., 2008; Chabas et al., 2010).

Data collection. Baseline clinical information reported in the Italian MS Register

included sex, date of MS onset and symptoms manifested, date of diagnosis, clinical
course and geographical region of residence. The date of MS onset was defined as the

date of first recorded clinical manifestation of MS, and the diagnosis was performed by a
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neurologist based on the prevailing diagnostic criteria at the time of diagnosis (Polman et
al., 2011; Polman et al., 2005; Thompson et al., 2018). Detailed information on disease
phenotype, EDSS score, relapses (date and degree of remission [complete/incomplete
clinical recovery within 6 months or no remission]) and disease-modifying treatments
(DMT) use (product name, starting and stopping dates and reasons for stopping) were
recorded by the treating neurologist every 3 or 6 months, and on occasions of clinical
relapse evaluations. EDSS recorded within 30 days from a clinical relapse were excluded
to avoid artificial increase of EDSS score changes over time. DMT were grouped into
moderate- (any preparation of interferon-beta, glatiramer acetate, dimethyl fumarate,
teriflunomide) and high-efficacy (natalizumab, fingolimod, rituximab, ocrelizumab,
alemtuzumab, immunosuppressants [cyclophosphamide, mitoxantrone] and autologous
hematopoietic stem cell transplantation) treatments. Data are centrally monitored in order
to check the quality of collected information.

Assessment of outcomes. Focus was placed on four distinct endpoints: time to

irreversible EDSS 3 (moderate disability, though fully ambulatory), EDSS 4 (limited
walking ability, but able to walk more than 500 m without aid or rest), and EDSS 6 (ability
to walk no more than 100 meters without rest or necessity of unilateral support), and to
conversion to SP MS (Lublin et a/, 2014). Disability was defined as irreversible when a
given EDSS score persisted for at least 12 months, with all subsequent EDSS scores being
either equal to this score or greater, thus excluding transient worsening of disability
related to relapses (Kalincik et al., 2015). Conversion to SP MS was based on the
subjective decision made by the neurologists according to the Lublin criteria for
secondary progression (Lublin et al., 2014).

Prognostic factors. We assessed the following potential prognostic factors in

predicting the three selected disability milestones: sex, initial disease course (relapse-
onset vs progressive), initial symptoms, remission from first demyelinating event
(complete vs incomplete/no remission), time to first relapse, ARR during the first 3 years
of the disease (as over this period pediatric MS patients are known to experience higher
ARR compared to their adult counterpart) and DMT exposure.

Statistical analysis. Demographic and clinical features were compared between

early and late onset pediatric MS patients using chi-square and Fisher’s exact tests for

categorical variables and Student’s t-test and Wilcoxon test for continuous variables, as
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appropriate. Normal distribution was assessed by visual inspection and Kolmogorov-
Smirnov test.

Kaplan-Meier and Cox proportional hazards regression models were used to
assess the risk of reaching irreversible EDSS 3, 4 and 6, and of conversion to SP MS in
early and late onset pediatric MS. Cox models were adjusted for sex, disease course and
EDSS at the onset, and DMT exposure as a time-varying covariate. Univariate and
multivariate Cox proportional hazards regression models were used to identify predictors
of reaching the disability milestones. For the multivariate analysis, a stepwise variable
selection procedure was used. This procedure is a combination of forward and backward
selection, in which, at each step, every variable is considered for addition to or subtraction
from the set of covariates based on an F-test with a p-value for inclusion of 0.15.

Given the time period of data collection spans decades of innovation in the
management of MS, we performed a sensitivity analysis, re-running above steps on a
subgroup of patients diagnosed before 2014 and adjusting for diagnosis epoch, as defined
by Baroncini and colleagues (Baroncini ef a/, 2021) in addition to the above specified
covariates.

Statistical significance was defined by p<0.05. Statistical analysis was performed
with R software (version 4.0.2).

Data availability. The dataset used and analyzed during the current study is

available from the corresponding author on reasonable request.

Results

Demographic and clinical features. Of 1993 pediatric MS cases selected for the

final analysis, 172 (9%) were classified as early onset pediatric MS. Table 4.2.1
summarizes the main clinical and demographic features of the study cohort grouped by
age at disease onset. A lower female:male ratio was observed in early vs late onset
pediatric MS patients (1.3:1 vs 2.3:1, p=0.001).

Disease onset. Compared to late onset, early onset pediatric MS patients more
frequently experienced isolated brainstem symptoms (37% vs 24%, p<0.001) and less
frequently optic neuritis (16% vs 25%, p=0.02) or long-tract symptoms (8% vs 15%,
p=0.02) at disease onset. Only one early onset pediatric MS patient had a clinical picture

consistent with ADEM at disease onset and was subsequently diagnosed with MS. The
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majority of cases had a relapse-onset disease course (99%), without significant
differences between the two groups. First EDSS score was similar, and no differences in
the degree of remission from the first demyelinating were observed between early and
late onset pediatric MS patients.

Disease course. Almost all enrolled subjects received a DMT (94%) at some point
during the disease course. However, a higher percentage of never treated patients (13%
vs 6%, p<0.001) and a longer time to DMT start (10.7 vs 7.1 years, p<0.001) was observed
in early vs late onset pediatric MS patients. Compared to late onset, early onset pediatric
MS patients showed a longer median time to first relapse (5.1 vs 2.6 years, p=0.001),
while they experienced a similar ARR during the first 3 years of disease. Eleven of the
171 (6%) early onset and 234 of 1796 (13%) late onset pediatric MS patients with relapse-
onset converted to SP MS during follow-up. Similar time from birth and longer time from
disease onset to conversion to SP MS was observed in early vs late onset pediatric MS
patients (Table 4.2.2). Estimation of median time for conversion to SP MS was not
feasible for early onset pediatric MS patients due to the low number (n=11) of converting
patients.

Time to develop irreversible disability. Similar time from birth to reach all the

three disability milestones was found for early and late onset pediatric MS patients.
Instead, longer time from MS onset to reach all three disability milestones was observed
for early onset compared to late onset pediatric MS patients (Table 4.2.2 and Figure
4.2.2). From MS onset, the median time to reach EDSS 3 (31.2 vs 23.7 years, p<0.001),
4 (36.9 vs 26.2 years, p<0.001) and 6 (40.7 vs 33.0 years, p<0.001) was longer in early
compared with late onset cases.

Prognostic factors for disability milestones: univariate analysis. In early onset

pediatric MS patients, shorter time to first relapse, higher ARR during the first 3 years of
disease and exposure to both moderate- and high-efficacy DMT were associated with a
higher risk of reaching EDSS 3 and 4. As converse, isolated optic neuritis was related to
lower risk of reaching EDSS 3. Furthermore, an incomplete remission from the first
demyelinating event was associated with higher risk of reaching EDSS 4 and 6 (Table
4.2.3).

In late onset pediatric MS patients, multifocal symptoms at onset, progressive

onset, incomplete remission from the first demyelinating event, shorter time to first

150



relapse, higher ARR during the first 3 years of disease, and exposure to high-efficacy
DMT predicted a higher risk of reaching EDSS 3 and 4. Furthermore, the exposure to
moderate-efficacy DMT was associated with a higher risk of reaching EDSS 3. Age at
disease onset, progressive onset, incomplete recovery from the first demyelinating event
and shorter time to first relapse predicted higher risk of reaching EDSS 6. Onset with
isolated optic neuritis predicted lower risk of reaching EDSS 3, 4 and 6. Exposure to
moderate-efficacy DMT predicted lower risk of reaching EDSS 6 (Table 4.2.3).

Prognostic factors for disability milestones: multivariate analysis. In the
multivariate analysis, higher ARR during the first 3 years of disease and exposure to both
moderate- and high-efficacy DMT were independent predictors of higher risk of reaching
EDSS 3 in early onset pediatric MS patients. Furthermore, in this cohort, the exposure to
high-efficacy DMT and incomplete remission from the first demyelinating event resulted
as independent predictors of higher risk of reaching EDSS 4 and 6, respectively (Table
4.2.4).

In late onset pediatric MS patients, multifocal symptoms at onset, incomplete
remission from the first demyelinating event, shorter time to first relapse, higher ARR
during the first 3 years of disease and exposure to high-efficacy DMT were associated
with a higher risk of reaching EDSS 3 and 4. Furthermore, in this cohort, the exposure to
moderate-efficacy DMT and a progressive onset were independent predictors of higher
risk of reaching EDSS 3 and 4, respectively. Higher risk of reaching EDSS 6 was
predicted by progressive onset, incomplete remission from first demyelinating event and
shorter time to first relapse, while isolated optic neuritis at disease onset and exposure to
moderate efficacy DMT were associated with lower risk of reaching EDSS 6 (Table
4.2.4).

Sensitivity analysis. A cohort of 1664 pediatric MS patients, including 146 (9%)

early onset pediatric MS patients was selected for sensitivity analysis. This cohort did not
differ from the entire study cohort in terms of demographic and clinical variables (data
not shown). Sensitivity analysis confirmed the above reported findings. Detailed

information is available in Supplementary Material 4.2.1.

Discussion
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Comparing the natural history of early and late onset pediatric MS in a large, real
life cohort of patients, this study identified several specific features of early onset
pediatric MS.

In line with previous studies (Huppke et al., 2014; Tintoré¢ & Arrambide, 2009),
we found a lower female:male ratio in patients with early vs late onset pediatric MS, thus
supporting a role of puberty and sex hormones in determining MS onset (Bove & Chitnis,
2014). Also in line with previous studies (Banwell et al., 2009; Huppke et al., 2014), we
observed a prominent brainstem involvement in early onset pediatric MS patients, while
isolated optic neuritis or isolated spinal cord involvement prevailed later. However, we
did not observe a predominance of polyfocal onset in early onset pediatric MS patients.
The preferential brainstem involvement in early onset pediatric MS might be attributed
to the myelination state of this structure, as long as MS lesions mainly affect myelin-rich
regions. Given myelination proceeds along a caudo-rostral gradient in the encephalon
(Paus, 2005), the brainstem myelinates earlier than supratentorial brain. The caudo-rostral
spread of myelin occurs faster in males than in females (De Bellis et al, 2001),
consistently with the higher percentage of males in early vs late onset pediatric MS. In
the spinal cord, myelination shows a steep increase at age 12-14 years (Geertsen et al,
2017; Yeo et al, 2014) followed by a gradual increase until the adulthood (Yeo ef al.,
2014), which may explain the preferential spinal cord involvement in late onset pediatric
MS. The more frequent onset with isolated optic neuritis in late onset vs early onset
pediatric MS might be related to an effect of gender or sex hormones, as optic neuritis
was found to be more frequent in females (Banwell et al., 2009). Another possible
explanation may be an under-report of visual difficulties in younger patients, especially
those in pre-scholar age.

No difference was observed in recovery from first demyelinating between early
and late onset pediatric MS patients. Complete recovery was reported in 82% early onset
and 79% late onset patients, which highlights efficient repair mechanisms against brain
damage during childhood and adolescence (Chitnis et al., 2020). Interestingly, although
several studies suggested an inverse relationship between age and relapse rate (Benson ef
al., 2014; Gorman et al., 2009), we found a significantly shorter time to first relapse in
late compared to early onset pediatric MS patients. This finding is in line with the

hypothesis that hormonal and metabolic changes occurring during puberty are responsible
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for a higher risk of relapses in both males and females (Lulu et a/, 2015). Although we
had no data on hormone levels, growth charts or Tanner stages, age below 11 years is
usually associated to pre-pubertal stage (Huppke et al., 2014; Lulu et al., 2015; Young et
al, 2019), thus most probably puberty was included in our late onset group. Furthermore,
we found similar ARR over the first 3 years of disease in early onset vs late onset pediatric
MS patients, in line with previous studies observing no difference in pre- and post-
pubertal relapse rate (Bove & Chitnis, 2014; Lulu et al., 2015; Young et al., 2019). In
conclusion, the highest risk of relapse might be limited to the peripubertal period. As a
possible biological explanation, leptin levels reach a peak at around puberty onset (Lulu
et al., 2015; Mantzoros et al, 1997). Leptin was identified as a promoter of pro-
inflammatory cytokine secretion and Thl differentiation and increased leptin secretion
was observed in several autoimmune diseases (Matarese et al, 2008).

Early onset pediatric MS patients took a longer time from disease onset to shift to
SP MS and to reach EDSS 3, 4 and 6. As a confirmation of the better prognosis of early
vs late onset pediatric MS, we did not find any differences in the time from birth to reach
EDSS 3, 4 and 6. While we are the first to report long-term outcomes for early onset
pediatric MS patients, data for late onset pediatric patients was similar to that reported in
previous studies (McKay et al., 2019; Renoux ef al., 2007) comparing the natural history
of pediatric vs adult onset MS. This suggests the present results could be generalized to
other populations.

Our results support different pathophysiology between pre-and post-pubertal
onset MS. These differences could be related to the developmental changes occurring in
both immune system and CNS during the pubertal age. As suggested by the CSF findings
(Chabas et al., 2010), a prominent activation of innate immune system is likely to exist
in early onset pediatric MS patients. It is possible to speculate that the preferential
activation of innate immunity rather than adaptive immunity could be protective against
neurodegenerative processes and delay the establishment of chronic neuroinflammation.
Furthermore, the peri-pubertal period is probably key for GM and WM maturation
dependent on sex (De Meo et al., 2019) and sex hormone levels (Chitnis, 2013). This
suggests that brain damage occurring before the hormonal boost to developmental
trajectories might benefit from the highest repair capabilities, proper of younger subjects

(Ghassemi et al., 2015¢), and might less affect GM and WM development.
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In the present study, we also identified several predictors of reaching confirmed
disability in both early and late onset pediatric MS patient. Sound evidence (Chitnis et
al., 2020; Confavreux et al, 2003) supports a role of relapses and incomplete recovery
from relapses as contributors to disability accrual in MS. Accordingly, we observed an
incomplete recovery from the first demyelinating event was associated with higher risk
of reaching EDSS 6 in early onset pediatric MS patients, and EDSS 3, 4, and 6 in late
onset patients. As matter of fact, relapse severity and related recovery are likely to follow
a similar pattern at individual level (Mowry et a/, 2009), thus allowing to identify those
patients at higher risk to experience severe disability. Unfortunately, genetic, biologic or
environmental factors underlying individual repair capability are still under investigation.

In line with previous studies (McKay et al., 2019; Renoux et al., 2007; Tremlett
et al, 2009), early disease activity significantly affected long-term disability accrual in
our cohort. Shorter time to first relapse was associated with higher risk of reaching EDSS
3 in early onset pediatric MS patients, and EDSS 3, 4 and 6 in late onset patients.
Moreover, in both early and late onset pediatric MS patients, a higher ARR over the first
3 years of disease was associated with higher risk of reaching EDSS 3 and 4. These
findings show that repeated demyelinating attacks, especially during the earliest stages of
disease (Tremlett ef al., 2009), may increase the risk of reaching long-term irreversible
disability and underscore the critical importance of early treatment also in pediatric
patients (Jokubaitis et al, 2016).

Confirming previous findings (McKay et al., 2019), we observed the exposure to
moderate- and high-efficacy DMT, compared to no treatment, was associated with higher
risk of confirmed disability accrual in both early and late onset pediatric MS groups.
Apparently surprising, this finding is likely to reflect an “indication bias”, as those with
more aggressive course are more likely to be treated. In evaluating this finding, moreover,
we should also consider the delayed introduction of DMT in the pediatric MS population.
Indeed, in our cohort, the average time to introduction of the first DMT was 10.7 and 7.4
years from disease onset for early onset and late onset patients, respectively. It is likely
that both moderate- and high-efficacy DMT might have been introduced only in face of
persistent disease activity or clinical worsening, due to limited availability of approved
DMT, as well as safety concerns in the pediatric patients, especially those younger than

11 years. Furthermore, the strength of the association between DMT exposure and the
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risk of disability accrual became lower or not significant for EDSS 4, and, in late onset
pediatric patients, it reverted by showing protection against the risk of reaching EDSS 6,
a more robust disability milestone.

Lastly, the location of the first demyelinating event and a progressive course at
disease onset were associated with the risk of disability accrual in late onset pediatric MS
patients only. Consistently with previous findings in the adult MS population (Brownlee
et al., 2019), also in our cohort brainstem symptoms and polyfocal involvement were
associated with a poorer prognostic outcome, whereas isolated optic neuritis at onset was
associated with a better outcome (Confavreux et al., 2003). The negative prognostic role
of progressive onset is also well established in the literature.

This study is not without limitations. We were not able to include in our analysis
MRI data, being it unfortunately available for a minority of our patients. Furthermore,
although cognitive impairment can represent a relevant disease manifestation of pediatric
MS (Amato et al., 2016), which is not easily captured by the EDSS score, cognitive data
in this population was not systematically collected in the Italian MS Register. In addition,
only a small percentage of our early onset MS patients converted to SP MS, not allowing
an estimate of the median time to reach this stage. Lastly, given the rarity of MS onset
before age 11, disease onset of enrolled MS patient spanned over almost 60 years.
Nonetheless, sensitivity analysis with diagnosis epoch (Baroncini et al., 2021) as an
additional covariate reassures on the validity and generalizability of study results.

Despite the above considerations, our comparative analysis on a large, real life
cohort of pediatric patients, highlighting some differences in the natural history of early
vs late onset pediatric MS, provides some support to the hypothesis of different
pathophysiological mechanisms occurring in the prepubertal age. The study also points
to the critical importance of early treatment in this population and it adds relevant

prognostic information to improve the clinical management of pediatric MS patients.
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Table 4.2.1. Main clinical and demographic features of the study cohort grouped by age at the

disease onset.

