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GENERAL INTRODUCTION 

 

 

The PhD thesis, entitled “Cerebro-cerebellar networks in DMD children: neuropsychological, 

genetic and neuroimaging aspects”, is organized in a “General section” and in the 

“Experimental study”.  

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

research and the state of art from which the experimental study starts.  

 

The experimental study is subvidided into three parts:  

1) The neuropsychological study: after the description of the preliminary 

neuropsychological results concerning a sample of 40 DMD boys without intellectual 

disability evaluated in a multicenter setting during school age, this part is further 

subdivided into three section.  

Section A: this section concerns the results of the follow up neuropsychological 

reassessment of the DMD children previously evaluated;  

Section B: the section shows the neuropsychological findings regarding an additional 

cohort of 17 DMD boys; 

Section C: this section provides the results deriving from the administration of a 

questionnaire for 47 parents deepening the neuropsychological functioning of DMD 

children in home environment.  

2) The genetic study: in this ancillary study we analyze the role of genetic modifiers as 

possible influential factors for neuropsychological profile in a small group of the 

DMD boys already involved in the neuropsychological study.  
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3) The neuroimaging study: this is a pilot study in which we aimed to identify possible 

functional neuroimaging biomarkers of the neuropsychological impairments in DMD.  

In the final part of the experimental study, we provide an overall discussion of the obtained 

results, we present advantages and limitations of the study and we suggest the future 

perspectives of the research.  

 

The overall organization of the PhD thesis is shown in the “Index”.  
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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 
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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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1. Introduction 

 

 

Duchenne muscular dystrophy (DMD) is a hereditary, X-linked muscular disorder affecting 

about 1 in 3500 boys (Emery, 1991). The disease is due to mutations in DMD gene resulting 

in lack of the gene product dystrophin, which is part of a protein complex located in the 

muscle cell membrane (Hoffman et al., 1987). 

This multisistemic disease causes not only an involvement of muscular, cardiorespiratory, 

endocrine, gastrointestinal, and nutritional aspects but also cognitive difficulties and 

neuropsychological alterations. Therefore, a coordinated and multidisciplinary approach to 

care is essential for optimum management of the clinical manifestations and complications of 

DMD (Birnkrant et al., 2018). 

Because of the major impact of motor and cardiorespiratory aspects on patients' duration and 

quality of life, more sensitive diagnostic techniques and earlier therapeutic interventions have 

been widely studied in the last years, and important outcome measures have been established 

in these issues, thanks to several carried out clinical trials.   

Psychological, neurocognitive and learning aspects have been less deepened in DMD; 

however, misdiagnosed neuropsychological deficits can have a negative impact on the global 

functioning of these children.  

In this “general section” we provide a review of the literature regarding the 

neuropsycohological, genetic and neuroimaging aspects, which are the topics of the PhD 

research. 
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2. Duchenne muscular dystrophy (DMD) and neuropsychological 

involvement 

 

 

Several studies have reported cognitive difficulties and neuropsychological alterations in 

DMD patients. In fact, one in three DMD boys exhibits a cognitive impairment (Ogasawara 

1989; Billard et al., 1992), with the mean Intelligence Quotient (IQ) approximately 1.0-1.5 

standard deviations (SDs) below the mean (Cohen et al., 1968), and a high degree of 

impairment in verbal versus nonverbal performances both in older and younger patients 

(Cotton et al., 2001). Furthermore, DMD children often show a language involvement (Marini 

et al., 2007) and suffer from deficits in executive functions, such as attentional control, 

inhibition and working memory (Mento et al., 2011), with a possible negative impact on 

academic skills (Billard et al., 1992; Billard et al., 1998; Hendriksen et Vles, 2006; Lorusso et 

al., 2013; Astrea et al., 2015). DMD boys can also have significant psychiatric and 

neurodevelopmental comorbidities with attention deficit hyperactivity disorder (ADHD) 

being the most common (Pane et al., 2012). 

Longitudinal studies on neurocognitive aspects in DMD children have shown that IQ tend to 

remain stable with increasing age (Cotton et al., 2001; Cotton et al., 2005), and cognitive and 

language skills do not vary with age also in very young DMD boys (Connolly et al., 2014). A 

correlation between early neurodevelopmental assessments and the cognitive scales has been 

found in a cohort of preschool DMD young boys followed until school age, with a clear 

concordance between subscales exploring similar domains on the two scales (Chieffo et al., 

2015).  

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

cognitive functions, as executive functions, at different times in the same sample of patients. 
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A possible role of cerebellum and of a complex cerebro-cerebellar network, also involving 

cortical and subcortical structures (as basal ganglia), has been hypothesised for cognitive 

deficits in DMD (Cyrulnik & Hinton, 2008). The cerebellum has been traditionally associated 

with motor control and coordination, but several studies have extended its contribution to 

cognitive functions. In particular, the cerebellar-cerebro networks would be involved in 

language, abstract reasoning, emotions and the ability to process logical sequences 

(Schmahmann & Sherman, 1998; Riva et al., 2000). Therefore, a cerebellar dysfunction can 

give rise to different degree of impairments in language, visuospatial tasks, mental flexibility, 

speed and information processing and attention modulation, as well as affects the patient’s 

ability to control many tasks automatically (Koziol et al., 2014). 

The hypothesis of a cerebro-cerebellar network involvement in DMD is based on the 

localisation of dystrophin isoforms in normal brain. In fact, two alternative full-length 

isoforms (Dp427B and Dp427P) are expressed mainly in cortical neurons, both also in 

cerebellum, and two carboxy-terminal dystrophin proteins, Dp71 and Dp140, are both 

espressed in the brain, particularly in the Purkinje cells of the cerebellar cortex (Huard & 

Tremblay, 1992; Tinsley et al., 1993; Lidov et al., 1995; Anderson et al., 2002). Dp140 is 

expressed mainly in fetal tissue and in low quantity in adult brain and probably plays a role in 

the regulation of neuroglial specific gene expression. Dp71 expression gradually increases 

from the embryo until adult stage, becoming the major product of dystrophin in the brain, 

particularly in the hippocampus and in some layers of the cerebral cortex. The Dp71 function 

remains unknown but a role in the formation and/or stabilisation of the dystrophin- associated 

complex and in glutaminergic synaptic maturation and function is supported by studies (Lidov 

et al., 1990; Daoud et al., 2008). Recently, results from a study conducted on humans by using 

RNA-sequencing-derived exon-level expression data of dystrophin isoforms, and spatial gene 

expression data emphasized the expression patterns of dystrophin isoforms in the amygdala 
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and the hippocampus and showed the absence of the Purkinje isoform Dp427 in cerebellum 

(Doreenweerd et al., 2017a).  

Commonly, it is known that mutations located upstream from exon 44 of DMD gene affect 

only Dp427 and Dp260 isoforms and preserve Dp140, while mutations located in (or 

extending to) the genomic region corresponding to exons 45-55 of the DMD gene are 

considered to affect Dp140, but not Dp71. Finally, mutations located on the 3' side of exon 63 

are considered to affect all dystrophin isoforms, including Dp71 (Muntoni et al., 2003; Daoud 

et al., 2009; D'Angelo et al., 2011).  

Several reports have described mutations in the second part of the dystrophin gene, affecting 

Dp140 and/or Dp71 coding region, as a factor that contributes to the presence and severity of 

intellectual disability and neuropsychological alterations (Moizard et al., 1998; Felisari et al., 

2000; Daoud et al., 2008; Daoud et al., 2009; Taylor et al., 2010; D’Angelo et al., 2011; Snow 

et al., 2013; Ricotti et al., 2016). 

However, the involvement of Dp140 is certain in case of mutations located in the promoter or 

in/dowstream the translation start codon (exon 51), while the effect on Dp140 expression is 

hard to predict for mutations placed between the Dp140 promoter (intron 44) and exon 51 

(Muntoni et al., 2003). Therefore, an alternative subdivision of mutations along the DMD 

gene, according to the real involvement of Dp140 and that takes into account this “grey area”, 

has been suggested and may be applied also for studies of genotype-phenotype correlation. 
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3. DMD and genetic aspects 

 

 

The genetic bases of dystrophinopathies are mutations in the DMD gene on chromosome 

Xp21, mainly delections and, more rarely, duplications and point mutations. Mutations that 

maintain the reading frame generally result in abnormal but partly functional dystrophin and are 

associated with BMD; in DMD patient, on the contrary, mutations in DMD gene usually disrupt 

the open reading frame of the transcript, with the consequence of an absence of the dystrophin 

protein (Muntoni et al., 2003).  

The multisistemic involvement observed in DMD take into account the alternative splicing 

events which commonly occur in a tissue-specific way and that generated many dystrophin 

isoforms. These include the above-mentioned brain dystrophin isoforms Dp140 and Dp71, 

which are detected also in other tissues, as retina, kidney, liver, lung and cardiac muscle 

(Muntoni et al., 2013). 

Despite the homogeneous molecular mechanism, a relevant phenotype variability is 

commonly observed among DMD boys, for example in terms of age at loss of indipendent 

ambulation, age of onset and rate of progression of respiratory insufficiency and dilated 

cardiomyopathy. This variability in phenotype severity can be explained by environmental 

factors, such as implementation of standards of care, but also by type of mutations or 

molecular mechanisms. It is known that DMD boys with deletions generally show worse motor 

outcome than those with duplications and small mutations (Pane et al., 2014; Bello et al., 

2016a); moreover, exceptions to the reading frame rule may produce trace protein amounts.  

However, also DMD patients completely lacking dystrophin may have a wide-range of 

clinical manifestations, suggesting that other genetic variants may produce a modifier effects 

on the phenotype of DMD, interacting with the disease-causing mutation (Bello et al., 2019). 
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These genetic modifiers have been identified both on animal models and on human samples, 

by hypotesis-driven strategies or by genome wide association studies (GWAS), the formers 

concentrated on selective variants in genes with a known role in the pathogenesis of the 

disease, while the latter potentially capable to identify new modifiers gene (Bello et al., 2019). 

Some common polymorphisms have been reported as possible modifiers for DMD in both 

humans and animal models in several genes, for example LTBP4, SPP1 (Barp et al., 2015; 

Bello et al., 2015), ACTN3 (Zatz et al., 2014), TRAF6 (Hindi et al., 2014), CD40 (Bello et al., 

2016b) Anxa6 (Quattrocelli et al., 2017), TCTEX1D (Spitali et al., 2020).  

The more widely studied modifiers were polymorphisms in the SPP1 and in the LTBP4 gene.  

In particular, the G allele of the SNP rs28357094, situated in the promoter of the SPP1 gene 

and encoding osteopontin, was associated with greater weakness and younger age at loss of 

ambulation in DMD (Pegoraro et al., 2011; Bello et al., 2015), a poor response to 

gluococorticoid corticosteroid treatment (Bello et al., 2015), but a protective effect on dilated 

cardiomyoparthy onset (Barp et al., 2015). The association of the G allele with rapid disease 

progression was not confirmed by another recent study performed on European and American 

cohorts (Van den Bergen et al., 2015).  

Regarding the LTBP4 gene, individuals homozygous for the IAAM LTBP4 haplotype 

remained ambulatory significantly longer than those heterozygous or homozygous for the 

VTTT haplotype, with an additive effect on steroid therapy (Flanigan et al., 2013); moreover, 

a protective effect on dilated cardiomyopathy onset of the recessive T allele at LTBP4 

rs10880 was found, in particular for steroid-treated patients (Barp et al., 2015).  

A positive effect on age at loss of ambulation was recently found for the minor allele at 

rs1883832, in the 5’-untranslated region of CD40 gene, by a genome-wide association study 

in a sub-cohort of European American ancestry from the Cooperative International Research 

Group Duchenne Natural Study (Bello et al., 2016b).  



12 
 

The protein products of the main modifiers are involved in muscle pathology as tissue repair, 

remodeling and regeneration, and in fibrosis or regulation of the infiammatory response 

(Bello et al., 2019). However, some of these genes and their protein products can also be 

widely distributed in many tissues and cells, including the brain, where they can have 

neuroprotective functions and may be involved in the pathogenesis of neurodegenerative 

disorders.  

