MS Thomas Theodosiou 
  
PhD Foteini Christidi 
email: christidi.f.a@gmail.com
  
MD Sofia Xirou 
  
PhD Efstratios Kara- Vasilis 
  
MD Peter Bede 
  
MD Constantinos Papadopoulos 
  
MS Georgios D Argyropoulos 
  
PhD,‖ Panagiotis Kourtesis 
  
MS Varvara Pantolewn 
  
MD Panagiotis Ferentinos 
  
PhD, ¶ Evangelia Kararizou 
  
MD Georgios Velonakis 
  
PhD Ioannis Zalonis 
  
MD Georgios Papadimas 
  
  
  
  
Executive Dysfunction, Social Cognition Impairment, and Gray Matter Pathology in Myotonic Dystrophy Type 2: A Pilot Study

Keywords: myotonic dystrophy type 2, cognitive impairment, executive impairment, social cognition, voxel-based morphometry Executive Dysfunction and GM Changes

Background:

In contrast to myotonic dystrophy type 1, the cognitive and radiologic profile of myotonic dystrophy type 2 (DM2) is relatively poorly characterized.

Objective:

To conduct a pilot study to systematically evaluate cognitive and radiologic features in a cohort of Greek individuals with DM2.

Method

: Eleven genetically confirmed individuals with DM2 and 26 age-and educationmatched healthy controls (HC) were administered the Edinburgh Cognitive and Behavioural ALS Screen (ECAS) to screen for impairment in multiple cognitive domains. MRI data were evaluated by morphometric analyses to identify disease-specific gray and white matter alterations. The following statistical thresholds were used for cognitive comparisons: PFDR < 0.05 and Bayes factor (BF10) > 10. Results: The DM2 group exhibited cognitive impairment (ECAS Total score; PFDR = 0.001; BF10 = 108.887), which was dominated by executive impairment (PFDR = 0.003; BF10 = 25.330). A trend toward verbal fluency impairment was also identified. No significant impairments in memory, language, or visuospatial function were captured. The analysis of subscores revealed severe impairments in social cognition and alternation. Voxel-based morphometry identified widespread frontal, occipital, and subcortical gray matter atrophy, including the left superior medial frontal gyrus, right medial orbitofrontal gyrus, right operculum, right precuneus, bilateral fusiform gyri, and bilateral thalami. Conclusion: DM2 may be associated with multifocal cortical and thalamic atrophy, which is likely to underpin the range of cognitive manifestations mostly characterized by executive impairment and specifically by impaired social cognition.

INTRODUCTION

Myotonic dystrophy (DM) is a multisystem autosomal-dominant condition-the most common form of muscular dystrophy in adults [START_REF] Harley | Expansion of an unstable DNA region and phenotypic variation in myotonic dystrophy[END_REF]. Common symptoms of DM include muscle weakness, myotonia, early onset cataracts, insulin resistance, conduction abnormalities, and cognitive changes [START_REF] Udd | The myotonic dystrophies: molecular, clinical, and therapeutic challenges[END_REF]. There are two types of DM-DM type 1 (DM1) and DM type 2 (DM2)-which share many common features, although they have striking differences [START_REF] Meola | Myotonic dystrophies: an update on clinical aspects, genetic, pathology, and molecular pathomechanisms[END_REF]. DM1 is caused by expansion of a CTG triplet repeat in the 3 prime untranslated region of the DM protein kinase gene on chromosome 19q13.3; DM2 is caused by expansion of a CCTG tetranucleotide repeat in the first intron of the nucleic acid binding protein gene on chromosome 3q21 [START_REF] Yum | Myotonic dystrophy: disease repeat range, penetrance, age of onset, and relationship between repeat size and phenotypes[END_REF]. DM1 has an incidence of ~1:8000; the exact frequency of DM2 is not yet known due to a lack of epidemiological data, although it seems that there are great differences among different geographic areas, and in some countries, it is probably as common as DM1 [START_REF] Meola | Myotonic dystrophies: an update on clinical aspects, genetic, pathology, and molecular pathomechanisms[END_REF].

DM1 has been investigated extensively with regard to cognitive impairments and cerebral changes, but the literature regarding DM2 is sparse in that regard. The few available DM2 studies have identified executive impairment (eg, decision-making, planning, divided attention and attentional control, interference, alertness with and without warning signal, verbal fluency with change of categories, conceptual reasoning, set shifting, working memory), Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 5 impaired episodic memory (eg, verbal and nonverbal short-term memory, verbal learning, verbal and visuospatial long-term memory), and impaired visuospatial functions (eg, spatial visualization ability, visuospatial/constructional dexterity) as cognitive impairments [START_REF] Meola | Executive dysfunction and avoidant personality trait in myotonic dystrophy type 1 (DM-1) and in proximal myotonic myopathy (PROMM/DM-2)[END_REF]Peric et al, 2017b), but existing studies are inconsistent due to differences in the neuropsychological domains that they assessed [START_REF] Theodosiou | Neuropsychological assessment should always be considered in myotonic dystrophy type 2[END_REF].