Early onset Late onset
All pediatric (<11 years) (=11 years) )4
MS patients pediatric MS pediatric MS values
patients patients

Number of patients 1993 172 1821
Male/female 631/1362 74/98 557/1264 0.001
Mean disease duration at last
follow-up (SD) [years] 18.0 (11.3) 21.1(10.9) 17.7 (11.3) <0.001
Mean age at disease onset
(SD) [years] 15.0 (2.6) 8.8 (2.0) 15.6 (1.8) <0.001
First EDSS recorded median |, 1 o 3) | 20(1.0-3.0) 20(1.0-3.0) | 062
(IQR)
Initial symptoms n (%)
Isolated optic neuritis 458 (24%) 27 (16%) 431 (25%) 0.02
Isolated brainstem symptoms 485 (25%) 62 (37%) 423 (24%) <0.001
Isolated long-tract symptoms 280 (15%) 14 (8%) 266 (15%) 0.02
Combination of symptoms 692 (37%) 63 (38%) 629 (37%) 0.65
ADEM 1 (0%) 1 (1%) 0 (0%) 0.41
Initial disease course n (%) 0.28
Relapse-onset 1967 (99%) 171 (99%) 1796 (99%)
Primary progressive 26 (1%) 1 (1%) 25 (1%)
Unknown 10 (1%) 0 (0%) 10 (1%)
Mean time to DMT start (SD) | 5 4 4 5 10.7 (9.7) 7.1(8.3) <0.001
[years]
DMT exposure n (%)
Never-treated 129 (6%) 22 (13%) 107 (6%) <0.001
Moderate efficacy DMT only 781 (39%) 64 (37%) 717 (39%) 0.64
High efficacy DMT only 274 (14%) 21 (12%) 253 (14%) 0.61
Switched from moderate to o o o
high efficacy 805 (40%) 64 (37%) 741 (41%) 0.41
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Degree of remission at first
relapse n (%)

Complete 661 (80%) 61 (82%) 600 (79%) 0.78
Partial 154 (19%) 12 (17%) 142 (19%) 0.67
None 16 (2%) 1 (1%) 15 (2%) 1.00
Median time to firstrelapse |, 5 9 _76) | 51 (1.0-11.9) 2.6(09-7.0) | 0.001
(IQR)

Mean ARR in the first 3 years |,  4) 0.2 (0.4) 0.2 (0.5) 0.08

(SD)

Abbreviations: MS = multiple sclerosis; SD = standard deviation; EDSS = Expanded Disability
Status Scale; IQR = interquartile range; DMT = disease modifying treatments.
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Table 4.2.2. Cox models of time to EDSS 3, 4, and 6, and conversion to secondary progressive
MS from birth or MS onset, comparing early vs late onset pediatric MS patients (the latter as
reference group).

Risk of reaching

disability milestone .

in early vs late onset HR 95% CI P Adjustedy 95% CI P
ot values HR values

pediatric MS

patients

From birth to:

EDSS 3 0.96 0.71,1.52 0.83 1.06 0.72,1.56 0.76

EDSS 4 0.92 0.58, 1.45 0.72 0.91 0.57,1.43 0.68

EDSS 6 0.83 0.48, 1.44 0.51 0.84 0.49, 1.47 0.55

Conversion to

SPMS* 0.61 0.33,1.11 0.11 0.54 1.22,1.30 0.16

From MS onset to:

EDSS 3 0.51 0.38,0.74 <0.001 0.51 0.35,0.73 <0.001

EDSS 4 0.42 0.26, 0.66 <0.001 0.42 0.28, 0.65 <0.001

EDSS 6 0.39 0.23,0.67 <0.001 0.40 0.23, 0.69 <0.001

Conversion to

SPMS* 0.34 0.18,0.67 0.001 0.41 0.18,0.97 0.04

*Analysis performed on relapse-onset pediatric MS patients only (171 early onset and 1786 late
onset patients).

SAdjusted for sex, disease course at onset (primary progressive or relapse-onset), EDSS score
at the onset, and disease-modifying therapy exposure (no treatment, moderate- or high-efficacy)
as a time-varying covariate.

Abbreviations: HR = hazard ratio; CI = confidence interval; MS = multiple sclerosis; EDSS =
Expanded Disability Status Scale.
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Table 4.2.3. Univariate Cox models of time from MS onset to EDSS 3, 4, and 6 early and late
onset pediatric multiple sclerosis patients.

Early onset

pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI p HR | 95%CI p HR | 95%CI 4
values values values

Isolated optic

neuritis* 037 | 0.14,0.95 0.04

Complete
remission
from first - - - 1.00 1.00
demyelinating
event (ref)

Incomplete
remission
from first - - - 338 | 1.31,8.74 | 0.01 8.58 |2.23,32.95| 0.002
demyelinating
event

Time tofirst | 93| 88,097 | 003 |095090,1.00 | 005 | - - -

relapse
ARR in the 430 | 220,860 | <0.001 | 2.15 | 15,299 | <0.001 | - - -
first 3 years
No DMT 1.00 1.00 - - -
exposure (ref)
Moderate
efficacy DMT | 591 | 2631325 | <0001 | 270 | 114,632 | 0.02 - - -
High efficacy
DMT 725 | 2.83,18.60 | <0.001 | 3.59 | 1.36,9.46 | 0.01 - - -
Late onset
pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI p HR | 95%CI p HR | 95%CI 4

values values values

Age at onset - - - - - - 1.07 1.01,1.14 0.03
Isolated optic | ./ | (60 091 | 0.006 | 071 | 057,090 | 0.004 | 0.67 | 0.51,0.89 | 0.005
neuritis*
Combination |, 5| 150 190 | 0001 | 1.69 | 1.32,2.15 | <0.001 | - - -
of symptoms*
Relapsing
onset (reh 1.00 1.00
(I:I:‘S’egtre”‘ve 270 | 1.30,5.40 | 0.006 | 2.94 | 1.79,4.81 | <0.001 | 2.56 | 1.50,4.40 | <0.001
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Complete
remission
from - - - 1.00 1.00
demyelinating
event (ref)

Incomplete
remission
from first 1.81 | 1.29,2.54 | <0.001 | 2.5 | 1.26,5.05 | 0.001 1.67 | 1.12,2.48 0.01
demyelinating
event

Time to first 0.95, 0.98

0.96 | 0.94,0.98 | <0.001 | 0.97 | 0.95,0.98 | <0.001 | 0.97 <0.001
relapse

ARR in the

1.60 | 1.40,1.90 | <0.001 | 1.64 | 1.39,1.94 | <0.001 - - -
first 3 years

No DMT

1.00 1.00 1.00
exposure (ref)

Moderate

efficacy DMT 224 | 1.78,2.83 | <0.001 - - - 0.50 | 0.38,0.64 | <0.001

High efficacy

DMT 248 | 1.87,3.29 | <0.001 | 1.92 | 1.49,2.48 | <0.001 - - -

*at disease onset

Abbreviations: HR = hazard ratio; CI = confidence interval; MS = multiple sclerosis; EDSS =
Expanded Disability Status Scale; DMT = disease modifying treatment, ref = reference level.
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Table 4.2.4. Multivariable Cox regression models of prognostic factors of time from disease onset
to reach disability milestones (EDSS 3, 4 and 6) in early and late onset pediatric multiple sclerosis
patients.

Early onset
pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI p HR | 95%CI p HR | 95%CI p
values values values

Complete
remission
from first - - - - - - 1.00
demyelinating
event (ref)

Incomplete
remission
from first - - - - - - 8.67 | 1.78,42.24 0.007
demyelinating
event

ARR in the

first 3 years 2.85 1.13,7.19 0.02 i ) )

No DMT

exposure (ref) 1.00 1.00 ) . )

Moderate

efficacy pMT | 073 | 1:92:49.36 | 0.006 ] ] ]

High efficacy 726

DMT 1.17,45.16 | 0.03 343 1.22,9.67 0.02 - - -

Late onset
pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI P HR | 95%CI P HR | 95%CI p
values values values

Isolated optic

.. - - - - - - 0.69 | 0.51,0.95 0.02
neuritis*

Combination

of symptoms* 1.51 | 1.04,2.20 0.03 1.59 | 1.23,2.04 | <0.001 - - -

Relapsing

onset (ref) - - - 1.00 1.00

Progressive

onset - - - 3.25 1.76, 6.01 <0.001 | 1.89 | 0.93,3.56 0.008

Complete
remission
from 1.00 1.00 1.00
demyelinating
event (ref)
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Incomplete
remission
from first 1.77 | 1.05,3.01 0.03 345 1.39,8.57 | <0.001 | 1.71 1.08, 2.70 0.02
demyelinating
event

Time to first

0.98 | 0.96,1.00 0.07 096 | 094,097 | <0.001 | 0.96 | 0.94,0.97 <0.001
relapse

ARR in the

1.34 | 1.04,1.71 0.02 1.26 | 1.03,1.55 0.03 - - -
first 3 years

No DMT

1.00 1.00 1.00
exposure (ref)
Moderate
efficacy DMT 281 | 1.89,4.18 | <0.001 | - - - 0.49 | 0.37,0.66 | <0.001
High efficacy
DMT 297 | 1.88,4.69 | <0.001 | 1.56 | 1.18,2.07 0.002 - - -

*at disease onset

Abbreviations: HR = hazard ratio; CI = confidence interval; MS = multiple sclerosis; EDSS =
Expanded Disability Status Scale; DMT = disease modifying treatment, ref = reference level.
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Figure 4.2.1. Study flow-chart.

n=3332

Pediatric MS patients
recorded in Italian MS

Registry

n=1339

date

records

Pediatric MS patients meeting
exclusion criteria:

-n=1231: <3 EDSS records
- n=12: Missing MS onset date [
- n=78: Missing MS diagnosis

- n=18: Crucial errors in

n=1993

Pediatric MS patients
included in the final
analysis

N=172

Early onset (<11 years)
pediatric MS patients

n=1821

Late onset (> 11 years)
pediatric MS patients

The diagram illustrates patients’ selection to obtain the final dataset.
Abbreviations: EDSS = Expanded Disability Status Scale; MS = multiple sclerosis.
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Figure 4.2.2. Kaplan—Meier estimates of the time to reach disability milestones from birth or
disease onset in early vs late onset pediatric MS patients.

Risk of reaching disability milestones
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=  Early onset pediatric MS

=  Late onset pediatric MS

Panels on the left represent Kaplan-Meier estimates of time to reach disability milestones (EDSS
3in A, EDSS 4 in C and EDSS 6 in E) measured from birth. Panels on the right represent Kaplan-
Meier estimates of time to reach disability milestones (EDSS 3 in B, EDSS 4 in D and EDSS 6 in
F) measured from MS onset.
Abbreviations: EDSS = Expanded Disability Status Scale; MS = multiple sclerosis.
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Supplementary material 4.2.1
Sensitivity analysis

Table e-4.2.1. Cox models of time to EDSS 3, 4, and 6, and to conversion to secondary progressive
MS from birth or MS onset, comparing early vs late onset pediatric MS patients (the latter as
reference group).

Risk of reaching

filsablhty milestone HR 95% CI D Adjusted§ 95% CI P
in early vs late onset values HR values
pediatric MS patients

From birth to:

EDSS 3 1.07 0.78, 1.46 0.68 1.13 0.82, 1.55 0.45
EDSS 4 0.97 0.66, 1.42 0.86 0.95 0.64, 1.41 0.79
EDSS 6 0.95 0.59, 1.52 0.83 1.00 0.62, 1.61 0.98
Conversion to

SPMS* 0.68 0.37,1.24 0.21 0.64 0.35,1.18 0.15
From MS onset to:

EDSS 3 0.61 0.45,0.83 <0.001 0.69 0.50, 0.94 0.01
EDSS 4 0.50 0.35,0.72 <0.001 0.50 0.34,0.73 <0.001
EDSS 6 0.46 0.29,0.74 <0.001 0.47 0.30, 0.75 <0.001
Conversion to

SPMS* 0.40 0.22,0.74 0.003 0.38 0.21,0.70 0.001

*Analysis performed on relapse-onset pediatric MS patients only.
SAdjusted for diagnosis epoch, sex, disease course at onset (primary progressive or relapse-
onset), EDSS score at the onmset, and disease-modifying therapy exposure (no treatment,

moderate- or high-efficacy) as a time-varying covariate.

Abbreviations: HR = hazard ratio; CI = confidence interval; MS = multiple sclerosis;, EDSS =
Expanded Disability Status Scale.
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Table e-4.2.2. Univariate Cox models of time from MS onset to EDSS 3, 4, and 6 early and late
onset pediatric multiple sclerosis patients.

Early onset

pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI P HR | 95%CI P HR 95%CI p
values values values

Isolated optic

neuritis* 035 | 0.12,0.99 0.05

Complete
remission
from first - - - 1.00 1.00
demyelinating
event (ref)

Incomplete
remission
from first - - - 4.79 | 1.35,16.99 0.02 28.73 | 2.53,32.95 0.002
demyelinating
event

Time to first

091 | 0.85,0.97 0.003 - - - - -
relapse

ARR in the

first 3 years | 507 | 2281129 | <0.001 | - ) ) ) ] _

No DMT

exposure (ref) 1.00 1.00 . ) )

Moderate

efficacy DMT 6.43 | 2.52,16.46 | <0.001 | 2.48 | 1.03,6.22 0.05 - - -

High efficacy

DMT 7.43 | 2.29,24.11 | <0.001 | 4.00 | 1.33,12.04 0.02 - - -

Late onset

pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI p HR | 95%CI p HR 95%CI p
values values values

Age at onset - - - - - - - - -

Isolated optic

e - - - 0.71 0.55,0.92 0.009 - - -
neuritis

Combination

of symptoms* 1.39 | 1.04,1.86 0.02 1.68 | 1.39,2.19 <0.001 - - -

Relapsing

onset (ref) 1.00 1.00

Progressive

onset 244 | 1.15,5.17 0.02 2.82 | 1.55,5.16 | <0.001 2.16 1.24,3.79 0.007

Complete
remission
from 1.00 1.00 1.00
demyelinating
event (ref)
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Incomplete
remission
from first 1.72 | 1.14,2.59 0.01 1.95 | 1.32,2.90 | <0.001 1.12 1.03,1.23 0.01
demyelinating
event

Time to first 0.95, 0.98

0.96 | 0.95,0.98 <0.001 | 0.96 | 0.95,0.98 <0.001 0.97 <0.001
relapse

ARR in the

1.59 | 132,191 <0.001 | 1.65 | 1.37,1.98 <0.001 - - -
first 3 years

No DMT

1.00 1.00 1.00
exposure (ref)

Moderate

efficacy DMT 221 | 1.70,2.88 | <0.001 - - - 0.51 | 039,0.69 | <0.001

High efficacy 259

DMT 1.88,3.56 | <0.001 | 2.14 | 1.64,2.80 | <0.001 - - -

*at disease onset

Abbreviations: HR = hazard ratio; CI = confidence interval; MS = multiple sclerosis; EDSS =
Expanded Disability Status Scale; DMT = disease modifying treatment; ref = reference level;
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Table e-4.2.3. Multivariable Cox regression models of prognostic factors of time from disease
onset to reach disability milestones (EDSS 3, 4 and 6) in early and late onset pediatric multiple
sclerosis patients.

Early onset

pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI 4 HR | 95%CI p HR 95%CI p
values values values

Complete
remission
from first - - - - - - 1.00
demyelinating
event (ref)

Incomplete
remission
from first - - - - - - 28.53 | 3.01,42.24 | 0.003
demyelinating
event

Time to first
relapse

ARR in the

2.82 | 1.23,6.46 0.01 1.69 | 0.82,3.50 | 0.15 - - -
first 3 years

No DMT

exposure (ref) 1.00 1.00 ) ) .

Moderate

efficacy DMT 542 | 192,1531 | 0.001 | 2.16 | 0.87,5.32 | 0.09 - - -

High efficacy

DMT 597 | 1.70,20.95 | 0.005 | 343 | 1.22,9.67 | 0.02 - - -

Late onset

pediatric MS EDSS 3 EDSS 4 EDSS 6

HR | 95%CI 4 HR | 95%CI p HR 95%CI p
values values values

Isolated optic
neuritis*

Isolated
brainstem - - - - - - - - -
symptoms*

Combination

of symptoms* - - - 1.59 | 1.20,2.11 | 0.001 - - -

Relapsing

onset (ref) ) . ) 1.00 ) ) )

Progressive

onset - - - 3.44 | 1.80, 6.59 | <0.001 - - -

Complete
remission
from 1.00 1.00 - - -
demyelinating
event (ref)
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Incomplete
remission
from first 240 | 1.54,3.75 | <0.001 | 2.62 | 1.70,4.05 | <0.001 - - -
demyelinating
event

Time to first

- - - 0.96 | 0.94,0.98 | <0.001 | 0.96 0.94,0.97 | <0.001
relapse

ARR in the

1.34 | 1.04,1.71 0.02 1.27 | 1.02,1.58 | 0.03 - - -
first 3 years

No DMT

1.00 1.00 1.00
exposure (ref)

Moderate

efficacy DMT 1.93 | 1.43,2.62 | <0.001 - - - 0.51 0.37,0.69 | <0.001

High efficacy

DMT 1.96 | 1.36,2.85 | <0.001 | 1.80 | 1.33,2.45 | <0.001 - - -

*at disease onset

Abbreviations: HR = hazard ratio; CI = confidence interval; MS = multiple sclerosis; EDSS =
Expanded Disability Status Scale; DMT = disease modifying treatment, ref = reference level;
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5. Discussion

5.1 Characterization of pediatric MS by using advanced MRI techniques in
cross-sectional and longitudinal setting

During the last decade, the application of advanced MRI techniques allowed a more
precise characterization of the neuroanatomical substrates of clinical and
neuropsychological features of MS patients.

However, the application of these techniques to pediatric MS patients is limited to
a few studies. In Section 3 a series of experiments was performed by applying structural
and functional MRI, identifying potential neuroanatomical substrates of disease-related
clinical manifestations, as well as pathogenetic mechanisms underlying brain tissue
damage in MS.

The thalamus confirmed its central role in determining clinical and cognitive
functioning in pediatric MS patients. An increased functional recruitment of this structure
was observed in pediatric MS patients with preserved cognitive performance, thus
suggesting this increased activation as a compensatory mechanism against brain damage.
Further supporting this hypothesis, a correlation between thalamic recruitment and GM
atrophy was identified.

