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GENERAL INTRODUCTION

The PhD thesis, entitled “Cerebro-cerebellar nekaan DMD children: neuropsychological,
genetic and neuroimaging aspects”, is organizedairfGeneral section” and in the
“Experimental study”.

In the general section we provide a review of ftexdture concerning the main topics of the

researcland the state of art from which the experimentadgistarts.

The experimental study is subvidided into thredgpar

1) The neuropsychological study: after the description of the preliminary
neuropsychological results concerning a sampleDodDMD boys without intellectual
disability evaluated in a multicenter setting dgrischool age, this part is further
subdivided into three section.
Section A:this section concerns the results of the follow nguropsychological
reassessment of the DMD children previously evalliat
Section B:the section shows the neuropsychological findiggrding an additional
cohort of 17 DMD boys;
Section C:this section provides the results deriving frone tidministration of a
questionnaire for 47 parents deepening the neucbpsygical functioning of DMD
children in home environment.

2) The genetic study: in this ancillary study we analyze the role ohgic modifiers as
possible influential factors for neuropsychologigabfile in a small group of the

DMD boys already involved in the neuropsychologstaldy.



3) The neuroimaging study: this is a pilot study in which we aimed to idéngpossible
functional neuroimaging biomarkers of the neuropsyagical impairments in DMD.
In the final part of the experimental study, wevide an overall discussion of the obtained
results, we present advantages and limitationshef study and we suggest the future

perspectives of the research.

The overall organization of the PhD thesis is shawthe “Index”.



Table of the main abbreviations

DMD Duchenne muscular dystrophy

BMD Becker muscular dystrophy

ADHD Attention Deficit Hyperactivity Disorder
IQ Intelligence Quotient

FIQ Full Intelligence Quotient

VCI Verbal Comprehension Index

PRI Perceptual Reasoning Index

WMI Working Memory Index

PSI Processing Speed Index

TOL Tower of London

MCST Modified Card Sorting Test

BRIEF-2 Behavior Rating Inventory of Executive Functions
SD Standard Deviation

GWAS Genome Wide Association Study

HWE Handy-Weinberg Equilibrium

MRI Magnetic Resonance Imaging

DWI Diffusion Weighted imaging

HARDI High Angular Resolution Diffusion Imaging
ROI Region Of Interest

FA Fractional Anisotropy

WM White Matter

CPCT Corticopontocerebellar Tract

CTT Cerebellar-thalamic Tract

SLF Superior Longitudinal Fasciculus
FARCPCT Fractional Anisotropy of the Right CPCT
FALCPCT Fractional Anisotropy of the Left CPCT

vV




FARCTT Fractional Anisotropy of the Right CTT
FALCTT Fractional Anisotropy of the Left CTT
FARSLF Fractional Anisotropy of the Right SLF
FALSLF Fractional Anisotropy of the Left SLF
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GENERAL SECTION



1. Introduction

Duchenne muscular dystrophy (DMD) is a heredit¥yinked muscular disorder affecting
about 1 in 3500 boys (Emery, 1991). The diseasiésto mutations iDMD gene resulting

in lack of the gene product dystrophin, which istpaf a protein complex located in the
muscle cell membrane (Hoffman et al., 1987).

This multisistemic disease causes not only an wrerokent of muscular, cardiorespiratory,
endocrine, gastrointestinal, and nutritional aspebtt also cognitive difficulties and
neuropsychological alterations. Therefore, a comtid and multidisciplinary approach to
care is essential for optimum management of threcai manifestations and complications of
DMD (Birnkrant et al., 2018).

Because of the major impact of motor and cardioragpy aspects on patients' duration and
quality of life, more sensitive diagnostic techreguand earlier therapeutic interventions have
been widely studied in the last years, and imporbamcome measures have been established
in these issues, thanks to several carried outalitrials.

Psychological, neurocognitive and learning aspdwse been less deepened in DMD;
however, misdiagnosed neuropsychological defiats ltave a negative impact on the global
functioning of these children.

In this *“general section” we provide a review ofethliterature regarding the
neuropsycohological, genetic and neuroimaging dspecdich are the topics of the PhD

research.



2. Duchenne muscular dystrophy (DMD) and neuropsycholgical

involvement

Several studies have reported cognitive difficsltend neuropsychological alterations in
DMD patients. In fact, one in three DMD boys extsba cognitive impairment (Ogasawara
1989; Billard et al., 1992), with the mean Intedigce Quotient (IQ) approximately 1.0-1.5
standard deviations (SDs) below the mean (Coheal.et1968), and a high degree of
impairment in verbal versus nonverbal performanieth in older and younger patients
(Cotton et al., 2001). Furthermore, DMD childreteafshow a language involvement (Marini
et al., 2007) and suffer from deficits in executifumctions, such as attentional control,
inhibition and working memory (Mento et al., 201With a possible negative impact on
academic skills (Billard et al., 1992; Billard ét, 4998; Hendriksen et Vles, 2006; Lorusso et
al., 2013; Astrea et al., 2015). DMD boys can alsve significant psychiatric and
neurodevelopmental comorbidities with attention iaefhyperactivity disorder (ADHD)
being the most common (Pane et al., 2012).

Longitudinal studies on neurocognitive aspects MDchildren have shown that IQ tend to
remain stable with increasing age (Cotton et 8012 Cotton et al., 2005), and cognitive and
language skills do not vary with age also in veoyryg DMD boys (Connolly et al., 2014). A
correlation between early neurodevelopmental ass#s and the cognitive scales has been
found in a cohort of preschool DMD young boys faled until school age, with a clear
concordance between subscales exploring similaragdon the two scales (Chieffo et al.,
2015).

However, to our knowledge, no longitudinal studiese assessed higher and more complex

cognitive functions, as executive functions, atedé#nt times in the same sample of patients.



A possible role of cerebellum and of a complex loayecerebellar network, also involving
cortical and subcortical structures (as basal ganghas been hypothesised for cognitive
deficits in DMD (Cyrulnik & Hinton, 2008). The cdrellum has been traditionally associated
with motor control and coordination, but severaldsts have extended its contribution to
cognitive functions. In particular, the cerebelki@rebro networks would be involved in
language, abstract reasoning, emotions and theatyaltd process logical sequences
(Schmahmann & Sherman, 1998; Riva et al., 2000¢rd&fbre, a cerebellar dysfunction can
give rise to different degree of impairments ingaage, visuospatial tasks, mental flexibility,
speed and information processing and attention fatdno, as well as affects the patient’s
ability to control many tasks automatically (Kozetlal., 2014).

The hypothesis of a cerebro-cerebellar network lireraent in DMD is based on the
localisation of dystrophin isoforms in normal braim fact, two alternative full-length
isoforms (Dp427B and Dp427P) are expressed maimlgadrtical neurons, both also in
cerebellum, and two carboxy-terminal dystrophint@iress, Dp71 and Dp140, are both
espressed in the brain, particularly in the Puekicglls of the cerebellar cortex (Huard &
Tremblay, 1992; Tinsley et al., 1993; Lidov et d1995; Anderson et al., 2002). Dp140 is
expressed mainly in fetal tissue and in low qugntitadult brain and probably plays a role in
the regulation of neuroglial specific gene expmssiDp71 expression gradually increases
from the embryo until adult stage, becoming theamaroduct of dystrophin in the brain,
particularly in the hippocampus and in some laydrthe cerebral cortex. The Dp71 function
remains unknown but a role in the formation andtabilisation of the dystrophin- associated
complex and in glutaminergic synaptic maturatiod famction is supported by studies (Lidov
et al., 1990; Daoud et al., 2008). Recently, reduétm a study conducted on humans by using
RNA-sequencing-derived exon-level expression datdystrophin isoforms, and spatial gene

expression data emphasized the expression pattémhgstrophin isoforms in the amygdala



and the hippocampus and showed the absence ofutheje isoform Dp427 in cerebellum
(Doreenweerd et al., 2017a).

Commonly, it is known that mutations located upamtnefrom exon 44 oDMD gene affect
only Dp427 and Dp260 isoforms and preserve Dpl4bilewmutations located in (or
extending to) the genomic region corresponding xone 45-55 of the DMD gene are
considered to affect Dp140, but not Dp71. Finaitytations located on the 3' side of exon 63
are considered to affect all dystrophin isoformsjuding Dp71 (Muntoni et al., 2003; Daoud
et al., 2009; D'Angelo et al., 2011).

Several reports have described mutations in thensepart of the dystrophin gene, affecting
Dp140 and/or Dp71 coding region, as a factor thatributes to the presence and severity of
intellectual disability and neuropsychological edteons (Moizard et al., 1998; Felisari et al.,
2000; Daoud et al., 2008; Daoud et al., 2009; Tragt@l., 2010; D’Angelo et al., 2011; Snow
et al., 2013; Ricotti et al., 2016).

However, the involvement of Dp140 is certain inecaé mutations located in the promoter or
in/dowstream the translation start codon (exon ®hijle the effect on Dpl140 expression is
hard to predict for mutations placed between th&@4Dppromoter (intron 44) and exon 51
(Muntoni et al., 2003). Therefore, an alternativdbdivision of mutations along theMD
gene, according to the real involvement of Dp14@ that takes into account this “grey area”,

has been suggested and may be applied also foestofdyenotype-phenotype correlation.



3. DMD and genetic aspects

The genetic bases of dystrophinopathies are muottio theDMD gene on chromosome
Xp21, mainly delections and, more rarely, duplmagi and point mutations. Mutations that
maintain the reading frame generally result in abwad but partly functional dystrophin and are
associated with BMD; in DMD patient, on the congranutations irDMD gene usually disrupt
the open reading frame of the transcript, withdbesequence of an absence of the dystrophin
protein (Muntoni et al., 2003).

The multisistemic involvement observed in DMD také account the alternative splicing
events which commonly occur in a tissue-specifiy \vaad that generated many dystrophin
isoforms. These include the above-mentioned brgstraphin isoforms Dpl40 and Dp71,
which are detected also in other tissues, as rekigmey, liver, lung and cardiac muscle
(Muntoni et al., 2013).

Despite the homogeneous molecular mechanism, aarglephenotype variability is
commonly observed among DMD boys, for example rmgeof age at loss of indipendent
ambulation, age of onset and rate of progressiomespiratory insufficiency and dilated
cardiomyopathy. This variability in phenotype séwecan be explained by environmental
factors, such as implementation of standards oé,chut also by type of mutations or
molecular mechanisms. It is known that DMD boydwdéletions generally show worse motor
outcome than those with duplications and small trarta (Pane et al., 2014; Bello et al.,
2016a); moreover, exceptions to the reading frareemay produce trace protein amounts.
However, also DMD patients completely lacking dgptrin may have a wide-range of
clinical manifestations, suggesting that other gjenariants may produce a modifier effects

on the phenotype of DMD, interacting with the ds®a&ausing mutation (Bello et al., 2019).
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These genetic modifiers have been identified baotlamimal models and on human samples,
by hypotesis-driven strategies or by genome wid®aation studies (GWAS), the formers
concentrated on selective variants in genes witn@awvn role in the pathogenesis of the
disease, while the latter potentially capable entdy new modifiers gene (Bello et al., 2019).
Some common polymorphisms have been reported asbposnodifiers for DMD in both
humans and animal models in several genes, for gedtiBP4, SPP1 (Barp et al., 2015;
Bello et al., 2015)ACTNS3 (Zatz et al., 2014)IRAF6 (Hindi et al., 2014)CD40 (Bello et al.,
2016b)Anxab (Quattrocelli et al., 2017Y,CTEX1D (Spitali et al.2020).

The more widely studied modifiers were polymorprssmtheSPP1 and in theLTBP4 gene.

In particular, the G allele of the SNP rs2835708tjated in the promoter of ti8#P1 gene
and encoding osteopontin, was associated with greatakness and younger age at loss of
ambulation in DMD (Pegoraro et al., 2011; Bello at, 2015), a poor response to
gluococorticoid corticosteroid treatment (Belloagt 2015), but a protective effect on dilated
cardiomyoparthy onset (Barp et al., 2015). The @asion of the G allele with rapid disease
progression was not confirmed by another recemtygherformed on European and American
cohorts (Van den Bergen et al., 2015).

Regarding theLTBP4 gene, individuals homozygous for the IAAMTBP4 haplotype
remained ambulatory significantly longer than thdsgerozygous or homozygous for the
VTTT haplotype, with an additive effect on stertigrapy (Flanigan et al., 2013); moreover,
a protective effect on dilated cardiomyopathy onskthe recessive T allele at LTBP4
rs10880 was found, in particular for steroid-trelgpatients (Barp et al., 2015).

A positive effect on age at loss of ambulation wasently found for the minor allele at
rs1883832, in the 5’-untranslated regionGid40 gene, by a genome-wide association study
in a sub-cohort of European American ancestry ftbenCooperative International Research

Group Duchenne Natural Study (Bello et al., 2016Db).
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The protein products of the main modifiers are lmed in muscle pathology as tissue repair,
remodeling and regeneration, and in fibrosis orulegn of the inflammatory response
(Bello et al., 2019). However, some of these gemas their protein products can also be
widely distributed in many tissues and cells, idohg the brain, where they can have
neuroprotective functions and may be involved ie prathogenesis of neurodegenerative
disorders.

For example, the product @P1 gene, osteopontin, is a constituent of the exlitdae
matrix of the central nervous system, with a pdesibole in pathogenesis of
neurodegenerative diseases or in neuroprotectiaeduyating the activation and function of
microglia (Yu et al., 2017).

In the rat brain, the mRNA ofTBP4 has been demonstrated to have a widespread
distribution in the cerebral cortex and it has berpressed in the hippocampus, the forebrain
and the thalamus (Dobolyi & Palkovits, 2008).

Finally, the product o€D40 gene, a member of the TNF receptor superfamilyvslved in
neuroinflammation and neurodegeneration (Togo .e2800; Kempuraj et al., 2016) and it
has been recently identified in a mouse model asmpr regulator of dendrite growth and

elaboration in the developing brain (Carriba et2017).
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4. DMD and neuroimaging

Magnetic Resonance Imaging (MRI) has shown a ratllrain volume in subjects with
DMD, attributed to mild atrophy (Al-Qudah et al990), or, more recently, to an altered brain
maturation (Doorenweerd et al., 2014). Total bamad gray matter volumes would be more
severely affected in patients with an impairment 140, suggesting a role for this
dystophin isoform in cerebral development (Dooreendeet al., 2014).