Cerebral alterations have been previously described in individuals with DM2 [START_REF] Gourdon | Myotonic dystrophies: state of the art of new therapeutic developments for the CNS[END_REF], but the alterations have been thought to be less extensive than in individuals with DM1. Structural imaging studies of individuals with DM2 have mostly captured widespread cortical and subcortical gray matter (GM) atrophy (specifically in the frontal and parietal regions and the brainstem, as well as in the hypothalamus, thalamus, and hippocampus) and white matter (WM) degeneration in commissural, association, and projection tracts (mostly in the corpus callosum, internal and external capsules, fornix, and cingulate bundle) [START_REF] Minnerop | Current progress in CNS imaging of myotonic dystrophy[END_REF]. Very few DM2 studies have adopted a multimodal approach to study CNS involvement using a standardized neuropsychological and radiologic protocol [START_REF] Gourdon | Myotonic dystrophies: state of the art of new therapeutic developments for the CNS[END_REF].

Although the ascertainment of cognitive changes in individual patients may have important ramifications for multidisciplinary management, formal neuropsychological testing often is not available, and no DM-specific neuropsychological screening tools currently exist [START_REF] Theodosiou | Neuropsychological assessment should always be considered in myotonic dystrophy type 2[END_REF]. More broadly, the characterization of DM2-associated cognitive profiles may have implications for guideline development, planning of multidisciplinary interventions, and generation of best practice recommendations. Previous Greek cohort studies [START_REF] Papadimas | Phenotypic variability and molecular genetics in proximal myotonic myopathy[END_REF][START_REF] Papadopoulos | Early onset posterior subscapular cataract in a series of myotonic dystrophy type 2 patients[END_REF] and case reports [START_REF] Karatzikou | White matter hyperintensities in myotonic dystrophy type 2: not always another expression of the disease[END_REF] have not characterized DM2-associated cognitive functions or GM and WM degeneration.

Considering the paucity of radiologically supported neuropsychological studies of individuals with DM2, we aimed to conduct a pilot study to systematically evaluate cognitive Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 6 and radiologic features in a cohort of Greek individuals with DM2 using a multidomain neuropsychological screening instrument that may prove useful in routine clinical practice with accompanying neuroimaging. In clinical practice, comprehensive neuropsychological testing by a qualified neuropsychologist is seldom available; therefore, sensitive multidomain screening instruments are of pragmatic value [START_REF] Bigler | Structural neuroimaging in neuropsychology: history and contemporary applications[END_REF]. Considering the most recent review regarding the profile of cognitive impairment in individuals with DM2 [START_REF] Theodosiou | Neuropsychological assessment should always be considered in myotonic dystrophy type 2[END_REF], we hypothesized that Greek individuals with DM2 would show cognitive impairment that will be more prominent on executive functions and further show brain changes with a characteristic pattern of frontal pathology.

METHOD

Participants

Over a 10-month period, we recruited adults with genetically confirmed DM2 and demographically related healthy controls (HC) to participate in our study. The individuals with DM2 had visited the specialized outpatient neuromuscular clinic at Aeginition Hospital in Athens, Greece; had been examined thoroughly; and had undergone electrophysiological assessment, including nerve conduction studies and needle electromyography. Laboratory tests were also carried out. Peripheral blood was obtained from all of the individuals who had been referred for genetic testing after informed consent, and genetic analysis was performed as described previously [START_REF] Papadimas | Phenotypic variability and molecular genetics in proximal myotonic myopathy[END_REF]. The HC were recruited by word of mouth.

Study inclusion criteria included genetic confirmation of DM2 (only for patients), age <75 years, Greek as the native language, and education >3 years. Exclusion criteria included comorbid neurologic (other than DM2 for patients) and psychiatric (eg, schizophrenia, major depressive disorder, bipolar disorder) conditions, alcohol or substance abuse, and sensory impairment.

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 7 The study protocol was approved by the Aeginition Hospital Institutional Ethics Committee and was performed according to the ethical guidelines of the Declaration of Helsinki and its later amendments. All individuals provided informed written consent before enrolling in the study.

Cognitive Evaluation

The same neuropsychologist (T.T.) administered all of the cognitive tests in the exact same order on the same day so as not to have any discrepancies in the participants' evaluations. All cognitive tests were standardized in the Greek language and local population. The cognitive tests included the Edinburgh Cognitive and Behavioural Amyotrophic Lateral Sclerosis Screen (ECAS; [START_REF] Abrahams | Screening for cognition and behaviour changes in ALS[END_REF][START_REF] Kourtesis | The Edinburgh Cognitive and Behavioural Amyotrophic Lateral Sclerosis Screen (ECAS): sensitivity in differentiating between ALS and Alzheimer's disease in a Greek population[END_REF], the Mini-Mental State Examination [START_REF] Mougias | Mini-Mental State Examination: Greek normative data stratified by age and education in a large sample of 925 communitydwelling healthy participants[END_REF], and the Hospital Anxiety and Depression Scale [START_REF] Michopoulos | Hospital Anxiety and Depression Scale (HADS): validation in a Greek general hospital sample[END_REF]. The duration of the cognitive evaluation was 30-45 minutes.