We explored the determinants of GM atrophy in pediatric MS patients in
longitudinal settings, resulting from both failure of age-expected GM maturation and
development of tissue loss. In this context, we observed significant associations between
thalamic atrophy and clinical disability.

Starting from these observations as well as from the demonstration of early thalamic
involvement during MS course (Eshaghi et al., 2018b), we focused on the thalamus to
provide in vivo additional insights into pathogenetic mechanisms underlying disease-
related tissue damage. We described several microstructural changes, occurring before
atrophy could be detectable, involving both thalamic interfaces (with WM and CSF).
Significant associations were observed between microstructural abnormalities at
CSF/thalamus interface with cortical damage as well as between thalamus/WM interface
and WM lesions. These findings support the hypothesis of heterogeneous pathological

processes, including retrograde degeneration from WM lesions and CSF-mediated
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damage, leading to thalamic microstructural abnormalities, likely preceding macroscopic
tissue loss.

In Section 3.1 (MRI substrates of sustained attention system and cognitive
impairment in pediatric MS patients) by using fMRI during a sustained attention task
(CCPT) the relationship between cognitive impairment and sustained attention system
recruitment abnormalities was investigated. A similar pattern of recruitment of the
sustained attention system was observed between pediatric MS patients and HC
resembling that described by previous studies in HC and patients with other neurological
diseases using a similar fMRI paradigm (Strazzer et al., 2015; Tana et al., 2010).
However, with increasing sustained attention task demand, compared to HC, pediatric
MS patients showed an increased activation of the left thalamus, anterior insula and ACC.
They also experienced an increased deactivation of the precuneus.

On one hand, these findings suggested the achievement of the age-expected level
of functional maturation of the attentional network in pediatric MS patients, in terms of
ability to activate and deactivate the main regions of the network and topographical
representation of these regions. On the other, with increasing task demand, several
abnormalities were detected, highlighting the adaptive and maladaptive mechanisms
occurring during the earliest stages of disease to compensate brain structural damage.

This high-demanding cognitive condition allowed us to individuate the specific
fMRI abnormalities underlying the cognitive performance of pediatric MS patients. In
details, increased recruitment of anterior insula and ACC was observed in CP MS
patients. These are among the key regions of the ‘salience’ network, which has a critical
function in identifying the most relevant among several internal and extra-personal
stimuli to guide behaviour (Seeley et al, 2007). Network-analysis studies have
consistently demonstrated that these two regions are involved in switching between brain
networks (particularly the executive control and DMN) across task paradigms (Chen et
al., 2016; Menon & Uddin, 2010). Furthermore, decreased deactivation of right
precuneus was observed in CP pediatric MS patients, while a more extended pattern of
deactivation (involving the precuneus and SFG) was detected in CI pediatric MS patients.
These results suggest that an initial increased deactivation of the precuneus together with
a reduced deactivation of the ACC, as experienced in CP MS patients, may represent a

compensatory mechanism allowing the patients to maintain an adequate cognitive profile.
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The broader pattern of deactivation, significantly associated with structural damage,
observed in CI MS patients may represent a maladaptive mechanism of cortical
reorganization, characterized by an alteration of the shift from RS condition to sustained
attention task performance.

Overall, the results obtained in this experiment, in line with previous studies (Akbar
et al., 2016b; Rocca et al., 2014a), confirmed the crucial role of abnormalities in DMN
posterior node centered in the precuneus, in determining cognitive dysfunction in
pediatric MS patients. Moreover, a reduced capability to modulate DMN deactivation
with increasing task complexity has been also demonstrated by studies in adult patients
with MS (Morgen et al., 2007; Rocca et al., 2014c).

Interestingly, looking at the brain as a complex dynamic network, cognitive
impairment in pediatric MS could be attributed to abnormalities of interaction over time
between the posterior core of the DMN and fronto-parietal and subcortical networks, in
particular the salience network (Bonnelle et al., 2012; Chen et al., 2016; Leech & Sharp,
2014; Menon & Uddin, 2010). Finally, the correlation observed between functional
abnormalities of DMN and salience network with disruption of structural integrity of
critical WM tracts within the networks (in particular the tract connecting the left anterior
insula to the ACC) supports the hypothesis that in pediatric MS patients, the accumulation
of disease-related structural damage might cause a disconnection syndrome resulting in
functional and clinical abnormalities.

In Section 3.2 (Dynamic gray matter volume changes in pediatric multiple
sclerosis: a 3.5 year MRI study) we analyzed, in a longitudinal setting, the complex
interplay between brain growth and disease-related pathology on regional trajectories of
GM maturation in pediatric MS patients.

To these aims, we first estimated physiological variations of GM volume
trajectories during development from a large cohort of pediatric HC, including
participants studied on the same scanner as the MS patients as well as those from the
Pediatric MRI Data Repository created by the NIH MRI Study of Normal Brain
Development. In line with previous studies (Wierenga et al., 2014), we detected a
heterochronic (Gogtay et al., 2004; Sowell et al., 2001) and sexually dimorphic (Aubert-
Broche et al., 2014a; Lenroot et al., 2007) process of maturation. Moreover, we

confirmed the dynamic progression of development of GM regions, in which higher-order
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association areas mature after lower-order sensorimotor regions, following a functional
order and a phylogenetically based principle according to which evolutionarily older
cortical areas mature first (Gogtay et al., 2004).

In pediatric MS patients we observed a failure from the sex- and age-expected GM
developmental trajectories in several cortical regions belonging to the frontal, temporal,
parietal, occipital lobes and cerebellum, as well as subcortical regions comprising the
thalamus and caudate nucleus. Failure of sex- and age-expected GM maturation of highly
interconnected regions as the basal ganglia (Cavanna & Trimble, 2006), and late
developing areas, such as anterior fronto-temporal regions (Ziegler et al., 2017) was
found to be significantly associated with the presence of focal WM lesions and the
prolonged exposure to disease-related processes (as reflected by the correlation with
disease duration). However failure of GM maturation was also observed in other brain
regions thus suggesting the existence of other pathogenetic mechanisms, not strictly
related to the presence of focal inflammatory-demyelinating lesions in the WM, leading
to GM alterations in the early stages of the disease.

Exploring the evolution of GM volume abnormalities over a 3.5 year follow-up,
continued deviations from the expected maturation trajectories were observed in the
majority of GM areas, including several cortical and subcortical regions. Again, only for
some of these regions (the thalamus and a few regions located in the precentral and
postcentral gyri), maturational trajectory deviation was significantly associated with
increased lesion burden.

Overall, these findings suggest the existence of at least two mechanisms explaining
GM damage: the first, more related to the inflammatory WM lesion-dependent
component of the disease, mainly occurring at the earliest stages of the disease and
involving highly-connected regions, while the second characterized by a primary
involvement of the GM.

In line with previous studies (Azevedo et al., 2018; Eshaghi et al., 2018b), failure
of GM development in key brain regions, such as the thalamus, caudate nucleus,
precuneus and frontal regions, was associated with the severity of clinical disability.
Moreover, greater cognitive reserve, represented in pediatric MS patients by higher 1Q,
resulted protective against tissue loss in the cingulate cortex, precuneus, and several

regions located in the frontal and temporal lobes and the cerebellum. These findings could
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be attributed to GM pruning which selectively eliminates GM that does not effectively
contribute to cognition, as suggested by a study in healthy children (Wilke et al., 2003).

Overall these results suggest that although pediatric MS patients are provided with
greater resilience and repair potential against brain tissue damage (Ghassemi et al.,
2015a), these are not sufficient to prevent GM atrophy.

In Section 3.3 (In vivo gradients of thalamic damage in pediatric multiple
sclerosis: a window into pathology), by applying a multiparametric MRI approach, we
quantified in vivo the different processes involving the thalamus in term of focal lesions,
microstructural damage and atrophy in pediatric MS patients.

To provide additional insights into the mechanisms associated with thalamic
damage, we integrated the whole thalamic with a laminar analysis, by studying thalamic
quantitative MRI metrics according to their geodesic distance from the CSF/thalamus-
interface. The analysis of the whole thalamus showed that pediatric MS patients
experienced a trend towards a reduction of thalamic volume and significant abnormalities
in quantitative MRI metrics compared to HC, thus supporting the hypothesis that
microstructural damage is likely to precede atrophy in MS (Deppe et al., 2016).

At laminar analysis, supporting the hypothesis of a CSF immune-cytotoxic factor-
mediated mechanism (Liu et al., 2015; Louapre et al., 2017), we found a dependency of
thalamic T2 LV from the distance from CSF and a disruption of microstructural integrity
together with evidence of demyelination in the same regions. Thalamic abnormalities in
the bands nearest to CSF/thalamus interface significantly correlated with cortical
thinning, suggesting a shared mechanism of damage for subpial and subependymal
pathology, likely coming from the CSF. Furthermore, we also observed microstructural
abnormalities in thalamic bands nearest to thalamus/WM interface that correlated with
brain T2 LV, supporting the hypothesis of thalamic WM lesion-related Wallerian
degeneration.

Overall, these results pointed towards the existence of heterogeneous pathogenetic
mechanisms involving the thalamus in pediatric MS related to both CSF immune
cytotoxic factors and WM lesions. Considering that thalamic microstructural damage
occurs during the earliest stages of disease, before thalamic atrophy could be detectable,
monitoring thalamic abnormalities could represent an early biomarker for diffuse damage

and an ideal MRI outcome in clinical trials, especially in pediatric MS patients.
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5.2 Assessment of clinical and MRI predictors of long-term disease course
in pediatric MS

To date, only a few longitudinal studies (Iaffaldano et al., 2017; Mikaeloff et al.,
2006) have been conducted in pediatric MS patients. A higher clinical activity, with
higher relapse rate especially during the first years from disease onset (Benson et al.,
2014; Gorman et al., 2009), paralleled by a higher MRI activity (Waubant et al., 2009),
were reported for pediatric-onset compared to adult-onset MS patients. However, little is
known about how these early clinical and MRI features may influence the long-term
clinical outcome of these patients.

In Section 4.1 (Early predictors of 9-year disability in pediatric multiple sclerosis),
we assessed the relevance of specific early clinical and MRI features for 9-year clinical
outcomes in pediatric MS patients. As first outcome, considering its specific relevance
for pediatric population (Renoux et al., 2007), we selected time to first relapse. Optic
nerve involvement on brain MRI resulted as the only independent predictor of a shorter
time to first relapse, underscoring the different clinical implications of optic nerve
involvement on MRI, compared to clinically-manifest optic neuritis (Davion et al., 2020;
London et al., 2019). Moreover, optic nerve involvement on MRI at the time of diagnosis
is likely to be associated with a shorter asymptomatic period, and earliest phases of
disease have been associated with higher clinical activity in this population (Gorman et
al., 2009). Less surprisingly, the exposure to high efficacy DMT resulted the only
independent predictor of longer time to first relapse.

The second outcome variable, ARR over the first 9 years of disease, was in part
predicted by baseline lesion distribution. In details, cerebellar lesions were associated
with lower ARR, while cervical cord lesions with higher ARR. A possible explanation is
that cerebellum, characterized by later myelination (Weier et al., 2016), could be involved
later in the disease course, when disease features become more similar to adults (e.g.,
lower ARR). The association between spinal cord lesions and ARR confirms the results
of previous studies in adult patients with MS, in which the presence of asymptomatic
spinal cord lesions was significantly predictive of an increased risk of future relapse

(Zecca et al., 2016).
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In addition, some short-term follow-up measures significantly contributed to
explain 9-year ARR. We found a consistent association between the number of relapses
over the first 2 years and time to first relapse with ARR, suggesting that the persistence
of inflammatory activity over the first years of disease in spite of DMT exposure could
be highly indicative of a more active disease. Once again, a protective role was found for
high efficacy DMT exposure over the first year of disease. However, this effect was lost
in the 2-year model, underscoring the existence of an early critical window in which the
biology of disease can be modified for longer-term benefit (Harding et al., 2019).

With the aim of exploring disability accrual, we investigated 9-year EDSS
worsening and score, confirming the predictive role of baseline EDSS score and of
clinically-eloquent site involvement (such as optic nerve, brainstem and spinal cord) for
these 9-year outcomes. These findings highlighted the role of neuroaxonal degeneration
in clinically-eloquent areas of the CNS, containing long-distance WM pathways critical
for balance and locomotion as an important driver of disability in MS (Ferguson et al.,
1997; Minneboo et al., 2009; Saidha et al., 2015; Trapp et al., 1998).

Interestingly, we observed that Gd-lesions on baseline MRI have a protective role
against 9-year disability in pediatric MS patients. Considering that pediatric MS patients
are known to have more frequent Gd-lesions than adults (Waubant et al., 2009), with a
frequency that reduces with age and that this trend is paralleled by a decrease in
remyelination capability with age (Brown et al., 2014; Ghassemi et al., 2015b; Ghassemi
et al., 2015c¢), these findings suggest that a more severe acute inflammatory activity at
disease onset could stimulate myelin repair and delay chronic inflammation processes
typical of the progressive phase of disease (Mahad et al., 2015).

Short-term follow-up also contributed to the prediction of 9-year clinical disability.
Baseline EDSS and its short-term increase and the detection of at least two new T2-
lesions at 2 years showed significant association with 9-year clinical disability,
underscoring the relevance of clinical and MRI monitoring during the first years of
disease in predicting long-term disease evolution (Rotstein et al., 2015).

In Section 4.2 (Comparing natural history of pre- and post-pubertal onset
multiple sclerosis), we compared disease course and prognosis in pre- (early) and post-
pubertal (late) onset MS patients identifying several specific features of early onset

pediatric MS. In line with previous studies (Huppke et al., 2014; Tintoré & Arrambide,
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2009), we found a lower female:male ratio in patients with early vs late onset pediatric
MS, thus supporting a role of puberty and sex hormones in determining MS onset (Bove
& Chitnis, 2014). Again confirming previous studies (Banwell et al., 2009; Huppke et
al., 2014), a prominent brainstem involvement was observed in early onset pediatric MS
patients, while isolated optic neuritis or isolated spinal cord involvement prevailed later.
These differences could be largely attributed to myelination processes proceeding along
a caudo-rostral gradient in the encephalon (Paus, 2005). Moreover, also in the spinal cord,
a gradual increase of myelination is described until the adulthood (Yeo et al., 2014).

While no differences were observed in recovery from first demyelinating event and
in ARR over the first 3 years of disease between early and late onset pediatric MS
patients, surprisingly we found a significantly shorter time to first relapse in late
compared to early onset pediatric MS patients. It is possible to attribute these findings to
the hypothesis that hormonal and metabolic changes occurring during puberty are
responsible for a higher risk of relapses in both males (Young ef al., 2019) and females
(Lulu et al., 2015). Indeed, although we had no data on hormone levels, growth charts or
Tanner stages, age below 11 years is usually associated to pre-pubertal stage (Huppke et
al.,2014; Lulu et al., 2015; Young et al., 2019), thus most probably puberty was included
in our late onset group.

Early onset pediatric MS patients took a longer time from disease onset to shift to
SPMS and to reach EDSS 3, 4 and 6. As a confirmation of the better prognosis of early
vs late onset pediatric MS, we found no differences in the time from birth to reach EDSS
3, 4 and 6. While we are the first to report long-term outcomes for early onset pediatric
MS patients, data for late onset pediatric patients was similar to that reported in previous
studies (McKay et al., 2019; Renoux et al., 2007) comparing the natural history of
pediatric vs adult onset MS.

We also identified several predictors of reaching confirmed disability in both early
and late onset pediatric MS patient. Disease activity in term of time to first relapse and
ARR over the first 3 years of disease together with recovery from first demyelinating
event significantly contributed to long-term disability in both groups. These findings
underscore that repeated demyelinating attacks, especially during the earliest stages of
the disease (Tremlett e al., 2009), may increase the risk of reaching long-term irreversible

disability.
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Overall these results provide additional support to the hypothesis of different
pathophysiological mechanisms occurring in the prepubertal age, also highlighting the

critical relevance of early treatment also in pediatric patients.

6. Conclusions and future directions

During the present PhD we focused on pediatric MS addressing the main unsolved
questions in the field. Overall, we demonstrated that the application of advanced MRI
techniques could provide additional insights in the understanding of neuroanatomical
basis of clinical features and in disease-related pathogenetic mechanisms. In details, fMRI
provided in-vivo evidences of brain plasticity adaptive and maladaptive changes
underlying cognitive status of pediatric MS patients. By exploring GM maturational
trajectories at voxel-level, we were able to assess the impact of disease on GM
development also identifying a crucial role for cognitive reserve in preventing failure of
age-expected brain growth. The application of quantitative MRI metrics to the thalamus
allowed us to assess microstructural changes occurring before than atrophy could be
detectable, also identifying potential pathogenetic mechanisms of disease.

The analysis of longitudinal cohorts of pediatric MS patients allowed us to
identify prognostic factors able to predict disease course and prognosis at disease onset.
Moreover, by analyzing data from Italian MS Register we were able describe the natural
history of pediatric MS occurring before puberty pointing towards different pathogenetic
mechanisms occurring in very young patients.

Future research in this field should be aimed to the application of advanced MRI
technique in longitudinal setting. To this aim, more pediatric MS patients and HC will be
acquired in a 3.0 Tesla scanner. Also, in both pediatric MS patients and HC, a complete
neurological evaluation will be obtained together with a complete neuropsychological
assessment. Advanced MRI structural and functional MRI techniques will be applied in
a longitudinal setting to analyze the cohort of subjects newly acquired. Correlations with
clinical and neuropsychological data will be performed with the ultimate aim to provide

a deeper understanding of the neuroanatomical bases of clinical manifestations.
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7. Other studies

7.1 Identifying the Distinct Cognitive Phenotypes in Multiple Sclerosis

The following data have been published (De Meo et al., 2021c¢).