For example, the product of SPP1 gene, osteopontin, is a constituent of the extracellular 

matrix of the central nervous system, with a possible role in pathogenesis of 

neurodegenerative diseases or in neuroprotection by regulating the activation and function of 

microglia (Yu et al., 2017).  

In the rat brain, the mRNA of LTBP4 has been demonstrated to have a widespread 

distribution in the cerebral cortex and it has been expressed in the hippocampus, the forebrain 

and the thalamus (Dobolyi & Palkovits, 2008).  

Finally, the product of CD40 gene, a member of the TNF receptor superfamily, is involved in 

neuroinflammation and neurodegeneration (Togo et al., 2000; Kempuraj et al., 2016) and it 

has been recently identified in a mouse model as a major regulator of dendrite growth and 

elaboration in the developing brain (Carriba et al., 2017).  
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4. DMD and neuroimaging 

 

 

Magnetic Resonance Imaging (MRI) has shown a reduced brain volume in subjects with 

DMD, attributed to mild atrophy (Al-Qudah et al., 1990), or, more recently, to an altered brain 

maturation (Doorenweerd et al., 2014). Total brain and gray matter volumes would be more 

severely affected in patients with an impairment of Dp140, suggesting a role for this 

dystophin isoform in cerebral development (Doorenweerd et al., 2014). 

The structural abnormalities may be associated to an altered cerebral metabolism: for 

example, glucose hypometabolism, measured by positron emission topography (PET) 

analysis, was found in DMD brain areas that are typically enriched in dystrophin, as the 

medial temporal structures, the cerebellum, the sensori motor and lateral temporal cortex on 

the right side (Bresolin et al., 1994; Lee et al. 2002). Moreover, a H1 magnetic resonance 

spectroscopy (MRS) study by Rae et al. showed a significant increase in the ratio of choline-

containing compounds to N-acetylaspartate (Cho/NAA) and Cho/creatine (Cr) in the left 

cerebellum in DMD boys compared to age-matched normal boys. Within the DMD group, the 

abnormal Cho/NAA group was significantly older than the normal Cho/NAA group, which 

reflects the progressive nature of the disease (Rae et al., 1998). In contrast, a more recent 

study showed a decrease in absolute choline levels in both cerebellar white matter and 

temporo-parietal cortex in DMD; moreover, small, but significant, metabolic abnormalities 

for glutamate and total N-acetyl compounds in the temporo-parietal region were found 

applying quantitative MRS (Kreis et al., 2011). 

Among functional neuroimaging, a resting-state functional magnetic resonance imaging (RS-

fMRI) study showed a reduction of local synchronisation of spontaneous activity in the motor 

cortex in patients with DMD (Lv et al., 2011). Moreover, the application of pseudo-

continuous arterial spin labeling (ASL) cerebral flow images has demonstrated a reduction of 
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cerebral perfusion in DMD, regardless of the reduced grey matter volume (Doorenweerd et 

al., 2017b).  

Because of the possibility of analysing brain connectivity and dynamic cerebral organisations, 

Diffusion Weighted Imaging (DWI) with tractography has widespread potential implications 

in the fields of cognitive neuroscience and neurobiology. 

Recently, tractography has been widely applied in developmental age, both in 

neurodevelopmental disorders, as ADHD (Sudre, 2017), and autism spectrum disorders 

(Conti et al., 2016 and 2017; Qin et al., 2018; Payabvash et al., 2019), and in neurological 

disorders, as leukodystrophies, cerebral palsy or cerebellar diseases (Poretti et al., 2007; 

Escolar et al., 2009; Poretti et al., 2014; Pannek et al., 2014; Fiori et al., 2016a; Kimiskidis et 

al., 2017).  

Regarding neuromuscular diseases, tractography has been applied in disorders with a known 

brain involvement. In particular, alterations of white matter microstructure in projection, 

association and commissural fibres have been described in myotonic dystrophy type 1 

(Okkersen et al., 2017; van Dorst et al., 2019; Labayru et al., 2019) and alterations of 

diffusion coefficient values in white matter have been revealed for merosin-deficient 

congenital muscular dystrophy (Sijens et al., 2007; Ip et al., 2012).  

Tractography has been also tried in DMD samples with evidence of microstructural 

differences in scalar measures (Fractional Anisotropy, FA, and Mean Diffusivity, MD) 

between DMD subjects and controls in the occipital areas (Doorenweerd et al., 2014) and in 

the splenium of corpus callosum, with a correlation with intellectual quotients (Fu et al., 

2016). Alterations in diffusion of the prefrontal cortex and hippocampus emerged also in mdx 

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

 

 

1.1 Introduction and preliminary results  

Cognitive difficulties and neuropsychological alterations have been reported in DMD children 

(Moizard et al., 1998; Felisari et al., 2000; Snow et al., 2013) and may be due to the lack of 

specific dystrophin isoforms in the brain, taking account on the possible involvement of 

cerebellum and of a complex cerebro-cerebellar network (Cyrulnik & Hinton, 2008).  

The PhD project comes from the neuropsychological data collected before the beginning of 

the PhD by a group of Centres from the DMD Italian Network (IRCCS Stella Maris 

Foundation, Pisa; Policlinico Gemelli, Catholic University of Sacred Hearth, Roma; Bambino 

Gesù Children’s Hospital, IRCCS, Roma; Neuropsychiatric Division, C. Besta IRCCS, 

Milan). 

The data previously collected have been developed and discussed in a multicenter setting and 

produced two scientific reports, published during the second year of the PhD (Battini et al., 

2018; Vicari et al., 2018).  

Both the studies analysed samples of DMD boys without intellectual and behavior disability 

during school age in order to assess profiles of neuropsychological functions and to deepen 

the issue of a possible role of cerebellar-thalamo-cortical network. To examine this selected 

DMD sample has allowed a targeted neurocognitive detection free from the potential bias of a 

more global cognitive deficit. 

In the first study, 40 DMD boys without intellectual disability (range of age: 6 years to 11 

years and 6 months) were evaluated by Wechsler Intelligence scale and a battery of tests 

including tasks assessing working memory and executive functions.  
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The results showed deficits in specific aspects of executive functions such as working 

memory, inhibition, multitasking and problem solving. In fact, regarding intellectual 

functioning, the worst performances were observed in Working Memory Index (WMI) and in 

the related subtests. The impairment in “rules and moves” of the Tower on London (TOL) test 

underlighted an involvement of working memory and planning abilities and the impairment in 

the Switching task of the Inhibition test (NEPSY-II) demonstrated difficulties in inhibition 

and response switch. Finally, the impairments in “maintaining the set” at the Modified card 

Sorting Test (MCST) and in “violation of rules” al TOL were related to abstract reasoning and 

planning and may resemble working memory skills (Battini et al., 2018).  

The second study aimed at comparing implicit learning sequence in DMD boys without 

intellectual disability and age-matched typically developing children using a modified version 

of the Serial Reaction Time task (SRTT). Thirty-two DMD children and 37 controls of 

comparable chronological age were studied. The reaction times (RTs) on the last ordered 

block (O4) and on the random block (R5), usually taken as a measure of implicit learning 

effect, were different between controls and DMD patients. In fact, an important change of the 

RT from block O4 (ordered) to block R5 (random) was found in the control group, but not in 

DMD children. These results suggested that the DMD boys show a reduced rate of implicit 

learning even if in the absence of global intellectual disability (Vicari et al., 2018).  

These overall results supported the hypothesis of a specific involvement of cerebellum as part 

of a more complex network resulting from the interplay of cerebellar, cortical and subcortical 

neural system interconnected by reciprocal projections (Battini et al., 2018). 

In both studies, the DMD sample was subdivided on the basis of the site of mutation in those 

with proximal and distal mutation, but no correlations with genotype-neuropsychological 

phenotype were found (Battini et al., 2018; Vicari et al., 2018). 
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1.2 Aims 

Starting from these results previously obtained on the cohort of 40 DMD boys (Battini et al., 

2018), we aimed to: 

A) assess longitudinally the DMD boys without intellectual disability previously 

evaluated in order to recognise the trend of deficits in executive functions, better 

defining the neuropsychological natural history in these patients; 

B) extend neuropsychological evaluation of executive functions and working memory in 

a another group of DMD Italian children without intellectual disability during school 

age to confirm the involvement of the cerebellar-thalamo-cortical network in a larger 

cohort of DMD patients than those previously evaluated; 

C) expand the neuropsychological protocol adding the Behavior Rating Inventory of 

Executive Functions (BRIEF-2) Parent form in order to assess executive functioning 

in home environment for DMD boys without intellectual disability. 

As already tried in our previous study (Battini et al., 2018), where no correlations with 

genotype-neuropsychological phenotype were found, we were also interested in analysing a 

possible correlation between the neuropsychological findings and the site of mutations in 

DMD gene. In this research, we analysed a wider sample and we subdivided the cohort using 

a different and more analytical classification compared 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 the same specialised Centres, members of 

DMD Italian Network, engaged in the above-mentioned studies (Battini et al., 2018; Vicari et 

al., 2018): a) IRCCS Stella Maris Foundation, University of Pisa; b) Policlinico Gemelli, 
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Catholic University of Sacred Hearth, Roma; c) Bambino Gesù Children’s Hospital, IRCCS, 

Roma; d) Neuropsychiatric Division, C. Besta Institute, Milan.  

The sample of DMD children previously evaluated has been longitudinally re-assessed after 3 

years from the first evaluation using the same neuropsychological protocol; the new cohort 

included 33 subjects because 7 patients dropped-out. Some parents’ patients refused the new 

assessment (N. 4) or addressed to another Hospital (N. 3).  

The inclusion criteria were: i) DMD boys with proven mutation in the dystrophin gene; ii) 

primary school age (6-12 yrs); iii) no cognitive impairment (IQ<70) or any associated 

neuropsychiatric disorders (drug-resistant epilepsy, autism spectrum, attention deficit and 

hyperactivity) or any additional neurosensory deficits; iv) steroid treatment and/or other 

experimental drug stable for at least six months (Battini et al. 2018). 

According to their full IQ (FIQ), the DMD children have been subdivided into two groups 

(FIQ<85 and FIQ>85). In order to explore a possible genotype-neuropsychological phenotype 

correlation, four groups should be considered, according to the predicted effect on dystrophin 

expression (Group 1: mutations located upstream from or in exon 44; Group 2: mutations 

located in or extending to the region corresponding to exons 45-50; Group 3: mutations 

located in or extending to the region corresponding to exons 51-62; Group 4: mutations 

located in or downstream exon 63). However, as it is known that the mutations extended 

beyond exon 63 affect Dp71 and are commonly associated to severe cognitive impairment, 

patients with this type of mutation have not been included in the study. 

All parents’ patients included in the study signed a written informed consent. 

 

A.1.2 Neuropsychological protocol 

Each patient received a wide and comprehensive battery of neuropsychological tests assessing 

intellectual functions and executive functions and language involving the cerebello-thalamo-

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

The Wechsler Intelligence Scale for Children (WISC-IV) was used not only to obtain the FIQ 

but also to measure skills and cognitive abilities related to a possible cerebellar involvement. 

The scale is based on a factorial model of intelligence and it is divided into 10 subtests (Orsini 

et al., 2012). In addition to subtest scores a composite score relating to specific cognitive 

areas may also be reported: the Verbal Comprehension Index (VCI) measures the child’s use 

and understanding of language using subtests that assess abstract reasoning, vocabulary 

development, and common sense reasoning; the Perceptual Reasoning Index (PRI) assesses 

nonverbal reasoning and problem solving; the WMI measures child’s ability to recall, 

manipulate, and sequence auditory information; the Processing Speed Index (PSI) assesses the 

speed and accuracy of visual motor integration. 

Executive functions and Language. 

Some tests or specific items from general neuropsychological developmental assessment 

scales have been selected in order to obtain information about specific aspects of cognitive 

functions that were relevant to a possible cerebellar role. The Inhibition subtest 

(Denomination, Inhibition and Switching subtest) and the Design Fluency have been chosen 

from the NEPSY-II (Brooks et al., 2010; Urgesi et al., 2011) in order to explore processing 

speed, inhibitory control, cognitive flexibility, and initiation and productivity, respectively.  

We administered TOL (Sannio Fancello et al., 2006) to evaluate planning and problem 

solving and the MCST (Sannio Fancello et al., 2003), a simplified version of the Wisconsin 

Card Sorting Test for children, to assess categorising ability.  