The ECAS is a brief multidimensional scale that assesses executive functions (eg, working memory, social cognition, inhibition, alternation), verbal fluency, memory (immediate recall, delayed recall, retention), language, and visuospatial functions (eg, simple and composite visuospatial organization and planning). It was originally developed for individuals with amyotrophic lateral sclerosis but has been used with individuals with other neurodegenerative conditions [START_REF] Foley | Sensitivity and specificity of the ECAS in Parkinson's disease and progressive supranuclear palsy[END_REF]. The psychometric properties of the ECAS in individuals with DM2 have been previously examined [START_REF] Theodosiou | Identifying neuropsychological dysfunctions of Myotonic Dystrophy Type 2 in everyday clinical practice[END_REF].

Neuroimaging Acquisition and Analysis

Three-dimensional T1-weighted neuroimaging data were acquired for 10 individuals with DM2 and 17 HC using a 3T Philips scanner with a repetition time of 9.9 ms, echo time of 3.7 ms, and isometric voxel-size of 1 mm 3 . The 3D T1-weighted sequence was acquired as part of a comprehensive neuroimaging protocol lasting ~35 minutes. MRI was not performed with one individual who had metal implants that were incompatible with the MRI scanner.

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 8 With regard to the HC group, MRI data were not available for 9 of the 26 participants due to metal implants (n = 3), claustrophobia (n = 2), denial to participate (n = 1) or to complete the protocol (n = 1), and motion artifacts (n = 2).

The T1-weighted images were analyzed with the computational anatomy toolbox of Statistical Parametric Mapping (SPM12) using MATLAB R2015b. All images were normalized in MNI (Montreal Neurological Institute) space using the default International Consortium for Brain Mapping template before tissue-type segmentation. The normalized modulated GM and WM images were smoothed with an 8-mm full-width-at-half-maximum isotropic Gaussian kernel.

Statistical Analysis

We used independent samples t tests to compare the ECAS subscores of the individuals with DM2 with those of the HC following corrections for multiple comparisons based on false discovery rate (FDR). The following statistical thresholds were used: PFDR < 0.05 and Bayes factor (BF10) >10 [START_REF] Lee | Bayesian Cognitive Modeling: A Practical Course[END_REF]. If 1 < BF10 < 3, then BF10 indicates anecdotal evidence in favor of H1 over H0; if 3 < BF10 < 10, then BF10 indicates moderate evidence; if 10 < BF10 < 30, then BF10 indicates strong evidence; and BF10 > 30 indicates very strong evidence.

In addition to group-based analyses, we used the available normative values for the ECAS [START_REF] Kourtesis | The Edinburgh Cognitive and Behavioural Amyotrophic Lateral Sclerosis Screen (ECAS): sensitivity in differentiating between ALS and Alzheimer's disease in a Greek population[END_REF], considered a cutoff score of 2 SDs, and estimated the percentage of individuals with DM2 with preserved or impaired performance on the ECAS Total score and separate cognitive domains. The analyses of demographic and cognitive data were conducted using JASP computer software. Group differences between the individuals with DM2 and the HC in GM and WM density were examined using SPM12, with age, gender, and total intracranial volume as covariates and the statistical threshold set at P < 0.05, familywise error (FWE) corrected.
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RESULTS

Participant Demographics and Clinical Data

Initially, 20 individuals with genetically confirmed DM2 agreed to participate in the study. However, nine of the individuals did not participate due to various reasons: a different native language (n = 1), denial to participate (n = 2), living in a different city (n = 1), age >75 years (n = 2), and education <3 years (n = 3). This left us with 11 genetically confirmed individuals with DM2 and 26 HC.

The demographic characteristics of both groups, and the clinical profile of the individuals with DM2, are presented in Table 1. The two groups did not differ in age (P = 0.392), gender (P = 0.860), education (P = 0.114), or mental (P = 0.129) or mood (P = 0.151) status. 