Research

JAMA Neurology | Original Investigation
Identifying the Distinct Cognitive Phenotypes in Multiple Sclerosis

Ermelinda De Meo, MD; Emilio Portaccio, MD; Antonio Giorgio, MD; Luis Ruano, MD; Benedetta Goretti, MSc; Claudia Niccolai, MSc;
Francesco Patti, MD; Clara Grazia Chisari, MSc; Paolo Gallo, MD; Paola Grossi, MSc; Angelo Ghezzi, MD;

Marco Roscio, MSc; Flavia Mattioli, MD; Chiara Stampatori, MSc; Marta Simone, MD; Rosa Gemma Viterbo, MSc;

Raffaello Bonacchi, MD; Maria A. Rocca, MD; Nicola De Stefano, MD; Massimo Filippi, MD; Maria Pia Amato, MD

Supplemental content
IMPORTANCE Cognitive impairment is a common and disabling feature of multiple sclerosis
(MS), but a precise characterization of cognitive phenotypes in patients with MS is lacking.

OBJECTIVES To identify cognitive phenotypes in a clinical cohort of patients with MS and to
characterize their clinical and magnetic resonance imaging (MRI) features.

DESIGN, SETTING, AND PARTICIPANTS This multicenter cross-sectional study consecutively
screened clinically stable patients with MS and healthy control individuals at 8 MS centers in
Italy from January 1, 2010, to October 31, 2019. Patients with MS and healthy control
individuals who were not using psychoactive drugs and had no history of other neurological
or medical disorders, learning disability, severe head trauma, and alcohol or drug abuse were
enrolled.

MAIN OUTCOMES AND MEASURES Participants underwent a neurological examination and a
cognitive evaluation with the Rao Brief Repeatable Battery and Stroop Color and Word Test. A
subgroup of participants also underwent a brain MRI examination. Latent profile analysis was
used on cognitive test z scores to identify cognitive phenotypes. Linear regression and
mixed-effects models were used to define clinical and MRI features of each phenotype.

RESULTS A total of 1212 patients with MS (mean [SD] age, 41.1 [11.1] years; 784 women
[64.7%]) and 196 healthy control individuals (mean [SD] age, 40.4 [8.6] years; 130 women
[66.3%]) were analyzed in this study. Five cognitive phenotypes were identified: preserved
cognition (n = 235 patients [19.4%]), mild-verbal memory/semantic fluency (n = 362 patients
[29.9%]), mild-multidomain (n = 236 patients [19.5%)]), severe-executive/attention (n = 167
patients [13.8%]), and severe-multidomain (n = 212 patients [17.5%]) involvement. Patients
with preserved cognition and mild-verbal memory/semantic fluency were younger (mean
[SD] age, 36.5 [9.8] years and 38.2 [11.1] years) and had shorter disease duration (mean [SD]
8.0 [7.3] years and 8.3 [7.6] years) compared with patients with mild-multidomain (mean
[SD] age, 42.6 [11.2] years; mean [SD] disease duration, 12.8 [9.6] years; P < .001),
severe-executive/attention (mean [SD] age, 42.9 [11.7] years; mean [SD] disease duration,
12.2[9.5] years; P < .001), and severe-multidomain (mean [SD] age, 44.0 [11.0] years; mean
[SD] disease duration, 13.3 [10.2] years; P < .001) phenotypes. Severe cognitive phenotypes
prevailed in patients with progressive MS. At MRI evaluation, compared with those with
preserved cognition, patients with mild-verbal memory/semantic fluency exhibited
decreased mean (SE) hippocampal volume (5.42 [0.68] mL vs 513 [0.68] mL; P = .04),
patients with the mild-multidomain phenotype had decreased mean (SE) cortical gray matter
volume (687.69 [35.40] mL vs 662.59 [35.48] mL; P = .02), patients with severe-executive/
attention had higher mean (SE) T2-hyperintense lesion volume (51.33 [31.15] mL vs 99.69
[34.071 mL; P = .04), and patients with the severe-multidomain phenotype had extensive
brain damage, with decreased volume in all the brain structures explored, except for nucleus
pallidus, amygdala and caudate nucleus.

CONCLUSIONS AND RELEVANCE This study found that by defining homogeneous and clinically

meaningful phenotypes, the limitations of the traditional dichotomous classification in MS Author Affiliations: Author
can be overcome. These phenotypes can represent a more meaningful measure of the afﬁ_“la“f’”s are listed at the end of this
article.

cognitive status of patients with MS and can help define clinical disability, support clinicians in

treatment choices, and tailor cognitive rehabilitation strategies. Corresponding Author: Ermelinda

De Meo, MD, Neuroimaging Research
Unit, Division of Neuroscience, IRCCS
San Raffaele Scientific Institute, Via
JAMA Neurol. 2021;78(4):414-425. doi:10.1001/jamaneurol.2020.4920 Olgettina 60, Milan 20132, Italy
Published online January 4, 2021. (demeo.ermelinda@hsr.it).
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Introduction

Cognitive impairment is a common and disabling manifestation of MS, affecting
patients’ performance in everyday activities, behavior and quality of life. It may be
detected in the earliest stages of disease, such as clinically-(Zipoli et al, 2010) and
radiologically-isolated syndrome (Labiano-Fontcuberta et al, 2016).

Numerous MRI studies aimed at exploring the pathophysiology of cognitive
impairment in MS. The earliest ones linked cognitive deficits to higher brain lesion
load,(Rao et al, 1989) while subsequent work highlighted the importance of lesion
location in strategic WM regions (Kincses et al, 2011), WM microstructural damage
(Preziosa et al, 2016), GM lesions (Calabrese et al., 2009), cortical (Steenwijk et al,
2016) and deep (Damjanovic et al, 2017) GM atrophy (Preziosa et al., 2016), and
abnormal patterns of cerebral activation (Benedict et al, 2020).

However, most clinical and MRI studies were based on a dichotomous

classification of cognitive functioning, namely “preserved vs impaired” cognition. The
inevitable consequence in published studies was the inclusion of heterogeneous groups
of patients with variable cognitive profiles, preventing a clear assessment of
neuroanatomical substrates and personalized rehabilitation strategies.
A promising approach was introduced by Leavitt et al. (Leavitt et al/, 2018), who
identified three cognitively homogeneous subgroups of MS patients, defined as
“cognitive phenotypes”: isolated memory impairment, isolated information processing
speed impairment, and combined deficits in processing speed and memory. Nevertheless,
deficits in other cognitive domains are reported in MS (Chiaravalloti & DeLuca, 2008;
Leavitt et al, 2011), and this classification was based on dichotomous definition of
impairment for each domain, not considering patients with mildly reduced cognitive
performance (Sumowski et al, 2011).

The definition of cognitive phenotypes may represent a step forward towards
personalized treatment approaches and towards improving our understanding of the
pathophysiology of MS-related cognitive changes.

Against this background, we aimed (i) to identify cognitive phenotypes in a
clinical cohort of MS patients including the whole spectrum of disease subtypes, and (ii)

to characterize their clinical and MRI features. We used an unbiased data-driven approach
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on neuropsychological data, by applying latent-profile analysis (LPA) (Miettunen et al,
2016). For the characterization of MRI features, we selected highly reproducible and
well-validated MRI metrics of MS-related brain damage.

Methods

Ethics committee approval. Approval was received from local ethical standards

committees on human experimentation, and written informed consent was obtained from
all participants prior to study enrollment.

Study subjects. Out of 1370 MS patients and 200 HC consecutively screened from

eight Italian MS Centers from January 2010 to October 2019, we enrolled 1212 patients
and 196 HC not using psychoactive drugs and without any history of other
neurological/medical disorders, learning disability, severe head trauma, alcohol/drug
abuse. We excluded MS patients with relapses or corticosteroid use within four weeks

preceding neuropsychological assessment (Leavitt ez al., 2018).

Neuropsychological _ evaluation. All  study  participants  underwent
neuropsychological evaluation with the Rao’s Brief Repeatable Battery (BRB) -and
Stroop Color and Word Test (SCWT). The BRB evaluates the most frequently impaired
cognitive domains in MS, incorporating tests of verbal learning and memory [SRT
including Long-Term Storage (SRT-LTS), Consistent Long-Term Retrieval (SRT-
CLTR) and delayed recall (SRT-D)]; visual/spatial learning and memory [10/36 SPART
and its delayed recall (SPART-D)]; complex attention and information processing speed
[Paced Auditory Serial Addition Test (PASAT) and SDMT]; and verbal fluency on
semantic stimulus [Word List Generation (WLG)]. The SCWT (Stroop, 1935) evaluates
complex attention and aspects of executive functioning, such as cognitive interference
inhibition.

The neuropsychologists involved in the study participated in a common training
session, in which test administration and scoring procedures were clarified and agreed
upon. Corrected scores for age, sex and education according to normative values (Amato
et al, 2006) were standardized based on HC, obtaining z-scores for each cognitive test.
Fatigue was assessed on the Fatigue Severity Scale (FSS) (Krupp et al., 2013) and
depression on the Montgomery-Asberg Depression Scale (MADRS) (Montgomery &
Asberg, 1979).
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Neurological assessment. All patients underwent same-day neurological

examination with rating of the EDSS score (Kurtzke, 1983) and definition of clinical
subtype (Lublin et al., 2014). Given the high number of relapsing-remitting MS patients,
we classified them into early (disease duration < 5 years) and late (disease duration > 5
years) groups (Debernard et al, 2014).

MRI data acquisition. Two of the eight involved centers (San Raffaele Hospital in

Milan and Quantitative Neuroimaging Laboratory of the University of Siena) also
performed brain MRI examination at the time of neuropsychological evaluation, in 172
MS patients and 50 HC. By using a 3T scanner 3DT1-weighted and dual-echo sequences
were acquired. The complete acquisition protocol is available in e-Methods 7.1.1 in the
Supplementary Material 7.1.1.

MRI data analysis. T2-hyperintense lesion volumes were measured on proton

density images, using a local thresholding semi-automated segmentation technique (Jim
8, Xinapse Systems, Colchester, United Kingdom). Normalized brain (NBV), WM
(NWMYV), GM (NGMV) and cortical GM (NcGMV) volumes were measured on lesion-
filled (Chard et al., 2010) 3DT1-weighted images using SIENAXx software. Automated
segmentation of thalamus, caudate, putamen, pallidum, hippocampus, amygdala, and
nucleus accumbens was performed on lesion-filled (Chard et al., 2010) 3DT1-weighted
images with FMRIB Integrated Registration and Segmentation Tool
(FIRST; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST) software (Patenaude et al,
2011). The volume of these structures was multiplied by the head-normalization factor
derived from SIENAx. Given the symmetry of right and left deep GM nuclei,
corresponding volumes were averaged across hemispheres before statistical analysis
(Damjanovic et al., 2017).

Statistical analysis. In order to identify cognitive phenotypes, we performed LPA

(Miettunen et al., 2016; Oberski, 2016) on cognitive test z-scores. LPA is a flexible,
person-centered, and model-based clustering technique. We used it for the data-driven
probabilistic identification of neuropsychologically homogeneous MS patients’
subgroups, which we defined as cognitive phenotypes. LPA is based on specific mixture
models that analyze the joint distribution of a set of continuous observed variables (in
our study, neuropsychological test z-scores) as a function of a finite and mutually

exclusive and exhaustive number of unobserved components—mixtures—using a latent

183



categorical variable (or profile) (Blanken et al, 2020; Igbal et al, 2005). Here, the latent
variable represents a profile of cognitive functioning in MS patients. LPA does not
necessitate any a priori categorization of the observed variables (or indicators), thus
facilitating a more granular examination of heterogeneity within and between latent-level
groupings (Oberski, 2016; Spurk et al, 2020). A major advantage is the possibility to
estimate profile-specific means, variances, and covariances of the observed variables
(Spurk et al., 2020). An important step of LPA is the selection of the best fitting model.
Models with one to six profiles were run. For the optimal number of classes, Bootstrapped
Likelihood Ratio Test, Bayesian Information Criterion and Integrated Completed
Likelihood were inspected, in line with Nylund et al. and Scrucca et al.(Scrucca et al,
2016). After the selection of the best fitting model, each MS patient was classified into
one of the cognitive phenotypes (latent profiles) based upon phenotype membership
probabilities estimated directly from the model (Berlin et al, 2014; Nagin & Nagin, 2005;
Oberski, 2016; Woo et al, 2018). In order to test the accuracy of the probabilistic
predictions in attributing a cognitive phenotype to each patient, we performed a 10-fold
cross-validation.

Cognitive phenotypes were named based on tests where patient performance was
significantly lower compared to that of HC and on current knowledge about test
interpretation: names we used to label different cognitive phenotypes are amenable to
changes depending on future developments. A threshold of mean z-score <-1.5 was used
to distinguish “severely” and “mildly” reduced performance.

Between-group comparisons of demographic and clinical parameters were
performed using age- and sex-adjusted linear regression models or non-parametric tests,
as appropriate (normal distribution was assessed by visual inspection and Kolmogorov-
Smirnov test). Patients with and without MRI assessment were also compared with each
other in terms of demographic, clinical and neuropsychological variables, for assessing
representativeness of the entire study cohort. In order to characterize MRI features of
each cognitive phenotype, we adopted linear mixed effects models.

Statistical significance was corrected for multiple comparisons (Bonferroni
method), and threshold for significance was set at corrected p<0.05. To provide a measure

of effect size for the comparisons performed, we also estimated Cohen’s d (d), Cliff’s
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delta and Cramer’s V as appropriate. Statistical analysis was performed by using R

software 3.6.1, with packages “mclust”, “tidyLPA” and “Ime4”.

Results

Demographic, clinical and neuropsychological measures. Table 7.1.1 summarizes

the main demographic and clinical features of study subjects. Compared to HC, MS
patients did not differ in age, sex and education. Clinical subtypes of the 1212 MS patients
were: 396 early relapsing-remitting, 652 late relapsing-remitting, 108 SP and 56 primary

progressive.

Cognitive phenotypes. Using latent-profile analysis, a five-profile model was the
best-fitting one (Table e-7.1.1 in Supplementary Material 7.1.1). A Brier score of 0.05
was obtained at the 10-fold cross-validation analysis. Five cognitive phenotypes (Figure
e-7.1.1 in Supplementary Material 7.1.1) were identified:

1. “Preserved-cognition” (n=235, 19%) showing no significant difference

compared to HC;

2. “Mild-verbal memory/semantic fluency” (n=362, 30%), showing only mildly

reduced performance in SRT (d=-0.69, 95%CI -0.89 to -0.50, p<0.001) and
WLG (d=-1.41, 95%CI -1.89 to -1.39; p<0.001) compared to HC;

3. “Mild-multi-domain” (n=236, 19%), showing mildly reduced performance in
SRT (d=-1.68, 95%CI -1.92 to -1.44, p<0.001), SDMT (d=-0.96, 95%CI -1.18
to -0.74, p<0.001), SCWT (d=-0.68, 95%CI -0.90 to -0.47, p<0.001) and
PASAT (d=-0.56 95%CI -0.77 to -0.35 p<0.001) compared to HC;
4. “Severe-executive/attention” (n=167, 14%), showing severely reduced
performance in SCWT (d=-1.72, 95%CI -1.95 to -1.48, p<0.001) and PASAT
(d=-1.83, 95%CI -2.10 to -1.57, p<0.001) and mildly reduced performance in
SRT (d=-1.17,95%CI -1.41 to -0.93, p<0.001), SPART (d=-0.29, 95%CI -0.51
to -0.07, p=.03), SDMT (d=-1.02, 95%CI -1.25 to 0.78, p<0.001) and WLG
(d=-0.90, 95%CI -1.13 to 0.66, p<0.001) compared to HC;

5. “Severe-multi-domain” (n=212, 18%), showing severely reduced performance
in SRT (d=-1.36 95%CI -1.60 to -1.13, p<.001, SCWT (d=-1.10, 95%CI -
1.32 to -0.87, p<.001), SDMT (d=-2.06, 95%CI -2.31 to 1.80, p<0.001),
PASAT (d=-2.48, 95%CI -2.75 to -2.20, p<0.001) and WLG (d=-2.40, 95%CI
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-2.67 to -2.12, p<0.001) and mildly reduced performance in SPART (d=-1.71
95%CI -1.95 to -1.46, p<0.001) compared to HC.
Table 7.1.2 summarizes the neuropsychological features of each cognitive
phenotype.

Clinical features of cognitive phenotypes. Significant differences were found

when comparing clinical and demographic features among cognitive phenotypes, as
summarized in Figure 7.1.1 and eTable 7.1.2 in the Supplementary Material 7.1.1. In
particular, “preserved cognition” and “mild-verbal memory/semantic fluency” patients
had similar age and disease duration, while they were younger and had a shorter disease
duration compared to the other phenotypes. “Severe-multi-domain” patients had more
severe physical disability compared to the other groups, while “mild-verbal
memory/semantic fluency”, “mild-multi-domain” and “severe-executive/attention”
patients showed more severe disability compared to “preserved cognition”. Regarding
years of education, a difference was only found between “mild-multi-domain” and
“severe-executive/attention” phenotypes. “Severe-executive/attention” patients had
higher FSS scores compared to the other phenotypes. Higher MADRS scores were found
in  “severe-multi-domain” compared to “preserved cognition” and “‘severe-
executive/attention” phenotypes and in “mild-verbal memory/semantic fluency”
compared to “preserved cognition” phenotype. Intersecting cognitive phenotypes and
clinical subtypes, we observed a progressive reduction of the relative frequencies of
“preserved cognition” and “mild-verbal memory/semantic fluency” phenotypes from
early relapsing-remitting to late relapsing-remitting and then to SP MS. At the same time,
we found a parallel increase of the relative frequencies of “mild-multi-domain”, “severe-
executive/attention” and “severe-multi-domain” phenotypes. Primary progressive MS
patients showed a distinct distribution of cognitive phenotypes, with higher prevalence of
“mild-verbal memory/semantic fluency” followed by “severe-multi-domain”, “severe-
executive/attention” and “mild-multi-domain” phenotypes, and only a small percentage

of “preserved cognition” patients.