We used Verbal Fluency-Word Generation from BVN 5-11 (Bisiacchi et al., 2005) 

phonological and semantic Criteria because of cerebellar involvement in these specific 

linguistic functions.  

All the subjects were assessed individually and each assessment took approximately 4 hours.  
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A.1.3 Data and statistical analysis  

Continuous variables were presented as the mean and standard deviation. All the tasks have 

been standardised on Italian population of children aged between 6 and 12 years; row scores 

are thus transformed in z or scaled scores and T scores according to the reference data (Orsini 

et al., 2008; Brooks et al., 2009; Urgesi et al., 2011; Sannio Fancello et al., 2006; Sannio 

Fancello et al., 2003; Bisiacchi et al., 2005). 

The mean FIQ, VCI, PRI, WMI and PSI were considered in the normal range according to the 

Diagnostic Mental Index if the mean value was 100 and the SD was 15. The specific 

Wechsler subtest was measured as mean 10 and SD 3. The same criteria were measured for 

the NEPSY’s Substest (mean = 10; SD = 3, cut-off = 7). In contrast, TOL results were 

expressed with T Score (mean = 50; SD = 10), for MCST test results were used z normalized 

(mean = 0; SD = 1). The individual z scores were then averaged to allow a comparison 

between different tests and different age and group of patients and z score values < −1.6 were 

considered pathological.  

In consideration of the sample size, we decided to use non parametric tests. 

Wilcoxon test was used to define if the cognitive profile was stable over time in our sample 

who performed a second neuropsychological assessment after 3 years from the previous. 

Mann–Whitney U-test was used to compare the distribution of variables among the two 

groups in which the sample was subdivided according to the FIQ and Kruskal Wallis test was 

used to compare the distribution of variables among the three groups according to the site of 

mutation of DMD gene. Moreover, Pearson correlation test was performed to evaluate 

possible correlation between scores difference from baseline and other variables such as age 

and score at baseline. Version 23 of the SPSS software (SPSS, 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 up: 10 years and 7 months) performed a new 

assessment three years apart from the baseline previously reported. 

 

A.2.1 Intellectual functioning 

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

Table 1. 

 

Table 1. WISC-IV assessment in DMD cohort 

 Baseline 

Mean (SD) 

Follow-up 

Mean (SD) 

P value 

WISC-IV 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-IV 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 emerged between baseline and follow-up assessment. 

These results confirmed therefore the stability of the cognitive impairment over time and the 

worst performance in the WMI at WISC-IV (mean score at baseline=84.36; SD= 17.28; mean 

score at follow up=83.61; SD= 12.21) and in the related subtests Digit Span (mean score at 

baseline=7.21; SD= 3.07; mean score at follow up=7.61; SD= 2.13) and Letter-Number 



 

Sequencing (mean score at baseline=

2.91). (Table 1 and Figure 1).

 

Figure 1.  WISC-IV profile in DMD cohort at baseline and after 3 years follow

VCI: verbal comprehension index; VSI: visual spatial index; WMI: working memory index; PSI: 

processing speed index; FSIQ:

 

A.2.2 Executive functions and language

The mean scores of the tasks assessing 

baseline and follow-up assessment 

 

Table 2.  Executive functions

 

Inhibition Test (NEPSY-II) (standard score)

Denomination Total 

Inhibition Total 

Switching Total 

Graphic Fluency Test NEPSY II (standard score)

Graphic Fluency  

TOL Test (T score) 

Total corrected 

Number of moves 

Violation of rules 

Time decision 
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Sequencing (mean score at baseline=7.61; SD= 3.68; mean score at 

1). (Table 1 and Figure 1). 

IV profile in DMD cohort at baseline and after 3 years follow

VCI: verbal comprehension index; VSI: visual spatial index; WMI: working memory index; PSI: 

processing speed index; FSIQ: Full scale Intelligence Quotient. 

Executive functions and language 

The mean scores of the tasks assessing executive functions and language in DMD cohort at 

assessment are reported in Table 2. 

Executive functions and language assessment in DMD cohort

Baseline 

Mean (SD) 

Follow

Mean (SD)

II) (standard score) 

7.76 (2.48) 7.64 (2.9

9.09 (3.29) 8.09 (3.3

5.81 (4.35) 7.34 (2.8

Graphic Fluency Test NEPSY II (standard score) 

9.52 (4.00) 8.67 (3.5

38.22 (18.70) 49.84 (1

72.84 (16.85) 79.59 (16.87)

79.10 (21.89) 74.84 (2

42.47 (6.22) 51.28 (1

8; mean score at follow up=6.91; SD= 

IV profile in DMD cohort at baseline and after 3 years follow-up 

 

VCI: verbal comprehension index; VSI: visual spatial index; WMI: working memory index; PSI: 

and language in DMD cohort at 

assessment in DMD cohort 

Follow-up 

Mean (SD) 

P value 

2.97) 0.413 

3.32) 0.061 

2.86) 0.306 

3.55) 0.173 

4 (14.43) 0.617 

9 (16.87) 0.602 

4 (21.41) 0.918 

8 (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 written in bold 

 

No statistically significant differences emerged between baseline and follow-up assessment. 

However, if we considered the mean scores, we observed a slight increase in Switching total 

mean score of the Inhibition test (NEPSY-II) over time (mean score at baseline below 

average=5.81; SD= 4.35; mean score at follow up in the borderline range=7.34; SD= 2.86).  

At TOL test, “total correct answers” mean score increased (mean score at baseline=38.22; 

SD= 18.70; mean score at follow up=49.84; SD= 14.43), as well as “time decision” (mean 

score at baseline=42.47; SD= 6.22; mean score at follow up=51.28; SD= 10.16), “time 

execution” (mean score at baseline=42.66; SD= 10.50; mean score at follow up=50.78; SD= 

16.12), and “time total” (mean score at baseline=41.94; SD= 9.53; mean score at follow 

up=51.03; SD= 16.02); “violation of rules” mean score decreased (mean score at 

baseline=79.10; SD= 21.89; mean score at follow up=74.84; SD= 21.41) (Table 2 and Figure 

2.A/B).  

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

must be considered related to a reduction in impulsivity for DMD subjects. 

 



 

Figure 2.A/B.  A: Inhibition Test (NEPSY

and after 3 years follow-up. B: TOL Test 

years follow-up 

A. Den Tot: Denomination total; Inhib to

 

B.  t_totcorr: total corrected; 
time decision; t_t.esec: time execution; t_t.tot: time total (TOL).

 

The youngest patients tended to improve their performances in 

reassessment: a statistically significant correlation between

spreads considering baseline and follow up 
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A: Inhibition Test (NEPSY-II)  profile in DMD cohort at baseline 

up. B: TOL Test profile in DMD cohort at basel

Den Tot: Denomination total; Inhib tot: inhibition total; Swit tot: Switching total (NEPSY II).

t_totcorr: total corrected; t_moves: number of moves; t_rules: violation of rule; 
time decision; t_t.esec: time execution; t_t.tot: time total (TOL). 

The youngest patients tended to improve their performances in specific 

statistically significant correlation between age at baseline and the po

spreads considering baseline and follow up scores emerged in the Switching total of the 

profile in DMD cohort at baseline 

profile in DMD cohort at baseline and after 3 

 

total (NEPSY II). 

 

t_rules: violation of rule; t_t.dec: 

specific tasks at follow up 

age at baseline and the point 

the Switching total of the 
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Inhibition test (NEPSY-II) (p=0.001; r=0.61) and in the “total correct answers” of TOL test 

(p=0.015; r=0.42).  

Patients with an impairment of scores at baseline tended to improve their performances at 

follow up reassessment. An inversely proportional correlation between scores at baseline and 

the point spreads considering baseline and follow up scores emerged in all the 

neuropsychological tests (p <0.001). This trend was particularly evident for switching subtest 

from Inhibition Test (NEPSY-II) and for some subtests of TOL test. In fact 17 subjects in 20 

(85%) with an impairment of scores at baseline increased their score in Switching total from 

Inhibition Test (NEPSY-II) at follow up reassessment. At TOL test, all the patients with an 

impairment of score at baseline improved their performance in “total correct answers”, “time 

decision”, “time execution”, and “time total”.  

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

impulsivity for DMD subjects. 

 

A.2.3 Comparison between groups according to site of mutation and FIQ 

At the follow up assessment in the sample of 33 DMD boys 25 subjects (76%) have a FIQ>85 

and 8 (24%) have a FIQ<85.  

According to site of mutation subdivision, Group 1 included 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 mutation and FIQ, we considered all the 66 

evaluations in the analysis as there are no differences between the baseline and the follow-up 

scores and to increase the statistical power. 

The mean scores and SDs of WISC-IV and executive functions and language subtests in 

different subgroups according to the site of mutation and FIQ are reported in Table 3.  

No significant differences emerged among the two subgroups subdivided on FIQ regarding 

executive functions and language subtests. 
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Instead, significant differences emerged among the three groups subdivided on site of 

mutation in WMI (p=0.021), Digit Span (p=0.042), and Coding (p=0.035) of WISC-IV where 

lower scores were observed in Group 3 and for Switching Total (p=0.018) of the Inhibition 

test (NEPSY-II) where higher scores were observed in Group 1. No other significant 

differences emerged among groups subdivided on site of mutation. 

Neither FIQ at baseline or site of mutation had a correlation with the point spreads between 

baseline and follow up scores in all the performed subtests.  

  

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

cohort subdivided into groups according to site of mutation and FIQ  

 Site of mutation Intellectual quotient 

 Group 1 

28  

assessments 

Mean (SD) 

Group 2 

24 

assessments 

Mean (SD) 

Group 3 

14 

assessments 

Mean (SD) 

FIQ <85 

16 

assessments 

Mean (SD) 

FIQ>85 

50 

assessments 

Mean (SD) 

WISC-IV Index 

Verbal Comprehension 

Index 

102.93 (16.023) 96.33 (14.25) 95.57 (7.62) 85.64 (8.33) 101.64 (13.66) 

Perceptual Reasoning 

Index 

106.21 (12.79) 99.87 (13.12) 101.36(15.27) 91.82 (6.95) 105.09 (13.52) 

Working Memory 

Index 

83.29 (16.32)* 89.46 (12.05)* 76.00 (12.94)* 67.27 (12.18) 87.33 (13.03) 

Processing Speed 

Index 

98.14 (12.64) 94.54 (12.45) 91.36 (12.57) 87.36 (12.05) 97.00 (12.04) 

Full Intellectual 

Quotient 

98.46 (12.66 94.13 (10.25) 89.86 (10.04) 78.82 (4.53) 98.31 (10.37) 

WISC-IV 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 

sequencing 

7.61 (3.69) 7.63 (3.09) 5.93 (2.67) 3.64 (2.69) 7.98 (2.94) 

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 II (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 

errors 

0.38 (0.97) 0.28 (4.22) 0.78 (1.05) 0.31 (0.85) 0.46 (1.18) 

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 DMD subjects are described in an ongoing 

paper (NMD 2020, submitted). 

 

 



29 
 

A.3 Commentary  

The follow up neuropsychological data show difficulties in the manipulation of stored 

information, in the ability to inhibit automatic responses and switch the tasks, in abstract 

reasoning and planning capacity for DMD subjects without intellectual disability, after a re-

assessment 3 years apart from the first evaluation. In fact, despite a slight maturation trend 

over time in some tasks assessing executive functions, particularly evident for subjects who 

show a score impairment at baseline and for the youngest boys, specific difficulties persist, 

confirming a characteristic neuropsychological functioning in DMD boys without intellectual 

disability.  

These findings are consistent with our previous results (Battini et al., 2018) and support the 

hypothesis of a fronto-striatal-cerebellar network involvement in DMD.  

With respect to our previous study (Battini et al., 2018), this research deepen the 

understanding of the role of dystrophin in the brain. A more detailed description of subgroups 

of subjects according to the real expression of Dp140, let us to reveal possible correlations 

between genotype and neuropsychological phenotype, and a more general neuropsychological 

impairment emerged in DMD boys without Dp140 expression (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 and 7 months) have been recruited 

according to the inclusion criteria already used in the follow up study. Therefore, a total 

cohort of 57 subjects has been analyzed.  