The structural abnormalities may be associated rtoakered cerebral metabolism: for
example, glucose hypometabolism, measured by pasigmission topography (PET)
analysis, was found in DMD brain areas that aracally enriched in dystrophin, as the
medial temporal structures, the cerebellum, thes@@motor and lateral temporal cortex on
the right side (Bresolin et al., 1994; Lee et &02). Moreover, a Hmagnetic resonance
spectroscopy (MRS) study by Rae et al. showed rafiignt increase in the ratio of choline-
containing compounds to N-acetylaspartate (Cho/N&AYl Cho/creatine (Cr) in the left
cerebellum in DMD boys compared to age-matched abbmys. Within the DMD group, the
abnormal Cho/NAA group was significantly older thime normal Cho/NAA group, which
reflects the progressive nature of the disease @Rad., 1998). In contrast, a more recent
study showed a decrease in absolute choline lemelsoth cerebellar white matter and
temporo-parietal cortex in DMD; moreover, smallt Isignificant, metabolic abnormalities
for glutamate and total N-acetyl compounds in thengoro-parietal region were found
applying quantitative MRS (Kreis et al., 2011).

Among functional neuroimaging, a resting-state fiomal magnetic resonance imaging (RS-
fMRI) study showed a reduction of local synchroh@aof spontaneous activity in the motor
cortex in patients with DMD (Lv et al., 2011). Moneer, the application of pseudo-

continuous arterial spin labeling (ASL) cerebraWilimages has demonstrated a reduction of
13



cerebral perfusion in DMD, regardless of the redugeey matter volume (Doorenweerd et
al., 2017b).

Because of the possibility of analysing brain canivéy and dynamic cerebral organisations,
Diffusion Weighted Imaging (DWI) with tractograplmas widespread potential implications
in the fields of cognitive neuroscience and newolayy.

Recently, tractography has been widely applied iavetbpmental age, both in
neurodevelopmental disorders, as ADHD (Sudre, 20aAd autism spectrum disorders
(Conti et al., 2016 and 2017; Qin et al., 2018;dPawnsh et al., 2019), and in neurological
disorders, as leukodystrophies, cerebral palsyevebellar diseases (Poretti et al., 2007;
Escolar et al., 2009; Poretti et al., 2014, Parete., 2014; Fiori et al., 2016a; Kimiskidis et
al., 2017).

Regarding neuromuscular diseases, tractographpdes applied in disorders with a known
brain involvement. In particular, alterations of itghmatter microstructure in projection,
association and commissural fibres have been descrin myotonic dystrophy type 1
(Okkersen et al., 2017; van Dorst et al., 2019;ayab et al., 2019) and alterations of
diffusion coefficient values in white matter haveeb revealed for merosin-deficient
congenital muscular dystrophy (Sijens et al., 200&t al., 2012).

Tractography has been also tried in DMD samplesh vavidence of microstructural
differences in scalar measures (Fractional Aniggtrd=A, and Mean Diffusivity, MD)
between DMD subjects and controls in the occipatalas (Doorenweerd et al., 2014) and in
the splenium of corpus callosum, with a correlatwith intellectual quotients (Fu et al.,
2016). Alterations in diffusion of the prefrontadrtex and hippocampus emerged alsoix

mice (Xu et al., 2015).
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EXPERIMENTAL STUDY
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1. Neuropsychological study

1.1 Introduction and preliminary results

Cognitive difficulties and neuropsychological a#teons have been reported in DMD children
(Moizard et al., 1998; Felisari et al., 2000; Snewal., 2013) and may be due to the lack of
specific dystrophin isoforms in the brain, takingcaunt on the possible involvement of
cerebellum and of a complex cerebro-cerebellar ot WCyrulnik & Hinton, 2008).

The PhD project comes from the neuropsychologie#h @ollected before the beginning of
the PhD by a group of Centres from the DMD Italidetwork (IRCCS Stella Maris
Foundation, Pisa; Policlinico Gemelli, Catholic Uaisity of Sacred Hearth, Roma; Bambino
Gesu Children’'s Hospital, IRCCS, Roma; NeuropsyeigiaDivision, C. Besta IRCCS,
Milan).

The data previously collected have been developdddascussed in a multicenter setting and
produced two scientific reports, published durihg second year of the PhD (Battini et al.,
2018; Vicari et al., 2018).

Both the studies analysed samples of DMD boys withatellectual and behavior disability
during school age in order to assess profiles afopsychological functions and to deepen
the issue of a possible role of cerebellar-thalaoical network. To examine this selected
DMD sample has allowed a targeted neurocognititeatien free from the potential bias of a
more global cognitive deficit.

In the first study, 40 DMD boys without intellectudisability (range of age: 6 years to 11
years and 6 months) were evaluated by Wechslelligigiece scale and a battery of tests

including tasks assessing working memory and ekectinctions.
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The results showed deficits in specific aspectsexécutive functions such as working
memory, inhibition, multitasking and problem solyinin fact, regarding intellectual
functioning, the worst performances were obsermeéd/orking Memory Index (WMI) and in
the related subtests. The impairment in “rulesraonges” of the Tower on London (TOL) test
underlighted an involvement of working memory ataehping abilities and the impairment in
the Switching task of the Inhibition test (NEPSY-tlemonstrated difficulties in inhibition
and response switch. Finally, the impairments imifitaining the set” at the Modified card
Sorting Test (MCST) and in “violation of rules” &DL were related to abstract reasoning and
planning and may resemble working memory skillsti{iBaet al., 2018).

The second study aimed at comparing implicit lesgnsequence in DMD boys without
intellectual disability and age-matched typicalgvdloping children using a modified version
of the Serial Reaction Time task (SRTT). Thirty-tddMD children and 37 controls of
comparable chronological age were studied. Thetimatimes (RTs) on the last ordered
block (O4) and on the random block (R5), usualketaas a measure of implicit learning
effect, were different between controls and DMDigy@s. In fact, an important change of the
RT from block O4 (ordered) to block R5 (random) i@snd in the control group, but not in
DMD children. These results suggested that the Dbdips show a reduced rate of implicit
learning even if in the absence of global intellatdisability (Vicari et al., 2018).

These overall results supported the hypothesisspkaific involvement of cerebellum as part
of a more complex network resulting from the intaypof cerebellar, cortical and subcortical
neural system interconnected by reciprocal prajest(Battini et al., 2018).

In both studies, the DMD sample was subdividedhenltasis of the site of mutation in those
with proximal and distal mutation, but no corredas with genotype-neuropsychological

phenotype were found (Battini et al., 2018; Viazral., 2018).
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1.2 Aims
Starting from these results previously obtainedtencohort of 40 DMD boys (Battini et al.,
2018), we aimed to:

A) assess longitudinally the DMD boys without intefled disability previously
evaluated in order to recognise the trend of dsfigd executive functions, better
defining the neuropsychological natural historytiase patients;

B) extend neuropsychological evaluation of executiwgctions and working memory in
a another group of DMD Italian children withoutetiectual disability during school
age to confirm the involvement of the cerebellatdimo-cortical network in a larger
cohort of DMD patients than those previously evidda

C) expand the neuropsychological protocol adding tdaBior Rating Inventory of
Executive Functions (BRIEF-2) Parent form in ortterassess executive functioning
in home environment for DMD boys without intelleatuisability.

As already tried in our previous study (Battini at, 2018), where no correlations with
genotype-neuropsychological phenotype were fourelywere also interested in analysing a
possible correlation between the neuropsycholodicalings and the site of mutations in
DMD gene. In this research, we analysed a wider saamuleve subdivided the cohort using

a different and more analytical classification camgal to the previous study.

1.3  Section A: Follow up study

A.1 Subjects and Methods

A.1.1 Subjects

This study was a multicenter research involving saene specialised Centres, members of
DMD lItalian Network, engaged in the above-mentiostdlies (Battini et al., 2018; Vicari et

al., 2018): a) IRCCS Stella Maris Foundation, Ursity of Pisa; b) Policlinico Gemelli,

18



Catholic University of Sacred Hearth, Roma; c) BarabGesu Children’s Hospital, IRCCS,
Roma; d) Neuropsychiatric Division, C. Besta Inggt Milan.

The sample of DMD children previously evaluated basn longitudinally re-assessed after 3
years from the first evaluation using the same ogsychological protocol; the new cohort
included 33 subjects because 7 patients droppedsonte parents’ patients refused the new
assessment (N. 4) or addressed to another Hogyita).

The inclusion criteria were: i) DMD boys with pravenutation in the dystrophin gene; ii)
primary school age (6-12 yrs); iii) no cognitive gairment (IQ<70) or any associated
neuropsychiatric disorders (drug-resistant epile@ayism spectrum, attention deficit and
hyperactivity) or any additional neurosensory dgficiv) steroid treatment and/or other
experimental drug stable for at least six montregt{Bi et al. 2018).

According to their full 1Q (FIQ), the DMD childrehave been subdivided into two groups
(FIQ<85 and FIQ85). In order to explore a possible genotype-nesyolpological phenotype
correlation, four groups should be considered, @liog to the predicted effect on dystrophin
expression (Group 1: mutations located upstreamn foo in exon 44; Group 2: mutations
located in or extending to the region correspondimgexons 45-50; Group 3: mutations
located in or extending to the region correspondimgexons 51-62; Group 4: mutations
located in or downstream exon 63). However, as iknown that the mutations extended
beyond exon 63 affect Dp71 and are commonly as®uti@ severe cognitive impairment,
patients with this type of mutation have not beeiuded in the study.

All parents’ patients included in the study sigredritten informed consent.

A.1.2 Neuropsychological protocol
Each patient received a wide and comprehensiverlgait neuropsychological tests assessing
intellectual functions and executive functions daaguage involving the cerebello-thalamo-

cortical network, as already reported in our prasioork (Battini et al 2018).
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Intellectual functioning.

The Wechsler Intelligence Scale for Children (WIBgwas used not only to obtain the FIQ
but also to measure skills and cognitive abilitielsited to a possible cerebellar involvement.
The scale is based on a factorial model of intelige and it is divided into 10 subtests (Orsini
et al., 2012). In addition to subtest scores a @mite score relating to specific cognitive
areas may also be reported: the Verbal Comprehemsitex (VCI) measures the child’s use
and understanding of language using subtests wed#ssa abstract reasoning, vocabulary
development, and common sense reasoning; the Reatépeasoning Index (PRI) assesses
nonverbal reasoning and problem solving; the WMlasuees child’s ability to recall,
manipulate, and sequence auditory informationPiteeessing Speed Index (PSI) assesses the
speed and accuracy of visual motor integration.

Executive functions and Lanquage.

Some tests or specific items from general neurdpdggical developmental assessment
scales have been selected in order to obtain irstiom about specific aspects of cognitive
functions that were relevant to a possible cerabeliole. The Inhibition subtest
(Denomination, Inhibition and Switching subtestfldahe Design Fluency have been chosen
from the NEPSY-II (Brooks et al., 2010; Urgesi €t 2011) in order to explore processing
speed, inhibitory control, cognitive flexibilitynd initiation and productivity, respectively.

We administered TOL (Sannio Fancello et al., 20fi6)evaluate planning and problem
solving and the MCST (Sannio Fancello et al., 2p@33implified version of the Wisconsin
Card Sorting Test for children, to assess cateiggrebility.

We used Verbal Fluency-Word Generation from BVN 15-(Bisiacchi et al., 2005)
phonological and semantic Criteria because of @&dabinvolvement in these specific
linguistic functions.

All the subjects were assessed individually andh essessment took approximately 4 hours.

20



A.1.3 Data and statistical analysis

Continuous variables were presented as the meastandard deviation. All the tasks have
been standardised on Italian population of childxgad between 6 and 12 years; row scores
are thus transformed in z or scaled scores anafes@ccording to the reference data (Orsini
et al., 2008; Brooks et al., 2009; Urgesi et al12 Sannio Fancello et al., 2006; Sannio
Fancello et al., 2003; Bisiacchi et al., 2005).

The mean FIQ, VCI, PRI, WMI and PSI were consideretthe normal range according to the
Diagnostic Mental Index if the mean value was 10@ séhe SD was 15. The specific
Wechsler subtest was measured as mean 10 and Bi® 3ame criteria were measured for
the NEPSY’s Substest (mean = 10; SD = 3, cut-off)=In contrast, TOL results were
expressed with T Score (mean = 50; SD = 10), folSW@est results were used z normalized
(mean = 0; SD = 1). The individual z scores werentlaveraged to allow a comparison
between different tests and different age and gaodygatients and z score values < -1.6 were
considered pathological.

In consideration of the sample size, we decidagstonon parametric tests.

Wilcoxon test was used to define if the cognitivefie was stable over time in our sample
who performed a second neuropsychological assessafiem 3 years from the previous.
Mann—-Whitney U-test was used to compare the digioh of variables among the two
groups in which the sample was subdivided accortbrtge FIQ and Kruskal Wallis test was
used to compare the distribution of variables amitvegthree groups according to the site of
mutation of DMD gene. Moreover, Pearson correlation test was pedd to evaluate
possible correlation between scores difference foaseline and other variables such as age
and score at baseline. Version 23 of the SPSS a@t(6PSS, Inc.) was used for all statistical

analyses, setting the significance at p < 0.05.
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A.2 Results
Thirty-three DMD subjects (mean age at follow uf:years and 7 months) performed a new

assessment three years apart from the baselin@psévreported.

A.2.1 Intellectual functioning

WISC-IV profile in the cohort study at baseline dotflow-up assessment is shown in

Table 1.

Table 1. WISC-IV assessment in DMD cohort

Baseline Follow-up P value
Mean (SD) Mean (SD)

WISC-1V Index

Verbal Comprehension Index 99.94 (15.14) 98 (13.37) 0.082
Perceptual Reasoning Index 103.39 (13.40) 102.36 (13.93) 0.204
Working Memory Index 84.36 (17.28) 83.61(12.21) 0.928
Processing Speed Index 95.33 (11.71) 95.45 (13.69) 0.645
Full Intellectual Quotient 95.67 (13.67) 94.45 (10.44) 0.065
WISC-1V Subtest

Similarities 9.82 (3.05) 9.76 (2.69) 0.727
Vocabulary 9.94 (3.36) 9.88(2.68) 0.063
Comprehension 10.21 (2.84) 9.12 (2.79) 0.332
Block Design 10.45 (3.35) 10.12 (2.84) 0.646
Picture Concepts 11.09 (3.17) 11.15 (2.36) 0.791
Matrix Reasoning 10.15 (2.93) 10.30(2.91) 0.992
Digit Span 7.21(3.07) 7.61(2.13) 0.068
Letter-Number sequencing 7.61 (3.68) 6.91 (2.91) 0.857
Coding 9.00 (2.85) 8.15(2.51) 0.942
Symbol Research 9.36 (2.42) 10.24 (2.77) 0.395

No statistically significant differences emergedeen baseline and follow-up assessment.
These results confirmed therefore the stabilitghef cognitive impairment over time and the
worst performance in the WMI at WISC-IV (mean scatdaseline=84.36; SD= 17.28; mean
score at follow up=83.61; SD= 12.21) and in thated subtests Digit Span (mean score at

baseline=7.21; SD= 3.07; mean score at follow upt7SD= 2.13) and Letter-Number
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Sequencing (mean score at basel7.61; SD= 3.8; mean score &ollow up=6.91; SD=

2.91). (Table 1 and Figure :

Figure 1. WISCHV profile in DMD cohort at baseline and after 3 yars follow-up
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VCI: verbal comprehension index; VSI: visual spatidex; WMI: working memory index; PS

processing speed index; FS Full scale Intelligence Quotient.