Cognitive Performance

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 10 Based on the available normative data [START_REF] Kourtesis | The Edinburgh Cognitive and Behavioural Amyotrophic Lateral Sclerosis Screen (ECAS): sensitivity in differentiating between ALS and Alzheimer's disease in a Greek population[END_REF], 73% of our DM2 group fell within the impaired range of performance based on their ECAS Total scores, 55% fell within the impaired range based on their Executive Function subscores, 45% based on their Verbal Fluency subscores, 27% based on their Memory subscores, 18% based on their Visuospatial Functions subscores, and 9% based on their Language subscores. None of the HC fell within the impaired range of performance based on their ECAS Total scores or subscores. Significant intergroup differences were identified on both the ECAS Total score (PFDR = 0.001; BF10 =108.887; |d| = 1.49) and its subscores (Table 2). Values are presented as M ± SD unless noted otherwise. †The following thresholds (bold PFDR and BF10 values) were considered for statistically significant differences between the DM2 group and the HC: PFDR < 0.05 and BF10 > 10. If 1 < BF10 < 3, then BF10 indicates anecdotal evidence; 3 < BF10 < 10, moderate evidence; 10 < BF10 < 30, strong evidence; and BF10 > 30, very strong evidence. ‡Effect size (Cohen's d) was calculated for between-group differences using the following convention: large effect size: 0.20; medium effect size: 0.50; small effect size: 0.80. 

GM and WM Density: Between-group Differences

Table 3 lists the regions of the brain that showed significant differences in GM density between the DM2 and HC groups (PFWE < 0.05).

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 12 The DM2 group exhibited significant widespread multifocal GM atrophy, including the bilateral fusiform gyri, left lingual gyrus, left middle occipital gyrus, left superior medial frontal gyrus, and bilateral calcarine gyri, as well as the right inferior frontal operculum, right precuneus, and right anterior cingulate. Bithalamic changes were also detected (Figure 1). We did not find clusters with statistically significant WM alterations in the DM2 group compared with the HC at P < 0.05 FWE. 

Executive

DISCUSSION

We sought to explore the cognitive and radiologic profile of individuals with DM2 using a standardized clinicoradiological protocol. In line with our hypothesis, we found multifocal cortical and thalamic atrophy, which is likely to underpin the range of observed cognitive manifestations in our DM2 cohort, mostly characterized by executive impairment and specifically by impaired social cognition and alternation. Cognitive impairment is widely recognized in individuals with DM1 and seems to exhibit different profiles depending on symptoms onset [START_REF] Bajrami | MRI findings and cognitive functions in a small cohort of myotonic dystrophy type 1: retrospective analyses[END_REF][START_REF] Baldanzi | Relationship between neuropsychological impairment and grey and white matter changes in adult-onset myotonic dystrophy type 1[END_REF][START_REF] Cabada | Brain involvement in myotonic dystrophy type 1: a morphometric and diffusion tensor imaging study with neuropsychological correlation[END_REF][START_REF] Gaul | Subtle cognitive dysfunction in adult onset myotonic dystrophy type 1 (DM1) and type 2 (DM2)[END_REF][START_REF] Meola | Executive dysfunction and avoidant personality trait in myotonic dystrophy type 1 (DM-1) and in proximal myotonic myopathy (PROMM/DM-2)[END_REF][START_REF] Modoni | Cognitive impairment in myotonic dystrophy type 1 (DM1): a longitudinal follow-up study[END_REF]Peric et al, 2017b;[START_REF] Zalonis | Toward understanding cognitive impairment in patients with myotonic dystrophy type 1[END_REF]. In contrast,
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Cognitive Findings

In our study, a significant proportion of the DM2 group (73%) demonstrated cognitive impairment based on their ECAS Total score. We identified a specific pattern of cognitive impairment in the DM2 group, affecting specific domains and sparing others. Executive impairment with accompanied frontostriatal dysfunction has been consistently described in DM2 studies based on a variety of neuropsychological measures appraising different executive processes [START_REF] Chen | Altered levels of the splicing factor muscleblind modifies cerebral cortical function in mouse models of myotonic dystrophy[END_REF][START_REF] Gaul | Subtle cognitive dysfunction in adult onset myotonic dystrophy type 1 (DM1) and type 2 (DM2)[END_REF][START_REF] Minnerop | The brain in myotonic dystrophy 1 and 2: evidence for a predominant white matter disease[END_REF][START_REF] Peric | Frontostriatal dysexecutive syndrome: a core cognitive feature of myotonic dystrophy type 2[END_REF]Peric et al, , 2017aPeric et al, , 2017b;;[START_REF] Radovanović | Comparison of temporal and stride characteristics in myotonic dystrophies type 1 and 2 during dual-task walking[END_REF][START_REF] Romeo | Brain involvement in myotonic dystrophies: neuroimaging and neuropsychological comparative study in DM1 and DM2[END_REF]. tive impairment on DM2, please see [START_REF] Theodosiou | Neuropsychological assessment should always be considered in myotonic dystrophy type 2[END_REF]; for a description of each test, the reader is referred to [START_REF] Lezak | Neuropsychological Assessment[END_REF]).