As already described for the follow up study, the DMD children have been subdivided into 

two groups according to their FIQ (FIQ<85 and FIQ>85) and into three groups according to 

site of mutation (Group 1: mutations located upstream from or in exon 44; Group 2: mutations 

located in or extending to the region corresponding to exons 45-50; Group 3: mutations 

located in or downstream exon 51) (see section A). 

All parents’ patients included in the study signed a written informed consent. 

 

B.1.2 Neuropsychological protocol 

The new enrolled DMD children performed the same neuropsychological assessment used for 

the follow up study, assessing intellectual functions (WISC-IV) and executive and language 

functions: the Inhibition subtest and the Design Fluency have been chosen from the NEPSY-

II (Brooks et al., 2010; Urgesi et al., 2011); TOL (Sannio Fancello et al., 2006); MCST 

(Sannio Fancello et al., 2003), Verbal Fluency-Word Generation from BVN 5-11 (Bisiacchi et 

al., 2005) phonological and semantic criteria (see Section A).   

All the subjects were assessed individually and each assessment took approximately 4 hours. 

 

B.1.3 Data and statistical analysis  

For the analysis of neuropsychological data see Section A. 

In consideration of the sample size, we decided to use non parametric tests. 
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Mann–Whitney U-test was used to compare the distribution of variables among the two 

groups in which the sample was subdivided according to the IQ and Kruskal Wallis test was 

used to compare the distribution of variables among the three groups according to the site of 

mutation of DMD gene. Version 23 of the SPSS software (SPSS, Inc.) was used for all 

statistical analyses, setting the significance at p < 0.05.   

 

B.2 Results 

B.2.1 Intellectual functioning  

We found similar trends in the cohort of 57 DMD patients compared to the previous sample of 

40 DMD boys. 

In the total cohort, we confirmed the worst performance in WMI (mean score=85.58; 

SD=16.81) and in the related subtests (Digit Span - mean score=7.66; SD=2.81 – and Letter-

Number Sequencing – mean score= 7.46; SD=3.6). 

Intellectual functioning profile in the two groups (40 DMD subjects/57 DMD subjects) was 

reported in Figure 3.A/B.  
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Figure 3.A/B  WISC-IV profile in DMD cohort (40 subjects/57 subjects)  

 
 

A.  Previous cohort of 40 DMD children (modified from Battini et al., 2018) 
 

 
 

B.  Total cohort of 57 DMD children 
 

Red bars represent the percentage of normal values standardized as 100%, blue bars represent pathological values. 
VCI: verbal comprehension index; VSI: visual spatial index;WMI: working memory index; PSI: processing speed index; 
FSIQ: Full scale Intelligence Quotient; SI: similarities; VC: vocabulary; CO: comprehension; BD: block design; PC: 
picture concepts; MR: matrix reasoning; DS: digit span; LN: letter-number sequencing; CD: coding digit; SS: symbol 
search. 
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B.2.2 Executive functions and language 

We found similar trends in the cohort of 57 DMD patients compared to the previous sample of 

40 DMD boys. 

Relating to Executive Functions, the overall sample of 57 DMD subjects confirmed the worst 

performances in the Switching task of the Inhibition test (NEPSY II) compared to the 

Denomination and the Inhibition tasks (mean score Switching Total=6.13; SD=3.8; mean 

score Denomination Total=7.77; SD=2.58; mean score Inhibition Total=8.5; SD=3.13).  

In TOL worst performances were confirmed especially in “number of moves” (mean 

scores=76.80; SD=16.66) and “violation of rules” (mean score=78.64; SD=21.48).  

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

We confirmed good performances in Graphic Fluency Test (NEPSY II) (mean score=8.98; 

SD=3.14).  

Concerning language abilities, the scores of global group of 57 DMD subjects ranged between 

-2.7 and +1.87 z score in Semantic fluency test and between -2.33 and +3.84 z score in 

Phonetic fluency test, with an impairment in 24.6% and 14.5% of patients, respectively. 

Executive functions and language profile in the two groups (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 profile in DMD cohort (40 subjects/57 

subjects) 

 
 

A.  Previous cohort of 40 DMD children (modified from Battini et al., 2018) 
 

 
 

B.  Total cohort of 57 DMD children 
 

 
Red bars represent the percentage of normal values standardized as 100%, blue bars represent the percentage of 
pathological values.  
Den Tot: Denomination; Inhib tot: inhibition total; Swit tot: switching total (NEPSY II). t_totcorr: total corrected; t-
moves: number of moves; t_rules: violation of rule; t_t.dec: time decision; t_t.esec: time esecution; t_t.tot: time total 
(TOL). z_categ: categories; z_corr.answer: correct answers; z_categ.eff: categorial efficiency; z_tot.err: total error; 
z_persev.err: perseveration errors; z_npers.err: non perseveration errors; z_fail: failure (MCST). Grap flu TOT_pp: 
graphic fluency (Nepsy-II). Phonological (phon) and semantic (sem) fluency has been also described.  
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B.2.3 Comparison between groups according to site of mutation and FIQ 

As the analysis did not reveal any differences between the follow-up and the baseline, all the 

evaluations were taken into account for the statystical analyses. Therefore, 90 assessments 

were included in the statistical analysis: the 33 evaluations at baseline, the 33 evaluations at 

follow-up, the 7 evaluations at baseline of patients lost at follow-up and the new 17 

evaluations.  

With regard to site of mutation, 40 evaluations (44.4%) derived from patients of Group 1, 30 

(33.4%) from patients of Group 2, and 20 (22.2%) from patients of Group 3.  

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

Regarding intellectual functioning, when we divided the subgroups according to site of 

mutation, the best performances were observed in Group 1 and the worst performances in 

Group 3 in most cases. Statistically significant differences were found in WMI (p=0.044) and 

its related subtest Digit Span (p=0.018), where the worst performances were observed in 

Group 3.  

Concerning executive functions and language assessments, the best performances were 

observed in Group 1 and the worst performances in Group 3 in most cases. Statistically 

significant differences were found in Switching total of the Inhibition subtest (NEPSY-II) 

(p=0.037) and in Violation of rules at TOL test (p=0.047), where the best performances were 

observed in Group 1. 

When we subdivided the whole cohort in the two subgroups according to FIQ, the best 

performances were observed for FIQ>85 evaluations and the worst performances for FIQ<85 

in most cases. Statistically significant differences were found in “Correct answers” of MCST 

Test (p= 0.023) and “Graphic Fluency Total” of NEPSY II (p=0.049), where the best 

performances were observed for FIQ>85 evaluations.  

Table 4 shows details of the mean scores and SDs of WISC-IV, executive functions and 

language subtests in different subgroups according to site of mutation and FIQ. 
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Table 4. WISC-IV and Executive functions and language assessments in DMD 

cohort subdivided into groups according to site of mutation and FIQ  

 Site of mutation Intellectual quotient 

 Group 1 

40 

assessments 

Mean (SD) 

Group 2 

30 

assessments 

Mean (SD) 

Group 3 

20 

assessments 

Mean (SD) 

FIQ <85 

22 

assessments 

Mean (SD) 

FIQ>85 

68 

assessments 

Mean (SD) 

WISC-IV Index 

Verbal Comprehension 

Index 

99.95 (16.40) 97.57 (14.66) 94.70 (9.61) 84.64 (7.29) 102.31(13.68) 

Perceptual Reasoning 

Index 

103.55 (15.43) 99.70 (14.02) 99.15 (16.48) 89.82 (9.02) 105 (13.54) 

Working Memory 

Index 

82.68 (15.43)* 89.97 (13.74)* 81.55 (15.79)* 72.05 (12.12) 89 (13.83) 

Processing Speed 

Index 

95.73 (13.71) 92.97 (12.63) 91.55 (10.70) 87.95 (11.89) 95.79 (12.47) 

Full Intellectual 

Quotient 

95.38 (14.71) 93.73 (11.77) 90.25(10.60) 79.05 (3.91) 98.43 (11.18) 

WISC-IV 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 

sequencing 

7.10 (3.61) 7.93 (3.14) 6.80 (3.07) 4.29 (2.35) 8.24 (3.04) 

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 II (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 

errors 

0.37 (0.89) 0.25 (1.31) 0.50 (1.09) 0.30 (0.90) 0.37 (1.13) 

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 neuropsychological profile in a wider cohort of DMD 

patients without intellectual disability than previously studied (Battini et al., 2018). In fact, we 

found similar trends in the cohort of 57 DMD patients compared to the previous sample of 40 

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

assessment. 

The comparison between groups according to site mutations confirm possible genotype-

neuropsychological phenotype correlations also in this wider cohort, with a major 

neuropsychological impairment in DMD boys without Dp140 expression.  
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Moreover, the enlargement of the sample let us to reveal, as expected, a possible effect of the 

intellectual functioning on the performances at neuropsychological tasks; in fact, DMD boys 

with a better FIQ tend to obtain better performances also 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 30 children’s parents of the follow up study 

were involved in this study. A total of 47 children’ parents were included. As already 

described for the previous studies, the DMD children involved were subdivided into two 

groups according to their FIQ (FIQ<85 and FIQ>85) and into three groups according to site of 

mutation (Group 1: mutations located upstream from or in exon 44; Group 2: mutations 

located in or extending to the region corresponding to exons 45-50; Group 3: mutations 

located in or downstream exon 51) (see Section A).  

With regard to FIQ, 15 boys showed a FIQ<85 and 32 a FIQ>85.Concerning site of mutation, 

23 DMD children belonged to Group 1, 13 to Group 2 and 11 to Group 3.  

 

C.1.2 BRIEF-2 questionnaire 

The Behavior Rating Inventory of Executive Functions, Second Edition (BRIEF-2) - Parent 

Form (Marano et al., 2016) was administered in order to assess everyday behavior and 

executive functioning in home environment. It is composed by 63 items and includes 9 

subscales (Inhibit, Self-Monitor, Shift, Emotional Control, Initiate, Working Memory, 

Plan/Organise, Task Monitor, and Organisation of Materials). The subscales form three broad 

indexes (Behavioural, Emotion and Cognitive Regulation Index) and a Global Executive 

Composite Index. Higher BRIEF scores represent poorer executive functions.  

 

C.1.3 Data and statistical analysis 

T scores were used to interpret the child’s level of executive functioning as reported by 

parents (mean = 50, SD = 10; pathological values >65). 

In consideration of the sample size, we decided to use non parametric tests. 
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Mann–Whitney U-test was used to compare the distribution of variables among the two 

groups in which the sample was subdivided according to the FIQ and Kruskal Wallis test was 

used to compare the distribution of variables among the three groups according to the site of 

mutation of DMD gene. Version 23 of the SPSS software (SPSS, Inc.) was used for all 

statistical analyses, setting the significance at p < 0.05.  

 

C.2 Results 

The mean scores were in the normal range in all the subtests, but the worst mean performance 

was observed in “Shift” (mean score=51.11; SD=12.97) and the best one in “Organization of 

Materials” (mean score=43; SD=7.18) (Figure 5). 

The highest percentage of T-score over 65 was in “Shift” (24.32%), followed by “ERI” 

(13.51%), and “Emotional control”, “Initiate”, and “Working 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 site of mutation, we found statistically 

significant difference in “Working Memory” (p=0.033), where the highest T score was 

observed in Group 3.  

No statistically significant differences were found between groups subdivided on FIQ. The 

mean scores obtained at BRIEF-2 in groups subdivided according to site of mutation and FIQ 

are shown in Table 5. 

 

Table 5.  BRIEF-2 mean scores in subgroups according to site of mutation and FIQ 

 Site of mutation Intellectual quotient 

 Group 1 

23 subjects 

Mean (SD) 

Group 2 

13 subjects 

Mean (SD) 

Group 3 

11 subjects 

Mean (SD) 

FIQ <85 

15 subjects 

Mean (SD) 

FIQ>85 

32 subjects 

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 

materials 

43.35 (8.55) 41.15 (2.94) 44.45 (7.70) 43.27 (4.88) 42.88 (8.11) 

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 without intellectual disability may show possible 

neuropsychological weaknesses, the results obtained by the BRIEF-2 questionnaire 
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demonstrate that the parents focus little attention on cognitive and neuropsychological 

abilities of their children. 