MRI features of cognitive phenotypes. Subjects undergoing MRI did not differ

from the entire study cohort in terms of demographic, clinical and neuropsychological
variables (data not shown). Table 7.1.3 and Figure 7.1.2 summarize MRI features of

each cognitive phenotype. Compared to HC, “preserved cognition” patients showed
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significantly lower thalamic volume. A shared pattern of damage was observed when
comparing “mild-verbal memory/semantic fluency”, “mild-multi-domain” and “severe-
executive/attention” patients to HC, with lower NBV, NGMV, NcGMV, thalamic and
putamen volumes. In addition, compared to HC, “mild-verbal memory/semantic fluency”
patients were characterized by lower nucleus accumbens and hippocampal volume,
“severe-executive/attention” patients by lower hippocampal volume, and “mild-multi-
domain” patients by lower caudate nucleus volume. Compared to “preserved cognition”,
“mild-verbal memory/semantic fluency” patients only showed significantly lower
hippocampal volume; “mild-multi-domain™ patients were characterized by lower
NcGMYV, while “severe-executive/attention” patients by higher T2 lesion volume.
Patients belonging to “severe-multi-domain” phenotype had an extensive and severe
brain damage. Indeed, compared to HC, they showed lower volumes in all the analyzed

brain structures, except for nucleus pallidus and amygdala. Compared to “preserved

cognition” patients, they showed the same differences, except for caudate nucleus.

Discussion

In this study, we propose a classification of cognitive functions in patients with
MS, based on the identification of distinct cognitive phenotypes. We applied LPA on
neuropsychological data from a large cohort of MS patients, obtained by using well-
validated assessment tools. This approach allowed us to identify latent variables replacing
single test measures, which can be affected by multiple cognitive functions, and to capture
the shared variance across cognitive tests, likely reflecting purer measures of cognitive
domains. Moreover, by using z-scores rather than a dichotomous classification, cognitive
function was more properly represented as a continuum.

In order to improve the readability of the study and the interpretation of results,
cognitive phenotypes were named based on patient’s performance at neuropsychological
tests. Although current knowledge does not allow us to gain a complete understanding of
these phenotypes’ meaning, their definition certainly represents a starting point for future
studies.

By using MRI, we were able to identify neuroanatomical substrates for each
phenotype, substantiating data-driven cognitive findings with a biological basis. Given

volume loss in a specific GM region reflects demyelination and loss of neurons, synaptic
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trees and supporting cells (Filippi et al, 2019a), the finding of reduced volume of a region
with known functional relevance (Benedict et al., 2020; Rocca et al, 2015a) in a given
phenotype can represent an important biological validation of the data-driven
classification.

We identified a first phenotype (named as “preserved cognition”), characterized
by preserved functioning in all cognitive tests. This phenotype, prevailing in the early
stages of the disease, included patients with shorter disease duration and less severe
disability compared to other phenotypes. As for MRI features, patients in this group only
showed lower thalamic volume compared to HC. Given the well-known thalamic
involvement in cognitive functioning (Minagar et al., 2013), we may hypothesize a few
explanations for our findings. Real-world cognitive deficits not assessed in our
neuropsychological battery (e.g. multitasking and word-finding tasks), may account for
reduced thalamic volume. Otherwise, patients with higher cognitive reserve may be
clustered in this phenotype, thus exhibiting normal cognitive performance despite mild
thalamic damage (Sumowski & Leavitt, 2013). Future research on MS patients evaluating
real-world cognitive abilities and their cognitive reserve, employing advanced MRI
techniques for thalamic analysis and segmentation (Johansen-Berg et a/, 2005; Louapre
et al., 2017) could help clarify the role of thalamic damage in cognitively preserved
patients. In our study, we did not assess the premorbid intelligence quotient as a proxy of
the subject cognitive reserve.

A second phenotype (named as “mild-verbal memory/semantic fluency”) was
characterized by mildly reduced performance in SRT and WLG. The data-driven co-
segregation of decreased performance in verbal learning and memory and in semantic
fluency (Rao et al, 1991), is likely due to impaired common semantic clustering strategies
(Costa et al, 2019; Pitteri et al, 2019) and lexical access modalities (Kavé & Sapir-Yogev,
2020). In line with this explanation, our MRI data showed hippocampal atrophy as a
potential pathological substrate. Indeed, hippocampal damage (both in terms of atrophy
and abnormal functional connectivity) (Kern et al, 2012; van Geest et al, 2018) was
associated with reduced performance in verbal learning and memory (Kern et al., 2012;
Rocca et al, 2018) and in semantic fluency (Catheline et a/, 2015; Sheldon & Moscovitch,
2012). In future studies, detailed examination of cognitive functions (Beatty, 2004;

Whiteside et al, 2016) together with MRI analysis of hippocampal subfields (Hrybouski
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et al,2019) and connections (Lluftriu et al, 2019), may better characterize the neural basis
of this phenotype. On the other hand, the lack of processing speed impairment in these
patients seems to challenge the notion that slowed processing speed can always underlie
memory difficulties in MS (Costa et al, 2017).

A third phenotype (named as “mild-multi-domain”) showed mildly reduced
cognitive performance in SRT, SCWT, SDMT and PASAT. These tests can recruit
different cortically-oriented cognitive functions, which may be interconnected with each
other. Cortical atrophy turned out to be the distinctive MRI feature of this phenotype, in
line with previous findings of reduced neocortical volumes in MS patients with mild
cognitive impairment. Moreover, reduced neocortical volume was associated with a
poorer performance on tests of verbal memory, attention/concentration, and verbal
fluency in MS (Amato et al, 2004; Benedict et al, 2006). The relative frequency of “mild-
multi-domain” phenotype increased from early to late relapsing-remitting and SP MS,
and was also high in primary progressive patients. These results are consistent with
previous evidences on cortical atrophy in progressive MS (Eijlers et al, 2019; Eijlers et
al, 2018). Future MRI studies should focus on cortical thickness estimation at vertex-
level (Mainero et al., 2015) and on cerebral activation (Rocca et al., 2015a), in order to
assess precise patterns of cortical damage, possibly corresponding to specific cognitive
networks.

A fourth phenotype (named as “severe-executive/attention’”) was characterized by
decreased performance in all tests, with more severe involvement in the PASAT and
SCWT. These patients are likely to have a severe impairment of attention and aspects of
executive functions, such as cognitive interference inhibition. This impairment may also
justify, at least in part, the reduced performance in the remaining tests (Sarter et al., 2001).
Notably, this phenotype was characterized by higher fatigue scores compared to all other
groups. Fatigue was previously associated to lower performance in attentive and
executive tasks (Holtzer & Foley, 2009). At MRI assessment, ‘“severe-
executive/attention” compared to “preserved cognition” patients had a higher WM lesion
load. Given the preferential location close to the ventricles of MS WM lesions, a high
lesion burden may play a major role in causing both impaired cognition (Meijer et al,
2020) and higher fatigue levels (Sepulcre et al, 2009; Tedeschi et al, 2007) by disrupting

long-range WM connections, also located close to the ventricles (Haider et al, 2016; Liu
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etal.,2015). Long-range connections are determinant for efficient attention and executive
functioning (Foong et al, 1997; Pujol et al, 2001), and higher lesion burden was
associated with worse performance at SCWT and PASAT in MS patients (Arnett et al,
1994; Camp et al, 2005; Foong et al., 1997; Nocentini et al, 2001; Pujol et al., 2001;
Sperling et al, 2001). Long-range connections are also involved in the pathophysiology
of MS-related fatigue (Filippi et al/, 2002; Sepulcre et al., 2009; Tedeschi et al., 2007),
and higher lesion burden was linked to higher fatigue levels in MS (Sepulcre et al., 2009;
Tedeschi ef al., 2007). Future studies should further investigate the role of regional WM
microstructural integrity as a possible neural substrate of this cognitive phenotype.

A fifth phenotype (named as “severe-multi-domain™) was characterized by
severely reduced performance in all cognitive tests. This phenotype was more frequent in
the late stages of MS, corresponding to end-stage cognitive failure in our population.
However, it was also represented in patients with short disease duration and low physical
disability, underscoring the importance of cognitive assessment of MS patients from the
early disease stages. These patients had severe brain atrophy on MRI, involving all
explored tissue compartments, which mirrored the extensive cognitive impairment.
“Severe-multi-domain” patients also experienced severe depressive symptoms, which is
consistent with the association between depression and difficulties in working memory
(Arnett et al, 1999), executive functioning (Arnett et al, 2001) and information processing
speed (Patel & Feinstein, 2019).

Our findings may have several implications for clinical management and decision-
making. This categorization of cognitive features could help plan rehabilitative strategies
(Amato et al, 2014b; Charvet et al, 2017; Chiaravalloti et al, 2020; Fink et al, 2010;
Hanssen et al, 2015; Hubacher et al, 2015; Pedulla et al, 2016) tailored to cognitively
homogeneous patients’ subgroups. This could be particularly relevant in patients with
mildly impaired profiles who may represent the ideal candidates for rehabilitative
treatments, as they may have higher brain plasticity resources (Enzinger et al, 2016;
Filippi & Rocca, 2013; Forn et al, 2006; Forn et al, 2007). Moreover, a recent metanalysis
provided some evidence supporting the potential benefit of disease modifying drugs also
for the patient cognitive outcome (Amato & Krupp, 2020; Landmeyer et a/, 2020). The

patient transition to a more severe phenotype may contribute to support clinical decisions
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on switches in the pharmacological treatment (Amato, 2018; Mollison et al, 2017;
Weinstock-Guttman et al, 2018).

The employment of these cognitive phenotypes can also represent a step forward
in research, allowing a better selection of candidates for cognitive rehabilitation trials, as
well as fostering future studies on pathophysiology of cognitive changes in MS by using
more advanced MRI techniques and deep learning approaches.

This study is not without limitations. The cross-sectional design did not allow us
to describe the time-dependent relationships and evolution of phenotypes over time. The
study was based on a clinical sample, which may not be entirely representative of the
general MS population. Moreover, although commonly used in MS clinical and research
settings, the BRB and SCWT do not provide a finer-grained assessment of cognitive
functions. Finally, only a subgroup of subjects underwent MRI examination at the time
of neuropsychological evaluation.

Despite the above considerations, provided with validation in an independent
cohort of patients, our data-driven cognitive phenotypes can overcome the limitations of
the traditional dichotomous classification and have the potential to represent a more

meaningful measure of the cognitive status of MS patients.
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Table 7.1.1. Main demographic and clinical characteristics of healthy controls and patients with
multiple sclerosis enrolled in the study.

Healthy controls Multiple sclerosis patients p
values

No. 196 1212 -
Mean age (SD) [range] 40.4 (8.6) 41.1 (11.1) 038
[years] [20.2 — 60.9] [18.0-77.2] ’
Female/Male 130/66 784/428 0.87
Median EDSS (range) - 2.0 -

g (0.0 - 8.5)
Mean disease duration i 10.5 (9.0) )
(SD) [range] [years] [0.20 - 55.2]
Mean age of onset (SD) i 29.8 (9.9) i
[range] [years] [7-0 - 68-9]
Education (SD) [range] 12.5(3.4) 12.2 (3.8) 0.38
[years] [5.0-19.0] [5.0-24.0] ’
Mean FSS score (SD) i 14.9 (17.4) i
[range] [1.0-63.0]
Mean MADRS score i 10.1 (9.3) i
(SD) [range] [0.0 —59.0]

Abbreviations: EDSS=Expanded Disability Status Scale; SD=standard deviation, FSS=Fatigue
Severity Scale; MADRS=Montgomery-Asberg Depression Rating Scale.
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Table 7.1.2. Mean z-scores and standard deviations (SD) of cognitive tests defining each
cognitive phenotype.

SRT SPART SCWT SDMT PASAT WLG
Preserved 0.29 -0.01 0.02 0.75 0.22 0.06
Cognition (0.58) (0.61) (0.28) (1.13) (0.78) (0.81)
Mild-verbal
memory/ -0.59 -0.22 -0.18 -0.14 -0.44 -1.29
semantic (0.85) (0.93) (0.89) (0.86) (0.99) (0.71)
fluency
Mild-multi- -1.26 -0.25 -0.75 -1.01 -0.58 -0.16
domain (0.72) (0.90) (1.11) (1.09) (1.11) (1.06)
Severe-
-1.10 -0.33 -2.51 -1.29 -2.19 -1.06
executive/
(1.04) (1.30) (3.24) (1.46) (1.48) (1.32)
attention
Severe-
-1.55 -1.22 -1.89 -2.26 -2.51 -2.09
multi-
(1.21) (0.52) (2.07) (1.16) (1.17) (0.77)
domain

Abbreviations: SRT=Selective Reminding Test; SPART=Spatial Recall Test; SCWT=Stroop
Color Word Test; SDMT=Symbol Digit Modalities Test; PASAT=Paced Auditory Serial Addition
Test; WLG=Word List Generation.
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Table 7.1.3. Estimated marginal means and standard error (SE) of MRI features of cognitive phenotypes from linear mixed effect models. P values were
adjusted for multiple comparisons (Bonferroni method).

Mild- verbal D Severe-
p values p values Severe- p values
Cognition | p values memory/ values | Mild-multi- executive/
HC vs HC vs HC multi- vs HC
Preserved vs HC semantic vs HC domain attention
(vs CP) (vs CP) domain (vs CP)
fluency (vs CP)
No 50 39 - 49 - 37 - 22 - 24 -
Mean T2 LV (SE) - 51.33 - 75.99 - 76.29 - 99.69 - 133.70 -

[ml] - (31.15) - (30.49) (0.23) (31.56) (0.15) (34.07) (0.04) (33.56) (<0.001)
Mean NBV (SE) | 1532.61 1502.55 0.13 1493.63 0.03 1469.94 0.001 1479.23 0.03 1423.67 <0.001
[ml] (31.39) (31.27) - (30.85) (0.63) (31.52) (0.11) (33.10) (0.31) (32.77) (0.001)
Mean NGMYV (SE) 764.07 749.69 0.25 733.70 0.01 715.71 0.002 725.78 0.01 703.70 <0.001
[ml] (39.02) (39.00) - (38.86) (0.18) (39.08) (0.04) (39.63) 0.12) (39.51) (0.002)
Mean NeGMV 698.93 687.69 0.36 672.04 0.02 662.59 0.005 665.35 0.02 646.36 <0.001
(SE) [ml] (35.42) (35.40) - (35.26) (0.19) (35.48) (0.04) (36.01) (0.13) (35.89) (0.005)
Mean NWMY (SE) 765.72 752.90 0.39 759.16 0.59 743.06 0.06 753.64 0.51 718.99 <0.001

[ml] (68.22) (68.22) - (68.15) (0.59) (68.25) (0.51) (68.51) (0.94) (68.45) (0.02)
Mean nThalV (SE) 1.39 9.69 0.005 9.62 0.001 9.31 <0.001 9.35 0.001 8.72 <0.001
[ml] (0.28) (0.28) - (0.27) (0.78) (0.28) (0.13) (0.31) (0.22) (0.30) (0.001)
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Mean  nCaudV | 539 5.14 0.15 5.17 0.15 5.06 0.05 5.16 0.24 4.87 0.004
(SE) [ml] (0.81) (0.81) - (0.81) (0.95) (0.81) (0.65) (0.81) (0.95) (0.81) (0.15)
Mean nPutaV (SE) | 639 6.08 0.09 6.00 0.03 5.95 0.01 5.94 0.04 5.68 <0.001
[ml] (0.25) (0.25) - (0.25) (0.70) (0.25) (0.54) (0.27) (0.54) (0.26) (0.05)
Mean nPallV (SE) | 2.23 2.23 0.97 2.27 0.78 2.20 0.78 2.17 0.78 2.05 0.17

[ml] (0.08) (0.08) - (0.08) (0.78) (0.08) (0.78) (0.09) (0.78) (0.09) (0.17)
Mean  nAmygV | 1.84 1.74 0.33 1.82 0.96 1.82 0.96 1.82 0.96 1.69 0.27

(SE) [ml] (0.10) (0.10) - (0.09) (0.41) (0.10) (0.41) (0.10) (0.43) (0.10) (0.73)
Mean nAccuV (SE) | 0.74 0.69 0.22 0.66 0.04 0.67 0.10 0.67 0.17 0.55 <0.001
[ml] (0.16) (0.16) - (0.16) (0.54) (0.16) (0.82) (0.17) (0.83) (0.16) (0.009)
Mean nHippV (SE) |  5.58 5.42 0.25 5.13 0.03 532 0.06 5.10 0.006 5.09 0.002
[ml] (0.68) (0.68) - (0.68) (0.02) (0.68) (0.51) (0.69) (0.06) (0.69) 0.05

Abbreviations: HC=healthy controls; CP=cognition preserved; SE=Standard error; LV=lesion volume;, NBV=normalized brain volume;
NGMV=normalized gray matter volume;, NcGMV=normalized cortical gray matter volume; NWMV=normalized white matter volume;
nThalV=normalized thalamic volume; nCaudV= normalized caudate volume; nPutaV=normalized putamen volume; nPallV=normalized pallidum
volume, nAmygV= normalized amygdala volume; nAccuV=normalized accumbens volume; nHippV= normalized hippocampal volume.
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Figure 7.1.1. Clinical and Demographic Features of Cognitive Phenotypes.
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Figure 7.1.2. Magnetic Resonance Imaging Features of Cognitive Phenotypes
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Supplementary Materials e-7.1.1

MRI acquisition protocol.

For both centers, a 3.0 Tesla Philips Intera MR scanner with 8-channel head coil (Philips
Medical System, Best, The Netherlands) was used for MRI acquisition. The following
MRI sequences of the brain were acquired from all subjects during a single session: a)
3DT1-weighted turbo field echo (repetition/echo time=25/4.6 ms; echo train length=1;
flip angle=30°; matrix size=256x256; field-of-view=230x230mm?; 220 contiguous, axial
slices with voxel size=1x1x1 mm); b) dual-echo turbo spin echo yielding proton density
(PD) and T2-weighted images (repetition/echo time=2599/16.80 ms, echo train length=6;
flip angle=90°, matrix size=256x256, field-of-view=240x240 mm?, 44 axial 3mm-thick
slices). For all sequences, slices were positioned to run parallel to a line joining the most

infero-anterior and infero-posterior margins of the corpus callosum.
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Table e-7.1.1. Fit indices of latent profile analysis models with 1 — 6 profiles.