The novelty of our study is the demonstration that a multidomain, brief screening instrument can ascertain not only executive impairment in individuals with DM2, but also impaired social cognition. Social cognition impairment has been identified previously in individuals with DM1 [START_REF] Kobayakawa | Social cognitive impairment in myotonic dystrophy type 1[END_REF][START_REF] Kobayakawa | Theory of mind impairment in adult-onset myotonic dystrophy type 1[END_REF][START_REF] Zalonis | Toward understanding cognitive impairment in patients with myotonic dystrophy type 1[END_REF] and was also confirmed in a recent meta-analysis of individuals with DM1 [START_REF] Okkersen | The cognitive profile of myotonic dystrophy type 1: a systematic review and meta-analysis[END_REF].

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 15 Verbal [START_REF] Peric | Frontostriatal dysexecutive syndrome: a core cognitive feature of myotonic dystrophy type 2[END_REF][START_REF] Schneider-Gold | Cortical and subcortical grey and white matter atrophy in myotonic dystrophies type 1 and 2 is associated with cognitive impairment, depression and daytime sleepiness[END_REF] and nonverbal [START_REF] Schneider-Gold | Cortical and subcortical grey and white matter atrophy in myotonic dystrophies type 1 and 2 is associated with cognitive impairment, depression and daytime sleepiness[END_REF][START_REF] Weber | Comparative analysis of brain structure, metabolism, and cognition in myotonic dystrophy 1 and 2[END_REF]) episodic memory impairment have been reported previously in individuals with DM2. In our study, 27% of the DM2 group showed impairment in verbal memory, yet by applying strict statistical criteria (PFDR and BF > 10), the difference between the DM2 and HC groups was not significant.

In contrast to previous studies that reported visuospatial impairment [START_REF] Peric | Frontostriatal dysexecutive syndrome: a core cognitive feature of myotonic dystrophy type 2[END_REF](Peric et al, , 2017b;;[START_REF] Schneider-Gold | Cortical and subcortical grey and white matter atrophy in myotonic dystrophies type 1 and 2 is associated with cognitive impairment, depression and daytime sleepiness[END_REF], we did not detect significant visuospatial impairments; only 18% of our DM2 group scored in the abnormal range based on normative data. Inconsistencies between studies are important to outline future directions, define research strategies, and inform the design of future studies. In a recent review [START_REF] Theodosiou | Neuropsychological assessment should always be considered in myotonic dystrophy type 2[END_REF], we showed that previous studies reporting impaired visuospatial functions used tests with high executive demands [START_REF] Modoni | Cognitive impairment in myotonic dystrophy type 1 (DM1): a longitudinal follow-up study[END_REF], which tap into executive planning during complex figure copying [START_REF] Shin | Clinical and empirical applications of the Rey-Osterrieth Complex Figure Test[END_REF]; visuospatial tasks in the ECAS do not rely on executive functions. Language impairment has only been reported in individuals with DM2 with severe motor disability (Peric et al, 2017b), which is in line with the low percentage of patients (9% or 1/11) with abnormal language performance in our study.

Radiologic Findings

Our cognitive findings complement our radiologic observations. We found decreased GM density in the bilateral thalami and several frontal foci, including the bilateral fusiform gyri, left lingual gyrus, left middle occipital gyrus, left superior medial frontal gyrus, and bilateral calcarine gyri, as well as the right inferior frontal operculum, right precuneus, and right anterior cingulate. Our WM analyses did not capture statistically significant changes at

P < 0.05 FWE.
There is considerable inconsistency in the literature regarding whether DM2 affects primarily WM or GM structures: Some studies have reported predominant WM changes

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 16 (Minnerop et al, 2008, 2011); others have identified widespread GM changes [START_REF] Schneider-Gold | Cortical and subcortical grey and white matter atrophy in myotonic dystrophies type 1 and 2 is associated with cognitive impairment, depression and daytime sleepiness[END_REF]. In our study, we detected multifocal cortical involvement, whereas the majority of previous studies reported global atrophy [START_REF] Kassubek | Quantification of brain atrophy in patients with myotonic dystrophy and proximal myotonic myopathy: a controlled 3dimensional magnetic resonance imaging study[END_REF][START_REF] Minnerop | The brain in myotonic dystrophy 1 and 2: evidence for a predominant white matter disease[END_REF][START_REF] Schneider-Gold | Cortical and subcortical grey and white matter atrophy in myotonic dystrophies type 1 and 2 is associated with cognitive impairment, depression and daytime sleepiness[END_REF][START_REF] Weber | Comparative analysis of brain structure, metabolism, and cognition in myotonic dystrophy 1 and 2[END_REF].