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

without intellectual disability are a particularly vulnerable population. In fact, not detected 

and recognized neuropsychological impairments may have anyway 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 in DMD gene may have an impact on the cognitive and 

neuropsychological functioning in DMD boys. Also our neuropsychological results confirm 

that a more evident neuropsychological impairment is observed in DMD children without 

Dp140 expression.   

The role of common polymorphisms in genes remote from the DMD gene that may act as 

genetic modifiers and modulate the disease severity (Zatz et al., 2014; Hindi et al., 2014; Barp 

et al., 2015; Bello et al., 2015; Bello et al., 2016b; Quattrocelli et al., 2017; Spitali et al., 

2020) has been widely studied to explain the variability in clinical phenotype severity that is 

commonly observed in DMD, in term of age at loss of independent ambulation, age of onset 

and rate of progression of respiratory insufficiency and dilated cardiomyopathy.  

To our knowledge, the role of these genetic modifiers as possible influential factor for 

neuropsychological profile has never been deepened in DMD population.  

However, in addition to being commonly involved in response to tissue damage, in tissue 

repair and regeneration, and in regulation of the inflammatory response (Bello et al., 2019), 

some of these genes and their protein products can also be expressed in the brain, with a 

possible role in pathogenesis of neurodegenerative diseases, in neuroinflammation or in 

neuroprotection (Yu et al., 2017; Dobolyi & Palkovits, 2008; Togo et al., 2000; Kempuraj et 

al., 2016; Carriba et al., 2017). 

These data suggest the possibility to identify modifiers 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 in DMD gene, in this ancillary research to the 

neuropsychological study, we wanted to analyse polymorphisms in genes which have been 

already reported as modifiers for DMD in a subgroup of DMD children already involved in 

the neuropsychological study in order to identify possible biological biomarkers of their 

deficits. 

 

2.3 Subjects and Methods 

2.3.1 Subjects 

Blood samples from 20 of the 57 children involved in the neuropsychological study have been 

collected and were analysed at the Laboratory of Neuromuscular Centre in Padova. 

The mean age of the sample at baseline evaluation was 8.08 years and the mean FIQ was 

94.9. 

 

2.3.2 Genetic testing  

We applied a candidate gene association strategy to identify possible genetic modifiers and 

we concentrated on selected variants in genes which have been already reported as modifiers 

for DMD. Genotypes at the SNPs rs28357094 (T/G nucleotide substitution at position -66 in 

the promoter region of the SPP1 gene), rs2303729 (LTBP4 V194I), rs1131620 (LTBP4 

T787A), rs10880 (LTBP4 T1140M), and rs1883832 (T/C nucleotide substitution adjacent to 

where translation starts in the 5’ UTR of CD40 gene) were determined by Applied BioSytems 

TaqMan SNP genotyping assays and end-point allelic discrimination on an ABI-7000 SDS 

instrument. 

For SPP1 rs28357094, a dominant model for the minor allele G was adopted (Pegoraro et al., 

2011). LTBP4 haplotype was reconstructed based on rs2303729, rs1131620, and rs10880 

genotypes. Genotype at the fourth SNP rs1051303 (T820A) was imputed from rs1131620 

genotype, assuming no recombination events due to very strong linkage disequilibrium (LD). 
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Patients were assigned to genotype groups according to recessive inheritance models for 

rs10880 and were subdivided into VTTT homozygotes, IAAM homozygotes, and “other” for 

other haplotype configurations (e.g. VTTT/IAAM heterozygotes, other rare haplotypes) 

(Flanigan et al., 2013; Barp et al., 2015). 

Regarding CD40 rs1883832, an additive model for the minor allele T was applied (Bello et 

al., 2016b). 

Dystrophin gene mutations were classified based on the predicted effect on Dp140 

expression: “Dp140-” for those in which the Dp140 promoter or translation start ATG was 

lost, or there were frameshift/nonsense mutations within the Dp140 ORF; “Dp140+” for those 

with an intact promoter and ORF for Dp140; and “dubious” for mutations situated in between 

the Dp140 promoter (intron 44) and translation start codon (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 as mean ± SD. Score differences by genotype 

group were tested by ANOVA, with scores as dependent variables and concurrent effects of 

genotypes as independent variables. In the ANOVA models, the effect of DMD mutations on 

Dp140 expression was modelled quantitatively as follow: Dp140- = 0; Dp140 “dubious” = 

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

was set at p < 0.05. 

 

2.4 Results  

2.4.1 SPP1 rs28357094 genotyping 

Regarding SPP1 rs28357094 genotyping, in our cohort there were 15 homozygotes for the T 

allele (75%), 5 T/G heterozygotes (25%) and no homozygotes for the G allele. This 

distribution was close to expected minor allele frequency (MAF) in a European population 



46 
 

(1000 Genomes Project Consortium et al., 2012) and consistent with Hardy-Weinberg 

equilibrium (HWE). 

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

baseline evaluation in DMD cohort subdivided on SPP1 rs28357094 genotyping are reported 

in Table 6. 

 

Table 6. DMD cohort subdivided on SPP1 rs28357094 genotyping 

 SPP1 rs28357094 genotyping 

 TG  

15 subjects 

Mean (SD) 

TT  

5 subjects 

Mean (SD) 

WISC-IV 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-IV 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 II (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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T
_

t.
to

t 

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 reported a reduced “number of moves” than T/T 

homozygotes with a statistically significant difference (p=0.041; η2=0.21 - “large”). A 

statistically significant difference emerged also in “time total” where T/G heterozygotes took 

less time to complete the task (p=0.039; η
2=0.08 – “medium/large”).  

The significant differences in groups subdivided on SPP1 rs28357094 genotyping are shown 

in Figure 6. A/B. 

 

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

subdivided on SPP1 rs28357094 genotyping 
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2.4.2 LTBP4 genotyping 

With regard to LTBP4 genotyping, 14 patients (70%) were homozygotes for the VTTT/VTTT 

haplotype, and 2 (10%) for the IAAM/IAAM haplotype. Other haplotype configurations (e.g. 

VTTT/IAAM heterozygotes, other rare haplotypes) were found in 4 patients (20%). 

These findings were close to the expected distribution for a European population (1000 

Genomes Project Consortium et al., 2012) and consistent with HWE. 

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

baseline evaluation in DMD cohort subdivided on LTBP4 genotyping were reported in Table 

7. 

 

Table 7. DMD cohort subdivided on LTBP4 genotyping. 

 LTBP4 genotyping 

 VTTT/VTTT 

14 subjects 

Mean (SD) 

Other 

4 subjects 

Mean (SD) 

IAAM/IAAM 

2 subjects 

Mean (SD) 

WISC-IV 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-IV 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 II (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, VTTT/VTTT homozygotes patients reported worse performances in “total 

correct answers” than IAAM/IAAM homozygotes and other genotypes. In particular, an 

almost significant difference emerged for “number of moves” where higher scores 

(corresponding to a worse performance) were observed in VTTT/VTTT homozygotes 

(p=0.053; η2=0.52 – “large”). 

The significant differences in groups subdivided on LTBP4 genotyping are shown in Figure 7. 

Figure 7. T scores in “number of moves” at TOL test in groups subdivided on LTBP4 

genotyping 
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2.4.3 CD40 rs1883832 genotyping 

Concerning CD40 rs1883832 genotyping, 11 patients (55%) were homozygotes for the C 

allele, 8 were C/T heterozygotes (40%) and only 1 was homozygotes for the T allele (5%). 

These findings were close to the expected distribution for a European population (1000 

Genomes Project Consortium et al., 2012) and consistent with HWE. 

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

baseline evaluation in DMD cohort subdivided on CD40 genotyping were reported in Table 8. 

 

Table 8. DMD cohort subdivided on CD40 rs1883832 genotyping 

 CD40 rs1883832 genotyping 

 CC 

11 subjects 

Mean (SD) 

CT  

8 subjects 

Mean (SD) 

TT 

1 subject 

WISC-IV 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-IV 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 II (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 subdivided on CD40 rs1883832 genotyping 

for Switching Total of the Inhibition test (NEPSY-II) where lower scores were observed in 

C/C homozygotes patients (p=0.031; η
2=NaN). 

The significant differences in groups subdivided on CD40 rs1883832 genotyping are shown 

in Figure 8. 

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

subdivided on CD40 rs1883832 genotyping 
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2.5 Commentary  

These results suggest that some polymorphisms in genes known as genetic modifiers of 

phenotype variability for motor and cardiac aspects in DMD boys may play a role also in the 

modulation of their neuropsychological phenotype. Specifically, these genetic variants seem 

to have an effect on executive functioning as switching, planning and problem solving 

abilities.  

Therefore, our genetic data, even if with the limit of the small sample, suggest that genetic 

mechanisms other than site of mutation in DMD gene may have a role as potential biological 

biomarkers of the neuropsychological profile for our cohort of DMD patients without 

cognitive disability. 
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3. Neuroimaging study 

 

 

3.1 Introduction 

DWI uses water molecules diffusion patterns to provide non-invasively image contrast and 

reveal in vivo details of white matter (WM) microstructure. In particular, tractography can be 

applied to map WM pathways and trajectories in the brain (Jones & al., 2013; Tournier, 

2019). At the moment, WM tracts which include crossing fibers, as the afferent and efferent 

cerebellar tracts, may be accurately reconstructed (Tournier et al., 2008; Kamali et al., 2010; 

Tournier et al., 2013; Palesi et al., 2015), thanks to developments of new techniques of data 

acquisition, such as high-angular-resolution diffusion imaging (HARDI), and progress in 

postprocessing software (Tournier et al., 2008; Tournier et al., 2013). 

Quantitative analysis of WM organization can also be performed measuring scalar measures, 

such as Fractional Anisotropy (FA), in specific anatomic regions of interest (ROIs) or 

within/along reconstructed WM tracts (Jones et al., 2013).  

Tractography has been widely applied for neurodevelopmental and neurological disorders and 

it has also been tried in neuromuscular disorders, including DMD, with a small scientific 

contribution (Doorenweerd et al., 2014; Fu et al., 2016).  

In the last years, IRCCS Stella Maris MRI Laboratory has acquired a large experience in the 

use of conventional and advanced MRI techniques in children with neurological disorders. 

The connectomic whole brain approach and reconstruction of specific tracts by HARDI 

approach have been already developed in the Laboratory and applied in different pathological 

conditions, in particular in children with primary cerebellar disease, language disorders as 

childhood apraxia of speech (CAS) (Fiori et al., 2016a; Fiori et al., 2016b) and autism (Conti 

et al., 2016; Conti et al., 2017). 

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

Neuropsychological study) strengthen the involvement of cerebello-cerebro networks in the 
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neuropsychological profile of DMD children and support the application of DWI tractography 

in this population. 

 

3.2 Aims  

Since we succeded in better defining the neuropsychological functioning in DMD without 

intellectual disability, and we highlighted potential biological genetic modifiers (see previous 

studies), in this pilot study our ambition was to reveal also possible functional neuroimaging 

biomarkers of the neuropsychological profile of DMD. 

In this perspective, in this study we aimed to explore structural connectivity in DMD children 

focusing on cortico-subcortical tracts that connect the frontal cortex, the basal ganglia and the 

cerebellum via the thalamus and on tracts that have been described to be possibly involved in 

executive functions. Mean FA along each tract was calculated. FA is a normalised scalar 

measure that describes the degree of diffusion anisotropy and varies between 0 (equal 

diffusion in all directions) and 1 (highly directional diffusion). It was used as the measure of 

altered white matter connectivity, and compared among DMD, BMD children and in sex- and 

age-matched controls. As FA reflects fibre density, axonal diameter and myelination, we 

hypothesized that DMD boys had lower FA in the analyzed tracts than the other groups of 

subjects.  