Number of AIC BIC ICL BLRT
Classes

1 23104 23242 -23242 -
2 22713 22993 -23382 0.009
3 22763 23187 -23893 0.009
4 22593 23159 -23768 0.009
5 22497 23206 -23903 0.009
6 22627 23479 -24227 0.089

Abbreviations: AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion, ICL

= Integrated Completed Likelihood, BLRT=Bootstrap Likelihood Ratio Test.
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Table e-7.1.2. Main clinical and demographic features of cognitive phenotypes.

vs
Mild-verbal Vs Vs Vs
Variables
memory/semantic Mild-multi-domain Severe-executive/attention Severe-multi-domain
fluency
Mean Effect size Effect size Effect size Effect size
p p p p
(SD) (95% CI)* (95% CI)* (95% CI)* (95% CI)*
-0.56
o -0.16 -0.58 -0.72
Age Preserved Cognition 36.5(9.8) 0.98 (-0.75, - <0.001 <0.001 <0.001
(-0.33, -0.002) (-0.79, -0.37) (-0.91, -0.53)
0.38)
Mild-verbal -0.38
-0.41 -0.53
memory/semantic 38.2(11.1) (-0.55, - <0.001 <0.001 <0.001
(-0.60, -0.22) (-0.71,-0.35)
fluency 0.21)
-0.04 -0.14
Mild-multi-domain 42.6 (11.2) >0.99 >0.99
(-0.23,0.16) (-0.33, 0.04)
Severe- -0.10
42.9 (11.7) >0.99
executive/attention (-0.31, -0.09)
Severe-multi-domain 44.0 (11.0)
Effect size Effect size Effect size Effect size
Female/male D P p p
(95% CI)® (95% CI)° (95% CI)° (95% CI)®
0.01 0.10 0.01 0.01
Sex Preserved Cognition 155/80 >0.99 0.06 >0.99 >0.99
(0.00, 0.08) (0.00, 0.19) (0.00, 0.09) (0.00, 0.09)
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Mild-verbal

0.11 0.00 0.00
memory/semantic 242/120 0.03 >0.99 >0.99
(0.03,0.19) (0.00, 0.04) (0.00, 0.01)
fluency
0.11 0.11
Mild-multi-domain 133/103 0.05 0.04
(0.00, 0.21) (0.01, 0.20)
Severe- 0.00
112/55 >.099
executive/attention (0.00, 0.01)
Severe-multi-domain 142/70
Median Effect size Effect size Effect size Effect size
p p p p
(range) (95% CI)® (95% CI)* (95% CI)* (95% CI)*
-0.21
o 1.5 -0.25 -0.17 -0.39
EDSS Preserved Cognition <0.001 (-0.32, - <.001 .001 <.001
(0.0-7.0) (-0.34,-0.16) 0.11) (-0.29, -0.05) (-0.49, -0.29)
Mild-verbal
) 2.0 -0.05 -0.02 -0.24
memory/semantic >.99 >.99 <.001
(0.0-17.5) (-0.14, 0.05) (-0.14, 0.09) (-0.33,-0.14)
fluency
2.0 0.06 -0.14
Mild-multi-domain >99 .001
(0.0-8.0) (-0.05, 0.18) (-0.25,0.03)
Severe- 2.0 -0.17
. . .001
executive/attention (0.0-8.0) (-0.29, -0.04)
3.0
Severe-multi-domain
(0.0-8.5)
Disease Mean Effect size Effect size Effect size Effect size
p p p p
duration (SD) (95% CI)* (95% CI)* (95% CI)* (95% CI)y*
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-0.56

- -0.04 -0.48 -0.90
Preserved Cognition 8.0(7.3) >0.99 (-0.84, - <0.001 <0.001 <0.001
(-0.31,0.24) (-0.77, -0.20) (-0.61, -0.32)
0.27)
Mild-verbal -0.81
) -0.73 -0.87
memory/semantic 8.3 (7.6) (-0.52, - <0.001 <0.001 <0.001
(-0.45, -0.16) (-0.58, -0.29)
fluency 0.23)
) ) ) 0.07 -0.05
Mild-multi-domain 12.8 (9.6) 0.95 0.97
(-0.21, 0.35) (-0.33,0.22)
Severe- -0.13
) ) 12.2 (9.5) 0.72
executive/attention (-0.41, 0.15)
Severe-multi-domain 13.3(10.2)
Mean Effect size Effect size Effect size Effect size
Age at onset p P p P
(SD) (95% CI)* (95% CI)* (95% CI)* (95% CI)*
- -0.14 -0.10 -0.20 -0.21
Preserved Cognition 28.6 (8.8) >0.99 >0.99 0.50 0.21
(-0.41, 0.14) (-0.38, 0.17) (-0.48, 0.08) (-0.49, 0.07)
Mild-verbal
) 0.03 -0.06 -0.08
memory/semantic 30.0 (10.0) >0.99 >0.99 >0.99
(-0.24, 0.31) (-0.34, 0.22) (-0.35, 0.20)
fluency
-0.09 -0.11
Mild-multi-domain 29.6 (10.3) >0.99 >0.99
(-0.37,0.18) (-0.39, 0.17)
Severe- -0.02
) } 30.6 (10.0) >0.99
executive/attention (-0.29, 0.26)
Severe-multi-domain 30.7 (10.6)
Education Mean Effect size p Effect size p Effect size p Effect size p
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(SD) (95% CI)* (95% CI)* (95% CI)* (95% CI)*
0.002 -0.16 0.14 0.05
Preserved Cognition 12.5(3.4) >0.99 0.48 0.71 0.99
(-0.27, 0.28) (-0.44, 0.12) (-0.14,0.41) (-0.23, 0.32)
Mild-verbal
-0.16 0.13 0.04
memory/semantic 12.4 (3.3) 0.34 0.65 0.99
(-0.44,0.12) (-0.14,0.41) (-0.23, 0.32)
fluency
0.30 0.21
Mild-multi-domain 12.6 (3.9) 0.04 0.21
(0.02, 0.58) (-0.07, 0.48)
Severe- -0.09
11.5(4.2) 0.91
executive/attention (-0.37,0.19)
Severe-multi-domain 11.8 (3.9)
Mean Effect size Effect size Effect size Effect size
FSS , p , p , p , p
(SD) (95% CI)* (95% CI)* (95% CI)* (95% CI)*
0.18 -0.17 -0.48 -0.08
Preserved Cognition 14.2 (15.3) 0.12 0.18 0.002 0.52
(-0.10, 0.46) (-0.45,0.11) (-0.76,-0.19) (-0.36, 0.20)
Mild-verbal -0.35
-0.66 -0.26
memory/semantic 11.1 (15.5) (-0.63, - 0.03 <0.001 0.22
(-0.95, -0.37) (-0.54, 0.02)
fluency 0.07)
-0.30 0.09
Mild-multi-domain 17.2 (18.5) 0.05 0.50
(-0.59, 0.03) (-0.18, 0.37)
Severe- 0.40
22.4(19.4) 0.01
executive/attention (0.12, 0.68)
Severe-multi-domain 15.5(18.7)
MADRS Mean Effect size p Effect size p Effect size p Effect size p
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(SD) (95% CI)* (95% CI)* (95% CI)* (95% CI)*
- -0.45 -0.20 -0.01 -0.59
Preserved Cognition 7.7 (9.5) 0.04 >0.99 >0.99 0.01
(-0.74,-0.17) (-0.48, 0.08) (-0.28, 0.27) (-0.87, -0.30)
Mild-verbal
) 0.25 0.44 -0.13
memory/semantic 11.9 (10.0) >0.99 0.08 >0.99
(-0.03, 0.53) (0.16, 0.73) (-0.41, 0.14)
fluency
) ) ] 0.20 -0.38
Mild-multi-domain 10.0 (8.9) >0.99 0.36
(-0.08, 0.47) (-0.66, -0.10)
Severe- -0.58
) ) 8.3 (5.5) 0.02
executive/attention (-0.87,0.29)
Severe-multi-domain 13.8 (11.0)
Cognitive
phenotype vs Late RRMS vs SPMS vs PPMS
distribution
Preserved
Cognition/
Mild-verbal
memory/semantic
fluency/ Effect size Effect size Effect size
Mild-multi-domain/ (95% CI)® (95% CI)° P (95% CI)° P
Severe-
executive/attention/

Severe-multi-

domain
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0.16 0.37 0.17
Early RRMS 101/149/55/44/49 <0.001 <0.001 0.01
(0.09, 0.22) (0.27, 0.45) (0.04, 0.25)
0.21 0.11
Late RRMS 125/178/146/92/114 <0.001 0.09
(0.13,0.27) (0.00, 0.16)
0.27
SPMS 5/15/26/20/37 0.02
(0.03, 0.40)
PPMS 4/20/9/11/12

“Cohen’s d effect size
b Cramer’s V effect size

“Cliff’s delta effect size

Abbreviations: EDSS=FExpanded Disability Status Scale; SD=standard deviation, FSS=Fatigue Severity Scale; MADRS=Montgomery Asberg

Depression Rating Scale
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Figure e-7.1.1. Latent Profile Analysis results

Cognitive phenotypes
Preserved Cognition
Mild-verbal memory/semantic fluency

Mild-multi-domain

Z-scores

Severe-executive/attention

—e— Severe-multi-domain

< < & & < >
S Q N @ \a Y
2 &5 &£ Y Q@ N
Neuropsychological Tests

The figure represents the cognitive performance of each phenotype: points indicate mean z-scores
obtained at each neuropsychological test and error bars reflect the 95% confidence interval.
“Preserved cognition” phenotype is represented in cyan blue, “mild-verbal memory/semantic
fluency” in purple, “mild-multi-domain” in green, “severe-attention/executive” in yellow and
“severe-multi-domain” in red (De Meo et al, 2021b).

Abbreviations: SRT=Selective Reminding Test; SPART=Spatial Recall Test; SCWT=Stroop
Color Word Test; SDMT=Symbol Digit Modalities Test; PASAT=Paced Auditory Serial Addition
Test; WLG=Word List Generation.
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7.2 Effect of BDNF Val66Met polymorphism on hippocampal subfields in

multiple sclerosis patients

The following data have been published (De Meo ef al., 2021d).

Molecular Psychiatry www.nature.com/mp

ARTICLE W) Check for updates
Effect of BDNF Val66Met polymorphism on hippocampal
subfields in multiple sclerosis patients

Ermelinda De Meo® >, Emilio Portaccio ®>*, Elio Prestipino®, Benedetta Nacmias (>, Silvia Bagnoli?, Lorenzo Razzolini®,
Luisa Pastd®, Claudia Niccolai*, Benedetta Goretti?, Angelo Bellinvia®, Mattia Fonderico®, Antonio Giorgioé, Maria Laura Stromillo®,
Massimo Filippi @ '*”#, Sandro Sorbi*?, Nicola De Stefano® and Maria Pia Amato>*

© The Author(s), under exclusive licence to Springer Nature Limited 2021

Brain-derived neurotrophic factor (BDNF) Val66Met polymorphism was shown to strongly affect BDNF function, but its role in
modulating gray matter damage in multiple sclerosis (MS) patients is still not clear. Given BDNF relevance on the hippocampus,
we aimed to explore BDNF Val66Met polymorphism effect on hippocampal subfield volumes and its role in cognitive
functioning in MS patients. Using a 3T scanner, we obtained dual-echo and 3DT1-weighted sequences from 50 MS patients and
15 healthy controls (HC) consecutively enrolled. MS patients also underwent genotype analysis of BDNF, neurological and
neuropsychological evaluation. Hippocampal subfields were segmented by using Freesurfer. The BDNF Val66Met polymorphism
was found in 22 MS patients (44%). Compared to HC, MS patients had lower volume in: bilateral hippocampus-amygdala
transition area (HATA); cornus ammonis (CA)1, granule cell layer of dentate gyrus (GCL-DG), CA4 and CA3 of the left
hippocampal head; molecular layer (ML) of the left hippocampal body; presubiculum of right hippocampal body and right
fimbria. Compared to BDNF Val66Val, Val66Met MS patients had higher volume in bilateral hippocampal tail; CA1, ML, CA3, CA4,
and GCL-DG of left hippocampal head; CA1, ML, and CA3 of the left hippocampal body; left HATA and presubiculum of the right
hippocampal head. In MS patients, higher lesion burden was associated with lower volume of presubiculum of right
hippocampal body; lower volume of left hippocampal tail was associated with worse visuospatial memory performance; lower
volume of left hippocampal head with worse performance in semantic fluency. Our findings suggest the BNDF Val66Met
polymorphism may have a protective role in MS patients against both hippocampal atrophy and cognitive impairment. BDNF
genotype might be a potential biomarker for predicting cognitive prognosis, and an interesting target to study for
neuroprotective strategies.

Molecular Psychiatry; https://doi.org/10.1038/s41380-021-01345-1
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Introduction

During the last decade, brain plasticity was intensively studied for its critical role
in overcoming brain damage, explaining the discrepancy between clinical and
neuroradiological features in MS patients (Benedict et al., 2020; Rocca et al, 2016a).
However, there are strong interindividual differences among MS patients in their capacity
to compensate for brain damage, which points to the role of genetic factors.

The brain derived neurotrophic factor (BDNF) is known as the most relevant
neurotrophic factor involved in brain plasticity. BDNF is secreted from dendrites to axons
and from axons to dendrites, in autocrine loops, and across long distances through neural
circuits (Hartmann et al, 2001; Murer ef a/, 2001). It may play a role in the refinement of
active neural pathways through activity-dependent strengthening of co-active synapse
terminals and elimination of inactive terminals (Park & Poo, 2013). The human BDNF
gene has only one frequent, non-conservative polymorphism (dbSNP number rs6265): a
single nucleotide polymorphism (SNP) at nucleotide 196 (G/A) resulting in an amino acid
substitution (valine to methionine) at codon 66 (hence named Val66Met). The Val66Met
polymorphism was shown to interfere with the intracellular trafficking and the activity-
dependent secretion of BDNF (Chen et a/, 2004; Egan et al, 2003).

The anatomical effect of Val66Met polymorphism on healthy individuals is most
apparent on hippocampal formation and prefrontal cortex. These brain regions are
involved in learning and memory, which require neuroplasticity, hence they show
abundant expression of BDNF (Bimonte-Nelson et a/, 2003; Egan et al., 2003; Hariri et
al, 2003). Moreover, the Val66Met polymorphism was associated with reduced volume
of these structures in HC (Hajek et al, 2012).

To the opposite, previous studies on MS patients have shown contrasting effects
of the BDNF Val66Met polymorphism on GM volume, also including protective effects
(Liguori et al, 2007; Ramasamy et al, 2011; Stadelmann et al, 2002; Zivadinov et al,
2007). Indeed, while earlier studies (Liguori et al, 2007) suggested Val66Met
polymorphism might be a risk factor for GM atrophy, more recent studies demonstrated
a protective role against GM damage (Dinacci et al, 2011; Ramasamy et al., 2011;

Zivadinov et al., 2007). This peculiar effect of BDNF Val66Met polymorphism is
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probably related to the secretion of BDNF by immune cells and to interactions of its
polymorphism with the dysregulated immune system of patients with MS.

Within the hippocampal formation, regions with different vulnerability to MS-
related damage have been individuated (Geurts et al, 2007), as well as regions
prominently involved in neurogenesis, synaptic plasticity and long-term potentiation
(LTP) likely to be more susceptible to BDNF effects.

Against this background, we aimed to assess the effect of the BDNF Val66Met
polymorphism on the volume of hippocampal subfields in MS patients, and to investigate

the potential association of hippocampal changes with cognitive functioning.

Methods

Ethics committee approval. Approval was received from Ethics Committee on

human experimentation of the University of Florence, and written informed consent was
obtained from all participants prior to study enrollment.

Subjects. We recruited 50 consecutive right-handed adult MS patients (42
relapsing-remitting and 8 progressive) (Lublin et al., 2014; Thompson et al., 2018)
followed at Careggi University Hospital, Florence, division of Neurology. Exclusion
criteria were: history of other neurological/medical disorders in addition to MS, use of
antidepressants or other psychoactive drugs, history of learning disability, severe head
trauma, alcohol or drug abuse, and relapse or corticosteroid use within 4 weeks preceding
neuropsychological and MRI assessment.

Fifteen right-handed healthy subjects (HC) with no previous history of
neurological dysfunction and a normal neurological examination were also consecutively
enrolled as a control group.

Clinical assessment. Neurological evaluations - including ongoing treatments,

relapses and disability level assessed every three months on the EDSS - were collected
from the disease onset to the time of study enrollment. In addition, a complete
neurological evaluation with EDSS score rating was performed at the time of MRI. In
order to assess disease progression, the progression index (PI) was calculated as the
difference between the last EDSS and the baseline EDSS scores, divided by the disease

duration.
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Neuropsychological evaluation. A complete neuropsychological

evaluation(Amato ef al., 2006) was performed in MS patients through the administration
of BRB (Amato et al., 2006) and the SCWT (Stroop, 1935). The BRB assesses the most
frequently impaired cognitive domains in MS (Amato et al., 2006), incorporating tests
of: verbal learning and memory [SRT including Long-Term Storage (SRT-LTS),
Consistent Long-Term Retrieval (SRT-CLTR) and delayed recall (SRT-D)J;
visual/spatial learning and memory (10/36 SPART and SPART-D); complex attention
and information processing speed (PASAT and SDMT); and verbal fluency on semantic
stimulus (WLG). The SCWT (Stroop, 1935) assesses complex attention and aspects of
executive functioning such as the ability to inhibit cognitive interference, thus integrating
(Amato et al., 2006) the BRB. Corrected scores for age, sex and education according to
normative values (Amato et al., 2006) were calculated for each test. Finally, based on a
population of age- and gender-matched HC (n=90, females=69, mean age [standard
deviation]=41.6 [10.4] years), z-scores for each cognitive test were calculated. A
threshold of mean z-score <-1.5 was used to distinguish “severely” and “mildly” reduced
performance at each test (De Meo et al., 2021c).