Frontal changes have been consistently reported in the DM2 literature [START_REF] Schneider-Gold | Cortical and subcortical grey and white matter atrophy in myotonic dystrophies type 1 and 2 is associated with cognitive impairment, depression and daytime sleepiness[END_REF][START_REF] Weber | Comparative analysis of brain structure, metabolism, and cognition in myotonic dystrophy 1 and 2[END_REF], including PET and SPECT studies [START_REF] Meola | Reduced cerebral blood flow and impaired visual-spatial function in proximal myotonic myopathy[END_REF][START_REF] Meola | Executive dysfunction and avoidant personality trait in myotonic dystrophy type 1 (DM-1) and in proximal myotonic myopathy (PROMM/DM-2)[END_REF][START_REF] Weber | Comparative analysis of brain structure, metabolism, and cognition in myotonic dystrophy 1 and 2[END_REF]. Occipital involvement is less commonly detected by structural MRI studies [START_REF] Schneider-Gold | Cortical and subcortical grey and white matter atrophy in myotonic dystrophies type 1 and 2 is associated with cognitive impairment, depression and daytime sleepiness[END_REF][START_REF] Weber | Comparative analysis of brain structure, metabolism, and cognition in myotonic dystrophy 1 and 2[END_REF] but has been identified by a previous MR spectroscopy study [START_REF] Vielhaber | Brain 1H magnetic resonance spectroscopic differences in myotonic dystrophy type 2 and type 1[END_REF].

Existing multimodal studies have also explored the association between neuropsychological impairments and radiologic findings [START_REF] Theodosiou | Neuropsychological assessment should always be considered in myotonic dystrophy type 2[END_REF]. Cognitive flexibility was linked to the periaqueductal, midbrain, thalamus, parahippocampal gyrus, and anterior cingulate. The pattern of GM pathology we observed is highly consistent with the cognitive profile of our cohort. The observed executive impairments likely stem from the extensive frontal and thalamic pathology.

Social Cognition

One of the novel aspects of our study is the identification of impaired social cognition. In their pioneering study, [START_REF] Serra | I know that you know that I know": neural substrates associated with social cognition deficits in DM1 patients[END_REF] evaluated the underpinning of impaired social cognition in individuals with DM1 using resting-state fMRI analyses and identified a specific functional network that is responsible for physiological social cognition. This network entailed the frontal, temporal, occipital, and cerebellar areas. The same group recently reported a relationship between cortical thickness (occipital regions, precuneus, and medial frontal areas) and performance on social cognition tests in individuals with DM1 [START_REF] Serra | Abnormal cortical thickness is associated with deficits in social cognition in patients with myotonic dystrophy type 1[END_REF]. Thus, we cannot exclude that the widespread occipital involvement that we observed
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Functional imaging studies using social cognition paradigms or neuropsychological tools and resting-state protocols have shown abnormal activation or co-modulation patterns in the occipital regions [START_REF] Han | Common and distinct neural mechanisms of the fundamental dimensions of social cognition[END_REF][START_REF] Taylor | Social appraisal in chronic psychosis: role of medial frontal and occipital networks[END_REF]; highlighted the connectivity of the fusiform area to social cognition impairment; and supported that visual processing areas are functionally related to social cognition [START_REF] Labbe | Social cognition in multiple sclerosis is associated to changes in brain connectivity: a resting-state fMRI study[END_REF], even in experimental paradigms in close to real-life conditions [START_REF] Wolf | Neural correlates of social cognition in naturalistic settings: a model-free analysis approach[END_REF]. Structural neuroimaging studies have also identified significant correlations between decreased WM integrity in the left occipital WM region and facial emotional perception performance in individuals with schizophrenia [START_REF] Miyata | Reduced white matter integrity as a neural correlate of social cognition deficits in schizophrenia[END_REF]. The medial frontal regions, anterior cingulate, and precuneus have also been implicated in social cognition in other neurologic conditions [START_REF] Christidi | Social cognition dysfunctions in neurodegenerative diseases: neuroanatomical correlates and clinical implications[END_REF], including autism spectrum disorders [START_REF] Patriquin | Neuroanatomical and neurofunctional markers of social cognition in autism spectrum disorder[END_REF].

Study Limitations

While this pilot study captured executive impairment in individuals with DM2, the sample size limitation of the study needs to be acknowledged. To overcome this shortcoming, we used strict statistical criteria not only by correcting for multiple comparisons (FDR), but also by reporting Cohen's |d| effect size and implementing the Bayes factor (BF10). P values measure the difference between the data and the null hypothesis (H0) (eg, the assumption of no difference or no effect), whereas the BF10 calibrates P values by converting them into evidence in favor of the alternative hypothesis (H1) over the H0 [START_REF] Bland | An Introduction to Medical Statistics[END_REF][START_REF] Held | On p-values and Bayes factors[END_REF]. BF10 is considered substantially more parsimonious than the P value in evaluating evidence against the H0 [START_REF] Bland | An Introduction to Medical Statistics[END_REF][START_REF] Held | On p-values and Bayes factors[END_REF]. Also, the difference between BF10

and the P value in evaluating evidence against the H0 is even greater in small sample sizes [START_REF] Held | On p-values and Bayes factors[END_REF].