A.2.2 Executive functions and languag
The mean scores of the tasks assesexecutive functionand language in DMD cohort

baseline and follow-upssessmelare reported in Table 2.

Table 2. Executive functions and languageassessment in DMD coho

Baseline Follow-up P value

Mean (SD) Mean (SD)

Inhibition Test (NEPSY-II) (standard score)
Denomination Total 7.76 (2.48) 7.64(2.97) 0.413
Inhibition Total 9.09 (3.29) 8.09 (3.32) 0.061
Switching Total 5.81 (4.35) 7.34 (2.86) 0.306
Graphic Fluency Test NEPSY Il (standard score)
Graphic Fluency | 9.52 (4.00) | 867(355) | 0173
TOL Test (T score)
Total corrected 38.22 (18.70) 49.84 (14.43) 0.617
Number of moves 72.84 (16.85) 79.59 (16.87) 0.602
Violation of rules 79.10 (21.89) 74.84 (21.41) 0.918
Time decision 42.47 (6.22) 51.28 (10.16) 0.062
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Time execution 42.66 (10.50) 50.78 (16.12) 0.182
Time total 41.94 (9.53) 51.03 (16.04) 0.067
MCST Test (z score)

Categories -0.17 (1.08) -0.76 (1.07) 0.407
Correct answers -0.23 (1.09) -0.64 (1.32) 0.541
Categorial efficiency -0.77 (1.02) -1.05 (0.98) 0.061
Total errors 0.16 (0.92) 0.64 (1.04) 0.737
Perseveration errors -0.18 (0.60) 0.65 (1.48) 0.268
Non perseveration errors 0.48 (0.99) 0.59 (1.20) 0.728
Failure 2.96 (5.20) 2.65 (3.80) 0.289
Verbal Fluency Test BVN (z score)

Semantic -0.78 (1.00) -0.54 (0.89) 0.257
Phonological -0.46 (0.77) .0.93 (0.79) 0.688

The slight maturation in performances is writtefaid

No statistically significant differences emergetWeen baseline and follow-up assessment.
However, if we considered the mean scores, we wvbda slight increase in Switching total
mean score of the Inhibition test (NEPSY-Il) ovend (mean score at baseline below
average=5.81; SD= 4.35; mean score at follow uperborderline range=7.34; SD= 2.86).

At TOL test, “total correct answers” mean scoreréased(mean score at baseline=38.22;
SD= 18.70; mean score at follow up=49.84; SD= 1}4.48 well as “time decisionlmean
score at baseline=42.47; SD= 6.22; mean score l@wfap=51.28; SD= 10.16), “time
execution”’(mean score at baseline=42.66; SD= 10.50; mean stdoiow up=50.78; SD=
16.12), and “time total{mean score at baseline=41.94; SD= 9.53; mean stofellow
up=51.03; SD= 16.02); “violation of rules” mean srodecreasedmean score at
baseline=79.10; SD= 21.89; mean score at follow7di34; SD= 21.41) (Table 2 and Figure
2.A/B).

The improvement of scores in “time decision”, “tiregecution” and “time total” subtests

must be considered related to a reduction in ingtysfor DMD subjects.

24



Figure 2.A/B. A: Inhibition Test (NEPSY-II) profile in DMD cohort at baseline
and after 3 years followup. B: TOL Test profile in DMD cohort at baseline and after 3

years follow-up

10
9 -
8 A
7
6 \\
5 baseline
4 follow up
3
2
1
0 T T
DenTot InhibTot SwitTot

A\. Den Tot: Denomination total; Inhibt: inhibition total; Swit tot: Switchingotal (NEPSY II)

a0
80

70 -
60 /
50

40 -

— haseline

— ol low up

30 -
20

10 -~

t totcorr t mowes t orules t t.dec t tesec t t.tot

B. t_totcorr: total corrected_moves: number of moves;rules: violation of rulet_t.dec:
time decision; t_t.esec: time execution; t_t.tiotet total (TOL)

The youngest patients tended to improve their pewdoces inspecific tasks at follow up
reassessment: statistically significant correlation betwe age at baseline and theint

spreads considering baseline and follow scores emerged ithe Switching total of th
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Inhibition test (NEPSY-II) (p=0.001; r=0.61) and time “total correct answers” of TOL test
(p=0.015; r=0.42).

Patients with an impairment of scores at baselmeléd to improve their performances at
follow up reassessment. An inversely proportiormatelation between scores at baseline and
the point spreads considering baseline and follopw scores emerged in all the
neuropsychological tests (p <0.001). This trend pasicularly evident for switching subtest
from Inhibition Test (NEPSY-lland for some subtests of TOL test. In fact 17 subja 20
(85%) with an impairment of scores at baselinedgased their score in Switching total from
Inhibition Test (NEPSY-II) at follow up reassessmeht TOL test, all the patients with an
impairment of score at baseline improved their grenfince in “total correct answers”, “time
decision”, “time execution”, and “time total”.

The improvement of scores in these latter subtastst be considered related to a reduction in

impulsivity for DMD subjects.

A.2.3 Comparison between groups according to sitd mutation and FIQ

At the follow up assessment in the sample of 33 DiMiys 25 subjects (76%) have a FB3>
and 8 (24%) have a FIQ<85.

According to site of mutation subdivision, Groupntluded 14 subjects (42.4%), Group 2, 12
patients (36.4%), and Group 3, 7 (21.2%).

In order to compare the subgroups by site of mutatind FIQ, we considered all the 66
evaluations in the analysis as there are no diffee between the baseline and the follow-up
scores and to increase the statistical power.

The mean scores and SDs of WISC-IV and executivetions and language subtests in
different subgroups according to the site of mataind FIQ are reported in Table 3.

No significant differences emerged among the twaysalps subdivided on FIQ regarding

executive functions and language subtests.
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Instead, significant differences emerged among Lieet groups subdivided on site of
mutation in WMI (p=0.021), Digit Span (p=0.042),da@oding (p=0.035) of WISC-IV where
lower scores were observed in Group 3 and for $wvite Total (p=0.018) of the Inhibition
test (NEPSY-Il) where higher scores were observedGroup 1. No other significant
differences emerged among groups subdivided orokitautation

Neither FIQ at baseline or site of mutation hadaetation with the point spreads between

baseline and follow up scores in all the perforraehtests.

Table 3. WISC-IV and Executive functions and langage assessments in DMD

cohort subdivided into groups according to site ofmutation and FIQ

Site of mutation Intellectual quotient
Group 1 Group 2 Group 3 FIQ <85 FIQ>85
28 24 14 16 50
assessments assessments assessments assessments assessments
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

WISC-1V Index
Verbal Comprehension | 102.93 (16.023) | 96.33 (14.25) 95.57 (7.62) 85.64 (8.33) 101.64 (13.66)
Index
Perceptual Reasoning 106.21 (12.79) 99.87 (13.12) | 101.36(15.27) 91.82 (6.95) 105.09 (13.52)
Index
Working Memory 83.29 (16.32)* | 89.46(12.05)* | 76.00(12.94)* | 67.27 (12.18) 87.33 (13.03)
Index
Processing Speed 98.14 (12.64) 94.54 (12.45) 91.36 (12.57) 87.36 (12.05) 97.00 (12.04)
Index
Full Intellectual 98.46 (12.66 94.13 (10.25) 89.86 (10.04) 78.82 (4.53) 98.31 (10.37)
Quotient
WISC-1V Subtest
Similarities 10.25 (2.76) 9.71 (3.00) 9.00 (2.80) 7.55 (2.50) 10.24 (2.72)
Vocabulary 10.64 (3.21) 9.12 (3.22) 9.79 (1.85) 7.27 (2.41) 10.44 (2.86)
Comprehension 10.57 (3.18) 9.00 (2.64) 9.00 (2.04) 8.00 (1.73) 10.00 (2.92)
Block Design 10.32(3.13) 10.29 (3.35) 10.21 (2.69) 8.64 (2.46) 10.62 (3.11)
Picture Concepts 11.71 (2.27) 10.17 (3.14) 11.57 (2.74) 9.09 (2.11) 11.53 (2.72)
Matrix Reasoning 10.96 (2.63) 10.08 (2.75) 9.00 (3.37) 8.64 (2.46) 10.55 (2.83)
Digit Span 6.86 (2.37)* 8.83 (2.29)* 6.07 (2.70)* 5.45 (3.01) 7.80 (2.39)
Letter-Number 7.61(3.69) 7.63 (3.09) 5.93 (2.67) 3.64 (2.69) 7.98 (2.94)
sequencing
Coding 9.39 (2.35)* 8.54 (3.05)* 7.00 (2.11)* 6.91 (2.98) 8.91 (2.54)
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Symbol Research 9.25 (2.86) 9.42 (2.54) 10.07 (2.99) 8.82 (2.09) 10.00 (2.69)
Inhibition Test (NEPSY-II) (standard score)

Denomination Total 7.56 (2.34) 6.45 (2.11) 6.11 (1.34) 6.34 (2.46) 8.11 (3.04)
Inhibition Total 9.25 (2.86) 7.92 (2.96) 8.43 (2.62) 7.18 (2.89) 8.87 (2.81)
Switching Total 8.00 (3.87)* 5.48 (3.69)* 5.50 (2.38)* 6.45 (3.27) 6.59 (2.81)
Graphic Fluency Test NEPSY Il (standard score)

Graphic Fluency 9.11 (2.53) 8.83 (3.59) 8.57(2.38) 7.64 (2.16) 9.15 (2.98)

TOL Test (T score)

Total corrected

48.19 (17.97)

38.17 (17.28)

44.71 (15.84)

36.60 (22.68)

45.04 (16.43)

Violation of rules

70.00 (21.67)

84.58 (10.21)

76.21 (23.33)

80.20 (23.83)

76.20 (21.60)

Time decision

47.44 (11.90)

46.67 (8.31)

46.71 (5.72)

45.20 (7.63)

47.33 (9.76)

Time execution

45.96 (11.34)

49.75 (15.28)

46.21 (16.46)

45.10 (11.39)

47.84 (14.41)

Time total 45.15 (12.50) | 48.08 (14.40) | 47.14(15.91) | 44.90(12.32) | 46.98 (14.17)
MCST Test (z score)

Categories -0.33 (1.61) -0.31(1.27) -0.59 (1.07) -0.74 (0.76) -0.32(1.18)
Correct answers -0.50 (1.16) -0.37 (1.13) -0.32 (1.49) -0.75 (0.89) -0.31(1.26)
Categorial efficiency -0.51 (1.23) -0.84 (1.41) -1.12 (0.95) -1.55 (0.37) -0.63 (1.30)
Total errors 0.35(1.11) 0.12 (0.99) 0.53(1.11) 0.42 (0.73) 0.29 (1.09)
Perseveration errors 0.35(1.37) 0.08 (0.93) 0.04 (0.99) 0.13 (0.93) 0.19 (1.17)
Non perseveration 0.38 (0.97) 0.28 (4.22) 0.78 (1.05) 0.31(0.85) 0.46 (1.18)
errors

Failure 2.54 (4.91) 2.88 (4.22) 2.16 (3.54) 3.63 (3.76) 2.38 (4.41)
Verbal Fluency Test BVN (z score)

Semantic -0.50 (0.94) -0.70 (1.03) -0.84 (1.02) -1.23 (0.91) -0.55 (0.97)
Phonological -0.47 (0.82) -0.92 (0.77) -0.88 (0.78) -0.43 (1.13) -0.76 (0.76)

* = statistically significant differences

The results about the follow up data on the 33 Dbtbjects are described in an ongoing

paper (NMD 2020, submitted).
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A.3 Commentary

The follow up neuropsychological data show difft@g in the manipulation of stored
information, in the ability to inhibit automatic sgonses and switch the tasks, in abstract
reasoning and planning capacity for DMD subjectthaut intellectual disability, after a re-
assessment 3 years apart from the first evalualiofact, despite a slight maturation trend
over time in some tasks assessing executive fumtiparticularly evident for subjects who
show a score impairment at baseline and for thexgest boys, specific difficulties persist,
confirming a characteristic neuropsychological tiorang in DMD boys without intellectual
disability.

These findings are consistent with our previousiltegBattini et al., 2018) and support the
hypothesis of a fronto-striatal-cerebellar networkolvement in DMD.

With respect to our previous study (Battini et a018), this research deepen the
understanding of the role of dystrophin in the tr& more detailed description of subgroups
of subjects according to the real expression of4Dplet us to reveal possible correlations
between genotype and neuropsychological phenotypka more general neuropsychological

impairment emerged in DMD boys without Dp140 expi@s (NMD 2020, submitted).
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1.4  Section B:Total cohort study

B.1 Subjects and Methods

B.1.1 Subjects

Seventeen new DMD patients (mean age: 8 years amdormths) have been recruited
according to the inclusion criteria already usedha follow up study. Therefore, a total
cohort of 57 subjects has been analyzed.

As already described for the follow up study, thlD children have been subdivided into
two groups according to their FIQ (FIQ<85 and F83)»and into three groups according to
site of mutation (Group 1: mutations located u@strdrom or in exon 44; Group 2: mutations
located in or extending to the region correspondimgexons 45-50; Group 3: mutations
located in or downstream exon 51) (see section A).

All parents’ patients included in the study sigredritten informed consent.

B.1.2 Neuropsychological protocol

The new enrolled DMD children performed the sameroygsychological assessment used for
the follow up study, assessing intellectual funigWISC-IV) and executive and language
functions: the Inhibition subtest and the DesiganelRty have been chosen from the NEPSY-
Il (Brooks et al., 2010; Urgesi et al., 2011); T@Rannio Fancello et al., 2006); MCST
(Sannio Fancello et al., 2003), Verbal Fluency-W8gheration from BVN 5-11 (Bisiacchi et
al., 2005) phonological and semantic criteria (Seetion A).

All the subjects were assessed individually andh essessment took approximately 4 hours.

B.1.3 Data and statistical analysis
For the analysis of neuropsychological data seéd@®eA.

In consideration of the sample size, we decidagstonon parametric tests.
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Mann-Whitney U-test was used to compare the digioh of variables among the two

groups in which the sample was subdivided accortbnipe 1Q and Kruskal Wallis test was

used to compare the distribution of variables amitvegthree groups according to the site of
mutation of DMD gene. Version 23 of the SPSS software (SPSS, was) used for all

statistical analyses, setting the significance at0p05.

B.2 Results

B.2.1 Intellectual functioning

We found similar trends in the cohort of 57 DMDipats compared to the previous sample of
40 DMD boys

In the total cohort, we confirmed the worst perfamoe in WMI (mean score=85.58;
SD=16.81) and in the related subtests (Digit Sparean score=7.66; SD=2.81 — and Letter-
Number Sequencing — mean score= 7.46; SD=3.6).