The Fatigue Severity Scale (FSS) (Krupp ef al., 1989) and the Montgomery and
Asberg Depression Scale (MADRS) (Montgomery & Asberg, 1979) were also
administered during the evaluation, in order to assess fatigue and depression.

Genetic analysis: genotyping of BDNF. Blood samples were obtained from MS

patients at the time of study enrollment. As previously described (Bagnoli et al, 2004),
the presence of the BDNF Val66Met polymorphism was determined by polymerase chain
reaction (PCR), amplifying the DNA obtained from patients' leukocytes. Subjects’' DNA
was isolated from peripheral blood using the automatic standardized method (QIAcube,
QIAGEN). The G>A nucleotide substitution, identifying the Val->Met amino acid
change, was assayed by the High Resolution Melting Analysis (HRMA). PCR primers
were 5'-ACTCTGGAGAGCGTGAATGG-3' and 5'-
ACTACTGAGCATCACCCTGGA-3'. Genotypes were identified by sequencing (310
ABI PRISM Genetic Analyzer, Applied Biosystem).

MRI acquisition. A 3.0 Tesla Philips Intera MR scanner with dedicated head coil

(Philips Medical System, Best, The Netherlands) was used for MRI acquisition. The

following MRI sequences of the brain were acquired from all subjects during a single
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session: a) 3DT1-weighted turbo field echo (repetition/echo time=25/4.6 ms; echo train
length=1; flip angle=30°; matrix size=256x256; field-of-view=230x230mm?2; 220
contiguous, axial slices with voxel size=1xIxl mm); b) dual-echo turbo spin echo
yielding proton density and T2-weighted images (repetition/echo time=2599/16.80 ms,
echo train length=6; flip angle=90°, matrix size=256x256, field-of-view=240x240 mm2,
44 axial 3mm-thick slices). For all sequences, the slices were positioned to run parallel
to a line that joined the most infero-anterior and infero-posterior margins of the corpus

callosum. MRI scans were visually assessed and repeated in case of artifacts.

MRI analysis. T2-hyperintense lesion volumes were measured on proton density
images, using a semi-automated local thresholding segmentation technique (Jim 8,
Xinapse Systems, Colchester, United Kingdom). Normalized brain (NBV), WM
(NWMYV) and GM (NGMV) volumes were measured on lesion-filled 3DT1-weighted
images using SIENAX software.

Hippocampal segmentation. The hippocampal module(Iglesias et al, 2015) of the

FreeSurfer software, version 7.1.1 (http://surfer.nmr.mgh.harvard.edu), was applied to

lesion-filled 3DT1- weighted images according the cross-sectional(Fischl, 2012) standard
pipeline (Figure 1). Global hippocampal volume and volumes of hippocampal subfields
were estimated and normalized for total intracranial volume. We followed the proposed
quality control procedure guidelines for the FreeSurfer-based segmentation of the
hippocampal subregions designed for the Enhancing Neuro Imaging Genetics through
Meta-Analysis (ENIGMA) consortium (Samann et al, 2020).

Statistical Analysis. Between-group comparisons of demographic, clinical,

neuropsychological and conventional MRI variables were performed with Fischer exact
test for categorical variables, and Mann-Whitney, t test or age-, sex-, disease duration-
and phenotype-adjusted (for MS patients) linear models for continuous variables, as
appropriate according to normality distribution assessed by visual inspection and
Shapiro-Wilk test.

Volumes of the hippocampi and their subfields were compared between MS
patients and HC, between MS patients grouped by BDNF polymorphism and HC, and
between MS patients with and without BDNF Val66Met polymorphism by using age-,
sex-, disease duration- and phenotype-adjusted (for MS patients) linear models.

Age-, sex-, disease duration- and phenotype-adjusted linear models were also used
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to explore the relationship of hippocampal subfield volumes showing significant
abnormalities in MS patients vs HC with clinical, conventional MRI and
neuropsychological features. Multivariate regression models, including EDSS, NBV,
NWMV and NGMV in addition to hippocampal subfield volumes and the above-
specified covariates, were adopted to assess the role of hippocampal subfield volumes as
independent predictors of cognitive performance. A stepwise variable selection procedure
was used (p =0.15 for entry and p = 0.05 to remain in the model). Finally, we performed
a regression analysis exploring the role of the BDNF polymorphism on
neuropsychological variables, while assessing the role of hippocampal subfield volumes
as mediators.

False-discovery-rate (Benjamini-Hochberg procedure) correction was separately
applied to account for the overall number of each group of pairwise comparisons and
pairwise contrasts, in between-group comparisons and regression analysis, respectively.
For all analysis, statistical threshold was set at p-value < 0.05. Statistical analysis was

performed with the R software, version 4.0.2.

Data availability. The dataset used and analyzed during the current study is

available from the corresponding Author on reasonable request.

Results

Clinical and conventional MRI measures. Table 7.2.1 summarizes the main

demographic, clinical and conventional MRI features of the study cohort. Compared to
HC, MS patients were well matched in terms of age distribution, although they had a
preponderance of female subjects (p=0.02). They had brain (p=0.04) and WM (p=0.03)
atrophy, but no significant NGMV reduction. Compared to HC, MS patients showed a
trend towards left (p=0.08) and right (p=0.09) normalized hippocampal volume
reduction. Twenty-two (44%) MS patients were carriers of the BDNF Val66Met
polymorphism. Compared to Val66Val, Val66Met MS patients included a greater
proportion of male subjects (p=0.02), while no significant differences were observed in
terms of age, disability, disease duration, phenotype and disease modifying treatment.
Compared to HC, Val66Val MS patients showed lower left (p=0.02) and right (p=0.05)
normalized hippocampal volume, but no significant differences in NBV, NGMYV,

NWMV. Compared to HC, Val66Met patients showed no significant difference in
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normalized hippocampal volume as well as in NBV, NGMV, NWMV. Compared to
Val66Val, Val66Met MS patients showed higher left (p=0.01) and right (»p=0.05)
normalized hippocampal volume, but no significant differences in NBV, NGMYV,
NWMV.

Neuropsychological measures. Table 7.2.2 summarizes the main

neuropsychological features of MS patients. MS patients showed mildly reduced
cognitive performance in all cognitive tests, compared to HC. No difference in education
was observed between Val66Val and Val66Met MS patients. Only in SPART-D, BDNF
Val66Val MS patients showed severely reduced performance compared to HC, and
Val66Met MS patients showed better performance compared to Val66Val MS patients
(»=0.02). No significant differences were observed between Val66Val and Val66Met MS

patients in the remaining cognitive tests, as well as in fatigue and depression scores.

Hippocampal subfields. Compared to HC, MS patients had lower volumes in: left
(p=0.04) and right (p=0.04) hippocampus-amygdala transition area (HATA); cornus
ammonis (CA)1 (p=0.04), granule cell layer of dentate gyrus (GCL-DG) (p=0.04), CA4
(»p=0.05) and CA3 (p=0.05) of left hippocampal head; molecular layer (ML) (p=0.05) of
left hippocampal body; presubiculum (p=0.05) of right hippocampal body and right
fimbria (p=0.03). Compared to HC, BDNF Val66Val MS patients had lower volume in:
left (p=0.01) and right (p=0.01) HATA; left (p=0.05) and right (p=0.05) hippocampal tail;
CAl (p=0.04), GCL-DG (p=0.04), CA4 (p=0.05), CA3 (p=0.01) of left hippocampal
head; ML (p=0.05) of left hippocampal body; CA3 (p=0.05) of right hippocampal head,
presubiculum (p=0.02) of right hippocampal body, and right fimbria (p=0.05). Compared
to HC, BDNF Val66Met MS patients had lower volume in: left (p=0.02) and right
(p=0.01) HATA; left CA3 (p=0.04) of hippocampal head; and presubiculum of right
hippocampal body (p=0.01).

Compared to BDNF Val66Val, Val66Met MS patients had higher volume in: left
(»=0.03) and right (p=0.01) hippocampal tail; CAl (p=0.01), ML (p=0.01), CA3
(»=0.02), CA4 (p=0.01) and GCL-DG (p=0.02) of left hippocampal head; CA1 (p=0.02),
ML (p=0.01) and CA3 (p=0.01) of left hippocampal body, left HATA (p=0.01) and
presubiculum of right hippocampal head (p=0.05) (Table 7.2.3).

Correlation _analysis. No significant associations were found between

hippocampal subfield abnormalities with clinical and conventional MRI variables, except
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for T2 lesion volume, which was associated with lower volume of presubiculum of right
hippocampal body (B=-3.76; p=0.05). Table 7.2.4 summarizes significant associations
between hippocampal subfield volumes and neuropsychological variables. Significant
associations were found between :
- Worse SPART-D performance with lower left hippocampal tail volume (3=0.39;
p=0.04);
- Worse WLG performance with lower volume of GCL-DG (=0.39; p=0.04), CA3
(B=0.40; p=0.04) and CA4 ($=0.43; p=0.02) belonging to left hippocampal head.
Multivariate analysis confirmed the role of left hippocampal tail as an independent
predictor of SPART-D performance (f=0.44, 95%CI=0.45-0.47; p=0.05) and CA4 of left
hippocampal head as an independent predictor of WLG performance ($=0.62;
95%CI1=0.59-0.65; p=0.006).

Left hippocampal tail volume resulted as mediator of BDNF polymorphism effect
on SPART-D performance: introducing left hippocampal tail volume as covariate, BDNF

polymorphism had no significant effect on SPART-D performance (p=0.10).

Discussion

In this study, we explored the impact of the BDNF Val66Met polymorphism on
hippocampal formation in MS patients, and its clinical and neuropsychological correlates.
The analysis was separately performed for each hippocampal subfield, considering both
their different susceptibility to MS-related damage (Cacciaguerra et al, 2019; Geurts et
al., 2007; Sicotte et al, 2008) and their functional specialization. These features, together
with the evidence of plasticity occurring in this structure, make the analysis of
hippocampal subfields a powerful tool to in-vivo explore disease-related changes,
including neuronal loss, neurogenesis and functional reorganization, and the impact of
the BDNF Val66Met polymorphism on these processes (Rocca et al., 2018).

Compared to HC, we observed reduced volumes of several left hippocampal
subfields, including CA1, GCL-DG, CA4 and CA3. These results are in line with
previous findings highlighting the prominent vulnerability of CA1(Longoni et al, 2015;
Sicotte et al., 2008) and of CA3/CA4/DG(Gold et al, 2010) in MS. In details, CAL1 is the
most affected hippocampal region in a variety of neurological disorders, and especially

in MS. Neurons within the CA1 region are highly susceptible to ischemia and glutamate-
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mediated excitotoxicity (Wang et al, 2005), implicated in MS-related CNS damage
(Vallejo-Illarramendi et al, 2006). In MS, pathological studies reported reduction of
neuronal count and size (Papadopoulos et al, 2009), decreased dendritic density and the
presence of demyelinating lesions in this area (Geurts et al., 2007; Papadopoulos et al.,
2009), which translate into CA1 volume loss. Despite the relevance of CA1 volume loss
in MS, a recent study demonstrated that the CA3/CA4/DG subfield of the hippocampus
is the first region to become atrophic in MS, from the stage of clinically-isolated
syndrome (Planche ef a/, 2018). Moreover, CA4/DG atrophy at the stage of clinically-
isolated syndrome was found to predict the atrophy of CA1 one year later, thus suggesting
a possible pattern of hippocampal damage spreading. According to this hypothesis a
gradient of infiltrating immune cells and cytokines might diffuse progressively from CSF
to DG, then to CA1, and finally to the whole medial temporal lobe (Planche ef al., 2018).

Beyond previous studies, we also showed atrophy of left ML, right presubiculum,
right fimbria and bilateral HATA in MS patients compared to HC. These results may
partly be due to the adoption of an advanced hippocampal subfield segmentation
technique, with heightened sensitivity. The ML contains interneurons and the apical
dendrites of hippocampal pyramidal cells, thus representing an input region to
hippocampal subfields, which receive a great flow of information (Duvernoy et a/, 2013;
Iglesias et al., 2015). The decreased volume observed in this subfield could be due to both
reduced intra- and extra-hippocampal connectivity and neuron loss in subiculum and CA
fields (Haukvik et al, 2020). Previous studies have already described subiculum
involvement in MS, defining “subiculum” as the so-called “subicular complex”, which
included presubiculum, subiculum and post-subiculum. It is the cytoarchitectonic
organization of presubicular cortex [comprising six-layers (Ishihara & Fukuda, 2016;
O'Mara et al, 2001) and the dense plexus formed by afferent axons] which distinguishes
the presubiculum from the neighboring subiculum and post-subiculum. Given the density
of afferent axons to the presubiculum, which plays prominent roles in intrahippocampal
and cortico-hippocampal pathways, it is not surprising that our study demonstrated a
specific atrophy of the right presubiculum within the subicular complex. The association
found between reduced right presubiculum volume and higher T2 lesion burden supports
the hypothesis of Wallerian degeneration originating from the damage to connecting

fibers by MS WM lesions. Moreover, although not assessed in the present study,
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intracortical and leukocortical demyelinating lesions are frequent in the presubiculum
(Geurts et al., 2007; Papadopoulos et al., 2009), and may contribute to its morphologic
alterations.

The HATA is part of the hippocampus-amygdala circuitry. The CA1 projects to
the amygdala, which in turn projects to the HATA (Fudge et al, 2012; Kishi et al, 2006).
Thus, this region mediates the hippocampus-amygdala interactions involved in
visuospatial function and object discrimination. The fimbria, a WM structure forming
part of the fornix and projecting to the amygdala (Iglesias ef al., 2015), is also involved
in such cognitive functions. Damage to these areas might be due to MS lesions along the
fornix or in the hippocampus-amygdala circuitry, which were not specifically assessed in
our study. Given the polysynaptic projection of the CA1 back to the HATA, we might
further speculate damage to the HATA may be partially secondary to neuronal loss in the
CAL.

Looking at the effect of BDNF Val66Met polymorphism onto the hippocampal
formation in MS, we found higher volumes of several hippocampal subfields in Val66Met
carriers, thus suggesting a protective role of this polymorphism in MS. We investigated
this polymorphism given the central role of BDNF in neurogenesis, neuronal maturation,
circuit formation and activity-dependent forms of plasticity, such as long-term
potentiation (LTP) of synaptic transmission (Toda et al, 2019). In details, the BDNF was
shown to stimulate proliferation of neural progenitor cells and to promote long-term
survival of their progeny (Katoh-Semba et a/, 2002; Kuipers et al, 2009; Sairanen et al,
2005), and intra-hippocampal infusion of BDNF stimulated hippocampal neurogenesis
(Scharfman et al, 2005; Schmidt & Duman, 2010; Shirayama et a/, 2002). Nevertheless,
the main function of BDNF is to enhance synaptic transmission, facilitate synaptic
plasticity and promote synaptic growth (Lu et al, 2013). The BDNF Val66Met
polymorphism has been proven to result in impaired dendritic trafficking and synaptic
localization of the protein and, most importantly, an 18-30% reduction in activity-
dependent BDNF secretion (Chen et al, 2006; Egan et al., 2003). Indeed, the BNDF
Val66Met polymorphism is generally linked to lower brain and hippocampal volumes
and to worse cognitive performance in neurodegenerative disorders. However, the results
of our and previous studies in MS contrast with these findings in neurodegenerative

disorders, showing a protective role of the BNDF Val66Met polymorphism.
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A first study by Liguori et al.(Liguori ef al., 2007) showed that the Met66 allele
was associated with lower GM volume in a group of Italian RRMS patients. Conversely,
in line with our findings, subsequent studies on larger cohorts of MS patients highlighted
a protective effect of the BDNF Val66Met polymorphism on GM volume (Ramasamy et
al., 2011; Zivadinov et al, 2013). These results suggest an interplay between BDNF
functioning and the inflammatory microenvironment. As a matter of fact, BDNF is also
secreted by immune cells to promote neuronal and axonal survival or repair in the context
of inflammation. In RRMS patients, higher levels of BDNF are secreted by lymphocytes
during relapses (2.6-fold higher) and during the subsequent recovery phase (2-fold
higher), compared with a stable remission period (Sarchielli et a/, 2002). Moreover, the
inflammatory microenvironment might exert epigenetic effects on BDNF secretion.
Indeed, MS patients with a more severe inflammation showed de-methylation of its gene,
leading to a higher secretion of BDNF (Nociti et al, 2018).

On the other hand, the increased secretion of BDNF in MS also is likely to have
negative consequences. LTP induced by BDNF facilitates glutamatergic synaptic
transmission (Black, 1999; Narisawa-Saito et al, 2002) and, hence, glutamate-
excitotoxicity with loss of oligodendrocytes and neurons. Furthermore, the
overproduction of BNDF might lead to a faster exploitation of brain reserve (for instance,
in terms of progenitor cells and synapses), thus leading to a more severe brain damage
over the long-term. Against this background, a reduced secretion of BDNF due to the
presence of the Val66Met polymorphism may have a protective function in MS. An
intriguing hypothesis is that chronically elevated levels of BDNF released by immune
cells reduce the signal/noise ratio of neurally-secreted BDNF in MS, thus reducing
activity-dependent function of BDNF. Another hypothesis suggests that BDNF Val66Met
polymorphism, especially in inflammatory context, is likely to alter the proportions of the
proapoptotic proBDNF and the antiapoptotic mature BDNF, enhancing the levels of the
latter (Lee et al, 2001).

In line with the notion that Val66Met polymorphism only affects the BDNF
activity-dependent pathways (Egan et al., 2003), in our study we found higher volumes
in Val66Met vs Val66Val patients in those hippocampal subfields where BDNF is most
likely to exert its function (directly or indirectly), namely the GCL-DG, CA1 and CA3.
In details, compared to HC, while Val66Met patients had reduced volume in the
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previously mentioned subfields, Val66Val patients had reduced volume in CA3 only,
supporting the hypothesis of a protective role of the BDNF Val66Met polymorphism on
these subfields. Indeed, as previously specified, BDNF plays a major role in adult
neurogenesis, which is typically localized in the GCL-DG. Furthermore, this region,
together with CA1 and CA3, is part of the tri-synaptic loop (Hasselmo & McClelland,
1999; Naber et al, 2000), the main substrate of LTP, playing a fundamental role in
learning and memory information.