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 18 Notwithstanding these observations, our group size is comparable with those of existing DM2 studies [START_REF] Meola | Executive dysfunction and avoidant personality trait in myotonic dystrophy type 1 (DM-1) and in proximal myotonic myopathy (PROMM/DM-2)[END_REF]Peric et al, 2017a), and individuals with DM2 have not previously been evaluated with a multidomain screening tool and neuroimaging. Future studies with larger sample sizes are warranted in order to replicate our findings. It is also im- Considering that cognitive impairment may be an integral feature of the DM2 phenotype, assessing cognition should always be considered in the clinical management of individuals with DM2. Executive impairment may affect patients' planning, reasoning, and/or problem-solving in everyday life conditions where they are required to manage multiple different tasks. The impact of different executive impairments needs to be studied specifically in association with impaired social cognition.

Impaired social cognition may negatively affect patients' interpersonal behavior and quality of life and progressively result in social isolation. On the other hand, memory impairment may affect patients' complex activities of daily living and interfere with their compliance with treatment approaches, including medication and nonpharmacological interventions.

Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 19 Individuals with DM2 face a series of important decisions with regard to participation in clinical trials, research studies, employment, care preferences, and others. Therefore, we advocate for routine screening for cognitive impairment in individuals with DM2 using validated screening tests, which should be followed by formal neuropsychological evaluation by a trained neuropsychologist if severe impairment is suspected.

The identification of cognitive impairment in individuals with DM2 is also important for early interventions that may allow patients and their families to deal with cognitive impairments and reduce the negative impact of such impairments, including those related to social cognition (ie, reduced interpersonal network due to impaired emotional recognition and progressive social isolation). To the best of our knowledge, systematic cognitive rehabilitations programs with paper-and-pencil and/or computerized methods are lacking not only in individuals with DM2, but also in those with DM1.

CONCLUSION

Our pilot study suggests that DM2 may be associated with multifocal cortical and thalamic atrophy, which is likely to underpin the range of cognitive manifestations characterized mostly by executive impairment and specifically by impaired social cognition.

BF

  = Bayes factor. DM2 = myotonic dystrophy type 2. ECAS = Edinburgh Cognitive and Behavioral Amyotrophic Lateral Sclerosis Screen. FDR = false discovery rate. HC = healthy controls. Executive Dysfunction and GM Changes in DM2 Theodosiou et al. 11 Significant executive impairment was identified in the DM2 group (PFDR = 0.003; BF10 = 25.330; |d| = 1.32), and a trend toward significance (PFDR < 0.05 and 3 < BF10 >10) was identified in verbal fluency (PFDR = 0.023; BF10 = 3.683; |d| = 0.92). There were no significant differences in memory (PFDR = 0.023; BF10 = 2.035; |d| = 0.92), language (PFDR = 0.145; BF10 = 0.992; |d| = 0.54), or visuospatial functions (PFDR = 0.123; BF10 = 0.953; |d| = 0.60). Based on the selective involvement of specific subdomains, we further evaluated specific executive functions. The DM2 group scored significantly lower than the HC on the Social Cognition (P = 0.006; BF10 = 17.264; |d| = 1.20) and Alternation subtests (PFDR = 0.006; BF10 = 11.514; |d| = 1.15). We did not find significant associations between the DM2 group's cognitive scores and their clinical variables (disease duration, Medical Research Counseling Scale (Medical Research Council, 1981), Hospital Anxiety and Depression Scale) (PFDR > 0.05).

FIGURE 1 .

 1 FIGURE 1. Whole-brain voxel-based morphometry analysis revealing GM density changes

  The executive functions are the most cited facet of cognitive impairment in individuals with DM2. These individuals typically exhibit impaired performance on neuropsychological tests of executive functions, including the copy form of the Rey-Osterrieth Complex Figure Test, the Wisconsin Card Sorting Test, the Stroop Neuropsychological Screening, semantic and phonemic fluency tasks, the Tower of London Test, the Conditional Associative-Learning measure, the Iowa gambling task, the Trail-Making Test, and executive subtests of the Cambridge Neuropsychological Test Automated Battery (for a detailed review on execu-