Moreover, we explored possible correlations between altered FA values and clinical measures 

of neuropsychological function in each DMD and BMD group, in order to identify possible 

functional neuroimaging biomarkers of the neuropsychological profile. We hypothesized that 

reduced FA corresponded to higher functional impairment. 
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3.3 Subjects and Methods 

3.3.1 Subjects 

Fifteen subjects participated in the study. The rarity of the DMD disease, the difficulty for the 

patients’ families to move from long distances, the participation of many DMD patients in 

experimental trials which already involve several clinical monitoring, or the refusal of patients 

to participate in a study involving a brain MRI protocol which is not part of the routine follow 

up, compromised the recruitment of DMD children. Therefore, only 5 DMD boys (mean age: 

10.1 years old; range: 7-13 years) were enrolled in the study. Three of them were recruited 

from IRCCS Stella Maris Foundation, Pisa, and have already participated to the above-

mentioned neuropsychological study, and 2 were enrolled from IRCCS Institute of 

Neurological Sciences, Bellaria Hospital, Bologna. Because of the involvement of dystrophin 

in all dystrophinopathies, additional 5 BMD boys (mean age: 13.1 years old; range: 11-15 

years) were also recruited in the study from IRCCS Stella Maris Foundation. BMD is due to 

mutations in DMD gene which result in partly functional dystrophin. The variable expression 

of the protein reflects the widely variable clinical phenotype observed in BMD children, in 

terms of motor and cardiorespiratory outcome (Flanigan, 2014). In literature, the 

neuropsychological functioning of BMD boys has been less widely explored than DMD 

(Young et al., 2008; Banihani et al., 2016). We may speculate that the BMD 

neuropsychological phenotype could be similar but variable compared to DMD. 

The inclusion criteria for the study were the following: i) DMD and BMD boys with proven 

mutation in the dystrophin gene; ii) the availability of a brief neuropsychological evaluation 

assessing cognitive and neuropsychological functioning; iii) no cognitive impairment (IQ<70) 

or any associated neuropsychiatric disorders (drug-resistant epilepsy, autism spectrum, 

attention deficit and hyperactivity) neither any additional neurosensory deficits; iv) steroid 

treatment and/or other experimental drug stable for at least six months.  
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Moreover, 5 age-matched typically developing (TD) boys (mean age: 9.5 years old; range: 7-

12 years) were enrolled. 

All the children were recruited only if they have not MRI contraindications and if they were 

be able to lie supine for at least 30/40 minutes. The MRI were in fact performed without 

narcosis. 

The study was approved by Tuscany Pediatric Ethics Committee on September 26th 2017 and 

a specific informed consent form has been signed by all parents and subjects included in the 

study. 

 

3.3.2 MRI acquisition 

MRI data were acquired by using a 1.5T MRI scanner (1.5T GE HDx). The acquisition 

protocol consisted of: (1) Isotropic high-resolution T1-weighted sequence (3D BRAVO) with 

slice thickness = 1 mm, Field of view (FOV) = 256 mm X 256 mm, matrix = 256 X 256; 

Time of repetition (TR)/ Time of echo (TE) = 450/5.18 ms, flip angle (fa) = 13°; (2) Isotropic 

diffusion weighted sequence using a 2D single-shot EPI; including 30 non-collinear encoding 

directions with b value of 1000 �/��� and one additional volume without diffusion 

gradients (b0), slice thickness = 3 mm; FOV = 240 mm X 240 mm; matrix = 80 x 80; TR/TE 

=  13000/115.8 ms. 

 

3.3.3  MRI analysis 

Brain tissue segmentation was performed using FreeSurfer (Fischl, 2012) based on 3D T1-

weighted images. WM, gray matter, cerebrospinal fluid (CSF) and subcortical gray matter 

structures were obtained for each subject (5 type tissue segmentation).  

DWI data were preprocessed to correct image artifacts caused by involuntary head motion, 

cardiac pulsation, and intensity inhomogeneities by using FSL tools. After preprocessing, a 

color-encoded track-density was generated to find ROI used to tract reconstruction. Fiber 
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tractography (MRtrix package) was performed using constrained spherical deconvolution 

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

segmentation was used to correct tractography and to discard streamlines that are 

anatomically unfeasible. Corticopontocerebellar tract (CPCT), cerebellar-thalamic tract (CTT) 

and Superior Longitudinal Fasciculus (SLF) were selected in each hemisphere of all subjects. 

Mean FA value along the tracts were extracted. 

Tracts were checked by 2 experienced raters on all subjects to verify trajectory and anatomic 

landmarks described in atlases of human WM and to check false-positive streamlines within 

the pathways.  

 

Corticopontocerebellar tract 

The CPCT of left hemisphere was selected setting a seeding ROI in the right middle 

cerebellar peduncle and an inclusion ROI in the left posterior limb of the internal capsule 

(Fiori et al., 2016). An add inclusion ROI was positioned in a frontal WM area of left 

hemisphere. The CPCT of right hemisphere was obtained using the homologous ROIs in the 

contralateral hemispheres. Figure 9 shows the right CPCT obtained in one representative 

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

subject 
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Cerebellar-thalamic tract 

To define the left CTT, a seed in the right superior cerebellar peduncle and an inclusion ROI 

on the left thalamic WM were chosen (Fiori et al., 2016). For the right CCT, homologoue 

ROIs were selected in the contralateral hemispheres. Figure 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 each hemisphere,  the first ROI was placed over 

the green association bundles just superolateral to the cingulum on the color-encoded track-

density at the most posterior part of the corpus callosum. The second ROI was placed over the 

fibers generated on the superolateral aspect of the cingulum at the coronal plane passing 

though the mid thalamus. An example of SLF is shown in Figure 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 protocol included cognitive and executive 

functioning assessment. Concerning cognitive evaluation, we performed WISC-IV and FIQ 

and WMI were available for all the subjects. With regard to executive functions, Inhibition 

test of NEPSY-II and TOL test were administered.  

 

3.3.5 Statistical analysis 

For all subjects, the number of streamlines and FA were calculated for each reconstructed 

tract (CTT, CPCT and SLF). Within each subject, a paired sample t test was used to compare 

mean FA and number of streamlines between the right and left side of each tract. For each 

subject, a complete set of neuropsychological clinical measures was included in the analyses. 

For the analysis of neuropsychological data see Section A of 1. Neuropsychological study. A 

general linear model was used to determine the difference among groups for FA and clinical 

measures, and post hoc pair-wise comparisons were performed. Effect size was calculated for 

significant differences. For tracts that showed altered connectivity among groups, the 

relationship with clinical measures was explored. Statistical analyses were performed by 

using SPSS, Version 2.0 (IBM, Armonk, New York). Results were considered significant at p 

< 0.05. 

 

3.4 Results  

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

All fiber tracts were successfully extracted on each hemisphere of each subjects. 

The number of streamlines was >10 in each of the examined tracts. The mean number of 

streamlines generated for all the examined tracts in both 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 examined tracts in DMD, BMD and 

TD 

 nCTT 

Mean (SD) 

nCPC 

Mean (SD) 

nSLF 

Mean (SD) 

Left Right Left Right Left Right 

DMD 10000 

(0) 

8527 

(2936.65) 

1076.20 

(1251.45) 

155.60 

(212.51) 

10000 

(0) 

10000 

(0) 

BMD 6479.60 

(4011.54) 

5161.80 

(4523.57) 

798.40 

(322.81) 

772  

(768) 

10000 

(0) 

10000 

(0) 

TD 8389.80 

(2265.85) 

9906 

(210.19) 

1283 

(815.39) 

416.60 

(3376.81) 

10000 

(0) 

10000  

(0) 

nCTT: number of streamlines in cerebellar-thalamic tracts; nCPC: number of streamlines in corticopontocerebellar tracts; nSLF: number of 

streamlines in superior longitudinal fasciculus. DMD: Duchenne muscular dystrophy children; BMD: Becker muscular dystrophy children; 

TD: typical developing children. The SD equal to 0 means that all tracts of all suabjects were selected finding the maximum number of 

allowed streamlines (10.000).  

 

No statistically significant differences for number of streamlines of all the examined tracts 

were found between the left and the right side within each group of children. Moreover, no 

statistically significant differences were found for number of streamlines of all the tracts 

between the three groups of subjects.  

 

When we compared the mean FA of the left and right side for all the examined tracts in each 

group of subjects, we found a statistically significant difference between the mean FA of the 

left CPCT (FALCPCT) and the mean FA of the right CPCT (FARCPCT) in the DMD group 

(p=0.007), with FARCPCT lower than FALCPCT. No other statistically significant difference 

emerged over groups.  



63 
 

Mean FA resulted lower in DMD compared to both BMD and TD groups for all the examined 

tracts, with the exception of the right SLF (FARSLF), which showed no statistically different 

values in FA between DMD and TD.   

A statistically significant difference emerged between DMD and BMD in the mean FA value 

of the right CTT (FARCTT) (p=0.002) and in the mean FA value of the right CPCT 

(FARCPCT) (p=0.037). The effect size was varied between “very large” and “huge” for 

FARCPCT (d=1.65), while was varied between “small” and “medium” for FARCTT 

(d=0.29).  

Moreover, a statistically significant difference emerged between DMD and TD in the mean 

FARCTT (p=0.007) and in the FARCPCT (p=0.008). The effect size was varied between 

“small” and “medium” both for FARCPCT (d=0.22) and for FARCTT (d=0.24). 

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

The results are shown in Table 10. 

 

Table 10. Mean FA in all the examined tracts in DMD, BMD and TD 

 DMD 

Mean (SD) 

BMD 

Mean (SD) 

TD 

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) 0.49 (0.20) 0.49 (0.03) 

FARCPCT 0.46 (0.02)* 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 tract; FARCTT: FA of the right cerebellar-thalamic tract; FALCPCT: FA of the left 

corticopontocerebellar tract; FARCPCT: FA of the right corticopontocerebellar tract; FALSLF: FA of the left superior longitudinal 

fasciculus; FARSLF: FA of the right superiori longitudinal fasciculus. DMD: Duchenne muscular dystrophy children; BMD: Becker 

muscular dystrophy children; TD: typical developing children.  

* = statistically significant differences;          = statistically significant difference within DMD group. 
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Interestingly, with regard to FARCTT, a possibly “gradient effect” was observed, with mean 

FA of BMD children resulting in the middle between mean FA of DMD and mean FA of 

controls (Figure 12). 

 

Figure 12. “Gradient effect” for mean FA in right CTT 

 

 

Boxplot represent data of each single subject (cyan, orange and green points) of the three groups respectively 

(Duchenne muscular dystrophy children -DMD; Becker muscular dystrophy children -BMD; typical developing 

children -TD). The box represents the interval between the 25° and 75° percentile of data, the line corresponds to the 

median, the trinagles to the mean value. RCTT: right cerebellar-thalamic tract.  

 

3.4.2 Correlations between FA fiber tracts and neuropsychological profile 

On the whole, the neuropsychological profile of the small group of BMD children resulted 

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

intellectual functioning, a major impairment in WMI compared to the general intellectual 

functioning was observed (mean score=88; SD=3.67). Worse performances were confirmed in 

the Switching task of the Inhibition test (NEPSY-II) (mean score=6; SD=1.87) compared to 
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the other tasks; in TOL test, the BMD boys reported impairments in “total correct answers” 

(mean score=36.60; SD=13.35).  

No significant difference emerged between the BMD and DMD groups enrolled in the study 

in neuropsychological measures, except for the Denomination task of the Inhibition test 

(NEPSY-II), where BMD obtained worse performances (p=0.014).  

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

and DMD groups.  

 

Table 11. Intellectual and executive functioning in DMD and BMD cohorts 

 DMD 

5 subjects 

Mean (SD) 

BMD 

5 subjects 

Mean (SD) 

WISC-IV 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 emerged between FARCTT and FIQ (p=0.044; ρs= 

0.821), Denomination Total (p=0.044; ρs= 0.821) and Inhibition Total (p=0.019; ρs= 0.900) of 

the Inhibition test (NEPSY-II) (Figure 13.A/B/C). No other significant correlation emerged 

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

tests in DMD 

A.  

FARCTT: FA of the right cerebellar-thalamic tract; FIQ: Full Intellectual Quotient (WISC-IV). 

B.  

FARCTT: FA of the right cerebellar-thalamic tract; DenTot: Denomination Total (Inhibition test- NEPSY II). 
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C.  

FARCTT: FA of the right cerebellar-thalamic tract; InhibTot: Inhibition Total (Inhibition test- NEPSY II). 

 

Moreover, as surprising result, we found a negative correlations between FARCPCT and 

WMI (p=0.027; ρs= -0.872). (Figure 14). No other significant correlation emerged between 

FARCPCT and neuropsychological tests.  