The hippocampal tail and the presubiculum of hippocampal body are two well-
connected areas of the hippocampus (especially with the prefrontal cortex), and also
substrates of LTP. Although we did not find significant differences when comparing MS
vs HC in left and right hippocampal tail volume, we observed that Val66Val — but not
Val66Met — MS patients had reduced volume in this region, compared to HC. Moreover,
we found higher volumes in Val66Met vs Val66Val patients in such regions, further
suggesting a protective role of the BDNF Val66Met polymorphism on hippocampal
subfields with high synaptic plasticity.

It is interesting to underscore the differential involvement of left and right
hippocampi in our study, providing an in-vivo evidence of left-right asymmetry in
synaptic function and MS-related damage (El-Gaby et al, 2015). We might speculate the
higher plasticity of left hippocampus make it more vulnerable to glutamate-mediated
excitotoxicity and remodeling phenomena secondary to disease-related damage. As
converse, the right hippocampus harbors more stable synapses. Thus, it might be more
likely to suffer from damage due to Wallerian degeneration, caused by axonal transection
from WM lesions. In line with this hypothesis, we found a broader pattern of damage
involving the left hippocampus in MS patients compared to HC, especially in areas with
a high synaptic density. These results are in line with existing literature reporting a
preferential left-sided lateralization of atrophy in MS (Prinster et al, 2006). Instead, in
our study the right hippocampus showed a more selective involvement of the output
component and areas involved in the amygdala—hippocampus interaction. In our patients,
the connection to WM lesions was supported by the association of right presubiculum
volume with brain T2 lesion burden.

In line with previous studies (Ramasamy et al., 2011; Zivadinov et al., 2007), we

found significant associations between lower hippocampal subfield volume and worse
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performance on specific neuropsychological tests in MS patients, thus pointing towards
a protective role of the BDNF Val66Met polymorphism. We found a significant
association between better visuospatial memory performance (SPART-D) and left
hippocampal tail volume. Moreover, left hippocampal tail volume resulted as mediator
of BDNF polymorphism effect on visuospatial memory performance. Although it is
widely known that posterior hippocampal regions are related to visuospatial navigation
(Burgess et al, 2002; Doeller et al, 2008; Maguire et al, 1998; Spiers et al, 2001; Wolbers
et al, 2014), visuospatial performance is generally lateralized to the right. However,
recent evidence reported bilateral hippocampal involvement in visuospatial memory,
with complementary roles of left and right formations. In details, left hippocampus
mediates spatiotemporal associations between the multiple elements of episodic memory
(Eichenbaum, 2004; Spiers et al., 2001) underlying the planning of complex routes in
humans (Ghaem et a/, 1997; Hartley et al, 2003). Moreover, fMRI studies reported left
hippocampus activation when a novel sensory stimulus is spatially or temporally different
from a previously encountered input (Kumaran & Maguire, 2007). As converse, right
hippocampal activation was seen only in cases when there was a complete match between
novel and previously encountered inputs (Kumaran & Maguire, 2007). Therefore, the left
hippocampus might be preferentially involved in updating internal representations in
response to changes in sensory experience, thus showing more intense brain plasticity
phenomena.

In line with the localization of semantic processing in anterior hippocampal
regions, we found significant associations between subfields belonging to left
hippocampal head and semantic fluency performance on the WLG. In detail, the anterior
hippocampus is involved in the integration of distinct informational elements around a
central conceptual node, relating a set of ideas or experiences to a common theme, as it
happens in autobiographical memory (Nielson et al, 2015; Zeidman et al, 2015). This
anterior distribution for semantic retrieval is likely to be subserved by anterior
hippocampus connections with anterior medial temporal lobes and anterior portion of
lateral temporal lobes (Moscovitch et al, 2016; Persson et al, 2014; Suzuki & Amaral,
1994).

This study is not without limitations. The main limitation is the small numerosity

of our cohort. Also, we could not obtain BDNF genotyping on HC. There were some sex-
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related differences between study groups, which were accounted for by specific
adjustment during statistical analysis. Only few patients had hippocampal lesions, so we
could not consider hippocampal lesion load as a marker of damage. Finally, the cross-
sectional study design did not allow us to assess whether the BDNF Val66Met
polymorphism is actually neuroprotective, slowing down MS-related hippocampal
atrophy. The alternative hypothesis is that Valo66Met MS patients may start off with a
greater hippocampal volume, thus masking — in a cross-sectional setting — a similar rate
of hippocampal atrophy as Val66Val MS patients. We address to future longitudinal
studies to resolve the matter.

In conclusion, by adopting an advanced MRI technique combined with genetic
analysis, we suggest the BDNF Val66Met polymorphism might play a protective role in
MS patients, limiting hippocampal damage and possibly preventing disease-related
cognitive decline. This pilot study can pave the way to longitudinal studies on the effect
of the BDNF Val66Met polymorphism in MS. In future, BDNF genotyping may prove to
be helpful to predict patient long-term prognosis. The study of the molecular mechanisms
underlying the protective effect of Val66Met polymorphism in MS might help individuate

new targets for neuroprotective therapeutic strategies.
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Table 7.2.1. Main clinical, demographic and conventional MRI features of healthy controls and

multiple sclerosis patients.

BDNF BDNF
Healthy MS D D
Val66Val Val66Met
controls patients values values
MS patients | MS patients
50
Number of participants 15 - 22 28 -
40.6 41.5 41.8 41.0
Mean age (SD) [years] 0.83 0.89
(9.9) (10.8) (10.6) 9.4)
Female/Male 8/7 40/8 0.02 26/2 15/7 0.02
1.5 1.0 1.5
Median EDSS (IQR) - - 0.15
(1.0-2.5) (1.0-2.5) (1.0-3.0)
Phenotype
P - 42/8 - 25/3 17/5 0.46
(RRMS/PMS)
0.04 0.04 0.03
Mean PI (SD) - - 0.63
(0.12) (0.13) (0.11)
Median disease 10.2 9.1 15.4 033
duration (IQR) [years] (4.8-19.3) (4.7-16.4) (5.2-21.2) '
Ongoing DMT
(none/moderate/high - 4/31/15 - 2/17/9 2/14/6 0.91
efficacy) *
Median T2 LV (IQR) 2.2 1.8 2.4 0.43
[mL] (1.3-6.7) (0.9-6.7) (1.9-5.8) '
1456 1415 1428 1398
Mean NBV (SD) [mL] 0.04 0.23
(70) (71) (65) (76)
Mean NGMV (SD) 760 741 752 725
0.21 0.22
[mL] (48) (45) (40) (48)
Mean NWMV (SD) 696 673 675.0 672.4
0.03 0.58
[mL] (30) (3% (33) (38)
Mean normalized left
2.5 24 24 2.5
hippocampal volume 0.08 0.01
(0.3) 0.2) (0.2) 0.2)
(SD) [mL]
Mean normalized right
hi | (SD) 2.5 24 0.09 24 2.5 0.03
ippocampa . .
pp P (0.3) 0.2) (0.2) 0.2)
[mL]

*moderate efficacy: any interferon-beta preparation, glatiramer acetate, teriflunomide,
dymethilfumarte; high efficacy: fingolimod, natalizumab, ocrelizumab.
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Abbreviations: MS = multiple sclerosis; SD = standard deviation;, EDSS = Expanded Disability
Status Scale; PI=Progression Index; IOR = interquartile range; LV=lesion volumes; NBV =

normalized brain volume; NGMV = normalized gray matter volume; NWMYV = normalized white
matter volume.
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Table 7.2.2. Neuropsychological variables, reported as z-scores, in the whole group of multiple
sclerosis (MS) patients and in MS patients grouped according to the presence of brain derived
neurotrophic factor (BDNF) Val66Met polymorphism.

. BDNF Val66Val | BDNF Val66Met P

AIIMS patients MS patients MS patients value*
Education [years] 13.0 (2.8) 13.8 (2.8) 12.1 (2.5) 0.14
FSS 4.0 (2.1) 3.8(2.1) 4.2 (2.3) 0.75
MADRS 53@3.7) 49 (2.2) 5.8(5.1) 0.54
Verbal Learning
SRT-LTS -0.57 (0.84) -0.69 (0.87) -0.41 (0.82) 0.56
SRT-CLTR -0.56 (0.79) -0.46 (0.76) -0.69 (0.83) 0.76
SRT-D -0.19 (0.97) -0.27 (1.03) -0.09 (0.06) 0.74
Visuo-spatial
Learning
SPART -0.46 (1.09) -0.68 (1.09) -0.17 (1.05) 0.26
SPART-D -1.02 (0.96) -1.52 (0.95) -0.55 (0.78) 0.03
Attention and
Information
Processing speed
SDMT -0.27 (1.30) -0.36 (1.53) -0.16 (0.98) 0.91
PASAT3 -0.70 (1.37) -0.77 (1.31) -0.62 (1.48) 0.76
PASAT2 -0.82 (1.83) -1.21 (2.08) -0.30 (1.37) 0.13
Language
WLG -0.39 (0.76) -0.35(0.71) -0.41 (0.85) 0.99
Executive
functions
SCWT -0.33 (1.25) -0.51 (0.82) -0.12 (1.63) 0.42

*adjusted for disease duration and phenotype and false-discovery-rate corrected.

Abbreviations: MS = multiple sclerosis;, BDNF = brain derived neurotrophic factor; FSS =
Fatigue Severity Scale; MADRS= Montgomery-Asberg Depression Scale; SRT=Selective
Reminding Test; LTS = Long-Term Storage;, CLTR = Consistent Long-Term Retrieval; D =
delayed recall; SPART = Spatial Recall Test; PASAT = Paced Auditory Serial Addition Test;
SDMT = Symbol Digit Modalities Test; WLG = Word List Generation;, SCWT = Stroop Color
Word Test.

223



Table 7.2.3. Mean and standard deviations of left and right hippocampal subfield volumes are
reported for multiple sclerosis (MS) patients and healthy controls as well as for MS patients
grouped according to the presence of BDNF Val66Met polymorphism.

Val66Met
BDNF BDNF
p p p vs
Left MS Val66Val Val66Met
HC value value value | Val66Val
Hippocampus patients MS MS
vs HC vs HC vs HC D
patients patients
value
Hippocampal tail 0.41 0.39 0.38 0.40
0.73 0.05 0.75 0.03
[mL] (0.07) (0.05) (0.04) (0.05)
Subiculum body 0.17 0.17 0.17 0.16
0.96 0.82 0.88 0.35
[mL] (0.02) (0.02) (0.02) (0.02)
0.10 0.09 0.09 0.10
CA1l body [mL] 0.24 0.12 0.46 0.02
(0.01) (0.01) (0.01) (0.01)
Subiculum head 0.12 0.13 0.13 0.13
0.90 0.85 0.69 0.48
[mL] (0.02) (0.01) (0.01) (0.01)
Presubiculum 0.09 0.09 0.09 0.09
0.54 0.26 0.43 0.15
head [mL] (0.01) (0.01) (0.01) (0.01)
0.39 0.37 0.36 0.38
CA1l head [mL] 0.04 0.04 0.18 0.01
(0.06) (0.04) (0.04) (0.04)
Presubiculum 0.11 0.10 0.10 0.10
0.11 0.26 0.09 0.62
body [mL] (0.02) (0.02) (0.02) (0.01)
Parasubiculum 0.04 0.04 0.04 0.05
0.97 0.89 0.96 0.34
[mL] (0.01) (0.01) (0.01) (0.01)
Molecular layer 0.24 0.23 0.23 0.24
0.28 0.10 0.29 0.01
head [mL] (0.04) (0.02) (0.02) (0.02)
Molecular layer 0.17 0.16 0.16 0.17
0.05 0.05 0.27 0.01
body [mL] (0.02) (0.02) (0.02) (0.02)
Granule cell layer 0.12 0.11 0.11 0.12
0.04 0.04 0.13 0.02
of DG head [mL] (0.02) (0.01) (0.01) (0.02)
0.07 0.07 0.07 0.08
CA3 body [mL] 0.70 0.20 0.76 0.01
(0.01) (0.01) (0.01) (0.01)
Granule cell layer 0.10 0.10 0.10 0.10
0.72 0.38 0.91 0.15
of DG body [mL] (0.01) (0.01) (0.01) (0.01)
0.10 0.09 0.09 0.10
CA4 head [mL] 0.05 0.05 0.23 0.01
(0.01) (0.01) (0.01) (0.01)
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0.09 0.09 0.09 0.09
CA4 body [mL] 0.95 0.52 0.68 0.13
(0.01) (0.01) (0.01) (0.01)
0.05 0.05 0.05 0.05
Fimbria [mL] 0.43 0.14 0.15 0.34
(0.01) (0.01) (0.01) (0.01)
0.10 0.09 0.09 0.10
CA3 head [mL] 0.05 0.01 0.04 0.02
(0.02) (0.01) (0.01) (0.01)
0.05 0.04 0.04 0.05
HATA [mL] 0.04 0.01 0.02 0.01
(0.01) (0.01) (0.01) (0.01)
Val66Met
BDNF BDNF
. p p p vs
Right MS Val66Val Val66Met
HC value value value | Val66Val
Hippocampus patients MS MS
vs HC vs HC vs HC D
patients patients
value
Hippocampal tail 0.42 0.39 0.38 0.40
0.24 0.05 0.15 0.01
[mL] (0.07) (0.04) (0.04) (0.04)
Subiculum body 0.17 0.17 0.17 0.17
0.89 0.54 0.93 0.35
[mL] (0.02) (0.02) (0.02) (0.02)
0.10 0.10 0.10 0.10
CA1 body [mL] 0.87 0.46 0.81 0.54
(0.01) (0.01) (0.02) (0.01)
Subiculum head 0.13 0.13 0.13 0.13
0.96 0.76 0.80 0.34
[mL] (0.02) (0.02) (0.02) (0.01)
Presubiculum 0.09 0.09 0.09 0.09
0.55 0.28 0.67 0.05
head [mL] (0.01) (0.01) (0.01) (0.01)
0.37 0.35 0.35 0.36
CA1l head [mL] 0.43 0.21 0.36 0.20
(0.06) (0.03) (0.03) (0.03)
Presubiculum 0.11 0.10 0.10 0.10
0.05 0.02 0.01 0.72
body [mL] (0.02) (0.02) (0.02) (0.02)
Parasubiculum 0.04 0.04 0.04 0.05
0.75 0.72 0.41 0.37
[mL] (0.01) (0.01) (0.01) (0.01)
Molecular layer 0.24 0.23 0.23 0.23
0.60 0.36 0.62 0.15
head [mL] (0.03) (0.02) (0.02) (0.02)
Molecular layer 0.17 0.16 0.16 0.16
0.43 0.19 0.33 0.41
body [mL] (0.03) (0.02) (0.02) (0.02)
Granule cell layer 0.11 0.11 0.11 0.11
0.55 0.11 0.46 0.30
of DG head [mL] (0.02) (0.01) (0.01) (0.01)
0.07 0.07 0.07 0.07
CA3 body [mL] 0.95 0.44 0.54 0.20
(0.01) (0.01) (0.01) (0.01)
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Granule cell layer 0.10 0.10 0.10 0.10

0.73 0.16 0.77 0.41
of DG body [mL] (0.02) (0.01) (0.01) (0.01)
0.09 0.09 0.09 0.09

CA4 head [mL] 0.69 0.16 0.64 0.23
(0.02) (0.01) (0.01) (0.01)
0.09 0.09 0.09 0.09

CA4 body [mL] 0.96 0.30 0.86 0.41
(0.01) (0.01) (0.01) (0.01)
0.06 0.05 0.05 0.05

Fimbria [mL] 0.03 0.05 0.13 0.41
(0.01) (0.01) (0.01) (0.01)
0.09 0.09 0.09 0.09

CA3 head [mL] 0.47 0.05 0.33 0.41
(0.02) (0.01) (0.01) (0.01)
0.05 0.04 0.04 0.04

HATA [mL] 0.04 0.01 0.01 0.94
(0.01) (0.01) (0.01) (0.01)

Abbreviations: BDNF=brain derived neurotrophic factor; HC=healthy controls; MS=multiple
sclerosis;, CA=cornus ammonis;, DG=

transitional area.

dentate gyrus,

HATA=hippocampus amygdala
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Table 7.2.4. Results of age-, sex-, phenotype- and disease duration-adjusted linear regression

models for the effect of hippocampal subfields on neuropsychological variables.

Hippocampal subfield B 95% CI P
values
SPART-D Left hippocampal tail 0.39 0.38, 0.40 0.04
Left granule cell layer of DG 0.39 0.37, 0.41 0.04
WLG Left CA4 head 0.43 0.41, 0.46 0.02
Left CA3 head 0.40 0.38, 0.42 0.04

Abbreviations: CI= confidence interval;, DG= dentate gyrus;, CA= cornus ammonis, SPART-D
= Spatial Recall Test delayed recall; WLG = Word List Generation.
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Figure 7.2.1. Graphical representation of hippocampal subfields segmentation.

Parasubiculum
Presubiculum head
Subiculum head
CALl head

CA3 head

CA4 head

GC-DG head
Molecular layer head
HATA — —— 2 0 i
Presubiculum body " CA3 body ® Molecular layer body ® Hippocampal fissure
" Subiculum body CA4 body Fimbria

" CAIl body GC-DG body Hippocampal tail

Axial, coronal and sagittal views of hippocampal subfields obtained in a healthy subject enrolled
in the study. Hippocampal subfields are overlaid on the corresponding T1-weighted image by
using FreeView visualization tool
(https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide/(De Meo et al., 2021d)).
Abbreviations: CA=cornus ammonis;, GC-DG=granule cell layer of dentate gyrus;
HATA=hippocampus-amygdala transitional area.
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