Intellectual functioning profile in the two groug40 DMD subjects/57 DMD subjects) was

reported in Figure 3.A/B.

31



Figure 3.A/B WISC-IV profile in DMD cohort (40 subjects/57 subjects)
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A. Previous cohort of 40 DMD children (modified frddattini et al., 2018)
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B. Total cohort of 57 DMD children

Red bars represent the percentage of normal vataedardized as 100%, blue bars represent patbalogilues.

VCI: verbal comprehension index; VSI: visual spatiaex;WMI: working memory index; PSI: processisigeed index;
FSIQ: Full scale Intelligence Quotient; SI: simiigas; VC: vocabulary; CO: comprehension; BD: bladésign; PC:
picture concepts; MR: matrix reasoning; DS: digitts; LN: letter-number sequencing; CD: coding ¢i§is: symbol
search.
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B.2.2 Executive functions and language

We found similar trends in the cohort of 57 DMDipats compared to the previous sample of
40 DMD boys

Relating to Executive Functions, the overall sangfl67 DMD subjects confirmed the worst
performances in the Switching task of the Inhilmtitest (NEPSY IlI) compared to the
Denomination and the Inhibition tasks (mean scongtcBing Total=6.13; SD=3.8; mean
score Denomination Total=7.77; SD=2.58; mean shuribition Total=8.5; SD=3.13).

In TOL worst performances were confirmed especially“number of moves” (mean
scores=76.80; SD=16.66) and “violation of rules’e@n score=78.64; SD=21.48).

In the MCST, the worst performance was again ifldfa” (mean score=2.59; SD=4.31).

We confirmed good performances in Graphic Fluenegt TNEPSY II) (mean score=8.98;
SD=3.14).

Concerning language abilities, the scores of glgbalip of 57 DMD subjects ranged between
-2.7 and +1.87 z score in Semantic fluency test lagiiveen -2.33 and +3.84 z score in
Phonetic fluency test, with an impairment in 24.886 14.5% of patients, respectively.
Executive functions and language profile in the tgroups (40 DMD subjects/57 DMD

subjects) was reported in Figure 4.A/B.
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Figure 4.A/B Executive functions and language prae in DMD cohort (40 subjects/57

subjects)
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A. Previous cohort of 40 DMD children (modified frddattini et al., 2018)
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B. Total cohort of 57 DMD children

Red bars represent the percentage of normal valtsslardized as 100%, blue bars represent the rpagee of
pathological values.

Den Tot: Denomination; Inhib tot: inhibition toteBwit tot: switching total (NEPSY ). t_totcorrotal corrected; t-
moves: number of moves; t_rules: violation of rule;dec: time decision; t_t.esec: time esecuttohtot: time total
(TOL). z_categ: categories; z_corr.answer: corawiwers; z_categ.eff: categorial efficiency; zetot.total error;
Z_persev.err: perseveration errors; z_npers.em: pgrseveration errors; z_fail: failure (MCST). @ru TOT_pp:
graphic fluency (Nepsy-Il). Phonological (phon) aminantic (sem) fluency has been also described.
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B.2.3 Comparison between groups according to sité mutation and FIQ

As the analysis did not reveal any differences betwthe follow-up and the baseline, all the
evaluations were taken into account for the stagisanalyses. Therefore, 90 assessments
were included in the statistical analysis: the 88l@ations at baseline, the 33 evaluations at
follow-up, the 7 evaluations at baseline of pasehdst at follow-up and the new 17
evaluations.

With regard to site of mutatiod0 evaluations (44.4%) derived from patients of prd, 30
(33.4%) from patients of Group 2, and 20 (22.2%irfipatients of Group 3.

In 22 evaluations (24%) FIQ was <85, and in 68 @atibns (76%) FIQ was85.

Regarding intellectual functioning, when we dividdte subgroups according to site of
mutation, the best performances were observed oaugsd and the worst performances in
Group 3 in most cases. Statistically significaritedences were found in WMI (p=0.044) and
its related subtest Digit Span (p=0.018), where whest performances were observed in
Group 3.

Concerning executive functions and language assggsmthe best performances were
observed in Group 1 and the worst performances rous 3 in most cases. Statistically
significant differences were found in Switchingatobf the Inhibition subtest (NEPSY-II)
(p=0.037) and in Violation of rules at TOL test (0847), where the best performances were
observed in Group 1.

When we subdivided the whole cohort in the two sabgs according to FIQ, the best
performances were observed for EB3>evaluations and the worst performances for FE)<8
in most cases. Statistically significant differesmiegere found in “Correct answers” of MCST
Test (p= 0.023) and “Graphic Fluency Total” of NEPH (p=0.049), where the best
performances were observed for FE3>evaluations.

Table 4 shows details of the mean scores and SD&ISLC-1V, executive functions and

language subtests in different subgroups accondirsge of mutation and FIQ.
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Table 4. WISC-IV and Executive functions and languge assessments in DMD

cohort subdivided into groups according to site omutation and FIQ

Site of mutation Intellectual quotient
Group 1 Group 2 Group 3 FIQ <85 FIQ>85
40 30 20 22 68
assessments assessments assessments assessments assessments
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

WISC-IV Index

Verbal Comprehension | 99.95 (16.40) 97.57 (14.66) 94.70 (9.61) 84.64 (7.29) 102.31(13.68)
Index

Perceptual Reasoning 103.55 (15.43) | 99.70 (14.02) 99.15 (16.48) | 89.82 (9.02) 105 (13.54)
Index

Working Memory 82.68 (15.43)* | 89.97 (13.74)* | 81.55 (15.79)* | 72.05 (12.12) 89 (13.83)
Index

Processing Speed 95.73 (13.71) 92.97 (12.63) 91.55(10.70) | 87.95 (11.89) 95.79 (12.47)
Index

Full Intellectual 95.38 (14.71) 93.73 (11.77) 90.25(10.60) | 79.05 (3.91) 98.43 (11.18)
Quotient

WISC-1V Subtest

Similarities 10.03 (2.82) 9.90 (3.20) 9.30(2.83) 7.73 (2.12) 10.50 (2.85)
Vocabulary 10.28 (3.00) 9.33(3.17) 9.65 (1.63) 7.68 (1.94) 10.51 (2.72)
Comprehension 9.68 (3.63) 9.20(2.62) 8.40 (2.93) 6.91 (2.72) 9.99 (2.95)
Block Design 9.90 (2.97) 10.37 (3.39) 9.50 (3.19) 7.86 (2.40) 10.65 (3.07)
Picture Concepts 11.38(2.19) 10.37 (3.17) 11.10(2.97) | 9.05 (2.28) 11.60 (2.58)
Matrix Reasoning 10.48 (2.59) 9.97 (2.95) 9.15 (3.35) 8.50 (2.43) 10.50 (2.89)
Digit Span 7.13 (2.28)* 8.73 (2.33)* 7.05(3.02)* | 6.50(2.79) 8.01 (2.40)
Letter-Number 7.10 (3.61) 7.93 (3.14) 6.80 (3.07) 4.29 (2.35) 8.24 (3.04)
sequencing

Coding 9.15 (2.54) 8.43 (3.05) 7.70 (2.54) 8.23 (3.25) 8.71 (2.58)
Symbol Research 9.45 (3.02) 8.87 (2.50) 9.45 (2.96) 7.77 (2.72) 9.74 (2.71)

Inhibition Test (NEPSY-II) (standard score)

Denomination Total 8.91 (2.56) 7.66 (2.57) 8.76 (2.49) | 7.57 (2.87) 8.59 (2.82)
Inhibition Total 8.93 (3.00) 7.55 (2.86) 8.35(2.35) | 7.32(2.12) 8.38 (3.07)
Switching Total 7.76 (3.65)* 5.50 (3.43)* 5.95(2.57)* | 6.84 (3.06) 6.52 (3.62)

Graphic Fluency Test NEPSY Il (standard score)

Graphic Fluency 9.18 (2.97) 8.77 (3.30) 8.63(2.11) | 7.95 (2.54)* 9.24 (2.97)*

TOL Test (T score)

Total corrected 47.50 (16.78) | 40.63(16.80) | 44.70(13.62) | 40.33 (18.02) | 45.84 (15.54)

Number of moves 75.05(19.42) | 80.57 (14.95) | 78.95(13.15) | 81.43 (12.72) | 76.69 (17.69)
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Violation of rules

71.08 (20.88)*

83.47 (20.04)*

79.17(22.39)*

75.53 (21.57)

77.74 (21.50)

Time decision

47.87 (13.24)

46.50 (7.82)

47.45 (8.75)

47.71(9.54)

47.19 (10.99)

Time execution

46.49 (11.48)

48.50 (13.99)

45.50(13.79)

47.43 (11.71)

46.79 (13.20)

Time total 46.36 (12.88) | 47.23(13.09) | 46.75(14.05) | 47.95(11.76) | 46.37 (13.51)
MCST Test (z score)

Categories -0.50 (1.01) -0.27 (1.30) -0.32(1.14) | -0.59 (1.12) -0.32 (1.14)
Correct answers -0.59 (1.11) -0.35 (1.25) -0.48 (1.41) -0.91 (1.09)* -0.24 (1.24)*
Categorial efficiency -0.84 (1.13) -0.97 (1.33) -1.04 (1.06) -1.38 (0.68) -0.79 (1.25)
Total errors 0.47 (1.06) 0.27 (1.09) 0.29(1.02) | 0.73(0.95) 0.26 (1.06)
Perseveration errors 0.55 (1.44) 0.35(1.31) -0.49 (0.91) 0.78 (1.43) 0.22 (1.25)
Non perseveration 0.37 (0.89) 0.25(1.31) 0.50 (1.09) 0.30 (0.90) 0.37 (1.13)
errors

Failure 2.56 (4.24) 3.14 (4.45) 1.75(3.29) | 2.58(3.38) 2.55 (4.30)
Verbal Fluency Test BVN (z score)

Semantic -0.56 (1.06) -0.69 (1.03) -0.69 (0.97) | -0.99 (1.02) -0.54 (1.00)
Phonological -0.49 (1.12) -0.91 (0.73) -0.95 (0.95) | -0.42 (1.55) -0.82 (0.76)

* = statistically significant differences

B.3 Commentary

The results confirm a characteristic neuropsycholdgorofile in a wider cohort of DMD
patients without intellectual disability than prewsly studied (Battini et al., 2018). In fact, we
found similar trends in the cohort of 57 DMD patenompared to the previous sample of 40

DMD boys, both for intellectual functioning and faxecutive functions and language

assessment.

The comparison between groups according to siteations confirm possible genotype-

neuropsychological phenotype correlations also hs twider cohort, with a major

neuropsychological impairment in DMD boys withoytI20 expression.
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Moreover, the enlargement of the sample let ugveal, as expected, a possible effect of the
intellectual functioning on the performances atropsychological tasks; in fact, DMD boys

with a better FIQ tend to obtain better performaralso in other neuropsychological tests.
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1.5 Section C BRIEF-2 study

C.1 Subjects and Methods

C.1.1 Subjects

All the 17 new enrolled children’ parents and 3@idtien’s parents of the follow up study
were involved in this study. A total of 47 childieparents were included. As already
described for the previous studies, the DMD chiidnevolved were subdivided into two
groups according to their FIQ (FIQ<85 and FB3¥and into three groups according to site of
mutation (Group 1: mutations located upstream frmmn exon 44; Group 2: mutations
located in or extending to the region correspondimgexons 45-50; Group 3: mutations
located in or downstream exon 51) (see Section A).

With regard to FIQ, 15 boys showed a FIQ<85 anad B2Q>85.Concerning site of mutation,

23 DMD children belonged to Group 1, 13 to Grousgm® 11 to Group 3.

C.1.2 BRIEF-2 questionnaire

The Behavior Rating Inventory of Executive FuncipBecond Edition (BRIEF-2) - Parent
Form (Marano et al., 2016) was administered in oitdeassess everyday behavior and
executive functioning in home environment. It ismgmwsed by 63 items and includes 9
subscales (Inhibit, Self-Monitor, Shift, Emotion&ontrol, Initiate, Working Memory,
Plan/Organise, Task Monitor, and Organisation otévlals). The subscales form three broad
indexes (Behavioural, Emotion and Cognitive Regoilaindex) and a Global Executive

Composite Index. Higher BRIEF scores representgyamxecutive functions.

C.1.3 Data and statistical analysis
T scores were used to interpret the child’s leviekexecutive functioning as reported by
parents (mean = 50, SD = 10; pathological valués.>6

In consideration of the sample size, we decidagstonon parametric tests.
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Mann-Whitney U-test was used to compare the digioh of variables among the two

groups in which the sample was subdivided accortbrtge FIQ and Kruskal Wallis test was
used to compare the distribution of variables amitvegthree groups according to the site of
mutation of DMD gene. Version 23 of the SPSS software (SPSS, was) used for all

statistical analyses, setting the significance at0p05.

C.2 Results

The mean scores were in the normal range in athéests, but the worst mean performance
was observed in “Shift” (mean score=51.11; SD=1P&W the best one in “Organization of
Materials” (mean score=43; SD=7.18) (Figure 5).

The highest percentage of T-score over 65 was mft"S(24.32%), followed by “ERI”
(13.51%), and “Emotional control”, “Initiate”, antWorking Memory” (10.8 % for all the

three indexes).

Figure 5. BRIEF-2 mean scores
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When we subdivided the sample according to sitematation, we found statistically
significant difference in “Working Memory” (p=0.083where the highest T score was
observed in Group 3.

No statistically significant differences were fouhdtween groups subdivided on FIQ. The
mean scores obtained at BRIEF-2 in groups subdivadeording to site of mutation and FIQ

are shown in Table 5.

Table 5. BRIEF-2 mean scores in subgroups accordjro site of mutation and FIQ
Site of mutation Intellectual quotient
Group 1 Group 2 Group 3 FIQ <85 FIQ>85

23 subjects 13 subjects 11 subjects 15 subjects 32 subjects

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Inhibit 47.78 (10.56) 46.08 (4.15) 51.73 (8.19) 46.20 (5.67) 49.19 (9.82)
Self monitoring 42.83 (9.94) 46.15 (5.54) 48.36 (9.92) 46.47 (7.36) 44.37 (9.79)
BRI 45.26 (9.64) 45.85 (4.08) 50.27 (8.74) 46 (5.25) 46.88 (9.52)
Shift 51.04 (13.31) 46 (9.59) 57.27(14.07) | 50.87 (11.40) | 51.22(13.82)
Emotional control 49.83 (10.40) 48.08 (8.50) 51.09 (9.81) 49.60 (8.71) 49.66 (10.16)
ERI 50.39 (11.91) 46.69 (9.15) 54.27(11.88) | 50.33(10.38) | 50.25(11.88)
Initiate 48.13 (9.92) 46.46 (9.13) 50.91(10.55) | 46.87 (8.42) 49 (10.41)
Working memory 47.57 (11.36)* 43 (6.23)* 54.27(10.73)* 47.80 (8.18) 47.91 (11.75)
Plan/organization 44.35 (10.85) 44.77 (8.28) 49.27(11.98) 47 (10.37) 44.97 (10.62)
Organization  of 43.35 (8.55) 41.15 (2.94) 44.45 (7.70) 43.27 (4.88) 42.88 (8.11)
materials
Monitor 45.87 (10.99) 43.08 (5.45) 48.08 (7.20) 44.53 (7.43) 46.13 (9.64)
CRI 45.04 (10.81) 42.85 (6.31) 49.36 (9.22) 45.40 (7.82) | 45.47 (10.32)
GEC 46.65 (11.45) 44 (6.82) 51.18 (9.95) 46.27(7.59) | 47.31(11.25)

C.3 Commentary
Despite the assessment of DMD children withoutlletéual disability may show possible
neuropsychological weaknesses, the results obtaipgdthe BRIEF-2 questionnaire
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demonstrate that the parents focus little attention cognitive and neuropsychological
abilities of their children.