 

Figure 14. Significant correlations between FARCPCT and neuropsychological tests in 

DMD 

 

FARCPCT: FA of the right corticopontocerebellar tract; WMI: Working Memory Index (WISC-IV). 
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Regarding BMD, a significant correlation emerged between FARCPCT and WMI (p=0.007; 

ρs= 0.949) (Figure 13. A/B) (Figure 15). No other significant correlation emerged between 

FARCPCT nor FARCTT and neuropsychological tests. 

 

Figure 15. Significant correlations between FARCPCT and neuropsychological tests in 

BMD 

 

FARCPCT: FA of the right corticopontocerebellar tract; WMI: Working Memory Index (WISC-IV). 

 

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

Neuroscience, 2020). 

 

3.5 Commentary 

The results suggest possible alterations in WM microstructural integrity in DMD children, in 

particular for cerebellar connectivity, probably due to the lack of cerebral dystrophin protein 

already during neural development. As we found possible correlations between FA and 

neuropsychological measures, we suppose that an altered connectivity in specific tracts 

involved in cerebro-cerebellar loop may render less efficient some neuropsychological 

functions in DMD. The role of dystrophin is supported also by the findings obtained in BMD 

children who showed an intermediate mean FA values in some of the analyzed tracts and less 
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widespread correlations with neuropsychological results compared to DMD boys. This reflect 

the well known variable clinical and motor phenotype observed in BMD due to the partial but 

variable expression of dystrophin protein in these subjects   

The surprising results obtained for working memory abilities in DMD need further 

investigations but could also be explained by mechanisms of maladaptive plasticity. 

However, the overall results support the hypothesis of the involvement of cerebellar-thalamo-

cortical networks for the neuropsychological profile of DMD and help to identify possible 

functional neuroimaging biomarkers for the neurocognitive profile of DMD without 

intellectual disability (Frontiers in Neuroscience 2020, ongoing). 
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4. Discussion  

 

 

In this section, we provide a discussion of the overall results derived from the PhD research, 

recalling and developing the brief comments described in the “commentary” at the end of 

each studies. 

Starting from the neuropsychological aspects, possible cognitive and neuropsychological 

impairments have been described in DMD children, may be due to the involvement of 

cerebellum and of a complex cerebro-cerebellar network (Cyrulnik & Hinton, 2008), based on 

the localisation of dystrophin isoforms in normal brain (Huard & Tremblay 1992; Tinsley et 

al., 1993; Lidov et al., 1995; Anderson et al., 2002).   

The PhD project started from the neuropsychological data collected in a multicenter setting 

started before the beginning of the PhD in a cohort of DMD boys without intellectual 

disability during school age, showing an impairment of multitasking, problem solving, 

inhibition and working memory and an implicit learning deficit in these children.  

The PhD research aimed then to deepen this issue assessing longitudinally the DMD boys 

previously evaluated and extending neuropsychological evaluation in another group of DMD 

children without intellectual disability in order to define the neuropsychological natural 

history and to confirm the involvement of the cerebellar-thalamo-cortical network in a larger 

cohort of DMD patients than those previously evaluated. 

The results obtained by our neuropsychological study confirm a characteristic 

neuropsychological profile in a wider cohort of DMD patients without intellectual disability 

than previously studied (Battini et al., 2018), and the stability of such profile after a re-

assessment 3 years apart from the first evaluation.  

Regarding the intellectual functioning, the results confirm the worst performance in the WMI 

and in the related subtests Digit Span and Letter-Number Sequencing. This clear difficulty in 
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the manipulation of stored information emerged both for the whole DMD sample and for the 

follow-up reassessment and has been already decribed in literature (Hinton et al., 2000; 

Hinton et al., 2001; Hinton et al., 2004). The overall stability of the cognitive impairment over 

time is also in accord with literature (Cotton et al., 2001; Cotton et al., 2005; Connolly et al., 

2014; Chieffo et al., 2015). 

Concerning executive functions, a typical profile emerges for DMD children without 

intellectual disability, both in the whole sample and regarding the follow up re-assessment. In 

particular, difficulties are confirmed in the “Switching subtest” of Nepsy-II, that tests the 

ability to inhibit automatic responses and switch the tasks. The impairments in “maintaining 

the set” at the MCST test and in“violations of rules” with short time of decision and execution 

at TOL test confirm poor abstract reasoning and planning capacity, as well as impulsiveness 

for these patients.  

These findings are consistent with our previous results and contribute to support the 

hypothesis of a frontostriatal-cerebellar network involvement in DMD (Battini et al., 2018). In 

fact, it is known that dystrophin isoforms are usually expressed not only in cerebellum but 

also in other cortical and subcortical areas (Lidov et al. 1990; Huard & Tremblay 1992; 

Tinsley et al., 1993, Lidov et al., 1995; Anderson et al., 2002; Daoud et al., 2008). Moreover, 

tasks requiring executive functions explored by our neuropsychological protocol are believed 

to activate cortico-subcortical circuits which connect the prefrontal cortex, the basal ganglia 

and the cerebellum via the thalamus (Heyder et al., 2004).  

Even if no statistically significant differences emerged between baseline and follow up mean 

scores in tasks assessing executive functions, a slight maturation trend has been observed.  

This is particularly evident considering that patients with a score impairment at baseline tend 

to improve their performances at follow up reassessment in all the neuropsychological tests. 

The consolidation of neuropsychological skills that emerged in our cohort of DMD boys does 

not surprise. In fact, other studies have shown a development and maturation of executive 
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functioning, using neuropsychological or neuroimaging approaches, both in normotypical 

children and adolescents (Igazság et al., 2019; Baron Nelson et al., 2019; Wierenga et al., 

2019; Engelhardt et al., 2019; Richardson et al., 2018), and in clinical populations, as, for 

example, children born preterm (Stålnacke et al., 2019), or children with autism spectrum 

disorders (Kouklari et al., 2018) and ADHD (Skogli et al., 2017). Our results suggest that a 

similar neuropsychological maturation can be observed also in DMD children and, to our 

knowledge, our description is the first in this specific population.  

In particular, in our sample, the increase in Switching total mean score of the Inhibition test 

(NEPSY-II) over time expresses an improvement of cognitive flexibility, particularly evident 

for the youngest boys, aged 6-8 years-old at baseline. This result is in accordance with 

literature in which emerged that not until 7 to 9 years of age switch flexibility begin operating 

(Davidson et al., 2006; Gupta et al., 2009; Diamond, 2013). Furthermore, the variations of 

mean scores in “total correct answers”, “time decision”, “time execution”, and “time total” 

observed at TOL test suggest a reduction in impulsivity and a consequent increased capacity 

of planning and problem solving over time in this cohort of patients. With increasing age, a 

better emotional and behavioral control, inherent in growth, could have helped these children 

to develop greater attention capabilities.  

As already described for motor aspects in reports showing that some activities can be delayed 

and achieved by DMD boys at a later age than typically development children while others 

are rarely achieved (Connolly et al., 2013; Pane et al., 2013; De Sanctis et al., 2015; Coratti et 

al., 2019), a progressive maturation in neuropsychological aspects may be detected. However, 

specific difficulties in some tasks may persist, defining a specific neuropsychological 

functioning and outlining the neuropsychological natural history of DMD children without 

intellectual disability. 
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With a view to better define the neuropsychological functioning of our sample, we were 

interested in providing a window into the everyday behavior of these DMD children and 

assessing executive functioning in the home environment, by the BRIEF-2 questionnaire. 

In our sample, the main difficulties were observed in the ability to adjust to changes in routine 

or task demands (“Shift”), in modulate emotions (“Emotional control”, “Emotion Regulation 

Index”), initiate problem solving or activities (“Initiate”) and hold information in mind for the 

purpose of completing a task (“Working memory”). These results are partly according to 

literature, where clinical significant executive difficulties recently emerged on the “Shift”, 

“Emotional Control”, and “Behavior Regulation” indices of the BRIEF in a cohort od 

dystrophinopathic patients (Fee et al., 2019). However, the mean scores resulted in the normal 

range for our DMD subjects in all the subtests. These results demonstrate that the DMD 

boys’parents focus their attention mainly on motor functions rather than on cognitive and 

neuropsychological abilities of their children. However, as demonstrated by our results, the 

assessment of DMD children through specific neuropsychological tests may highlight 

possible executive dysfunctions, even for boys without a cognitive impairment.  

The deepening of the role of dystrophin in the brain by the identification of the 

neuropsychological involvement for DMD boys could have not only a value of a mere 

description, taking into account the negative impact that executive dysfunctions may have on 

the global functioning of the children, both at an academic and an adaptive level. In this 

perspective, DMD boys without intellectual disability are a particularly vulnerable population 

because a good cognitive level may mask possible underlying neuropsychological weaknesses 

that, if not detected and correctly recognized, may have effects on the quality of life of these 

children. 

This is even more true if we consider that the development of emotion regulation is strongly 

supported by several core executive functions and cognitive and emotion regulation appear to 

work in concert (Rueda and Paz- Alonso, 2013). Difficulties with emotion regulation can be 
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related to mood disruption and behavioural problems (Cole et al., 2004) and DMD patients 

are particularly at risk of developing mood problems because of the motor disabilities due to 

the underlying disease.  

We believe that this issue will become increasingly relevant in the coming years, with the 

increase in life expectancy of DMD patients. The implementation of care recommendations 

(including corticosteroids, cardiac medications and assisted ventilation) has led in fact to a 

growing adult DMD population (Koeks et al., 2017), with several patients who have to face 

employments and social life. 

In this research, we were also interested in defining a possible correlation between genotype 

and neuropsychological phenotype. In order to better define the effect of the real involvement 

of Dp140 on the neurocognitive profile, we divided our cohort in three subgroups according 

to the expression of this protein.  

Regarding the follow up data, this more detailed description revealed possible correlations 

between the Dp140 expression and the neuropsychological phenotype: in fact, DMD boys 

without Dp140 expression show a specific impairment in cognitive performances regarding 

working memory, and in Coding, a subtest of WISC-IV assessing processing speed; 

furthermore, children with a certain Dp140 expression demonstrate better results in tasks 

requiring cognitive flexibility. 

Possible genotype-neuropsychological phenotype correlations were confirmed also when we 

considered the total cohort of DMD boys without intellectual disability. In particular, the 

DMD boys who do not express Dp140 show greater difficulties in the manipulation of stored 

information than children with a certain Dp140 dystrophin expression, while this last 

subgroup exhibits better performances in switching the tasks, and are more accurate in tasks 

requiring planning and problem solving. As expected, in addition to the role of cerebral 

dystrophin isoforms, also the intellectual functioning shows an effect in influencing the 
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neuropsychological profile in the total cohort. In fact, children with a better FIQ tend to obtain 

better performances also in other neuropsychological tasks. 

The results obtained by patients of the “grey area”, where the effect on Dp140 expression is 

hard to predict, were globally undetermined. In fact, the mean scores resulted as intermediate 

compared to the mean scores of patients with a certain presence or absence of Dp140 

expression only in about a one-third of the examined items. Therefore, we can speculate that 

the identification of this “grey area” could better define the DMD subjects with mutations 

placed in the far side of DMD gene, expressing or not expressing the Dp140 dystrophin, but 

the results were undetermined because the presence or the absence of Dp140 expression is 

dubious in this area.  

These overall results are in agreement with literature, where rearrangements in the dystrophin 

gene involving cerebral dystrophin isoforms tend to be more commonly associated with not 

only cognitive but also with a more general neuropsychological impairment (Moizard et al., 

1998; Felisari et al., 2000; Daoud et al., 2008; Daoud et al., 2009; Taylor et al., 2010; 

D’Angelo et al., 2011; Snow et al., 2013; Ricotti et al., 2016). Moreover, DMD subjects with 

mutations predicted to affect Dp140 expression showed an impairment in processing speed 

ability that may be related to attention problems (Pane et al., 2012). 