  portant to use additional more specific and comprehensive neuropsychological tests of social cognition (eg, Reading the Mind in the Eyes task[START_REF] Baron-Cohen | The "Reading the Mind in the Eyes" Test revised version: a study with normal adults, and adults with Asperger syndrome or high-functioning autism[END_REF], false-belief tasks[START_REF] Bauminger-Zviely | False-belief task[END_REF], Faux-Pas Test[START_REF] Baron-Cohen | A new test of social sensitivity: detection of faux pas in normal children and children with Asperger syndrome[END_REF][START_REF] Gregory | Theory of mind in patients with frontal variant frontotemporal dementia and Alzheimer's disease: theoretical and practical implications[END_REF][START_REF] Stone | Frontal lobe contributions to theory of mind[END_REF]). (For a comprehensive review of social cognition domains and assessment tools for clinical and research investigation and associated impairments in neurodegenerative conditions, please see[START_REF] Christidi | Social cognition dysfunctions in neurodegenerative diseases: neuroanatomical correlates and clinical implications[END_REF].) The multimodal longitudinal assessment of individuals with DM2 would also allow the characterization of propagation patterns radiologically and progressive neuropsychological changes, which so far have not been examined in Greek individuals with DM2[START_REF] Karatzikou | White matter hyperintensities in myotonic dystrophy type 2: not always another expression of the disease[END_REF][START_REF] Papadimas | Phenotypic variability and molecular genetics in proximal myotonic myopathy[END_REF][START_REF] Papadopoulos | Early onset posterior subscapular cataract in a series of myotonic dystrophy type 2 patients[END_REF].

TABLE 1 .

 1 Demographic and Psychometric Characteristics of the DM2 and HC Groups and Clinical Characteristics of the DM2 Group

	Characteristic	DM2 Group	HC	P
		(n = 11)	(n = 26)	
	Age (years)	61.7 ± 11.0	58.7 ± 9.1	0.392
	Gender (male/female)	5/6	11/15	0.860
	Education (years)	9.4 ± 3.9	11.4 ± 3.1	0.114
	MMSE score	27.36 ± 1.57	28.15 ± 1.35	0.129
	HADS score	10.73 ± 8.45	6.69 ± 3.03	0.151
	Disease duration (years)	14.7 ± 9.1	-	-
	Values are presented as M ± SD unless noted otherwise.			

DM2 = myotonic dystrophy type 2. HADS = Hospital Anxiety and Depression Scale. HC = healthy controls. MMSE = Mini-Mental State Examination.

TABLE 2 .

 2 Cognitive Performance (Raw Scores) and Between-group Differences

	ECAS Score	DM2 Group	HC	Puncorrected	PFDR †	BF10 †	Cohen's
		(n = 11)	(n = 26)				|d| ‡
	Total	88.45 ± 17.22	106.73 ± 9.64	<0.001	0.001	108.887	1.49
	Executive Functions	27.82 ± 7.77	36.12 ± 5.62	0.001	0.003	25.330	1.32
	Working Memory	5.00 ± 1.48	6.31 ± 2.43	0.107	0.143	0.946	0.59
	Social Cognition	7.73 ± 2.20	10.42 ± 2.27	0.002	0.006	17.264	1.20
	Inhibition	7.46 ± 4.13	8.27 ± 2.03	0.424	0.424	0.362	0.29
	Alternation	7.64 ± 4.61	11.12 ± 2.10	0.003	0.006	11.514	1.15
	Verbal Fluency	13.82 ± 5.55	17.77 ± 3.68	0.015	0.023	3.683	0.92
	Memory	12.64 ± 6.50	16.77 ± 3.36	0.015	0.023	2.035	0.92
	Language	23.36 ± 2.50	24.65 ± 2.37	0.145	0.145	0.992	0.54
	Visuospatial Functions	10.82 ± 1.40	11.42 ± 0.81	0.106	0.123	0.953	0.60

TABLE 3 .

 3 Brain Regions With Significant GM Density Changes Between DM2 Group and HC

	Anatomical Label	Hemisphere	MNI coordi-		Statistic	
			nates	PFWE	t	Voxels
			SPM (x, y, z)			
	DM2 < HC					
	Frontal lobe					
	Medial superior frontal gyrus	Left	-3, 38, 33	0.007	6.94	21
	Inferior frontal operculum	Right	44, 11, 33	0.013	6.68	12
	Medial orbitofrontal gyrus/ante-	Right	-2, 36, 11	0.022	6.52	6
	rior cingulate gyrus					
	Parietal lobe					
	Precuneus	Right	3, -66, 24	0.024	6.57	5
	Occipital lobe					
	Fusiform gyrus	Right	24, -41, -15	<0.001	10.34	238
		Left	-26, -71, -12	0.013	6.86	12
	Lingual gyrus/calcarine	Left	-6, -68, 0	<0.001	7.97	275
			-21, -47, -8	<0.001	7.90	108
	Middle occipital gyrus	Left	-36, -87, 0	0.016	7.16	10
	Calcarine gyrus	Right	5, -60, 15	0.024	6.50	5
	Subcortical nuclei	Left	-21, -96, 17	0.016	6.77	10
	Thalamus	Left	-12, -23, 0	<0.001	8.48	314
		Right	15, -35, 3	<0.001	7.34	304

Significant clusters are reported at P < 0.05 FWE-corrected for multiple comparisons with a minimum cluster size of five voxels. DM2 = myotonic dystrophy type 2. FWE = family-wise error. GM = gray matter. HC = healthy controls. MNI = Montreal Neurological Institute. SPM = Statistical Parametric Mapping.
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