As a good cognitive level may mask possible undsglgxecutive dysfunctions, DMD boys

without intellectual disability are a particulanylnerable population. In fact, not detected
and recognized neuropsychological impairments naaelanyway a negative impact on the

global functioning of these children.
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2. Genetic study

2.1 Introduction

As known, the site of mutation iIBMD gene may have an impact on the cognitive and
neuropsychological functioning in DMD boys. Alsoraweuropsychological results confirm
that a more evident neuropsychological impairmenobserved in DMD children without
Dp140 expression.

The role of common polymorphisms in genes rematenftheDMD gene that may act as
genetic modifiers and modulate the disease sevgdiz et al., 2014; Hindi et al., 2014; Barp
et al., 2015; Bello et al., 2015; Bello et al., 861 Quattrocelli et al., 2017; Spitali et al.,
2020) has been widely studied to explain the vdigln clinical phenotype severity that is
commonly observed in DMD, in term of age at lossnolependent ambulation, age of onset
and rate of progression of respiratory insufficieaod dilated cardiomyopathy.

To our knowledge, the role of these genetic modifias possible influential factor for
neuropsychological profile has never been deepenBdD population.

However, in addition to being commonly involved response to tissue damage, in tissue
repair and regeneration, and in regulation of tifammatory response (Bello et al., 2019),
some of these genes and their protein productsatsmbe expressed in the brain, with a
possible role in pathogenesis of neurodegeneratiseases, in neuroinflammation or in
neuroprotection (Yu et al., 2017; Dobolyi & Palkisyi2008; Togo et al., 2000; Kempuraj et
al., 2016; Carriba et al., 2017).

These data suggest the possibility to identify e which could influence also the

neuropsychological profile in DMD.
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2.2 Aims

In addiction to role of the site of mutation BMD gene, in this ancillary research to the
neuropsychological study, we wanted to analyserpofphisms in genes which have been
already reported as modifiers for DMD in a subgrafioMD children already involved in
the neuropsychological study in order to identifysgible biological biomarkers of their

deficits.

2.3  Subjects and Methods
2.3.1 Subjects

Blood samples from 20 of the 57 children involvedhe neuropsychological study have been
collected and were analysed at the Laboratory eirdfeuscular Centre in Padova.
The mean age of the sample at baseline evaluateen8A08 years and the mean FIQ was

94.9.

2.3.2 Genetic testing

We applied a candidate gene association strateggetuify possible genetic modifiers and
we concentrated on selected variants in genes wideh been already reported as modifiers
for DMD. Genotypes at the SNPs rs28357094 (T/Geutade substitution at position -66 in
the promoter region of th&PP1l gene), rs2303729LTBP4 V194l), rs1131620 L(TBP4
T787A), rs10880LTBP4 T1140M), and rs1883832 (T/C nucleotide substitutmljacent to
where translation starts in the 5° UTR@D40 gene) were determined by Applied BioSytems
TagMan SNP genotyping assays and end-point alilicrimination on an ABI-7000 SDS
instrument.

For SPP1 rs28357094, a dominant model for the minor al@le/as adopted (Pegoraro et al.,
2011). LTBP4 haplotype was reconstructed based on rs230372231620, and rs10880
genotypes. Genotype at the fourth SNP rs10513020ABwas imputed from rs1131620

genotype, assuming no recombination events duerypstrong linkage disequilibrium (LD).
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Patients were assigned to genotype groups accotdingcessive inheritance models for
rs10880 and were subdivided into VTTT homozygol&8M homozygotes, and “other” for
other haplotype configurations (e.g. VTTT/IAAM heieygotes, other rare haplotypes)
(Flanigan et al., 2013; Barp et al., 2015).

RegardingCD40 rs1883832, an additive model for the minor allElevas applied (Bello et
al., 2016b).

Dystrophin gene mutations were classified based tloa predicted effect on Dp140
expression: “Dpl140-" for those in which the Dpl4@moter or translation start ATG was
lost, or there were frameshift/nonsense mutatiatisimthe Dp140 ORF; “Dp140+” for those
with an intact promoter and ORF for Dp140; and ‘iduk” for mutations situated in between
the Dp140 promoter (intron 44) and translationtstadon (exon 51), for which the actual

effect on Dp140 expression is hard to predict.

2.3.3 Data and statistical analysis

Distributions of test scores were summarised asnme8D. Score differences by genotype
group were tested by ANOVA, with scores as dependanables and concurrent effects of
genotypes as independent variables. In the ANOVAleats) the effect of DMD mutations on
Dp140 expression was modelled quantitatively ab®viol Dp140- = 0; Dp140 “dubious” =

0.5; and Dp140+ = 1. Statistical tests were peréatwith R v. 3.5.3. Statistical significance

was set at p < 0.05.

2.4  Results

2.4.1 SPP1rs28357094 genotyping

RegardingSPP1 rs28357094 genotyping, in our cohort there werdd®ozygotes for the T
allele (75%), 5 T/G heterozygotes (25%) and no hxoygotes for the G allele. This

distribution was close to expected minor allelegfrency (MAF) in a European population
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(1000 Genomes Project Consortium et al., 2042) consistent with Hardy-Weinberg

equilibrium (HWE).

The mean scores and SDs of WISC-IV and Executivetions and language subtests at
baseline evaluation in DMD cohort subdivided &1 rs28357094 genotyping are reported

in Table 6.

Table 6. DMD cohort subdivided onSPP1 rs28357094 genotyping

SPP1 rs28357094 genotyping
TG T

15 subjects 5 subjects

Mean (SD) Mean (SD)
WISC-1V Index
Verbal Comprehension Index 97.2 (11.19) 99.6 (17.14)
Perceptual Reasoning Index 101.4 (18.15) 105.33 (15.85)
Working Memory Index 91.6 (15.21) 85.4 (16.50)
Processing Speed Index 88.8 (12.01) 90 (10.74)
Full Intellectual Quotient 94 (9.75) 95.2 (17.71)
WISC-1V Subtest
Similarities 9(1.87) 9.93 (3.73)
Vocabulary 9.4 (1.95) 10 (3.30)
Comprehension 10.2 (3.20) 9.87 (2.90)
Block Design 9(4.19) 10.13 (3.11)
Picture Concepts 13.2(1.48) 11.6 (2.75)
Matrix Reasoning 8.6 (4.04) 10.87 (3.23)
Digit Span 7.2 (3.35) 7.13 (2.95)
Letter-Number sequencing 10 (2) 8(3.30)
Coding 8.4 (2.88) 8.33 (2.82)
Symbol Research 7.8 (1.92) 8.33(2.66)
Inhibition Test (NEPSY-II) (standard score)
Denomination Total 9(1.87) 7.73 (2.49)
Inhibition Total 8.4 (1.95) 9.6 (3.50)
Switching Total 3.8 (3.83) 7.33 (4.08)
Graphic Fluency Test NEPSY Il (standard score)
Graphic Fluency | 7.6 (3.91) 8.87 (2.95)
TOL Test (T score)
Total corrected 48.6 (14.19) 43.4 (15.06)
Number of moves 61.2 (17.96)* 79.73 (16.38)*
Violation of rules 76.6 (23.02) 77.47 (25.53)
Time decision 41.2 (3.96) 46.27 (6)
Time esecution 43 (5.43) 49.67 (12.38)
Time total 40.4 (2.41)* 49 (11.06)*
MCST Test (z score)
Categories -0.38 (1.27) -0.21 (1.26)
Correct answers -0.05 (1.66) -0.44 (1.14)
Categorial efficiency -1.06 (1.04) -0.70 (0.78)
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Total errors -0.05 (1.32) 0.50 (0.95)
Perseveration errors 0.51 (2.42) 0.20 (1.05)
Non perseveration errors -0.04 (0.71) 0.63 (1.90)
Failure -0.18 (0.40) 0.58 (2.27)
Verbal Fluency Test BVN (z score)

Semantic -0.72 (1.14) -1.07 (1.25)
Phonological -0.67 (0.60) -0.85 (0.95)

* = statistically significant differences

At TOL test, T/G heterozygotes patients reporteceduced “number of moves” than T/T
homozygotes with a statistically significant difece (p=0.0411°=0.21 - “large”). A
statistically significant difference emerged alsd‘time total” where T/G heterozygotes took
less time to complete the task (p=0.08%0.08 — “medium/large”).

The significant differences in groups subdividedS®®1 rs28357094 genotyping are shown

in Figure 6. A/B.

Figure 6.A/B. T scores in “number of moves” and “tme total” at TOL test in groups

subdivided onSPP1 rs28357094 genotyping

8 - N e
! R |
& I
o | : e o
(=] 1
g i
o | 8 (5)
] o0 (ID
o |
wn | - !
5 R- i 5
| - [e]
EI : |_I g | o
= o o
o | I
© . o
| o
Q@
‘. : | )
: 8 b
8 S S
¢ - T T T I
TT TG TT TG
SPP1 rs28357094 SPP1 rs28357094

a7



2.4.2 LTBP4 genotyping

With regard td_TBP4 genotyping, 14 patients (70%) were homozygoteshtleVTTT/VTTT
haplotype, and 2 (10%) for the IAAM/IAAM haplotyp®ther haplotype configurations (e.g.
VTTT/IAAM heterozygotes, other rare haplotypes) &véwund in 4 patients (20%).

These findings were close to the expected disiohufor a European population (1000
Genomes Project Consortium et al., 2C4r&) consistent with HWE.

The mean scores and SDs of WISC-IV and Executivetfons and language subtests at
baseline evaluation in DMD cohort subdivided on [PPBgenotyping were reported in Table

7.

Table 7. DMD cohort subdivided onL TBP4 genotyping.

LTBP4 genotyping

VTTT/VTTT Other IAAM/IAAM

14 subjects 4 subjects 2 subjects

Mean (SD) Mean (SD) Mean (SD)
WISC-1V Index
Verbal Comprehension Index 100.86 (17.34) 98.5 (11.36) 87 (1.42)
Perceptual Reasoning Index 104.64 (16.98) 105.75 (18.30) 99.5(9.19)
Working Memory Index 86.07 (17.48) 88.75 (15.95) 89.5 (10.61)
Processing Speed Index 91.21 (11.13) 83 (10.86) 92.5(2.12)
Full Intellectual Quotient 96 (18.07) 93.75 (12.26) 89.5 (0.71)
WISC-1V Subtest
Similarities 10.21 (3.75) 9 (2.16) 7.5(0.71)
Vocabulary 10.21 (3.26) 10.25 (0.5) 6.5 (2.12)
Comprehension 10 (2.96) 10 (3.65) 9.5(2.12)
Block Design 9.5 (3.61) 10.5 (3.32) 11 (1.41)
Picture Concepts 12.07 (2.53) 13.25(1.71) 9(2.83)
Matrix Reasoning 10.71 (3.40) 9 (4.55) 10 (2.83)
Digit Span 6.86 (3.03) 7.25 (2.63) 9 (4.24)
Letter-Number sequencing 8.5 (3.44) 9(2.94) 7.5(0.71)
Coding 8.57 (2.98) 7.25(2.22) 9(2.83)
Symbol Research 8.5 (2.56) 7 (1.83) 8.5 (3.54)
Inhibition Test (NEPSY-II) (standard score)
Denomination Total 7.79 (2.58) 9(2.16) 8 (1.41)
Inhibition Total 8.79 (3.14) 9.25 (2.87) 13 (2.83)
Switching Total 5.93 (3.40) 7.75(5.32) 7.5(9.19)
Graphic Fluency Test NEPSY Il (standard score)
Graphic Fluency | 8.29 (2.84) | 7.75 (2.87) 12 (5.66)
TOL Test (T score)
Total corrected 41.36 (14.47) 51.75 (14.01) 54 (15.56)
Number of moves 81.36 (14.56)* 60.5 (18.84)* 60.5 (26.17)*
Violation of rules 77.5 (24.26) 78.75 (25.99) 72.5 (38.89)
Time decision 45.29 (6.29) 42.25 (4.19) 48.5 (6.36)
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Time esecution 48.43 (13.29) 46 (5.94) 49 (2.83)
Time total 47.64 (12.01) 43 (3.74) 49 (4.24)
MCST Test (z score)

Categories -0.51 (1.11) -0.16 (1.36) 1.40 (0.94)
Correct answers -0.57 (1.12) -0.03 (1.80) 0.64 (0.74)
Categorial efficiency -0.98 (0.75) -0.67 (0.86) 0.24 (0.28)
Total errors 0.44 (1.09) 0.54 (1.00) -0.52 (0.79)
Perseveration errors 0.96 (1.18) 1.19 (2.36) -0.26 (0.34)
Non perseveration errors 0.71 (1.08) -0.025 (0.73) -0.37 (0.66)
Failure 0.43 (2.16) -0.23 (0.45) 1.38 (3.19)
Verbal Fluency Test BVN (z score)

Semantic -1.02 (1.21) -0.65 (1.19) -1.35(1.87)
Phonological -0.89 (0.90) -0.58 (0.68) -0.69 (1.39)

* = statistically significant differences

At TOL test, VITT/VTTT homozygotes patients repartevorse performances in “total
correctanswers” than IAAM/IAAM homozygotes and other gempas. In particular, an

almost significant difference emerged for “numbefr moves” where higher scores
(corresponding to a worse performance) were obdeime VTTT/VTTT homozygotes

(p=0.053:1°=0.52 — “large”).

The significant differences in groups subdivided.diBP4 genotyping are shown in Figure 7.

Figure 7. T scores in “number of moves” at TOL testin groups subdivided onLTBP4

genotyping
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2.4.3 CD40rs1883832 genotyping

ConcerningCD40 rs1883832 genotyping, 11 patients (55%) were hogaeg for the C
allele, 8 were C/T heterozygotes (40%) and onlyas wvomozygotes for the T allele (5%).
These findings were close to the expected distohufor a European population (1000
Genomes Project Consortium et al., 2C4r&) consistent with HWE.