Genetic mechanisms other than site of mutation, in particular the modifier effect of specific 

genetic loci (e.g. in LTBP4, SPP1, CD40 genes) have been widely described to explain 

variability in DMD clinical phenotype in terms of age at loss of independent ambulation, 

response to glucocorticoid treatment, and age of onset of dilated cardiomyopathy (Barp et al., 

2015; Bello et al., 2015). However, to our knowledge, the possible role of genetic modifiers 

for the neuropsychological variability in DMD populations has never been explored. Only 

very recently, hippocampal synaptic and membrane function has been deepened in DBA/2J-

mdx mice model, and an after-hyperpolarization (mAHP) in CA1 pyramidal neurons, that may 

result in reduced excitability of the neural network, has been described (Bianchi et al., 2020). 
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In the DBA/2J-mdx mice a polymorphism in LTBP4 was identified as a genetic modifier, 

responsible for a more severe dystrophic penothype than BL10-mdx mice including impaired 

muscle function and regeneration, decreased muscle weight, and elevated levels of fibrotic 

tissue in skeletal muscles (van Putten et al., 2019).  

Because of the possible distribution of genetic modifiers and their protein products in the 

brain and of their involvement in neuroprotection and in the pathogenesis of 

neurodegenerative disorders (Yu et al., 2017; Dobolyi and Palkovits 2008; Togo et al., 2000; 

Kempuraj et al., 2016; Carriba et al. 2017), our genetic study was aimed at analysing 

polymorphisms as potential modifiers for DMD, in order to explore possible biological 

biomarkers of the neurocognitive profile of our cohort of patients without cognitive disability 

at school age. 

The results suggest that some genetic variants may play a role in the modulation of the 

neuropsychological phenotype; in particular, no effects seem to be observed on the cognitive 

functioning, while a greater effect may be found on executive functions, as switching and 

planning abilities. Statistically significant differences were indeed found considering CD40 

genotypes in“Switching total” of the Inhibition test of NEPSY-II and, regarding SPP1 and 

LTBP4 genotypes, in “number of moves” and “time total” of TOL. 

 

In view of these promising results, our ambition was also to identify, as pilot research, 

possible functional neuroimaging biomarkers of the neuropsychological impairments in 

DMD, which could help the clinicians to recognize earlier problems in the area of cognition 

with a major impact on social and school integration, and to adopt appropriate rehabilitative 

interventions from the beginning.  

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

tractography has been widely applied in neurodevelopmental disorders and in neurological 

diseases, including neuromuscular disorders, and has been already tried also in DMD, but 
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with a small scientific contribution (Sudre, 2017; Qin et al., 2018; Payabvash et al., 2019; 

Poretti et al., 2007; Escolar et al., 2009; Poretti et al., 2014; Kimiskidis et al., 2017; van Dorst 

et al., 2019; Labayru et al., 2019; Ip et al., 2012; Doorenweerd et al., 2014; Fu et al., 2016). 

In our functional neuroimaging study, we explored WM microstructure in tracts that are 

known or supposed to be involved in executive functions networks by investigating FA, as the 

measure of disrupted connectivity, in a group of DMD children without intellectual disability 

compared to BMD boys and controls.  

In particular, we explored two cerebellar tracts, separately on the right and left sides: the CTT, 

which is the main efferent pathway from cerebellum, and the CPCT, which is the major input 

of the cerebellum from the cerebral cortex, focusing specifically on the fibers originating from 

the frontal area. Moreover, the SLF, involved in fronto-striatal connections and in executive 

functions, as already described in literature (Catani et al., 2012), has been included, separately 

on the right and left sides. 

The overall mean FA resulted lower in DMD children than in the other groups of subjects for 

the examined tracts, suggesting a possible alteration in WM microstructural integrity. More 

specifically, the cerebellar connectivity seemed to be more compromised compared to SLF in 

the DMD group.  

Even if with few and explorative contributions, possible altered WM connectivity has been 

already described in DMD boys (Doorenweerd et al., 2014; Fu et al., 2016). We suppose that 

the lack of cerebral dystrophin protein in DMD children, already during neural development, 

may be responsible for reduced fiber coherence, and altered myelination and axonal density in 

the explored tracts. This speculation may be supported also by the results obtained in BMD 

children, who showed an intermediate mean FA in some of the examined tracts, with a sort of 

“gradient effect” between DMD and controls, at least in tracts that might be responsible for 

specific cerebral symptoms (i.e. neuropsycological dysfunction), which have been previously 

described (see 1. Neuropsychological study). As we known, BMD boys have partial but 
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variable expression of dystrophin protein that reflect the widely variable phenotype and their 

clinical spectrum (Flanigan, 2014). A greater effect regarding differences between DMD and 

BMD groups seem to be observed in CPCT than in CTT, but the results must be confirmed in 

wider samples. 

In order to explore possible functional correlates of altered connectivity for specific tracts, we 

thus studied the relationship between mean FA values in the cerebellar tracts that showed 

reduced FA and neuropsychological measures. Indeed, we demonstrated a less widespread 

involvement in BMD compared to DMD. In detail, regarding DMD children, we observed 

significantly lower FARCTT in boys with lower FIQ and a major impairment in inhibition 

abilities. With respect to BMD, we demonstrated significantly lower FARCPCT in boys with 

lower WMI. 

Surprisingly, FARCPCT seem to show an opposite effect on the working memory abilities for 

DMD boys, since significantly lower FA correlate to higher WMI performance. This result 

may be due to the small sample size and must be verified in a next wider analysis, but could 

also underline mechanisms of maladaptive neural plasticity for DMD which may produce 

abilities globally slightly reduced in DMD compared to BMD children. 

Anyhow, these findings support the hypothesis of the involvement of cerebellar-thalamo-

cortical loops for the neuropsychological profile of DMD, as the CTT and the CPCT are 

involved in the network and the related brain structures are known to be implied in executive 

functions.  

It has long been known that the frontal cortex, in particular the prefrontal area, plays a central 

role in global aspect of general intelligence (Barbey et al., 2013) and executive functions 

(Diamond, 2013) across the lifespan; thanks to connections between the prefrontal cortex and 

other brain regions, the neural substrates of executive functions include also the parietal 

cortex, the anterior cingulate cortex, and subcortical regions as the striatum and the 

cerebellum (Fiske & Holmboe, 2019). Moreover, the superior cerebellar peduncle, involved in 
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CTT, and the posterior limb of internal capsule, involved in CPCT, are thought to be key 

components of the circuit (Schmahmann & Pandya, 1995). Recent data have also emphasized 

a role of the thalamus, in particular the mediodorsal nucleus, in cognition and executive 

functions because of its significant interconnectivity with the prefrontal cortex (Ouhaz et al., 

2018; Wolff & Vann, 2019).  

More in detail, a bilateral contribution of cerebellum in DMD seem to be suggested by our 

findings. In fact, both the CTT which originates from the right cerebellum and the CPCT 

fibers which, originating from the right frontal cortex, projects to the pontine nuclei and cross 

the midline thus terminating in the contralateral half of the cerebellum (Nolte, 2002), resulted 

more damaged in DMD than in BMD and controls. In literature, a bilateral contribution of 

cerebellum in executive functions is reported. For example, a cross cerebral-cerebellar 

circuitry with left prefrontal cortex predominantly involved and strong right cerebellum 

activation has been shown for verbal working memory (Emch et al., 2019). However, an 

fMRI study has demonstrated a bilateral cerebellar activation for working memory paradigms, 

while other executive function tasks showed converging activation in lobules VI, Crus I and 

left VIIB of cerebellum (Stoodley et al., 2012). Moreover, left and right cerebellum 

involvement in switching attention has been demonstrated (Berninger et al., 2017).  

To our knowledge, this is the first study to specifically explore the role of the cerebellar-

thalamo-cortical network in DMD boys using DWI with HARDI approach. Our results 

suggest that altered WM connectivity and reduced fibre organization in cerebellar tracts, 

probably due to the lack of dystrophin in the brain, may render less efficient some 

neuropsychological functions in children affected by dystrophinopathies. The findings lead us 

to identify possible functional neuroimaging biomarkers 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 of neuropsychological function, concerning in 

particular executive functioning, can be impaired in DMD boys, even without intellectual 

disability, and help to better outline the cognitive natural history in these patients. In fact, in 

addition to the known stability of cognitive function, our longitudinal findings suggest also 

the overall stability of the neuropsychological profile over time.  

Since our results deriving from a specific questionnaire for DMD boys’ parents show that 

neuropsychological deficits may be not correctly recognized in the home environment, we 

believe that the detection of possible neuropsychological impairments in DMD boys without 

intellectual disability may be an important challenge. Actually, a misdiagnosed 

neuropsychological deficit can have a negative impact on the global functioning of these 

children.  

Moreover, we confirm that the site of mutation may have an impact on the 

neuropsychological functioning, with difficulties in cognition, expecially in working memory 

abilities, observed in case of rearrangements in the dystrophin gene involving cerebral 

dystrophin isoforms, and better performances in executive functions for DMD children who 

express the Dp140 dystrophin. 

The ancillary genetic study suggests that genetic modifiers may also play a role in the 

modulation of the neuropsychological phenotype in DMD.   

The hypothesis of the role of the cerebellar-thalamo-cortical network in neuropsychological 

aspects of DMD is supported by our neuroimaging findings. In our pilot study, in fact, we 

seem to identify possible functional neuroimaging biomarkers for the neuropsychological 

profile of DMD without intellectual disability, thanks, in particular, to the involvement of 

cerebellar connectivity.  
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Regarding the neuropsychological study, the follow up data is limited to 33 DMD subjects out 

of the 40 already tested in our previous study (Battini et al., 2018). We will be able to extend 

the analysis to the whole cohort of 57 DMD children only when three years will be passed 

after the first evaluation of the new enrolled patients. We are particularly concerned about this 

issue because we would like to outline the trend of the neuropsychological deficits over time 

in the whole recruited sample.  

The limitation of the genetic and neuroimaging sections is the reduced sample which could 

have conditioned the statistical analysis.  

Regarding the genetic study, blood samples for the genetic testing were available only for 20 

DMD patients. When we genotyped the sample according to SPP1, LTBP4 and CD40 genes, 

we obtained even smaller subgroups; actually, with regard to CD40 gene rs1883832 

genotyping, only 1 patient was homozygote for the T allele. In any case, the overall effect size 

seemed to be medium/large.  

A larger cohort of DMD patients without intellectual disability could not only increase the 

results obtained considering candidate genes, but also lead us to apply GWAS to potentially 

identify novel and unsuspected modifier genes. 

In the neuroimaging study, the enrollment of DMD children has been limited not only by the 

rarity of the disease but also by the difficulty for the patients’ families to move from long 

distances, the participation of many DMD patients in experimental trials which already 

involve several clinical monitoring, or the refusal of some patients to undergo a brain MRI 

protocol which is not part of the routine assessment. The small sample size limits the 

possibility to correlate the neuroimaging data with the neuropsychological findings and the 

interpretation of results, in particular if we consider some outliers in FA measures which 

emerged from the data analysis. Also the unexpected negative correlation between FARCPCT 

and WMI in DMD children needs to be further deepened. The enlargement of the sample 

could help us to definitively establish the role of cerebellar connectivity in 
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neuropsychological profile for dystrophinopathic patients. Furthermore, DMD and BMD 

children enrolled in the study underwent only a brief neuropsychological assessment, but a 

more detailed evaluation could help not only to better describe the role of WM abnormalities 

but also, for BMD children, to define their neuropsychological profile. In literature, the 

neuropsychological functioning of BMD has been less widely deepened compared to DMD 

children until now (Young et al., 2008; Banihani et al., 2016).  

However, on the other hand, the small sample size has been overall due to the difficult 

recruitment of DMD children who fullfil the inclusion criteria, despite the involvement in this 

project of several Italian Centers specialized in neuromuscular disorders. This issue suggests 

that the real amount of DMD boys with cognitive impairment and associated neuropsychiatric 

disorders may be larger than that reported in literature (Billard et al., 1992; Ricotti et al., 

2016), and support the necessity of an update on the neurodevelopmental, emotional, and 

behavioural problems in the DMD population. 

 

In conclusion, the direct consequences of a recognized “weak brain”, in addition to muscle 

weakness well known in the natural history of the disease, are manifold and all relate to 

missing educational opportunities and significant negative impact on quality of life.  

As future perspectives, by means of biomarkers, our main challenge is to early recognize 

possible neuropsychological impairments and to plan specific treatments, also based on new 

technological devices as home-based treatment and tele-rehabilitation. 
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