The mean scores and SDs of WISC-IV and Executivetions and language subtests at

baseline evaluation in DMD cohort subdivided on O@#notyping were reported in Table 8.

Table 8. DMD cohort subdivided onCD40 rs1883832 genotyping

CD40 rs1883832 genotyping
cc CcT T
11 subjects 8 subjects 1 subject
Mean (SD) Mean (SD)

WISC-1V Index
Verbal Comprehension Index 92.73 (12.40) 109.25 (15.38) 86
Perceptual Reasoning Index 97.91 (13.28) 114 (16.41) 98
Working Memory Index 82 (14.84) 95.13 (15.71) 76
Processing Speed Index 88 (8.38) 93 (13.71) 82
Full Intellectual Quotient 88.18 (11.33) 105.75 (16.42) 82
WISC-1V Subtest
Similarities 8.55 (2.58) 11.63 (3.66) 7
Vocabulary 8.82 (3.16) 11.25 (2.43) 10
Comprehension 9(2.37) 11.75 (2.71) 6
Block Design 8.45 (2.62) 12 (3.38) 8
Picture Concepts 10.73 (2.53) 13.88 (1.36) 11
Matrix Reasoning 10 (3.46) 10.75 (3.92) 10
Digit Span 6.36 (3.07) 8.38 (2.72) 6
Letter-Number sequencing 7.64 (3.14) 10 (2.73) 6
Coding 8.55 (3.36) 8.13 (2.10) 8
Symbol Research 7.45 (1.75) 9.5(2.93) 6
Inhibition Test (NEPSY-II) (standard score)
Denomination Total 7.55(2.38) 8.63 (2.50) 9
Inhibition Total 8.64 (3) 9.75 (3.41) 13
Switching Total 5 (3.40)* 7.5 (4.28)* 14%*
Graphic Fluency Test NEPSY Il (standard score)
Graphic Fluency | 9.09 (3.709 8.38(2) 4
TOL Test (T score)
Total corrected 38.64 (15.39) 54.13 (8.64) 36
Violation of rules 81.36 (13.95) 65 (20.70) 87
Number of moves 80.91 (11.84) 69.38 (26.37) 100
Time decision 45.91 (6.06) 44.13 (6.24) 42
Time esecution 50.09 (14.56) 44.88 (5.06) 50
Time total 49.64 (12.54) 42.88 (5.69) 48
MCST Test (z score)
Categories -0.48 (1.27) 0.10 (1.24) -0.6
Correct answers -0.79 (1.09) 0.25 (1.35) -0.11)
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Categorial efficiency -1.11 (0.64) -0.41 (0.92) -0.58
Total errors 0.53 (1.21) 0.17 (0.87) 0.13
Perseveration errors 0.24 (1.25) 0.37 (1.83) 0.03
Non perseveration errors 0.80 (1.89) 0.04 (0.69) 0.14
Failure 0.36 (2.14) 0.49 (2.02) 0
Verbal Fluency Test BVN (z score)

Semantic -1.28 (1.01) -0.48 (1.31) -1.67
Phonological -0.71 (0.97) -1.03 (0.73) 0

* = statistically significant differences

A significant difference emerged among groups stitldd onCD40 rs1883832 genotyping
for Switching Total of the Inhibition test (NEPSY)}-Where lower scores were observed in
C/C homozygotes patients (p=0.033=NaN).

The significant differences in groups subdividedGp40 rs1883832 genotyping are shown
in Figure 8.

Figure 8. T scores in “Switching total” of the Inhbition test (NEPSY-II) in groups

subdivided onCD40 rs1883832yenotyping
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2.5 Commentary

These results suggest that some polymorphisms mesg&nown as genetic modifiers of
phenotype variability for motor and cardiac asp&tt®MD boys may play a role also in the
modulation of their neuropsychological phenotyppe&fically, these genetic variants seem
to have an effect on executive functioning as gwig, planning and problem solving
abilities.

Therefore, our genetic data, even if with the limiitthe small sample, suggest that genetic
mechanisms other than site of mutatioliMD gene may have a role as potential biological
biomarkers of the neuropsychological profile forr czohort of DMD patients without

cognitive disability.
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3. Neuroimaging study

3.1 Introduction

DWI uses water molecules diffusion patterns to mlewon-invasively image contrast and
reveal in vivo details of white matter (WM) micrastture. In particular, tractography can be
applied to map WM pathways and trajectories in bh@n (Jones & al., 2013; Tournier,
2019). At the moment, WM tracts which include crogdibers, as the afferent and efferent
cerebellar tracts, may be accurately reconstruledrnier et al., 2008; Kamali et al., 2010;
Tournier et al., 2013; Palesi et al., 2015), thatakdevelopments of new techniques of data
acquisition, such as high-angular-resolution diffnsimaging (HARDI), and progress in
postprocessing software (Tournier et al., 2008;rf@u et al., 2013).

Quantitative analysis of WM organization can alsgoplerformed measuring scalar measures,
such as Fractional Anisotropy (FA), in specific maic regions of interest (ROIs) or
within/along reconstructed WM tracts (Jones et2413).

Tractography has been widely applied for neurodgrakental and neurological disorders and
it has also been tried in neuromuscular disordeduding DMD, with a small scientific
contribution (Doorenweerd et al., 2014; Fu et2016).

In the last years, IRCCS Stella Maris MRI Laborgtbas acquired a large experience in the
use of conventional and advanced MRI techniqueshitdren with neurological disorders.
The connectomic whole brain approach and recongiruof specific tracts by HARDI
approach have been already developed in the Laivgrahd applied in different pathological
conditions, in particular in children with primaperebellar disease, language disorders as
childhood apraxia of speech (CAS) (Fiori et al.1@8&; Fiori et al., 2016b) and autism (Conti
et al., 2016; Conti et al., 2017).

The overall above-described neuropsychological lteswf this research (see 1.

Neuropsychological study) strengthen the involvement of cerebello-cereletworks in the
53



neuropsychological profile of DMD children and soppthe application of DWI tractography

in this population.

3.2 Aims

Since we succeded in better defining the neuromdggical functioning in DMD without
intellectual disability, and we highlighted potertbiological genetic modifiers (see previous
studies), in this pilot study our ambition was éveal also possible functional neuroimaging
biomarkers of the neuropsychological profile of DMD

In this perspective, in this study we aimed to expistructural connectivity in DMD children
focusing on cortico-subcortical tracts that conrnbetfrontal cortex, the basal ganglia and the
cerebellum via the thalamus and on tracts that baea described to be possibly involved in
executive functions. Mean FA along each tract walsutated. FA is a normalised scalar
measure that describes the degree of diffusionotnjsy and varies between 0 (equal
diffusion in all directions) and 1 (highly directial diffusion). It was used as the measure of
altered white matter connectivity, and comparedrgrioMD, BMD children and in sex- and
age-matched controls. As FA reflects fibre densiyonal diameter and myelination, we
hypothesized that DMD boys had lower FA in the goedl tracts than the other groups of
subjects.

Moreover, we explored possible correlations betwadtared FA values and clinical measures
of neuropsychological function in each DMD and BMiup, in order to identify possible
functional neuroimaging biomarkers of the neuropsyagical profile. We hypothesized that

reduced FA corresponded to higher functional impairt.
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3.3  Subjects and Methods
3.3.1 Subjects

Fifteen subjects participated in the study. Thayaf the DMD disease, the difficulty for the
patients’ families to move from long distances, gagticipation of many DMD patients in
experimental trials which already involve sevetalical monitoring, or the refusal of patients
to participate in a study involving a brain MRI fwool which is not part of the routine follow
up, compromised the recruitment of DMD childrenefidfore, only 5 DMD boys (mean age:
10.1 years old; range: 7-13 years) were enrollethénstudy. Three of them were recruited
from IRCCS Stella Maris Foundation, Pisa, and haiready participated to the above-
mentioned neuropsychological study, and 2 were liedrofrom IRCCS Institute of
Neurological Sciences, Bellaria Hospital, BologBacause of the involvement of dystrophin
in all dystrophinopathies, additional 5 BMD boyse@n age: 13.1 years old; range: 11-15
years) were also recruited in the study from IRCEI8lla Maris Foundation. BMD is due to
mutations inDMD gene which result in partly functional dystrophline variable expression
of the protein reflects the widely variable clifiginenotype observed in BMD children, in
terms of motor and cardiorespiratory outcome (Fjanj 2014). In literature, the
neuropsychological functioning of BMD boys has bdess widely explored than DMD
(Young et al.,, 2008; Banihani et al., 2016). We mapeculate that the BMD
neuropsychological phenotype could be similar lautable compared to DMD.

The inclusion criteria for the study were the fallog: i) DMD and BMD boys with proven
mutation in the dystrophin gene; ii) the availdiilof a brief neuropsychological evaluation
assessing cognitive and neuropsychological funictgnnii) no cognitive impairment (1Q<70)
or any associated neuropsychiatric disorders (desgstant epilepsy, autism spectrum,
attention deficit and hyperactivity) neither anyddinal neurosensory deficits; iv) steroid

treatment and/or other experimental drug stablatfdeast six months.
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Moreover, 5 age-matched typically developing (TBy® (mean age: 9.5 years old; range: 7-
12 years) were enrolled.

All the children were recruited only if they havetiMRI contraindications and if they were
be able to lie supine for at least 30/40 minutdse MRI were in fact performed without
narcosis.

The study was approved by Tuscany Pediatric Etba@smittee on September 26th 2017 and
a specific informed consent form has been signedllbyarents and subjects included in the

study.

3.3.2 MRI acquisition

MRI data were acquired by using a 1.5T MRI scanfiebT GE HDx). The acquisition
protocol consisted of: (1) Isotropiggh-resolution T1-weighted sequen&®(BRAVO) with
slice thickness = 1 mm, Field of view (FOV) = 256nnX 256 mm, matrix = 256 X 256;
Time of repetition (TR)/ Time of echo (TE) = 45/8.ms, flip angle (fa) = 13°; (2) Isotropic
diffusion weighted sequence using a 2D single-&#it including 30 non-collinear encoding
directions with b value of 1008/mm? and one additional volumeithout diffusion
gradients (bQ)slice thickness = 3 mm; FOV = 240 mm X 240 mmirira= 80 x 80; TR/TE

= 13000/115.8 ms

3.3.3 MRI analysis

Brain tissue segmentation was performed using FméeS(Fischl, 2012) based on 3D T1-
weighted images. WM, gray matter, cerebrospinad f(CSF) and subcortical gray matter
structures were obtained for each subject (5 t\gsei¢ segmentation).

DWI data were preprocessed to correct image attifeaused by involuntary head motion,
cardiac pulsation, and intensity inhomogeneitiesubyng FSL tools. After preprocessing, a

color-encoded track-density was generated to fi@ Rsed to tract reconstruction. Fiber
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tractography (MRtrix package) was performed usingstrained spherical deconvolution

(CSD) with a maximum number of streamlines of témusand. The 5 type tissue

segmentation was used to correct tractography anddiscard streamlines that are

anatomically unfeasible. Corticopontocerebellactt(€PCT), cerebellar-thalamic tract (CTT)

and Superior Longitudinal Fasciculus (SLF) weresteld in each hemisphere of all subjects.
Mean FA value along the tracts were extracted.

Tracts were checked by 2 experienced raters osubjects to verify trajectory and anatomic
landmarks described in atlases of human WM andhéelc false-positive streamlines within

the pathways.

Corticopontocerebellar tract

The CPCT of left hemisphere was selected settingeeding ROI in the right middle
cerebellar peduncle and an inclusion ROI in thé pefsterior limb of the internal capsule
(Fiori et al., 2016). An add inclusion ROI was pimsied in a frontal WM area of left
hemisphere. The CPCT of right hemisphere was aidairsing the homologous ROIs in the
contralateral hemispheres. Figure 9 shows the @QRACT obtained in one representative

subject.
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Figure 9. Example of Right Corticopontocerebellar tact, obtained in one representative

subject
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Cerebellar-thalamic tract

To define the left CTT, a seed in the right supecerebellar peduncle and an inclusion ROI
on the left thalamic WM were chosen (Fiori et 2016). For the right CCT, homologoue
ROIs were selected in the contralateral hemisph€&igare 10 shows an example of CTT in a

representative subject.

Figure 10. Example of Right Cerebellar-thalamic tract tract, obtained in one

representative subject
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Superior Longitudinal Fasciculus

As in Kamali et al., 2015, to identify SLF, for éaleemisphere, the first ROl was placed over
the green association bundles just superolatertigaingulum on the color-encoded track-
density at the most posterior part of the corplissam. The second ROI was placed over the
fibers generated on the superolateral aspect ofcitgulum at the coronal plane passing

though the mid thalamus. An example of SLF is showrigure 11.

Figure 11. Example of Right Superior Longitudinal Fasciculus, obtained in one

representative subject
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3.3.4 Neuropsychological assessment

The brief neuropsychological assessment protocaluded cognitive and executive
functioning assessment. Concerning cognitive eviaoawe performed WISC-IV and FIQ
and WMI were available for all the subjects. Widgard to executive functions, Inhibition

test of NEPSY-Il and TOL test were administered.

3.3.5 Statistical analysis

For all subjects, the number of streamlines andweke calculated for each reconstructed
tract (CTT, CPCT and SLF). Within each subjectaaqu sample t test was used to compare
mean FA and number of streamlines between the agttleft side of each tract. For each
subject, a complete set of neuropsychological @dinmeasures was included in the analyses.
For the analysis of neuropsychological data seéd@eA of 1. Neuropsychological study. A
general linear model was used to determine therdifice among groups for FA and clinical
measures, and post hoc pair-wise comparisons vegfermed. Effect size was calculated for
significant differences. For tracts that showederali connectivity among groups, the
relationship with clinical measures was explorethtiStical analyses were performed by
using SPSS, Version 2.0 (IBM, Armonk, New York).sBks were considered significant at p

< 0.05.

3.4 Results

3.4.1 Fiber tracts reconstruction and differences in FA vithin and between groups

All fiber tracts were successfully extracted ontebemisphere of each subjects.

The number of streamlines was >10 in each of treméxed tracts. The mean number of
streamlines generated for all the examined tractsoth hemispheres in the three groups of

subjects (DMD, BMD and TD) is described in Table 9.
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Table 9.

Mean number of streamlines in the examinetracts in DMD, BMD and

TD
nCTT nCPC nSLF
Mean (SD) Mean (SD) Mean (SD)
Left Right Left Right Left Right
DMD 10000 8527 1076.20 155.60 10000 10000
(0) (2936.65) (1251.45) (212.51) (0) (0)
BMD 6479.60 5161.80 798.40 772 10000 10000
(4011.54) (4523.57) (322.81) (768) (0) (0)
D 8389.80 9906 1283 416.60 10000 10000
(2265.85) (210.19) (815.39) (3376.81) (0) (0)

nCTT: number of streamlines in cerebellar-thalatracts; nCPC: number of streamlines in corticopoatebellar tracts; nSLF: number of
streamlines in superior longitudinal fasciculus. DMDuchenne muscular dystrophy children; BMD: Becdkriscular dystrophy children;
TD: typical developing children. The SD equal ton@ans that all tracts of all suabjects were salefiteling the maximum number of

allowed streamlines (10.000).

No statistically significant differences for numbar streamlines of all the examined tracts
were found between the left and the right side witrach group of children. Moreover, no
statistically significant differences were found ioumber of streamlines of all the tracts

between the three groups of subjects.

When we compared the mean FA of the left and sgie for all the examined tracts in each
group of subjects, we found a statistically sigrafit difference between the mean FA of the
left CPCT (FALCPCT) and the mean FA of the right@OP(FARCPCT) in the DMD group
(p=0.007), with FARCPCT lower than FALCPCT. No atkatistically significant difference

emerged over groups.
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Mean FA resulted lower in DMD compared to both BMiBd TD groups for all the examined
tracts, with the exception of the right SLF (FAR$LWhich showed no statistically different
values in FA between DMD and TD.

A statistically significant difference emerged beem DMD and BMD in the mean FA value
of the right CTT (FARCTT) (p=0.002) and in the meBA value of the right CPCT
(FARCPCT) (p=0.037). The effect size was variedweein “very large” and “huge” for
FARCPCT (d=1.65), while was varied between “smadiid “medium” for FARCTT
(d=0.29).

Moreover, a statistically significant difference enged between DMD and TD in the mean
FARCTT (p=0.007) and in the FARCPCT (p=0.008). Tdftect size was varied between
“small” and “medium” both for FARCPCT (d=0.22) afat FARCTT (d=0.24).

No statistically significant differences emergedoaug groups for FA values of bilateral SLF.

The results are shown in Table 10.

Table 10. Mean FA in all the examined tracts in DMDBMD and TD

DMD BMD D

Mean (SD) Mean (SD) Mean (SD)
FALCTT 0.34 (0.03) 0.36 (0.03) 0.36 (0.02)
FARCTT 0.32 (0.01)* 0.36 (0.01)* 0.37 (0.02)*
FALCPCT 0.48 (0.01) \L 0.49 (0.20) 0.49 (0.03)
FARCPCT 0.46 (0.02)* J 0.49 (0.03)* 0.49 (0.01)*
FALSLF 0.37 (0.04) 0.41 (0.66) 0.39 (0.47)
FARSLF 0.36 (0.13) 0.38 (0.35) 0.36 (0.03)

FALCTT: FA of the left cerebellar-tahalmic tractARCTT: FA of the right cerebellar-thalamic tractAEECPCT: FA of the left
corticopontocerebellar tract; FARCPCT: FA of thghti corticopontocerebellar tract; FALSLF: FA of theft superior longitudinal
fasciculus; FARSLF: FA of the right superiori lohglinal fasciculus. DMD: Duchenne muscular dystsomtildren; BMD: Becker
muscular dystrophy children; TD: typical developatgldren.

* = statistically significant diﬁerences} = statistically significant difference within DMgroup.

63



Interestingly, with regard to FARCTT, a possiblyréddient effect” was observed, with mean
FA of BMD children resulting in the middle betwearean FA of DMD and mean FA of

controls (Figure 12).

Figure 12. “Gradient effect” for mean FA in right CTT
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Boxplot represent data of each single subject (cyeange and green points) of the three groupsoctisply
(Duchenne muscular dystrophy children -DMD; Beakeiscular dystrophy children -BMD; typical develogin
children -TD). The box represents the interval leemthe 25° and 75° percentile of data, the limeesponds to the

median, the trinagles to the mean value. RCTTtghebellar-thalamic tract.

3.4.2 Correlations between FA fiber tracts and neuropsychlogical profile

On the whole, the neuropsychological profile of #mall group of BMD children resulted

comparable to that described in the neuropsychcddgitudy for DMD. In fact, regarding

intellectual functioning, a major impairment in WNbmpared to the general intellectual
functioning was observed (mean score=88; SD=3W0yse performances were confirmed in

the Switching task of the Inhibition test (NEPSY-inean score=6; SD=1.87) compared to
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the other tasks; in TOL test, the BMD boys repoitegairments in “total correct answers”
(mean score=36.60; SD=13.35).

No significant difference emerged between the BMiId ®MD groups enrolled in the study
in neuropsychological measures, except for the Bemation task of the Inhibition test
(NEPSY-II), where BMD obtained worse performanges0(014).

Table 11 shows mean scores and SDs of cognitiveegadutive functioning tests in BDM

and DMD groups.

Table 11. Intellectual and executive functioning irDMD and BMD cohorts

DMD BMD

5 subjects 5 subjects

Mean (SD) Mean (SD)
WISC-1V Index
Working Memory Index 86.20 (11.54) 88 (3.67)
Full Intellectual Quotient 100.20 (7.01) 95.20 (14.18)
Inhibition test (NEPSY-II) (standard score)
Denomination Total 7.20 (1.64)* 6.40 (0.55)*
Inhibition Total 7.60 (2.07) 7.40 (1.34)
Switching Total 5.60 (2.70) 6(1.87)
TOL test (T score)
Total corrected 45.40 (11.01) 36.60 (13.35)

*= statistically significant differences

Concerning DMD, significant correlations emergethsen FARCTT and FIQ (p=0.044:=
0.821), Denomination Total (p=0.04¢= 0.821) and Inhibition Total (p=0.01ps= 0.900) of
the Inhibition test (NEPSY-Il) (Figure 13.A/B/C).oNother significant correlation emerged

between FARCTT and neuropsychological tests.
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Figure 13.A/B/C. Significant correlations between RRCTT and neuropsychological

tests in DMD
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Moreover, as surprising result, we found a negatwaelations between FARCPCT and
WMI (p=0.027;ps= -0.872). (Figure 14). No other significant coatedn emerged between

FARCPCT and neuropsychological tests.

Figure 14. Significant correlations between FARCPCTand neuropsychological tests in

DMD
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Regarding BMD, a significant correlation emergetiaen FARCPCT and WMI (p=0.007;
ps= 0.949) (Figure 13. A/B) (Figure 15). No otherrsfgcant correlation emerged between

FARCPCT nor FARCTT and neuropsychological tests.

Figure 15. Significant correlations between FARCPCTand neuropsychological tests in

BMD
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The results about the neuroimaging study are destrin an ongoing paper (Frontiers in

Neuroscience, 2020).

3.5 Commentary

The results suggest possible alterations in WM estcuctural integrity in DMD children, in
particular for cerebellar connectivity, probablyedio the lack of cerebral dystrophin protein
already during neural development. As we found iptesscorrelations between FA and
neuropsychological measures, we suppose that anecltconnectivity in specific tracts
involved in cerebro-cerebellar loop may render le$cient some neuropsychological
functions in DMD. The role of dystrophin is suppaftalso by the findings obtained in BMD

children who showed an intermediate mean FA valus®me of the analyzed tracts and less
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widespread correlations with neuropsychologicaliitescompared to DMD boys. This reflect
the well known variable clinical and motor phenaygbserved in BMD due to the partial but
variable expression of dystrophin protein in thegejects

The surprising results obtained for working memalilities in DMD need further
investigations but could also be explained by meismas of maladaptive plasticity.

However, the overall results support the hypothekite involvement of cerebellar-thalamo-
cortical networks for the neuropsychological p@fdf DMD and help to identify possible
functional neuroimaging biomarkers for the neurastgtige profile of DMD without

intellectual disability (Frontiers in Neuroscieriz@20, ongoing).
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4. Discussion

In this section, we provide a discussion of theraNaesults derived from the PhD research,
recalling and developing the brief comments desdrim the “commentary” at the end of
each studies.

Starting from the neuropsychological aspects, ptsstognitive and neuropsychological
impairments have been described in DMD childreny rha due to the involvement of
cerebellum and of a complex cerebro-cerebellar at\{Cyrulnik & Hinton, 2008), based on
the localisation of dystrophin isoforms in normaib (Huard & Tremblay 1992; Tinsley et
al., 1993; Lidov et al., 1995; Anderson et al., 200

The PhD project started from the neuropsychologilzdé collected in a multicenter setting
started before the beginning of the PhD in a colwérDMD boys without intellectual
disability during school age, showing an impairmerfit multitasking, problem solving,
inhibition and working memory and an implicit learg deficit in these children.

The PhD research aimed then to deepen this issessasg longitudinally the DMD boys
previously evaluated and extending neuropsychotbgiealuation in another group of DMD
children without intellectual disability in ordep tdefine the neuropsychological natural
history and to confirm the involvement of the celidr-thalamo-cortical network in a larger
cohort of DMD patients than those previously evidda

The results obtained by our neuropsychological ystuconfirm a characteristic
neuropsychological profile in a wider cohort of DMiatients without intellectual disability
than previously studied (Battini et al., 2018), ahe stability of such profile after a re-
assessment 3 years apart from the first evaluation.

Regarding the intellectual functioning, the rescahsfirm the worst performance in the WMI

and in the related subtests Digit Span and Lettanber Sequencing. This clear difficulty in
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the manipulation of stored information emerged Hoththe whole DMD sample and for the
follow-up reassessment and has been already ddcnbditerature (Hinton et al., 2000;
Hinton et al., 2001; Hinton et al., 2004). The @lestability of the cognitive impairment over
time is also in accord with literature (Cotton et 2001; Cotton et al., 2005; Connolly et al.,
2014; Chieffo et al., 2015).

Concerning executive functions, a typical profilemexges for DMD children without
intellectual disability, both in the whole sampledaegarding the follow up re-assessment. In
particular, difficulties are confirmed in the “Swiiting subtest” of Nepsy-Il, that tests the
ability to inhibit automatic responses and switbl tasks. The impairments in “maintaining
the set” at the MCST test and in“violations of gilavith short time of decision and execution
at TOL test confirm poor abstract reasoning andrmpley capacity, as well as impulsiveness
for these patients.

These findings are consistent with our previousultesand contribute to support the
hypothesis of a frontostriatal-cerebellar netwenkalvement in DMD (Battini et al., 2018). In
fact, it is known that dystrophin isoforms are uuaxpressed not only in cerebellum but
also in other cortical and subcortical areas (Lisdval. 1990; Huard & Tremblay 1992;
Tinsley et al., 1993, Lidov et al., 1995; Andersiral., 2002; Daoud et al., 2008). Moreover,
tasks requiring executive functions explored by wemropsychological protocol are believed
to activate cortico-subcortical circuits which ceohthe prefrontal cortex, the basal ganglia
and the cerebellum via the thalamus (Heyder e2@04).

Even if no statistically significant differences erged between baseline and follow up mean
scores in tasks assessing executive functiongyla shaturation trend has been observed.
This is particularly evident considering that pateewith a score impairment at baseline tend
to improve their performances at follow up reassesg in all the neuropsychological tests.
The consolidation of neuropsychological skills teaterged in our cohort of DMD boys does

not surprise. In fact, other studies have showreeldpment and maturation of executive
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functioning, using neuropsychological or neuroinmggiapproaches, both in normotypical
children and adolescents (Igazsag et al., 2019 rBalelson et al., 2019; Wierengé al.,
2019; Engelhardt et al., 2019; Richardson et #1182 and in clinical populations, as, for
example, children born preterm (Stalnacke et #1923, or children with autism spectrum
disorders (Kouklari et al., 2018) and ADHD (Skoetial., 2017). Our results suggest that a
similar neuropsychological maturation can be obsgralso in DMD children and, to our
knowledge, our description is the first in this gfie population.

In particular, in our sample, the increase in Stvitg total mean score of the Inhibition test
(NEPSY-II) over time expresses an improvement g@nadve flexibility, particularly evident
for the youngest boys, aged 6-8 years-old at besellThis result is in accordance with
literature in which emerged that not until 7 toesys of age switch flexibility begin operating
(Davidson et al., 2006; Gupta et al., 2009; Diamdz@il3). Furthermore, the variations of
mean scores in “total correct answers”, “time deais “time execution”, and “time total”
observed at TOL test suggest a reduction in impitysand a consequent increased capacity
of planning and problem solving over time in thahort of patients. With increasing age, a
better emotional and behavioral control, inherengriowth, could have helped these children
to develop greater attention capabilities.

As already described for motor aspects in repdrsveng that some activities can be delayed
and achieved by DMD boys at a later age than tilgiceevelopment children while others
are rarely achieved (Connolly et al., 2013; Pared.eR013; De Sanctis et al., 2015; Coratti et
al., 2019), a progressive maturation in neuropsidfical aspects may be detected. However,
specific difficulties in some tasks may persistfilleag a specific neuropsychological
functioning and outlining the neuropsychologicatunal history of DMD children without

intellectual disability.
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With a view to better define the neuropsychologittaictioning of our sample, we were
interested in providing a window into the everydaghavior of these DMD children and
assessing executive functioning in the home enwent, by the BRIEF-2 questionnaire.

In our sample, the main difficulties were obserirethe ability to adjust to changes in routine
or task demands (“Shift”), in modulate emotionsr{i@ional control”, “Emotion Regulation
Index”), initiate problem solving or activities (iitiate”) and hold information in mind for the
purpose of completing a task (“Working memory”).e6k results are partly according to
literature, where clinical significant executiveffidulties recently emerged on the “Shift”,
“Emotional Control”, and “Behavior Regulation” irwlis of the BRIEF in a cohort od
dystrophinopathic patients (Fee et al., 2019). Herethe mean scores resulted in the normal
range for our DMD subjects in all the subtests. SEheesults demonstrate that the DMD
boys’parents focus their attention mainly on mdtanctions rather than on cognitive and
neuropsychological abilities of their children. Hower, as demonstrated by our results, the
assessment of DMD children through specific newodpslogical tests may highlight
possible executive dysfunctions, even for boys aitha cognitive impairment.

The deepening of the role of dystrophin in the rborddy the identification of the
neuropsychological involvement for DMD boys couldvl not only a value of a mere
description, taking into account the negative imipgaat executive dysfunctions may have on
the global functioning of the children, both at academic and an adaptive level. In this
perspective, DMD boys without intellectual disalyilare a particularly vulnerable population
because a good cognitive level may mask possilderiynng neuropsychological weaknesses
that, if not detected and correctly recognized, imaye effects on the quality of life of these
children.

This is even more true if we consider that the tgraent of emotion regulation is strongly
supported by several core executive functions agitve and emotion regulation appear to

work in concert (Rueda and Paz- Alonso, 2013).ifuffies with emotion regulation can be
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related to mood disruption and behavioural problé@adle et al., 2004) and DMD patients
are particularly at risk of developing mood probtebecause of the motor disabilities due to
the underlying disease.

We believe that this issue will become increasingligvant in the coming years, with the
increase in life expectancy of DMD patients. Thelementation of care recommendations
(including corticosteroids, cardiac medications asdisted ventilation) has led in fact to a
growing adult DMD population (Koeks et al., 201Wjth several patients who have to face
employments and social life.

In this research, we were also interested in dajird possible correlation between genotype
and neuropsychological phenotype. In order to beéine the effect of the real involvement
of Dp140 on the neurocognitive profile, we dividear cohort in three subgroups according
to the expression of this protein.

Regarding the follow up data, this more detailedcdgtion revealed possible correlations
between the Dpl140 expression and the neuropsydhaloghenotype: in fact, DMD boys
without Dp140 expression show a specific impairmeantognitive performances regarding
working memory, and in Coding, a subtest of WISC-#8sessing processing speed,;
furthermore, children with a certain Dp140 expressdemonstrate better results in tasks
requiring cognitive flexibility.

Possible genotype-neuropsychological phenotypeslations were confirmed also when we
considered the total cohort of DMD boys withouteitgctual disability. In particular, the
DMD boys who do not express Dp140 show greatercdities in the manipulation of stored
information than children with a certain Dp140 dgphin expression, while this last
subgroup exhibits better performances in switchhmgtasks, and are more accurate in tasks
requiring planning and problem solving. As expected addition to the role of cerebral

dystrophin isoforms, also the intellectual functrap shows an effect in influencing the
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neuropsychological profile in the total cohortféat, children with a better FIQ tend to obtain
better performances also in other neuropsycholbtasés.

The results obtained by patients of the “grey arediere the effect on Dp140 expression is
hard to predict, were globally undetermined. It fédte mean scores resulted as intermediate
compared to the mean scores of patients with aainegiresence or absence of Dpl140
expression only in about a one-third of the exanhiihems. Therefore, we can speculate that
the identification of this “grey area” could bettgefine the DMD subjects with mutations
placed in the far side dMD gene, expressing or not expressing the Dp140ajystn, but
the results were undetermined because the presgribe absence of Dp140 expression is
dubious in this area.

These overall results are in agreement with liteegtwhere rearrangements in the dystrophin
gene involving cerebral dystrophin isoforms tencdbéomore commonly associated with not
only cognitive but also with a more general neuyopslogical impairment (Moizard et al.,
1998; Felisari et al., 2000; Daoud et al., 2008puh et al., 2009; Taylor et al., 2010;
D’Angelo et al., 2011; Snow et al., 2013; Ricottiak, 2016). Moreover, DMD subjects with
mutations predicted to affect Dp140 expression &tban impairment in processing speed
ability that may be related to attention probleiar{e et al., 2012).

Genetic mechanisms other than site of mutatiomairiicular the modifier effect of specific
genetic loci (e.g. inLTBP4, SPP1, CD40 genes) have been widely described to explain
variability in DMD clinical phenotype in terms ofga at loss of independent ambulation,
response to glucocorticoid treatment, and age séoof dilated cardiomyopathy (Barp et al.,
2015; Bello et al., 2015). However, to our knowledthe possible role of genetic modifiers
for the neuropsychological variability in DMD poptibns has never been explored. Only
very recently, hippocampal synaptic and membranetion has been deepened in DBA/2J-
mdx mice model, and an after-hyperpolarization (MAHPEAL pyramidal neurons, that may

result in reduced excitability of the neural netlydras been described (Bianchi et al., 2020).
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In the DBA/2Jmdx mice a polymorphism il TBP4 was identified as a genetic modifier,
responsible for a more severe dystrophic penotiiyae BL10mdx mice including impaired
muscle function and regeneration, decreased mugeight, and elevated levels of fibrotic
tissue in skeletal muscles (van Putten et al., 2019

Because of the possible distribution of genetic ifierd and their protein products in the
brain and of their involvement in neuroprotectiomdain the pathogenesis of
neurodegenerative disorders (Yu et al., 2017; Dolasid Palkovits 2008; Togo et al., 2000;
Kempuraj et al., 2016; Carriba et al. 2017), oungde study was aimed at analysing
polymorphisms as potential modifiers for DMD, inder to explore possible biological
biomarkers of the neurocognitive profile of our odhof patients without cognitive disability
at school age.

The results suggest that some genetic variants preay a role in the modulation of the
neuropsychological phenotype; in particular, n@etf seem to be observed on the cognitive
functioning, while a greater effect may be foundexecutive functions, as switching and
planning abilities. Statistically significant difiences were indeed found consider@g40
genotypes in“Switching total” of the Inhibition tesf NEPSY-II and, regardin@P1 and

LTBP4 genotypes, in “number of moves” and “time totai"T@®L.

In view of these promising results, our ambitionswalso to identify, as pilot research,
possible functional neuroimaging biomarkers of theuropsychological impairments in

DMD, which could help the clinicians to recognizaleer problems in the area of cognition
with a major impact on social and school integratiand to adopt appropriate rehabilitative
interventions from the beginning.

Because of the possibility of analyzing WM micrasture and brain connectivity, DWI with

tractography has been widely applied in neurodgrekntal disorders and in neurological

diseases, including neuromuscular disorders, asdbean already tried also in DMD, but
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with a small scientific contribution (Sudre, 2013@in et al., 2018; Payabvash et al., 2019;
Poretti et al., 2007; Escolar et al., 2009; Posdtal., 2014; Kimiskidis et al., 2017; van Dorst
et al., 2019; Labayru et al., 2019; Ip et al., 2@@orenweerd et al., 2014; Fu et al., 2016).

In our functional neuroimaging study, we exploredMWnicrostructure in tracts that are
known or supposed to be involved in executive fiomst networks by investigating FA, as the
measure of disrupted connectivity, in a group of DEhildren without intellectual disability
compared to BMD boys and controls.

In particular, we explored two cerebellar traceparately on the right and left sides: the CTT,
which is the main efferent pathway from cerebellamg the CPCT, which is the major input
of the cerebellum from the cerebral cortex, focgspecifically on the fibers originating from
the frontal area. Moreover, the SLF, involved ionfio-striatal connections and in executive
functions, as already described in literature (Gia¢aal., 2012), has been included, separately
on the right and left sides.

The overall mean FA resulted lower in DMD childtéan in the other groups of subjects for
the examined tracts, suggesting a possible alberati WM microstructural integrity. More
specifically, the cerebellar connectivity seemetbéamore compromised compared to SLF in
the DMD group.

Even if with few and explorative contributions, pie altered WM connectivity has been
already described in DMD boys (Doorenweerd et28l14; Fu et al., 2016). We suppose that
the lack of cerebral dystrophin protein in DMD cinén, already during neural development,
may be responsible for reduced fiber coherenceatiaced myelination and axonal density in
the explored tracts. This speculation may be supgdalso by the results obtained in BMD
children, who showed an intermediate mean FA inesofithe examined tracts, with a sort of
“gradient effect” between DMD and controls, at lemstracts that might be responsible for
specific cerebral symptoms (i.e. neuropsycologiyesifunction), which have been previously

described (sed. Neuropsychological study). As we known, BMD boys have partial but
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variable expression of dystrophin protein thataeiflthe widely variable phenotype and their
clinical spectrum (Flanigan, 2014). A greater dffegarding differences between DMD and
BMD groups seem to be observed in CPCT than in @lTthe results must be confirmed in
wider samples.

In order to explore possible functional correlatéaltered connectivity for specific tracts, we
thus studied the relationship between mean FA wsailnethe cerebellar tracts that showed
reduced FA and neuropsychological measures. Indeedjemonstrated a less widespread
involvement in BMD compared to DMD. In detail, redaag DMD children, we observed
significantly lower FARCTT in boys with lower FIQnd a major impairment in inhibition
abilities. With respect to BMD, we demonstratechgigantly lower FARCPCT in boys with
lower WMI.

Surprisingly, FARCPCT seem to show an oppositeceffe the working memory abilities for
DMD boys, since significantly lower FA correlate higher WMI performance. This result
may be due to the small sample size and must bigedein a next wider analysis, but could
also underline mechanisms of maladaptive neuradtipiey for DMD which may produce
abilities globally slightly reduced in DMD comparelBMD children.

Anyhow, these findings support the hypothesis @& itvolvement of cerebellar-thalamo-
cortical loops for the neuropsychological profile @DMD, as the CTT and the CPCT are
involved in the network and the related brain gtices are known to be implied in executive
functions.

It has long been known that the frontal cortexpanticular the prefrontal area, plays a central
role in global aspect of general intelligence (EByrlet al., 2013) and executive functions
(Diamond, 2013) across the lifespan; thanks to eotions between the prefrontal cortex and
other brain regions, the neural substrates of dkecdunctions include also the parietal
cortex, the anterior cingulate cortex, and subcaktiregions as the striatum and the

cerebellum (Fiske & Holmboe, 2019). Moreover, thpesior cerebellar peduncle, involved in
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CTT, and the posterior limb of internal capsulejoived in CPCT, are thought to be key
components of the circuit (Schmahmann & Pandya51l3®ecent data have also emphasized
a role of the thalamus, in particular the mediodbrsucleus, in cognition and executive
functions because of its significant interconnattiwith the prefrontal cortex (Ouhaz et al.,
2018; Wolff & Vann, 2019).

More in detail, a bilateral contribution of cerdhet in DMD seem to be suggested by our
findings. In fact, both the CTT which originate®rr the right cerebellum and the CPCT
fibers which, originating from the right frontal tex, projects to the pontine nuclei and cross
the midline thus terminating in the contralateralf lof the cerebellum (Nolte, 2002), resulted
more damaged in DMD than in BMD and controls. beriture, a bilateral contribution of
cerebellum in executive functions is reported. Eesample, a cross cerebral-cerebellar
circuitry with left prefrontal cortex predominantipvolved and strong right cerebellum
activation has been shown for verbal working mem@gnch et al., 2019). However, an
fMRI study has demonstrated a bilateral cerebeltsivation for working memory paradigms,
while other executive function tasks showed conwegr@ctivation in lobules VI, Crus | and
left VIIB of cerebellum (Stoodley et al., 2012). KMover, left and right cerebellum
involvement in switching attention has been demaed (Berninger et al., 2017).

To our knowledge, this is the first study to speeify explore the role of the cerebellar-
thalamo-cortical network in DMD boys using DWI witHARDI approach. Our results
suggest that altered WM connectivity and reducédefiorganization in cerebellar tracts,
probably due to the lack of dystrophin in the byramay render less efficient some
neuropsychological functions in children affectgddystrophinopathies. The findings lead us
to identify possible functional neuroimaging biokens for the neuropsychological profile of

DMD without intellectual disability.
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5. Conclusion and future perspectives

Our overall results confirm that some aspects offosychological function, concerning in
particular executive functioning, can be impairedDMD boys, even without intellectual
disability, and help to better outline the cogratinatural history in these patients. In fact, in
addition to the known stability of cognitive funmti, our longitudinal findings suggest also
the overall stability of the neuropsychological fdeoover time.

Since our results deriving from a specific questare for DMD boys’ parents show that
neuropsychological deficits may be not correctlgognized in the home environment, we
believe that the detection of possible neuropsyagioal impairments in DMD boys without
intellectual disability may be an important chaffen Actually, a misdiagnosed
neuropsychological deficit can have a negative chma the global functioning of these
children.

Moreover, we confirm that the site of mutation mdpave an impact on the
neuropsychological functioning, with difficulties cognition, expecially in working memory
abilities, observed in case of rearrangements @& diistrophin gene involving cerebral
dystrophin isoforms, and better performances ircetee functions for DMD children who
express the Dp140 dystrophin.

The ancillary genetic study suggests that genetclifiers may also play a role in the
modulation of the neuropsychological phenotype MID

The hypothesis of the role of the cerebellar-thaawortical network in neuropsychological
aspects of DMD is supported by our neuroimaginglifigs. In our pilot study, in fact, we
seem to identify possible functional neuroimagingniarkers for the neuropsychological
profile of DMD without intellectual disability, theks, in particular, to the involvement of

cerebellar connectivity.
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Regarding the neuropsychological study, the foligpndata is limited to 33 DMD subjects out
of the 40 already tested in our previous studyt{Biatt al., 2018). We will be able to extend
the analysis to the whole cohort of 57 DMD childmly when three years will be passed
after the first evaluation of the new enrolled pats. We are particularly concerned about this
issue because we would like to outline the trenthefneuropsychological deficits over time
in the whole recruited sample.

The limitation of the genetic and neuroimaging eed is the reduced sample which could
have conditioned the statistical analysis.

Regarding the genetic study, blood samples fogtreetic testing were available only for 20
DMD patients. When we genotyped the sample accorttitsPP1, LTBP4 andCD40 genes,
we obtained even smaller subgroups; actually, webgard to CD40 gene rs1883832
genotyping, only 1 patient was homozygote for trel&le. In any case, the overall effect size
seemed to be medium/large.

A larger cohort of DMD patients without intellectudisability could not only increase the
results obtained considering candidate genes,lbatlead us to apply GWAS to potentially
identify novel and unsuspected modifier genes.

In the neuroimaging study, the enroliment of DMDlaten has been limited not only by the
rarity of the disease but also by the difficulty the patients’ families to move from long
distances, the participation of many DMD patiemsexperimental trials which already
involve several clinical monitoring, or the refusdlsome patients to undergo a brain MRI
protocol which is not part of the routine assesdméhe small sample size limits the
possibility to correlate the neuroimaging data whle neuropsychological findings and the
interpretation of results, in particular if we cates some outliers in FA measures which
emerged from the data analysis. Also the unexpewtgdtive correlation between FARCPCT
and WMI in DMD children needs to be further deemgknghe enlargement of the sample

could help us to definitively establish the role aferebellar connectivity in
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neuropsychological profile for dystrophinopathictipats. Furthermore, DMD and BMD
children enrolled in the study underwent only aebrieuropsychological assessment, but a
more detailed evaluation could help not only tadretiescribe the role of WM abnormalities
but also, for BMD children, to define their neurggisological profile. In literature, the
neuropsychological functioning of BMD has been lesdely deepened compared to DMD
children until now (Young et al., 2008; Banihaniaét 2016).

However, on the other hand, the small sample sa=e been overall due to the difficult
recruitment of DMD children who fullfil the inclusn criteria, despite the involvement in this
project of several Italian Centers specializedenrmomuscular disorders. This issue suggests
that the real amount of DMD boys with cognitive @mment and associated neuropsychiatric
disorders may be larger than that reported inditee (Billard et al., 1992; Ricotti et al.,
2016), and support the necessity of an update eméurodevelopmental, emotional, and

behavioural problems in the DMD population.

In conclusion, the direct consequences of a rezednfweak brain”, in addition to muscle
weakness well known in the natural history of thgedse, are manifold and all relate to
missing educational opportunities and significaggative impact on quality of life.

As future perspectives, by means of biomarkers, mam challenge is to early recognize
possible neuropsychological impairments and to glaecific treatments, also based on new

technological devices as home-based treatmentederdehabilitation.
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